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ABSTRACT

The construction of engineered muscle tissues that resemble the function and microstructure of human
muscles holds significant promise for various applications, including disease modeling, regenerative
medicine, and biological machines. However, current muscle tissue engineering approaches often rely on
complex equipment which may limit their accessibility and practicality. Herein, we present a convenient
approach using a standard 24-well cell culture plate to construct a platform to facilitate engineered
muscle tissues formation and culture. Using this platform, engineered muscle tissue with differentiation
characteristics can be manufactured in large quantities. Additionally, the mesenchymal stem cell
conditioned medium was utilized to promote the formation and functionality of the engineered muscle
tissues. The resulting tissues comprised a higher cell density and a better differentiation effect in the
tissues. Taken together, this study provides a simple, convenient, and effective platform for studying
muscle tissue engineering.

© 2024 The Author(s). Published by Elsevier BV on behalf of The Japanese Society for Regenerative
Medicine. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Skeletal muscle is vital to human physiology, enabling essential
functions such as respiration and locomotion [1]. Its remarkable
capacity for self-repair following minor injuries is facilitated by its
inherent regenerative abilities [2]. However, severe injuries,
particularly those accompanied by volumetric muscle loss (VML),
can lead to permanent functional impairment [3]. Current therapies
for VML are limited to autologous muscle transfers [4]. However,
these approaches have limitations such as morbidity at the donor
site, necrosis in the transplanted muscle, and restricted availability
of tissues [5]. To overcome these limitations, tissue engineering has
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emerged as a viable alternative, providing the possibility to develop
functional skeletal muscle tissue in vitro for transplantation.
Tissue engineering aims to mimic the structural and functional
characteristics of natural skeletal muscle tissue [G]. This involves
the alignment of myoblasts into parallel arrays, which is essential
for generating force transmission within the muscle [2]. Therefore,
engineered skeletal muscle tissue constructed through tissue en-
gineering also requires terminal differentiation of myoblasts to fuse
and form parallel arrangements to produce aligned structures [7].
While a variety of construction methods utilizing spatial con-
straints are used to achieve this alignment, such as electrospinning
and 3D bioprinting, they suffer from obvious disadvantages of
complex equipment and high cost. The molding method originated
from the tendon structure, is a simpler method for constructing
aligned skeletal muscle structures in vitro [8]. This method lever-
ages the spatial constraint imposed by a mold to guide myoblasts
alignment and fusing into myotubes [9]. For instance, Nenad Bursac
used a customized nylon frame as a mold to produce highly aligned
myotubes, which served as the foundation for engineered skeletal
muscle with certain functions [10]. Despite these advancements,
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in vitro-cultured engineered skeletal muscle tissue still exhibits
significant differences from their natural counterparts in terms of
properties including myotube fusion index, muscle fiber length and
width, etc. These differences are partly due to the current in vitro
culture environments not fully replicating the complex physiolog-
ical conditions of living organisms [11,12]. Therefore, while in vitro-
generated engineered muscle tissue can mimic the structure of
natural muscle tissue, it falls short in achieving comparable func-
tional performance.

In this study, we introduce a smart and user-friendly engineered
muscle tissue construction platform that circumvents the limita-
tions of conventional electrospinning and 3D bioprinting tech-
niques. This platform utilizes modified commercial 24-well cell
culture plates to facilitate the construction of engineered skeletal
muscle tissue under standard laboratory conditions, eliminating
the need for complex and costly equipment. To improve the
maturity and functionality of tissue-engineered skeletal muscle
cultured in vitro, we leverage the paracrine effects of mesenchymal
stem cell-conditioned medium. The medium is rich in factors and
cytokines that support muscle cell differentiation and maturation,
thus providing a more physiologically relevant environment for
tissue engineering. This study provides a valuable tool for
advancing the field of muscle tissue engineering.

2. Materials and methods
2.1. Materials

The main reagents used in this study were shown in
Supplementary Table S1.

2.2. Cell culture

The mouse myoblast cell line C2C12 was obtained from the
Haixing Biosciences and was used at passages 2 to 5. The growth
medium (GM) for C2C12 was composed of DMEM basic and DMEM
supplemented with 10% FBS and 1% P/S. The differentiation me-
dium (DM) was composed of basic DMEM and DMEM supple-
mented with 2% HS and 1%P/S. The rabbit bone marrow
mesenchymal stem cells (BM-MSCs) were obtained from Cyagen
Biosciences and the growth medium was DMEM basic with 10% FBS
and 1% P/S. Myoblasts and mesenchymal stem cells were cultured
in a 5% CO, incubator at 37 °C and the medium was changed every
other day.

2.3. MSC conditioned medium

MSCs (3 x 10° cells per well) were seeded on the surface of
konjac glucomannan microcarriers (0.12 mL per well) and added to
a 6 well plate with a low attachment surface. When the MSCs
reached 80% confluence, cells were washed twice with PBS, and 3
mL/well of fresh serum-free medium was added. After a further
48 h incubation period, the conditioned medium was collected and
centrifuged at 8000 rpm for 10 min to remove cell debris and
passed through a 0.22 pm sterile filter. Then conditioned medium
was stored at —80 °C until use.

2.4. Elisa

Quantitative concentrations of MSC secreted hepatocyte growth
factor (HGF) and insulin-like growth factor (IGF) in conditioned
media were determined using commercially available ELISA kits
(R&D systems) and used according to the manufacturer's
instructions.
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2.5. Engineering muscle tissues fabrication platform

The PDMS anchors were designed using SolidWorks software
(Dassault Systems). The female mold of the designed PDMS anchor
point was made of polytetrafluoroethylene (PTFE) (Fig. 2a and
Supplementary figure S1). The PDMS base and curing agents were
well-mixed at a ratio of 10:1 and put into the vacuum oven to
remove air bubbles. Then the mixed liquid was loaded into the
mold and placed in a vacuum environment to degas to ensure
complete filling. The mold was placed in a drying oven and heated
at 60 °C for 6 h. After the PDMS was cross-linked and solidified, the
PDMS anchors were taken out of the mold, and cut off the excess
part. PDMS anchors were put into 24-well cell culture plates. PDMS
mixed liquid was used as an adhesive to connect the anchor to the
well plate. They were then placed in a drying oven and heated at
60 °C for 6 h to cross-linking. The manufactured culture platforms
were cleaned with absolute ethanol and ultrapure water and then
soaked in 75% ethanol solution for disinfection before use.

2.6. Engineered muscle tissue formation

Before constructing engineered muscle tissues, a 4% F-127 so-
lution (P2443, Sigma) was added to the construction platform for
30 min to avoid adhesion of the hydrogel on the platform surface.
Discard the F-127 solution, clean the platform with ultrapure water,
and let it dry for later use.

C2C12 cells were suspended in a hydrogel mixture
(Supplementary table S2). Thrombin was added at a concentration
of 2 units per milliliter. And then use a pipette to add 0.3 mL of the
mixture to seed the cell/hydrogel in each well of the construction
platform. The platform was gently shaken to evenly distribute the
mixture inside the platform. Tissues were then incubated for
30 min at 37 °C to expedite thrombin-mediated fibrin polymeri-
zation. 0.5 mL growth medium containing 2 mg/mL ACA was added
to each well. After 2 days, the growth medium was exchanged to
differentiation medium which also contained 2 mg/ml ACA (Fig. 1).
This time point was marked as differentiation Day 0 (Fig. 3a). Half of
the culture medium was replaced every other day thereafter until
the desired experimental endpoint unless otherwise indicated [13].

For the conditioned medium derived from mesenchymal stem
cells, unless otherwise specified, it contains 10% FBS and 1% P/S for
growth and 2% HS and 1% P/S for different. The culture medium
used for engineered tissues contained 2 mg/ml ACA.

2.7. Cell viability tests

As shown of schematic diagram of the timeline for culturing
engineered muscle tissues in Fig. 3a. The cell viability was deter-
mined on Day —1 and Day 1, and the whole tissues were stained
using calcein/PI cell viability/cytotoxicity assay kit (C2015 M,
Beyotime) at 37 °C away from light for 30 min. The microscopy
images were obtained by Nikon Eclipse Ti 2 fluorescent microscope,
observing live (green) and dead (red) cells in the tissues. After that,
we counted the number of living cells and dead cells using Fiji
software, and the cell viability was calculated by dividing the
number of living cells by the sum of the number of living cells and
dead cells.

2.8. Myoblast proliferation, survival, and metabolism

The hydrogels in the culture platform were cross-linked. Me-
dium from different sources were added, including (1) growth
medium (blank) and (2) conditioned medium from MSCs (MSC-
CM). Cell counting kit-8 (CCK-8, CK04, DOJINDO) was used to
determine cell proliferation after 48 h. The survival of myoblasts
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Myotube formation

Fig. 1. Automatic tissue formation within platform. Myoblasts are seeded into well in combination with matrix and allowed to gel at 37 °C. Cells subsequently condense around the

two elastomeric poles.

PDMS anchor

Fig. 2. Design and structure of the culture platform. (a) Culture platform production started with creating a three-dimensional computer aided design (3D CAD) using SolidWorks™
Software which was then made of polytetrafluoroethylene. Next, a various of intermediates were created from the polytetrafluoroethylene negative part. Finally, each intermediate
was combined with a 24-well plate, and the excess was cut off to form the final culture platform. (b) Image of culture platform. (c) Image of 3 wells of the culture platform. (d)

Tissues were cultured with (up) and without (down) PDMS anchors.

was measured by artificially creating an apoptotic environment.
The medium was replaced at Day —1 with GM containing 10 mg/ml
ACA to induce apoptosis for 6h (Supplementary figure S2). Then the
medium was removed, and the cells were washed twice with
calcium-free PBS. GM and the growth conditioned medium were
added respectively. Then, Cell proliferation was determined after
24h.

The consumption of glucose per unit time was used to represent
the metabolic capacity of muscle tissue. The medium was removed
on Day 9 and added fresh blank medium and the conditioned
medium respectively. After 24h, the medium was collected, and the
glucose content was test using glucose assay kit with o-toluidine
(S0201S, Beyotime). In addition, the glucose content in the culture
medium before use was detected and used to calculate the glucose
consumption of the tissue within 24 h.

2.9. Analysis of cell orientation in tissues

Scanning electron microscope (SEM) was used to analyze the
orientation of the cells in the tissues. The tissues were put into a
vacuum freeze dryer for dehydration. After sublimation and sput-
tering, the longitudinal structure of the samples was observed.

2.10. Cell staining and visualization

To observe the orientation of cells in tissues under the action of
the PDMS anchors. The tissues were collected on Day 4 for cyto-
skeleton immunofluorescence imaging. The tissues were fixed in
4% paraformaldehyde at 4 °C overnight and were washed with PBS
for three times, and then were permeabilized with 0.1% triton-X
100 in PBS for 30 min at 37 °C. Nonspecific bindings were
blocked with 1% bovine serum albumin (BSA, A8010, Solarbio) in
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PBS for 30 min at 37 °C. The constructs were stained with rhoda-
mine phalloidin (Abcam, ab235138) for 1 h at room temperature,
and were washed with PBS for three times, and then were stained
with DAPI for 10 min at room temperature. Finally, the tissues were
washed with PBS for three times and visualized with Nikon Eclipse
Ti 2 fluorescent microscope. To analyze the images, they were
converted into highly contrasted 8-bit images and were processed
using Orientation] plugin of Fiji software.

For the tissue staining, the constructs were fixed in 4% para-
formaldehyde at 4 °C overnight, and were washed with PBS for
three times, and then were permeabilized with 0.5% triton-X100 in
PBS for 15 min. Nonspecific bindings were blocked with 5% BSA in
PBS for 0.5 h at room temperature. The constructs were stained
with anti-sarcomeric alpha actinin antibody (1:200, abcam,
ab68167), anti-Pax7 antibody (1:200, abcam, ab187339) and anti-
Myog antibody (1:200, abcam, ab77232) at 4 °C overnight, and
were washed with PBS for three times, and then were stained with
goat anti-rabbit IgG H&L (FITC) (1:1000, abcam, ab6717) for 2 h at
room temperature. Rhodamine phalloidin was also used for cyto-
skeleton immunofluorescence imaging. After rinsed with PBS, cell
nuclei were stained with DAPI staining solution (C1005, Beyotime).
Images were acquired by using a Nikon Eclipse Ti 2 fluorescent
microscope. For the morphometric analysis, myotubes were
multinucleated muscle fibers containing at least three nuclei. The
width and the area of the myotubes were analyzed using Image]
software [14].

2.11. Quantitative reverse transcription polymerase chain reaction
(RT-gPCR) analysis

The expression levels of myogenic genes of the engineered
muscle tissue were evaluated using a one-step RT-qPCR procedure.
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Fig. 3. (a) Schematic diagram of the timeline for culturing engineered muscle tissues. Engineered muscle tissues are cultured in growth medium for the first two days (Day -2 to
Day 0), and then the medium is change to differentiation medium on Day 0. (b) Representative phase-contrast images of engineered muscle tissues depicting the remodeling of the
matrix by C2C12 over time. Day 0 marks the time for switching to differentiation medium. Scale bar 2 cm. (c¢) Dot plot indicating the width of engineered muscle tissues over the
course of culture (n = minimum of 3 tissues). The width of engineered muscle tissues was defined as the distance from the upper edge to the lower edge of tissues in each well. (d)
Average surface Young's modulus culturing on Day —2, Day 4, and Day 10 (n = 3, means + SD; **p < 0.01, ***p < 0.001). (e) Cell viability at Day —1 and Day 1 (n = 3; means =+ SD). (f)
Representative confocal stitched image of an engineered muscle tissue on Day 10, stained for F-actin (green) and counterstained with DAPI (blue) to highlight the nuclei. (g) mRNA
expression levels of the selected myogenic differentiation markers measured by RT-qPCR for Engineered muscle tissues on Day 4 and Day 10 (n = 3; means + SD; *p < 0.05,

**p < 0.01).

The samples were washed with PBS on Day 4 and Day 10 and then
were placed in 800 pl of trizol reagent (15596026, ThermoFisher
Scientific). RNA extraction was performed according to the manu-
facturer's instructions. The concentration and the purity of RNA
were tested using Tnano-700, after which the product was diluted
with RNase-free water.

The expression levels of the relative myogenic differentiation
genes (Myogenin, MYH1, SAA, MyoD, Myf5) were analyzed using
SYBR green one-step qRT-PCR kit (D7268S, Beyotime). B-actin was
used for internal normalization. Primers for RT-qPCR in this study
are listed in Supplementary Table S3. The data analysis followed the
following formulas, where the ¢cDNA cycle threshold (CT) values
were obtained from the real-time PCR software, and the average CT
values from triplicate reactions:

(a)d Cr(sample, gene) = Cr(sample, gene)—Average (CT(sample, B—actin))
(b) dd Cr(sample, gene) = d Cr(sample, gene) — Average ((d Crcontrol,
gene)))

(c) Foldchange = 2"— dd Cr(sample, gene)-
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2.12. Statistical analysis

All quantitative data are expressed as means + standard de-
viations. In the comparison of two groups of data, a t-test was
performed to evaluate statistical significance, which was denoted
as follows: *p < 0.05, **p < 0.01, ***p < 0.001. Parametric tests
included the one-way ANOVA followed by Tukey's multiple com-
parison test. Statistical analyses were completed using Origin2021
(Origin Lab, USA).

3. Results

3.1. Fabrication of a platform for culturing engineered muscle tissue
The platform is derived from a classic solution and redesigned in

this study to support a simple and reproducible culture of engi-

neered muscle tissues [15]. The platform is prepared based on 24-
well cell culture plates in which each well consists of an inner
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chamber containing two vertical anchors at either end
(Supplementary figure S1).

This configuration ensures that the culture of engineered mus-
cle tissue did not require complex equipment. A multi-step casting
process is employed to fabricate the culture platform (Fig. 2a),
resulting in the creation of a reusable PTFE negative mold. This
mold enables the reproducible generation of culture platforms
through a multi-step polydimethylsiloxane (PDMS) casting process
within a short time (Fig. 2b). The T-shaped feature at the top of each
anchor is a key design to inhibit tissues migrate from anchors
during culture process (Fig. 2c).

Three-dimensional (3D) engineered muscle tissues were
cultured by using mouse C2C12 myoblasts suspended in a hydrogel
(Supplementary Table S2) based on a previously published work
[16]. The cell-hydrogel suspension was pipetted into the well
chambers. The anchors in each well act as tendon-like anchor
points. They establish uniaxial tension in the engineered muscle
tissue during remodeling and guide tissue formation and
compaction within the well. (Fig. 2d).

3.2. Culture of engineered muscle tissue in platform

At first, formation of engineered muscle tissues was investigated
over time (Fig. 3a). The scheme was formulated with reference to
the previous work experience [17]. Engineered muscle tissues were
remodeled within two days of culture in growth medium and
continued to compact over the next 10 days (Fig. 3a—d). This pro-
cess was reflected in the shape of the cells in the tissue and the
width of the tissue. All the tissues showed the highest rate of
shrinkage from Day —2 to Day —1 (the width of tissues reduced
from 8.5 mm to 6.5 mm approximately) (Fig. 3c). Then, the
shrinkage rate gradually decreased and reached equilibrium by Day
4. Young's modulus of the tissue at two-time points also reflected
the compaction process of the tissue (Fig. 3d). The local Young's
modulus was roughly 0.8 kPa in Day —2. After 12 days of culture,
the tissues reached a Young's modulus of 6.3 kPa, which was
approximately 8-fold higher. Finally, LIVE/DEAD and DAPI staining
were used to visualize the cells and evaluate the viability on Day —1
and Day 1, and the staining showed that a high viability of 90%
(Fig. 3e and Supplemental figure S3).

On Day 10 after changing the differentiation medium, engi-
neered muscle tissue was observed to form multi-nucleated and
aligned myotubes just like Fig. 3f, and was evaluated by immuno-
fluorescence staining against SAA in Supplementary figure S4B.
Finally, the structure of tissues gradually matured, which was
confirmed by the gradual increase in gene expression (Fig. 3g).
MYH is a protein expressed in the final stage of myoblast differ-
entiation. With the culture time progressed, the expression of MYH
gene gradually increased, while SAA (a muscle-specific marker
highly expressed in fully differentiated myotubes) protein expres-
sion remained relatively steady over time.

3.3. Characterization of muscle cell arrangement

In order to assess the effectiveness of our platform in the bio-
fabrication of engineered muscle tissue, we compared the tissues
cultured with and without the platform on Day 0. We observed the
surface structures of the tissues by cryo-SEM microscopy. The
surface of the tissues cultured with the platform showed an ori-
ented fibrin alignment on Day 0. Others were observed the
compaction of the hydrogel (Fig. 4a). Despite having the same
matrix composition and cell density, these tissues differed signifi-
cantly in their 3D architecture (Fig. 4b). Tissues which cultured in
the platform were characterized by a remarkable aligned
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Fig. 4. Comparison of the orientation of the cells and fibrin fibers which cultured with
the platform (left) and without the platform (right) on Day 4. (a) SEM images of the
surface of engineered muscle tissues, scale bar: 10 um. (b) The representative images of
bright field images, scale bar: 200 pm. (c) Immunofluorescence images of F-actin
stained with phalloidin (green) and a nuclear counterstain with DAPI (blue), scale bar:
200 pm. (d) Quantification frequency of cell orientation (n = 3).

architectural organization. Others showed an entangled, disor-
dered cell layout.

The cytoskeletons of tissues were evaluated by immunofluo-
rescence staining (phalloidin) on Day 4. This revealed a substantial
parallel organization of myotube and an entangled, disordered
myotube layout (Fig. 4c). Myotube organization was further
analyzed quantitatively through fluorescent image analysis. As
shown in the polar plots in Fig. 4d, more than 80% myotubes in the
platform were aligned with the fiber orientation. Whereas those
cultured without the platform, the myotube orientation was
random with no preferential direction.

3.4. MSCs conditioned medium enhances tissue cell viability

The potential effects of bioactive factors derived from rat
mesenchymal stem cells on myoblasts (C2C12) was examined by
exposing engineered muscle tissues to the conditioned medium.
Assessment of the growth dynamics of myoblasts via the number of
myoblasts showed higher proliferation rates for C2C12 cells grown
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in MSC conditioned medium (MSC-CM 1.35, relative to
blank = 1.000) (Fig. 5a). The number of myoblasts was counted by a
CCK-8 cell counting assay kit. In addition, 6-aminocaproic acid so-
lution (10 mg/ml) was added to the culture medium on the Day —1
of tissue culture to create an apoptotic environment artificially. The
anti-apoptotic benefits of MSC-derived paracrine factors were
validated. This analysis revealed significantly improved survival of
cells cultured in MSCs conditioned medium (1.2-fold) compared to
its counterparts grown in the blank medium (Fig. 5b).

For further investigation of the paracrine effects of MSCs on
engineered muscle tissue function, we compared the metabolism
potential of tissues depending on the culture conditions. Glucose
consumption in engineered muscle tissue was measured over 24 h
on Day 10 and glucose metabolism of the cells cultured by condi-
tioned medium was increased as shown by decreased medium
concentration of glucose (Fig. 5c). In contrast, immunophenotyping
of the relevant myogenic differentiation genes demonstrated that
the expression of myogenic differentiation (MyoD), myosin heavy
chain (MYH1 and MYH5) and myogenin (myog) genes in the MSC-
CM was higher than in the blank group, suggesting the terminal
differentiation of C2C12 cells in the MSC-CM group (Fig. 5d).

These results indicate that paracrine factors secreted from MSCs
promote the proliferation and survival of C2C12 myoblasts, while
increased the metabolism and differentiation of tissues.

3.5. MSCs conditioned medium promotes growth and structural
maturation of tissues

To investigate the promotion of the engineered muscle tissue,
MSC-CM was used to engineered muscle tissue that had been
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grown and differentiated for the whole culture cycle. Tissues were
collected and analyzed by immunohistology on Day 10 and used to
study the effect of the mesenchymal stem cell conditioned medium
on myotube maturation in engineered muscle tissue. The visual
observations showed that the cells cultured in conditioned medium
were more mature in Fig. 6a.

The visual observations indicated that the cells cultured in
the conditioned medium were more mature in Fig. 6a. The
immunofluorescence analysis revealed that tissue differentiation
occurs in the presence of MSC-CM, resulting in tissues with higher
cell density and larger myotube dimensions. The statistical
analysis demonstrated that the myotube length, diameter, and
area in the conditioned medium were better than those in the
blank medium (Fig. 6b). The average lengths of the myotubes
cultured in the blank medium and the MSC-CM were 200 pm and
230 pm, their average diameters were 12 pm and 14 pm; and their
average areas were 2700 pm? and 3000 um?, respectively.

In addition, tissues were taken out from the platform and the
expression levels of differentiation proteins paired box gene 7
protein (Pax7) and myogenin (Myog) corresponding to different
differentiation nodes of each tissue were directly detected by
immunohistochemistry. As shown in Fig. 7. (a) and (b), the addition
of conditioned medium can increase the density of cells in the
tissue (Fig. 7. (c)). In the conditioned medium, the two differenti-
ation proteins had higher positivity (Fig. 7. (d)). The characteriza-
tion results of RT-qPCR in Fig. 5d and immunohistochemistry also
show that conditioned medium can effectively increase the
expression of cell myogenic differentiation proteins. These results

suggest that conditioned medium is beneficial to cell
differentiation.
150 7 Survival
—_ *
§ e
= 1001 =
=
m
8
B 501
-
A
=5
0 T T
Blank MSC-CM
d
[ Blank
) [ Msc-cM
E 2.54 _k =k
% *okok
= 2.0
& o =
[
2151 S
£ 1
en
]
210,
=
£0.51
<)
Z
0 T T T T T
MYOD MYOG MYHI MYHS  SAA

Fig. 5. Paracrine factors from MSCs in conditioned medium influence myoblast function. Conditioned medium from MSCs enhance C2C12 proliferation (a), survival (b) (n = 4;
means + SD; *p < 0.05). (c) The decreased concentration of glucose in medium following 24 h culture of 12-day-old tissues; (n = 3; means + SD; *p < 0.05). (d) Quantified mRNA
expression of the myogenic differentiation related genes on Day 10 (n = 3; mean + S.D, *p < 0.05, ***p < 0.001, ns = not significant).

688



Y. Wen, J. Tian, ]. Li et al.

F-actin

Regenerative Therapy 26 (2024) 683—692

b = 250 -

- 50

d T 1 )
= _ = ~3x10° I
3 =200 T
=124 T 5_'00 Nz
P = =
2 s . =
-E) c:ulﬁ()- ';32‘]03_
S 84 2 8
< q p
. 2100 2
< 2 2 X
g 44 S 2 1x10%
> S 501 =
=

. . 0 ; r 0 . .
Blank MSC-CM Blank MSC-CM Blank MSC-CM

Fig. 6. Immunofluorescence micrographs and statistics for myotube maturity in the C2C12 cells at different groups. Representative immunofluorescence image of a sample on Day
10 stained for F-actin (green) and DAPI for nuclear counterstain (blue). Scale bar: 100 pm. (a) Tissues cultured with Blank medium and MSC-CM. (b) Quantification of myotube

diameter, length, and area on Day 10 (n = 3; means + SD; *p < 0.05).

4. Discussion

Here we report a simple and convenient design of a construction
platform for engineered muscle tissue based on a 24-well culture
plate. The platform relies on typical anchor structures for tissue
formation and design refers to some typical designs [8,18,19]. The
anchor specifications have been redesigned and iterated to adapt to
24-well cell culture plates. PDMS anchors on the platform mimic
the function of tendons in skeletal muscle development. During the
formation of skeletal muscle tissue, the anchors serve as mechan-
ical boundary constraints. These constraints direct cellular con-
tractile forces along the longitudinal axis of the nascent muscle
[18,20—22]. Each well of the culture platform contains a cell
seeding chamber and two vertical anchors, supporting engineered
muscle tissues formed via rapid contraction in less time, which are
lassoed around the anchors [23]. An important detail is the initial
circular geometry of the cell seeding gel, which effectively pre-
venting necking in the central regions of sculpted tissues tethered
under tension. Necking has been reported as a mode of structural
failure in engineered tissue constructs under tension [24].

Although in current research work, a variety of culture platforms
based on mold-forming principles have been developed and have
achieved certain results in applications such as disease modeling
[25]. For example, Francisca M used a platform designed based on
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the anchors to construct engineered muscle tissue and studied the
interaction between muscle and fat in vitro [26]. However, the
fabrication of this platform requires both a cast PDMS substrate and
specially treated metal anchors. In addition, the PDMS substrate of
this platform is small, and the culture medium needs to be replaced
more frequently during tissue culture. This not only increases the
workload of researchers, but the uncertainty in the operation pro-
cess also increases the risk of tissue culture failure. We developed a
reusable PTFE mold that can be employed to cast many PDMS an-
chors in a single step. The 24-well plates, which are currently widely
used for laboratory cell culture, were directly used as the structural
unit of the culture substrate. This is an extra advantage of using a 24-
well culture plate as the basis for an engineered muscle tissue cul-
ture platform. In the specific context of muscle tissue engineering, a
variety of advanced technologies, such as 3D bioprinting or elec-
trospinning have been implemented [16,29]. However, there is no
doubt that these technologies have many shortcomings such as
difficulties in equipment manufacturing and complex tissue culture.
All in all, the culture platform makes engineered muscle tissue
production fast, low-cost, and user-friendly.

During the cell culture process, the cell loaded hydrogel formed
an internal structure like muscle bundles due to the spatial con-
straints of imposed by PDMS anchors. When myoblasts start to
exert an isotropic contractile force on the hydrogel, the anchored
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Fig. 7. Representative images of tissues stained for nuclei (blue) and paired box gene 7 protein (Pax7, green) on Day 4 (a), myogenin (Myog, red) and nuclei (blue) on Day 10 (b).
Scale bar: 50 pm. Statistical results of cell counts (c), and arbitrary units (d) were quantified using Fiji software. (n = 4; means + SD; *p < 0.05).

micropillars generate a passive tension, restricting the cell
compaction process along the longitudinal direction [20]. In
contrast, cells cultured without anchorage exhibited inward
collapse and aggregated into cell clusters. On the other hand, cells
cultured in the presence of pillars displayed an evident alignment
after 2 days. Moreover, as confirmed by immunofluorescence im-
ages, aligned initial multinucleated myotubes were observed after
differentiation.

Despite the implementation of various technologies for
culturing engineered muscle tissues, the maturation and functions
of skeletal muscles have only been partially recapitulated in vitro.
These approaches, although promising, are still far from satisfac-
torily addressing the key challenge of muscle tissue engineering,
the development of macroscopic tissue equivalents of a size suit-
able for treating VML [27]. A contributing factor is that in vitro
cultures cannot simulate the complex physiological environment of
in vivo musculature. The therapeutic application of beneficial cell
treatments, such as mesenchymal stem cell therapy can greatly
enhance the rate of regeneration of damaged muscle tissue [28].
Indeed, increasing evidence suggests that the tissue restoration
function of mesenchymal stem cells is not regulated by their dif-
ferentiation capability but by the paracrine effects of their soluble
factors [29,30]. Roberta demonstrated the capability of mesen-
chymal stem cell conditioned medium to attenuate EC-induced
tissue structural damages and sarcopenic functional properties’
modifications, and it was effective in protecting myofibers from
apoptosis [31]. In addition, three typical trophic factors such as IGF
and HGF in the conditioned medium were detected using Elisa, and
their concentrations are shown in Supplementary Table S4. These
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factors have been shown to have significant effects on promoting
muscle differentiation. For example, the injection of appropriate
doses of IGF into animals with muscle damage can enhance muscle
fiber regeneration and protect cells from apoptosis [32]. And HGF
signals through SHP2 in myoblasts and satellite cells to directly
alter proliferation rates [33].

Therefore, we also believe that the conditioned medium derived
from mesenchymal stem cells is beneficial to culture engineered
muscle tissue. In addition, mesenchymal stem cells were cultured
on the surface of microcarriers and used to extract conditioned
medium. The utilization of microcarriers for culturing cells could
increase the cell seeding density per unit volume of culture me-
dium, the proliferation and paracrine rate of mesenchymal stem
cells cultured on the surface of microcarriers with suitable prop-
erties was also improved [34]. Thereby improving the concentra-
tion of factors in the conditional medium [35]. Skeletal muscle
hypertrophy in vivo occurs through two primary mechanisms: 1)
increased satellite cell activation, proliferation, and fusion into pre-
existing or new myofibers, and 2) increased net protein synthesis in
mature myofibers [36]. According to these findings, we found that
the conditioned medium improved the proliferation and metabolic
capacity of myogenic cells in tissues, which is a phenomenon that
has been previously reported in animal experiment of mesen-
chymal stem cell therapy [29].

Skeletal muscle cells require hundreds to thousands of nuclei
within a shared cytoplasm for proper function. This increased cell
density inessential for engineered muscle tissue [37]. Additionally,
conditioned medium can enhance the net protein synthesis, as
evidenced by the increased expression of related genes. A variety of
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late differentiation genes of myogenic cells, such as MYH, exhibit
higher expression levels in tissues cultured by the conditioned
medium. Furthermore, the maturity of muscle tissue can be re-
flected by the status of myotubes [38]. Through immunochemistry
staining and data statistics, we found that the muscle tissues in the
conditioned medium group had the higher values for the diameter
and the area of myotubes. Therefore, the introduction of mesen-
chymal stem cell conditioned medium into the culture system can
improve the maturation of engineered muscle tissue. While we did
not evaluate the dynamic force of muscle fibers, the higher glucose
utilization rate represents a more mature development of muscle
tissue function, which may provide valuable insights for future
construction of engineered muscle tissue [39].

Previous research has shown that mesenchymal stem cells can
practically secrete cytokines that can modulate the physiological
activities of myocytes, thereby improving muscle tissue regenera-
tion. The diameter of the muscle fibers we cultured reaches 14 pm,
approximately 20% higher than those produced by conventional
culture methods. However, compared with the muscle fibers of
living organisms that are several millimeters or even centimeters
long, the length of engineered muscle tissues cultured with
conditioned medium was far insufficient.

The prerequisite for myotube fusion and muscle fiber elongation
is the presence of a sufficient number of myogenic cells in the tis-
sue. Due to the limitation of mass transfer obstacles, it is impossible
to further increase the cell density inside the tissue when con-
structing engineered muscle tissue [40]. The increase in cell density
in muscle tissue leads to a corresponding increase in the con-
sumption of nutrients. However, the corresponding rate of mass
transfer does not increase accordingly. This results in cells within
the tissue not receiving sufficient nutrients, leading to apoptosis.
Mesenchymal stem cell conditioned medium promotes prolifera-
tion and resists apoptosis of myoblasts, which is an indirect means
to increase cell density in tissues. However, in order to further in-
crease the cell density and volume of tissues, the mass transfer
problem of tissues needs to be solved. The transport of nutrients in
the human body relies on the vascular network spread throughout
skeletal muscle tissue. The current method to solve this problem is
to construct a vascular network in engineered muscle tissue in vitro
to deliver nutrients and metabolic waste. This will be our future
research direction.

5. Conclusion

In summary, we have demonstrated a PDMS anchor platform
adapted for a 24-well cell culture plate to fabricate engineered
muscle tissues, enhanced by mesenchymal stem cell-conditioned
medium to promote tissue maturity. Utilizing immunofluores-
cence staining, cryo-electron microscopy, and quantitative PCR, we
systematically observed the fusion, maturation, differentiation, and
alignment of C2C12 cells in a fibrin hydrogel system. Further
evaluations of cell viability, gene expression, and myotube char-
acteristics reinforced the beneficial impact of the conditioned
medium on myotube maturation. Collectively, our results highlight
the significant potential of these straightforward and accessible
methodologies in constructing and maturing engineered muscle
tissues, presenting a viable strategy for the restoration of damaged
skeletal muscle. This research contributes meaningfully to the
advancement of muscle tissue engineering.
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