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Abstract

facturable platforms.

Engineered three-dimensional (3D) tissue constructs have emerged as a promising solution for regenerating dam-
aged muscle tissue resulting from traumatic or surgical events. 3D architecture and function of the muscle tissue
constructs can be customized by selecting types of biomaterials and cells that can be engineered with desired
shapes and sizes through various nano- and micro-fabrication techniques. Despite significant progress in this field,
further research is needed to improve, in terms of biomaterials properties and fabrication techniques, the resem-
blance of function and complex architecture of engineered constructs to native muscle tissues, potentially enhancing
muscle tissue regeneration and restoring muscle function. In this review, we discuss the latest trends in using nano-
biomaterials and advanced nano-/micro-fabrication techniques for creating 3D muscle tissue constructs and their
regeneration ability. Current challenges and potential solutions are highlighted, and we discuss the implications

and opportunities of a future perspective in the field, including the possibility for creating personalized and biomanu-
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1 Introduction

Volumetric muscle loss (VML) refers to a significant loss
of muscle tissue due to trauma or surgery, leading to the
failure of intrinsic muscle regeneration and function and
the healing of the defect area by fibrosis [1]. The current
gold standard for treating VML is the transplantation
of functional muscle tissues obtained from donors [2].
However, tissue transplantation still possesses multiple
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clinical limitations, such as donor site morbidity, lack of
donors, immune rejection, and low integration, which
can decrease the outcomes of functional regeneration [3].

To find an alternative method, various regenerative
therapies, such as stem cells delivery, scaffolds implan-
tations, and engineered muscle tissue grafts, have
been developed to address long-term functional defi-
cits and various pathologic comorbidities caused by a
large amount of tissue loss [4, 5]. These therapies aim
to regenerate new muscle via implanted stem cells or
by inducing the differentiation of host cells along with
neuromuscular junctions and blood vessels, which are
necessary to restore the muscle function [6, 7]. Cur-
rently, these approaches have been combined with
novel engineering strategies, such as bioprinting, which
enables the precise control over the size, shape, and
compartmentation of various cells, ultimately pro-
viding personalized engineered tissues with complex
3D architectures to fit defect areas [8]. Furthermore,
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many studies have explored nanomaterials and nano-
technologies to resemble the biophysical and biologi-
cal properties of the nanofibrous native extracellular
matrix (ECM) that allow us to create functional tissue
constructs, like the native skeletal muscle tissue [9].
Incorporation of these unique nanomaterials or nano-
structures into 3D engineered tissue constructs using
advanced bioprinting technologies can improve the
communication between cells and promote the integra-
tion of the engineered tissue with the host tissue, ulti-
mately leading to better outcomes for regeneration.

Previous reviews have primarily focused on mus-
cle regeneration using stem cells and biomaterials as
scaffolds [4, 10-13]. This review aims to address the
existing limitations in the literature by providing an
overview of recent advancements in the combined uti-
lization of stem cells, nano-biomaterials, and nano/
micro fabrication technologies in bioengineering
strategies for muscle regeneration. It also explores the
diverse roles played by various nanomaterials in this
field (Fig. 1). Finally, we will provide future perspectives
on skeletal muscle regeneration.
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2 Stem cells for skeletal muscle regeneration

Most of the cells in skeletal muscle are multinucleated,
generating myofibers that are surrounded by ECM such
as endomysium. ECM components, such as collagen
(types 1, III, and VI), proteoglycans, and fibronectins,
exist between myofibers, regulating muscle development
and facilitating the transmission of mechanical forces
[14]. When the skeletal muscle undergoes some defects,
the process of muscle regeneration starts with clearance
of necrotic cells by phagocytosis of pro-inflammatory
macrophages. The prompt clearance of debris is crucial
for the timely initiation of muscle regeneration [15, 16].
Then, myofiber regeneration may be facilitated when
implanted stem cells become active due to their regen-
erative capacity [17]. Stem cells that are introduced
into the injured area can release various factors, such
as cytokines, extracellular vesicles, including exosomes,
and growth factors, which can affect the behavior of host
cells, including resident stem cells, immune cells, and
endothelial cells, etc. Specifically, these secreted factors
can promote the activation of anti-inflammatory mac-
rophages, which can help reduce inflammation and sup-
port the regeneration of muscle tissue [18]. Additionally,
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Fig. 1 Stem cells, nanomaterials, and advanced tissue engineering for engineering skeletal muscle tissue constructs in regenerative medicine.
(AuNP Gold nanoparticle, CNT Carbon nanotube, iPSC Induced pluripotent stem cell, ADSC Adipose-derived stem cell, MSC Mesenchymal stem cell)
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stem cells can also inhibit the activation of pro-inflam-
matory cells, further reducing inflammation and promot-
ing tissue healing. These immunomodulatory effects play
a crucial role in promoting myofiber regeneration and
restoring muscle function [19]. Table 1 presents a sum-
mary of the advantages and limitations associated with
these stem cell types.

Skeletal muscles have a strong regenerative ability com-
pared to other adult tissue, partly due to the presence of
satellite cells, which constitute less than 5% of the cells in
muscle tissue [20]. These satellite cells rely on the tran-
scription factor Pax7 for their proper functioning and
maintenance, essential for self-regeneration [21]. Studies
have shown that when Pax7 is absent, satellite cells and
myoblasts experience cell cycle arrest and an imbalance
in myogenic regulatory factors, underscoring the criti-
cal role of Pax7 in skeletal muscle regeneration [22]. Due
to their high rate of proliferation and capacity to differ-
entiate into a variety of muscle cell types, satellite cells
have been intensively researched for muscle regenera-
tion [23-25]. However, there are still several challenges
to address in order to fully harness the potential of sat-
ellite cells in skeletal muscle regeneration. The limited
number of satellite cells within muscle tissue may restrict
their ability to completely repair significant or extensive
muscle injuries. Obtaining an adequate quantity of satel-
lite cells from a small muscle sample can also present dif-
ficulties, and obtaining a larger sample is not feasible due
to potential harm to the biopsy site. Moreover, as satellite
cells age, their ability to divide and contribute to muscle
growth diminishes over time. Therefore, further research
is necessary to comprehend the mechanisms underly-
ing immune rejection and to develop strategies to miti-
gate the immune response to transplanted cells, which
remains a significant obstacle.
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Future directions for stem cell research in skeletal mus-
cle regeneration include exploring novel delivery strate-
gies for satellite cells, such as gene therapy and tissue
engineering approaches, to enhance their survival and
integration into host tissue. Researchers may also inves-
tigate the use of combination therapies that include stem
cells and other growth factors or biomaterials to further
enhance muscle regeneration. Finally, the development
of new technologies, such as organ-on-a-chip platforms,
may provide new avenues for testing the efficacy of sat-
ellite cell-based therapies in a more physiologically rel-
evant setting.

Adipose-derived stem cells (ADSCs) are a prevalent,
multipotent, adult mesenchymal stem cell type that may
develop into tissues of the mesodermal lineage, such
as cartilage, bone, adipose tissue, and skeletal muscle.
Transplantation of ADSCs has been shown to lead to
improved muscle strength and endurance in dystrophin-
deficient mice [26, 27], as well as to promote the rapid
onset of angiogenesis. Interestingly, ADSCs’ exosomes
have also been found to promote the proliferation and
expression of myogenic genes [28, 29]. Previous stud-
ies have suggested that ADSCs may have the ability to
differentiate into muscle cells, but in the specific study
being discussed, no direct evidence of implanted ADSCs
becoming new muscle fibers was observed [30]. This sug-
gests that ADSCs may instead exert their effects through
a paracrine mechanism, releasing molecules that support
muscle growth and repair, rather than becoming muscle
cells themselves [31, 32].

Although mesenchymal stem cells (MSCs) have dem-
onstrated potential in promoting skeletal muscle regen-
eration by secreting growth factors and differentiating
into skeletal muscle cells in various studies [33-38],
one notable drawback is that they may not consistently

Table 1 Characteristics of stem cells delivered for skeletal muscle regeneration

Stem cell Characteristics Animal model Drawbacks Refs.
SCs - Muscle-specific stem cells Mice cardiotoxin tibialis ante- - Limited numbers of cells [24, 25, 154]
- Expression of Pax7 rior (TA) - Difficulty to obtain from samples
- Ability to differentiate into multiple types - Loss of regenerative ability over time
of muscle cells
ADSCs - Paracrine effect for muscle regeneration ~ Rat VMLTA - No direct evidence of myofibers differen-  [26, 28-32]
- Capacity to differentiate into mesodermal tiation after implantation
lineage
- Promotion of angiogenesis
MSCs - Secretion of growth factor for promotion  Mice ischemia hindlimb - Not always differentiate into the specific ~ [37-40]
of the regeneration type of muscle cell
- Increase of myogenin expression - Possibility to cause immune reactions
- Increase of risks of cancers
hiPSCs - Unlimited proliferative potential Mice cardiotoxin TA - Limited migrations from the site of injec-  [11,41-45]

- Ability to differentiate into any types
of cells
- Patient-specific

tions
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differentiate into the specific type of muscle cell needed
for regeneration [39]. Furthermore, there are concerns
regarding potential immune reactions and an elevated
risk of cancer [40]. Further research is needed to fully
understand the capabilities and limitations of MSCs in
muscle regeneration.

Human pluripotent stem cells (hPSCs), includ-
ing human embryonic stem cells (hESCs) and induced
pluripotent stem cells (hiPSCs), possess two key char-
acteristics that differentiate them from adult stem cells.
Firstly, they have an unlimited capacity to divide and
create more cells, referred to as "unlimited proliferative
potential." Secondly, they have the ability to differentiate
into any type of cell in the body, including skeletal mus-
cle cells (SMCs) [11]. These cells can then be expanded
in the laboratory settings, and, upon transplantation
into native muscle, can populate the stem cell niche
and contribute to muscle repair and regeneration [41].
Numerous studies have demonstrated that transplanting
hPSC-derived myogenic cells may cause them to merge
with host muscle fibers and thereby improve muscular
function [41-45]. The mere engraftment of myofibers
alone is insufficient for muscle restoration, highlight-
ing the need for immune modulation and the release of
biological factors from implanted stem cells to enhance
the regenerative process [46, 47]. The use of iPSCs to cre-
ate patient-specific in vitro skeletal models is another
advantage. This allows for the study of the pathogenesis
of muscle diseases and the screening of potential drugs
in a personalized manner. IPSCs are a powerful tool for
understanding the underlying mechanisms of disease and
developing therapies tailored to specific patient popula-
tions [48].

3 Advantages of acellular and cellular biomaterials
and their limitations
Biomaterials play a crucial role in skeletal muscle regen-
eration by providing 3D scaffolds for muscle tissue
growth at the defect area. The scaffold provides favora-
ble microenvironments that physically support cell
attachment, proliferation, and differentiation, serving as
a substrate for muscle tissue growth. Biomaterials can
be engineered to deliver diverse biological factors, such
as cells, growth factors, drugs, miRNAs, and other mol-
ecules, directly to the site of injury. This targeted delivery
enhances the healing process and facilitates the forma-
tion of new muscle tissue, promoting muscle regenera-
tion. Moreover, biomaterials can be designed to mimic
the structure and mechanical properties of native muscle
tissue, guiding the growth and organization of new mus-
cle fibers and the maturation of newly formed muscle fib-
ers. In cases of large-sized muscle defects, biomaterials
can fill the defects and prevent the formation of fibrotic
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tissue that would natively occur, filling the voids of the
defect spaces. This approach can improve the overall
appearance of the muscle and prevent functional limita-
tions resulting from the loss of muscle tissue. Therefore,
biomaterials hold great promise in the field of skeletal
muscle regeneration, as they can serve as a critical tool
in repairing and restoring damaged muscle tissue. In this
section, we will introduce the types of acellular and cel-
lular biomaterials as scaffolds, delineated in Table 2, and
discuss their regenerative characteristics when implanted
into animal models.

Various biomaterials such as alginate, gelatin, and col-
lagens have been used to engineer 3D acellular scaffolds
[49, 50]. These materials offer unique properties that
make them suitable for tissue engineering applications.
In terms of collagens, they are vital components in many
biological structures. Collagen type I stands out as the
most abundant component in muscle connective tissue.
Specifically, collagen type I al provides tensile strength
and rigidity to tissue, while collagen type VI plays a cru-
cial role in regulating satellite cell self-renewal [14, 51].
Although gelatin is a desaturated collagen; it does not
provide similar biological properties to collagen and
to collagen’s fibrous triplex helix structure. However,
depending on the hydrolysis method, gelatin still pos-
sesses peptides and proteins that might be broken down
during hydrolysis, such as cell binding sites [52]. Also,
growth factors such as vascular endothelial cell growth
factor (VEGF) and insulin-like growth factor-2 (IGEF-
2) have been combined with biomaterials that improve
blood vessel perfusion, regenerate damaged axons and
increase muscle strength. For instance, when an acellu-
lar collagen sponge was inserted into the vastus lateralis
of a rabbit leg with a muscle defect, the number, thick-
ness, and length of myofibers increased compared to the
untreated area, and the concavity decreased by filling of
the void muscle area by the scaffold. However, conven-
tional biomaterials are often insufficient to mimic tis-
sue microenvironment due to lack of growth factors and
cytokines for cell proliferation and regeneration [53].

Decellularized extracellular matrix (dECM) scaffolds
provide an attractive way to overcome the hurdles of
natural and synthetic biomaterials-based scaffolds. Com-
pared to transplanted cell-laden tissue, dECM scaffolds
have superior biological properties, with a lower risk of
immune response due to the removal of almost all cel-
lular DNA [54]. Therefore, dECM scaffolds provide a
promising strategy for creating a natural cell environ-
ment and maintaining various bioactive components
that more closely resembles native ECM [55, 56]. Fur-
thermore, dECM scaffolds have successfully regenerated
damaged muscle tissue as they contain crucial growth
factors and cytokines, such as transforming growth
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Table 2 Characteristics of biomaterials and their combination with stem cell
Biomaterial Cell Animal model Growth factors Structure Characteristics Refs.
Acellular Alginate - Mouse ischemia hindlimb VEGF, IGF-2 Bulk hydrogel Reaching normal tissue perfu-  [49]
sion levels in 3 weeks
Regenerating damaged axons
in rats with ischemic injury
Mouse ischemia hindlimb - Bulk hydrogel Minimizing s invasive surgeries  [77]
shape-memory alginate
Collagen Rabbit acute soft tissue trauma  VEGF Bulk hydrogel Increasing muscle strength [50]
TA
Skeletal muscle-ECM Rat VML latissimus dorsi - Bulk dECM Compatible with host tissue [66]
Induced myogenesis increas-
ing mechanical stability
between damaged areas
Musculofascial-ECM Rat VML quadricep - Bulk dECM 20 times higher than muscle [69]
ECM in Young's modulus
improving in myogenic
properties
Cellular  Alginate Myoblast Mouse myotoxin/ ischemia VEGF, IGF-1 Bulk hydrogel Increasing muscle regenera- [75]
hindlimb tion by sustained release of GF
Skeletal muscle-ECM  MSCs Rat VML lateral gastrocnemius - Bulk dECM Regenerating blood ves- [79]

sels and skeletal myofibers
than the ECM without cells

factor-beta (TGEF-B), VEGE, fibroblast growth factor
(FGF) and IGF-1 [57]. However, dECM scaffolds have
several limitations, such as uncontrolled degradation and
inadequate mechanical properties. Also, it is challeng-
ing to select the type of cell, tissue, and donor to obtain
dECM scaffolds for treating specific types of tissues
defects or diseases. ECM components of dECM scaffolds
are significantly affected by the source of material such
as type of cells, tissue species of donor tissue, etc. For
instance, fibroblast-derived dECM is primarily composed
of fibronectin and collagen I, while adipose cell-derived
dECM contains collagen enriched with VEGF [58, 59].
Lung dECM is characterized by the presence of colla-
gen, glycosaminoglycans, and elastin [60]. In contrast,
kidney dECM contains glycosaminoglycans along with
VEGF and bFGF [61]. Selecting the right tissue or organ
for decellularization is challenging because of the need to
keep its natural properties, remove all cells without caus-
ing immune reactions, and ensure its structure remains
intact. Sterilization methods must also be chosen care-
fully to maintain the tissue’s safety and function. Each tis-
sue has its own unique requirements and challenges for
regenerative applications [62]. Sometimes, dense dECM
can hinder cell infiltration and impair tissue regenera-
tion. Also, it is difficult to create complex 3D architec-
tures to resemble the structure of native ECM due to
inadequate rheological properties of dECM biomaterials
using biofabrication methods. So, to fabricate large-scale
and free-standing 3D scaffolds by microfabrication tech-
niques (i.e., bioprinting), naturally derived or synthetic

biomaterials have been applied for tuning the physical
and rheological properties of dECM biomaterials [63].
Finally, dECM-derived biomaterials obtained from vari-
ous types of tissues, such as small intestinal submucosa,
dermis, or skeletal muscle tissue, through a decellulariza-
tion process, can be made into 3D scaffolds using various
microfabrication techniques [64, 65]. Muscle dECM-
based scaffolds are compatible with host tissue and play a
role as physical bridges that help with force transmission
and improve muscle function by increasing mechanical
stability between damaged areas [66]. The muscle-dECM,
which contains components like proteoglycans and
laminin, has been shown to promote the differentiation
of satellite cells and their fusion into mature myofiber
[67, 68]. Additionally, there is a growing interest in fascial
ECM scaffolds for skeletal muscle regeneration. Fascial
tissue, as a connective tissue responsible for force trans-
mission and physical support, can serve as a template
for guiding muscle tissue regeneration. Fascial dECM
scaffolds offer a promising approach in this regard [69].
Furthermore, dECM-derived biomaterials can be fabri-
cated into hydrogels. Upon implantation at the defective
site, these hydrogels facilitate the infiltration of host cells
and promote increased myogenesis, or the formation of
new muscle tissue [70, 71]. Despite recent advancements
in acellular scaffolds that fill muscle defects and provide
favorable microenvironments for neo-tissue formation,
complete regeneration of volumetric muscle tissue and
restoration of muscle function remain challenging. How-
ever, the incorporation of myogenic precursor cells or
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stem cells into biomaterials holds promise in overcoming
these challenges, as they possess remarkable regenerative
abilities.

Cell-laden biomaterials have been shown to restore
both morphology and function in the area where VML
occurred [72, 73]. Moreover, combining growth fac-
tors with the scaffold has been attempted to increase
the regeneration of cells in the scaffold and host tissue
[74, 75]. Research has also been conducted on muscle
regeneration based on the types of stem cells and scaf-
folds, as well as applied mechanical stimulation [76-78].
Even when a scaffold containing non-muscle-derived
stem cells was implanted, the effects of muscle regenera-
tion were observed [79]. For instance, when bone mar-
row derived MSCs with skeletal muscle dECM hydrogels
were implanted into the lateral gastrocnemius in a VML
rat model, increased von Willebrand factor stained
blood vessels and recovery in the tension forces of LGAS
resulted, as compared to observations in the muscles
implanted with dECM without cells. Pre-implantation
of cells isolated from the tibialis anterior (TA) of rats in
a bladder acellular matrix with uniaxial tension using a
bioreactor has also induced enhanced functional recov-
ery in a mouse latissimus dorsi (LD) VML model [80,
81]. Continued exploration of cellular biomaterials and
their applications in skeletal muscle regeneration will
undoubtedly yield exciting developments and insights
in the coming years. One of the key limitations and
biosafety concerns associated with the use of stem cells in
the clinical field is the potential for tumorigenicity [82].
Stem cells are highly beneficial for tissue engineering and
regenerative medicine because they can self-renew and
differentiate into various kinds of cells. However, this
same property can lead to the formation of tumors if the
transplanted stem cells undergo uncontrolled growth. To
prevent the tumorigenesis in stem cells transplantation,
stem cells should be genetically screened to define cell
fate and change the cancer-related genes through epi-
genic modifications [83].

4 Nanotechnology for muscle regeneration

In recent research on developing advanced biomateri-
als, the application of nanotechnology, including pro-
viding precise control over surface characteristics, has
become essential because it allows for creating scaffolds
that closely resemble the structures and mechanical
properties of the native ECM [84]. This engineering of
ECM-mimicking structures promotes cellular adhesion,
proliferation, and differentiation, enhancing muscle tis-
sue regeneration. Preferentially, the term “nanomateri-
als” or “nano-sized materials” refers to substances with
at least one dimension less than 100 nm [85]. Nanoma-
terials can be utilized as carriers for the targeted and
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controlled release of growth factors, cytokines, and other
bioactive molecules. This localized delivery enhances
muscle regeneration by promoting angiogenesis, reduc-
ing inflammation, and stimulating myogenesis. Further-
more, the unique physical, mechanical, and electrical
properties of nanomaterials can overcome limitations
of conventional biomaterials, such as lack of mechanical
strength, electrical conductivity, and nanofibrous mor-
phology. These enhanced properties of hybrid materials
improve cellular behaviors and control the differentia-
tion of stem cells and their maturation. Moreover, nano-
topography achieved through nanostructured surfaces
can influence cell behavior, effectively guiding the align-
ment and maturation of muscle cells [86]. Nanopatterned
substrates facilitate myoblast alignment, myotube forma-
tion, and the development of functional muscle tissue
constructs. Additionally, hybrid materials that combine
different nanoscale components show promise in terms
of mechanical reinforcement, controlled release capabili-
ties, and improved cellular interactions for muscle tissue
engineering [87]. The following sections provide recent
advances in nanotechnology for each respective applica-
tion area (Table 3).

Carbon nanotubes (CNTs) are cylindrical carbon tubes
with high aspect ratios and nanometer-diameters that
can be significantly longer than 100 nm [88]. They pos-
sess superior mechanical properties, large surface areas,
and electrical conductivity properties. In a study by
Ramén-Azcédn et al. [89], dielectrophoresis was used to
align multi-walled CNTs within GelMA hydrogel. It was
observed that the electrical conductivity of the GelMA
hydrogel increased as a result, leading to elevated gene
expression of myogenic differentiation markers (such as
sarcomeric actin and myogenin) in C2C12 myoblasts.
This effect was not observed with randomly dispersed
CNTs within GelMA hydrogel, indicating the enhanced
efficiency of electrical stimulation due to alignment.
Incorporating polydopamine-coated CNTs into gelatin-
based cryogels promoted muscle regeneration in a rat TA
muscle defect model. This enhancement was attributed
to the improved mechanical properties and conductiv-
ity of the cryogels, which facilitated enhanced muscle cell
communication and signal transduction (Fig. 2A) [90].

Graphene is an allotrope of carbon that exists in a
2D monolayer with a honeycomb pattern and has m-n
bonds between carbon layers. The distance between car-
bon atoms in their hexagonal framework is around 140
nm, and the integral strong covalent bonding allows the
structure of graphene to maintain a few hundred-folds
higher tensile strength than steel [91]. Graphene oxide
(GO) is an oxidized form of graphene having func-
tional groups that include oxygen, such as hydroxyl, car-
boxyl, and epoxy carbonyl, making the final substance
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Table 3 Nanomaterials for muscle regeneration
Materials Cell Animal model 3D structure  Feature Refs.
CNT Polydopamine coated CNT/ C2C12 RatVMLTA Tubular cryogel Inducing myogenic differen- [90]
Gelatin tiation of C2C12 and muscle

regeneration by polydopamine
coated CNT

Graphene Polydopamine/rGO aerogel C2C12 Mouse denervated gastrocne- Bulk aerogel Promoting the weight, fiber size,  [95]
mius muscle and contractile force of the den-
ervated muscles
Polycitrate-based rGO C2C12 RatVMLTA Rectangle film  Fabricating highly conductive [97]
and elastomeric and enhancing
myogenic gene expression
Exosome  Myostatin propeptide conjugated - mdx mouse cardiotoxin TA - Increasing muscle mass and func- [102]
exosome tional rescue without any detect-
able toxicity in mdx mice
PLGA-PEG PTEN inhibitor cC12 - - Promoting the selective uptake [104]
by muscle cells/tissue in vitro
and in vivo
AuNP IL-4 or IL-10 - mdx mouse VML TA - Improving muscle function [105]
in murine DMD model
F-127-polydopamine NP C2C12 RatVMLTA Bulk hydrogel  Regenerating structural and func-  [107]

tional in the VML mouse model

water-dispersible [92]. C2C12 myoblasts cultured on GO
substrate significantly increased their myogenic proteins,
such as myosin heavy chain and myogenin [93]. The
heightened myogenic behavior observed on GO surfaces
can be attributed to the surface oxygen concentration
and roughness, which have an impact on serum protein
adsorption. Moreover, highly wrinkled GO substrates
were found to promote greater cell adhesion regions and
more efficient myogenic differentiation [94]. Wang et al.
[95] fabricated ultralight, conductive, and elastic aero-
gels using polydopamine and reduced GO (rGO), which
enabled the promotion of fiber size and contractile forces
of the denervated muscle. Annabi et al. [96] developed a
conductive hydrogel by combining GO with the elastic

(See figure on next page.)

natural material tropoelastin, which resulted in a hydro-
gel with 250% ultimate strain and 9700° of reversible
rotation. The added electric conductivity of GO allowed
for muscle contraction with low voltage after implanta-
tion of the hydrogel in rat abdominal muscle. Similarly,
Du et al. [97] added rGO to poly(citric acid-octanediol-
polyethylene glycol) (PCE) to provide conductivity, and
they observed improved expression levels of MyoD, myo-
genin, and Troponin T, as well as the development of new
muscle tissue and an increase in the mass of centronucle-
ated myofibers and capillaries within a week.

Other nanoparticles, such as exosomes and gold nan-
oparticles (AuNPs), have been used in skeletal muscle
regeneration. They can be used in combination with

Fig. 2 Nanomaterials and nanostructures for engineering skeletal muscle tissues and improving muscle regeneration. A. 3D Anisotropic cryogels
composed of conductive aligned polydopamine coated carbon nanotubes (PCNTs) for muscle regeneration. (i) Schematic of the fabrication

of PCNT cryogel [90]. (i) Compressive, conductive and highly aligned skeletal muscle PCNT cryogel mimicking mechanical properties of natural
muscle and inducing cell alignment and differentiation. (ijii) Evaluation of in vivo muscle regeneration in a rat TA muscle defect model

after implantation of the PCNT cryogel for 4 weeks. Red arrows indicate the presence of freshly created blood vessels, while black arrows indicate
the newly formed muscle fibers assessed by centronucleated myofibers. B. Anti-inflammatory cytokine immobilized AuNPs for improving muscle
function in dystrophic mice. (i) Schematic showing PEGylation and interleukin-4 (IL.-4) conjugations to AuNPs for T cell recruitment and muscle
function improvement. (i) Enhancement of muscle functions observed in mdx mice by IL 4-conjugated AuNPs. Scale bar: 300 um [105]. C.
Stretchable nanofibrous sheet using coaxial electrospinning for improving muscle regeneration. (i) Schematic showing co-axial electrospinning
of PCL and gelatin solutions, followed by chemical crosslinking of the gelatin core using glutaraldehyde. The sacrificial PCL layers were removed
to produce gelatin co-axial nanofibers (NF). (i) NF5+C2C12 (5% stretched nanofiber with cell) showed the largest muscle regeneration compared
to NFO+ cell (unstretched nanofiber with cell) or NFO (unstretched nanofiber) (n: interface between host tissue and implants. o: host muscle
tissue) [111]. (iii) Stretchable nanofiber for enhancing myotube formation. D. Nanostructured fibers resembling the ordered and striated pattern
of myofibrils via self-assembly of ABA triblock copolymers.. (i) Schematic showing the fiber fabrication process and structural characteristics

of the fiber. (i) Nanostructured fiber mimicking the patterns (A and | band) and the size of myofibril. (iii) Images showing elongation ratios ranging
from one to five. As the elongation ratio increased, the diameters of the subsequently treated fibers rapidly decreased [112]
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exosomes possess innate stability, low immuno-

genicity, and excellent cell penetration capacity [98, 99].
Exosomes, a natural biological nanoparticle, contain
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messenger RNA, microRNA, or other proteins, and act
as messengers to transfer these proteins to other cells
[100]. MSC-derived exosomes have been found to pro-
mote myogenesis in both in vitro and in vivo studies,
potentially mediated by the presence of miRNA mol-
ecules. For instance, miR-494, found in MSC-exosomes,
has been shown to enhance regeneration processes [101].
Ran et al. [102] anchored myostatin propeptide, a nega-
tive regulator of muscle growth [103], into the CD63
loop. This inhibited myostatin activity and was observed
to have beneficial effects in mdx mice [102]. Huang et al.
[104] used M12-conjugated poly(lactic-co-glycolic acid)-
polyethylene glycol (PLGA-PEG) to selectively deliver
phosphatase and tensin homolog inhibitors to mus-
cle cells in vivo, leading to improved muscle growth.
AuNPs were employed to conjugate anti-inflammatory
cytokines, such as IL-4, for the purpose of enhancing
muscle function in mdx mouse models, through immune
cell recruitment [105] (Fig. 2B). Ge et al. [106, 107] dem-
onstrated that AuNPs can stimulate myogenic differen-
tiation via p38 mitogen-activated protein kinase (MAPK)
signaling. Furthermore, they found that combining
AuNPs with hydrogels and injecting them into rat muscle
defect models facilitated muscle tissue formation.
Nanomaterials, including GO, have been employed
in tissue engineering to fabricate skeletal muscle con-
structs. A summary of these applications can be found in
Table 4. Kim et al. [108] used graphene to create stretch-
able and implantable electric devices using patterning.
Graphene was capable of regulating the proliferation and
differentiation of C2C12 myoblasts and reading electro-
myographical signals when implanted. Patel et al. [109]
used CNTs to create nano-functionalized foam scaf-
folds via a pyrolysis technique, and the CNTs were then
aligned to significantly increase the fusion of C2C12
myoblasts into multinucleated myotubes. Park et al
[110] used femtosecond laser ablation to create line

Table 4 Technique for fabricating nanostructure
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patterns on GO-incorporated polyacrylamide hydro-
gel. When C2C12 myoblasts were cultured on these
macro-patterned substrates and subjected to electrical
stimulation, they exhibited improved myogenesis and
increased differentiation. Electrospinning, a technique
capable of producing nanofibers ranging from 100 nm to
several micrometers in diameter, was utilized in combi-
nation with nanomaterials like GO to fabricate muscle
constructs using C2C12 myoblasts [111] (Fig. 2C). Lang
et al. [112] developed myofibril-resembling fibers with I
and A band patterns using poly(styrene)-b-poly(ethylene
oxide)-b-poly(styrene) through the solvent injection
technique. These fibers demonstrated superior efficiency,
actuation strain, and mechanical properties compared to
existing actuators (Fig. 2D).

Overall, nanomaterials hold great potential as a tool
for enhancing skeletal muscle regeneration due to their
unique mechanical and electrical properties or delivery
of biological factors. However, it is worth noting that
most in vitro experiments have used C2C12 myoblasts,
an immortalized cell line, rather than primary cells or
stem cells [12]. Further research utilizing primary cells
and stem cells is essential to gain a comprehensive under-
standing of the effectiveness and safety of these materials,
paving the way for their translation into clinical practice.
Additionally, it is crucial to address the long-term safety
issues and limitations associated with non-biodegrada-
ble nanomaterials, such as bioaccumulation, long-term
exposure effects, and off-target effects [113].

5 Engineering 3D muscle tissues for skeletal
muscle regeneration

The fabrication of functional 3D muscle tissues by tis-

sue engineering offers significant potential as an alter-

native therapy since it may restore the structure and

function of damaged muscle tissue. Accelerated mus-

cle tissue formation and integration can be achieved by

Technique Materials Cell Animal model 3D structure Feature (Add size in the feature) Refs.

Electrospinning  PCL/gelatin C2C12 Mouse VML quadriceps  Fiber Enhancing myotube formation [111]
on the nanofiber scaffold

Patterning Graphene Mouse VML hind limb ~ Mesh pattern  Stimulating implanted sites electrically and/ [108]
or optically in vivo and recoding electromyo-
graphical signals

Pyrolysis Nanostructured CNT - Foam, fiber  Enhancing myocyte fusion into multinucleated  [109]
mature myotubes

Laser ablation GO/polyacrylamide - Line pattern  Micropatterned rGO/PAAmM hydrogel enhancing [110]
myogenesis and increased differentiation

Solvent injection  poly(styrene)-b- - - Fiber Resembling myofibril (I, A band) and excelling ~ [112]

poly(ethylene oxide)-b-
poly(styrene)

in efficiency, actuation strain and mechanical
properties over current actuators
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conferring constructs with biomimetic physical proper-
ties and architectures and integrating skeletal muscle
and other cells, such as endothelial cells and neurons.
To mimic highly aligned muscle fibers and organ-
ized vessel networks like native muscle tissue, various
nano- and micro-fabrication techniques have been
developed. Bioprinting, including in-situ and ex-situ,
and electrospinning technologies have been used to
integrate and implant different types of cells in a scal-
able manner. Furthermore, hydrogel-based bioinks can
be fortified with specific nanomaterials, such as GO,
AuNPs, laponite and CNTs to enhance their printability
and mechanical properties [114]. These diverse nano-
materials not only provide mechanical reinforcement
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but also introduce unique functionalities, like pH-
responsiveness and electro-conductivity. Furthermore,
nanomaterials enable targeted and controlled delivery
of various biomolecules, including miRNA, proteins
or drugs, resulted in improving biological properties
of the bioinks. These hybrid bioinks closely mimic the
anatomy and function of native extracellular matrix
to improve tissue-engineered muscle performance
and regeneration. Table 5 summarizes the investiga-
tion and findings on the utilization of various printing
techniques, along with nano-biomaterials and stem
cells, for muscle regeneration in the context of tissue
engineering.

Table 5 Bioprinting for generation of functional skeletal muscle construct

Printing methods Materials Cells

Animal model Features

Inkjet printing Fib/BMP-2 hMPCs

3D ITOP Fib/gelatin/ HA/glycerol hMPCs

Fib/gelatin/ HA/glycerol hMPCs/hNSCs

Fib/NF loaded microsphere hMPCs

Extrusion Au nanowires/collagen C2C12

Collagen hADSC/HUVEC

dECM -

Collagen hMSCs

SLA Oxidized methacrylic alginate/
PEGMA

c2C12

DLP Poly (glycerol sebacate) acrylate

Embedded printing  GelMA

Primary neurons/C2C12 -

hiPSC-MPCs/HUVEC

- Controlling cells fate of primary
muscle derived stem cells
toward osteogenic or myogenic
cells by BMP-2 patterning

Rat VML TA Fabricating biomimetic implant-
able human skeletal muscle
construct (mm?3-cm? size) made
up of hundreds of long parallel

myofiber bundles

[120]

Rat VMLTA Forming neuro-muscular
junction and facilitating rapid

innervations in rodent model

- Accelerating peripheral nerve [122]
regeneration and innervation

by release NF delivery

Rat VML temporalis muscle Increasing C2C12 differentiation  [130]

by aligned in Au nanowires

Rat VML temporalis muscle  Achieving in-situ direct bioprint-  [145]
ing by combining bioprinting
with bioreactor enabling
Acellular 3D bioprinted dECM
patches for implantation

of bulk patient-specific scaffold
(12x8x% 2 c¢m) based on com-
puted tomography imaging

Canine VML biceps femoris [127]

Rat VML TA Fabricating collagen microfiber
with 1,000 times higher tensile
strengths than a normal col-

lagen gel

[124]

Demonstrating spatial control [125]
of neurons and myoblasts
for enhancing functionality

of neurons

Rat VML TA Tuning of mechanical and geo-  [126]
metrical cues through 3D print-

ing process

Mouse VML quadriceps Forming endothelialized perfus-  [123]
able channels with increasing
iPSC-MPC's viability and func-

tionality
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5.1 Bioprinting

The use of 3D printing technology in tissue engineering
has shown promising results for skeletal muscle regen-
eration. This approach involves using additive manufac-
turing techniques to create complex muscle structures
that mimic the native tissue’s design and function
[115] (Fig. 3A). Bioprinting has been used to print muscle
constructs using myoblast cell lines like C2C12, but more
recently, stem cells have been used for muscle regenera-
tion and repair [116, 117]. Bioprinting enables precise
control of the spatial organization of cells, allowing for
improved tissue engineering outcomes. In one study,
inkjet bioprinting was used to engineer a spatially defined
microenvironment for primary muscle-derived stem
cells, promoting their differentiation into osteogenic or
myogenic cells [118].

The bioprinting strategy for muscle regeneration
involves developing new printing methods or printing
cells that interact with muscle, such as neural cells or
endothelial cells, in a spatially heterogeneous manner.
For example, Kang et al. [119] developed the integrated
tissue-organ printer (ITOP), which allows for the produc-
tion of human-scale tissue. They used this technology
with fibrinogen (fib), gelatin, hyaluronic acid (HA) and
glycerol mixed bioink to construct a biomimetic implant-
able human skeletal muscle construct made up of tightly
packed, viable, and aligned human primary muscle pro-
genitor cells (hMPCs) [119, 120]. In another study, ITOP
was used to create neuro-muscular junctions between
hMPCs and human neural stem cells (hNSCs) with the
same bioink as above, promoting rapid innervation in
a rodent model of muscle defect injury [121] (Fig. 3B).
When applied to a rat TA muscle defect model, about 1
x 10° hNSCs were bioprinted with hMPCs in the mid-
dle third of the TA, demonstrating successful innerva-
tion over a span of 8 weeks. The addition of neurotrophic
factors in a PLGA microsphere further accelerated nerve
regeneration and innervation in hMPCs bioprinted mus-
cle constructs [122]. Multi-material bioprinting was used
to replicate muscle structural integrity by depositing per-
fusable vasculatures and aligned hiPSC-MPC channels
within an endomysium-like supporting gel [123]. Human

(See figure on next page.)
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umbilical vein endothelial cell (HUVEC) at a density of 4
x 107 cells were bioprinted within the gelatin to create a
perfusable endothelialized microchannel. After implanta-
tion subcutaneously for 4 weeks, the structure sustained
the viability and function of the muscle cells in vivo
This resulted in a high degree of alignment and effec-
tive formation of myotubes in 1 cm?® hexahedral GelMA.
Another technique called assembled cell-decorated colla-
gen (AC-DC) bioprinting was invented to generate colla-
gen microfibers with 100 pm diameter coated with MPCs
or hMSCs resulting in a ring shaped structure around
10 mm in diameter, which had almost 1000 times higher
tensile strength than normal collagen gels [124]. Digital
light processing (DLP) and stereolithography (SLA) bio-
printing were also used to precisely control (~5 pm) the
location of heterogenous cells [125, 126]. Finally, acellu-
lar 3D bioprinted urinary bladder matrix dECM patches
(~ 12%x8x%2 cm) were used for implantation of a bulk
patient-specific scaffold based on CT imaging, allowing
for precise adaptation to complex wounds [127].

The electroconductive nature of nanomaterials, such
as graphene and its family, facilitates the upregulation
of myogenic gene expression in myoblasts. For exam-
ple, in a study by Jo et al. [128], GO-incorporated elec-
troconductive polyacrylamide hydrogels could enhance
myogenic gene expression in myoblasts through cellular
interactions with the electrical and mechanical signals
provided by the nanomaterials. This unique GO sub-
stance could be easily incorporated into bioinks due to
its hydrophilic nature, excellent water solubility, and easy
chemical modification. For examples, the incorporation
of GO as a component for a myogenesis-inducing mate-
rial, into phenol-rich gelatin hydrogels used for 3D print-
ing has been shown to improve thermal stability, increase
molecular interactions, and potentially influence the
patterning process during bioprinting, making the print-
ing process more efficient [129]. Later, 3D printed GO/
phenol-rich gelatin hydrogel patterns provided suitable
microenvironments for improving myogenic differen-
tiation of C2C12 cells, showing potential for muscle tis-
sue engineering and regenerative medicine. C2C12 cells
were also mixed with gold nanowires in collagen bioink,

Fig. 3 Recent bioprinting strategy for the generation of functional skeletal muscle construct. A. Pros and cons of bioprinting technique

for fabricating skeletal muscle tissue. B. Neural cell integration with bioprinted skeletal muscle constructs. (i) The bioprinted construct’s

design, where the multi-dispensing units are applied with the acellular sacrificial bioink, the cell-laden bioink carrying hMPCs and/or hNSCs,
and the supporting PCL structure. (i) Microchannels to preserve the viability of printed cells in the structures made after the sacrificial designs
were removed. (iii) MPC+NPC group showed developed neuromuscular junctions and neuronal contact on the freshly created myofibers

in the transplanted constructs. (Neurofilaments; NF (green)/Acetylcholine receptor; AChR (red)/Myosin heavy chain; MHC (white)) [121].

C. In-situ bioprinting of hASC-laden bioink for muscle regeneration. (i) Schematic of directly printed hASC-laden collagen structure on damaged
human skeletal muscle using the bioprinter-actuator combined system. (ii) Images of in-situ bioprinting using a bioprinter-actuator combined
system in rat temporalis muscle VML model [145]. D. Future direction for generating functional skeletal muscle tissue
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printed and then exposed to electric fields to align the
nanowires [130]. This resulted in a high degree of align-
ment and effective formation of myotubes.

5.2 In-situ bioprinting

In-situ bioprinting technology has been extensively
explored to create complex and heterogeneous archi-
tectures of engineered constructs directly following
their sophisticated deposition in custom designed pat-
terns to fill cutaneous injured area [131-135]. Theses
in-situ printing technologies have the potential to pro-
vide improved tissue regeneration ability for individual
patients compared to ex-situ printed implants due to
benefits proffered by the natural cellular microenviron-
ment of the body [136-139] and from the ability to fab-
ricate customized acellular or cellular scaffolds that fit
different injured area and shapes on individual patients
[131-134]. In recent advancements of in-situ bioprint-
ing, there is a clear inclination towards incorporating
novel tools to enhance the precision and adaptability of
the printing process. For examples, robotic and hand-
held bioprinting devices are being increasingly utilized
for targeted deposition of bioinks, especially, in areas
requiring wound, skin, bone, muscle, and cartilage regen-
eration [137, 138]. The integration of camera systems and
scanners provides real-time feedback, ensuring accu-
rate placement and alignment of printed tissues [140].
The emergence of multi-degree-of-freedom bioprint-
ing robots, equipped with advanced sensing and imag-
ing capabilities, highlighted the intersection of robotics,
imaging, and bioprinting in addressing intricate chal-
lenges, such as hair-follicle-inclusive skin repair [141].
This integration signifies the growing role of in-situ bio-
printing within the broader context of regenerative medi-
cine and tissue engineering.

In-situ bioprinting has been highlighted as a core
methodology for muscle regeneration due to the feasible
extensive processing times and post-bioprinting manip-
ulations. Quint et al. [142] developed a VEGEF-releasing
nanomaterials-based bioink printed using a portable in-
situ printer. The bioink incorporated laponite, an artifi-
cially manufactured nano-structure, to control the release
of VEGE, enhance its adhesion to the muscle surface,
increase the rheological behavior of bioinks, and increase
mechanical properties due to entanglement with GelMA.
This approach synergistically modulated the wound
environment, leading to improved functional mus-
cle recovery after VML in a murine model. In a related
study by the same group, C2C12 myoblasts encapsulated
in a GelMA bioink were directly printed onto a VML
murine model (79+7.5 mg resection) injury site using
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a partially-automated handheld bioprinter [143]. The
results showed the formation of multinucleated myo-
tubes 24 days post-printing, indicating the promising
potential of in-situ bioprinting in muscle regeneration
[144]. In-situ bioprinting of human ADSCs (hADSCs)
with collagen in the VML area was achieved using a
bioprinter combined with a bioreactor called Pri-Actor
[145] (Fig. 3C). Myogenic differentiation of hADSCs was
induced by the mechanical stimulation in the bioreactor,
leading to the formation dense myofibers in VML model
of rat in the temporalis muscle. In-situ bioprinting repre-
sents a significant step forward in regenerative medicine,
showing potential in muscle regeneration.

5.3 Other engineered 3D muscle tissues

Various engineered 3D muscle tissues, through molding
and microfluidics have been used, in addition to bioprint-
ing, to produce muscle constructs. Molding is a popular
method for creating 3D muscle tissue using stem cells
and hydrogels. Collagen and fibrinogen are commonly
used polymers, as they are easily crosslinked. The type
of biomaterial used does not significantly affect the dif-
ferentiation of stem cells [76]. For instance, a mixture of
collagen and hMPCs was used to create a 3D structure
for laryngeal reconstruction [146]. Molding is not only
used for implantation but also for in vitro models, and
can be used to study the effects of culture media on hPSC
myogenesis and contractile force, or as an intramuscular
injection model for drug testing [147, 148]. In addition,
fiber-shaped molds can be used to create single fibers
with a length of 10 mm and diameter of 120 um. When
ESC-derived myoblasts were placed in Matrigel inside
a mold, muscle maturation could be observed within
7 days [149].

Microfluidic devices have been used as models to study
the interactions between different tissues, including mus-
cle tissue. Osaki et al. [150] used a microfluidic chip to
culture muscle bundles and iPSC-derived motor neuron
spheroids in different compartments to create an amyo-
trophic lateral sclerosis (ALS) model. In the chip-based
ALS motor unit, fewer muscle contractions and mus-
cle apoptosis were observed. Microfluidic chips offer
a promising platform for assessing the safety of nano-
materials in muscle regeneration. Their inherent ability
to produce laminar flow ensures a uniform exposure of
nanomaterials to cells [151]. Additionally, by manipulat-
ing the flow rate, there is precise control over the cellular
uptake of these nanomaterials [152]. Given their suc-
cessful applications in skin models, it is anticipated that
microfluidic chips will find extensive utility in muscle
models in forthcoming research [153].
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6 Conclusion and future perspectives

In conclusion, the development of skeletal muscle tis-
sue engineering has led to promising advances in the
field of regenerative medicine. As the understanding
of the complex interplay among cells, materials, and
mechanical forces continues to grow, new research
areas will emerge, leading to the full realization of the
potential of personalized, customized, and biomanu-
facturable platforms for muscle regeneration. Nano-
materials, indeed, offer great potential for muscle
regeneration. However, the exact mechanism behind
their effectiveness still requires deeper exploration for
clinical translation. It is speculated that scaffolds built
using nanomaterials like GO, CNT, and AuNP not only
enhance mechanical and electrical properties but also
influence the differentiation and proliferation of myo-
genic stem cells. Furthermore, safety issues related
to the application of non-biodegradable nanomateri-
als, such as bio-accumulation or long-term exposure
effects, need to be considered.

One of the most promising fabrication techniques
for producing muscle scaffolds is 3D bioprinting com-
bined with nanomaterials and nanotechnologies. This
technique enables the precise positioning of acellular
or cellular structures, resulting in a biomimetic scaffold
that mimics the natural tissue. Additionally, computed
tomography (CT)-guided bioprinting can be used to rep-
licate the tissue microarchitecture obtained from patient
CT images following an injury, leading to the creation
of custom scaffolds tailored to individual patients. Once
proven effective in a mouse model, custom scaffolds will
undergo Phase I testing before being considered for use
in human patients (Fig. 3D).

The biomanufacturing industry is another area that
holds great promise in the production of functional tis-
sues for direct implantation in patients. By using 3D bio-
printing to digitally design the scaffold and establishing
automated or semi-automated biomanufacturing pro-
cesses, it can improve the quality of an acellular or cel-
lular scaffold and ultimately lead to enhanced efficacy
of implants and related clinical therapies. The ability to
fabricate and culture tissues in a high throughput man-
ner and in real-time can greatly improve the speed and
efficiency of the biomanufacturing process, making treat-
ments more accessible to patients in need.

Looking towards the future, there are several avenues
of research that are most relevant and productive. These
include exploring the use of new materials and nanotech-
nology for tissue engineering, developing new methods
for in vitro muscle maturation and neural integration,
and investigating the use of iPSCs and gene editing tech-
niques for personalized therapies. Furthermore, advance-
ments in artificial intelligence and machine learning can
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help to optimize scaffold design and improve the efficacy
of clinical treatments.

In summary, the novel approaches discussed in this
review have the potential to significantly enhance
the patient’s quality of life. By continuing to invest in
research and development in the field of skeletal mus-
cle tissue engineering, we can accelerate the transla-
tion of these promising therapies into clinical practice,
ultimately improving the lives of millions of people
worldwide.
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SLA Stereolithography

DLP Digital light processing

cT Computed tomography
AC-DC  Assembled cell-decorated collagen
LD Latissimus dorsi

Acknowledgements
Not applicable

Author contributions

The review was planned by SH and SRS. SH and SHC wrote the manuscript.
SH, SRS and SP contributed to the discussion and editing. SRS provided overall
supervision. All authors read and approved the final manuscript.

Funding

This research was supported by the National Institutes of Health
(ROTAR077132) in USA and National Research Foundation (NRF) grant (RS-
2023-00218543) by the MSIT (Ministry of Science and ICT) in Korea. S. H. was
supported by Korean Institute for Advancement of Technology (KIAT) grant
(P0017305, Human Resource Development Program for Industrial Innovation



Han et al. Nano Convergence

(2023) 10:48

(Global) funded by the MOTIE (Ministry of Trade, Industry, and Energy) in
Korea. S. P.was supported by SKKU Global Research Platform Research Fund,
Sungkyunkwan University, 2022.

Availability of data and materials
Not applicable.

Declarations

Competing interests
The authors declare that they have no competing interests.

Received: 21 June 2023 Accepted: 10 October 2023
Published online: 21 October 2023

References

1.

K. Garg, C.L. Ward, B.J. Hurtgen, J.M. Wilken, D.J. Stinner, J.C. Wenke, J.G.
Owens, BT. Corona, Volumetric muscle loss: persistent functional defi-
cits beyond frank loss of tissue. J. Orthop. Res. 33, 40-46 (2015). https.//
doi.org/10.1002/jor.22730

B.F. Grogan, J.R. Hsu, Volumetric muscle loss. J. Am. Acad. Orthop.

Surg. 19, S35-537 (2011). https://doi.org/10.5435/00124635-20110
2001-00007

J. Gilbert-Honick, S.R. lyer, SM. Somers, R.M. Lovering, K. Wagner,

H.-Q. Mao, W.L. Grayson, Engineering functional and histological
regeneration of vascularized skeletal muscle. Biomaterials 164, 70-79
(2018). https://doi.org/10.1016/j.biomaterials.2018.02.006

A. Dunn, M. Talovic, K. Patel, A. Patel, M. Marcinczyk, K. Garg, Bioma-
terial and stem cell-based strategies for skeletal muscle regenera-

tion. J. Orthop. Res. 37, 1246-1262 (2019). https://doi.org/10.1038/
$41536-020-0094-3

R.N. Judson, FM. Rossi, Towards stem cell therapies for skeletal

muscle repair. NPJ Regen. Med. 5, 10 (2020). https://doi.org/10.1038/
$41536-020-0094-3

M. Juhas, G.C. Engelmayr Jr, AN. Fontanella, G.M. Palmer, N. Bursac, Bio-
mimetic engineered muscle with capacity for vascular integration and
functional maturation in vivo. Proc. Natl. Acad. Sci. USA 111, 5508-5513
(2014). https://doi.org/10.1073/pnas.1402723111

TH. Qazi, GN. Duda, MJ. Ort, C. Perka, S. Geissler, T. Winkler, Cell therapy
to improve regeneration of skeletal muscle injuries. J. Cachexia. Sarco-
penia Muscle 10,501-516 (2019). https://doi.org/10.1002/jcsm.12416
CS. Ong, P. Yesantharao, C.Y. Huang, G. Mattson, J. Boktor, T. Fukunishi,
H. Zhang, N. Hibino, 3D bioprinting using stem cells. Pediatr. Res. 83,
223-231(2018). https://doi.org/10.1038/pr.2017.252

M. Mehrali, A. Thakur, C.P. Pennisi, S. Talebian, A. Arpanaei, M. Nikkhah,
A. Dolatshahi-Pirouz, Nanoreinforced hydrogels for tissue engineering:
biomaterials that are compatible with load-bearing and electroactive
tissues. Adv. Mater. 29, 1603612 (2017). https://doi.org/10.1002/adma.
201603612

J.M. Grasman, M.J. Zayas, RL. Page, G.D. Pins, Biomimetic scaffolds for
regeneration of volumetric muscle loss in skeletal muscle injuries. Acta
Biomater. 25, 2-15 (2015). https://doi.org/10.1016/j.actbio.2015.07.038
R. Abujarour, B. Valamehr, Generation of skeletal muscle cells from
pluripotent stem cells: advances and challenges. Front. Cell Dev. Biol. 3,
29 (2015). https://doi.org/10.3389/fcell.2015.00029

K. Nogami, M. Blanc, F. Takemura, S. iTakeda, Y. Miyagoe-Suzuki, in
Muscle Cell and Tissue: Current Status of Research Field, ed. by K. Sakuma.
Making Skeletal Muscle from Human Pluripotent Stem Cells (Intecho-
pen, London, 2018), p. 117

D.Yu et al, Myogenic differentiation of stem cells for skeletal muscle
regeneration. Stem Cells Int. 2021, 10 (2021). https://doi.org/10.1155/
2021/8884283

R. Csapo, M. Gumpenberger, B. Wessner, Skeletal muscle extracellular
matrix-what do we know about its composition, regulation, and physi-
ological roles? A narrative review. Front. Physiol. 11, 253 (2020). https://
doi.org/10.3389/fphys.2020.00253

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

Page 15 0of 19

A.B. Aurora, ENN. Olson, Immune modulation of stem cells and regenera-
tion. Cell Stem Cell 15, 14-25 (2014). https://doi.org/10.1016/j.stem.
2014.06.009

V. Rybalko, P-L. Hsieh, M. Merscham-Banda, L.J. Suggs, R.P. Farrar, The
development of macrophage-mediated cell therapy to improve
skeletal muscle function after injury. PLoS ONE 10, 0145550 (2015).
https://doi.org/10.1371/journal.pone.0145550

P.Scala, L. Rehak, V. Giudice, E. Ciaglia, A.A. Puca, C. Selleri, G. Della
Porta, N. Maffulli, Stem cell and macrophage roles in skeletal muscle
regenerative medicine. Int. J. Mol. Sci. 22, 10867 (2021). https://doi.org/
10.3390/ijms221910867

J. Fang et al,, Redressing the interactions between stem cells and
immune system in tissue regeneration. Biol. Direct 16, 1-10 (2021).
https://doi.org/10.1186/513062-021-00306-6

C. Bernard, A. Zavoriti, Q. Pucelle, B. Chazaud, J. Gondin, Role of
macrophages during skeletal muscle regeneration and hypertrophy—
Implications for immunomodulatory strategies. Physiol. Rep. 10, 15480
(2022). https://doi.org/10.14814/phy2.15480

L. Boldrin, J.E. Morgan, Human satellite cells: identification on human
muscle fibres. PLoS Curr. 3, 7 (2012). https://doi.org/10.1371/currents.
RRN1294

S. Gunther, J.Kim, S. Kostin, C. Lepper, C.-M. Fan, T. Braun, Myf5-positive
satellite cells contribute to Pax7-dependent long-term maintenance of
adult muscle stem cells. Cell Stem Cell 13,590-601 (2013). https://doi.
org/10.1016/j.stem.2013.07.016

P. Seale, L.A. Sabourin, A. Girgis-Gabardo, A. Mansouri, P. Gruss, M.A.
Rudnicki, Pax7 is required for the specification of myogenic satellite
cells. Cell 102, 777-786 (2000). https://doi.org/10.1016/50092-8674(00)
00066-0

A. Marg, H. Escobar, S. Gloy, M. Kufeld, J. Zacher, A. Spuler, C. Birchmeier,
Z.1zsvék, S. Spuler, Human satellite cells have regenerative capacity and
are genetically manipulable. J. Clin. Investig. 124, 4257-4265 (2020).
https://doi.org/10.1172/JCl63992

H. Yin, F. Price, M.A. Rudnicki, Satellite cells and the muscle stem cell
niche. Physiol. Rev. 93, 23-67 (2013). https://doi.org/10.1152/physrev.
00043.2011

S.S. Rayagiri, D. Ranaldi, A. Raven, N.LEM. Azhar, O. Lefebvre, PS. Zammit,
A.--G. Borycki, Basal lamina remodeling at the skeletal muscle stem cell
niche mediates stem cell self-renewal. Nat. Commun. 9, 1-12 (2018).
https://doi.org/10.1038/541467-018-03425-3

S.-V. Forcales, Potential of adipose-derived stem cells in muscular
regenerative therapies. Front. Aging Neurosci. 7, 123 (2015). https://doi.
0rg/10.3389/fnagi.2015.00123

CH. da Justa Pinheiro, J.CF. de Queiroz, L. Guimaraes-Ferreira, K.F. Vitzel,
R.T.Nachbar, LG.O. de Sousa, A.L. de Souza-Jr, M.T. Nunes, R. Curi, Local
injections of adipose-derived mesenchymal stem cells modulate
inflammation and increase angiogenesis ameliorating the dystrophic
phenotype in dystrophin-deficient skeletal muscle. Stem Cell Rev. Rep.
8,363-374 (2012). https://doi.org/10.1007/512015-011-9304-0

V. Kesireddy, Evaluation of adipose-derived stem cells for tissue-
engineered muscle repair construct-mediated repair of a murine model
of volumetric muscle loss injury. Int. J. Nanomedicine 11, 1461 (2016).
https://doi.org/10.2147/IUN.S101955

S-E. Byun, C. Sim, Y. Chung, HK. Kim, S. Park, D.K. Kim, S. Cho, S. Lee,
Skeletal muscle regeneration by the exosomes of adipose tissue-
derived mesenchymal stem cells. Curr. Issues Mol. Biol. 43, 1473-1488
(2021). https://doi.org/10.3390/cimb43030104

A. Gorecka, S. Salemi, D. Haralampieva, F. Moalli, D. Stroka, D. Candinas,
D. Eberli, L. Briigger, Autologous transplantation of adipose-derived
stem cells improves functional recovery of skeletal muscle without
direct participation in new myofiber formation. Curr. Stem Cell Res.
Ther.9,1-12 (2018). https://doi.org/10.1186/513287-018-0922-1

AJ. Salgado, R.L. Reis, N. Sousa, J.M. Gimble, Adipose tissue derived
stem cells secretome: soluble factors and their roles in regenerative
medicine. Curr. Stem Cell Res. Ther. 5, 103-110 (2010). https://doi.org/
10.2174/157488810791268564

J.Rehman et al,, Secretion of angiogenic and antiapoptotic factors

by human adipose stromal cells. Circulation 109, 1292-1298 (2004).
https://doi.org/10.1161/01.CIR.0000121425.42966.F 1

C. Linard, M. Brachet, B. lhomme, C. Strup-Perrot, E. Busson, M. Bon-
neau, J-J. Lataillade, E. Bey, and M. Benderitter, Long-term effectiveness


https://doi.org/10.1002/jor.22730
https://doi.org/10.1002/jor.22730
https://doi.org/10.5435/00124635-201102001-00007
https://doi.org/10.5435/00124635-201102001-00007
https://doi.org/10.1016/j.biomaterials.2018.02.006
https://doi.org/10.1038/s41536-020-0094-3
https://doi.org/10.1038/s41536-020-0094-3
https://doi.org/10.1038/s41536-020-0094-3
https://doi.org/10.1038/s41536-020-0094-3
https://doi.org/10.1073/pnas.1402723111
https://doi.org/10.1002/jcsm.12416
https://doi.org/10.1038/pr.2017.252
https://doi.org/10.1002/adma.201603612
https://doi.org/10.1002/adma.201603612
https://doi.org/10.1016/j.actbio.2015.07.038
https://doi.org/10.3389/fcell.2015.00029
https://doi.org/10.1155/2021/8884283
https://doi.org/10.1155/2021/8884283
https://doi.org/10.3389/fphys.2020.00253
https://doi.org/10.3389/fphys.2020.00253
https://doi.org/10.1016/j.stem.2014.06.009
https://doi.org/10.1016/j.stem.2014.06.009
https://doi.org/10.1371/journal.pone.0145550
https://doi.org/10.3390/ijms221910867
https://doi.org/10.3390/ijms221910867
https://doi.org/10.1186/s13062-021-00306-6
https://doi.org/10.14814/phy2.15480
https://doi.org/10.1371/currents.RRN1294
https://doi.org/10.1371/currents.RRN1294
https://doi.org/10.1016/j.stem.2013.07.016
https://doi.org/10.1016/j.stem.2013.07.016
https://doi.org/10.1016/s0092-8674(00)00066-0
https://doi.org/10.1016/s0092-8674(00)00066-0
https://doi.org/10.1172/JCI63992
https://doi.org/10.1152/physrev.00043.2011
https://doi.org/10.1152/physrev.00043.2011
https://doi.org/10.1038/s41467-018-03425-3
https://doi.org/10.3389/fnagi.2015.00123
https://doi.org/10.3389/fnagi.2015.00123
https://doi.org/10.1007/s12015-011-9304-0
https://doi.org/10.2147/IJN.S101955
https://doi.org/10.3390/cimb43030104
https://doi.org/10.1186/s13287-018-0922-1
https://doi.org/10.2174/157488810791268564
https://doi.org/10.2174/157488810791268564
https://doi.org/10.1161/01.CIR.0000121425.42966.F1

Han et al. Nano Convergence

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

(2023) 10:48

of local BM-MSCs for skeletal muscle regeneration: a proof of concept
obtained on a pig model of severe radiation burn. Curr. Stem. Cell. Res.
Ther. 9, 1-14 (2018). https://doi.org/10.1186/513287-018-1051-6

N.T. Ninagawa, E. Isobe, Y. Hirayama, R. Murakami, K. Komatsu, M. Nagai,
M. Kobayashi, Y. Kawabata, S. Torihashi, Transplantated mesenchymal
stem cells derived from embryonic stem cells promote muscle regen-
eration and accelerate functional recovery of injured skeletal muscle.
Biores. Open Access 2, 295-306 (2013). https://doi.org/10.1089/biores.
2013.0012

S. Oshima, N. Kamei, T. Nakasa, Y. Yasunaga, M. Ochi, Enhancement of
muscle repair using human mesenchymal stem cells with a magnetic
targeting system in a subchronic muscle injury model. J. Orthop. Sci.
19, 478-488 (2014). https://doi.org/10.1007/500776-014-0548-9

T. Winkler, P. von Roth, G. Matziolis, M. Mehta, C. Perka, G.N. Duda, Dose—
response relationship of mesenchymal stem cell transplantation and
functional regeneration after severe skeletal muscle injury in rats. Tissue
Eng. Part A 15, 487-492 (2009). https://doi.org/10.1089/ten.tea.2007.
0426

T.Kinnaird, E. Stabile, M. Burnett, M. Shou, C. Lee, S. Barr, S. Fuchs, S.
Epstein, Local delivery of marrow-derived stromal cells augments
collateral perfusion through paracrine mechanisms. Circulation 109,
1543-1549 (2004). https://doi.org/10.1161/01.CIR.0000124062.31102.57
L. Santa Marfa, C.V. Rojas, J.J. Minguell, Signals from damaged but not
undamaged skeletal muscle induce myogenic differentiation of rat
bone-marrow-derived mesenchymal stem cells. Exp. Cell Res. 300,
418-426 (2004). https://doi.org/10.1016/j.yexcr.2004.07.017

J. Garcia-Castro, C. Trigueros, J. Madrenas, J. Perez-Simon, R. Rodriguez, P.
Menendez, Mesenchymal stem cells and their use as cell replacement
therapy and disease modelling tool. J. Cell. Mol. Med. 12, 2552-2565
(2008). https://doi.org/10.1111/).1582-4934.2008.00516.x

U. Galderisi, A. Giordano, M.G. Paggi, The bad and the good of mesen-
chymal stem cells in cancer: Boosters of tumor growth and vehicles for
targeted delivery of anticancer agents. World J. Stem Cells 2, 5 (2010).
https://doi.org/10.4252/wjsc.v2.i1.5

R. Darabi, RW. Arpke, S. Irion, J.T. Dimos, M. Grskovic, M. Kyba, R.C. Per-
lingeiro, Human ES-and iPS-derived myogenic progenitors restore DYS-
TROPHIN and improve contractility upon transplantation in dystrophic
mice. Cell Stem Cell 10, 610-619 (2012). https://doi.org/10.1016/j.stem.
2012.02.015

E.van der Wal et al,, Large-scale expansion of human iPSC-derived
skeletal muscle cells for disease modeling and cell-based therapeutic
strategies. Stem Cell Rep. 10, 1975-1990 (2018). https://doi.org/10.
1016/j.stemcr.2018.04.002

S.S.-K. Chan, RW. Arpke, A. Filareto, N. Xie, M.P. Pappas, J.S. Penaloza, R.C.
Perlingeiro, M. Kyba, Skeletal muscle stem cells from PSC-derived tera-
tomas have functional regenerative capacity. Cell Stem Cell 23, 74-85
(2018). https://doi.org/10.1016/j.5stem.2018.06.010

F.S. Tedesco et al, Transplantation of genetically corrected human iPSC-
derived progenitors in mice with limb-girdle muscular dystrophy. Sci.
Transl. Med. 4, 140ra189 (2012). https://doi.org/10.1126/scitransImed.
3003541

S. Goudenege, C. Lebel, N.B. Huot, C. Dufour, I. Fujii, J. Gekas, J. Rousseau,
JP. Tremblay, Myoblasts derived from normal hESCs and dystrophic
hiPSCs efficiently fuse with existing muscle fibers following transplanta-
tion. Mol. Ther. 20, 2153-2167 (2012). https://doi.org/10.1038/mt.2012.
188

Z. Julier, AJ. Park, PS. Briquez, M.M. Martino, Promoting tissue regenera-
tion by modulating the immune system. Acta Biomater. 53, 13-28
(2017). https://doi.org/10.1016/j.actbio.2017.01.056

Q. Lian et al,, Functional mesenchymal stem cells derived from human
induced pluripotent stem cells attenuate limb ischemia in mice.
Circulation 121, 1113-1123 (2010). https://doi.org/10.1161/CIRCULATIO
NAHA.109.898312

Y. Miyagoe-Suzuki, Si. Takeda, Skeletal muscle generated from induced
pluripotent stem cells-induction and application. Stem Cells World J. 9,
89-97 (2017). https://doi.org/10.4252/wjsc.v9.i6.89

C. Borselli, H. Storrie, F. Benesch-Lee, D. Shvartsman, C. Cezar, J.W. Licht-
man, H.H. Vandenburgh, D.J. Mooney, Functional muscle regeneration
with combined delivery of angiogenesis and myogenesis factors. Proc.
Natl. Acad. Sci. USA 107, 3287-3292 (2010). https://doi.org/10.1073/
pnas.0903875106

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Page 16 of 19

S.P Frey, H. Jansen, M.J. Raschke, RH. Meffert, S. Ochman, VEGF
improves skeletal muscle regeneration after acute trauma and recon-
struction of the limb in a rabbit model. Clin. Orthop. Relat. Res. 470,
3607-3614 (2012). https://doi.org/10.1007/511999-012-2456-7

A. Urciuolo et al, Collagen VI regulates satellite cell self-renewal and
muscle regeneration. Nat. Commun. 4, 1964 (2013). https://doi.org/10.
1038/ncomms2964

J.Valcarcel, J. Fraguas, C. Hermida-Merino, D. Hermida-Merino, M.M.
Pifieiro, J.A. Vazquez, Production and physicochemical characterization
of gelatin and collagen hydrolysates from turbot skin waste generated
by aquaculture activities. Mar. Drugs 19, 491 (2021). https://doi.org/10.
3390/md 19090491

Y.S. Kim, M. Majid, A.J. Melchiorri, A.G. Mikos, Applications of decellu-
larized extracellular matrix in bone and cartilage tissue engineering.
Bioeng. Transl. Med. 4, 83-95 (2019). https://doi.org/10.1002/btm?2.
10110

J.M. Fishman et al., Immunomodulatory effect of a decellularized
skeletal muscle scaffold in a discordant xenotransplantation model.
Proc. Natl. Acad. Sci. USA. 110, 14360-14365 (2013). https://doi.org/
10.1073/pnas. 1213228110

V.A. Solarte David, V.R. Guiza-Arguello, M.L. Arango-Rodriguez, C.L.
Sossa, S.M. Becerra-Bayona, Decellularized tissues for wound healing:
towards closing the gap between scaffold design and effective extra-
cellular matrix remodeling. Front. Bioeng. Biotechnol. 10, 821852
(2022). https://doi.org/10.3389/fbice.2022.821852

M. Brown, J. Li, C. Moraes, M. Tabrizian, N.YK. Li-Jessen, Decellularized
extracellular matrix: new promising and challenging biomaterials for
regenerative medicine. Biomaterials 289, 121786 (2022). https://doi.
org/10.1016/j.biomaterials.2022.121786

D. Boso, E. Maghin, E. Carraro, M. Giagante, P. Pavan, M. Piccoli, Extra-
cellular matrix-derived hydrogels as biomaterial for different skeletal
muscle tissue replacements. Materials 13, 2483 (2020). https://doi.
org/10.3390/ma13112483

P.Du, M.P. Hwang, Y.K. Noh, R. Subbiah, I.G. Kim, S.E. Bae, K. Park, Fibro-
blast-derived matrix (FDM) as a novel vascular endothelial growth
factor delivery platform. J. Control. Release 194, 122-129 (2014).
https://doi.org/10.1016/j.jconrel.2014.08.026

L.Wang, J.A. Johnson, Q. Zhang, EK. Beahm, Combining decel-
lularized human adipose tissue extracellular matrix and adipose-
derived stem cells for adipose tissue engineering. Acta Biomater. 9,
8921-8931 (2013). https://doi.org/10.1016/j.actbio.2013.06.035

S.E. Gilpin, J.P. Guyette, G. Gonzalez, X. Ren, J.M. Asara, D.J. Mathisen,
J.P.Vacanti, H.C. Ott, Perfusion decellularization of human and
porcine lungs: Bringing the matrix to clinical scale. J. Heart Lung
Transplant. 33, 298-308 (2014). https://doi.org/10.1016/j.healun.
2013.10.030

M. Figliuzzi, B. Bonandrini, A. Remuzzi, Decellularized kidney matrix
as functional material for whole organ tissue engineering. J. Appl.
Biomater. Funct. Mater. 15, e326-e333 (2017). https://doi.org/10.
5301/jabfm.5000393

A. Neishabouri, A. Soltani Khaboushan, F. Daghigh, A.-M. Kajbafzadeh,
M. Majidi Zolbin, Decellularization in tissue engineering and regen-
erative medicine: Evaluation, modification, and application methods.
Front. Bioeng. Biotechnol. 10, 805299 (2022). https://doi.org/10.3389/
fbioe.2022.805299

S.Sart, R. Jeske, X. Chen, T. Ma, Y. Li, Engineering stem cell-derived
extracellular matrices: decellularization, characterization, and biologi-
cal function. Tissue Eng. Part B Rev. 26, 402-422 (2020). https://doi.
0rg/10.1089/ten.TEB.2019.0349

J.E. Valentin, N.J. Turner, TW. Gilbert, S.F. Badylak, Functional skel-

etal muscle formation with a biologic scaffold. Biomaterials 31,
7475-7484 (2010). https://doi.org/10.1016/j.biomaterials.2010.06.039
B.E. Uygun et al., Organ reengineering through development of a
transplantable recellularized liver graft using decellularized liver
matrix. Nat. Med. 16, 814-820 (2010). https://doi.org/10.1038/nm.
2170

XK. Chen, T.J. Walters, Muscle-derived decellularised extracellular
matrix improves functional recovery in a rat latissimus dorsi muscle
defect model. J. Plast. Reconstr. Aesthet. Surg. 66, 1750-1758 (2013).
https://doi.org/10.1016/j.bjps.2013.07.037


https://doi.org/10.1186/s13287-018-1051-6
https://doi.org/10.1089/biores.2013.0012
https://doi.org/10.1089/biores.2013.0012
https://doi.org/10.1007/s00776-014-0548-9
https://doi.org/10.1089/ten.tea.2007.0426
https://doi.org/10.1089/ten.tea.2007.0426
https://doi.org/10.1161/01.CIR.0000124062.31102.57
https://doi.org/10.1016/j.yexcr.2004.07.017
https://doi.org/10.1111/j.1582-4934.2008.00516.x
https://doi.org/10.4252/wjsc.v2.i1.5
https://doi.org/10.1016/j.stem.2012.02.015
https://doi.org/10.1016/j.stem.2012.02.015
https://doi.org/10.1016/j.stemcr.2018.04.002
https://doi.org/10.1016/j.stemcr.2018.04.002
https://doi.org/10.1016/j.stem.2018.06.010
https://doi.org/10.1126/scitranslmed.3003541
https://doi.org/10.1126/scitranslmed.3003541
https://doi.org/10.1038/mt.2012.188
https://doi.org/10.1038/mt.2012.188
https://doi.org/10.1016/j.actbio.2017.01.056
https://doi.org/10.1161/CIRCULATIONAHA.109.898312
https://doi.org/10.1161/CIRCULATIONAHA.109.898312
https://doi.org/10.4252/wjsc.v9.i6.89
https://doi.org/10.1073/pnas.0903875106
https://doi.org/10.1073/pnas.0903875106
https://doi.org/10.1007/s11999-012-2456-7
https://doi.org/10.1038/ncomms2964
https://doi.org/10.1038/ncomms2964
https://doi.org/10.3390/md19090491
https://doi.org/10.3390/md19090491
https://doi.org/10.1002/btm2.10110
https://doi.org/10.1002/btm2.10110
https://doi.org/10.1073/pnas.1213228110
https://doi.org/10.1073/pnas.1213228110
https://doi.org/10.3389/fbioe.2022.821852
https://doi.org/10.1016/j.biomaterials.2022.121786
https://doi.org/10.1016/j.biomaterials.2022.121786
https://doi.org/10.3390/ma13112483
https://doi.org/10.3390/ma13112483
https://doi.org/10.1016/j.jconrel.2014.08.026
https://doi.org/10.1016/j.actbio.2013.06.035
https://doi.org/10.1016/j.healun.2013.10.030
https://doi.org/10.1016/j.healun.2013.10.030
https://doi.org/10.5301/jabfm.5000393
https://doi.org/10.5301/jabfm.5000393
https://doi.org/10.3389/fbioe.2022.805299
https://doi.org/10.3389/fbioe.2022.805299
https://doi.org/10.1089/ten.TEB.2019.0349
https://doi.org/10.1089/ten.TEB.2019.0349
https://doi.org/10.1016/j.biomaterials.2010.06.039
https://doi.org/10.1038/nm.2170
https://doi.org/10.1038/nm.2170
https://doi.org/10.1016/j.bjps.2013.07.037

Han et al. Nano Convergence

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

82.

83.

(2023) 10:48

H. Olguin, E. Brandan, Expression and localization of proteoglycans
during limb myogenic activation. Dev. Dyn. 221, 106-115 (2001).
https://doi.org/10.1002/dvdy.1129

B.B. Olwin, Z.W. Hall, Developmental regulation of laminin accumula-
tion in the extracellular matrix of a mouse muscle cell line. Dev. Biol.
112, 359-367 (1985). https://doi.org/10.1016/0012-1606(85)90407-5
L.Wang, J.A. Johnson, D.W. Chang, Q. Zhang, Decellularized muscu-
lofascial extracellular matrix for tissue engineering. Biomaterials 34,
2641-2654 (2013). https://doi.org/10.1016/j.biomaterials.2012.12.048
M.T. Wolf, K.A. Daly, E.P. Brennan-Pierce, S.A. Johnson, CA. Carruthers,
A. D'’Amore, S.P. Nagarkar, S.S. Velankar, S.F. Badylak, A hydrogel
derived from decellularized dermal extracellular matrix. Biomaterials
33, 7028-7038 (2012). https://doi.org/10.1016/j.biomaterials.2012.06.
051

B.M. Sicari et al., An acellular biologic scaffold promotes skeletal muscle
formation in mice and humans with volumetric muscle loss. Sci. Transl.
Med. (2014). https://doi.org/10.1126/scitransimed.3008085

B.T. Corona, C.L. Ward, H.B. Baker, T.J. Walters, Implantation of in vitro
tissue engineered muscle repair constructs and bladder acellular
matrices partially restore in vivo skeletal muscle function in a rat model
of volumetric muscle loss injury. Tissue Eng. Part A 20, 705-715 (2014).
https://doi.org/10.1089/ten.TEA.2012.0761

PD. Coppi, S. Bellini, M.T. Conconi, M. Sabatti, E. Simonato, PG. Gamba,
G.G. Nussdorfer, PP. Parnigotto, Myoblast-acellular skeletal muscle
matrix constructs guarantee a long-term repair of experimental full-
thickness abdominal wall defects. Tissue Eng. 12, 1929-1936 (2006).
https://doi.org/10.1089/ten.2006.12.1929

D. Cornelison, M.S. Filla, H.M. Stanley, A.C. Rapraeger, B.B. Olwin, Synde-
can-3 and syndecan-4 specifically mark skeletal muscle satellite cells
and are implicated in satellite cell maintenance and muscle regenera-
tion. Dev. Biol. 239, 79-94 (2001). https://doi.org/10.1006/dbio.2001.
0416

C. Borselli, C.A. Cezar, D. Shvartsman, H.H. Vandenburgh, D.J. Mooney,
The role of multifunctional delivery scaffold in the ability of cul-

tured myoblasts to promote muscle regeneration. Biomaterials 32,
8905-8914 (2011). https://doi.org/10.1016/j.biomaterials.2011.08.019

J. Praller, I. Mannhardt, T. Eschenhagen, PS. Zammit, N. Figeac, Satellite
cells delivered in their niche efficiently generate functional myotubes in
three-dimensional cell culture. PLoS ONE 13, e0202574 (2018). https://
doi.org/10.1371/journal.pone.0202574

L.Wang, L. Cao, J. Shansky, Z. Wang, D. Mooney, H. Vandenburgh, Mini-
mally invasive approach to the repair of injured skeletal muscle with a
shape-memory scaffold. Mol. Ther. 22, 1441-1449 (2014). https://doi.
0rg/10.1038/mt.2014.78

L. Wang, J. Shansky, C. Borselli, D. Mooney, H. Vandenburgh, Design and
fabrication of a biodegradable, covalently crosslinked shape-memory
alginate scaffold for cell and growth factor delivery. Tissue Eng. Part A
18, 2000-2007 (2012). https://doi.org/10.1089/ten.TEA.2011.0663

EK. Merritt et al,, Repair of traumatic skeletal muscle injury with bone-
marrow-derived mesenchymal stem cells seeded on extracellular
matrix. Tissue Eng. Part A 16,2871-2881 (2010). https://doi.org/10.
1089/ten.TEA.2009.0826

M.A. Machingal, B.T. Corona, T.J. Walters, V. Kesireddy, C.N. Koval, A.
Dannahower, W. Zhao, A tissue-engineered muscle repair construct

for functional restoration of an irrecoverable muscle injury in a murine
model. Tissue Eng. Part A 17, 2291-2303 (2011). https://doi.org/10.
1089/ten.TEA.2010.0682

B.T. Corona, M.A. Machingal, T. Criswell, M. Vadhavkar, A.C. Dannahower,
C. Bergman, W. Zhao, Further development of a tissue engineered mus-
cle repair construct in vitro for enhanced functional recovery following
implantation in vivo in a murine model of volumetric muscle loss injury.
Tissue Eng. Part A 18, 1213-1228 (2012). https://doi.org/10.1089/ten.
tea.2011.0614

M. Mousavinejad, PW. Andrews, E.K. Shoraki, Current biosafety consid-
erations in stem cell therapy. Cell J. 18, 281 (2016). https://doi.org/10.
22074/cellj.2016.4324

K.Wuputra, C-C. Ku, D-C.Wu, Y-C. Lin, S. Saito, K.K. Yokoyama, Preven-
tion of tumor risk associated with the reprogramming of human
pluripotent stem cells. J. Exp. Clin. Cancer Res. 39, 1-24 (2020). https://
doi.org/10.1186/513046-020-01584-0

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

Page 17 of 19

A.C. Farr, KJ. Hogan, A.G. Mikos, Nanomaterial additives for fabrication
of stimuli-responsive skeletal muscle tissue engineering constructs.
Adv. Healthc. Mater. 9, 2000730 (2020). https://doi.org/10.1002/adhm.
202000730

L.A. Kolahalam, K. Viswanath, B.S. Diwakar, B. Govindh, V. Reddy, Y. Mur-
thy, Review on nanomaterials: Synthesis and applications. Mater. Today:
Proc. 18, 2182-2190 (2019). https://doi.org/10.1016/j.matpr.2019.07.371
B. Xu, A. Magli, Y. Anugrah, S.J. Koester, R.C. Perlingeiro, W. Shen,
Nanotopography-responsive myotube alignment and orientation as

a sensitive phenotypic biomarker for duchenne muscular dystrophy.
Biomaterials 183, 54-66 (2018). https://doi.org/10.1016/j.biomaterials.
2018.08.047

W. Park, H. Shin, B. Choi, W.-K. Rhim, K. Na, D.K. Han, Advanced hybrid
nanomaterials for biomedical applications. Prog. Mater. Sci. 114, 100686
(2020). https://doi.org/10.1016/j.pmatsci.2020.100686

B.S. Harrison, A. Atala, Carbon nanotube applications for tissue engi-
neering. Biomaterials 28, 344-353 (2007). https://doi.org/10.1016/j.
biomaterials.2006.07.044

J.Ramon-Azcédn et al, Dielectrophoretically aligned carbon nanotubes
to control electrical and mechanical properties of hydrogels to fabri-
cate contractile muscle myofibers. Adv. Mater. 25, 4028-4034 (2013).
https://doi.org/10.1002/adma.201301300

T.Hu et al, Biomimetic 3D aligned conductive tubular cryogel scaffolds
with mechanical anisotropy for 3D cell alignment, differentiation and
in vivo skeletal muscle regeneration. Chem. Eng. J. 428, 131017 (2022).
https://doi.org/10.1016/j.cej.2021.131017

C. Lee, X. Wei, JW. Kysar, J. Hone, Measurement of the elastic properties
and intrinsic strength of monolayer graphene. Science 321, 385-388
(2008). https://doi.org/10.1126/science.1157996

D.R. Dreyer, S. Park, C.W. Bielawski, R.S. Ruoff, The chemistry of graphene
oxide. Chem. Soc. Rev. 39, 228-240 (2010). https://doi.org/10.1039/
B917103G

SH. Ku, CB. Park, Myoblast differentiation on graphene oxide. Biomate-
rials 34, 2017-2023 (2013). https://doi.org/10.1016/j.biomaterials.2012.
11.052

EA. Lee, S-Y. Kwak, J-K.Yang, Y-S. Lee, J.-H. Kim, H.D. Kim, N.S. Hwang,
Graphene oxide film guided skeletal muscle differentiation. Mater. Sci.
Eng. C 126, 112174 (2021). https://doi.org/10.1016/j.msec.2021.112174
L.Wang, X. Zhang, Y. He, Y. Wang, W. Zhong, K. Mequanint, X. Qiu, M.
Xing, Ultralight conductive and elastic aerogel for skeletal muscle
atrophy regeneration. Adv. Funct. Mat. 29, 1806200 (2019). https://doi.
0rg/10.1002/adfm.201806200

N. Annabi et al,, Highly elastic and conductive human-based protein
hybrid hydrogels. Adv. Mater. 28, 40-49 (2016). https://doi.org/10.1002/
adma.201503255

Y.Du, J. Ge, Y. Li, PX. Ma, B. Lei, Biomimetic elastomeric, conductive and
biodegradable polycitrate-based nanocomposites for guiding myo-
genic differentiation and skeletal muscle regeneration. Biomaterials
157, 40-50 (2018). https://doi.org/10.1016/j.biomaterials.2017.12.005
H. Chen, L.Wang, X. Zeng, H. Schwarz, H.S. Nanda, X. Peng, Y. Zhou,
Exosomes, a new star for targeted delivery. Front. Cell Dev. Biol. (2021).
https://doi.org/10.3389/fcell.2021.751079

F-Y.Kong, J-W. Zhang, R-F. Li, Z-X. Wang, W.-J. Wang, W. Wang, Unique
roles of gold nanoparticles in drug delivery, targeting and imaging
applications. Molecules 22, 1445 (2017). https://doi.org/10.3390/molec
ules22091445

H. Valadi, K. Ekstrém, A. Bossios, M. Sjostrand, J.J. Lee, J.O. Lotvall,
Exosome-mediated transfer of mRNAs and microRNAs is a novel mech-
anism of genetic exchange between cells. Nat. Cell Biol. 9, 654-659
(2007). https://doi.org/10.1038/ncb1596

Y. Nakamura, S. Miyaki, H. Ishitobi, S. Matsuyama, T. Nakasa, N. Kamei, T.
Akimoto, Y. Higashi, M. Ochi, Mesenchymal-stem-cell-derived exosomes
accelerate skeletal muscle regeneration. FEBS Lett. 589, 1257-1265
(2015). https://doi.org/10.1016/.febslet.2015.03.031

N.Ran, X. Gao, X. Dong, J. Li, C. Lin, M. Geng, H. Yin, Effects of exosome-
mediated delivery of myostatin propeptide on functional recovery of
mdx mice. Biomaterials 236, 119826 (2020). https://doi.org/10.1016/.
biomaterials.2020.119826

K. Patel, H. Amthor, The function of Myostatin and strategies of Myosta-
tin blockade—new hope for therapies aimed at promoting growth of


https://doi.org/10.1002/dvdy.1129
https://doi.org/10.1016/j.biomaterials.2012.12.048
https://doi.org/10.1016/j.biomaterials.2012.06.051
https://doi.org/10.1016/j.biomaterials.2012.06.051
https://doi.org/10.1126/scitranslmed.3008085
https://doi.org/10.1089/ten.TEA.2012.0761
https://doi.org/10.1089/ten.2006.12.1929
https://doi.org/10.1006/dbio.2001.0416
https://doi.org/10.1006/dbio.2001.0416
https://doi.org/10.1016/j.biomaterials.2011.08.019
https://doi.org/10.1371/journal.pone.0202574
https://doi.org/10.1371/journal.pone.0202574
https://doi.org/10.1038/mt.2014.78
https://doi.org/10.1038/mt.2014.78
https://doi.org/10.1089/ten.TEA.2011.0663
https://doi.org/10.1089/ten.TEA.2009.0826
https://doi.org/10.1089/ten.TEA.2009.0826
https://doi.org/10.1089/ten.TEA.2010.0682
https://doi.org/10.1089/ten.TEA.2010.0682
https://doi.org/10.1089/ten.tea.2011.0614
https://doi.org/10.1089/ten.tea.2011.0614
https://doi.org/10.22074/cellj.2016.4324
https://doi.org/10.22074/cellj.2016.4324
https://doi.org/10.1186/s13046-020-01584-0
https://doi.org/10.1186/s13046-020-01584-0
https://doi.org/10.1002/adhm.202000730
https://doi.org/10.1002/adhm.202000730
https://doi.org/10.1016/j.matpr.2019.07.371
https://doi.org/10.1016/j.biomaterials.2018.08.047
https://doi.org/10.1016/j.biomaterials.2018.08.047
https://doi.org/10.1016/j.pmatsci.2020.100686
https://doi.org/10.1016/j.biomaterials.2006.07.044
https://doi.org/10.1016/j.biomaterials.2006.07.044
https://doi.org/10.1002/adma.201301300
https://doi.org/10.1016/j.cej.2021.131017
https://doi.org/10.1126/science.1157996
https://doi.org/10.1039/B917103G
https://doi.org/10.1039/B917103G
https://doi.org/10.1016/j.biomaterials.2012.11.052
https://doi.org/10.1016/j.biomaterials.2012.11.052
https://doi.org/10.1016/j.msec.2021.112174
https://doi.org/10.1002/adfm.201806200
https://doi.org/10.1002/adfm.201806200
https://doi.org/10.1002/adma.201503255
https://doi.org/10.1002/adma.201503255
https://doi.org/10.1016/j.biomaterials.2017.12.005
https://doi.org/10.3389/fcell.2021.751079
https://doi.org/10.3390/molecules22091445
https://doi.org/10.3390/molecules22091445
https://doi.org/10.1038/ncb1596
https://doi.org/10.1016/j.febslet.2015.03.031
https://doi.org/10.1016/j.biomaterials.2020.119826
https://doi.org/10.1016/j.biomaterials.2020.119826

Han et al. Nano Convergence

104.

105.

106.

107.

108.

109.

111,

114.

115.

116.

(2023) 10:48

skeletal muscle. Neuromuscul. Disord. 15, 117-126 (2005). https://doi.
0rg/10.1002/adhm.202200866

D. Huang, F. Yue, J. Qiu, M. Deng, S. Kuang, Polymeric nanoparticles
functionalized with muscle-homing peptides for targeted delivery of
phosphatase and tensin homolog inhibitor to skeletal muscle. Acta
Biomater. 118, 196-206 (2020). https://doi.org/10.1016/j.actbio.2020.10.
009

T.M. Raimondo, D.J. Mooney, Anti-inflammatory nanoparticles sig-
nificantly improve muscle function in a murine model of advanced
muscular dystrophy. Sci. Adv. 7, eabh3693 (2021). https://doi.org/10.
1126/sciadv.abh3693

J.Ge, K. Liu, W. Niu, M. Chen, M. Wang, Y. Xue, C. Gao, PX. Ma, B. Lei, Gold
and gold-silver alloy nanoparticles enhance the myogenic differentia-
tion of myoblasts through p38 MAPK signaling pathway and promote
in vivo skeletal muscle regeneration. Biomaterials 175, 19-29 (2018).
https://doi.org/10.1016/j.biomaterials.2018.05.027

J.Ge, Y. Li, M.Wang, C. Gao, S. Yang, B. Lei, Engineering conductive anti-
oxidative antibacterial nanocomposite hydrogel scaffolds with oriented
channels promotes structure-functional skeletal muscle regeneration.
Chem. Eng. J. 425, 130333 (2021). https://doi.org/10.1016/j.ce}.2021.
130333

S.J.Kim et al,, Stretchable and transparent biointerface using cell-sheet—
graphene hybrid for electrophysiology and therapy of skeletal muscle.
Adv. Func. Mat. 26, 3207-3217 (2016). https://doi.org/10.1002/adfm.
201504578

A. Patel, S. Mukundan, W. Wang, A. Karumuri, V. Sant, S.M. Mukhopad-
hyay, S. Sant, Carbon-based hierarchical scaffolds for myoblast differen-
tiation: synergy between nano-functionalization and alignment. Acta
Biomater. 32, 77-88 (2016). https://doi.org/10.1016/j.actbio.2016.01.004
J. Park, JH. Choi, S. Kim, I. Jang, S. Jeong, J.Y. Lee, Micropatterned con-
ductive hydrogels as multifunctional muscle-mimicking biomaterials:
graphene-incorporated hydrogels directly patterned with femtosecond
laser ablation. Acta Biomater. 97, 141-153 (2019). https://doi.org/10.
1016/j.actbio.2019.07.044

O..Pham-Nguyen, Y.J. Son, TW. Kwon, J. Kim, Y.C. Jung, J.B. Park, B.J.
Kang, H.S. Yoo, Preparation of stretchable nanofibrous sheets with sac-
rificial coaxial electrospinning for treatment of traumatic muscle injury.
Adv. Healthc. Mat. 10, 2002228 (2021). https://doi.org/10.1002/adhm.
202002228

C.Lang, E.C. Lloyd, K.E. Matuszewski, Y. Xu, V. Ganesan, R. Huang,

M. Kumar, RJ. Hickey, Nanostructured block copolymer muscles.

Nat. Nanotechnol. 17, 752-758 (2022). https://doi.org/10.1038/
$41565-022-01133-0

M.I. Anik, N. Mahmud, A. Al Masud, M. Hasan, Gold nanoparticles
(GNPs) in biomedical and clinical applications a review. Nano. Select. 3,
792-828 (2022). https://doi.org/10.1002/nano.202100255

A. Chakraborty, A. Roy, S.P. Ravi, A. Paul, Exploiting the role of nano-
particles for use in hydrogel-based bioprinting applications: concept,
design, and recent advances. Biomater. Sci. 9, 6337-6354 (2021).
https://doi.org/10.1039/D1BM00605C

L. Moroni, J.A. Burdick, C. Highley, S.J. Lee, Y. Morimoto, S. Takeuchi, J.J.
Yoo, Biofabrication strategies for 3D in vitro models and regenerative
medicine. Nat. Rev. Mater. 3, 21-37 (2018). https://doi.org/10.1038/
s41578-018-0006-y

S.Yi, Y. Zhang, X. Gu, L. Huang, K. Zhang, T. Qian, X. Gu, Application of
stem cells in peripheral nerve regeneration. Burns Trauma 8, tkaa02
(2020). https://doi.org/10.1093/burnst/tkaa002

C.H. Lee, B. Shah, E.K. Moioli, J.J. Mao, CTGF directs fibroblast differ-
entiation from human mesenchymal stem/stromal cells and defines
connective tissue healing in a rodent injury model. J. Clin. Investig. 120,
3340-3349 (2010). https://doi.org/10.1172/JCI43230

JA. Phillippi, E. Miller, L. Weiss, J. Huard, A. Waggoner, P. Campbell, Micro-
environments engineered by inkjet bioprinting spatially direct adult
stem cells toward muscle-and bone-like subpopulations. Stem Cells 26,
127-134 (2008). https://doi.org/10.1634/stemcells.2007-0520

H.-W. Kang, SJ. Lee, LK. Ko, C. Kengla, J.J. Yoo, A. Atala, A 3D bioprint-

ing system to produce human-scale tissue constructs with structural
integrity. Nat. Biotechnol. 34, 312-319 (2016). https://doi.org/10.1038/
nbt.3413

JH. Kim, Y-J. Seol, K. Ko, H-W. Kang, YK. Lee, J.J. Yoo, A. Atala, S.J.

Lee, 3D bioprinted human skeletal muscle constructs for muscle

121.

122.

123.

124.

125.

126.

128.

129.

130.

131.

132.

133.

134.

137.

Page 18 of 19

function restoration. Sci. Rep. 8, 1-15 (2018). https://doi.org/10.1038/
$41598-018-29968-5

JH. Kim, I. Kim, Y-J. Seol, 1.K. Ko, JJ. Yoo, A. Atala, S.J. Lee, Neural cell
integration into 3D bioprinted skeletal muscle constructs accelerates
restoration of muscle function. Nat. Commun. 11, 1-12 (2020). https://
doi.org/10.1038/541467-020-14930-9

A. Poerio et al., Towards innervation of bioengineered muscle con-
structs: development of a sustained neurotrophic factor delivery and
release system. Bioprinting 27, 00220 (2022). https://doi.org/10.1016/j.
bprint.2022.00220

Y.A. Jodat et al,, hiPSC-derived 3D bioprinted skeletal muscle tissue
implants regenerate skeletal muscle following volumetric muscle loss.
Res. Sg. (2021). https://doi.org/10.21203/rs.3.rs-146091/v1

KW. Christensen et al., Assembled cell-decorated collagen (AC-DC)
fiber bioprinted implants with musculoskeletal tissue properties
promote functional recovery in volumetric muscle loss. Adv. Healthc.
Mater. 11, 2101357 (2022). https://doi.org/10.1002/adhm.202101357

P. Zorlutuna, J.H. Jeong, H. Kong, R. Bashir, Stereolithography-based
hydrogel microenvironments to examine cellular interactions. Adv.
Funct. Mater. 21, 3642-3651 (2011). https://doi.org/10.1002/adfm.
201101023

W. Kiratitanaporn, D.B. Berry, A. Mudla, T. Fried, A. Lao, C. Yu, N. Hao, S.R.
Ward, S. Chen, 3D printing a biocompatible elastomer for modeling
muscle regeneration after volumetric muscle loss. Biomater Adv. 142,
213171 (2022). https://doi.org/10.1016/j.bicadv.2022.213171

A. Behre et al,, 3D bioprinted patient-specific extracellular matrix
scaffolds for soft tissue defects. Adv. Healthc. Mat. 11, 2200866 (2022).
https://doi.org/10.1002/adhm.202200866

H. Jo, M. Sim, S. Kim, S.Yang, Y. Yoo, J.-H. Park, TH. Yoon, M.-G. Kim,

JY. Lee, Electrically conductive graphene/polyacrylamide hydrogels
produced by mild chemical reduction for enhanced myoblast growth
and differentiation. Acta Biomater. 48, 100-109 (2017). https://doi.org/
10.1016/j.actbio.2016.10.035

M.S. Kang, J.I. Kang, P. Le Thi, K.M. Park, SW. Hong, Y.S. Choi, D.-W. Han,
K.D. Park, Three-dimensional printable gelatin hydrogels incorporating
graphene oxide to enable spontaneous myogenic differentiation. ACS
Macro Lett. 10, 426-432 (2021). https://doi.org/10.1021/acsmacrolett.
0c00845

W.Kim, CH. Jang, G.H. Kim, A myoblast-laden collagen bioink with fully
aligned Au nanowires for muscle-tissue regeneration. Nano Lett. 19,
8612-8620 (2019). https://doi.org/10.1021/acs.nanolett.9b03182

M. Albanna et al., In situ bioprinting of autologous skin cells accelerates
wound healing of extensive excisional full-thickness wounds. Sci. Rep.
9, 1856 (2019). https://doi.org/10.1038/541598-018-38366-w

F. Agostinacchio, X. Mu, S. Dire, A. Motta, D.L. Kaplan, In situ 3D printing:
opportunities with silk inks. Trends Biotechnol. 39, 719-730 (2021).
https://doi.org/10.1016/j.tibtech.2020.11.003

Y. Chen et al,, Noninvasive in vivo 3D bioprinting. Sci. Adv. 6,

eaba7406 (2020). https://doi.org/10.1126/sciadv.aba7406

M. Samandari, A. Mostafavi, J. Quint, A. Memic, A. Tamayol, In situ
bioprinting: intraoperative implementation of regenerative medicine.
Trends Biotechnol. 40, 1229-1247 (2022). https://doi.org/10.1016/j tibte
ch.2022.03.009

N. Ashammakhi, S. Ahadian, C. Xu, H. Montazerian, H. Ko, R. Nasiri, N.
Barros, A. Khademhosseini, Bioinks and bioprinting technologies to
make heterogeneous and biomimetic tissue constructs. Mater Today
Bio 1, 100008 (2019). https://doi.org/10.1016/j.mtbio.2019.100008
S.Tasogluy, E. Diller, S. Guven, M. Sitti, U. Demirci, Untethered micro-
robotic coding of three-dimensional material composition. Nat. Com-
mun. 5,3124 (2014). https://doi.org/10.1038/ncomms4 124

K. Ma et al., Application of robotic-assisted in situ 3D printing in carti-
lage regeneration with HAMA hydrogel: an in vivo study. J. Adv. Res. 23,
123-132 (2020). https://doi.org/10.1016/jjare.2020.01.010

L. Li, J. Shi, K. Ma, J. Jin, P Wang, H. Liang, Y. Cao, X. Wang, Q. Jiang,
Robotic in situ 3D bio-printing technology for repairing large segmen-
tal bone defects. J. Adv. Res. 30, 75-84 (2021). https://doi.org/10.1016/j.
jare.2020.11.011

X. Li, Q. Lian, D. Li, H. Xin, S. Jia, Development of a robotic arm based
hydrogel additive manufacturing system for in-situ printing. Appl. Sci. 7,
10 (2017). https://doi.org/10.3390/app7010073


https://doi.org/10.1002/adhm.202200866
https://doi.org/10.1002/adhm.202200866
https://doi.org/10.1016/j.actbio.2020.10.009
https://doi.org/10.1016/j.actbio.2020.10.009
https://doi.org/10.1126/sciadv.abh3693
https://doi.org/10.1126/sciadv.abh3693
https://doi.org/10.1016/j.biomaterials.2018.05.027
https://doi.org/10.1016/j.cej.2021.130333
https://doi.org/10.1016/j.cej.2021.130333
https://doi.org/10.1002/adfm.201504578
https://doi.org/10.1002/adfm.201504578
https://doi.org/10.1016/j.actbio.2016.01.004
https://doi.org/10.1016/j.actbio.2019.07.044
https://doi.org/10.1016/j.actbio.2019.07.044
https://doi.org/10.1002/adhm.202002228
https://doi.org/10.1002/adhm.202002228
https://doi.org/10.1038/s41565-022-01133-0
https://doi.org/10.1038/s41565-022-01133-0
https://doi.org/10.1002/nano.202100255
https://doi.org/10.1039/D1BM00605C
https://doi.org/10.1038/s41578-018-0006-y
https://doi.org/10.1038/s41578-018-0006-y
https://doi.org/10.1093/burnst/tkaa002
https://doi.org/10.1172/JCI43230
https://doi.org/10.1634/stemcells.2007-0520
https://doi.org/10.1038/nbt.3413
https://doi.org/10.1038/nbt.3413
https://doi.org/10.1038/s41598-018-29968-5
https://doi.org/10.1038/s41598-018-29968-5
https://doi.org/10.1038/s41467-020-14930-9
https://doi.org/10.1038/s41467-020-14930-9
https://doi.org/10.1016/j.bprint.2022.e00220
https://doi.org/10.1016/j.bprint.2022.e00220
https://doi.org/10.21203/rs.3.rs-146091/v1
https://doi.org/10.1002/adhm.202101357
https://doi.org/10.1002/adfm.201101023
https://doi.org/10.1002/adfm.201101023
https://doi.org/10.1016/j.bioadv.2022.213171
https://doi.org/10.1002/adhm.202200866
https://doi.org/10.1016/j.actbio.2016.10.035
https://doi.org/10.1016/j.actbio.2016.10.035
https://doi.org/10.1021/acsmacrolett.0c00845
https://doi.org/10.1021/acsmacrolett.0c00845
https://doi.org/10.1021/acs.nanolett.9b03182
https://doi.org/10.1038/s41598-018-38366-w
https://doi.org/10.1016/j.tibtech.2020.11.003
https://doi.org/10.1126/sciadv.aba7406
https://doi.org/10.1016/j.tibtech.2022.03.009
https://doi.org/10.1016/j.tibtech.2022.03.009
https://doi.org/10.1016/j.mtbio.2019.100008
https://doi.org/10.1038/ncomms4124
https://doi.org/10.1016/j.jare.2020.01.010
https://doi.org/10.1016/j.jare.2020.11.011
https://doi.org/10.1016/j.jare.2020.11.011
https://doi.org/10.3390/app7010073

Han et al. Nano Convergence (2023) 10:48 Page 19 of 19

140. Z.Zhu,S.Z. Guo, T. Hirdler, C. Eide, X. Fan, J. Tolar, M.C. McAlpine, 3D
printed functional and biological materials on moving freeform
surfaces. Adv. Mater. 30, 1707495 (2018). https://doi.org/10.1002/adma.
201707495

141, W.Zhao, H. Chen, Y. Zhang, D. Zhou, L. Liang, B. Liu, T. Xu, Adaptive
multi-degree-of-freedom in situ bioprinting robot for hair-follicle-inclu-
sive skin repair: a preliminary study conducted in mice. Bioeng. Transl.
Med. 7, 10303 (2022). https://doi.org/10.1002/btm2.10303

142. JP Quint et al, In vivo printing of nanoenabled scaffolds for the treat-
ment of skeletal muscle injuries. Adv. Healthc. Mater. 10, 2002152
(2021). https://doi.org/10.1002/adhm.202002152

143. CS.Russell et al,, In situ printing of adhesive hydrogel scaffolds for the
treatment of skeletal muscle injuries. ACS Appl. Bio Mater. 3, 1568-1579
(2020). https://doi.org/10.1021/acsabm.9b01176

144.  Z.Mahmoudi, M. Sedighi, A. Jafari, S. Naghieh, E. Stefanek, M. Akbari,
H. Savoji, In situ 3D bioprinting: a promising technique in advanced
biofabrication strategies. 31, e00260 Bioprinting (2023). https://doi.org/
10.1016/j.bprint.2023.e00260

145, W.Kim, CH. Jang, G. Kim, Bioprinted hASC-laden structures with
cell-differentiation niches for muscle regeneration. Chem. Eng. J. 419,
129570 (2021). https://doi.org/10.1016/j.cej.2021.129570

146. S.Brookes, S. Voytik-Harbin, H. Zhang, S. Halum, Three-dimensional
tissue-engineered skeletal muscle for laryngeal reconstruction. Laryn-
goscope 128, 603-609 (2018). https://doi.org/10.1002/lary.26771

147. B.Xu, M. Zhang, R.C. Perlingeiro, W. Shen, Skeletal muscle constructs
engineered from human embryonic stem cell derived myogenic
progenitors exhibit enhanced contractile forces when differentiated
in a medium containing EGM-2 supplements. Adv. Biosyst. 3, 1900005
(2019). https://doi.org/10.1002/adbi.201900005

148. D.Gholobova, M. Gérard, L. Decroix, L. Desender, N. Callewaert, P
Annaert, L. Thorrez, Human tissue-engineered skeletal muscle: a novel
3D in vitro model for drug disposition and toxicity after intramus-
cular injection. Sci. Rep. 8, 1-14 (2018). https://doi.org/10.1038/
$41598-018-30123-3

149. A.Urciuolo et al, Engineering a 3D in vitro model of human skeletal
muscle at the single fiber scale. PLoS ONE 15, 0232081 (2020). https://
doi.org/10.1371/journal.pone.0232081

150. T.Osaki, S.G. Uzel, R.D. Kamm, Microphysiological 3D model of amyo-
trophic lateral sclerosis (ALS) from human iPS-derived muscle cells and
optogenetic motor neurons. Adv. Sci. 4, eaat5847 (2018). https://doi.
org/10.1126/sciadv.aat5847

151. L. Richter, V. Charwat, C. Jungreuthmayer, F. Bellutti, H. Brueckl, P. Ertl,
Monitoring cellular stress responses to nanoparticles using a lab-on-
a-chip. Lab Chip 11, 2551-2560 (2011). https://doi.org/10.1039/C1LC2
0256A

152. Y. Chen, AM. Syed, P. MacMillan, J.V. Rocheleau, W.C. Chan, Flow
rate affects nanoparticle uptake into endothelial cells. Adv. Mater. 32,
1906274 (2020). https://doi.org/10.1002/adma.201906274

153. S.Costa, V. Vilas-Boas, F. Lebre, J. Granjeiro, C. Catarino, L.M. Teixeira, P.
Loskill, E. Alfaro-Moreno, A. Ribeiro, Microfluidic-based skin-on-chip
systems for safety assessment of nanomaterials. Trends Biotechnol. 41,
1282-1298 (2023). https://doi.org/10.1016/j tibtech.2023.05.009

154. M. Tosic, A. Allen, D. Willmann, C. Lepper, J. Kim, D. Duteil, R. Schule,
Lsd1 regulates skeletal muscle regeneration and directs the fate of
satellite cells. Nat. Commun. 9, 1-14 (2018). https://doi.org/10.1038/
s41467-017-02740-5

Submit your manuscript to a SpringerOpen®
Publisher’s Note journal and benefit from:

Springer Nature remains neutral with regard to jurisdictional claims in pub-

lished maps and institutional affiliations. » Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1002/adma.201707495
https://doi.org/10.1002/adma.201707495
https://doi.org/10.1002/btm2.10303
https://doi.org/10.1002/adhm.202002152
https://doi.org/10.1021/acsabm.9b01176
https://doi.org/10.1016/j.bprint.2023.e00260
https://doi.org/10.1016/j.bprint.2023.e00260
https://doi.org/10.1016/j.cej.2021.129570
https://doi.org/10.1002/lary.26771
https://doi.org/10.1002/adbi.201900005
https://doi.org/10.1038/s41598-018-30123-3
https://doi.org/10.1038/s41598-018-30123-3
https://doi.org/10.1371/journal.pone.0232081
https://doi.org/10.1371/journal.pone.0232081
https://doi.org/10.1126/sciadv.aat5847
https://doi.org/10.1126/sciadv.aat5847
https://doi.org/10.1039/C1LC20256A
https://doi.org/10.1039/C1LC20256A
https://doi.org/10.1002/adma.201906274
https://doi.org/10.1016/j.tibtech.2023.05.009
https://doi.org/10.1038/s41467-017-02740-5
https://doi.org/10.1038/s41467-017-02740-5

	Nano-biomaterials and advanced fabrication techniques for engineering skeletal muscle tissue constructs in regenerative medicine
	Abstract 
	1 Introduction
	2 Stem cells for skeletal muscle regeneration
	3 Advantages of acellular and cellular biomaterials and their limitations
	4 Nanotechnology for muscle regeneration
	5 Engineering 3D muscle tissues for skeletal muscle regeneration
	5.1 Bioprinting
	5.2 In-situ bioprinting
	5.3 Other engineered 3D muscle tissues

	6 Conclusion and future perspectives
	Acknowledgements
	References


