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ABSTRACT: A major challenge of engineering larger macroscale tissues in
vitro is the limited diffusion of nutrients and oxygen to the interior. For
skeletal muscle, this limitation results in millimeter scale outcomes to avoid
necrosis. One method to address this constraint may be to vascularize in
vitro-grown muscle tissue, to support nutrient (culture media) flow into the
interior of the structure. In this exploratory study, we examine culture
conditions that enable myogenic development and endothelial cell survival
within tissue engineered 3D muscles. Myoblasts (C2C12s), endothelial
cells (HUVECs), and endothelial support cells (C3H 10T1/2s) were
seeded into Matrigel-fibrin hydrogels and cast into 3D printed frames to
form 3D in vitro skeletal muscle tissues. Our preliminary results suggest that
the simultaneous optimization of culture media formulation and cell
concentrations is necessary for 3D cultured muscles to exhibit robust myosin heavy chain expression and GFP expression from GFP-
transfected endothelial cells. The ability to form differentiated 3D muscles containing endothelial cells is a key step toward achieving
vascularized 3D muscle tissues, which have potential use as tissue for implantation in a medical setting, as well as for future foods
such as cultivated meats.
KEYWORDS: vascularization, endothelialization, skeletal muscle, cultivated meat, cultured meat, coculture, 3D culture

■ INTRODUCTION
3D culture approaches to produce skeletal muscle tissues
would be advantageous for regenerative medicine goals as well
as towards producing cultivated meat. In vitro grown muscle
tissue with the aligned muscle fiber structure and organization
found within in vivo muscle provides for robust tissues for a
range of needs, from restoration of damaged muscle tissue in
vivo (volumetric muscle loss) to future foods as whole muscle
(structured) cell-culturedmeats.1 In medical tissue engineering
and regenerative medicine, implanting 3D cultured skeletal
muscle with aligned arrays of myofibers offers a method to
address injuries to the tissue where normal regenerative
processes are absent.2,3

The major challenge to engineering macroscale muscle
tissues is the limited diffusion of nutrients and O2 to cells in
the interior of in vitro constructs.4 As a result, efforts to create
in vitro muscles have been typically limited to the millimeter
scale.5−9 A potential technique for producing larger in vitro
muscles may be to vascularize them with endothelial cells. In
3D culture, endothelial cells form capillary-like blood vessels
that resemble in vivo microvasculature.10−12 This vascular
network may permit the growth of larger tissues by allowing
culture media to reach cells in the interior of macroscale
constructs, or through muscle-endothelial cell signaling.
Indeed, in vitro-grown muscles cocultured with endothelial

cells showed improved tissue performance after implanta-
tion.13−15

In this study, we aimed to generate myosin-expressing, 3D
in vitro muscle tissues capable of supporting cocultured
endothelial cells.15 To achieve this, media formulations were
selected for their potential in supporting the simultaneous
culture of muscle and endothelial cells, then tested on
cocultures of these cell types in a 3D culture system designed
for the cultivation of in vitro muscle as small bundles on the
micrometer (thickness) to millimeter (length) scale. Ratios of
muscle to endothelial cells were also investigated to search for
parameters that best supported endothelial cell survival and
muscle differentiation.

■ MATERIALS AND METHODS
Cell Culture. GFP-HUVECs were purchased from Angio-

Proteomie (cAP-0001GFP), then cultured in Endothelial Cell
Growth Medium 2 (ECGM2, cAP-02; Angio-Proteomie) at 37 °C
and 5% CO2 (≤passage 5). Murine myoblasts (C2C12s) were
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obtained from the American Type Culture Collection (ATCC), used
between passages X+4 and X+8 (X denoting an unknown # of
passages), and cultured in 10FBS-DMEM: Dulbecco’s modified eagle
medium (DMEM, 10569044; ThermoFisher, Waltham, MA, USA),
10% fetal bovine serum (FBS, A31606-01, ThermoFisher), 1%
antibiotic/antimycotic (Anti/Anti, 15240062; ThermoFisher) at 37
°C and 5% CO2. Murine C3H 10T1/2s were purchased from the
ATCC (CCL-226 and CRL-3268 for unmodified and mRuby
expressing cells respectively) and expanded in 10FBS-DMEM, with
occasional addition of 2 μg/mL blasticidin (sc-495389; Santa Cruz
Biotechnology, Dallas, TX, USA) to maintain mRuby expression.
Both types of 10T1/2 cell lines were ≤ passage 30. Cryopreservation
of all cells was achieved by mixing media with DMSO (D2438;
Sigma-Aldrich) at a ratio of 9:1 (medium:DMSO), after which the
cells were frozen in isopropanol-based freezing containers (5100-
0001; ThermoFisher) overnight at −80 °C before long term liquid
nitrogen storage.
2D Differentiation of Skeletal Muscle. To differentiate the

myoblasts, C2C12s were seeded at 40,000 cells/cm2 in 48 well plates
and cultured to confluency in 10FBS-DMEM. After reaching
confluency, cells were switched for 7 days to either: (1) Endothelial
Basal Medium (EBM; Promocell) supplemented with 2% horse
serum (16050130; ThermoFisher), Penicillin-Streptomycin (100 U/
mL and 100 μg/mL, respectively, PenStrep, 15140122; Thermo-
Fisher), and 0.75 mg/mL 6 aminocaproic acid (6ACA, A7824,
Sigma-Aldrich), or (2) Muscle Coculture Media (MCCM, Table 1).

Muscle differentiation was quantified via the fusion index, which is
defined as the proportion of nuclei that reside within myosin heavy
chain (MHC) staining myotubes. The fusion index was calculated in
ImageJ by first using MHC fluorescence as a mask to exclude
nonmyotube nuclei and then counting the number of DAPI stained
nuclei using the “Find Maxima” function. This number was then
compared to the total number of DAPI stained nuclei.16

3D Cultures. 3D muscles were cultured in 3D printed miniature-
wells (2 mm × 2 mm × 10 mm, using a biocompatible resin:
Surgical Guide resin; Formlabs, Somerville, MA, USA). Mini-wells
were adhered onto the surface of noncell culture-treated 6 well plate
wells using medical device epoxy (MED-301; Epoxy Technology
Inc., Billerica, MA, USA). Mini-wells contained small posts (0.4 mm
⌀) 1 mm from each end of the wells. The posts limited hydrogel
compaction and generated tension in the growing tissues to
stimulate muscle differentiation (Figure S1). On the day of 3D
culture, the mini-wells were incubated with 5% Pluronic F127
(poloxamer 407 - polypropylene glycol and polyethylene glycol
copolymer, dissolved in water, P2443; Sigma-Aldrich) for 30 min to
inhibit tissue adherence to the mini-wells. After incubation, the
Pluronic F127 was vacuum aspirated out, and mini-wells were
allowed to dry.

3D muscle cultures were generated by first thawing Matrigel (8.5
mg/mL, 356234; Corning Inc.) overnight at 4 °C. Then 50 U/mL
bovine thrombin (T4648; Sigma-Aldrich, dissolved in water) was
thawed on ice. Next, 20 mg/mL bovine fibrinogen (341573; Sigma-
Aldrich, gently dissolved in 0.9% NaCl saline) was thawed in a 37
°C water bath and then kept at room temperature until right before
mixing cells and hydrogel components, which took place on ice.
Fibrinogen was kept away from the ice whenever possible to avoid

precipitation during extended incubation on ice or at 4 °C (data not
shown).

Next, the required cells (C2C12s ± GFP-HUVECs and C3H-
10T1/2s) were detached from their culture flasks using trypsin-
EDTA 0.25% (25200056; ThermoFisher), Accumax (AM105;
Innovative Cell Technologies), and TrypLE (12604013; Thermo-
Fisher), respectively, then resuspended to 10 million cells/mL in
EBM. These suspensions were then mixed with each other to
achieve desired cell ratios in the final hydrogel, which were based on
preliminary experiments (data not shown) and examples in the
literature.17−19 On ice, Matrigel and fibrinogen were added to the
cell suspensions, mixed, then the combined solution was added to
mini-wells containing a small amount of thrombin (0.95 μL, for a
total of 38 μL cell + hydrogel solution per mini-well), and then
mixed via micropipette 4 times while filling all areas of the well with
liquid (no air pockets). The gels were then left to polymerize upside
down at 37 °C, 5% CO2 for 30 min. Final Matrigel-fibrin (MF)
hydrogel concentrations were 1.25 mg/mL Matrigel, 1.25 mg/mL
fibrinogen, 1.25 U/mL thrombin, 2−5 million C2C12s/mL, 1−2
million HUVECs/mL, and 250−500k 10T1/2s/mL. (For mono-
cultures only containing C2C12s, the cell concentration was 10
million C2C12s/mL) After 30 min, culture media was added to the
cell-laden hydrogels. The various culture media used to culture the in
vitro muscles are outlined in (Table 1). After 1−2 days, parts of the
3D skeletal muscles that were still adhered to the walls of the mini-
wells were detached by scraping against the walls using 22−24 gauge
needles. All muscle constructs were cultured in 3D for a total of 14
days.
Fluorescent and Immunofluorescent Staining of In Vitro

Muscle Samples. At the end of the tissue culture (7 or 14 days of
differentiation), samples were fixed in 4% paraformaldehyde (PFA,
J19943K2; ThermoFisher) for 10 min (2D) or 1 h (3D), then
washed 3 times with DPBS (10 min incubations per wash for 3D
tissues). Samples were stored at 4 °C if not immediately stained.

For 2D samples, samples were rinsed with a blocking/
permeabilization (B/P) buffer [DPBS with 0.1% Tween 20
(P2287; Sigma), 5% goat serum (16210−064; ThermoFisher), 0.3
M Glycine (161−0718; Bio-Rad, Hercules, CA, USA), and 0.02%
sodium azide (S2002; Sigma)], and then incubated in more B/P
buffer for 45−60 min. After incubation, samples were incubated
overnight at 4 °C with primary antibodies diluted in B/P buffer (2.5
μg/mL, anti-MHC, MF20, Developmental Studies Hybridoma Bank,
Iowa City, IA, USA). The next day, samples were rinsed with DPBS
(2 min incubation) and incubated with B/P buffer containing
secondary antibodies (1:500, Goat Anti-Mouse Alexa Fluor Plus 594,
A32742; ThermoFisher), 1:1000 Phalloidin-iFluor 488 (ab176753;
Abcam, Cambridge, United Kingdom), 1 μg/mL DAPI (4′,6-
diamidino-2-phenylindole, 62248; ThermoFisher) for 2 h at RT,
protected from light. Secondary antibodies and other compounds
were then rinsed from the samples using DPBS twice (2 min
incubations/wash). Lastly, samples were mounted in Vectashield
Vibrance (H-1700; Vector Laboratories, Burlingame, CA, USA) and
imaged via confocal microscopy (SP8; Leica, Wetzlar, Germany).

3D samples underwent a similar staining procedure but were first
cryoprotected and flash frozen. First, 3D muscle bundles were placed
in 20% sucrose (S0389, Sigma-Aldrich) overnight. Then, samples

Table 1. Culture Media Formulations Used to Culture In Vitro Muscle

Culture media Formulation

2HS-EBM EBM (5.55 mM glucose) with 2% horse serum, 1X insulin-transferrin-selenium-ethanolamine (ITSE-Animal Free, 777ITS032; InVitria, Junction
City, KS, USA), 0.05% AlbuMAX I (11020021; ThermoFisher), 0.75 mg/mL 6ACA, and PenStrep

Muscle
Coculture
Media
(MCCM)

EBM with 1X ECGM-MV2 SupplementMix (C-39226, Promocell), 9.5 ng/mL VEGF (100−44; Shenandoah Biotechnology Inc., Warminster,
PA, USA), 1X ITSE, 0.05% AlbuMAX I, 0.75 mg/mL 6ACA, 10 nM DEX, 30 ng/mL IGF-1, 250 nM sphingosine-1-phosphate (S1P, 62570;
Cayman Chemicals), and PenStrep; ECGM-MV2 gives this formulation a final 5% FBS

MCCM (-
S1P)

MCCM excluding 250 nM S1P

10FBS-I EBM with 10% FBS, 10 μg/mL insulin (I0516; Sigma-Aldrich), 100 ng/mL IGF-1, 0.75 mg/mL 6ACA, PenStrep
MCCM2 A 1:1 mix of MCCM and 10FBS-I media
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were moved to 50% sucrose/50% optimal cutting temperature
compound (OCT, 23−730−571; Fisher Scientific, Waltham, MA,
USA) for 1 h, and then 30% sucrose/70% OCT for another hour,
and then 100% OCT for 30 min. Subsequently, samples were placed
in plastic embedding molds (2.4 cm × 2.4 cm × 0.5 cm) with fresh
OCT and flash frozen in liquid nitrogen, taking care to not have the
sample contact the nitrogen. Frozen samples were then cryosec-
tioned (CM1950; Leica) onto glass slides (Superfrost Gold; 15−
188−48, Fisher Scientific), stained like 2D samples, and sealed with

a glass coverslip. Cryosections were cut 30 μm thick and the middle
(thickest portion) of the in vitro tissues were selected (visually) for
sectioning. For certain experiments, staining jars were used during
some staining steps (in place of pipetting liquids directly onto the
slides) in order to reduce tissue delamination from the glass slides.

From the cryosections, % MHC+ and GFP+ were calculated by
measuring the % area of the section where MHC or GFP stain was
present. Muscle width was determined by manually making 10
measurements (per cryosection) perpendicular to the long axis of the

Figure 1. Myoblasts cultured in 2D with a 2% horse serum-based differentiation media, or a coculture medium formulation. (A) Myosin heavy
chain (red) stain of C2C12 myoblasts differentiated for 7 days in 2HS-EBM or MCCM. Scale bars represent 200 μm. (B) Fusion index (%
nuclei residing in MHC+ myofibers) measurements to quantify muscle differentiation in A. n = 3 for MCCM and 4 for 2HS-EBM. (***)
represents p ≤ 0.001.

Figure 2. Muscle cells cultured in 3D with a 2% horse serum-based differentiation medium, or a muscle-endothelial coculture medium. (A) (i, ii)
Cryosectioned, in vitro-grown 3D muscles stained for nuclei (blue) and MHC (red). C2C12s (10 million cells/mL) in MF gels were grown in
either 2HS-EBM or MCCM for 14 days. Scale bar represents 100 μm. (iii, iv) Myotube alignment data for each sample group. Count refers to
the proportion of structures aligned toward a particular orientation. (B) (i) Measures of in vitro muscle construct width for A. n = 3 with 10
measurements per sample. (****) is p ≤ 0.0001. (ii) Area fraction of muscle construct cryosections from (A) that are MHC+. (**) is p ≤ 0.01.
(iii) Number of nuclei counted per 100 μm length of in vitro muscle cryosections from A. N = 3 for all data in this figure.
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3D in vitro muscle tissue. Muscle fiber alignment was determined by
inputting micrographs of MHC stained cryosections into ImageJ’s
“Analyze → Directionality” function, set to 90 bins with the Fourier
Components method.16 Prior to calculation in ImageJ, MHC stained
micrographs were converted into binary images by using ilastik.

ilastik was superior to conventional thresholding when segmenting
individual myotubes for the alignment analysis.20 To calculate
“Nuclei per 100 μm of muscle” fluorescently stained nuclei in the
cryosections were counted via ImageJ’s “Find Maxima” function and
normalized to every 100 μm of in vitro muscle tissue length.

Figure 3. Myoblasts and endothelial cells cultured in 3D with different cell ratios and various culture media. (A) Fluorescently stained
cryosections (30 μm thick) of muscle and endothelial cells cocultured in MF gels for 14 days in different culture media (Table 1). Media
changes were performed every 2 days. MHC stained red, nuclei stained blue, and GFP-HUVECs stained green. 5CH2 represents 5 million
C2C12s, 2 million HUVECs, and 500 000 10T1/2s/mL, and 2C1H represents 2 million C2C12s, 1 million HUVECs, and 250 000 10T1/2s/
mL. Scale bar: 250 μm for all panels. (B) Various metrics were quantified from A. (i) Percent area of the tissue sections expressing GFP (from
GFP-HUVECs). N = 2 for 2HS-EBM (5C2H) and N = 1 for MCCM, MCCM (-S1P), 10FBS-I (5C2H). N = 3 for all 2C1H samples. (ii)
Percent area of the tissue sections positively stained for MHC. N = 1 for all samples. (iii) Measurements of the in vitro muscle construct width.
Ten measurements per cryosection. N = 1 (# of cryosections measured) for 5C2H samples. For 2C1H samples, N = 2 for MCCM and 10FBS-I
groups and N = 3 for MCCM (-S1P) and 2HS-EBM groups. (***) represents p ≤ 0.001, and a full table of comparisons is available in Table S1.
(iv) Number of nuclei present in 3D tissue engineered muscles per 100 μm of muscle length. N = 3 for 2HS-EBM, N = 2 for 10FBS-I, 2C1H
cell seeding ratio. N = 1 for 5C2H groups. (*) represents p ≤ 0.05 for an unpaired t test between 2HS-EBM and 10FBS-I in the 2C1H cell
seeding group. Higher magnification images (including cross sections) of tissues grown in 10FBS-1 and 2HS-EBM are available in Figure S2,
paired with graphs of myotube alignment data for those sample groups.

ACS Biomaterials Science & Engineering pubs.acs.org/journal/abseba Letter

https://doi.org/10.1021/acsbiomaterials.3c00358
ACS Biomater. Sci. Eng. 2023, 9, 4558−4566

4561

https://pubs.acs.org/doi/10.1021/acsbiomaterials.3c00358?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.3c00358?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.3c00358?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.3c00358/suppl_file/ab3c00358_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.3c00358/suppl_file/ab3c00358_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.3c00358?fig=fig3&ref=pdf
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.3c00358?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Statistical Analyses. GraphPad Prism 9.3.1 and 9.4.1 were used
for statistical analyses. For 2 sample groups, Student’s t tests
(unpaired, two-tailed) were performed. For 3 sample groups or
more, analyses of variance (ANOVAs) were performed with Tukey’s
posthoc test for multiple comparisons. 0.05 was the cutoff P value
for statistical significance, and error bars represent ±1 standard
deviation.

■ RESULTS
Muscle Coculture Media enhances myogenic differ-

entiation in 2D culture with C2C12 myoblasts. To
coculture muscle and endothelial cells, MCCM was
formulated with compounds reported to be beneficial to
muscle differentiation and endothelial vessel formation
(VEGF, dexamethasone, IGF-1, S1P).21−25 C2C12s were
differentiated in either MCCM or a more conventional 2%
horse serum-based myogenic differentiation formulation
(2HS-EBM) for 7 days (Figure 1A). MCCM resulted in a
high degree of muscle differentiation from C2C12s with a
fusion index of 0.818 (±0.159 SD), compared to 0.143
(±0.047 SD) with 2HS-EBM (Figure 1B).
Optimal Culture Media Formulations for C2C12s in

2D Do Not Necessarily Translate to 3D Culture. With
the MCCM formulation, we next cultured C2C12s in 3D
culture using MF gels based on a comparison between
Matrigel-collagen and MF as tissue culture scaffolds where
MF gels yielded the best performing 3D muscle constructs
(according to in vitro muscle size and contractile force).26

Unlike in 2D, 3D muscles grown in the MCCM did not
generate a high degree of MHC expression (Figure 2A, i and
ii). The MHC+ area of tissues cultured in 2HS-EBM was

significantly higher than that of MCCM tissues (52.1% ± 9.2
SD versus 9.4% ± 4.1 SD, respectively; Figure 2B, i. MCCM
may have had a proliferative rather than differentiating effect
on the cultured cells, as we observed over 3 times more nuclei
in MCCM treated tissues versus 2HS-EBM tissues (Figure
2B, ii). At the same time, MCCM treated tissues were
observed to be larger than 2HS-EBM tissues (351.0 μm tissue
width ±35.6 SD versus 173.2 μm ± 24.9 SD, respectively),
possibly due to a combination of the higher cell numbers and
decreased cell compaction (Figure 2B, iii). Myotubes cultured
using 2HS-EBM and MCCM within the in vitro muscle
bundles exhibited relatively uniform alignment along the axis
of tension between the posts used to restrain the 3D tissues
(Figure 2A, iii and iv; Figure S1).
Sphingosine-1-phosphate-containing Coculture

Media Promotes Endothelial Cell Survival in In Vitro
Muscle Constructs, while 10% FBS, Insulin, and IGF-1-
containing Media Appear to Potently Support 3D
Myogenesis. Due to the unexpected results with MCCM
during 3D muscle tissue culture, both MCCM and 2HS-EBM
were used when performing a larger screen of various culture
media on the differentiation of in vitro muscle-endothelial
tissues. MCCM without S1P was also tested to assess the
potency of this ingredient in promoting endothelial cell
growth and differentiation. Last, a new 10% FBS-based
coculture media formulation (10FBS-I) was introduced.
10FBS-I includes 10 μg/mL insulin and 100 ng/mL IGF-1
as additional supplements intended to promote myogenesis.
MF gels were seeded with reduced C2C12 concentrations to
avoid overcrowding the endothelial cells during muscle-
endothelial cocultures. 3D muscle tissues were seeded with 5

Figure 4. 3D muscle tissues containing endothelial cells, cultured in an updated coculture medium with a higher proportion of endothelial and
endothelial-support cells. (A) Cryosections (30 μm) of muscle-endothelial tissues with either 2 million C2C12s, 2 million HUVECs, 500 000
10T1/2s/mL in the initial MF hydrogel (2C2H), or 2 million C2C12s, 1 million HUVECs, 250 000 10T1/2s/mL (2C1H). Tissues were
cultured in either MCCM2 or MCCM (Table 1) for 14 days. Media changes were performed daily. Longitudinal and cross-sectional pieces of
3D muscle tissues were imaged together in the same frame. Red represents MHC, blue represents nuclei, and green represents GFP-HUVECs.
Scale bar is 250 μm for all panels. (B) GFP and MHC quantified from A. (i) percent area of the tissue sections expressing GFP from HUVECs.
(*) represents p ≤ 0.05, all other comparisons were not significant. (ii) % area of the tissue sections positively staining for MHC. (*) represents
p ≤ 0.05, while (**) represents p ≤ 0.01. N = 3 for 2C1H and MCCM samples and N = 2 for all other groups. Higher magnification
micrographs of 2C2H/MCCM2 tissues are available in Figure S3, along with myotube alignment data.
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million C2C12s, 2 million HUVECs, and 500k 10T1/2s/mL
(5C2H), or 2 million C2C12s, 1 million HUVECs, and 250k
10T1/2s/mL (2C1H). After 14 days of culture, 3D muscle-
endothelial cocultures yielded polarizing results depending on
the media formulation used (Figure 3A). Cells cultured in
MCCM with the 5C2H cell seeding density contained more
GFP (representing GFP-HUVECs) than other samples, at
20.55% (Figure 3B, i), although these results are based on
limited replicates. Weaker GFP-HUVEC performance was
observed in MCCM (-S1P) and other groups. The removal of
S1P in MCCM (-S1P) did not appear to result in enhanced
MHC expression (Figure 3B, ii).
For both 5C2H and 2C1H groups, 2.5% to 16% of

sectioned in vitro muscle tissues stained positive for MHC
when cultured in MCCM (and MCCM (-S1P)), while muscle
tissues cultured in 2HS-EBM and 10FBS-I were 61% to 92%
MHC positive based on our initial observations (Figure 3B,
ii). In terms of tissue width, 10FBS-I treated tissues were
generally observed to be wider than 2HS-EBM tissues (Figure
3B, iii). Concurrently, a higher number of nuclei were
observed in 2C1H, 10FBS-I tissues when compared to 2C1H,
2HS-EBM groups (Figure 3B, iv).
Both Media and Cell Concentrations Need to Be

Optimized to Produce Endothelialized In Vitro Muscle.
In vitro muscles were cultured in MCCM2, a 1-to-1 ratio of
MCCM and 10FBS-I (Figure 4A), and the result was
improved muscle differentiation in muscle-endothelial cocul-
tures. 10FBS-I was chosen to be paired with MCCM over
2HS-EBM because it appeared to promote both cell
proliferation and myogenic differentiation to ultimately form
larger tissues, while also achieving more uniform MHC
expression through the entire thickness of the tissues, as
observed in cross sections of our cell-cultured muscle tissues
(Figure S2A). A new cell ratio (2C2H) was also tested,
reflecting a combination of the 5C2H and 2C1H cell ratios
from the previous experiment where more robust muscle
development was observed in the 2 million C2C12s/mL
(2C1H) group, while more endothelialization was observed in
the 2 million HUVECs/mL (5C2H) group. Compared to
MCCM, MCCM2 increased MHC expression in 2C1H
cocultures from 46.38% (±0.06 SD) to 71.28% (±0.01
SD), while in 2C2H cocultures MHC increased from 38.01%
(±0.05 SD) to 81.83% (±0.12 SD) (Figure 4B, ii). At the
same time, MCCM2 did not adversely affect GFP-HUVEC
performance, based on GFP expression, for both 2C2H and
2C1H groups (Figure 4B, i). Compared to 2C1H, an over 3-
fold improvement in HUVEC GFP expression was observed
in the 2C2H groups (Figure 4B, i)). For MHC expression, no
significant differences were observed between 2C2H and
2C1H (Figure 4B, ii).

■ DISCUSSION
In this study, we combined cell types from different species
(human endothelial cells with murine C2C12s and 10T1/2s)
in a 3D coculture system to investigate the potential for
vascularized in vitro-grown muscle tissue. These cell types
were used as model cell lines for muscle and endothelial cells
during the establishment of our 3D muscle-endothelial culture
system. The rationale behind using these cell types is based
on existing precedent in the literature, which has demon-
strated the successful combination of C2C12s and HUVECs
in muscle-endothelial cocultures.13,27 The pairing of HUVECs
with 10T1/2 cells is also commonly reported in the

literature.28−30 This project lays the groundwork for future
investigations to confirm optimal conditions for cocultures of
other cell type combinations, including human, livestock, or
fish cell types. In the current system, our results suggest that
when culturing muscle and endothelial cells to form a 3D
endothelialized muscle construct in vitro, both culture media
formulations and cell ratios need to be optimized in order to
obtain tissues with both robust MHC+ and GFP+ phenotypes.
Ultimately, a coculture media formulation (MCCM2) was
developed here that allows for the simultaneous in vitro
culture of muscle and endothelial cells.
During the testing of muscle-endothelial coculture media,

one formulation (MCCM) differentiated C2C12s robustly in
2D, but not in 3D. It is unclear why this trend occurred,
though one case of a growth factor (transforming growth
factor beta 1, TGFβ1) having differential effects in 2D versus
3D culture has been reported in the past for skeletal muscle
cells.31 With this in mind, it is possible that the potentially
anti-TGFβ1 effect of FGFβ (present in MCCM) could have
played a role in the poorer outcomes with MCCM in 3D
culture.32 Differing optimal conditions for 2D and 3D culture
have also been reported for fat cells, where stiff substrates
inhibit adipogenesis during 2D culture but promote it during
3D culture.33

While myogenic differentiation was lacking with MCCM,
endothelial cells in 3D tissues performed best with this
formulation. This was only the case when MCCM was
combined with a higher cell seeding density (5C2H).
Improved outcomes from raising endothelial cell concen-
trations have been reported elsewhere for 3D muscle-
endothelial cocultures, where increasing muscle and endothe-
lial cell concentrations from 1 to 2 million cells/mL resulted
in enhanced GFP expression (from GFP-HUVECs).34 For
muscle cells, a wide range of muscle cell concentrations (1 to
>100 million cells/mL, see Table S2) have been used to
successfully produce 3D muscles with robust myogenesis.
Lower concentrations (such as the 1−2 million cells/mL used
in this study) in particular have been used in other studies
that investigated cocultures of muscle and endothelial
cells.15,34,35

Regarding the formulation of MCCM, decreased GFP
expression in the MCCM (-S1P) groups suggests that S1P
promoted GFP-HUVEC performance in 3D muscle-endothe-
lial tissues. S1P activates specific G-protein coupled receptors
(GPCRs) expressed in endothelial cells and has been shown
to enhance HUVEC DNA synthesis, migration, tube
formation, and VEGF expression.36−38 S1P removal did not
influence MHC expression, which may suggest that S1P is a
useful media additive that improves endothelial cell perform-
ance without impeding skeletal muscle differentiation. In
other reports, S1P has been shown to enhance myogenesis
and muscle differentiation.39−44

As MCCM promoted GFP-HUVEC activity while 10FBS-I
promoted MHC+ muscle differentiation, we attempted to
achieve simultaneous muscle differentiation and endothelial-
ization by coculturing the two together in a 1-to-1 ratio of
MCCM and 10FBS-I (i.e., MCCM2). 10FBS-I was chosen
over 2HS-EBM (which also promoted myogenesis), as it
resulted in the formation of larger muscle tissues. As 10% FBS
is typically used to proliferate myoblasts in vitro, it is possible
that 10FBS-I stimulated cell proliferation to result in larger
3D muscles. Indeed, 10FBS-I-cultured tissues contained
significantly higher numbers of nuclei when compared with
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2HS-EBM tissues. While muscle proliferation and differ-
entiation are typically thought of as mutually exclusive events,
other interventions that promote both processes exist, such as
with the electrical stimulation of 3D cultured muscles.45

MCCM2 significantly enhanced MHC expression in 3D
cultured muscles. Conversely, improved GFP expression was
observed only with endothelial (and support) cells seeded at
higher densities (2C2H vs 2C1H groups). This finding
highlights the importance of optimizing both media
formulation and cell seeding densities/ratios for the coculture
of 3D muscle-endothelial tissues. Muscle-endothelial tissues
cultured in MCCM2 with the 2C2H cell seeding concen-
tration exhibited MHC expression across the full thickness of
the tissue cross-section while promoting the highest HUVEC
survival among the tested conditions.
A limitation of our study is the low number of replicates

performed under some experimental conditions. Conse-
quently, true optimal media compositions and cell ratios for
fostering muscle differentiation and endothelial cell survival
during 3D coculture may differ from what is reported in this
study. However, overall trends observed here may hold true,
such as how increased endothelial cell concentrations (e.g.,
from the 2C1H to the 2C2H cell ratio) in the cocultures
improve 3D construct endothelialization. Despite these
limitations, our study provides valuable preliminary insights
on how cell ratios and media compositions can be optimized
in tandem to potentially yield large boosts in muscle
differentiation and endothelial cell survival within 3D
muscle-endothelial tissues. In future investigations, we aim
to increase the number of replicates and perform independent
experiments to further validate and refine our findings as well
as explore the possibility of incorporating biological replicates
where feasible. A crucial aspect to address in subsequent steps
is to assess whether the endothelial cells present in the
muscle-endothelial constructs are able to form lumens, as
their vessel function is hypothesized to be a key attribute in
their ability to enable the survival of larger tissue engineered
muscle constructs (by permitting the flow of culture media to
the tissue interior). Future iterations of endothelialized
muscles should include methods to improve vasculogenesis
by the cocultured endothelial cells. For example, a further
increase in endothelial cell concentration within muscle-
endothelial tissues could have beneficial effects, as the initial
increase from 1 to 2 million cells/mL significantly improved
GFP-HUVEC performance. The ratio of endothelial cells to
muscle and support cells can also be screened, as specific
endothelial-support cell ratios have been reported to
significantly improve capillary formation during in vitro
hydrogel-based 3D cultures (e.g., a 7:1 endothelial to support
cell ratio was reported to be optimal, while a 4:1 ratio was
used in this study).12 Other methods of cell seeding into or
onto the 3D muscle constructs may also be beneficial, such as
via a two-stage seeding process where a layer of endothelial
cells are added as a coating on the outside of an in vitro 3D
muscle piece.15 Alternate endothelial cells to HUVECs may
also be worth investigating such as MS1-VEGF cells. MS1-
VEGFs have a high tolerance for varying culture media
formulations (e.g., survival in high glucose media) that may
also aid efforts to coculture muscle and endothelial cells, and
the VEGF that they express may enhance myogenesis within
in vitro muscle-endothelial constructs.46−49 The validation of
functional endothelial cell vascularization in 3D cultured
muscles should be followed by the generation of larger tissues

(>1 mm ⌀), such that the ability for a vessel network to truly
permit the growth of larger cell-cultured muscle tissues can be
assessed (Figure S4).

■ CONCLUSIONS
This work serves as the groundwork for achieving functionally
vascularized in vitro 3D muscle tissue. We showcase in vitro
muscle tissues (C2C12s) grown in 3D culture conditions with
robust myosin expression that simultaneously supported the
survival of endothelial cells (HUVECs). Cell culture experi-
ments for these systems demonstrated that muscle cells in 2D
and 3D may have different requirements while showing that
culture media formula and cell ratios need to be
simultaneously optimized to produce endothelialized muscle
tissue in vitro. As 3D tissue culture continues to advance, its
potential to produce in vitro muscles suitable for medical
applications and sustainable food sources will grow,
contributing to the ongoing transformation of the tissue
engineering and biotechnology fields.
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