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Abstract
Background  Skeletal muscles are characterised by substantial regenerative potential, which may be insufficient in 
case of, e.g., extensive muscle damage, changes accompanying muscle diseases or ageing. For this reason, different 
ideas are being tested to develop efficient and safe approaches to treat such muscles. Among them, strategies based 
on biomaterials and stem cells or their derivatives play an important role.

Methods  In the current study, we tested RADA16-I-based hydrogels, modified with custom-designed IL4 or SDF1 
mimicking peptides, as a tool that allows development, maintenance or even an increase of myogenic differentiation 
potential of human myoblasts derived from induced pluripotent stem cells (iPSCs), which are considered a source 
of cells in therapies for skeletal muscles. Since the release of abovementioned peptides from hydrogels requires 
activity of metalloproteinases (MMPs) we first assessed the expression of MMPs in iPSC-derived myoblasts cultured on 
hydrogels. Then we determined the influence of hydrogels on proliferation, apoptosis, and differentiation of iPSC-
derived myoblasts as well as their transcriptome and secretome.

Results  We found that the hydrogels designed by us allowed proper proliferation, migration, and myogenic 
differentiation of hiPSC-derived myoblasts. The latter was even increased in case of hydrogels functionalised with 
either IL4 or SDF1 peptides. Importantly, none of the hydrogels tested induced neither apoptosis nor unwanted 
differentiation, i.e. adipogenic, chondrogenic or osteogenic, of hiPSC-derived myoblasts. In response to hydrogel 
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​​Background
Skeletal muscle regeneration is based on the coordinated 
cell response to injury or disease. The main players in 
this process are satellite cells (SCs), i.e., unipotent skel-
etal muscle stem cells. Changes in skeletal muscle after 
injury lead to the appearance of many activating factors, 
which induce proliferation and differentiation of SCs. 
Among them are cytokines and growth factors released 
inter alia by injured muscle fibers, inflammatory, or 
endothelial cells [1]. Activated SCs proliferate, differ-
entiate into myoblasts, and fuse to form myotubes that 
mature into muscle fibers. This process is regulated by 
myogenic regulatory factors (MRFs), i.e., MYOD, MYF5, 
MRF4, and myogenin which act as transcription factors 
involved in the regulation of the expression of multiple 
muscle-specific proteins. Skeletal muscle reconstruc-
tion also requires closely coordinated participation of 
other cell types present or migrating to this tissue, such 
as fibroblasts, endothelial cells, nerve cells, immune cells, 
and fibro/adipogenic progenitors (FAPs).

Interleukin 4 (IL4) and stromal derived factor 1 (SDF1, 
also called CXCL12) play an important role in both myo-
genic differentiation and skeletal muscle regeneration. 
IL4 acts via IL4R and IL13R [2] and is involved in pro-
moting the incorporation of myoblasts into myotubes, 
allowing their growth as well as formation of muscle 
fibers. Furthermore, enhanced myoblast migration by IL4 
was reported [3, 4]. IL4 treatment affected the expression 
of β1 and β3 integrins involved in cell migration, as well 
as factors that participate in the regulation of myogenic 
differentiation, such as MYOD, myogenin or myomerger 
[3]. Therefore, IL4 is essential for skeletal muscle regen-
eration. Our previous studies showed that precondition-
ing of mouse embryonic stem cells by IL4 improves the 
competence of such cells for myogenic conversion [5]. 
On the other hand, SDF1 is a well-known factor promot-
ing stem and progenitor cell migration and mobilisation 
[6, 7]. SDF1 binds to two receptors: CXCR4 and CXCR7 
[7]. SDF1 was shown to increase angiogenesis by provok-
ing VEGF secretion [8]. It also regulates neurogenesis via 
influence on migration and differentiation of neural pre-
cursor cells [9]. Our previous studies showed that SDF1 
improved skeletal muscle regeneration by mobilising 
CXCR4 and CD34 expressing cells [10, 11]. Furthermore, 

SDF1 enhanced mouse myoblast migration in MMP2 
and MMP9 dependent manner [11]. Interestingly, both 
factors, i.e., IL4 and SDF1 supported regenerative poten-
tial of adipose-derived stromal cells and bone marrow-
derived stromal cells when overexpressed in such cells or 
when used for cellular preconditioning [4, 12–14].

As mentioned above, SCs effectively contribute to skel-
etal muscle reconstruction. However, in some cases such 
as major injury (e.g., volumetric muscle loss, VML) or 
disease development, the muscle regeneration is not suc-
cessful. Myogenic cell transplantation is one of the strate-
gies considered to support skeletal muscle reconstruction 
[15]. Currently, induced pluripotent stem cells (iPSCs) are 
considered the most important source of such cells. They 
have become an easily accessible source of human plurip-
otent cells since their generation in 2007. The exploration 
of iPSCs’ potential to produce large numbers of myo-
genic cells, such as myoblasts, has been highly useful for 
researchers investigating, e.g., degenerative skeletal mus-
cle diseases, as it could bypass the limitations associated 
with the use of embryonic stem cells (ESCs) or non-mus-
cle cells with myogenic potential. While ESCs are char-
acterized by great differentiation potential, their use in 
regenerative medicine is limited by ethical concerns and 
biological challenges, including their inherently allogenic 
nature. Non-muscle cells with myogenic potential remain 
clinically irrelevant because they contribute little to mus-
cle regeneration, have limited ex vivo expansion capac-
ity, and face additional hurdles related to their restricted 
ability to migrate within the tissue and to be effectively 
delivered to the site of muscle injury. In addition, there 
are cells with important trophic and immunomodula-
tory effects, such as MSCs derived from bone marrow or 
adipose tissue, which could contribute to skeletal muscle 
regeneration and were previously tested and described 
in studies performed by us and others e.g [13, 16–18]. 
Although these cells play important biological role dur-
ing muscle reconstruction, iPSC-derived myoblasts offer 
unique advantages for disease modelling, particularly 
facilitating patient-specific therapeutic approaches, and 
direct replacement of damaged myogenic cells. For this 
reason, we chose them as the cellular model in the pres-
ent study.

presence, changes in the expression of factors, such as CXCL8, FREM2, ADAMTS16, CDH9, IRS4, FIBIN, or MLIP involved 
in angiogenesis, inflammatory mediation, cell adhesion, neurogenesis, and regulation of myogenic program were 
observed.

Conclusions  Obtained results indicate that hydrogels functionalised with IL4 or SDF1 peptides serve as a supportive 
environment for myoblasts derived from hiPSCs and increase features that are beneficial for myogenic/regenerative 
potential of these cells.
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Several approaches to induce myogenic differentia-
tion of iPSCs have already been explored. One of them 
involved direct reprogramming of iPSCs by the overex-
pression of PAX7 [19] or genes from the MRF family. 
Such methods turned out to be very effective, reaching 
up to 90% efficiency [20, 21], especially by overexpressing 
MYOD1. However, in many of these studies, the use of 
viral vectors for efficient genetic modification raised con-
cerns about their clinical applicability. Another approach 
involved the development of protocols which mimic 
events that occur during muscle tissue development. The 
methods such as high-throughput screening to identify 
optimal combinations of small molecules and growth 
factors for myogenic differentiation, have proven to be 
highly effective in generating large volume of myogenic 
cells. Particularly, the single-layer system based on a 
three-step protocol may serve as a great example of such 
an approach [22]. At the beginning, hiPSCs were placed 
at low density on collagen I coated plates and exposed 
to skeletal muscle medium. After 10 days, immunofluo-
rescence showed that 80% of the cells were PAX3+, 20% 
PAX7+, and 30%-40% CD56+, confirming their com-
mitment to the myogenic lineage. On day 18, 50%-60% 
were characterized by the presence of MYOD1 and 20% 
were DESMIN+, indicating progression to skeletal myo-
blasts. On day 26, 50%-80% of cells formed multinucle-
ated myotubes expressing myogenin, MF20, dystrophin, 
and α-actinin. This approach proved that up to 70% of 
cells expressing skeletal muscle myosin heavy chains can 
be obtained in less than 30 days, without cell sorting or 
genetic manipulation. For this reason, this type of proto-
col has become the current standard procedure for the 
generation of mature myogenic cells [22].

The exploration of novel therapeutic approaches for 
dysfunctional skeletal muscles requires not only genera-
tion of a substantial number of functional cells but also 
the maintenance of cell myogenic identity and regenera-
tive potential both in vitro, during their propagation and 
in vivo, after their transplantation. It was shown that rigid 
surfaces could accelerate the loss of valuable cell features 
for potential skeletal muscle therapy, such as SC stem-
ness, or myoblast differentiation and engraftment poten-
tial [23]. Creating an in vitro environment similar to the 
stiffness of naïve skeletal muscle tissue would improve 
the maintenance of cell myogenic potential or support 
stem cell directed differentiation towards myogenic lin-
eage [24].

Hydrogels have been considered a valuable biomate-
rial to create such an in vitro environment, suitable for 
myogenic cells. This is inter alia connected with inher-
ent biocompatibility, biodegradability, and highly tailor-
able mechanical properties of different hydrogel types, 
thus, enabling support for cell growth and migration. 
Hydrogel scaffolds can be formed by compounds called 

self-assembling peptides (SAPs). These hydrogels are 
characterised by spontaneous gelation upon dissolution 
in water and could be functionalised by an active signal-
ling sequence attached to their self-assembling motif. 
A prominent example of such hydrogels is RADA16-I, 
which consists of periodic repeats of the RADA amino 
acid sequence. The beneficial effect of RADA hydrogel 
functionalised with GHK and KGHK motifs was previ-
ously shown for effective support of skin wound closure 
upon biopsy punch wound. GHK was shown to act as a 
chemoattractant of immune and endothelial cells to the 
injury site, while KGHK supported tissue vascularization. 
Both GHK and KGHK were also involved in the regula-
tion of matrix metalloproteinase (MMP) activity, contrib-
uting to tissue remodelling [25–27].

Apart from the abovementioned hydrogel, also other 
may provide a supportive three-dimensional (3D) struc-
ture that enhances myogenic cell survival, differentiation, 
and integration into host tissues after transplantation. 
Among them, gelatin methacrylate (GelMA), collagen, 
nanocellulose, fibrin, or alginate have shown the abil-
ity to support myogenic cell survival and differentiation, 
whereas synthetic polymeric scaffolds such as PLGA 
have mainly been used to improve cell delivery and 
retention [28]. Combining GelMA with other materials, 
such as polysaccharides (e.g. alginate) or nanomaterials, 
improves its mechanical properties and supports myo-
tube formation and alignment, critical for muscle tis-
sue engineering [29]. Collagen-based hydrogels, derived 
from gelatin, provide structural integrity and mechani-
cal strength, which are essential for muscle tissue repair. 
These hydrogels mimic the extracellular matrix (ECM), 
promoting cell adhesion and tissue remodelling [30]. 
Fibrin promotes differentiation and myotube formation, 
while alginate induces quiescence [28]. Porous scaffolds, 
particularly those made from biodegradable materials 
like PLGA, enhance cell attachment, growth, and dif-
ferentiation of human myoblasts into myofibers [31]. 
Importantly, such scaffolds improve the delivery and 
retention of myogenic cells compared to direct injec-
tion into the muscle [32, 33]. For example, implementa-
tion of PLGA scaffolds seeded with murine SCs resulted 
in improved muscle regeneration compared to direct cell 
injection [32].

In the current study, we used a predetermined 
RADA16-I sequence, modified with custom-designed 
IL4 or SDF1 mimicking peptides, which were tested and 
characterized in our previous study [34], and assessed 
their influence on proliferation, apoptosis, migration, 
and differentiation of hiPSC-derived myoblasts (hiPSC-
MBs) in vitro. Physicochemical characterization of the 
RADA16-I-based hydrogel is available in [35] while the 
full physicochemical characterization of the hydrogels 
investigated in the current study is described in other 
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Gelation process
Purified peptides were sterilized in solid form using a UV 
lamp (λ = 254 nm). Reconstitution was carried out under 
a laminar flow cabinet to achieve a final concentration of 
1% (w/v). The samples were vortexed and sonicated until 
a clear solution was observed. Hydrogel formation was 
induced by incubating the peptide solutions at 37°C in 
a thermoblock overnight. The pH was measured imme-
diately after peptide dissolution using indicator strips, 
and adjustment was performed only when the pH values 
deviated from the optimal range for peptide self-assem-
bly, it was adjusted to approximately pH 5 to facilitate the 
assembly process. The functionalized peptide (R1-RGD, 
R1-SDF1-X, R4-RGD or R4-IL4-Y) was used at a final 
concentration of 5  mg/ml and mixed in equal amounts 
of RADA16-I (final concentration of 5 mg/ml). Thus, the 
final hydrogels were mixed with unmodified RADA16-I 
(R1) (1:1 v/v). Such a procedure resulted in a material of 
peptide concentration of 10 mg/ml (1% w/v, equivalent to 
10 g/L).

Cell lines and cell culture
Two commercially available human induced pluripotent 
stem cell lines were used: hiPSC-DMD-EGFP (MONO-
ALLELIC mEGFP-TAGGED DMD, Allen Institute 
for Cell Science), and hiPSC-LMNβ1-EGFP (MONO-
ALLELIC mEGFP-TAGGED LMNβ1, Allen Institute for 
Cell Science). Cells were characterized by either DMD 
or LMNβ1 being fluorescently tagged. Undifferentiated 
hiPSC colonies were cultured on vitronectin-coated 
plates in Essential 8 Medium (Thermo Fisher). Trun-
cated human recombinant vitronectin (A14700, Gibco) 
was used to coat cell culture plates according to manu-
facturer’s instruction. Briefly, vitronectin was suspended 
in sterile PBS to reach 5  µg/ml concentration, added to 
6-well plate (Falcon) and incubated at room temperature 
for 1 h. Next, vitronectin solution was discarded and cells 
were seeded directly onto prepared wells. hiPSC myo-
genic differentiation was performed using commercially 
available differentiation medium (SKM-KITM, Genea 
Biocells). Undifferentiated hiPSCs were dissociated using 
Accutase (Thermo Fisher) and seeded onto collagen I 
coated plates (Corning) at the density of 5.000 cells/cm2. 
The first stage of differentiation was performed using 
Skeletal Muscle Induction Medium (SKM01, Genea 
Biocells) and aimed to generate myogenic precursors, 
expressing PAX7. After 6–10 days in culture, the medium 
was switched to Skeletal Myoblast Medium (SKM02, 
Genea Biocells) to induce myogenic precursor cell con-
version towards myoblasts for an additional 6–8 days. 
Once hiPSC-derived myoblasts (hiPSC-MBs) were gener-
ated, the cells were subjected to in vitro experiments.

article (Dzierżyńska et al., in preparation). Custom 
designed RADA16-I-based hydrogel functionalized with 
SDF1 or IL4 mimicking peptides are mentioned also in 
our previous in vitro study [36] and manuscript accepted 
for publication (Ostaszewska et al., 2026; ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​
1​0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​2​6​-​4​9​7​0​4​-​8​​​​​​)​ focused on in vivo analysis 
of the effect of hydrogel transplantation on the regenera-
tion of acutely or chronically injured skeletal muscles. We 
chose this type of hydrogel because of its self-assembling 
properties, nanofibrous architecture, closely mimick-
ing the organization of the extracellular matrix (ECM), 
ease of functionalization with bioactive peptide motifs, 
injectability, and ability to form thin hydrogel coatings 
that promote cell attachment and migration, while also 
enabling precise control of biochemical signaling. In 
addition, the effects of unmodified RADA16-I hydro-
gels and RADA16-I hydrogels functionalized with the 
control RGD peptide, a well-established mediator of cell 
adhesion to the ECM, on hiPSC-MBs were also investi-
gated. Here, the changes in the iPSC-MB transcriptome 
and secretome, following their culture on thin-hydrogel-
coated surfaces were studied. Our main objective was to 
undertake such a comprehensive assessment of the influ-
ence of the above-mentioned hydrogels on different cell 
features, since these biomaterials could be used not only 
as preconditioning agents in myogenic cell culture, but 
also could be transplanted alone or with iPSC-MBs to 
injured skeletal muscles.

Methods
Preparation of functionalized peptide hydrogels
Heated Solid Phase Peptide Synthesis (SPPS) was 
performed using an automated peptide synthesiser 
(Activotec, Cambridge, UK) to obtain crude peptides, 
as previously described [26]. Tentagel R RAM resin was 
used, with diisopropylcarbodiimide (DIC) and Oxyma 
Pure as coupling reagents. Fmoc group deprotection 
was carried out using 25% piperidine in “magic mixture” 
(DMF, NMP, DCM − 1:1:1 v/v/v), containing 1% Triton 
X-100 detergent. The synthesis was completed with acet-
ylation using N-acetylimidazole. Peptides were cleaved 
from the resin along with their protecting groups using 
a cleavage cocktail consisting of trifloroacetic acid (TFA), 
triisopropylsilane (TIS), phenol, and water (ratio 88:2:5:5 
v/v/v/v). The crude peptides were then precipitated in 
cold diethyl ether, centrifugated, suspended in water, 
and lyophilised. Every peptide was then purified using 
reverse-phase high-performance liquid chromatography 
(HPLC) with a Jupiter Proteo C12 (4 μm, 90 Å) column 
(Phenomenex, Torrance, CA, USA). Full physicochemical 
characterisation of the peptides was performed [34].
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Hydrogel coating
To evaluate hydrogel impact on hiPSC-MBs, the cells 
were seeded onto previously hydrogel-coated 24 well 
plates (Falcon). We have evaluated the impact of four 
peptide-functionalised hydrogels: R1-SDF1-X and 
R4-IL4-Y, as well as R1-RGD and R4-RGD, modified 
with a control RGD peptide [36]. As a control hydro-
gel, an unfunctionalised RADA16-I hydrogel was used 
(described hereinafter as R1). Each well was covered with 
a thin (~ 10 µl) hydrogel layer and incubated at 37°C for 
4 h to polymerise. The hydrogel coated wells were cov-
ered with SKM02 and incubated overnight at 37°C. The 
following day, the hydrogel layer was rinsed twice with 
SKM02 to equilibrate pH and immediately after used for 
hiPSC-MB culture.

Apoptosis assay
Apoptosis of hiPSC-MBs was quantified using the 
Annexin V APC (R37176, Invitrogen) according to the 
manufacturer’s instructions. Briefly, after 72 h of culture 
in 24-well plates (Falcon) coated with different hydrogels 
or on collagen I coated plates (Corning), serving as con-
trol, in SKM02 medium, the cells were trypsinised and 
collected into FACS tubes. Annexin V-APC (Thermo 
Fisher) was added to the cell suspensions, incubated for 
10 min in darkness at room temperature, and subjected 
to flow cytometry analysis (CytoFLEX, Beckman Coulter) 
with CytExpert (Beckman Coulter) software. Unlabelled 
cells (negative control) were included in each experiment.

Proliferation assay
To assess the proliferation of the hiPSC-MBs, Bio-
Tracker™ 488 Green CFSE Cell Proliferation Kit (SCT110, 
Sigma Aldrich) was used according to the manufacturer’s 
instructions. Briefly, hiPSC-MBs were seeded at a density 
of 5.000 cells/cm2 on 24-well plates (Falcon) coated with 
different hydrogels or collagen I (control) and maintained 
in SKM02 for 24 h. The medium was removed and cells 
were incubated for 15 min at 37°C with 0.5 µM carboxy-
fluorescein succinimidyl ester (CFSE, Merck Millipore) 
to allow dye uptake. The staining solution was replaced 
with a pre-warmed SKM02 and incubated for 5  min to 
allow hydrolysation of the free dye. After that time, the 
medium was replaced with fresh SKM02 and incubated 
for an additional 30  min to allow CFSE to react with 
intracellular proteins. Then, fresh SKM02 was replaced 
again and hiPSC-MBs were incubated for 48  h to allow 
the cells to divide. All incubation steps were performed 
at 37°C, and cells were protected from light by wrap-
ping the plate with aluminium foil. After 2 days, cells 
were collected and subjected to flow cytometry analysis 
(CytoFLEX, Beckman Coulter) with CytExpert software 
(Beckman Coulter). Unlabelled cells (negative control) 

and cells analysed directly after labelling with CFSE (pos-
itive control) were included in each experiment.

Migration assay
To assess the impact of hydrogels on hiPSC-MB migra-
tion, a QCMTM 24-well colorimetric cell migration 
assay (Merck Millipore) was used. The assay was per-
formed in a dish, containing inserts with 8  μm pores 
(Merck Millipore). The bottom wells were covered with 
tested hydrogels and incubated at 37°C for 4  h to allow 
hydrogel polymerisation. Next, SKM02 medium was 
added to the hydrogel-coated plates which were incu-
bated at 37°C for 24 h. Simultaneously, hiPSC-MBs were 
seeded on the inserts at the density of 14 000 cells/cm2, 
to allow cell attachment to the polycarbonate mem-
brane. The wells covered with hydrogels were then rinsed 
twice with SKM02 to allow pH stabilisation and inserts 
with cells were transferred to the wells with hydrogels. 
Both the wells and the inserts were filled with SKM02 
medium. Cells were maintained in culture for 18 h. Then 
the medium was discharged, the inserts transferred to 
a new well containing 400 µl of cell stain (90144, Sigma 
Aldrich) and incubated for 20  min. The inserts were 
rinsed a few times with distilled water, and the cells from 
the top of the insert (i.e., those that did not migrate) were 
removed using cotton swabs. The inserts were allowed to 
air dry, transferred to a well containing 200 µl of extrac-
tion buffer (40145, Sigma Aldrich) and incubated for 
15 min. After that time, the inserts were removed from 
the well and 100 µl of each cell extract was transferred to 
a 96-well plate (351172, Thermo Fisher). Optical density 
was measured at 560 nm in the Multiskan SkyHigh spec-
trophotometer (A51119600C, Thermo Scientific).

Scratch wound healing assay
Cell migration was also tested using a scratch wound 
healing assay. These experiments were carried out using 
Culture Insert 2 24-well plates (80242, Ibidi). Cells were 
seeded at the density of 10.000 cells/cm2 in each inner 
well and maintained in culture in SKM02 until conflu-
ence. The culture inserts were removed, creating a cell-
free gap in each well. The wells were further filled with 
SKM02 medium and incubated at 37°C for 18 h to allow 
cell migration. After that time, cells were fixed with 3% 
PFA in PBS and stained with Giemsa and May-Grünwald 
dyes (109204, Sigma Aldrich; 101424, Sigma Aldrich). 
The wound area was photographed with a Nikon eclipse 
TE200 microscope and a Nikon Digital Sight DS-U2 
camera. The number of cells that migrated to the gap area 
was counted using ImageJ (Fiji).

hiPSC-MB differentiation
hiPSC-MBs were seeded in hydrogel-coated plates and 
maintained in SKM02 for 3 days, followed by 6 days in 
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myotube induction medium (SKM03, Genea Biocells). 
Next, cells were fixed with 3% PFA in PBS and stained 
with Giemsa and May-Grünwald dyes to visualise nuclei 
and cytoplasm. The samples were next photographed 
using the Nikon eclipse TE200 microscope and Nikon 
Digital Sight DS-U2 camera. The captured photos were 
analysed using Image J (NIS-Elements F 2.30). The fusion 
index was calculated as the number of nuclei inside the 
myotubes divided by the total number of nuclei present 
in the photo.

Adipogenesis, chondrogenesis, and osteogenesis assay
hiPSC-MBs’ adipogenic, chondrogenic, and osteogenic 
potential was evaluated following the culture in differ-
entiation inducing media: for adipogenesis, AdipoMAX 
(SCM122, Sigma Aldrich), for chondrogenesis, Chond-
roMAX (SCM123, Sigma Aldrich), and for osteogenesis 
- OsteoMAX (SCM121, Sigma Aldrich). Initially, the cells 
were seeded on hydrogel coated plates and maintained in 
SKM02 until confluence, and next exposed to the above-
mentioned differentiation media. Adipogenesis was ana-
lysed within 14 days, chondrogenesis after 21 days, and 
osteogenesis within 7 days after differentiation.

Oil red O staining
hiPSC-MBs were fixed with 3% PFA in PBS for 15 min, 
followed by cell rinsing with tap water. The cells were 
rinsed with 70% isopropanol (563935, Sigma Aldrich) 
and stained with Oil Red O solution (O1391, Sigma 
Aldrich). Before use, the Oil Red O solution was prepared 
by mixing 120  ml of Oil Red O with 80 mL of distilled 
water. The solution was incubated for 10 min and filtered 
through a syringe filter. Cells were incubated in cell dye 
at room temperature for 30  min. The cells were rinsed 
three times with distilled water and photographed with 
a Nikon eclipse TE200 microscope and a Nikon Digital 
Sight DS-U2 camera.

Alcian blue staining
hiPSC-MBs were fixed using 3% PFA in PBS for 15 min. 
The cells were rinsed twice with PBS, followed by a 3 min 
incubation in 3% acetic acid. The cells were incubated 
with Alcian Blue Staining Solution (TMS-010-C, Sigma 
Aldrich) at 37°C and gentle shaking for 30  min. After 
rinsing with 3% acetic acid, cells were covered with tap 
water for 10 min. Finally, the cells were rinsed with dis-
tilled water and photographed using a Nikon eclipse 
TE200 microscope and a Nikon Digital Sight DS-U2 
camera.

Alizarin red staining
Fixed hiPSC-MBs (3% PFA in PBS, 15 min) were rinsed 
three times with distilled water and covered with Aliza-
rin Red S solution (TMS-008, Sigma-Aldrich) at room 

temperature with gentle shaking for 30  min. The cells 
were rinsed three times with distilled water and photo-
graphed with a Nikon eclipse TE200 microscope and a 
Nikon Digital Sight DS-U2 camera.

RT-qPCR
Total RNA was isolated from cell pellets using High 
Pure RNA Isolation Kit (11828665001, Roche), accord-
ing to the manufacturer’s instructions, followed by 
determination of RNA concentration and contamina-
tion using NanoDrop (Thermo Scientific). Next, reverse 
transcription was performed using 0.5 µg RNA for each 
reaction and the RevertAid First Strand cDNA Synthe-
sis Kit (K1622, Thermo Fisher), according to the manu-
facturer’s instructions. Quantitative polymerase chain 
reaction (qPCR) was performed using TaqMan Gene 
Expression Master Mix (4369016, Thermo Fisher) and 
TaqMan probes, according to the previously published 
protocol [13, 18]. For each RT-qPCR reaction, 25 ng of 
cDNA was used. GAPDH served as a reference gene. The 
analysis was performed with LightCycler® 96 Software 1.1 
(Roche). Data are shown as ΔCT or RQ (2−ΔΔCT) values. 
All TaqMan probes used (Thermo Fisher) are listed in 
Supplementary Table 1.

Next generation sequencing
Total RNA (1000 ng) from iPSC-MBs cultured either on 
collagen I, non-functionalised R1 or peptide function-
alised R1-SDF1-X or R4-IL4-Y hydrogels, was isolated 
using mirVana™ miRNA Isolation Kit (AM1561, Thermo 
Fisher), according to the manufacturer’s instructions. 
RNA purification and NGS analysis was outsourced to 
the external facility (Genomics Core Facility, Centre of 
New Technologies, University of Warsaw, Poland). RNA 
samples were purified using the RNA Clean & Concen-
trator-5 kit (Zymo Research) and analysed with Agilent 
Tape Station 2200 using High Sensitivity RNA Screen-
Tape (Agilent). The samples were subjected to ribodeple-
tion and library construction using 500 ng of RNA and 
the KAPA RNA HyperPrep Kit with RiboErase (KAPA 
Biosystems) according to the manufacturer’s proto-
cols. The KAPA_U DI_Indexes (96 Indexes, 96 Samples; 
KAPA Biosystems) were used. Next, the samples were 
fragmented: 94°C, 5 min, and 8 enrichment cycles were 
performed. The resulting libraries were subjected to frag-
ment length control using Agilent Tape Station 2200 and 
High Sensitivity D1000 Reagents (Agilent) according to 
the manufacturer’s protocol. Sequencing was performed 
on an Illumina NovaSeq 6000 instrument using NovaSeq 
6000 S1 Reagent Kit v1.5 (200 cycles) reagents (Illumina), 
in a pair-end read mode 2 × 100 cycles using the standard 
procedure recommended by the manufacturer with the 
0.5% addition of the Phix control library (Illumina). The 
raw sequences were trimmed according to quality using 
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Trimmomatic (version 0.39 [37]), Trimmed sequences 
were mapped to the human reference genome provided 
by ENSEMBL (version grch38_snp_tran) using Hisat2 
[38] with default parameters. Optical duplicates were 
removed using the MarkDuplicates tool from the GATK 
package [39] (version 4.2.3.0). The mapped reads were 
associated with transcripts from the grch38 database 
[40](Ensembl, version 106) using HTSeq-count [41](ver-
sion 2.0.1). Differentially expressed genes were selected 
using the DESeq2 package [42](version 1.38.3). Over-
representation of the terms of Gene Ontology [43] and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) [44] 
categories among the top 5% of genes (according to the 
p-value) were assessed with clusterprofiler package [45]. 
The raw sequence data is available in repository:

https:/​/daneba​dawcze.​uw.e​du.pl/dataset.xhtml? 
persistentId=doi:https:/​/doi.or​g/10.58​132/​XYKGK1.

Growth factor analysis (luminex)
Analysis was performed as previously described [46]. 
The concentration of BMP2, IL4, IL8 (CXCL8), SDF1, 
and VEGF-A was measured using the Human Premixed 
Multi-Analyte kit number LXSAH (R&D Systems) on 
Bio-Plex MAGPIX Multiplex Analyzer (Luminex Corp.). 
A Bio-Plex Manager 6.1 (Bio-Rad Lab Inc.) was used for 
the generation of the 5-log standard curve, the fitting of 
the curve and calculation of concentrations. Results from 
all experiments were normalised against control cells, i.e., 
those cultured on collagen I.

Immunocytochemistry
hiPSC-MBs were cultured on 1% gelatine until reaching 
80–90% confluence. The cells were fixed with 3% PFA, 
washed in PBS, and proceeded for immunodetection of 
MMPs, necessary for the release of the SDF1 or IL4 pep-
tide from functionalised hydrogels. As we described pre-
viously, SDF-1 or IL-4 was linked to RADA16-I peptide 
through MMP-degradable sequence [34]. We focused on 
MMPs (described below) that could potentially cleave the 
enzymatic linkers within R1-RGD, R1-SDF1-X, R4-RGD 
and R4-IL4-Y structures. After cell membrane permea-
bilization by 1 min incubation in 0.05% Triton X-100 in 
PBS, free aldehyde groups were blocked with 0.25% gly-
cine in PBS and then nonspecific antigen binding sites 
were blocked by 1 h incubation in 3% bovine serum 
albumin (BSA) in PBS. Then, overnight incubation with 
primary antibody, at 4°C, was performed, followed by 
three washes with PBS. The following primary antibodies 
were used: MMP2 (ab97779, Abcam), MMP3 (ab52915, 
Abcam), MMP7 (ab207299, Abcam), MMP9 (ab76003, 
Abcam), MMP13 (ab39012, Abcam), MMP14 (ab51074, 
Abcam). Next, 2 h incubation with secondary antibody 
(goat anti-rabbit; ab150077, Abcam) diluted in PBS was 
performed and cells were washed three times with PBS. 

Cell nuclei were stained with Hoechst 33,342 (B-2261, 
Sigma Aldrich), diluted 1:1000 in PBS. Eventually, cells 
were mounted on slides (S3023, Dako) and analysed 
using an Axio Observer Z1 LSM 700 scanning confocal 
microscope equipped with ZEN software.

Zymography in situ
To detect the activity of MMP2 and MMP9, hiPSC-MBs 
were cultured for 3 days on gelatine-coated glass slides 
placed in a 6-well plate. 30 µl of gelatine-fluorescein con-
jugate (100  µg/mL; Thermo Fisher) was added to each 
well and incubated at 37°C for 45  min. Next, the cells 
were fixed with 3% PFA in PBS for 15 min. Nuclei were 
stained with Hoechst 33342 (B-2261, Sigma Aldrich), 
diluted 1:1000 in PBS. Finally, the specimens were closed 
with mounting medium (S3023, Dako). Cell images were 
taken using an Axio Observer Z1 LSM 700 scanning con-
focal microscope equipped with ZEN software.

Zymography in gel
Cell-conditioned media were collected after 3 days of 
hiPSC-MB culture and the enzymatic activity of MMP7 
(substrate casein; Sigma Aldrich; concentration 0.1% 
in gel) or MMP2 and MMP9 (substrate gelatine; Sigma 
Aldrich, concentration 1% in gel) was tested. To con-
dense cell media, sepharose conjugate (GE Healthcare) 
was prepared by mixing it with 20% ethanol, rinsing with 
distilled water and suspending in incubation buffer con-
taining 50 mM Tris-HCl, 150 mM NaCl, 5mM CaCl2, 
and 0.05% Brij 35 (Sigma Aldrich). Next, 0.5  ml of cell 
culture media was mixed with 50 µL of sepharose con-
jugate. The samples were incubated at 4°C with constant 
shaking for 90  min. Next, the samples were centrifuged 
(5000 RPM, 5  min) and the supernatant was discarded. 
The remaining pellet was suspended in buffer B con-
taining 50 mM Tris-HCL, 150 mM NaCl, 5 mM CaCl2, 
0.05% Brij 35, pH = 7.6 and centrifuged twice in the same 
conditions. The pellet was suspended in the incubation 
buffer supplemented with 10% DMSO and incubated 
for 30 min at 4°C with constant shaking. After that, the 
samples were centrifuged for 5 min at 5000 RPM and the 
supernatant was collected. 50 µl of each sample was then 
mixed with a non-reducing sample buffer containing 62.5 
mM Tris-HCl, 10% glycerol, 2% SDS, 0.05 bromophe-
nol blue, and loaded onto 10% SDS-polyacrylamide gels 
containing 0.1% gelatine (for MMP2 and MMP9) or 0.1% 
casein (for MMP7). After electrophoretic separation, the 
gels were washed in 2.5% Triton X-100 in distilled water 
(2 × 15  min at 37°C with shaking) to discard remaining 
SDS, followed by 48  h of incubation in buffer contain-
ing 50 mM Tris-HCl, 5 mM CaCl2, and 200 mM NaCl. 
After that, the gels were stained with Coomassie Brilliant 
Blue (1610436, Bio-Rad). The activity of the tested metal-
loproteinases was visualised by white bands indicating 

https://danebadawcze.uw.edu.pl/dataset.xhtml
https://doi.org/10.58132/XYKGK1
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substrate degradation by either MMP2, -7, or -9. The gels 
were scanned and analysed using GelDoc Quantity One 
software (Bio-Rad).

Statistical analysis
At least three independent experiments were performed 
for each analysis. Comparisons between experimental 
groups were performed using ANOVA, Kruskall-Wallis 
or Brown-Forsythe and Welch ANOVA (depending on 
meeting the normality criterion or SD equality). Cor-
rection for multiple comparisons was performed using 
Tuckey’s, Dunn’s, or Dunett’s T3 post hoc tests, respec-
tively. Error bars represent the mean ± standard devia-
tion. Statistical significance was shown in accordance 
with GraphPad style, where * p ≤ 0.05, ** p ≤ 0.01, *** 
p ≤ 0.001, and **** p ≤ 0.0001. Statistical analysis was per-
formed using GraphPad Prism 10 software. Figures: Fig-
ures were assembled using Adobe Illustrator.

Results
Evaluation of myogenic differentiation progression in 
human iPSC lines
In the current study 2 lines of hiPSCs were used, that is, 
hiPSC-DMD and hiPSC-LMNβ1. Both cell lines were 
induced to undergo myogenic differentiation and anal-
ysed at 4 different stages, i.e., as (1) undifferentiated cells 
(2), myoprecursors (3), myoblasts (4), myotubes (Supple-
mentary Fig. 1A) to verify whether their differentiation 
was accompanied by proper changes in myogenic marker 
expression. We determined the expression level of PAX7 
mRNA which is characteristic for SCs as well as cells at 
the early stage of myogenic differentiation and MYOD 
mRNA encoding MRF that is expressed in cells at fur-
ther and more advanced stages of myogenic differentia-
tion. Furthermore, we evaluated the expression level of 
mRNAs that encode 3 different types of myosin heavy 
chains (MYHC), i.e., MYHC2, MYHC3, expressed in 
developing muscles, and MYHC7, which appear in cells 
in more advanced steps of differentiation [47].

RT-qPCR analysis confirmed that in both cell lines, 
the undifferentiated hiPSCs were characterised by initial 
lower levels of all myogenic markers compared to myo-
precursors (Supplementary Fig. 1). The expression of all 
analysed markers was then significantly upregulated in 
cells that underwent myogenic differentiation (Supple-
mentary Fig.  1C). The highest level of PAX7 expression 
was found in myoprecursors from both cell lines and was 
significantly elevated compared to both undifferentiated 
hiPSCs and more differentiated myogenic derivatives, 
i.e., myoblasts and myotubes (Supplementary Fig.  1C). 
The myotubes, generated from both cell lines, were in 
turn characterised by the highest level of MYOD expres-
sion, and this difference was statistically significant com-
pared to all other samples (i.e., undifferentiated cells, 

myoprecursors, myoblasts; Supplementary Fig. 1C). The 
level of mRNAs encoding all the analysed MYHCs (i.e., 
MYHC2, MYHC3, MYHC7) was also significantly ele-
vated in myotubes in both cell lines, and also in myopre-
cursors of hiPSC-LMNβ1 (Supplementary Fig.  1C). The 
obtained results confirmed that hiPSCs were successfully 
induced to undergo myogenic differentiation, what was 
accompanied by expected changes in myogenic marker 
expression.

Expression and activity of metalloproteinases in hiPSC-
derived myoblasts cultured on hydrogels modified with IL4 
or SDF1 peptides
In the next experiments, we investigated the expres-
sion and activity of selected types of metalloproteinases 
(MMPs) in myoblasts derived from each hiPSC cell line 
(hereafter described as MB-DMD and MB-LMNβ1, 
respectively). MB-DMD and MB-LMNβ1 were cultured 
on different types of hydrogels (R1, R1-RGD, R1-SDF1-
X, R4-RGD, R4-IL4-Y) or on collagen I, which served as 
a control. The analysis of MMPs was a pivotal stage of 
this research, as our hydrogels were modified with IL4 or 
SDF1 mimicking peptides by linking them to the hydrogel 
with a sequence recognised by them, i.e. PAGL or VLGL 
[48]. These enzymes are crucial for releasing IL4 and 
SDF1 mimicking peptides from hydrogels. We focused 
on MMP2, MMP3, MMP9, MMP13, and MMP14 as 
these MMPs could potentially cleave R4-RGD and 
R4-IL4-Y hydrogels containing the PAGL sequence, as 
well as on MMP7 which could potentially cleave R1-RGD 
and R1-SDF1-X ones, containing VLGL sequence.

RT-qPCR analysis revealed that the initial level of 
MMP expression was similar in both types of hiPSC-
derived myoblasts cultured on collagen I (described as 
cells at day 0, expression level shown in Supplementary 
Fig. 2A). According to the mean ΔCT values, the highest 
expression level was found for MMP2 while other anal-
ysed MMPs were expressed at medium (MMP9, MMP14) 
or low (MMP3, MMP7, MMP13; Supplementary Fig. 2A). 
Next, we cultured MB-DMD and MB-LMNβ1 on differ-
ent hydrogels or on collagen I for three days and assessed 
MMP expression. The primary aim of this analysis was to 
determine whether culture on RADA16-I-based hydro-
gels alters MMP expression compared to the standard 
collagen I substrate. Both MB-DMD and MB-LMNβ1 
cultured on the R4-IL4-Y hydrogel were characterised 
by significantly higher expression of MMP2, MMP9, 
and MMP14 than control myoblasts (Supplementary 
Fig. 2B, 2C). MMP2 was also elevated in MB-DMD and 
MB-LMNβ1 cultured on the R4-RGD hydrogel (Sup-
plementary Fig.  2B, 2C). All indicated MMPs (MMP2, 
MMP9, MMP14) could potentially recognise and cleave 
linking sequence (PAGL) in the R4-RGD and R4-IL4-
Y hydrogels, releasing the attached peptides; thus, their 
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Fig. 1 (See legend on next page.)
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elevated expression in myoblasts cultured on such hydro-
gels was beneficial. MMP9 and MMP14 were also ele-
vated, but only in MB-LMNβ1 cultured on the R4-RGD 
hydrogel (Supplementary Fig.  2B, 2C). Other significant 
changes in MMP expression between myoblasts cultured 
on different hydrogels and those cultured on collagen I 
are shown in Supplementary Fig. 2B and summarised in 
Supplementary Fig. 2C.

The expression of MMP2 in MB-DMD and 
MB-LMNβ1 was significantly higher when cells were 
cultured on R4-RGD hydrogel, compared to control cells 
cultured on collagen I (Supplementary Fig. 2B, 2 C), but 
also to myoblasts propagated on the control R1 hydro-
gel (Fig. 1A). In the case of MB-DMD, it was also higher 
compared to cells cultured on R1-RGD (Fig.  1A). Addi-
tionally, MB-DMD cultured on the R4-IL4-Y hydrogel 
expressed significantly more MMP2 than cells cultured 
on the R1 or R1-RGD (Fig. 1A). Therefore, MMP2, which 
could potentially cleave the linker peptide in the R4-RGD 
and R4-IL4-Y hydrogels, was significantly elevated in 
myoblasts cultured on these hydrogel types, compared 
to cells cultured on other hydrogel variants (Fig. 1A). In 
case of other MMPs that can cleave the linker peptide in 
R4-RGD and R4-IL4-Y hydrogels, that is, MMP3, MMP9, 
and MMP13, no significant differences were found 
for MB-DMD cultured on different hydrogel coatings 
(Fig. 1A). In MB-LMNβ1 significantly higher expression 
of all indicated MMPs (MMP3, MMP9 and MMP13) was 
noticed in cells cultured on R1-RGD hydrogel compared 
to other experimental groups (Fig.  1A). The expression 
of MMP14, the last analysed MMP potentially cutting 
linker peptide of the R4-RGD and R4-IL4-Y hydrogels, 
was significantly higher in MB-DMD cultured on the 
R4-IL4-Y hydrogel (Fig. 1A). Furthermore, the expression 
of MMP7 that could potentially cleave linker peptide in 
the R1-RGD and R1-SDF1-X hydrogels was significantly 
enhanced in MB-DMD cultured on the R1-RGD hydrogel 
in comparison to other experimental groups while in the 
case of MB-LMNβ1 it was elevated in cells cultured on 
the R1, R4-IL4-Y, and importantly, on R1-SDF1-X hydro-
gel (Fig. 1A). We showed that mRNAs encoding all ana-
lysed MMPs were detectable in myoblasts derived from 
hiPSCs and cultured on all types of hydrogels tested, 
indicating that such cells could potentially be able to 
release IL4 and SDF1 mimicking peptides linked to func-
tionalised hydrogels.

To verify whether MMP proteins are present and active 
in hiPSC-derived myoblasts, we performed immunocyto-
chemistry and zymography in situ and in gel. Although 
RT-qPCR results cannot be directly transferred to ICC 
or zymography analysis, they served for us as an indica-
tor of expression trend in the analyzed cells. Since MMP 
expression level was usually higher in cells cultured on 
hydrogels, compared to those cultured on collagen I 
(Supplementary Fig.  2), we performed ICC and zymog-
raphy analysis using cells cultured on gelatin/collagen I. 
All analysed MMPs were successfully detected by immu-
nocytochemistry in both MB-DMD and MB-LMNβ1 
(Fig. 1B). MMP2, MMP7, and MMP9 were also evaluated 
using zymography in which we confirmed the activity of 
the analysed MMPs (Fig. 1C and D). Taken together, all 
MMPs required for peptide release from the hydrogel 
backbone were detected at both the transcript and pro-
tein level in myoblasts obtained from both hiPSC lines. 
The presence of custom-designed hydrogels modified 
with IL4 and SDF1 mimicking peptides had a notice-
able impact on the expression of some analysed MMPs in 
hiPSC-derived myoblasts, as shown by comparison with 
controls (collagen I and R1).

Proliferation, apoptosis, and myogenic differentiation 
of human iPSC-derived myoblasts cultured on custom-
designed hydrogels modified with IL4 or SDF1 peptides
The impact of custom-designed hydrogels modified with 
IL4 or SDF1 mimicking peptides on proliferation, apop-
tosis, and myogenic differentiation of MB-DMD and 
MB-LMNβ1, were evaluated. For proliferation assess-
ment, we used the CFSE assay, which revealed no signifi-
cant differences between MB-DMD, cultured on collagen 
I or on different types of hydrogel (Fig.  2A). In case of 
MB-LMNβ1 we found that a significantly higher propor-
tion of cells cultured on R1 or R1-SDF1-X or R4-IL4-Y 
underwent two or more divisions compared to control 
cells cultured on collagen I, and, at the same time, a lower 
proportion of cells after one division was found in these 
samples (Fig. 2B). Furthermore, a higher fraction of cells 
cultured on the R4-RGD hydrogel underwent two or 
more divisions compared to control cells (Fig.  2B). The 
culture on R1, R1-SDF1-X, R4-RGD, or R4-IL4-Y-coated 
surfaces promoted MB-LMNβ1 proliferation, manifested 
by the cells undergoing 2 or more divisions, compared 
to cells cultured on collagen I, and R1-RGD hydrogel. 

(See figure on previous page.)
Fig. 1  Expression and activity of selected MMPs in hiPSC-derived myoblasts cultured on different hydrogels. A. Expression of MMP2, MMP3, MMP7, MMP9, 
MMP13, MMP14 in MB-DMD and MB-LMNβ1 cultured for 3 days in SKM02 on different hydrogels (R1, R1-RGD, R1-SDF1-X, R4-RGD, R4-IL4-Y). The mean RQ 
(2−ΔΔCT) values with standard deviation of at least 3 experiments are shown. The myoblasts on day 0 served as a reference sample. *p ≤ 0.05, ** p ≤ 0.01, 
*** p ≤ 0.001, **** p ≤ 0.0001. The grey line indicates the level of expression in control cells cultured on collagen I. B. Immunolocalization of indicated 
MMP proteins in MB-DMD and MB-LMNβ1 cultured on gelatin-coated cover slides. Nuclei are visualised in red, MMPs in green; Scale bar − 40 μm; C. In 
situ zymography showing gelatinolytic activity in in vitro cultured MB-DMD and MB-LMNβ1 on day 3. The nuclei are visualised in red, and gelatinolytic 
activity is visualised in green; D. Ingel zymography detecting the activity of MMP2, MMP7, and MMP9 in medium collected after 3 days of MB-DMD and 
MB-LMNβ1 culture on collagen I
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Fig. 2  Proliferation, apoptosis, and myogenic differentiation of hiPSC-derived myoblasts cultured on different hydrogels. A. The percentage of MB-DMD 
that underwent two or more cellular divisions (d2+), one (d1), or none (d0) during 48 h culture on the indicated hydrogel types (R1, R1-RGD, R1-SDF1-X, 
R4-RGD, R4-IL4-Y), or on collagen I (COL I), i.e. in control variant. Data are shown as mean ± SD; B. The percentage of MB-LMNβ1 that underwent two or 
more (d2+), one (d1), or none (d0) cellular divisions during 48 h culture on indicated hydrogels or on collagen I. Data are shown as mean ± SD; *p ≤ 0.05, 
**p ≤ 0.01, ***p ≤ 0.001; C. The percentage of apoptotic cells after 72 h of MB-DMD culture on indicated hydrogels or collagen I; D. The percentage of 
apoptotic cells after 72 h of MB-LMNβ1 culture on the indicated surfaces; E. Representative photos of myotubes formed during MB-DMD culture on 
indicated surfaces, stained with Giemsa-May Grünwald. Scale bar − 100 μm; F. Representative photos of myotubes formed during MB-LMNβ1 culture on 
the indicated surfaces, stained with Giemsa-May Grünwald. Scale bar − 100 μm; G. Fusion index of MB-DMD cultured on the indicated surfaces; D. Fusion 
index of MB-LMNβ1 cultured on indicated surfaces
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Interestingly, this effect was not observed in the case of 
MB-DMD (Fig. 2A).

Next, we evaluated the hydrogels’ impact on cell sur-
vival by assessing the proportion of apoptotic cells. We 
found no significant differences between all samples for 
both analysed cell lines, including control cells cultured 
on collagen I (Fig. 2C and D). Subsequently, we focused 
on the hydrogels’ influence on the myogenic differen-
tiation of MB-DMD and MB-LMNβ1. The cells were 
cultured for 3 days in a SKM02 medium followed by a 
6-day culture in myotube induction medium (SKM03). 
The cells were fixed, stained, and the fusion index was 
determined, by establishing the proportion of nuclei in 
myotubes to all nuclei. Myoblasts underwent successful 
myogenic differentiation manifested by the formation of 
elongated myotubes when cultured on any type of hydro-
gel tested as well as on collagen I (Fig. 2E and F). In the 
case of MB-DMD the effectiveness of myogenic differen-
tiation was significantly higher after culture on R1-SDF1-
X or R4-IL4-Y hydrogels, compared to cells cultured on 
collagen I, as well as R1, R1-RGD, and R4-RGD (for cells 
cultured on R4-IL4-Y) (Fig.  2G). Thus, modification of 
hydrogels with SDF1 or IL4 mimicking peptides clearly 
promoted myogenic differentiation of MB-DMD, but no 
MB-LMNβ1 cells, in which case no significant differences 
in the values of the fusion index were found (Fig. 2H).

The effective evaluation of myogenic differentiation, 
besides showing fusion index values, requires addi-
tional confirmation of the findings. Therefore, we deter-
mined the expression level of selected myogenic markers 
(MYOD, MYOG, MYHC3) in cells analysed at day 3 and 9 
of the culture. Significantly higher expression of MYOD 
and MYOG was found in MB-DMD cultured on R1 
hydrogel, compared to control on collagen I on day 3 of 
the culture (Supplementary Fig.  3A). Additionally, MB-
DMD cultured on R4-RGD hydrogel were character-
ized by elevated levels of MYOG and MYHC3 compared 
to both control cells, as well as cells cultured on other 
hydrogels (Supplementary Fig. 3A). An increased level of 
MYHC3 was found for MB-LMNβ1 cultured on R4-RGD 
hydrogel analysed at day 3 (Supplementary Fig.  3B). 
The expression of MYOD and MYOG was also signifi-
cantly higher in these cells, but only when compared 
to control cells cultured on collagen I (Supplementary 
Fig.  3B). Furthermore, MYOD expression was elevated 
in MB-LMNβ1 cultured on R4-IL4-Y hydrogel compared 
to control (Supplementary Fig. 3B). On day 9 no signifi-
cant changes in myogenic marker expression were found 
between all analysed samples (Supplementary Fig.  3C, 
3D). Together, these results indicate that differences in 
myogenic marker expression observed in myoblasts cul-
tured on different types of hydrogels were temporal, and 
all of them supported progression of myoblast differen-
tiation, which resulted in successful myotube formation.

Migration and non-specific differentiation of hiPSC-
derived myoblasts cultured on hydrogels modified with IL4 
and SDF1 mimicking peptides
Because the ability to migrate is an essential feature of 
functional myogenic cells, as well as crucial for effective 
cell therapy designed for skeletal muscles, in the next 
experiments we investigated this property in MB-DMD 
cultured on tested hydrogels or on plastic. In this and 
next experiments we used only one type of myoblasts, 
i.e., MB-DMD, as these cells were characterized by bet-
ter myogenic differentiation compared to MB-LMNβ1 
(Fig.  2G and H). Scratch assay revealed that cells pre-
treated with all analysed hydrogels, as well as collagen I, 
were able to migrate. The assay was designed to evaluate 
whether prior culture in the presence of the tested hydro-
gels affects the migratory potential of MB-DMD cells, 
however, no significant differences were found (Fig.  3A 
and B). Therefore, we undertook an alternative approach 
and used a colorimetric cell migration assay, which 
revealed that MB-DMD cultured on a R4-IL4-Y hydrogel 
migrated less efficiently than those cultured on R1-SDF1-
X or on plastic, but comparable to all other variants of 
the experiment (Fig. 3C).

Different studies indicate that myoblasts and SCs, 
which serve as a source of myoblasts in growing and 
regenerating muscles, can convert into progenitors 
responsible for the formation of heterotopic ossification 
in skeletal muscles and surrounding tissues [49–53]. For 
this reason, we verified whether hiPSC-derived myoblasts 
underwent differentiation other than myogenic, i.e., adip-
ogenic, osteogenic or chondrogenic. Oil Red O stained 
virtually any or only single cells that originated from 
MB-DMD cultured on indicated hydrogels or collagen I, 
in a medium promoting adipogenesis (Fig. 3D). Also, the 
level of PPARγ, i.e., an adipogenic marker, was low and 
uniform across all analysed samples (Fig. 3E). The cal-
cium deposition assessed by Alizarin Red S staining was 
similar for all variants of the experiments, except for MB-
DMD cultured in collagen I, which were characterized by 
lower level of deposition detected (Fig. 3F). The expres-
sion of the osteogenic marker, SP7, was consistent across 
all the samples, except for cells cultured on the R1-RGD 
hydrogel which were characterised by significantly higher 
levels of this mRNA (Fig. 3G). Finally, Alcian Blue stain-
ing revealed a limited level of acidic polysaccharide accu-
mulation of MB-DMD cultured on R1-RGD, R4-RGD, 
and R4-IL4-Y, as well as on collagen I (Fig. 3H). Further-
more, the expression of the chondrogenic marker, SOX9, 
was low in all samples analysed, however a significantly 
higher level of this marker was found in MB-DMD cul-
tured on collagen I than in all other variants (Fig. 3I).

The obtained results indicated that all types of hydro-
gels tested by us supported the migration of hiPSC-
derived myoblasts and did not promote adipogenic 
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Fig. 3 (See legend on next page.)
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differentiation. Although positive Alizarin Red S stain-
ing was observed in cells cultured on all hydrogel vari-
ants, this was not accompanied by a consistent increase 
in the expression of the osteogenic marker SP7, with a 
significant increase detected only in cells cultured on the 
R1-RGD hydrogel. Therefore, the positive Alizarin Red S 
staining is unlikely to reflect hydrogel-induced osteogenic 
differentiation and may instead be attributable to residual 
calcium ions originating from the culture medium or the 
hydrogel gelation process. However, the expression level 
of SOX9 was significantly reduced after exposure to all 
tested hydrogels, compared to control on collagen I.

Changes in the transcriptome of human iPSC-derived 
myoblasts cultured on hydrogels modified with IL4 and 
SDF1 mimicking peptides
To better assess the influence of the hydrogels tested on 
hiPSC-derived myoblasts, we performed a transcriptome 
analysis by next generation RNA sequencing using MB-
DMD cultured on collagen I (control), R1, R1-SDF1-X, or 
R4-IL4-Y hydrogels. By analysing fold changes, we found 
numerous differentially expressed transcripts in MB-
DMD cultured on tested surfaces (Supplementary Table 
2). The annotations of gene ontology (GO) performed 
using Metascape tool [54] revealed that significantly up-
regulated transcripts in analysed cells were associated 
with processes such as ECM formation (for cells cultured 
on all types of hydrogels tested), adhesion (cells cultured 
on R1 or R4-IL4-Y hydrogels) or muscle cell develop-
ment and differentiation (for cells cultured on all types of 
tested hydrogels; Supplementary Fig. 4; [54]). As no, or 
limited, information was found for down-regulated tran-
scripts, we further focused on those which expression 
was elevated. Thus, we detailly followed the differences 
in transcript expression found in MB-DMD cultured on 
hydrogels compared to those cultured on collagen I (R1 
vs. collagen I; R1-SDF1-X vs. collagen I, R4-IL4-Y vs. col-
lagen I) as well as between cells cultured on hydrogels 
modified with SDF1 or IL4 peptides, in comparison to 
cells cultured on control hydrogel (R1-SDF1-X vs. R1; 
R4-IL4-Y vs. R1; Fig. 4A and B; Supplementary Table 
2). Since our main objective was to precisely describe 

the changes in MB-DMD induced by each type of tested 
hydrogel (R1, R1-SDF1-X, or R4-IL4-Y), we focused on 
the transcripts which expression was specifically altered 
in cells by each of them (Fig. 4D), compared to cells cul-
tured on collagen I (Supplementary Table 3) or control 
hydrogel (Supplementary Table 4). We also compared 
and listed all the transcripts which were up-regulated in 
cells cultured on R4-IL4-Y hydrogel, compared to more 
than one other sample (versus collagen I, R1, and/or 
R1-SDF1-X; Supplementary Table 5). Next, we carefully 
checked the characteristics of all listed transcripts, using 
inter alia ShinyGO 0.82 and STRING [55–57]. Based on 
that, we have indicated the list of 17 transcripts that were 
elevated in cells cultured on different types of hydrogels, 
which are known to play an important role and/or are 
involved in pathways crucial for myogenic cell develop-
ment, maintenance, and differentiation (Supplemen-
tary Table 6). The listed transcripts were subjected to 
STRING analysis with results shown in Supplementary 
Tables 7 and Supplementary Fig. 5.

Next, the expression level of the transcripts revealed 
by NGS analysis as differentially expressed in MB-DMD 
cultured on different types of hydrogels, was evaluated by 
RT-qPCR (Fig. 5). As indicated by the NGS results, a sig-
nificantly higher level of CXCL8 was found in myoblasts 
cultured on the R1-SDF1-X hydrogel (Fig. 5A), however 
RT-qPCR analysis revealed that it was also enhanced in 
MB-DMD cultured on R4-IL4-Y hydrogels compared 
to control cells (Fig. 5A). The second transcript selected 
on the NGS results, NOTCH4, was expressed at a simi-
lar level in all types of samples (Fig. 5A). Next, we found 
that mRNAs encoding ACTC1, ADAMTS16, FIBIN, and 
MLIP, i.e., genes that were indicated by NGS analysis as 
significantly up-regulated in cells cultured on the R4-IL4-
Y hydrogel compared to other experiment variants (colla-
gen I, R1, R1-SDF1-X), were indeed significantly elevated 
in such cells (Fig.  5B). The exception was found for 
ACTC1, in which case the significantly higher expression 
was also detected in cells cultured on R1 or R1-SDF1-X 
hydrogels, compared to control cells propagated on col-
lagen I (Fig. 5B). The TBX2 mRNA was significantly ele-
vated in cells cultured on R4-IL4-Y, compared to other 

(See figure on previous page.)
Fig. 3  Assessment of migration and undesired differentiation of hiPSC-derived myoblasts cultured on different hydrogels. A. Representative images of 
the scratch wound healing assay after 18 h of MB-DMD culture on hydrogel-coated surfaces or on plastic in the control variant; B. Quantification of the 
scratch wound healing assay. Data are shown as a number of cells that migrated into the wound area in four independent replicates; C. Colorimetric 
migration assay of MB-DMD cultured on collagen I or on peptide functionalised hydrogels after 18 h of culture. The OD was measured at 560 nm. Data 
are shown for four independent replicates; *p ≤ 0.05, **p ≤ 0.01; D. Representative photos of MB-DMD after 14 days of culture in adipogenesis inducing 
medium on peptide-functionalised hydrogels or on collagen I. Lipid droplets stained with Oil Red O. Scale bar − 100 μm; E. qRT-PCR analysis of PPARγ 
mRNA expression in MB-DMD after 14 day culture in adipogenesis inducing medium, on different tested hydrogels or collagen I. F. Representative photos 
of MB-DMD after 7 days of culture in osteogenesis inducing medium on collagen I or hydrogel coated surfaces. Calcium residues visualised with Alizarin 
Red S. Scale bar − 100 μm; G. qRT-PCR analysis of SP7 mRNA expression in MB-DMD after a 7 day culture in osteogenesis inducing medium, on collagen I 
or hydrogel-coated surfaces. H. Representative photos of MB-DMD after 21 days of culture in chondrogenesis-inducing medium on collagen I or hydrogel 
coated surfaces. Acidic polysaccharides in cartilage stained with Alcian Blue. Scale bar − 100 μm; I. qRT-PCR analysis of SOX9 mRNA expression in MB-DMD 
after a 21 day culture in chondrogenesis inducing medium, on hydrogel-coated surfaces. For E, G and I - mean RQ (2−ΔΔCT) values with standard deviation 
from at least 3 experiments are shown. Myoblasts cultured on collagen I served as a reference sample. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001
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samples, as well as in cells propagated on R1-SDF1-X 
hydrogel, in comparison to control cells (Fig. 5C). In the 
case of other transcripts, indicated as up-regulated in 
cells cultured on the R4-IL4-Y hydrogel compared to R1 
(i.e., BMP2, ID1, ID2, LGR5, NEB, NOG, SMAD9), we 
did not notice significant differences in their expression 
between samples (Supplementary Fig. 6A). However, cells 
cultured on the R4-IL4-Y hydrogel were characterised by 
significantly higher levels of CDH9, IRS4 and FREM2 as 
indicated by NGS analysis (Fig. 5D). Lastly, we performed 
Luminex analysis to verify the level of selected proteins, 
i.e. SDF1, IL4, IL8, VEGF-A, and BMP2, in medium col-
lected from myoblast cultures on tested hydrogels or 
collagen I. We also evaluated the concentration of these 
proteins in fresh medium in which hiPSC-derived myo-
blasts were cultured, i.e., SKM02. The results of the 
Luminex analysis did not indicate significant differences 
in either SDF1 or IL8 levels between cells cultured on 
different surfaces (Supplementary Fig.  6B). The concen-
tration of VEGF-A was lower in the medium collected 
from the myoblast cultured on R4-IL4-Y or R1-SDF1-X 
hydrogels compared to media coming from control cells 
on collagen I, however the difference was not statistically 
significant (Supplementary Fig. 6B). The level of IL4 and 
BMP2 was found out of range (too low) in performed 
analysis (data not shown).

Taken together, hydrogel presence induced changes in 
the expression level of factors, such as CXCL8, FREM2, 
ADAMTS16, CDH9, IRS4, FIBIN, or MLIP involved in 
angiogenesis, inflammatory mediation, cell adhesion, 
neurogenesis, and regulation of myogenic program in 
myoblasts derived from human iPSCs, which could be 
beneficial considering myogenic/regenerative potential of 
these cells.

Discussion
hiPSCs serve as a promising source of myogenic cells that 
could be used to support the reconstruction of injured or 
dystrophic skeletal muscle. Various methods have already 
been explored to induce myogenic differentiation in hiP-
SCs including the three-step protocol used in the pres-
ent study [22]. Here, RADA16-I hydrogels modified with 
custom-designed IL4 or SDF1 mimicking peptides were 
tested to establish an optimal environment that would 
support the myogenic/regenerative potential of hiPSC-
derived myoblasts. The hydrogels were applied as thin 
bioactive coatings for in vitro experiment. The hydrogels 
were designed using RADA16-I scaffold, i.e., an example 
of SAP-based hydrogels, which are emerging as prom-
ising biomaterials both for cell propagation and trans-
plantation, due to their ability to mimic the extracellular 
matrix [58]. SAP-hydrogels were shown to promote a 
critical step in muscle repair, i.e., the alignment and dif-
ferentiation of myoblasts into mature myotubes in vitro 

[59, 60]. For instance, SAP-nanofiber hydrogel based on 
self-assembling backbone Ac-(RADA)4-NH2 (RAD) dual-
functionalized with laminin-derived motif IKVAV (IKV) 
and a BDNF-mimetic peptide enhanced myoblast pro-
liferation and differentiation [61]. Detailed analyses per-
formed by us showed that the impact of hydrogels tested 
on myoblast proliferation or fusion differed depending 
on the cell line used. However, it should be mentioned 
that variability between hiPSC lines may arise from dif-
ferences in donor genetic background, reprogramming-
associated alterations, epigenetic status, and intrinsic 
differentiation abilities [62]. Therefore, an increased 
proliferation of MB-LMNβ1, but not MB-DMD, was 
observed as a response to culture on hydrogels. This phe-
nomenon was independent of the presence of either IL4 
or SDF1 mimicking peptides. Thus, we suggested that 
hydrogel without functionalization could be the sup-
portive substrate for MB-LMNβ1 culture. Moreover, 
in case of cell culture on collagen I, it was revealed that 
proliferation of MB-LMNβ1 was decreased compared to 
MB-DMD. Thus, the use of hydrogels could be beneficial 
for cell lines with characteristics similar to MB-LMNβ1. 
This finding was in some way in agreement with the 
results of our previous study showing that the presence 
of IL4 or SDF1 mimicking peptides, without hydrogels, 
did not impact the proliferation of many cell types such 
as human fibroblasts, myoblasts, and bone marrow stro-
mal cells [34]. Importantly, hydrogels did not induce cell 
apoptosis, which allows them to be considered suitable 
for transplantation applications.

The efficiency of myogenic cell differentiation is one 
of the most important factors that indicate cells’ poten-
tial to support skeletal muscle regeneration. Hydrogels 
modified with IL4 or SDF1 mimicking peptides impaired 
neither MB-LMNβ1 nor MB-DMD fusion, as tested cells 
were able to form myotubes. However, the effectiveness 
of MB-DMD myotube formation was higher in the pres-
ence of hydrogels modified with IL4 or SDF1 mimicking 
peptides, compared to control. Such an effect was not 
observed in the case of unmodified hydrogels, thus, we 
concluded that the presence of IL4 or SDF1 mimicking 
peptides enhanced MB-DMD fusion. We further sug-
gested that the functionalized hydrogels could support 
MB-DMD differentiation. Importantly, GO analysis 
showed that transcripts involved in muscle cell differenti-
ation were elevated in myoblasts cultured in the presence 
of hydrogels modified with either IL4 or SDF1 mimick-
ing peptides, compared to unmodified hydrogels. This is 
in line with the results indicating that IL4 is an impor-
tant factor responsible for the recruitment of myoblasts 
to form myotubes in vitro [63]. Furthermore, the reduced 
area of myofibers was detected in skeletal muscles of 
IL4-/- mice, confirming the crucial role of IL4 signalling 
in myogenic cell fusion with myofibers in vivo. Using 



Page 16 of 23Michalska et al. Stem Cell Research & Therapy          (2026) 17:377 

Fig. 4 (See legend on next page.)
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mouse C2C12 cells, it was also shown that the IL4/IL4Rα 
axis enhanced cell fusion and differentiation in a MYOD, 
myogenin, and myomerger dependent manner [4]. In 
turn, the impact of SDF1 on myoblast fusion is unclear. 
Some lines of evidence suggest that SDF1 inhibited the 
differentiation of both C2C12 and primary murine myo-
blasts, decreasing MYOD, MYHC, and myogenin levels 
[64]. However, it was also shown that SDF1 treatment 
led to MYHC accumulation and induced C2C12 myo-
blasts and primary murine myoblasts to form myotubes 
[65]. Our previous studies showed that SDF1 treatment 
could improve fusion of bone marrow stromal cells with 
myotubes [66], suggesting that the impact of SDF1 on cell 
fusion could depend on cell types.

Another factor determining the regenerative potential 
of cells is their ability to migrate. SDF1 is a well-known 
chemoattractant and many research groups evaluated 
this aspect of SDF1 activity [9, 11, 12, 67–69]. In our pre-
vious study we noticed that SDF1, as well as IL4 mimick-
ing peptides, were able to induce migration of human 
fibroblasts, and myoblasts [34]. SDF1 mimicking peptide 
also improved the migration of bone marrow stromal 
cells. In the current study, using a wound healing assay, 
we showed that the migration of MB-DMD cultured on 
hydrogels modified with IL4 or SDF1 peptides was not 
changed. However, in the transwell colorimetric cell 
migration assay, MB-DMD migrated significantly more 
efficiently in culture on R1-SDF1-X and on plastic, com-
pared to those cultured on R4-IL4-Y. The significant inhi-
bition of migration towards hydrogel modified with IL4 
peptide was confirmed by GO analysis, revealing that 
transcripts elevated in such cells were connected inter 
alia with negative regulation of migration. Interestingly, 
IL4 was previously shown to favour human myogenic cell 
migration and its interaction with newly formed myo-
tubes [3]. However, it was also shown that IL4 did not 
influence the migration of primary prostate cancer cells 
[70] or vascular smooth muscle cells [71] and could also 
inhibit migration of other cells, e.g., human keratinocytes 
[72].

Considering the possibility of using hydrogels in vivo, 
it is important to determine if the presence of such scaf-
folds impacts undesired cell differentiation. Importantly, 
hydrogels modified with IL4 or SDF1 mimicking peptides 
did not enhance MB-DMD neither osteogenesis nor adi-
pogenesis. However, in the presence of hydrogels, the 

up-regulation of OSF-2 (osteoblast-specific factor) and 
IGFBP5 (insulin-like growth factor binding protein 5) 
was revealed by NGS analysis. OSF-2 is a transcription 
factor which regulates osteoblast differentiation [73] and 
IGFBP5 is known as a pro-osteogenic factor [74]. Impor-
tantly, hydrogels inhibited the expression of chondro-
genic marker SOX9 in MB-DMD, which could be related 
to NOGGIN upregulation found in NGS analysis. NOG-
GIN inhibits chondrocyte and osteocyte differentiation 
through negative regulation of TGF-β/BMP signalling 
[75]. Thus, hydrogels tested by us do not pose the risk of 
inducing unwanted differentiation processes; however, in 
vivo studies are needed to exclude such risk.

In addition to the above-mentioned results, NGS anal-
ysis revealed a significant number of transcripts which 
were up-regulated or, to lesser extent – down-regulated 
in MB-DMD, in response to culture on different types of 
hydrogels. Some changes in transcript expression were 
common for cells cultured on all tested hydrogels (R1, 
R1-SDF1-X, R4-IL4-Y), indicating that they were not spe-
cifically induced by a particular hydrogel type, or hydro-
gel modification. Among them were POSTN, encoding 
periostin, which serves as a ligand for integrins and sup-
ports cell adhesion and migration [76], NPNT which 
product plays a role in cell adhesion, spreading and sur-
vival through the binding of several integrins, or IGFBP5, 
which encodes multifunctional protein that influences 
among many proliferation, adhesion, differentiation, and 
apoptosis in a cell-type specific manner [77]. The range 
and composition of transcripts which expression was sig-
nificantly changed and altered among MB-DMD cultured 
on particular hydrogel types, indicated that each hydro-
gel, or peptide released from them, induced specific cell 
response. Although GO analysis revealed that all types 
of tested hydrogels influenced expression of transcripts 
connected to the same, or similar biological processes, 
such as formation of extracellular matrix, or cell morpho-
genesis, they also had a specific, distinguishable impact. 
For example, the changes in the transcriptome induced 
by control R1 hydrogel were connected inter alia with 
potential osteogenesis regulation, while R4-IL4-Y ele-
vated expression of several transcripts that are typically 
associated with neurogenic or epithelial pathways. This is 
an important issue in case of derivatives obtained from 
pluripotent iPSCs which initially have a potential to dif-
ferentiate into cell types originating from all germ layers. 

(See figure on previous page.)
Fig. 4  Heat maps and Venn diagram of transcripts up-regulated in hiPSC-derived myoblasts cultured on different types of hydrogels. A. Heat map of 
transcripts up-regulated in myoblasts cultured on indicated hydrogels compared to control cells cultured on collagen I (R1 vs. COL I, R1-SDF1-X vs. COL 
I, R4-IL4-Y vs. COL I). The list includes transcripts that were characterized by fold-change > 3 at least in one of the indicated comparisons (R1 vs. COL I, 
R1-SDF1-X vs. COL I, R4-IL4-Y vs. COL I). B. Heat map of transcripts up-regulated in myoblasts cultured on indicated hydrogels compared to cells cultured 
on control hydrogel (R1-SDF1-X vs. R1, R4-IL4-Y vs. R1). The list includes transcripts which were characterised by fold-change > 1.5 at least in one of the 
indicated comparisons (R1-SDF1-X vs. R1, R4-IL4-Y vs. R1). C. Heat map of transcripts up-regulated in myoblasts cultured on R4-IL4-Y compared to cells cul-
tured on R1-SDF1-X hydrogel. The list includes genes which were characterised by fold-change > 1.5. D. Venn diagram presents overlapped up-regulated 
transcripts between myoblasts cultured on different hydrogel types (R1, R1-SDF1-X, R4-IL4-Y)
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Thus, it cannot be definitely excluded that in response to 
strong inducers, iPSC derivatives could still change their 
fate.

Detailed analysis of transcriptome differences showed 
that among transcripts which expression was specifically 
changed in the response to R1-SDF1-X hydrogel, com-
pared to R1 hydrogel, were CXCL8 and NOTCH4. Both 
transcripts encode factors essential for proper skeletal 
muscle function. CXCL8 acts as a chemotactic factor 
that mediates inflammatory response in injured muscles, 
serves as a potential angiogenic factor, and is involved 
in controlling cell fate [78]. It is released by contract-
ing skeletal muscles and acts locally within the muscle 

microenvironment, where it may support tissue remodel-
ling and repair processes [79]. Importantly, CXCL8 pro-
motes myotube growth, by increasing myotube length 
and diameter, activating AKT signalling pathways, reduc-
ing the expression of proteolysis-associated markers, 
e.g., atrogin and MuRF1, as well as supporting myogenic 
differentiation [80]. In turn NOTCH4 is engaged in cell-
fate determination. Next, among transcripts specifically 
up-regulated by the R4-IL4-Y hydrogel were inter alia 
those connected with skeletal muscle development and 
maintenance such as LGR5, which product is involved 
in the canonical WNT signalling pathway, already men-
tioned NOGGIN, encoding protein expressed during 

Fig. 5  qRT-PCR analysis of transcripts selected on the basis of NGS analysis. mRNA expression was determined in MB-DMD after 3 days of culture on 
collagen I (COL I, control) or hydrogel-coated surfaces. Data are shown as fold change compared to cells cultured in collagen I. * p ≤ 0.05, ** p ≤ 0.01, *** 
p ≤ 0.001, **** p ≤ 0.0001. A. Transcripts found by NGS analysis to be elevated in cells cultured on R1-SDF1-X to R1. B. Transcripts found by NGS analysis 
to be elevated in cells cultured on R4-IL4-Y to other variants. C. Transcripts found by NGS analysis to be elevated in cells cultured on R4-IL4-Y to R1. D. 
Transcripts found by NGS analysis to be elevated in cells cultured on R4-IL4-Y to R1-SDF1-X
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muscle development and acting as a BMP inhibitor, or 
NEBULIN which product localises to thin filament in 
skeletal muscles and regulates actin-myosin interac-
tions [81–83]. GO analysis stayed in accordance with 
the observed differences in the elevated transcript sets 
in MB-DMD, in response to functionalised hydrogels 
showing that genes upregulated in R1-SDF1-X vari-
ant were related to, e.g., muscle cell differentiation and 
angiogenesis, while in R4-IL4-Y variant to, e.g., muscle 
structure development and negative muscle differentia-
tion. The results of the NGS analysis allowed us for set-
ting the list of common transcripts that were elevated in 
MB-DMD cultured on the R4-IL4-Y hydrogel compared 
to any other variant (cells cultured on collagen I, R1 and/
or R1-SDF1-X hydrogel). Among them was the muscular 
LMNA interacting protein, i.e. MLIP, required for myo-
blast differentiation in myotubes and acting as a poten-
tial transcriptional regulator of the myogenic program, 
or ACTC1, i.e., cardiac muscle alpha actin, serving as a 
major constituent of the contractile apparatus in muscle 
tissues [84, 85].

RT-qPCR analysis, which followed NGS, confirmed 
that MB-DMD cultured on R1-SDF1-X hydrogel were 
indeed characterised by significantly higher level of 
CXCL8 expression, compared to those cultured on the 
R1 hydrogel as well as control ones, propagated on col-
lagen I. An elevated level of CXCL8 was also found in 
MB-DMD cultured on R4-IL4-Y hydrogel, compared to 
control ones. Stimulation of CXCL8 expression by IL4 
has already been described inter alia for endothelial cells 
[86], while the linkage between CXCL8 and SDF1 activ-
ity was shown only for pancreatic cancer cells, in which 
SDF1 release caused fibroblasts to produce CXCL8 and 
attract cancer cells [87]. Under experimental conditions 
used by us, the release of SDF1 peptide from the hydro-
gel could stimulate CXCL8 expression in hiPSC-derived 
myoblasts. This feature could be beneficial in the case of 
transplantation of such cells pre-treated with this hydro-
gel, as CXCL8 is a known mediator of the inflamma-
tory response in injured muscles, as a well as a potential 
angiogenic factor, that could be helpful during muscle 
reconstruction [88]. It was also shown as a positive regu-
lator of skeletal muscle cell differentiation, therefore its 
expression in hiPSC-derived myoblasts may reflect, and 
accompany, their myogenic identity. An inverted picture 
was obtained for TBX2, which encodes the T-box tran-
scription factor, and which expression was significantly 
elevated in MB-DMD cultured on R4-IL4-Y hydrogel, 
compared to all other samples. It was also higher in cells 
propagated on R1-SDF1-X hydrogel, compared to control 
cells. TBX2 is associated with numerous signalling path-
ways such as BMP, TGFβ, WNT, and FGF, and thus is 
engaged in regulation of cell proliferation and tissue pat-
terning during organogenesis. TBX2 was also shown to 

control the cell cycle in skeletal muscle through interac-
tion with MYOD and cell cycle regulators, p21 and p14 
[89]. However, the exact mechanism of its action, as well 
as its possible connection with SDF1 or IL4, have not 
been described yet.

Human iPSC-derived myoblasts cultured on hydrogel 
modified with IL4 mimicking peptide were also charac-
terised by significantly elevated levels of FREM2 com-
pared to all other samples as well as IRS4 and ACTC1 
in comparison to control samples. FREM2, i.e. FRAS1-
related extracellular matrix protein 2, is described as a 
factor that forms a complex with other ECM proteins, 
FREM1 and FRAS1, and plays an important role in cell 
adhesion and cell membrane integrity [90, 91]. In turn, 
ACTC1 and IRS4 were also significantly increased in 
myoblasts cultured in the presence of R4-IL4-Y hydrogel, 
but only compared to control cells. ACTC1 encodes the 
predominant striated α-actin isoform in the heart, but 
it is also expressed in developing and early adult skeletal 
muscles [85]. It represents a therapeutic target for dis-
ease caused by a mutation in ACTA1 encoding skeletal 
muscle α-actin which generally leads to a severe skeletal 
muscle phenotype with reduced movement at birth and 
death within the first year of life [92]. Transgenic over-
expression of ACTC1 in postnatal skeletal muscle could 
effectively compensate for absent or mutant ACTA1 [93–
95]. Its elimination in bovine myoblasts resulted in the 
reduction in myotubes’ size and number, as well as the 
decrease in myogenic marker expression [96]. The poten-
tial connection of ACTC1 with IL4 remains unknown, 
however, identification of the factors directly or indirectly 
controlling its expression, would be important for pos-
sible treatments of cardiac or skeletal muscle diseases in 
the future. Next, IRS4 is known to be involved in tyrosine 
kinase signalling, also in response to IL4 activity [97]. It 
acts as a regulator of BMP signal transduction, leading to 
its repression in mouse C2C12 myoblasts and activation 
of PI3K/AKT pathway [98]. For this reason, it is believed 
to serve as a molecular switch between BMP and AKT 
signalling, and to be particularly critical in the myoblasts, 
controlling their differentiation and final commitment. 
Alterations in the BMP pathway, i.e., up-regulation of 
BMP2 and SMAD9 expression, as well as their targets 
– ID1 and ID2, were indicated by NGS analysis in myo-
blasts cultured on R4-IL4-Y, compared to those propa-
gated on R1. However, neither RT-qPCR nor Luminex 
analysis confirmed such an effect. This could result 
from the above-mentioned increase in IRS4 expression 
in response to IL4, which could lead to inhibiting BMP 
signalling and progression of myogenic differentiation, 
which occurred successfully in hiPSC-derived myoblasts, 
analysed by us.

NGS analysis also indicated that myoblast propaga-
tion on R4-IL4-Y hydrogel resulted in up-regulation of 
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CDH9, compared to cells cultured on R1-SDF1-X, as well 
as ADAMTS16, FIBIN and MLIP, in comparison to cells 
cultured on all other surfaces (collagen I, R1, R1-SDF1-
X hydrogel), what was confirmed by RT-qPCR analysis. 
CDH9, ADAMTS16 and MLIP were also expressed at a 
higher level in cells cultured on other hydrogels, i.e., R1 
and R1-SDF1-X, but only compared to control MB-DMD 
propagated on collagen I, and at significantly lower level 
than in cells cultured in the presence of hydrogel modi-
fied with IL4 mimicking peptide. FIBIN expression was 
also up-regulated in MB-DMD cultured in the presence 
of R1 or R1-SDF1-X hydrogel, but in this case the expres-
sion level in cells cultured on the R1-SDF1-X hydro-
gel was higher not only in comparison to control cells, 
but also those propagated on the R1 hydrogel. CDH9 is 
known to regulate synapse formation [99], but it was also 
detected in developing and mature skeletal muscle [100, 
101]. It was indicated to bind to adiponectin, however, 
little is known about its actual role in the functioning 
of skeletal muscle or myogenic cells. Even less informa-
tion is available on ADAMTS16, which is mostly known 
to be involved in renal and gonadal development, as well 
as blood pressure regulation [102]. Experiments per-
formed with renal tubule-derived, epithelial MDCKI 
cells, showed that ADAMTS16 cleaves fibronectin, lead-
ing to the inhibition of its maturation and up-regulation 
of MMP3 and MMP14 expression. We have indeed 
noticed this effect in MB-DMD cultured on R4-IL4-Y, 
in the case of MMP14 but not MMP3. In contrast to the 
factors mentioned above, MLIP has been described as a 
factor ubiquitously and abundantly expressed in skeletal 
muscles. It acts as a transcription factor that regulates 
the myogenic program through its association with chro-
matin and is required for myoblast differentiation into 
myotubes [103]. Blocking MLIP expression in C2C12 
myoblasts negatively impacted MRFs, inhibited myo-
blast differentiation and myotube formation. MLIP is also 
engaged in organising the position of myonuclei which 
number in myotubes and muscle fibers is increased by 
well described action of IL4 [63]. The last transcript sig-
nificantly increased in myoblasts cultured on R4-IL4-Y 
hydrogel, FIBIN, encodes the factor which was initially 
described as expressed in the mesoderm and necessary 
for fin formation [104]. Later, using a knock-out mouse 
model, it was also shown that FIBIN is crucial for proper 
muscle fiber development during embryogenesis and 
control of skeletal muscle mass in adulthood. The analysis 
of mouse C2C12 myoblasts revealed that FIBIN inhibits 
their proliferation and is crucial for their differentiation, 
as cells lacking this gene had almost no ability to form 
myotubes. Recently, FIBIN was also shown to regulate 
mitochondrial function in myoblasts by binding to mito-
chondria related proteins such as RRBP1, ATP5F1B, and 
TPI1 [105]. Altogether, hydrogels tested by us induced 

changes in the transcriptome of hiPSC-derived myoblasts 
involving factors engaged in angiogenesis and inflam-
matory mediation (CXCL8), cell adhesion (FREM2) and 
increase in MMP expression (ADAMTS16), as well as 
neurogenesis (CDH9), and progression and maintenance 
of myogenic differentiation (IRS4, FIBIN, MLIP).

Conclusions
The hydrogels tested by us turned out to secure a sup-
portive environment for myoblasts obtained from human 
iPSCs, as they enabled proper proliferation, migration, 
and myogenic differentiation of these cells. In the case of 
hydrogels functionalised with IL4 or SDF1- derived pep-
tides their beneficial impact is underlined by an increased 
fusion index. Moreover, none of the tested hydrogels 
induced neither apoptosis nor non-specific differentia-
tion of the hiPSC-derived myoblasts. Hydrogel-induced 
changes in the transcriptome of hiPSC-derived myo-
blasts are beneficial for their regenerative potential, as 
they concerned factors regulating inter alia angiogenesis, 
inflammatory mediation, neurogenesis, and myogenic 
differentiation. Hopefully, our ongoing in vivo studies 
confirm that the above-mentioned effects translate to sig-
nificant benefits observed during the reconstruction of 
muscles transplanted with hydrogels functionalised with 
either IL4 or SDF1- derived peptides, and hiPSC-derived 
myoblasts.

Abbreviations
CFSE	� Carboxyfluorescein succinimidyl ester
DIC	� Diisopropylcarbodiimide
ESCs	� Embryonic stem cells
IL4	� Interleukin 4
iPSCs	� Induced pluripotent stem cells
hiPSC	� Human induced pluripotent stem cells
hiPSC-MBs	� hiPSC-derived myoblasts
HPLC	� High-performance liquid chromatography
MB-DMD	� Myoblasts derived from hiPSC-DMD line
MB-LMNβ1	� Myoblasts derived from hiPSC-LMNβ1 line
MMPs	� Metalloproteinases
MYHC	� Myosin heavy chains
qPCR	� Quantitative polymerase chain reaction
PFA	� Paraformaldehyde
R1	� Unfunctionalised RADA16-I hydrogel
SAPs	� Self-assembling peptides
SCs	� Satellite cells
SDF1	� Stromal derived factor 1
SPPS	� Solid phase peptide synthesis
TFA	� Trifloroacetic acid
TIS	� Triisopropylsilane
VML	� Volumetric muscle loss

Supplementary Information
The online version contains supplementary material available at ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​
g​/​1​0​.​1​1​8​6​/​s​1​3​2​8​7​-​0​2​6​-​0​5​1​9​2​-​1​​​​​.​​

Supplementary Material 1.

Acknowledgements
Authors would like to thank Władyslawa Streminska for her technical and 
administrative support throughout the completion of this work. NGS was 

https://doi.org/10.1186/s13287-026-05192-1
https://doi.org/10.1186/s13287-026-05192-1


Page 21 of 23Michalska et al. Stem Cell Research & Therapy          (2026) 17:377 

performed thanks to Genomics Core Facility CeNT UW (RRID: SCR_022718), 
using NovaSeq 6000 platform financed by Polish Ministry of Science and 
Higher Education (decision no. 6817/IA/SP/2018 of 2018-04-10). The authors 
declare that they have not use AI-generated work in this manuscript.

Author contributions
ZM, AO - design of the work, acquisition, analysis, and interpretation of most 
data, manuscript preparation and review; MD, IG, MZ - design of the work, 
acquisition, analysis, and interpretation of data, manuscript preparation and 
review; MF, PS, WP, AR, AP – acquisition and analysis of data, manuscript 
review; ZB – acquisition, analysis, and interpretation of data, manuscript 
review; KJI - acquisition of data, manuscript review; SRM, MAC, KA, EB – 
conception, analysis, and interpretation of data, manuscript preparation and 
review, supervision.

Funding
This study was funded by the National Science Centre, Poland (grant No 
2019/35/B/NZ5/01555; head of the project – Maria A. Ciemerych-Litwinienko).

Data availability
The data supporting the findings of this study are available within the article 
and its supplementary materials. The raw sequence data have been archived 
in University of Warsaw Repository ​[​h​t​t​​p​s​:​​/​/​d​a​​n​e​​b​a​d​a​w​c​z​e​.​u​w​.​e​d​u​.​p​l​/​d​a​t​a​s​e​t​
.​x​h​t​m​l​? persistentId=doi:10.58132/XYKGK1](https:/danebadawcze.uw.edu.pl/
dataset.xhtml? persistentId=doi:10.58132/XYKGK1) .

Declarations

Ethics approval and consent to participate
Not applicable. All experiments were performed using commercial iPSC lines 
derived from the parental cell line UCSFi001-A. The ethics information for 
UCSFi001-A parental cell line can be found here: ​h​t​t​​​​p​s​:​​/​​/​h​​p​s​​​c​r​e​g​​.​​e​u​/​c​e​l​l​-​l​i​n​e​/​
U​C​S​F​i​0​0​1​-​A​#​e​t​h​i​c​s​​​​​.​​

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1Department of Cytology, Faculty of Biology, Institute of Developmental 
Biology and Biomedical Sciences, University of Warsaw, Warsaw, Poland
2Department of Biomedical Chemistry, Faculty of Chemistry, University of 
Gdańsk, Gdańsk, Poland
3Department of Internal Diseases and Endocrinology, Medical University 
of Warsaw, Warsaw, Poland

Received: 16 September 2025 / Accepted: 16 July 2026

References
1.	 Barai P, Chen J. Cytokine expression and cytokine-mediated cell-cell commu-

nication during skeletal muscle regeneration revealed by integrative analysis 
of single-cell RNA sequencing data. J Cell Commun Signal. 2024;18(4):e12055.

2.	 Heeb LEM, Egholm C, Boyman O. Evolution and function of interleukin-4 
receptor signaling in adaptive immunity and neutrophils. Genes Immun. 
2020;21(3):143–9.

3.	 Lafreniere JF, Mills P, Bouchentouf M, Tremblay JP. Interleukin-4 improves the 
migration of human myogenic precursor cells in vitro and in vivo. Exp Cell 
Res. 2006;312(7):1127–41.

4.	 Kurosaka M, Hung YL, Machida S, Kohda K. IL-4 Signaling Promotes Myoblast 
Differentiation and Fusion by Enhancing the Expression of MyoD, Myogenin, 
and Myomerger. Cells. 2023;12:9.

5.	 Swierczek-Lasek B, Neska J, Kominek A, Tolak L, Czajkowski T, Janczyk-Ilach K, 
et al. Interleukin 4 Moderately Affects Competence of Pluripotent Stem Cells 
for Myogenic Conversion. Int J Mol Sci. 2019;20:16.

6.	 Dalonneau F, Liu XQ, Sadir R, Almodovar J, Mertani HC, Bruckert F, et al. The 
effect of delivering the chemokine SDF-1alpha in a matrix-bound manner on 
myogenesis. Biomaterials. 2014;35(15):4525–35.

7.	 Sadri F, Rezaei Z, Fereidouni M. The significance of the SDF-1/CXCR4 signaling 
pathway in the normal development. Mol Biol Rep. 2022;49(4):3307–20.

8.	 Mirshahi F, Pourtau J, Li H, Muraine M, Trochon V, Legrand E, et al. SDF-1 activ-
ity on microvascular endothelial cells: consequences on angiogenesis in in 
vitro and in vivo models. Thromb Res. 2000;99(6):587–94.

9.	 Cheng X, Wang H, Zhang X, Zhao S, Zhou Z, Mu X, et al. The Role of SDF-1/
CXCR4/CXCR7 in Neuronal Regeneration after Cerebral Ischemia. Front 
Neurosci. 2017;11:590.

10.	 Kowalski K, Archacki R, Archacka K, Streminska W, Paciorek A, Golabek M, 
et al. Stromal derived factor-1 and granulocyte-colony stimulating factor 
treatment improves regeneration of Pax7-/- mice skeletal muscles. J cachexia 
sarcopenia muscle. 2016;7(4):483–96.

11.	 Brzoska E, Kowalewska M, Markowska-Zagrajek A, Kowalski K, Archacka 
K, Zimowska M, et al. Sdf-1 (CXCL12) improves skeletal muscle regenera-
tion via the mobilisation of Cxcr4 and CD34 expressing cells. Biol Cell. 
2012;104(12):722–37.

12.	 Archacka K, Bem J, Brzoska E, Czerwinska AM, Grabowska I, Kasprzycka P, et 
al. Beneficial Effect of IL-4 and SDF-1 on Myogenic Potential of Mouse and 
Human Adipose Tissue-Derived Stromal Cells. Cells. 2020;9:6.

13.	 Kasprzycka P, Archacka K, Kowalski K, Mierzejewski B, Zimowska M, 
Grabowska I, et al. The factors present in regenerating muscles impact bone 
marrow-derived mesenchymal stromal/stem cell fusion with myoblasts. Stem 
Cell Res Ther. 2019;10(1):343.

14.	 Kim JJ, Park JH, Kim H, Sim WS, Hong S, Choi YJ, et al. Vascular regeneration 
and skeletal muscle repair induced by long-term exposure to SDF-1alpha 
derived from engineered mesenchymal stem cells after hindlimb ischemia. 
Exp Mol Med. 2023;55(10):2248–59.

15.	 Boyer O, Butler-Browne G, Chinoy H, Cossu G, Galli F, Lilleker JB, et al. 
Myogenic Cell Transplantation in Genetic and Acquired Diseases of Skeletal 
Muscle. Front Genet. 2021;12:702547.

16.	 Nammian P, Asadi-Yousefabad SL, Daneshi SS, Fallahi J, Khajeh S, Tabei SMB et 
al. Bone Marrow Mesenchymal Stem Cells Overexpressing MicroRNA-126 to 
Treat Critical Limb Ischemia. Microrna. 2025.

17.	 Sandona M, Di Pietro L, Esposito F, Ventura A, Silini AR, Parolini O, et al. Mesen-
chymal Stromal Cells and Their Secretome: New Therapeutic Perspectives for 
Skeletal Muscle Regeneration. Front Bioeng Biotechnol. 2021;9:652970.

18.	 Archacka K, Grabowska I, Mierzejewski B, Graffstein J, Gorzynska A, Krawczyk 
M, et al. Hypoxia preconditioned bone marrow-derived mesenchymal stro-
mal/stem cells enhance myoblast fusion and skeletal muscle regeneration. 
Stem Cell Res Ther. 2021;12(1):448.

19.	 Darabi R, Arpke RW, Irion S, Dimos JT, Grskovic M, Kyba M, et al. Human ES- 
and iPS-Derived Myogenic Progenitors Restore DYSTROPHIN and Improve 
Contractility upon Transplantation in Dystrophic Mice. Cell Stem Cell. 
2012;10(5):610–9.

20.	 Tanaka A, Woltjen K, Miyake K, Hotta A, Ikeya M, Yamamoto T, et al. Efficient 
and reproducible myogenic differentiation from human iPS cells: prospects 
for modeling Miyoshi Myopathy in vitro. PLoS ONE. 2013;8(4):e61540.

21.	 Tedesco FS, Gerli MF, Perani L, Benedetti S, Ungaro F, Cassano M, et al. Trans-
plantation of genetically corrected human iPSC-derived progenitors in mice 
with limb-girdle muscular dystrophy. Sci Transl Med. 2012;4(140):140ra89.

22.	 Caron L, Kher D, Lee KL, McKernan R, Dumevska B, Hidalgo A, et al. A Human 
Pluripotent Stem Cell Model of Facioscapulohumeral Muscular Dystrophy-
Affected Skeletal Muscles. Stem Cells Transl Med. 2016;5(9):1145–61.

23.	 Ding K, Yang Z, Xu JZ, Liu WY, Zeng Q, Hou F, et al. Elastic hydrogel substrate 
supports robust expansion of murine myoblasts and enhances their engraft-
ment. Exp Cell Res. 2015;337(1):111–9.

24.	 Engler AJ, Sen S, Sweeney HL, Discher DE. Matrix elasticity directs stem cell 
lineage specification. Cell. 2006;126(4):677–89.

25.	 Brekken RA, Sage EH. SPARC, a matricellular protein: at the crossroads of cell-
matrix. Matrix Biol. 2000;19(7):569–80.

26.	 Dzierzynska M, Sawicka J, Deptula M, Sosnowski P, Sass P, Peplinska B, et 
al. Release systems based on self-assembling RADA16-I hydrogels with 
a signal sequence which improves wound healing processes. Sci Rep. 
2023;13(1):6273.

27.	 Simeon A, Monier F, Emonard H, Gillery P, Birembaut P, Hornebeck W, et al. 
Expression and activation of matrix metalloproteinases in wounds: modula-
tion by the tripeptide-copper complex glycyl-L-histidyl-L-lysine-Cu2+. J 
Invest Dermatol. 1999;112(6):957–64.

https://danebadawcze.uw.edu.pl/dataset.xhtml
https://danebadawcze.uw.edu.pl/dataset.xhtml
https://hpscreg.eu/cell-line/UCSFi001-A#ethics
https://hpscreg.eu/cell-line/UCSFi001-A#ethics


Page 22 of 23Michalska et al. Stem Cell Research & Therapy          (2026) 17:377 

28.	 Hejbol EK, Sellathurai J, Nair PD, Schroder HD. Injectable scaffold materials dif-
fer in their cell instructive effects on primary human myoblasts. J tissue Eng. 
2017;8:2041731417717677.

29.	 Garcia-Lizarribar A, Fernandez-Garibay X, Velasco-Mallorqui F, Castano AG, 
Samitier J, Ramon-Azcon J. Composite Biomaterials as Long-Lasting Scaf-
folds for 3D Bioprinting of Highly Aligned Muscle Tissue. Macromol Biosci. 
2018;18(10):e1800167.

30.	 Mohanto S, Narayana S, Merai KP, Kumar JA, Bhunia A, Hani U, et al. Advance-
ments in gelatin-based hydrogel systems for biomedical applications: A 
state-of-the-art review. Int J Biol Macromol. 2023;253(Pt 5):127143.

31.	 Thorrez L, Shansky J, Wang L, Fast L, VandenDriessche T, Chuah M, et al. 
Growth, differentiation, transplantation and survival of human skeletal myofi-
bers on biodegradable scaffolds. Biomaterials. 2008;29(1):75–84.

32.	 Boldrin L, Elvassore N, Malerba A, Flaibani M, Cimetta E, Piccoli M, et al. 
Satellite cells delivered by micro-patterned scaffolds: a new strategy for cell 
transplantation in muscle diseases. Tissue Eng. 2007;13(2):253–62.

33.	 Borselli C, Cezar CA, Shvartsman D, Vandenburgh HH, Mooney DJ. The role 
of multifunctional delivery scaffold in the ability of cultured myoblasts to 
promote muscle regeneration. Biomaterials. 2011;32(34):8905–14.

34.	 Michalska Z, Ostaszewska A, Fularczyk M, Dzierzynska M, Bielak K, Morytz 
J, et al. In Vitro Bioactivity Evaluation of IL-4 and SDF-1 Mimicking Peptides 
Engineered to Enhance Skeletal Muscle Reconstruction. J Biomed Mater Res 
A. 2025;113(3):e37898.

35.	 Deptula M, Sawicka J, Sass P, Sosnowski P, Karpowicz P, Zawrzykraj M, 
et al. Development and evaluation of RADA-PDGF2 self-assembling 
peptide hydrogel for enhanced skin wound healing. Front Pharmacol. 
2023;14:1293647.

36.	 Ostaszewska A, Michalska Z, Dzierzynska M, Fularczyk M, Bielak K, Morawska 
A, et al. Beneficial but diverse influence of custom-designed hydrogels modi-
fied with IL-4 and SDF-1 peptides on selected populations of cells essential 
for skeletal muscle regeneration. Int J Biol Macromol. 2025;317(Pt 1):144282.

37.	 Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illumina 
sequence data. Bioinformatics. 2014;30(15):2114–20.

38.	 Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner with low 
memory requirements. Nat Methods. 2015;12(4):357–60.

39.	 McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A, et al. 
The Genome Analysis Toolkit: a MapReduce framework for analyzing next-
generation DNA sequencing data. Genome Res. 2010;20(9):1297–303.

40.	 Zerbino DR, Achuthan P, Akanni W, Amode MR, Barrell D, Bhai J, et al. Ensembl 
2018. Nucleic Acids Res. 2018;46(D1):D754–61.

41.	 Anders S, Pyl PT, Huber W. HTSeq–a Python framework to work with high-
throughput sequencing data. Bioinformatics. 2015;31(2):166–9.

42.	 Love MI, Huber W, Anders S. Moderated estimation of fold change and 
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15(12):550.

43.	 The Gene Ontology C. The Gene Ontology Resource: 20 years and still GOing 
strong. Nucleic Acids Res. 2019;47(D1):D330–8.

44.	 Kanehisa M, Furumichi M, Tanabe M, Sato Y, Morishima K. KEGG: new 
perspectives on genomes, pathways, diseases and drugs. Nucleic Acids Res. 
2017;45(D1):D353–61.

45.	 Yu G, Wang LG, Han Y, He QY. clusterProfiler: an R package for comparing 
biological themes among gene clusters. OMICS. 2012;16(5):284–7.

46.	 Mierzejewski B, Rozycka J, Streminska W, Bragiel-Pieczonka A, Sidor K, Hoser 
G, et al. The Role of Pericytes in Lipopolysaccharide-Induced Murine Acute 
Respiratory Distress Syndrome. Am J Pathol. 2024;194(8):1443–57.

47.	 Schiaffino S, Rossi AC, Smerdu V, Leinwand LA, Reggiani C. Developmental 
myosins: expression patterns and functional significance. Skelet Muscle. 
2015;5:22.

48.	 Eckhard U, Huesgen PF, Schilling O, Bellac CL, Butler GS, Cox JH, et al. Active 
site specificity profiling of the matrix metalloproteinase family: Proteomic 
identification of 4300 cleavage sites by nine MMPs explored with structural 
and synthetic peptide cleavage analyses. Matrix Biol. 2016;49:37–60.

49.	 Lees-Shepard JB, Goldhamer DJ. Stem cells and heterotopic ossification: Les-
sons from animal models. Bone. 2018;109:178–86.

50.	 Meyers C, Lisiecki J, Miller S, Levin A, Fayad L, Ding C, et al. Heterotopic Ossifi-
cation: A Comprehensive Review. JBMR Plus. 2019;3(4):e10172.

51.	 Pulik L, Mierzejewski B, Ciemerych MA, Brzoska E, Legosz P. The Survey of Cells 
Responsible for Heterotopic Ossification Development in Skeletal Muscles-
Human and Mouse Models. Cells. 2020;9:6.

52.	 Pulik L, Mierzejewski B, Sibilska A, Grabowska I, Ciemerych MA, Legosz P, et al. 
The role of miRNA and lncRNA in heterotopic ossification pathogenesis. Stem 
Cell Res Ther. 2022;13(1):523.

53.	 Mierzejewski B, Pulik L, Grabowska I, Sibilska A, Ciemerych MA, Legosz P, et al. 
Coding and noncoding RNA profile of human heterotopic ossifications - Risk 
factors and biomarkers. Bone. 2023;176:116883.

54.	 Zhou Y, Zhou B, Pache L, Chang M, Khodabakhshi AH, Tanaseichuk O, et al. 
Metascape provides a biologist-oriented resource for the analysis of systems-
level datasets. Nat Commun. 2019;10(1):1523.

55.	 Ge SX, Jung D, Yao R. ShinyGO: a graphical gene-set enrichment tool for 
animals and plants. Bioinformatics. 2020;36(8):2628–9.

56.	 Szklarczyk D, Franceschini A, Wyder S, Forslund K, Heller D, Huerta-Cepas J, et 
al. STRING v10: protein-protein interaction networks, integrated over the tree 
of life. Nucleic Acids Res. 2015;43(Database issue):D447–52.

57.	 Snel B, Lehmann G, Bork P, Huynen MA. STRING: a web-server to retrieve and 
display the repeatedly occurring neighbourhood of a gene. Nucleic Acids 
Res. 2000;28(18):3442–4.

58.	 Li J, Xing R, Bai S, Yan X. Recent advances of self-assembling peptide-based 
hydrogels for biomedical applications. Soft Matter. 2019;15(8):1704–15.

59.	 Arab W, Rauf S, Al-Harbi O, Hauser CAE. Novel ultrashort self-assembling 
peptide bioinks for 3D culture of muscle myoblast cells. Int J Bioprint. 
2018;4(2):129.

60.	 Arab W, Kahin K, Khan Z, Hauser CAE. Exploring nanofibrous self-assembling 
peptide hydrogels using mouse myoblast cells for three-dimensional bio-
printing and tissue engineering applications. Int J Bioprint. 2019;5(2):198.

61.	 Yang S, Wang C, Zhu J, Lu C, Li H, Chen F, et al. Self-assembling peptide hydro-
gels functionalized with LN- and BDNF- mimicking epitopes synergistically 
enhance peripheral nerve regeneration. Theranostics. 2020;10(18):8227–49.

62.	 Ortmann D, Brown S, Czechanski A, Aydin S, Muraro D, Huang Y, et al. Naive 
Pluripotent Stem Cells Exhibit Phenotypic Variability that Is Driven by Genetic 
Variation. Cell Stem Cell. 2020;27(3):470–81. e6.

63.	 Horsley V, Jansen KM, Mills ST, Pavlath GK. IL-4 acts as a myoblast recruitment 
factor during mammalian muscle growth. Cell. 2003;113(4):483–94.

64.	 Odemis V, Boosmann K, Dieterlen MT, Engele J. The chemokine SDF1 controls 
multiple steps of myogenesis through atypical PKCzeta. J Cell Sci. 2007;120(Pt 
22):4050–9.

65.	 Melchionna R, Di Carlo A, De Mori R, Cappuzzello C, Barberi L, Musaro A, et al. 
Induction of myogenic differentiation by SDF-1 via CXCR4 and CXCR7 recep-
tors. Muscle Nerve. 2010;41(6):828–35.

66.	 Brzoska E, Kowalski K, Markowska-Zagrajek A, Kowalewska M, Archacki R, 
Plaskota I, et al. Sdf-1 (CXCL12) induces CD9 expression in stem cells engaged 
in muscle regeneration. Stem Cell Res Ther. 2015;6:46.

67.	 Mierzejewski B, Grabowska I, Michalska Z, Zdunczyk K, Zareba F, Irhashava A, 
et al. SDF-1 and NOTCH signaling in myogenic cell differentiation: the role of 
miRNA10a, 425, and 5100. Stem Cell Res Ther. 2023;14(1):204.

68.	 Zimowska M, Archacka K, Brzoska E, Bem J, Czerwinska AM, Grabowska I, 
et al. IL-4 and SDF-1 Increase Adipose Tissue-Derived Stromal Cell Ability to 
Improve Rat Skeletal Muscle Regeneration. Int J Mol Sci. 2020;21:9.

69.	 Brzoska E, Kowalski K, Markowska-Zagrajek A, Kowalewska M, Archacki R, 
Plaskota I, et al. Sdf-1 (CXCL12) induces CD9 expression in stem cells engaged 
in muscle regeneration. Stem Cell Res Ther. 2015;6(1):46.

70.	 Nappo G, Handle F, Santer FR, McNeill RV, Seed RI, Collins AT, et al. The immu-
nosuppressive cytokine interleukin-4 increases the clonogenic potential 
of prostate stem-like cells by activation of STAT6 signalling. Oncogenesis. 
2017;6(5):e342.

71.	 Wang W, Chen HJ, Giedd KN, Schwartz A, Cannon PJ, Rabbani LE. T-cell 
lymphokines, interleukin-4 and gamma interferon, modulate the induction of 
vascular smooth muscle cell tissue plasminogen activator and migration by 
serum and platelet-derived growth factor. Circ Res. 1995;77(6):1095–106.

72.	 Zhao Y, Bao L, Chan LS, DiPietro LA, Chen L. Aberrant Wound Healing in an 
Epidermal Interleukin-4 Transgenic Mouse Model of Atopic Dermatitis. PLoS 
ONE. 2016;11(1):e0146451.

73.	 Ducy P, Zhang R, Geoffroy V, Ridall AL, Karsenty G. Osf2/Cbfa1: a transcrip-
tional activator of osteoblast differentiation. Cell. 1997;89(5):747–54.

74.	 Mukherjee A, Rotwein P. Insulin-like growth factor binding protein-5 in osteo-
genesis: facilitator or inhibitor? Growth Horm IGF Res. 2007;17(3):179–85.

75.	 Guasto A, Cormier-Daire V. Signaling Pathways in Bone Development and 
Their Related Skeletal Dysplasia. Int J Mol Sci. 2021;22:9.

76.	 Kii I, Ito H. Periostin and its interacting proteins in the construction of extra-
cellular architectures. Cell Mol Life Sci. 2017;74(23):4269–77.

77.	 Sun Y, Kuek V, Qiu H, Tickner J, Chen L, Wang H, et al. The emerging role 
of NPNT in tissue injury repair and bone homeostasis. J Cell Physiol. 
2018;233(3):1887–94.



Page 23 of 23Michalska et al. Stem Cell Research & Therapy          (2026) 17:377 

78.	 Gioftsidi S, Relaix F, Mourikis P. The Notch signaling network in muscle 
stem cells during development, homeostasis, and disease. Skelet Muscle. 
2022;12(1):9.

79.	 Nielsen AR, Pedersen BK. The biological roles of exercise-induced cytokines: 
IL-6, IL-8, and IL-15. Applied physiology, nutrition, and metabolism = Physiolo-
gie appliquee. Nutr et Metab. 2007;32(5):833–9.

80.	 Milewska M, Domoradzki T, Majewska A, Blaszczyk M, Gajewska M, Hulanicka 
M, et al. Interleukin-8 enhances myocilin expression, Akt-FoxO3 signal-
ing and myogenic differentiation in rat skeletal muscle cells. J Cell Physiol. 
2019;234(11):19675–90.

81.	 Labeit S, Ottenheijm CA, Granzier H. Nebulin, a major player in muscle health 
and disease. FASEB J. 2011;25(3):822–9.

82.	 Leung C, Murad KBA, Tan ALT, Yada S, Sagiraju S, Bode PK, et al. Lgr5 Marks 
Adult Progenitor Cells Contributing to Skeletal Muscle Regeneration and 
Sarcoma Formation. Cell Rep. 2020;33(12):108535.

83.	 Costamagna D, Mommaerts H, Sampaolesi M, Tylzanowski P. Noggin inactiva-
tion affects the number and differentiation potential of muscle progenitor 
cells in vivo. Sci Rep. 2016;6:31949.

84.	 Ahmady E, Blais A, Burgon PG. Muscle Enriched Lamin Interacting Protein 
(Mlip) Binds Chromatin and Is Required for Myoblast Differentiation. Cells. 
2021;10:3.

85.	 Boutilier JK, Taylor RL, Ram R, McNamara E, Nguyen Q, Goullee H, et al. Vari-
able cardiac alpha-actin (Actc1) expression in early adult skeletal muscle cor-
relates with promoter methylation. Biochim Biophys Acta Gene Regul Mech. 
2017;1860(10):1025–36.

86.	 Huang H, Lavoie-Lamoureux A, Moran K, Lavoie JP. IL-4 stimulates the expres-
sion of CXCL-8, E-selectin, VEGF, and inducible nitric oxide synthase mRNA 
by equine pulmonary artery endothelial cells. Am J Physiol Lung Cell Mol 
Physiol. 2007;292(5):L1147–54.

87.	 Matsuo Y, Ochi N, Sawai H, Yasuda A, Takahashi H, Funahashi H, et al. CXCL8/
IL-8 and CXCL12/SDF-1alpha co-operatively promote invasiveness and angio-
genesis in pancreatic cancer. Int J Cancer. 2009;124(4):853–61.

88.	 Polesskaya A, Pinna G, Sassi Y, Vandamme M, Bigot A, Mouly V, et al. Post-
transcriptional modulation of interleukin 8 by CNOT6L regulates skeletal 
muscle differentiation. Biochim Biophys Acta. 2016;1863(2):263–70.

89.	 Zhu B, Zhang M, Byrum SD, Tackett AJ, Davie JK. TBX2 blocks myogenesis 
and promotes proliferation in rhabdomyosarcoma cells. Int J Cancer. 
2014;135(4):785–97.

90.	 Yue F, Song C, Huang D, Narayanan N, Qiu J, Jia Z, et al. PTEN Inhibition 
Ameliorates Muscle Degeneration and Improves Muscle Function in a Mouse 
Model of Duchenne Muscular Dystrophy. Mol Ther. 2021;29(1):132–48.

91.	 Kiyozumi D, Sugimoto N, Sekiguchi K. Breakdown of the reciprocal 
stabilization of QBRICK/Frem1, Fras1, and Frem2 at the basement mem-
brane provokes Fraser syndrome-like defects. Proc Natl Acad Sci U S A. 
2006;103(32):11981–6.

92.	 Goebel HH, Laing NG. Actinopathies and myosinopathies. Brain Pathol. 
2009;19(3):516–22.

93.	 Nowak KJ, Ravenscroft G, Jackaman C, Filipovska A, Davies SM, Lim EM, et al. 
Rescue of skeletal muscle alpha-actin-null mice by cardiac (fetal) alpha-actin. 
J Cell Biol. 2009;185(5):903–15.

94.	 Ravenscroft G, McNamara E, Griffiths LM, Papadimitriou JM, Hardeman EC, 
Bakker AJ, et al. Cardiac alpha-actin over-expression therapy in dominant 
ACTA1 disease. Hum Mol Genet. 2013;22(19):3987–97.

95.	 Sztal TE, McKaige EA, Williams C, Ruparelia AA, Bryson-Richardson RJ. Genetic 
compensation triggered by actin mutation prevents the muscle damage 
caused by loss of actin protein. PLoS Genet. 2018;14(2):e1007212.

96.	 Li A, Su X, Tian Y, Song G, Zan L, Wang H. Effect of Actin Alpha Cardiac Muscle 
1 on the Proliferation and Differentiation of Bovine Myoblasts and Preadipo-
cytes. Anim (Basel). 2021;11:12.

97.	 Fantin VR, Keller SR, Lienhard GE, Wang LM. Insulin receptor substrate 4 
supports insulin- and interleukin 4-stimulated proliferation of hematopoietic 
cells. Biochem Biophys Res Commun. 1999;260(3):718–23.

98.	 Dorpholz G, Murgai A, Jatzlau J, Horbelt D, Belverdi MP, Heroven C, et al. IRS4, 
a novel modulator of BMP/Smad and Akt signalling during early muscle dif-
ferentiation. Sci Rep. 2017;7(1):8778.

99.	 Williams ME, Wilke SA, Daggett A, Davis E, Otto S, Ravi D, et al. Cadherin-9 
regulates synapse-specific differentiation in the developing hippocampus. 
Neuron. 2011;71(4):640–55.

100.	 Tanaka Y, Kita S, Nishizawa H, Fukuda S, Fujishima Y, Obata Y, et al. Adiponec-
tin promotes muscle regeneration through binding to T-cadherin. Sci Rep. 
2019;9(1):16.

101.	 Tanaka Y, Kita S, Nishizawa H, Fukuda S, Fujishima Y, Obata Y, et al. Author 
Correction: Adiponectin promotes muscle regeneration through binding to 
T-cadherin. Sci Rep. 2020;10(1):12219.

102.	 Schnellmann R, Sack R, Hess D, Annis DS, Mosher DF, Apte SS, et al. A Selec-
tive Extracellular Matrix Proteomics Approach Identifies Fibronectin Proteoly-
sis by A Disintegrin-like and Metalloprotease Domain with Thrombospondin 
Type 1 Motifs (ADAMTS16) and Its Impact on Spheroid Morphogenesis. Mol 
Cell Proteom. 2018;17(7):1410–25.

103.	 Ahmady E, Deeke SA, Rabaa S, Kouri L, Kenney L, Stewart AF, et al. Identifica-
tion of a novel muscle A-type lamin-interacting protein (MLIP). J Biol Chem. 
2011;286(22):19702–13.

104.	 Wakahara T, Kusu N, Yamauchi H, Kimura I, Konishi M, Miyake A, et al. Fibin, a 
novel secreted lateral plate mesoderm signal, is essential for pectoral fin bud 
initiation in zebrafish. Dev Biol. 2007;303(2):527–35.

105.	 Wang X, Li E, Li C, Zhang C, Liang Z, Xu R, et al. Fibin is a crucial mitochon-
drial regulatory gene in skeletal muscle development. Int J Biol Macromol. 
2024;283(Pt 2):137568.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Hydrogels modified with IL4 or SDF1 mimicking peptides serve as a supportive environment for human iPSC-derived myoblasts
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Preparation of functionalized peptide hydrogels
	﻿Gelation process
	﻿Cell lines and cell culture
	﻿Hydrogel coating
	﻿Apoptosis assay
	﻿Proliferation assay
	﻿Migration assay
	﻿Scratch wound healing assay
	﻿hiPSC-MB differentiation
	﻿Adipogenesis, chondrogenesis, and osteogenesis assay
	﻿Oil red O staining
	﻿Alcian blue staining
	﻿Alizarin red staining
	﻿RT-qPCR
	﻿Next generation sequencing
	﻿Growth factor analysis (luminex)
	﻿Immunocytochemistry
	﻿Zymography in situ
	﻿Zymography in gel
	﻿Statistical analysis

	﻿Results
	﻿Evaluation of myogenic differentiation progression in human iPSC lines
	﻿Expression and activity of metalloproteinases in hiPSC-derived myoblasts cultured on hydrogels modified with IL4 or SDF1 peptides
	﻿Proliferation, apoptosis, and myogenic differentiation of human iPSC-derived myoblasts cultured on custom-designed hydrogels modified with IL4 or SDF1 peptides
	﻿Migration and non-specific differentiation of hiPSC-derived myoblasts cultured on hydrogels modified with IL4 and SDF1 mimicking peptides
	﻿Changes in the transcriptome of human iPSC-derived myoblasts cultured on hydrogels modified with IL4 and SDF1 mimicking peptides

	﻿Discussion
	﻿Conclusions
	﻿References


