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Impact of Cell Seeding Density and Cell Confluence
on Human Tissue Engineered Skeletal Muscle

Olga M. Wroblewski, MSE,1 Matthew H. Nguyen,2 Paul S. Cederna, MD,3 and Lisa M. Larkin, PhD1,2

Tissue engineering methodologies have the potential to treat volumetric muscle loss via the growth of ex-
ogenous skeletal muscle grafts from small autogenous muscle biopsies. A significant obstacle prevent-
ing the widespread use of engineered skeletal muscle grafts in a clinical setting is the high number of skeletal
muscle stem cells, known as satellite cells, required for fabrication of human-sized skeletal muscle tissue.
Additionally, there is a lack of work adapting engineered constructs created for animal models into skeletal
muscle engineered from a primary human skeletal muscle cell source. For this study, we used scaffold-free
tissue-engineered skeletal muscle units (SMUs) to determine the impact of cell seeding density on the ability
to fabricate functional human engineered skeletal muscle. Following established protocols, human skeletal
muscle isolates were cultured into SMUs at five different cell seeding densities: 1000, 2500, 5000, 10,000, and
25,000 cells/cm2. Following previous human SMU work, SMUs prepared at a cell seeding density of 10,000
cells/cm2 served as controls. Additionally, the impact of cell monolayer confluency on the outcome of human
cell-sourced SMU fabrication was investigated at both the 1000 and 10,000 cells/cm2 seeding densities. Light
microscopy was used to examine myotube formation and hypertrophy in cell monolayers. After the formation of
three-dimensional constructs, SMUs underwent maximum tetanic isometric force production measurements and
immunohistochemical staining to examine SMU contractile function and muscle-like structure, respectively.
Results indicate that the 25,000 cells/cm2 cell seeding density was detrimental to the contractile function of
human cell-sourced SMUs, which had significantly lower maximum tetanic forces compared with SMUs
seeded at lower densities. Compared with control, low cell seeding densities (1000–5000 cells/cm2) have no
detrimental impact on SMU skeletal muscle growth, maturation, or contractility. Cell cultures seeded at 1000
cells/cm2 and allowed to proliferate to 90–100% confluency before treatment in muscle differentiation media
(MDM) resulted in SMUs with greater contractile forces and total muscle structure compared with cell cultures
switched to MDM when underconfluent or overconfluent. In conclusion, initial cell seeding density for SMU
fabrication can be decreased to as low as 1000 cells/cm2 without negatively impacting SMU muscle-like
structure and function.
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Impact Statement

Our research suggests that during the translation of skeletal muscle tissue engineering technologies from animal to human
cell sources, initial starting cell seeding density can be significantly lowered without negatively impacting engineered
skeletal muscle growth, maturation, or contractile function. Decreasing the initial cell density, and, thus, the muscle biopsy
size required to fabricate an engineered human skeletal muscle, increases the potential for the clinical adoption of tissue-
engineered based therapies for volumetric muscle loss.
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Introduction

Volumetric muscle loss (VML) is a clinical condition
resulting from a volume loss of 30% or more in a single

muscle.1 A potential outcome of traumatic injuries, postop-
erative damage, and congenital defects, VML exceeds na-
tive skeletal muscle’s self-repair mechanisms and results in
impaired muscle function.1–3 Current standards-of-care for
VML rely on the use of allogenic or autogenic grafts for
muscle flap or graft transposition procedures, which have
shown limited success in restoring skeletal muscle func-
tion.4–6 Such treatments are additionally limited by issues
with graft source availability and donor site morbidity.4

Allogenic skeletal muscle transplants also risk additional
patient complications due to tissue rejection at the repair site
and the adverse effects of immunosuppression.4

Skeletal muscle tissue engineering methodologies have
the potential of resolving the shortcomings of current sur-
gical techniques by recapitulating native myogenesis in vitro
and growing biocompatible and adaptable exogenous mus-
cle tissue.1,5,7 Ideally, skeletal muscle could be engineered
from small autogenous muscle biopsies, alleviating or elim-
inating the limitations seen in current standards-of-care.1

Techniques in the field have included the use of scaffold
materials and chemical and mechanical stimuli to support
the growth and maturation of engineered muscles in vitro.8–10

Importantly, scaffold-free approaches have created engineered
skeletal muscle capable of restoring skeletal muscle struc-
ture and function in a 30% VML in the peroneus tertius mus-
cle of an ovine animal model.11 The capability of creating
scaled-up engineered skeletal muscle constructs is a prom-
ising advancement for the treatment of VML in humans.

Due to their essential role in native skeletal muscle regenera-
tion and their presence throughout adult skeletal muscle, skel-
etal muscle stem cells, known as satellite cells, are a popular
cell source for skeletal muscle regeneration technologies.12,13

Satellite cells are isolated via enzymatic digestion of skeletal
muscle biopsies.14–16 A significant obstacle preventing the
widespread use of engineered skeletal muscle grafts in a clinical
setting is the high number of satellite cells required for fabri-
cation of human-sized skeletal muscle tissue.17–19 Native adult
skeletal muscle has a low incidence of satellite cells, which
make up only 2–7% of nuclei within skeletal muscle.20 Fur-
thermore, satellite cells have low expansion potential, showing
a significant decrease in myogenic potential during extended
in vitro cell culture or cell passaging.18,21

As a result, large muscle biopsies are required for the
fabrication of engineered muscle, especially the scaled-up
grafts needed for the treatment of human extremity VML
injuries. However, collecting such large muscle biopsies
increases donor site morbidity or functional deficits in the
site of muscle harvest, potentially creating a new VML in-
jury to treat an existing VML injury.

Enzymatically digested skeletal muscle biopsies lead to a
cell suspension that primarily contains myogenic cells and
connective tissue fibroblasts. Several studies have used cells
isolated from rodent or ovine skeletal muscle to fabricate
engineered muscle grafts.22–25 These grafts have shown mea-
surable contractile forces in vitro and success in partially
repairing VML in animal models.22–25 In these studies, myo-
genic cells undergo proliferation and differentiation while
fibroblasts regulate satellite cell expansion and secrete im-

portant extracellular matrix (ECM) components.26–28 How-
ever, the number of studies adapting these technologies into
skeletal muscle engineered from a primary human skeletal
muscle cell source is very limited.26

A difference in cell source can have a significant impact
on an engineered skeletal muscle technology since there are
interspecies differences between both fibroblast and satellite
cell proliferation and differentiation behaviors and rates.29,30

While the presence of fibroblasts promotes skeletal muscle
maturation in scaffold-free engineered constructs, large fi-
broblast numbers can inhibit regeneration, especially since
fibroblasts proliferate more rapidly than satellite cells.31 For
the successful fabrication of skeletal muscle tissue engi-
neering technologies from a primary human skeletal muscle
cell source, the impact of human skeletal muscle isolate cell
seeding density on the structure and function of engineered
tissue needs to be clearly defined.

Our laboratory has developed a method of fabricating
scaffold-free tissue engineered skeletal muscle units (SMUs).24

The SMU fabrication process is well-defined in ovine and
rat models, and constructs have shown the ability to fully
or partially repair 30% VML injuries when implanted
in vivo.11,24,32 Recent research from our laboratory has fo-
cused on optimizing the SMUs for satellite cells and fibro-
blasts isolated from human skeletal muscle biopsies, but we
have yet to elucidate the ideal starting cell seeding density
that maximizes SMU structure and function while mini-
mizing the quantity of cells required.26 Additionally, our
scaffold-free approach allows us to clearly investigate the
impact of primary skeletal muscle cell seeding density on
engineered skeletal muscle growth and maturation without
the confounding effects of a scaffold’s physical and chemi-
cal properties.

Thus, the purpose of this study was to determine the
impact of cell seeding density on the ability to fabricate
functional human SMUs. We hypothesized that fabricating
SMUs at different cell seeding densities would determine a
cell seeding density parameter that minimizes scaffold-free
tissue engineering cell requirements while maintaining SMU
muscle-like content and tetanic force production in vitro.

Methodology

Experimental design—cell seeding density
experiments

To elucidate the impact of cell seeding density on scaffold-
free skeletal muscle tissue engineering, human skeletal
muscle isolates were cultured into SMUs at five different
starting cell seeding densities: 1000, 2500, 5000, 10,000,
and 25,000 cells/cm2. The densities of 25,000 and 10,000
cells/cm2 were of interest because these starting densities
previously led to successful SMU fabrication from rat and
human cell sources, respectively.24,26 Due to previous hu-
man SMU work, cell cultures and SMUs prepared at a
starting cell seeding density of 10,000 cells/cm2 served as
controls. Additionally, lower cell seeding densities were ex-
amined to determine the potential for decreasing the requi-
red starting cell number necessary for SMU fabrication.

During SMU fabrication, human skeletal muscle isolates
seeded on tissue culture plates underwent phases of cell pro-
liferation and cell differentiation before monolayers fused
into cylindrical three-dimensional (3D) skeletal muscle
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constructs. To enhance cell proliferation, cells were fed mus-
cle growth medium (MGM). To promote cell differentia-
tion, cells were fed muscle differentiation medium (MDM).
All five tested cell seeding densities followed the established
human cell source SMU fabrication timeline with mono-
layers being provided MGM for 7 days followed by MDM
for 11 days.26

During cell culture, it was observed that plates at seeding
densities of 10,000 and 25,000 cells/cm2 were overconfluent
by the day of medium switch from MGM to MDM, as indi-
cated by the presence of overgrown layers of cells on the
cell culture plates. Plates seeded at densities of 5000 cells/cm2

or lower were underconfluent, as indicated by areas of no cell
growth on the cell culture plates. Previous rat and sheep SMU
work suggests that the ideal time to switch cell culture from
MGM to MDM is when cells cover 90–100% of the cell
culture surface.11,24–26,32 At that point in time, monolayers are
described as between 90% and 100% confluent.11,24–26,32

Experimental design—time-to-confluency experiments

To determine whether monolayer confluency before stim-
ulated differentiation via MDM had any impact on the
outcome of human cell-source SMU fabrication, additional
time-to-confluency experiments were conducted. Two con-
fluency experimental groups were examined. Monolayers at
a starting cell seeding density of 1000 and 10,000 cells/cm2

were fed MGM until 90–100% confluency was achieved,
after which monolayers were provided MDM for 7 days

before being pinned as 3D constructs. For comparison, ad-
ditional 1000 and 10,000 cells/cm2 cultures underwent the
standardized SMU fabrication timeline, with cultures being
switched from MGM to MDM 7 days post-seeding.

The 1000 cells/cm2 confluency experimental group
achieved 90–100% confluency after 9 days in MGM,
whereas the 10,000 cells/cm2 confluency group achieved
90–100% confluency after only 6 days in MGM. Cell cul-
tures seeded at 1000 cells/cm2 that underwent the stan-
dardized SMU fabrication timeline were underconfluent
(<90%) on the day of switch to MDM, defined as less than
90% of the cell culture area being covered by cells. Hence,
during the time-to-confluency study, this experimental
group was labeled ‘‘1,000 cells/cm2 underconfluent.’’

Cell cultures seeded at 10,000 cells/cm2 that underwent the
standardized SMU fabrication timeline were overconfluent
(>100%) on the day of switch to MDM, and for the time-to-
confluency study were labeled ‘‘10,000 cells/cm2 over-
confluent.’’ Overconfluence was defined qualitatively as the
visible presence of additional delaminating cell layers beyond
the initial confluent monolayer upon inspection of the cell
culture dish under a microscope. The SMU fabrication time-
line and the experimental groups are summarized in Figure 1.

SMU fabrication

All tissue engineering studies involving the use of human
skeletal muscle biopsies were approved by the University
of Michigan Medical School Institutional Review Board

FIG. 1. Experimental design and timeline. To determine the impact of cell seeding density on the engineering of skeletal
muscle tissue, SMUs underwent cell seeding density experiments. SMUs were fabricated with five different initial cell
seeding densities: 1000, 2500, 5000, 10,000 (control), and 25,000 cells/cm2. To investigate the impact of monolayer
confluence on engineered skeletal muscle outcome in time-to-confluency experiments, additional experimental groups at
starting cell seeding densities of 1000 and 10,000 cells/cm2 were allowed to reach confluence before stimulated differ-
entiation in MDM. MDM, muscle differentiation media; MGM, muscle growth media; SMUs, skeletal muscle units.
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(HUM00151617). Cells were isolated from a human soleus
skeletal muscle discard obtained from a healthy 35-year-old
male during a below-the-knee amputation, following pre-
viously described procedures.26

Briefly, in an aseptic environment, the biopsy was minced
and subsequently added to an enzymatic digestion solution
containing 2.3 mg/mL dispase (Catalog No. 17105-041;
Thermo Fisher) and 0.3 mg/mL collagenase type IV (Catalog
No. 17104-019; Thermo Fisher). After 2 h of incubation in
enzymatic solution, the resulting suspension was filtered
through 40mm mesh filters (Catalog No. 22-363-547; Fisher
Scientific) and then centrifuged. The resulting cell pellet was
then frozen down in freezing media containing 70% Dul-
becco’s modified Eagle’s medium (DMEM; Catalog No.
11995-065; Gibco), 20% horse serum (Catalog No.
16050122; Gibco), 10% dimethyl sulfoxide (Catalog No.
BP231-100; Fisher Scientific), and a supplementary 1% anti-
biotic/antimycotic (ABAM; Catalog No. 15240-062; Gibco).

To initiate SMU fabrication, cells were thawed, centrifuged,
and resuspended in MGM. Following the cell seeding densities
selected for the experimental design, isolated cells were seeded
on 60 mm tissue culture-treated polystyrene plates (BD Falcon,
Franklin Lakes, NJ) and left undisturbed for 3 days to allow for
cell attachment. MGM contained 60% F-12 Kaighn’s Medium
(Catalog No. 21127-022; Gibco), 24% DMEM, 15% fetal
bovine serum (FBS; Catalog No. 10437-028; Gibco), and 1%
ABAM with a growth factor supplementation of 9.1 ng/mL
human epidermal growth factor (hEGF; Catalog No. CC-4107;
Lonza), 4.0 ng/mL dexamethasone (DEX; Catalog No. D8893;
Sigma-Aldrich), and 2.4 ng/mL basic fibroblast growth factor
(Catalog No. 100-18B; PeproTech).

After cell attachment, cell cultures were fed MGM ev-
ery 2 days, until the medium switch to MDM, determined
by the experimental design timeline. Following the switch,
monolayers were fed MDM every 2 days for the dura-
tion of SMU fabrication. MDM contained 70% Medium
199 (Catalog No. 1150067; Gibco), 23% DMEM, 6% FBS,
and 1% ABAM with a growth factor supplementation of
0.1% insulin/transferrin/selenium X (Catalog No. 51500056;
Gibco), 14.5 mg/mL ascorbic acid 2-phosphate (Catalog No.
A8960-5G; Sigma Life-Aldrich), 9.1 ng/mL hEGF, and
4.0 ng/mL DEX.

After 7 days in MDM, each monolayer was manually
delaminated from its polystyrene plate and transferred to a
60 mm plate coated with a soft silicone elastomer (Sylgard
184; Catalog No. 24236-10; Electron Microscopy Sciences).
Two stainless steel pins spaced 3 cm apart were used to pin
the monolayer to the silicone elastomer plate. Over the
course of 4 days in MDM, the monolayers fused down in 3D
cylindrical SMUs using the pins as anchor points.

Monolayer differentiation: myotube density and size

To investigate the impact of cell seeding density on
monolayer differentiation and myotube maturation, myo-
tube density and size were investigated. Immediately be-
fore manual delamination, five representative light
microscopy images were taken at randomly chosen loca-
tions on each monolayer. To determine the myotube den-
sity of each monolayer, ImageJ/Fiji was used to quantify
the total number of myotubes among all five images. The
number of myotubes was normalized by total image area.

Additionally, the diameter of each individual myotube was
measured to determine average myotube size. All mono-
layer images were analyzed by one researcher.

SMU function: contractile measurements

Four days after manual delamination, SMU maximum te-
tanic isometric force production was measured to evaluate the
contractile function of the engineered skeletal muscle con-
structs, as described previously.24–26 Briefly, the anchor pin on
one end of the SMU was released from the silicone elastomer
and attached to an optical force transducer. Platinum wire
electrodes were placed on either side of the SMU to provide a
uniform electric field stimulation along the SMU length. Dur-
ing testing, SMUs and electrodes were submerged in MDM
maintained at a temperature of 37�C. Tetanic contractions were
elicited via a 600 ms train of 2.5 ms pulses at currents of 900
and 1000 mA, and frequencies of 30, 60, 90, 100, 120, and
130 Hz to create a force frequency curve. LabVIEW 2012 was
used to record and analyze tetanic isometric force data.

SMU structure: immunohistochemical analysis

SMU sections were immunohistochemically stained for
the qualitative and quantitative structural analysis of en-
gineered skeletal muscle structure. Immediately after force
testing, SMUs were coated in Tissue Freezing Medium
(Catalog No. 15-183-36; Fisher Scientific) and flash-frozen
in liquid nitrogen-chilled isopentane. Constructs were stored
at -80�C until sectioning. SMU cryosections were fixed in
-20�C methanol before immunostaining.

To investigate SMU total cross-sectional area (CSA),
skeletal muscle content, and ECM (laminin) deposition, 10mm
thick SMU mid-belly cross sections were stained for nuclei
with 4¢,6-diamidino-2-phenylindole (DAPI; Catalog No.
P36935; Invitrogen) and antibodies for myosin heavy chain
(MF20; mouse monoclonal antibody 1:200 dilution; Catalog
No. MF 20-c; Developmental Studies Hybridoma Bank) and
laminin (rabbit polyclonal antibody 1:200 dilution; Catalog
No. 7463; Abcam). To evaluate SMU sarcomeric structure,
10mm thick SMU cross sections were stained for an a-actinin
antibody (rabbit polyclonal antibody 1:300 dilution; Catalog
No. ab18061; Abcam).

All stained sections were imaged using a Zeiss Apotome
microscope. ImageJ/Fiji’s freehand selection and analyze
particle tools were used to quantify the total CSA, MF20-
positive CSA, and laminin-positive CSA of each stained
SMU section. All image data were analyzed by one re-
searcher. To determine an engineered construct’s specific
force, the maximum tetanic isometric force measurement for
each SMU was normalized by the SMUs MF20-positive
CSA. The SMUs MF20-positive CSA was used to directly
examine the force production capabilities of the SMUs
skeletal muscle-like content. Maximum tetanic isometric
force measurements for each SMU were also normalized by
the SMUs total CSA to further investigate the contractile
capabilities of the engineered constructs. This measurement
is referred to as the normalized force.

Statistical analysis

All values are presented as mean – standard error of the
mean. Statistical analysis was performed using GraphPad
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Prism Software. Significant differences between the exper-
imental groups in the cell seeding density experiments were
determined through the comparison of means via one-way
analysis of variance (ANOVA) with Tukey’s post hoc com-
parisons. In time-to-confluency experiments, the experimen-
tal groups with the same seeding densities were categorized
and compared via Student’s t-test. Differences were con-
sidered significant at p < 0.05.

Results

Effect of cell seeding density on muscle cell
differentiation and myotube fusion

Light microscopy images of monolayers taken immedi-
ately before delamination indicated the presence of thick
elongated myotubes and dense myotube networks in all ex-
perimental groups (Fig. 2A–G). Even when cell cultures
were switched to MDM before reaching 90–100% conflu-
ence, lower starting cell seeding densities did not negatively
impact a cell culture’s ability to form a cohesive and struc-
turally durable monolayer and all experimental groups re-
sulted in monolayers capable of being delaminated and
converted into 3D cylindrical constructs.

In cell seeding density experiments, there was a significant
difference in myotube diameter between the experimental
groups ( p < 0.0001; Fig. 2H). Monolayers in the 25,000 cells/
cm2 experimental group had a significantly smaller average
myotube diameter compared with the 1000 cells/cm2

( p = 0.0002), 2500 cells/cm2 ( p = 0.0005), and 5000 cells/cm2

( p = 0.0009) experimental groups, with a mean of 15.4mm
versus 19.6, 19.3, and 18.8mm, respectively. The same trend
was seen with the 10,000 cells/cm2 control group, which, with a
mean of 16.6mm, had a significantly smaller average myotube
diameter compared with the 1000 cells/cm2 ( p = 0.003), 2500
cells/cm2 ( p = 0.008), and 5000 cells/cm2 ( p = 0.02) experi-
mental groups. The 10,000 cells/cm2 control group did not have
a significant difference in myotube diameter when compared
with the 25,000 cells/cm2 experimental group.

Interestingly, in time-to-confluency experiments, there
was a significant difference in myotube diameter
( p = 0.0005) between the 10,000 cells/cm2 overconfluent
experimental group (mean of 16.50mm) and the 10,000
cells/cm2 confluent experimental group (mean of 18.12mm;

Fig. 2I). There was no significant difference in myotube
diameter between monolayers in the 1000 cells/cm2 under-
confluent experimental group and the 1000 cells/cm2 con-
fluent experimental group.

Monolayer images were also used to analyze myotube
density, measured by myotubes per square millimeter (Fig. 2J,
K). In both cell seeding density and time-to-confluency ex-
periments, there was no statistically significant difference in
myotube density between the experimental groups with aver-
age values ranging from 15.2 to 17.7 myotubes/mm2. While
some experimental groups had significant differences in myo-
tube diameter, these differences in diameter were not large
enough to impact the myotube density over the analyzed area.

Impact of cell seeding density on SMU contractile
function

After 3D construct formation, SMU contractile func-
tion was assessed via tetanic force production measurements
(Fig. 3A, B). Regarding cell seeding density experiments, an
ordinary one-way ANOVA indicated significant difference
in maximum tetanic force production between the experi-
mental groups ( p = 0.0008). SMUs in the 25,000 cells/cm2

group had an average maximum tetanic force of 165.6mN. A
post hoc multiple comparisons test indicated that the 25,000
cells/cm2 SMUs had significantly weaker contractile func-
tion compared with SMUs in the 2500 cells/cm2 ( p = 0.004),
5000 cells/cm2 ( p = 0.002), and 10,000 cells/cm2 control
( p = 0.006) experimental groups, which had average maximum
tetanic forces of 323.9, 319.2, and 289.9mN, respectively.

There was no statistically significant difference in con-
tractile functions between SMUs in the 25,000 cells/cm2

group and the 1000 cells/cm2 group. Additionally, there was
no significant difference in maximum tetanic force between
the 1000, 2500, 5000, and 10,000 cells/cm2 control experi-
mental groups.

Tetanic force production measurements from time-to-
confluency experiments indicated that the confluency of
a monolayer on the day cell culture is switched from MGM
to MDM has an impact on SMU contractile function. With
an average of 331.0mN, SMUs from the 1000 cells/cm2

confluent experimental group had significantly greater
maximum tetanic forces compared with 1000 cells/cm2

‰
FIG. 2. Effect of cell seeding density on muscle cell differentiation and myotube fusion. After 7 days in MDM,
monolayers were imaged under a light microscope at 10 · magnification immediately before delamination. Scale bars =
250 mm. Images shown are representative of monolayers with a starting cell seeding density of 1000 cells/cm2 (A), 2500
cells/cm2 (B), 5000 cells/cm2 (C), 10,000 cells/cm2 (control, D), and 25,000 cells/cm2 (E). Monolayers seeded at 1000 and
10,000 cells/cm2 and allowed to reach confluence before being switched from MGM to MDM were also imaged (F and G,
respectively). Using monolayer images, myotube size and density were evaluated for both cell seeding density (H, J) and
timing-to-confluency (I, K) experiments. For time-to-confluency experiments, cell seeding density, monolayer confluency,
and culture day of initial MDM feeding are listed for each experimental group. Boxes and bars indicate mean – standard
error of the mean. D indicates significant difference from the 10,000 cells/cm2 control group. *above bars indicates
significant difference from the 25,000 cells/cm2 experimental group. For cell seeding density experiments, one-way
ANOVA indicated that starting cell seeding density had a significant effect on myotube diameter ( p < 0.0001). Post hoc
analysis indicated a significant difference in myotube diameters between monolayers initially seeded at 10,000 cells/cm2

(control) and monolayers initially seeded at 1000 cells/cm2 ( p = 0.003), 2500 cells/cm2 ( p = 0.008), and 5000 cells/cm2

( p = 0.02). The 25,000 cells/cm2 experimental group had significant lower myotube diameters compared with the 1000 cells/
cm2 ( p = 0.0002), 2500 cells/cm2 ( p = 0.0005), and 5000 cells/cm2 ( p = 0.0009) experimental groups. A Student’s t-test
indicated a significant increase in the myotube diameters in 10,000 cells/cm2 confluent monolayers compared with 10,000
cells/cm2 overconfluent monolayers ( p = 0.005). No significant difference in myotube density between experimental groups
was noted. MGM, muscle growth medium.
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underconfluent SMUs (mean of 235.6 mN, p = 0.002). These
results signify that introducing a cell culture to MDM
while the monolayer is underconfluent is detrimental to the
contractile properties of the resulting SMU. There was no
significant difference in tetanic force production measure-
ments between the 10,000 cells/cm2 overconfluent (mean
of 300.5 mN) and 10,000 cells/cm2 confluent (mean of
320.2 mN) experimental groups.

To further investigate construct contractile properties,
SMU-specific force was assessed (Fig. 3C, D). The specific
force of individual SMUs was determined by normalizing
each SMUs maximum tetanic isometric force by the SMUs
MF20-positive CSA. A one-way ANOVA combined with
Tukey’s post hoc comparisons indicated no significant dif-
ference between cell seeding density study experimental
groups, suggesting no difference in the amount of contractile
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force capability per area of SMU muscle-like content. Stu-
dent’s t-tests indicated no significant difference in specific
force between time-to-confluency study experimental groups.

SMU maximum tetanic force production was also nor-
malized by SMU total cross-sectional area. With an average
of 0.0041 N/cm2, SMUs from the 25,000 cells/cm2 experi-
mental group had significantly lower normalized tetanic
forces compared with the 1000 cells/cm2 (mean of 0.014 N/
cm2, p = 0.002), 2500 cells/cm2 (mean 0.016 N/cm2,
p = 0.003), and 5000 cells/cm2 SMUs (mean 0.016 N/cm2,
p = 0.002). There was no other significant difference in
normalized tetanic forces between the experimental groups
in the cell seeding density study.

Regarding the time-to-confluency study, SMUs from the
1000 cells/cm2 confluent experimental group had signifi-
cantly lower normalized tetanic forces compared with
SMUs from the 1000 cells/cm2 underconfluent experimental

group with an average of 0.00023 N/cm2 versus 0.014 N/cm2

( p = 0.0002). Additionally, 10,000 cells/cm2 confluent
SMUs had an average normalized tetanic force significantly
lower than 10,000 cells/cm2 overconfluent SMUs (mean of
0.00022 N/cm2 vs. 0.010 N/cm2, p = 0.005).

Structural maturation of SMUs at different starting cell
seeding densities

Immunohistochemical (IHC) staining of SMU cross sec-
tions elucidated details about construct structure and com-
position (Fig. 4). For all experimental groups, DAPI stains
indicated the presence of cells throughout the entire area of
the construct. These results suggest that starting cell seeding
density did not impact nutrient diffusion during SMU for-
mation. SMUs in all experimental groups also had abundant
laminin deposition, important for construct structural

FIG. 3. Impact of cell seeding density on SMU maximum tetanic force production and specific force in cell seeding density
(A, C) and time-to-confluency (B, D) experiments. For time-to-confluency experiments, cell seeding density, monolayer
confluency, and culture day of initial MDM feeding are listed for each experimental group. Boxes and bars indicate
mean – standard error of the mean. *above bars indicates significant difference from the 25,000 cells/cm2 experimental
group. #above bars indicates significant difference from the 1000 cells/cm2 experimental group. For cell seeding density
experiments, measurement of SMU contractile properties indicated significant difference in maximum tetanic force production
between experimental groups ( p = 0.0008). SMUs fabricated from an initial cell seeding density of 25,000 cells/cm2 had
significantly lower maximum tetanic force production compared with SMUs fabricated from an initial cell seeding density of
2500 cells/cm2 ( p = 0.004), 5000 cells/cm2 ( p = 0.002), and 10,000 cells/cm2 (control, p = 0.006). Considering SMUs fabricated
from monolayers that reached confluence before being fed MDM, the 1000 cells/cm2 confluent experimental group had signif-
icantly larger maximum tetanic forces compared with the 1000 cells/cm2 underconfluent experimental group ( p = 0.002). The
maximum tetanic force of representative SMUs from each experimental group was normalized by the SMUs MF20-positive cross-
sectional area to determine specific force. There was no significant difference in specific force between the experimental groups.
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integrity and cohesiveness. Myosin heavy chain was present
in all stained SMUs. Furthermore, all stained SMUs con-
tained multinucleated myotubes surrounded by laminin
sheaths.

Quantitatively, a one-way ANOVA indicated that the cell
seeding density study experimental groups had significantly
different total cross-sectional areas ( p < 0.0001; Fig. 5A).
SMUs in the 25,000 cells/cm2 experimental group had sig-
nificantly greater total CSAs compared with SMUs in the
1000, 2500, 5000, and 10,000 cells/cm2 control experi-
mental groups, with a mean of 3.9 mm2 versus 1.7, 2.0, 2.1,
and 2.7 mm2, respectively ( p < 0.001 for 1000, 2500, and
5000 cells/cm2, p = 0.005 for 10,000 cells/cm2). SMUs in the
1000 cell/cm2 group had significantly lower total CSAs
compared with SMUs in the 10,000 cells/cm2 control group
( p = 0.02), but were not significantly different from SMUs in
the 2500 and 5000 cells/cm2 groups. SMUs in the 2500,
5000, and 10,000 cells/cm2 control groups showed no sig-
nificant difference in regard to total CSAs.

In the time-to-confluency study, 1000 cells/cm2 confluent
SMUs had a mean total CSA of 2.3 mm2, significantly greater
than 1000 cells/cm2 underconfluent SMUs, which had a mean
total CSA of 1.7 mm2 ( p = 0.048). There was no significant
difference in mean total CSA measurements between the
10,000 cells/cm2 overconfluent (mean of 2.7 mm2) and 10,000
cells/cm2 confluent (mean of 2.3 mm2) experimental groups.

Focusing on myosin heavy chain content, there was
no significant difference in MF20-positive CSA be-
tween the experimental groups in the cell seeding density
study ( p = 0.0002, Fig. 5C). However, in the time-to-
confluency study, 1000 cells/cm2 confluent SMUs displayed
significantly greater MF20-positive CSAs compared with
1000 cells/cm2 underconfluent SMUs with an average of
0.12 mm2 versus 0.08 mm2 ( p = 0.002, Fig. 5D).

SMU MF20-positive CSA measurements were also nor-
malized by SMU total CSA measurements to determine the
percentage of skeletal muscle-like content in SMU cross
sections. In the cell seeding density study, SMUs in the

FIG. 4. SMU myosin heavy chain and laminin content. SMU cross sections underwent IHC staining for cell viability (DAPI,
blue), myosin heavy chain (MF20, red), and laminin protein (green). Scale bars = 500mm. The images depicted are repre-
sentative cross sections of SMUs with initial cell seeding densities of 1000 cells/cm2 (A), 2500 cells/cm2 (B), 5000 cells/cm2

(C), 10,000 cells/cm2 (control, D), and 25,000 cells/cm2 (E). From the time-to-confluency experiments, images (F) and (G)
depict SMUs formed from monolayers seeded at 1000 and 10,000 cells/cm2, respectively, and grown to confluence before
being switched from MGM to MDM. DAPI, 4¢,6-diamidino-2-phenylindole. Color images are available online.

IMPACT OF CELL SEEDING DENSITY ON HUMAN ENGINEERED SMUS 427



FIG. 5. Impact of cell seeding density on SMU composition. Using cross sections stained for DAPI, myosin heavy chain,
and laminin, the total CSA (A, B), MF20-positive CSA (C, D), and laminin-positive CSA (E, F) were quantified for
representative SMUs cell seeding density (A, C, E) and time-to-confluency (B, D, F) experiments. For time-to-confluency
experiments, cell seeding density, monolayer confluency, and culture day of initial MDM feeding are listed for each
experimental group. Boxes and bars indicate mean – standard error of the mean. Dabove bars indicates significant difference
from the 10,000 cells/cm2 control group. *above bars indicates significant difference from the 25,000 cells/cm2 experi-
mental group. #above bars indicates significant from the 1000 cells/cm2 confluence experimental group. For cell seeding
density experiments, a one-way ANOVA indicated that there was significant difference in total CSA ( p < 0.0001) and
laminin-positive CSA ( p = 0.0004). SMUs in the 25,000 cells/cm2 experimental group had significantly larger total CSAs
compared with SMUs in all other experimental groups ( p < 0.001 for 1000, 2500, and 5000 cells/cm2, p = 0.005 for 10,000
cells/cm2). Additionally, SMUs in the 10,000 cells/cm2 control group had significantly larger total CSAs compared with
SMUs in the 1,000 cells/cm2 experimental group ( p = 0.02). 25,000 cells/cm2 SMUs had significantly larger laminin-
positive CSAs compared with SMUs in the 1000 cells/cm2 ( p = 0.0007), 2500 cells/cm2 ( p = 0.002), and 5000 cells/cm2

( p = 0.02) experimental groups. In time-to-confluency experiments, 1000 cells/cm2 confluent SMUs displayed significantly
greater total and MF20-positive CSAs compared with the 1000 cells/cm2 underconfluent experimental group ( p = 0.048 and
p = 0.002, respectively). 10,000 cells/cm2 confluent SMUs also had significantly smaller laminin-positive CSAs compared
with 10,000 cells/cm2 overconfluent SMUs ( p = 0.002). ANOVA, analysis of variance; CSA, cross-sectional area.
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25,000 cells/cm2 experimental group had significantly lower
percentages of MF20-positive content compared with SMUs
in the 1000, 2500, 5000, and 10,000 cells/cm2 control ex-
perimental groups, with a mean of 1.6% versus 4.8%, 3.5%,
4.0%, and 3.2%, respectively ( p < 0.0001 for 1000 cells/
cm2, p = 0.01 for 2500 cells/cm2, p = 0.001 for 5000 cells/
cm2, and p = 0.04 for 10,000 cells/cm2). 1000 and 10,000
cells/cm2 control SMUs also had significantly different
percentages of MF20-positive content ( p = 0.04).

In time-to-confluency studies, 10,000 cells/cm2 confluent
SMUs had significantly greater percentages of MF20-
positive content compared with 10,000 cells/cm2 over-
confluent SMUs (3.9% vs. 3.2%, p = 0.03). There was no
significant difference in total percentage of MF20-positive
content between 1000 cells/cm2 underconfluent and 1000
cells/cm2 confluent SMUs.

To determine the impact of starting cell seeding density on
ECM deposition, laminin-positive CSA was measured in SMU
cross sections (Fig. 5E, F). In the cell seeding density study,
statistical analysis indicated a significant difference in laminin-
positive CSA between the groups ( p = 0.0004). SMUs in the
25,000 cells/cm2 experimental group with a mean laminin-
positive CSA of 1.4 mm2 had significantly greater CSAs com-
pared with SMUs in the 1000 cells/cm2 ( p = 0.007), 2500 cells/
cm2 ( p = 0.002), and 5000 cells/cm2 ( p = 0.02) experimental
groups (mean of 0.79, 0.85, and 0.97 mm2, respectively). Ad-
ditionally, SMUs in the 10,000 cells/cm2 control experimental
group had a mean laminin-positive CSA of 1.2 mm2 signifi-
cantly greater than SMUs in the 1000 cells/cm2 experimental
group ( p = 0.03). In the time-to-confluency study, the 10,000
cells/cm2 confluent experimental group SMUs had a signifi-
cantly smaller mean laminin-positive CSA compared with the
10,000 cells/cm2 overconfluent experimental group, with a
mean of 0.7 mm2 versus 1.2 mm2 ( p = 0.002).

To determine the percentage of ECM content in SMUs,
SMU laminin-positive CSA measurements were normalized
by SMU total CSA measurements. In the cell seeding den-
sity study, experimental groups saw no significant difference
in percentage of laminin-positive content with averages of
46.6%, 42.9%, 44.3%, and 35.7% for 1000, 2500, 5000,
10,000 cells/cm2 control, and 25,000 cells/cm2 SMUs, re-
spectively. In the time-to-confluency study, there was no
significant difference in total percentage of laminin-positive
content between 1000 cells/cm2 underconfluent and 1000
cells/cm2 confluent SMUs. With a mean of 30.8%, 10,000
cells/cm2 confluent SMUs had significantly lower percent-
ages of laminin-positive content compared with 10,000 cells/
cm2 overconfluent SMUs (mean of 44.4%, p = 0.01).

Longitudinal sections of SMUs in each experimental group
were stained for DAPI and a-actinin to assess the maturity of
myotubes. These stains revealed the presence of aligned and
striated sarcomeric structures in all experimental groups
(Fig. 6). These results indicated that SMUs fabricated at all
tested starting cell seeding densities were capable of developing
mature muscle-like content with sarcomeric organization sim-
ilar to the aligned structures seen in adult skeletal muscle in situ.

Discussion

For this study, we fabricated scaffold-free SMUs to char-
acterize the role of cell seeding density on the outcome of
skeletal muscle engineered from human skeletal muscle stem

cells and to optimize a protocol for the fabrication of human
cell-sourced SMUs. We aimed to decrease the skeletal mus-
cle biopsy size required to fabricate human cell-sourced
SMUs. These experiments served to determine whether the
skeletal muscle cell isolate seeding density could be decreased
from a standard control of 10,000 cells/cm2 without im-
pacting SMU structure and contractile function.

Previous work in our laboratory has determined that the
ideal starting cell seeding densities for rat and ovine SMUs
are 25,000 and 10,000 cells/cm2, respectively.11,25–25,32

Highlighting the impact of species cell source on the in vitro
growth of engineered skeletal muscle, the high starting cell
seeding density used in rat models was detrimental to the
contractile function of the human cell-sourced SMUs fab-
ricated in this study. Lower cell seeding densities had an
average maximum tetanic force production of up to two times
greater than SMUs fabricated with a starting cell seeding den-
sity of 25,000 cells/cm2.

Analysis of monolayers, SMU cross sections, and SMU
normalized force provides a possible explanation for the
decrease in contractile function. Higher cell seeding densi-
ties result in excessive non-myogenic cell populations and
ECM deposition that impedes myotube hypertrophy in
monolayers and SMU 3D fusion after delamination. Overall,
the outcomes of this study suggest that, when transitioning
engineered skeletal muscle technologies from a rat or ovine
cell source to a human cell source, the initial cell seeding
density should be decreased for optimal results.

Investigations into the low initial cell seeding densities
of 1000, 2500, and 5000 cells/cm2 yielded exciting results.
Despite the significant decrease in initial cell total compared
with the 10,000 cells/cm2 control, cells in all lower density
experimental groups were able to proliferate, form extensive
myotube networks, and secrete ECM leading to robust mono-
layers. Moreover, these monolayers were capable of form-
ing 3D structures that could withstand prolonged periods of
in vitro culture and mechanical force testing. Furthermore,
as indicated by MF20 and a-actinin staining, lower cell
seeding densities did not negatively impact SMU muscle-
like content or sarcomeric maturity.

Historical rat and ovine SMU data have indicated that, at
minimum, SMUs grown in 60 mm plates must produce a
maximum tetanic force of 100 mN in vitro to promote suc-
cessful skeletal muscle regeneration and restoration of
skeletal muscle function upon in vivo implantation in animal
VML models.11 Importantly, all tested SMUs with initial
seeding densities from 1000 to 10,000 cells/cm2 surpassed
this parameter with maximum tetanic forces ranging from
151 to 513mN. These promising results indicate that, even
when fabricated from initial cell seeding densities 1/10th the
amount standardly used, human cell sourced SMUs display
in vitro structure and contractile function that suggest huge
potential for success upon implantation as skeletal muscle
grafts for VML treatment.

Time-to-confluency studies provided an opportunity to in-
vestigate the impact of monolayer confluency before stim-
ulated differentiation with MDM on overall SMU structure
and contractile function. Interestingly, it appeared that mono-
layer overconfluence and underconfluence had different
impacts on SMU outcome. The changes in the structure and
function of 1000 cells/cm2 confluent SMUs when compared
with 1000 cells/cm2 underconfluent SMUs did not show
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the same trends as between the 10,000 cells/cm2 confluent
experimental group SMUs and the 10,000 cells/cm2 over-
confluent experimental group.

In the case of plates initially seeded at 1000 cells/cm2, it
took 9 days of growth in MGM before plates achieved 90–
100% confluence. As a result, cells were in MGM for 2 days
longer compared with the standard SMU fabrication protocol.
This extra culture time in MGM provided ample opportunity
for myogenic cells to proliferate, significantly increasing the
amount of myosin heavy chain content seen in SMUs, as well
as the total SMU cross-sectional area. This increase in myosin
heavy chain content could be the reason the 1000 cells/cm2

confluent experimental group had SMUs with maximum te-
tanic forces significantly greater than SMUs in the 1000 cells/
cm2 underconfluent experimental group.

Cell culture plates initially seeded at 10,000 cells/cm2

reached 90–100% confluence at 6 days, with plates fol-
lowing the standard SMU fabrication protocol being over-

confluent on the initial MDM feeding day (day 7). Even
with only a 1 day difference in MGM cell culture time, the
impact of overconfluence was apparent with SMUs in the
10,000 cells/cm2 overconfluent experimental group having
greater ECM deposition compared with SMUs in the 10,000
cells/cm2 confluent experimental group.

The results suggest that timing the switch from MGM to
MDM during monolayer culture is critical in optimizing SMU
structure and contractile function. If monolayers are switched
before they reach at least 90% confluency, myogenic cells miss
critical time to proliferate. If monolayers are switched after they
surpass 100% confluency, SMUs can have excessive ECM
deposition that could potentially obstruct contractile function.

It is interesting to note that in both the cell seeding studies
and the time-to-confluency studies, there was no significant
difference in specific force between experimental groups.
Additionally, IHC analysis indicated that most experimental
groups had similar MF20-positive cross-sectional areas.

FIG. 6. Impact of cell seeding density on SMU structural maturation. SMU longitudinal sections underwent IHC staining
to visualize sarcomeric structure (a-actinin, green). Scale bars = 50 mm. The images depicted are representative of SMUs
fabricated with initial cell seeding densities of 1000cells/cm2 (A), 2500 cells/cm2 (B), 5000 cells/cm2 (C), 10,000 cells/cm2

(control, D), and 25,000 cells/cm2 (E). SMUs formed from monolayers seeded at 1000 and 10,000 cells/cm2 and grown to
confluence before being switched from MGM to MDM were also imaged (F and G, respectively). Aligned and striated
sarcomeric structures were founded in each experimental group with examples indicated by white arrows. IHC, im-
munohistochemical. Color images are available online.
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When considered collectively, these results suggest that the
differences in average maximum tetanic forces between
experimental groups are not only influenced by the MF20-
positive cross-sectional area but also by additional factors.
Such factors include the maturity and sarcomeric alignment
of an SMU skeletal muscle content, as well as the cohesive-
ness and organization of an SMU ECM component.

While there is no significant difference in specific force,
there are significant differences in normalized force. In the
cell seeding density study, SMUs fabricated from a high cell
seeding density (25,000 cells/cm2) have lower normalized
forces compared with 1000, 2500 and 5000 cells/cm2 ex-
perimental group SMUs. Higher cell seeding densities re-
sult in excessive ECM deposition, which increases the total
SMU CSA without improving SMU contractile function.
Interestingly, confluency studies indicate that underconflu-
ency and overconfluency in monolayers can increase SMU
normalized force, while having minimal or negative impact
on SMU maximum tetanic force or specific force. These
results support the theory that confluency impacts ECM de-
position and organization in monolayers and SMUs.

In terms of SMU fabrication, results suggest that initial
cell seeding density can be decreased to as low as 1000
cells/cm2 without negatively impacting SMU muscle-like
structure and function if monolayers are 90–100% confluent
before being switched to MDM. Even if monolayers are
given time to reach confluency, this decrease in initial cell
seeding density only increases the cell culture period by
2 days compared with the standard SMU protocol. A de-
crease in initial cell seeding density from 10,000 to 1000
cells/cm2 with minimal change in overall SMU fabrication
time has serious implications for the development of clini-
cally relevant engineered skeletal muscle tissue.

In previous work, our laboratory used sheep cells at a
seeding density of 10,000 cells/cm2 to create SMUs 14 cm
long and 2 cm in diameter, a size close to the parameters
needed to fill a 30% VML in a human tibialis anterior limb
muscle.11 For this sheep study, 20 million cells were required
to generate a single implantable construct. From the results of
this study, we now know that we could create a human cell
sourced scaled-up SMU of the same size and diameter with
only 2 million cells. With current human skeletal muscle
precursor cell isolation techniques, 2 million cells could be
harvested from a standard 200 mg (a sample size around
20 mm3) skeletal muscle biopsy during a minimally invasive
procedure and a scaled-up SMU could be fabricated without
the risk of morbidity at the biopsy donor site.33,34

Using our SMU model, we demonstrated that the initial
starting cell seeding density for human scaffold-free engi-
neered skeletal muscle fabrication can be significantly lower
than the cell seeding density used for rat and ovine models
without negatively impacting engineered skeletal muscle
growth, maturation, or contractile function. These results are
a key advancement regarding the fabrication of clinically
relevant engineered skeletal muscle from autologous muscle
biopsies and the translation of skeletal muscle tissue engi-
neering technologies into medical therapies.
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