ACCSCIENCE
PUBLISHING

International
Journal of Bioprinting

TThese authors contributed equally
to this work.

*Corresponding author:
Lin Zhu (11251@gzsport.edu.cn)

Citation: Liu X, Xu M, Wang H,
Zhu L. Bioprinting strategies for
skeletal muscle regeneration:
Advances in bioinks, technologies,
and functional reconstruction.

Int J Bioprint. 2025;11(5):46-67.
doi: 10.36922/1JB025300306

Received: July 25, 2025

Revised: August 7, 2025
Accepted: August 18, 2025
Published online: August 19, 2025

Copyright: © 2025 Author(s).
This is an Open Access article
distributed under the terms of the
Creative Commons Attribution
License, permitting distribution,
and reproduction in any medium,
provided the original work is
properly cited.

Publisher’s Note: AccScience

Publishing remains neutral with

regard to jurisdictional claims in
published maps and institutional
affiliations.

REVIEW ARTICLE

Bioprinting strategies for skeletal muscle
regeneration: Advances in bioinks, technologies,
and functional reconstruction

Xiaoguang Liu'?"”, Miaomiao Xu**”, Huiguo Wang'?"”, and Lin Zhu'**
"Department of Exercise Physiology, College of Sports and Health, Guangzhou Sport University,
Guangzhou, Guangdong, China

?Key Laboratory of Exercise and Youth Physical Fitness, Research Center for Innovative
Development of Sports and Healthcare Integration, Guangzhou Sport University, Guangzhou,
Guangdong, China

3Department of Social Sports, College of Physical Education, Guangdong University of Education,
Guangzhou, Guangdong, China

‘Department of Sports Medicine, School of Physical Education and Health, Guangzhou University
of Chinese Medicine, Guangzhou, Guangdong, China

*Department of Sports Training, Innovative Research Center for Sports Science in the Guangdong-
Hong Kong-Macao Greater Bay Area, Guangzhou Sport University, Guangzhou, Guangdong, China

Abstract

Volumetric muscle loss (VML) presents a significant clinical challenge because the
intrinsic regenerative capacity of skeletal muscle is insufficient to repair extensive
defects, and current therapeutic strategies remain inadequate. Bioprinting has
emerged as a transformative approach, enabling the spatially controlled deposition
of cells, biomaterials, and biochemical cues to create functional, biomimetic muscle
tissues.This review offersacomprehensive overview of recentadvancementsin bioink
development, bioprinting technologies, and functional reconstruction strategies for
skeletal muscle regeneration. Bioinks derived from natural, synthetic, and composite
materials are examined in terms of their effectiveness in supporting myogenesis,
promoting cellularalignment, and facilitating neurovascular integration. We compare
key bioprinting techniques—including extrusion-based, inkjet, and laser-assisted
printing—highlighting their respective strengths and limitations in achieving
structural fidelity and multicellular complexity. Emerging technologies such as coaxial
and microfluidic-assisted printing are also discussed for their potential to fabricate
aligned, anisotropic muscle constructs with hierarchical architectures. Functional
outcomes are synthesized from in vitro assays (e.g., contractility, gene expression)
and in vivo studies using VML models, with a focus on vascularization, innervation,
and force restoration. Despite significant progress, substantial challenges remain in
achieving complete neurovascular integration, long-term functionality, and clinical
scalability. Moving forward, future efforts should emphasize the development
of dynamic, bioresponsive materials, integration with electrical and mechanical
stimulation, and the establishment of standardized preclinical protocols. By bridging
material innovation, structural design, and biological functionality, bioprinting holds
great promise for next-generation, clinically relevant skeletal muscle regeneration.

Keywords: 3D bioprinting; Hydrogel bioinks; Muscle tissue engineering;
Myogenesis; Regenerative medicine
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1. Introduction

Skeletal muscle is a highly regenerative tissue that relies on
tissue-resident stem cells to repair damage after injury.'”
However, its intrinsic self-repair capacity becomes
insufficient in the case of extensive damage, as observed
in volumetric muscle loss (VML), which involves the
loss of more than 20% of muscle mass.** Skeletal muscle
injuries, especially VML, therefore represent a significant
clinical challenge due to the limited regenerative capacity
of adult muscle tissue when large-scale defects occur.®’
These injuries can result from trauma, tumor resection,
congenital abnormalities, or degenerative diseases
such as muscular dystrophies.®*'° Traditional treatment
approaches—including autologous muscle grafts, physical
therapy, and pharmacological interventions—often lead
to suboptimal outcomes, such as fibrosis, incomplete
functional recovery, and donor site complications.''™**
Therefore, there is a pressing need for bioengineered
solutions that can restore both the structure and function
of damaged skeletal muscle.

Bioprinting has emerged as a powerful technology
in regenerative medicine by enabling the precise spatial
deposition of cells, biomaterials, and biochemical signals
to fabricate three-dimensional (3D), biomimetic tissue
constructs.''® In the context of skeletal muscle, successful
regeneration requires not only the recreation of aligned,
contractile myofibers but also the establishment of
vascular and neural networks to ensure tissue viability and
physiological functionality.'***

However, despite growing interest and technological
progress, several critical gaps remain unaddressed. Many
existing studies report limited long-term contractile
function, insufficient neurovascular integration, and
poor scalability of printed constructs.”* The lack of
standardized bioink formulations that simultaneously
support mechanical integrity, myogenic differentiation, and
cellular viability also hinders reproducibility and clinical
translation.”**' Moreover, functional evaluation metrics
vary widely across studies, making cross-comparison and
validation challenging.’>*

To address these limitations, this review offers a
comprehensive and structured synthesis of recent advances
in bioprinting strategies for skeletal muscle regeneration,
with a unique focus on three interdependent pillars: (i)
bioink development, (ii) bioprinting technologies, and
(iii) functional reconstruction. Unlike previous reviews
that emphasize materials or methods in isolation, this
work integrates biological requirements, engineering
innovations, and translational benchmarks into a cohesive
framework. Finally, we propose future directions and

design principles for developing next-generation muscle
constructs with clinically relevant performance.

2, Methodology
This systematic review was conducted using a transparent,
rigorous, and reproducible approach to ensure

comprehensive coverage of recent studies on bioprinting
strategies for skeletal muscle regeneration.

Relevant literature was retrieved from five major
electronic databases: PubMed, Web of Science, Scopus,
Embase, and Google Scholar, covering the period from
January 1, 2020, to May 31, 2025. The search strategy
combined Medical Subject Headings (MeSH) and free-
text keywords related to bioprinting, skeletal muscle,
regeneration, VML, bioinks, angiogenesis, and myogenesis.
Where possible, searches were restricted to titles and
abstracts, and only peer-reviewed, English-language
publications were included.

The initial search yielded 528 records, distributed
as follows: PubMed (n = 94), Web of Science (n = 82),
Scopus (n = 88), Embase (n = 96), and Google Scholar
(n = 168). After removing 128 duplicates, 400 unique
articles remained for screening.

The inclusion criteria were as follows: (i) written in
English and published in peer-reviewed journals; (ii)
described original experimental studies or systematic/
comprehensive reviews; (iii) focused explicitly on
bioprinting approaches for skeletal muscle regeneration;
and (iv) reported functional evaluations, either in vitro
(e.g., contractility, myogenic differentiation markers) or in
vivo (e.g., force generation, vascular integration). Studies
were excluded if they: (i) did not pertain specifically to
skeletal muscle (n = 38); (ii) lacked functional assessment
of the bioprinted constructs (1 = 50); (iii) did not involve
bioprinting-specific methodologies (n = 37); or (iv) were
not peer-reviewed, including conference abstracts and
preprints (n = 31).

All articles were screened independently by two
reviewers in a three-stage process: title, abstract, and full-
text review. Any disagreements were resolved through
discussion or adjudication by a third reviewer. The entire
review process adhered to the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses guidelines. The
detailed selection process is summarized in Figure 1.

To enable transparent cross-study comparisons, we
systematically extracted and organized core methodological
parameters from each included study into Table SI.
Specifically, five key items were documented per study:
(i) experimental design (e.g., rat VML model, in vitro
aligned 3D constructs, neuromuscular junction models);
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Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses flow diagram illustrating the identification, screening, eligibility assessment,

and inclusion of studies.

(ii) primary scaffold or bioink formulation; (iii) species or
cell line used; (iv) reported outcome metrics such as tetanic
force, viability, vascularization, calcium transients, or
neuromuscular junction formation; and (v) a reference ID
(Ref_No) corresponding to our main reference list. Among
the included studies, collagen/ extracellular matrix (ECM)-
based hydrogels were the most common materials (33%),
followed by gelatin methacrylate (GelMA) composites
(21%). Rodent models remained the dominant in vivo
systems, with rats and mice representing 28% and 17% of
studies, respectively, while 26% employed human-derived
cells for in vitro applications. Functional evaluations were
distributed across five principal readouts: contractile force

(46%), viability or metabolic activity (38%), vascularization
(24%), electrophysiology or calcium imaging (19%), and
neuromuscular junction formation (12%). This structured
extraction enabled consistent cross-study synthesis and
highlighted current trends in the design and evaluation of
bioprinted skeletal muscle constructs.

3. Structural and biological foundations of
skeletal muscle regeneration

Skeletal muscle exhibits a highly organized and
hierarchical structure that is essential for its contractile
and metabolic functions.**** It consists of parallel arrays of
multinucleated myofibers, embedded within an ECM and
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enclosed by connective tissue layers.’® This architecture
enables directional force transmission and mechanical
stability.”*® Surrounding the muscle fibers is a dense
network of blood vessels and peripheral nerves, which
are critical for oxygen and nutrient delivery, as well as
neuromuscular coordination.”*' The anisotropic and
compartmentalized nature of skeletal muscle presents
unique design requirements that must be recapitulated in
tissue-engineered constructs.*

Endogenous skeletal muscle regeneration is a tightly
regulated, multistep process involving both resident and
recruited cell populations.”**** Upon injury, an initial
inflammatory phase activates quiescent satellite cells—
the primary muscle stem cells—which then proliferate,
differentiate, and fuse to form new myotubes.">**

Concurrently, macrophages coordinate tissue clearance
and remodeling, while vascular endothelial cells initiate
angiogenic processes to re-establish perfusion.*»**4¢-0
Motor neurons gradually reconnect with regenerating
fibers to restore neuromuscular junctions and functional
innervation.”** This dynamic interplay among myogenic,
vascular, and neural elements underscores the integrated
nature of functional muscle repair (Figure 2).

4. Engineering strategies: design principles
and bioink optimization

4.1. Design requirements for functional muscle
constructs

The complexity of skeletal muscle regeneration defines a
rigorous set of criteria for tissue engineering.”*** Foremost

e

Satellite cells ~
&)

(@:@-@D -

Immune cells

’ , < Fiber debris

First stage:
Inflammatory response

!

Second stage: Regeneration

|
@ @ ® _

Third stage: Remodeling

Figure 2. Schematic illustration of native skeletal muscle structure and regenerative phases. This figure depicts the multistep process of skeletal
muscle regeneration following injury. On the left, the architecture of native skeletal muscle is shown, including aligned muscle fibers, motor neurons,
and surrounding capillaries. The first stage illustrates the inflammatory response, with immune cells clearing debris from damaged fibers. The second
stage represents satellite cell activation, proliferation, and differentiation into new myogenic cells. The third stage demonstrates tissue remodeling and
regeneration, during which new muscle fibers mature and re-establish functional architecture. This integrated process highlights the dynamic interplay
between myogenic, vascular, and neural components essential for muscle repair.
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is the recreation of aligned, contractile myofibers capable
of generating directional force, necessitating control over
cellular orientation and myotube maturation.” Equally
important is the establishment of a perfusable vascular
network to ensure long-term tissue viability, particularly in
constructs exceeding the diffusion limit.***” Reinnervation
is essential for restoring physiological control, as
neuromuscular junctions enable stimulus-responsive
contraction.®® In addition, mechanical properties
must approximate native muscle elasticity to support
load-bearing functionality.**" These multidimensional
requirements highlight the need for integrative approaches
that combine biological fidelity with structural and
mechanical optimization.

The complex architecture and function of skeletal
muscle demand bioprinting strategies with high spatial
and compositional precision.'”®* Conventional scaffold-
based approaches fail to replicate the anisotropic structure
and cellular heterogeneity of native muscle.®*** In contrast,
bioprinting enables the fabrication of constructs with
programmable architecture, controlled cell alignment, and
multi-lineage distribution.®

To fulfill biological requirements, bioinks must: (i)
support myogenic differentiation; (ii) promote cellular
alignment; (iii) facilitate vascularization and innervation;
and (iv) maintain print fidelity and mechanical
integrity.'****%70 Emerging techniques such as coaxial
extrusion and microfluidic-assisted printing offer new
avenues for producing biomimetic muscle tissues with
improved structural and functional fidelity.”"’? These
considerations inform the rational design of next-
generation bioprinted muscle constructs, as elaborated in
the following sections.

4.2, Bioink formulation and material strategies

The development of bioinks is central to advancing
skeletal muscle bioprinting, as it directly influences
printability, biocompatibility, cellular behavior, and tissue
maturation.®”® Muscle-specific bioinks must achieve
not only high-resolution patterning but also recreate the
biochemical and mechanical cues essential for myogenesis,
vascularization, and innervation.'>*7*”> Recent studies
have focused on tailoring bioink formulations through
variations in material origin, tuning of mechanical
properties, incorporation of biological factors, and
the integration of functional enhancers to improve
construct performance.”®”’

Natural biomaterials such as GeIMA, collagen, fibrin,
and decellularized extracellular matrix (dECM) have been
widely used due to their intrinsic bioactivity and ability
to support myogenic differentiation.”** GelMA, for

instance, offers tunable stiffness and excellent printability,
while retaining bioactive motifs that promote myoblast
adhesion and proliferation.** Collagen and fibrin closely
mimic the native ECM, supporting myotube formation
and initial alignment.®

Decellularized skeletal muscle-derived ECM provides
an even more tissue-specific biochemical milieu, including
preserved muscle-specific growth factors and ECM
proteins.®® However, these materials often suffer from
low mechanical integrity, rapid degradation, and batch-
to-batch variability, limiting their applicability in load-
bearing muscle constructs.®

Regulatory and manufacturing hurdles remain
significant for dECM-based bioinks. Because dECM
is procured from animal or human tissues, each batch
carries inherent donor-to-donor variability in biochemical
composition, residual DNA, and mechanical properties,
which can translate into inconsistent cell-fate outcomes
after printing.®” Lot-to-lot testing, therefore, must extend
beyond sterilityand endotoxin assays to include quantitative
proteomics, glycosaminoglycan content, and rheological
fingerprints.*® From a regulatory standpoint, the United
States Food and Drug Administration (FDA) typically
considers cell-laden dECM constructs as combination
products and applies both medical device (21 CFR 820)
and biologics (21 CFR 1271) requirements, whereas the
European Medicines Agency (EMA) classifies them as
advanced-therapy medicinal products (ATMPs) that must
satisfy Good Manufacturing Practice (GMP) Annex 1 and
ISO 22442 for animal-derived materials. These frameworks
mandate traceable sourcing, validated decellularization/
viral inactivation, and release criteria that demonstrate
batch equivalence in safety, sterility, and functional potency.
Meeting such standards at scale remains challenging,
particularly when kilogram-scale dECM is required for
large human grafts. Emerging solutions include: (i) pooled
donor lots combined with statistical process control; (ii)
in-line Raman or Fourier transform infrared spectroscopy
for real-time compositional monitoring; and (iii) hybrid
bioinks that blend dECM with synthetic polymers to bufter
mechanical variability while retaining bioactivity.*’

Synthetic polymers such as polycaprolactone (PCL),
polyethylene glycol diacrylate (PEGDA), and polylactic
acid offer superior mechanical properties and slower
degradation kinetics.”** These materials can provide
structural scaffolding for large-volume muscle defects and
allow for complex construct shaping during printing.**

Nevertheless, synthetic bioinks are generally
biologically inert, requiring surface modification (e.g.,
RGD peptide grafting, plasma treatment) or blending
with bioactive components to promote cell adhesion and
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differentiation.”**” Furthermore, their high stiffness may
hinder myotube elongation and reduce cell viability unless
carefully tuned.”’

To overcome the inherent limitations of single-
component bioinks, composite systems that integrate
both natural and synthetic polymers have been extensively
developed.” ' These formulations combine the bioactivity
of natural materials with the mechanical strength of
synthetic polymers, facilitating improved structural
integrity while maintaining cellular compatibility and
functionality.'”' ' Representative combinations, such as
GelMA with PCL or fibrin with PCL, demonstrate enhanced
stability under physiological conditions alongside support
for tissue-specific cellular processes.'” '  Similarly,
PEGDA blended with collagen improves shape fidelity
without sacrificing biocompatibility.'**'%

These composite systems can be further optimized
through tailored crosslinking methods, tunable stiffness,
and spatial gradient structuring to address region-specific
functional demands within engineered muscle tissue.'*'"!
Softer matrix regions may be designed to promote myofiber
alignment and maturation, while stiffer domains can serve
as anchorage sites or load-bearing compartments, thereby
enabling the construction of physiologically relevant
muscle architectures.'?

4.3. Smart bioinks and translational considerations
Incorporating  bioactive  molecules into  bioinks
has emerged as a key strategy to enhance muscle
regeneration.'*'" For instance, insulin-like growth
factor-1 (IGF-1) accelerates myogenic differentiation,
vascular endothelial growth factor promotes angiogenesis,

and nerve growth factor supports reinnervation.''>-''*

Simultaneously, nanomaterials such as gold nanoparticles,
graphene oxide, and carbon nanotubes have been explored
to improve electrical conductivity, cellular alignment,
and mechanical reinforcement.'”'** These additives can
facilitate neuromuscular signal transmission and promote
the maturation of engineered myotubes.'”'* More
recently, electrically conductive hydrogels incorporating
materials such as polypyrrole or poly(3,4-ethylenedioxyt
hiophene):polystyrene sulfonate have shown promise in
enabling stimulus-responsive behavior, which is essential
for restoring muscle contractile function.'*”'?

The field is witnessing a shift toward 4D bioinks, which
undergo dynamic changes in response to stimuli such as
temperature, pH, enzymes, or electrical input.®*?*3° Such
smart bioinks can simulate the adaptive behavior of native
muscle, enabling constructs to respond to mechanical
loading or neural cues in a physiologically relevant
manner.'”?"32 - Additionally, advances in microfluidic-
based mixing, multi-phase emulsions, and shear-thinning
formulations are enabling the generation of heterogeneous
bioinks capable of spatial patterning, gradient generation,
and multi-cell co-printing—crucial for recapitulating the
compartmentalized structure of skeletal muscle.”>'*"1%" A
comparative summary of representative bioinks, along with
their advantages and limitations, is provided in Table 1.

While substantial progress has been made in developing
muscle-specific  bioinks, key challenges remain.'
These include improving long-term stability, vascular
permeability, and standardization for reproducibility.””*
Future efforts should focus on developing modular, tunable

Table 1. Summary of representative bioinks used in skeletal muscle bioprinting

Bioink type Advantages

Limitations References

Natural (GelMA, collagen, fibrin, dECM)

High bioactivity; promotes
myogenesis; tissue-specific signals

Poor mechanical strength; variability; fast 379

degradation

Synthetic (PCL, PEGDA, PLA)
degradation

Strong mechanical properties; slow

Low bioactivity; needs modification; may L9

reduce viability

Composite (GelMA + PCL, PEGDA + Collagen)

Combines bioactivity and
mechanical strength; tunable

Complex preparation; potential 99103

crosslinking issues

Biofunctional (with IGF-1, VEGE NGF)

Enhances differentiation,
angiogenesis, and innervation

115,138

Dose control; short half-life; potential
toxicity

Nanomaterial-enhanced (CNTs, GO, AuNPs)

Improves conductivity, alignment,
mechanical reinforcement

121,124

Stability; dispersibility; possible immune
reactions

4D/stimuli-responsive

Dynamic response to stimuli;

Immature technology; complex fabrication 130,131

mimics physiological behavior

Abbreviations: AuNPs, gold nanoparticles; CNTs, carbon nanotubes; dECM, decellularized extracellular matrix; GeIMA, gelatin methacrylate; GO,
graphene oxide; IGF-1, insulin-like growth factor-1; NGF, nerve growth factor; PCL, polycaprolactone; PEGDA, polyethylene glycol diacrylate; PLA,

polylactic acid; VEGE, vascular endothelial growth factor.
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bioink libraries that can be tailored to patient-specific
needs and integrated with real-time monitoring systems
for adaptive printing.

Combining biological complexity, mechanical integrity,
and functional responsiveness in a single bioink platform
will be critical to advancing the clinical translation of
skeletal muscle bioprinting.?**

5. Bioprinting strategies, functional
validation, and future directions

The fabrication of functional skeletal muscle tissue requires
bioprinting approaches capable of replicating its complex
anisotropic architecture, multicellular composition, and
dynamic responsiveness.’*!'*!"*  Different bioprinting
modalities offer varying degrees of spatial control,
resolution, and material compatibility. This section
systematically reviews both conventional and emerging
bioprinting technologies, with a focus on their applicability
to muscle tissue engineering.'*"'** Figure 3 illustrates a
representative workflow of skeletal muscle bioprinting,
encompassing cell selection, bioink preparation, construct
fabrication, and post-printing maturation.

5.1. Bioprinting platforms and construct design

Bioprinting of skeletal muscle constructs leverages several
key platforms, each offering unique advantages and
limitations. Among them, extrusion-based bioprinting is
the most widely adopted, enabling the deposition of high-
viscosity, cell-laden bioinks that support fiber alignment—
essential for restoring contractility—despite challenges
related to resolution and cell shear stress.”!! %4310
Inkjet bioprinting provides high precision and rapid
droplet-based patterning, making it suitable for growth
factor distribution or single-cell placement; however,
it is limited by ink viscosity and potential thermal or
mechanical stress on cells.””'"'** Laser-assisted bioprinting,
particularly laser-induced forward transfer, offers excellent
resolution and cell viability for microscale patterning
of neural or vascular cells, though it remains costly and
technically demanding.'®'*> Emerging platforms such as
coaxial extrusion and microfluidic-assisted bioprinting
have expanded the design space by enabling spatially
organized, perfusable structures and real-time control
of bioink composition, providing new opportunities for
muscle tissue engineering.''*'%"' Digital light processing
bioprinting employs photopolymerization via patterned

/ Cell \ /

selection

Bioink \

preparation

/ Construct \

fabrication

/ Construct \

maturation

* Autologous or * Hydrogel/ECM-

allogeneic cells based inks

* Muscle progenitor + Biochemical
cells factors

- Supportive cell |~ | « Crosslinking
types agents

A

\ 2N )
-~ ~ s
Target: ECM

mimicry, growth
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Target: Immune
modulation,
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o

» Bioreactor
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» Mechanical/
Electrical stimulation
* Functional assays
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alignment, vascular Contractility,
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. / L /

Figure 3. Workflow of skeletal muscle bioprinting, from cell selection to construct maturation. The process includes four key stages: (i) Cell selection—
autologous or allogeneic cells, including muscle progenitor and supportive cell types; (ii) Bioink preparation—hydrogel/ extracellular matrix (ECM)-
based inks supplemented with biochemical cues and crosslinking agents to mimic the native muscle microenvironment; (iii) Construct fabrication—3D
bioprinting (e.g., extrusion-based) to enable fiber alignment and layer-by-layer deposition; (iv) Construct maturation—bioreactor culture, mechanical/
electrical stimulation, and functional assays to promote tissue development and contractility. Each stage is annotated with corresponding biological
targets—such as immune modulation, myogenesis, ECM mimicry, fiber alignment, and functional restoration—to emphasize the alignment between

engineering strategies and regenerative outcomes.

Volume 11 Issue 5 (2025)

doi: 10.36922/1JB025300306


https://doi.org/10.36922/IJB025300306

International Journal of Bioprinting

3D bioprinting of skeletal muscle tissue

light exposure, supporting rapid fabrication of high-
resolution, multilayered constructs when paired with
suitable photo-crosslinkable bioinks."”*!”" These advanced
modalities collectively enhance spatial resolution, cell
viability, and structural complexity, enabling the creation
of muscle tissues with improved biomimetic features.'”
To better contextualize the strengths and limitations of
each bioprinting platform, Table 2 provides a comparative
overview of key parameters relevant to skeletal muscle
tissue engineering applications.

Achieving physiological function in engineered skeletal
muscle constructs requires not only structural accuracy
but also cellular alignment and maturation.”*”” Multiple
strategies have been implemented to guide fiber orientation
and promote myogenic differentiation post-printing.”'”*
The application of electrical or magnetic fields has been
shown to direct cytoskeletal alignment and enhance
the expression of myogenic genes."”"® Topographical
patterning through microgrooved substrates or surface
templating can guide cell alignment by providing
physical cues that mimic the native ECM architecture.'s!
Additionally, dynamic culture in bioreactors—applying
cyclic mechanical stretching or electrical stimulation—
significantly improves sarcomere organization, contractile
function, and metabolic activity in engineered muscle
tissues.'®? These adjunctive techniques are often integrated
during the post-printing phase and are critical for

transforming printed constructs into physiologically
responsive muscle analogs.

To facilitate clinical translation, muscle constructs
must be scalable, vascularizable, and compatible with
host integration.'®> Key design considerations include the
incorporation of perfusable microchannels or sacrificial
templates to overcome diffusion limitations in thick tissues,
as well as the spatial organization of myogenic, endothelial,
and neural cells to replicate the hierarchical structure of
native muscle.'**

Moreover, the selected printing modality must
align with downstream processing requirements such
as in situ bioprinting, bioreactor conditioning, or
integration with wearable bioelectronics.'$*% Regulatory
considerations, including batch consistency, sterilizability,
and manufacturing scalability, must also be addressed
early in the design process.”*”'® Through the integration
of advanced bioprinting platforms and biologically
informed design strategies, skeletal muscle constructs
can increasingly approach clinical-grade complexity
and functionality.

A critical step in validating engineered skeletal muscle
constructs is the rigorous assessment of their biological
functionality.'® Both in vitro and in vivo evaluations are
essential to determine the myogenic potential, integration
capability, and regenerative efficacy of bioprinted
tissues.'****  The following sections review current

Table 2. Comparative analysis of bioprinting technologies for skeletal muscle engineering

Bioprinting Spatial resolution  Post-print cell ~ Bioink compatibility ~Advantages Limitations References
Technology (um) viability (%)
Extrusion-based  ~ 100-400 No significant ~ High-viscosity, cell- ~ Widely used; supports Low resolution; H0158,143,145,148
(typical); best effect laden inks cell-laden viscous inks; potential cell shear
105+ 9 good for fiber alignment stress
Inkjet-based 20-50 85-98 Low-viscosity, low- High precision; low cost; ~ Not suitable for 193,156,157
cell-density ideal for growth factor or  viscous or dense
cell patterning inks
Laser-assisted <10 90-100 Moderate viscosity, High resolution and cell High cost and 160161173
specialized viability; precise droplet complexity; limited
formulation placement ink options
Coaxial ~100 >80 Multi-material, core-  Enables aligned fiber Complex nozzle 174,165,164
extrusion shell inks and vessel-like channels; setup; scalability
supports multi-phase challenges
structures
Microfluidic- 50-100 85-95 Gradient or multi- Fine control of mixing Requires precise 167165175
assisted cell bioinks and gradients; spatial flow control;
patterning complex setup
Digital light 10-50 80-93 Photocrosslinkable High speed and resolution; ~Limited bioink e
processing bioinks enables complex shape options; potential
fabrication phototoxicity
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methodologies for functional testing and summarize key
outcomes from preclinical models.

5.2. In vitro evaluation of engineered muscle

In vitro testing provides initial insights into the viability,
differentiation, and contractile behavior of printed
muscle constructs.?*7>0 To evaluate post-printing
cytocompatibility, cell viability is commonly assessed
via live/dead staining, metabolic activity assays such as
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide or Alamar Blue, and proliferation
marker analysis.'**'**

Myogenic differentiation is evaluated through the
expression of lineage-specific markers such as myoblast
determination protein 1, myogenin, and myosin heavy
chain, using techniques like quantitative polymerase chain
reaction, immunofluorescence, and western blotting.!*>*¢
Alignment and fusion of myoblasts into multinucleated
myotubes are considered indicative of successful
myogenic maturation.'”’

Functional assessment includes calcium imaging to
detect intracellular calcium transients associated with
contraction, as well as force generation analysis via electrical
stimulation.”””"”'*®  These assays provide important
indicators of sarcomere formation, excitation-contraction
coupling, and overall muscle construct performance at the
cellular level.

In addition to assessing regenerative potential,
3D-bioprinted skeletal muscle is now deployed as a human,
disease-relevant test-bed. When muscle progenitors
isolated from Duchenne muscular dystrophy patients
are printed into aligned, contractile bundles, the tissues
faithfully reproduce sarcolemmal fragility, reduced twitch
force, impaired myotube maturation, and profibrotic
extracellular-matrix deposition—hallmarks of the in
vivo pathology.'””*® These patient-specific constructs
furnish a scalable alternative to animal models for high-
throughput screening. “Myobundles” engineered from
healthy adult cells hypertrophy in response to IGF-1, yet
atrophy after glucocorticoid exposure, mirroring clinical
drug responses, while the same platform has recently
revealed taxane-induced myotoxicity mechanisms.?*
Integrating stretchable piezoresistive hydrogel networks
or optogenetic actuators enables non-invasive, real-
time monitoring of force generation, calcium transients,
and fatigue during pharmacological challenges, further
expanding analytical throughput.?**** In parallel, Loi
et al?” have designed a bioprinting-integrated cyclic-
stretch bioreactor that markedly enhances myogenic
maturation of printed constructs. By uniting structural
fidelity, patient specificity, and dynamic biosensing,
bioprinted skeletal muscle platforms are rapidly maturing

into versatile tools for mechanistic discovery and
translational drug development.

5.3.Invivo validation and

translational considerations

Preclinical validation of bioprinted skeletal muscle
constructs predominantly relies on VML models, most
commonly established in rodents.”®*® These models
involve the surgical excision of a critical volume of
muscle tissue that cannot regenerate spontaneously,
thereby simulating clinical scenarios such as trauma or
tumor resection.’ 2%

Implanted constructs are evaluated for their capacity
to integrate with host tissue, restore morphology, and re-
establish vascular and neural connections.**'* Histological
staining, such as hematoxylin and eosin, Massons
trichrome, and immunolabeling of endothelial and neural
markers, is used to assess structural integration, fibrosis,
and cell fate.’*>?"! Functional recovery is measured through
a combination of force output testing, typically via in
situ or ex vivo muscle contractility assays, and behavioral
metrics such as gait analysis, limb drag, or treadmill
performance.?*** Electrophysiological testing is also
employed to assess neuromuscular junction formation and
stimulus-responsive contraction.”**'* While these models
provide crucial data, inter-study variability in defect size,
implantation methods, evaluation timelines, and functional
benchmarks remains a challenge for reproducibility and
translational extrapolation.'*!'>217:218

Recent studies have reported encouraging results
in which bioprinted constructs incorporating aligned
myotubes, vascular endothelial cells, and neurogenic
components have achieved partial restoration of muscle
structure and function. Constructs with hierarchical
alignment and prevascularization show improved
integration and a reduced fibrotic response.'¥$210219220
Despite these advancements, complete functional
restoration equivalent to native muscle remains elusive.
Challenges include insufficient long-term innervation,
limited mechanical strength, immune responses in
immunocompetent models, and a lack of contractile
endurance over time.'>*?'*# Additionally, the absence of
standardized protocols for assessing recovery makes cross-
study comparisons difficult.?**

To address these limitations, emerging research is
focusing on dynamic in vitro maturation platforms,
humanized animal models, and long-term follow-
up protocols that better emulate clinical scenarios.’”
Furthermore, integration with biosensors and real-time
monitoring tools is expected to enhance functional
readouts and accelerate clinical readiness.”” Recent
advances in large-animal studies further enhance
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translational relevance. For example, bioprinted skeletal
muscle constructs larger than 3 cm?, implanted in rabbits
and mini-pigs, have restored 55-70% of tetanic force
and demonstrated macroscopically evident vascular and
neuromuscular integration.””?*® In parallel, perfused
human muscle slices and patient-derived myobundles
have maintained contractile and electrophysiological
function for more than 28 days in vitro, providing
medium-throughput platforms for drug screening and
personalized therapy evaluation.”” Collectively, these
two tiers of validation—large-animal functional recovery
and human-relevant in vitro analytics—align with ISO
10993-6 and ASTM F3224 guidelines, thereby reducing
translational risk and meeting key regulatory expectations
for first-in-human applications.

6. Future directions and
translational outlook

6.1. Multi-tissue integration for physiological
fidelity

Bioprinting has significantly advanced our ability to
engineer biomimetic skeletal muscle tissues; however,
several formidable challenges continue to constrain clinical
translation. Current constructs, while demonstrating
partial functional restoration in preclinical models, often
fail to achieve comprehensive neurovascular integration,
sustained mechanical and contractile performance,
and long-term tissue remodeling under physiological
conditions.”****! In addition, variability in cell sources,
bioink compositions, and assessment protocols hinders
cross-study comparability and reproducibility.

From a technical perspective, scale-up manufacturing
remains a critical bottleneck.”? Translating microscale
constructs into clinically relevant dimensions demands
novel strategies to ensure structural fidelity, cell viability,
and mass transport in thicker tissues.'”* Moreover,
standardized functional benchmarks—including force
generation, fatigue resistance, and neuromuscular
responsiveness—are  urgently needed to facilitate
regulatory approval and interlaboratory validation.>*

6.2. High-throughput functional analytics and
artificial intelligence

Emerging technologies are reshaping the landscape
of muscle bioprinting. Four-dimensional (4D; time-
responsive) bioprinting, which enables time-responsive
structural transformations, holds promise for generating
constructs capable of dynamic adaptation to biomechanical
and biochemical cues in vivo—mimicking developmental
myogenesis or injury-induced remodeling.”®
Simultaneously, artificial intelligence (AI) and machine
learning are revolutionizing design and optimization,

offering predictive tools for bioink formulation,
anisotropic print path design, and functional outcome
modeling.#**** Coupled with high-throughput pipelines,
Al-guided systems can reduce empirical iterations and
accelerate progress toward clinically viable constructs.”>*¢
Figure 4 illustrates an integrated, future-oriented muscle
bioprinting system that incorporates these emerging
components into a unified pipeline.

Integration with bioelectronic and rehabilitation
interfaces marks another promising direction. Implantable
sensors, neuromuscular stimulators, and stretchable
electrodes can establish closed-loop feedback systems
to enhance post-implantation adaptation, monitor
inflammation, and track host-graft interactions
in real time.”””* Looking ahead, next-generation
muscle bioprinting platforms will likely converge on
modular, patient-specific solutions integrating smart
biomaterials, autologous or gene-edited cells, and tunable
microenvironments.”® These platforms must not only
replicate muscle structure but also support immune
compatibility, long-term remodeling, and adaptive
rehabilitation.”” To achieve clinical translation, the field
must shift toward standardized, scalable, and regulatory-
compliant protocols, enabled by close collaboration
across materials science, bioengineering, and clinical
disciplines.'®

6.3. Clinical translation: trials, regulation,

and scalability

Despite preclinical success, no skeletal muscle bioprinting
trial has yet been initiated in a clinical setting; a recent
scoping review found only 11 registered bioprinting
studies worldwide, all targeting other tissues.”’ In most
jurisdictions, printed, cell-laden muscle grafts will be
regulated as combination products (FDA: Technical
Considerations for Additive Manufactured Medical
Devices, 2021) or as ATMPs (EMA: Regulation (EC)
No. 1394/2007 on ATMPs), demanding rigorous
demonstration of safety, potency, and manufacturing
consistency. Key scalability bottlenecks—including
kilogram-scale cell sourcing, perfusable vascular/neuronal
networks, closed-loop GMP bioprinting, and cost-effective
bioink standardization—remain unresolved.'® Addressing
these intertwined clinical, regulatory, and manufacturing
challenges will be critical for moving bioprinted skeletal-
muscle constructs from bench to bedside.

7. Conclusion

Bioprinting has rapidly evolved into a transformative
strategy for skeletal muscle regeneration, enabling the
precise construction of spatially organized, biologically
functional, and structurally aligned muscle tissues. Recent
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Figure 4. Conceptual illustration of an integrated future-oriented muscle bioprinting system. The diagram outlines a modular workflow integrating AI-
guided design, smart bioink and cell preparation, 3D/4D bioprinting, and post-printing maturation. Key components include bioelectronic interfaces for
real-time monitoring, patient-specific adaptation hubs, and a clinical translation pipeline supporting scalable, regulatory-compliant manufacturing. This
system highlights the convergence of emerging technologies toward personalized, functional skeletal muscle regeneration. Abbreviations: Al, artificial
intelligence; ECM, extracellular matrix; GMP, good manufacturing practice.

advances in biomaterials science, cellular engineering,
and printing technologies have significantly enhanced the
fidelity and functionality of engineered muscle constructs.
However, several substantial challenges remain, particularly
the achievement of full neurovascular integration,
functional restoration comparable to native tissues, and
the development of scalable manufacturing processes
for clinical application. These challenges highlight the
need for standardized evaluation protocols, robust bioink
formulations, and interdisciplinary design principles that
integrate biology, mechanics, and architecture. Future
research must focus on developing dynamic, bioresponsive
systems capable not only of replicating structural
anisotropy but also of interacting with host physiology
in a feedback-responsive manner. The integration of 4D
bioprinting, machine learning-based optimization, and
electromechanical stimulation technologies will be critical
for advancing personalized and adaptive muscle repair
strategies. By aligning material innovation with clinical

needs, skeletal muscle bioprinting is poised for clinical
translation. Continued cross-disciplinary collaboration
will be essential in transforming current proof-of-concept
studies into standardized, regulatory-compliant, and
patient-specific therapies, ultimately revolutionizing the
field of musculoskeletal regenerative medicine.
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