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Abstract

Skeletal muscle lost through trauma or disease has proven difficult to regenerate due to the
challenge of differentiating human myaoblasts into aligned, contractile tissue. To address this, we
investigated microenvironmental cues that drive myoblast differentiation into aligned myotubes for
potential applications in skeletal muscle repair, organ-on-chip disease models and actuators for
soft robotics. We used a 2D in vitro system to systematically evaluate the role of extracellular
matrix (ECM) protein composition and geometric patterning for controlling the formation of
highly aligned myotubes. Specifically, we analyzed myotubes differentiated from murine C2C12
cells and human skeletal muscle derived cells (SkMDCs) on micropatterned lines of laminin
compared to fibronectin, collagen type I, and collagen type 1V. Results showed that laminin
supported significantly greater myotube formation from both cells types, resulting in greater than
2-fold increase in myotube area on these surfaces compared to the other ECM proteins. Species
specific differences revealed that human SkMDCs uniaxially aligned over a wide range of
micropatterned line dimensions, while C2C12s required specific line widths and spacings to do the
same. Future work will incorporate these results to engineer aligned human skeletal muscle tissue
in 2D for /n vitro applications in disease modeling, drug discovery and toxicity screening.
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Introduction

Skeletal muscle is composed of billions of molecular motors that are organized into a
contractile, multiscale system that provides force generation for a diverse array of living
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organisms3%. During the process of myogenesis, myoblasts align with one another, fuse
membranes to form myotubes, and then begin to assemble the internal cell machinery into
organized sarcomeres of myosin heavy chain (MHC) and actin, the portions of skeletal
muscle that serve as actuators at the sub-cellular level”: 41, Skeletal muscle has unique
capabilities including the ability to repair minor injuries and adapt to workloads by
increasing volumetric muscle mass. However, in humans this ability to maintain or restore
normal structure and function becomes impaired during disease and injury. Understanding
how these repair and regeneration mechanisms work is therefore critical to developing new
regenerative therapies for skeletal muscle diseases as well as for applications in in vitro
pharmaceutical testing and as actuators for soft robotics and bioprosthetics®. Here we were
specifically interested in understanding the role the extracellular matrix (ECM) plays in
driving functional skeletal muscle formation since the ECM provides specific architectural
and biochemical cues that guide tissue formation /n vivo. Researchers have demonstrated
that the cell-ECM interface can be leveraged to engineer skeletal muscle in 2D and 3D /in
vitro systems?3 27 and ECM from decellularized tissues has been used to promote
regeneration of skeletal muscle defects in human patients®L.

Engineering skeletal muscle tissue /n vitro requires an understanding of the
microenvironmental cues that drive myogenesis, including ECM composition and
architecture, as well as species specific differences as we transition to human systems. A
number of /n vitro studies have shown that myotube formation and contractility depends on
specific microenvironmental cues including stiffness!3 14. 35 patterning of ECM

proteins® 18.46 and ECM composition?”. However, a quantitative understanding of how
specific ECM proteins and their spatial patterning controls skeletal muscle differentiation
and alignment is still needed. Skeletal muscle has been engineered from a variety of species
in vitro, but it has proved much more difficult to differentiate and maintain human skeletal
muscle!? 24, The immortalized C2C12 mouse myoblast cell line is widely studied, and has
been used by many researchers to engineer 2D myotube constructs!® 29 50.57 There are
also many examples of 3D engineered skeletal muscle constructs derived from primary rat
muscle and fibroblast cocultures®, primary chick muscle*®, primary mouse myoblasts*®, and
C2C12 myoblasts 49 54, However, there are far fewer examples of engineered human
skeletal muscle constructs /in vitro. Vandenburgh and co-workers established a protocol to
engineer contractile human bioartificial muscles that increased in maturity with mechanical
stimulation3”. Recently, Bursac and co-workers developed a method to engineer functional
human skeletal muscle constructs that integrated into /n vivo mouse models and responded
to pharmaceutical stimulation8: 30, However, despite the advances of these 3D engineered
human skeletal muscle constructs, they are formed by casting cell within isotropic hydrogels
and rely on self-organization to compact into final form. For this reason, 2D platforms are
still attractive as tools to better understand the interplay between the ECM and myogenesis
in engineered muscle constructs.

The aim of this study was to understand how the composition and microscale geometric
patterning of ECM proteins on a surface controls the differentiation of myoblasts into
aligned myotubes. Further, we wanted to determine whether the response was species
specific and differed between standard murine C2C12s and more clinically relevant human
cell lines. Previously, we differentiated C2C12s on micropatterned lines of fibronectin (FN)

Ann Biomed Eng. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Duffy et al.

Page 3

and quantified how line geometry influenced myotube formation“. Specifically, these
results led us to investigate how different ECM proteins affected myotube formation and
alignment from C2C12 and human primary myoblasts. First, we wanted to determine if
ECM proteins found in skeletal muscle would increase myotube differentiation, in terms of
density (surface coverage) and length. To test this, we compared myotube differentiation on
FN, collagen type IV (Col 1V), laminin 111 (LAM), and collagen type I (Col I), which are
major components of skeletal muscle ECM®: 20. 32,52 Second, we wanted to determine the
critical line width and spacing to uniaxially align myotubes while simultaneously
maximizing myotube density and uniaxial alignment. To test this, we differentiated
myoblasts on microcontact printed (UCP) ECM protein lines with 10, 15, 20, or 30 um
spacings and 20, 50, 100, or 200 um widths, as well as on isotropically coated controls.
Finally, we wanted to determine whether cell source affected myoblast response to ECM
guidance cues. To test this, we differentiated C2C12 mouse myoblasts and human skeletal
muscle derived cells (SKMDCs) on these ECM line patterns.

Materials and Methods

Substrate Fabrication

The ECM protein micropatterned substrates were fabricated based on previously published
techniques??: 46, Briefly, Sylgard 184 polydimethylsiloxane (PDMS; Dow Corning Corp.)
base and curing agent were mixed at a 10:1 mass ratio, respectively. PDMS was spincoated
onto 25 mm diameter glass coverslips at 4,000 rpm to create an approximately 15 pm thick
PDMS layer. PDMS coated coverslips were cured at 65°C for at least 4 hours before use.
PDMS stamps for uCP were fabricated as previously described with the exception that
MF-26A (Dow Electronic Materials) was used as the developer for the SPR 220.3 positive
photoresist (MicroChem Corp.)*6. PDMS stamps with 10, 15, 20, and 30 um line spacings
and 20, 50, 100, and 200 um line widths were created for a total of 16 micropattern
conditions. Patterns are referred to as width x spacing (e.g. a pattern with 50 um lines and 10
um spacings is 50x10).

All ECM proteins used for UCP were diluted with distilled water to final concentrations of
50 pg/mL for human FN (Sigma-Aldrich), 200 pg/mL for mouse LAM (Life Technologies),
200 pg/mL for mouse Col IV (Life Technologies), and 500 pug/mL for rat tail Col |
(Corning). The procedure for uCP was followed as previously described 46. Briefly, PDMS
stamps were sonicated feature side up for 30 minutes in 50% ethanol solution. Stamps were
dried with a nitrogen air gun, the feature side was coated with protein solution and incubated
for 1 hour at room temperature. Stamps were rinsed twice in distilled water and dried with
the nitrogen gun. PDMS coated coverslips were UV ozone treated for 15 minutes and
stamps were inverted and placed in conformal contact with the coverslip for 5 minutes to
transfer the ECM protein lines. Stamps were then removed, and the patterned coverslips
were incubated with 1% wi/v Pluronic F-127 solution for 5 minutes followed by three rinses
of phosphate buffered saline (PBS). For isotropically coated coverslips, UV-ozone treated
PDMS coverslips were inverted onto 200 L of protein solution for 15 minutes, followed by
3 rinses of PBS. Samples were used immediately or stored in PBS at 4°C for up to 2 weeks.

Ann Biomed Eng. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Duffy et al.

Cell Culture

Page 4

Reagents were obtained from Life Technologies unless indicated otherwise. The murine
C2C12 cell line (CRL-1722, ATCC) was cultured and differentiated as recommended by the
supplier at 37°C and 10% CO,. Cells were cultured and expanded in growth media (GM)
(high glucose DMEM (Corning) supplemented with 10% fetal bovine serum, 1% penicillin-
streptomycin, and 1% L-glutamine (200 mM)) and split at 1:10 ratios at 80% confluence.
Cells were used at <12 passages from the supplier and were seeded at a density of 30,000
cells/cm? on micropatterned substrates. C2C12s proliferated in growth media on substrates
for 24 — 48 hours in order to reach 100% confluence on micropatterned lines. Growth media
was then exchanged for differentiation media (DM) (high glucose DMEM (Corning)
supplemented with 2% horse serum, 1% penicillin-streptomycin, and 1% L-glutamine (200
mM)), and exchanged daily for 6 days. After differentiation, samples were ready to be fixed
and stained for analysis of myotube formation as described below.

Human SkMDCs were obtained from Cook MyoSite. Cells were cultured according to the
supplier recommendations at 37°C and 5% CO,. Additionally, cells were maintained below
80% confluence in MyoTonic Growth Medium (Cook Myaosite) during expansion. Cook’s
SkMDCs were seeded on substrates at 40,000 cells/cm? and were switched to MyoTonic
Differentiation Medium (MDM - Cook Myosite) after cells reached confluence on patterned
lines. MDM was exchanged every 48 hours for 6 days. After differentiation, samples were
fixed and stained for analysis of myotube formation.

Immunofluorescence Staining and Imaging

Samples were fixed, stained for myotubes, and imaged to quantify myotube formation as
previously described8. Reagents were obtained from Life Technologies unless otherwise
indicated. After 6 days in DM, myotubes were rinsed in PBS (0.625 mM Mg?* and 0.109
mM Ca?*) and fixed with 0°C methanol (Fisher Scientific) for 2 minutes. Samples were then
rinsed with PBS 3 times for 5 minutes and incubated with 5% v/v goat serum in PBS for 1
hour. Samples were rinsed in PBS 3 times for 5 minutes prior to incubating for 1 hour with
1:200 and 1:100 dilutions of DAPI and monoclonal mouse MHC antibody in PBS,
respectively. Samples were rinsed three times with PBS and incubated for 1 hour with a
1:100 dilution of Alexa Fluor 555 conjugated with goat anti-mouse antibody. Samples were
again rinsed 3 times in PBS prior to being mounted onto slides using Prolong Gold Anti-
fade. Samples were imaged using a Zeiss LSM 700 laser scanning confocal microscope to
obtain z-stacks and tile scans of samples. Tile scans were typically 1.28 mm x 1.28 mm.
Some tile scans for myotube length were between 2.56 mm x 0.64 mm and 4.48 mm x 0.64
mm in order to ensure that a measurable number of myotubes did not extend out of the field
of view for length and myotube fusion index (MFI) measurements.

Image Analysis

Post-processing of images was performed as previously described*2 46, MHC staining was
used to identify myotubes and DAPI to identify nuclei. Percent area myotubes, MFI — or
nuclei/myotube, and myotube length were used as metrics for myotube maturity. We also
measured myotube alignment relative to the u.CP ECM lines. ImageJ was used to quantify all
of these metrics using images with immunofluorescent MHC staining. To quantify percent
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area myotubes, the MHC channel was isolated, thresholded, converted to an 8-bit binary, and
holes where nuclei had been were filled using the “fill holes” feature within the binary menu.
The percent of MHC positive pixels were then quantified using the ‘analyze particles’
feature. Myotube lengths and orientation were measured manually using the line tool, and
MFI was quantified manually using the cell counter plug-in. Myotubes that extended outside
of the field of view were not quantified for length, MFI, or orientation.

Statistical Analysis

Results

All statistics were performed using SigmaPlot (Systat Software Inc.). Statistical analyses
were performed as one-way ANOVA or ANOVA on ranks as deemed appropriate based on
normality and equal variance tests. Data that failed normality or equal variance tests are
reported as median (med) and interquartile range (IQR); data that passed normality and
equal variance tests are presented as mean = SD. The following post hoc tests were used:
Student-Newman-Keuls Method (Figure 2D), Dunn’s method (Figures 2E, 2F, 4B, 4C, 4D,
5E, 5F, and 5G), and Holm-Sidak Method (Figures 4A and 7A, Supplemental Figures 4 and
5). Differences were considered statistically significant at p < 0.05.

C2C12 differentiation into myotubes is dependent on ECM composition and patterning

To investigate how specific ECM proteins influenced the differentiation of myoblasts into
myotubes we compared C2C12 myotube formation on FN, LAM, Col 1V, and Col I. First,
we screened myotube formation on cover slips micropatterned with 100x20 lines or
uniformly coated with the ECM proteins as isotropic controls (Figure 1). The 100x20 lines
were selected based on our previous studies that showed FN lines with these dimensions
guided formation of aligned myotubes from C2C12 cells*. Qualitative results showed that
all surfaces supported myoblast adhesion and spreading at day 0 in GM, however by day 6 in
DM, cells were no longer attached to the cover slip (delaminated) on isotropic Col I and
micropatterned lines of Col | and Col IV. The delamination from the micropatterned lines of
Col I and IV began after the switch to DM (see Supplemental Figures 1 and 2). This
demonstrated adhesion of myoblasts during differentiation depended on both the ECM
protein composition and patterning in 2D.

To understand this further, we next differentiated C2C12s into myotubes, as measured by
MHC positive cells, and quantified myotube length, MFI, and myotube area on
micropatterned lines of FN, Col IV, and LAM. Note that we included Col IV in the analysis
for comparison; even though most of the cells had delaminated once switched to DM, and by
day 6 in DM there were very few myotubes present (Supplemental Figure 2). Results
showed that differentiation was highly dependent on ECM protein composition (Figure 2 A—-
C). The C2C12s on the micropatterned LAM lines differentiated into a significantly greater
number of myotubes based on MHC positive cells (Figure 2D), were significantly longer
(Figure 2E), and had significantly higher MFI (Figure 2F) than cells on FN or Col IV.
Importantly, the LAM surface outperformed the FN surface, which we previously showed
was effective for engineering anisotropic 2D skeletal muscle tissue and which other groups
have used to pattern cardiac muscle!® 16 and vascular smooth musclel 2. The median values
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for myotube area and MFI on LAM were 1.5-times and 2-times those on FN, respectively.
This indicates that LAM increased the total number of myoblasts that differentiated into
myotubes as well as the number of myoblasts that fused into a single myotube.

LAM line width and spacing dictates C2C12 myotube differentiation and alignment

Based on the results of the ECM screen (Figure 2), we next investigated LAM
micropatterned line width and spacing to determine how geometric cues influenced myotube
differentiation and uniaxial alignment. We evaluated 16 conditions consisting of 20, 50, 100,
and 200 um line widths and 10, 15, 20, and 30 um line spacing in addition to an isotropic
control (Figure 3, Supplemental Figure 3A). These conditions were chosen based on
previous results using micropatterned FN lines in our own studies and in the literature 46: 56,
As expected, the isotropic control sample had C2C12 myotubes oriented in all directions, as
confirmed by the MHC stain and histogram of myotube alignment angle (Supplemental
Figure 3A and 3B). At the 10 pm line spacing, the myotubes were able to bridge between the
micropatterned lines and as a result aligned at a 20° to 30° angle to the lines (Figure 3). At
the wider 15, 20, and 30 um line spacing the myotubes generally followed the
micropatterned lines, though there were clear differences in myotube differentiation,
orientation, length and MFI.

Next, we quantified the myotube formation on the micropatterned LAM lines in order to
determine the patterns that maximized the amount of uniaxially aligned muscle tissue.
Similar to our previous results on FN lines*®, the width and spacing of micropatterned LAM
lines had a significant impact on myotube differentiation (Figure 4A). Myotube area was
comparable to the isotropic controls at the 10 and 15 pm line spacing for all line widths.
However, the myotubes on these surfaces bridged between the LAM lines at these narrower
spacings. The width of the LAM lines was also found to be an important factor, especially at
the 20 and 30 um line spacing. Differentiation was clearly lowest for the 20 um line width
and increased to a maximum level for the 200 um line width. However, this seemed to be
due to differences in LAM surface area, as normalizing the myotube area by the LAM
surface area showed statistically equivalent results for all line widths (Supplemental Figure
4). Myotube orientation generally showed a trend that was opposite to that of myotube area,
with uniaxial alignment being better for surface patterns that had lower myotube area.
Myotubes grown on lines with spacings of 10 and 15 pum grew aligned relative to each other
(Figure 4B), but these spacings enabled bridging across the spacings, resulting in myotubes
oriented off axis to the micropatterned lines. The 20 and 30 pm line spacings resulted in
uniaxial myotube alignment and prevented myotubes from bridging across LAM lines
(Figure 4B). However, on the wider LAM lines, particularly 100 and 200 um wide lines, the
myotubes also began to orient off axis to the pattern. Finally, myotube length (Figure 4C)
and MFI (Figure 4D) were similar across most of the micropatterns, with the exception that
both metrics were significantly lower on the 20x20 and 20x30 patterns compared to the
wider line widths. Note that myotube length and MFI were not calculated for the 10 um
spacing because the myotubes did not align well with the pattern and thus were not
considered effective for engineering aligned skeletal muscle. Thus, the micropatterns that
had the best uniaxial alignment parallel to the lines were also the patterns with the lowest
myotube area. Additionally, myotubes differentiated on the 100 and 200 um wide lines had
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trends towards longer myotubes length and higher MFI compared to isotropic controls,
which suggested that that this more organized guidance of myotube fusion resulted in more
mature myotubes. In total, these results suggested that LAM line geometry influenced
C2C12 myotube formation and that patterns that increased differentiation decreased uniaxial
alignment.

Human SkMDCs differentiation into myotubes is dependent on ECM composition

To determine if human and mouse myoblasts respond similarly to ECM protein cues, we
repeated the ECM protein screen performed for the C2C12 (Figure 2) for human SKMDCs
on Col I, Col IV, FN, and LAM (Figure 5). The human myotubes differentiated poorly and
delaminated on Col I and Col IV (Figure 5A and 5B), appeared to differentiate marginally
better on FN (Figure 5C) and differentiated robustly on LAM (Figure 5D). There was
significantly greater myotube formation on LAM, greater than 2-times, compared to on Col
I, Col IV, and FN (Figure 5E). Myotubes formed on LAM lines were also significantly more
mature as measured by myotube length and MFI. Human myotubes formed on LAM were
greater than 3-times longer than myotubes formed on Col I, Col IV, and on FN (Figure 5F).
Similarly, human myotubes formed on LAM had approximately 2-times greater MFI than
myotubes formed on Col I and Col IV (Figure 5G). In total, these results demonstrated that
human SKMDCs, which behave as myoblasts in our system, differentiated better on
micropatterned LAM lines as compared to the other ECM proteins evaluated.

LAM line width and spacing has limited effect on human SKMDC myotube differentiation
and alignment

Next, we performed a smaller pattern screen with human SKMDCs to determine if the
different micropatterned LAM line geometries affected human myotube formation similarly
to the C2C12 cells. We evaluated 9 conditions consisting of 50, 100, and 200 um wide lines
and 10, 15, and 20 um spacing as well as an isotropic control (Figure 6, Supplemental Figure
3C). We did not include 20 pm wide lines as these resulted in poor myotube formation for
the C2C12s and did not include 30 um line spacing because the 20 um spacing was as
effective at aligning myotubes while supporting greater myotube area (Figure 4).
Interestingly, the human myotubes did not behave the same as the C2C12 myotubes and
instead became similarly aligned on all LAM micropatterns. All the line patterns had
significantly less myotube area than the isotropic control but otherwise were comparable
with the 50%20 line pattern having approximately half that of myotubes on the 200x10,
200x15, and 200x20 line patterns (Figure 7A). Normalizing the myotube area by the LAM
surface area indicated that the 50x20 pattern had significantly less myotube formation, but
no statistical differences were observed between the other patterns (Supplemental Figure 5).
Human myotubes on all LAM patterns were uniaxially aligned to the lines, different than the
isotropic control (Supplemental Figure 3D), but with no statistically significant difference
between line patterns (Figure 7B). Myotube orientation only began to deviate from the line
pattern at the 200 um width, as the distribution angles increased (Figure 7B). Similar to the
uniaxial alignment of the human myoblasts on all patterns, there were no statistical
significant difference in myotube length (Figure 7C) and MFI (Figure 7D) between the
different LAM line widths and spacings. As a further control to account for lot-to-lot
variability, we evaluated five additional human SKMDC lines, and while there were

Ann Biomed Eng. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Duffy et al.

Page 8

differences in differentiation efficiency, all formed well-aligned myotubes on the LAM
patterns. This suggests that our results indicated a difference between species, and were
representative of human SkMDC cells.

Micropattern geometries that maximize formation of aligned muscle is species specific

Finally, we evaluated the data on myotube area and alignment for both C2C12 and human
SKkMDC cells to directly compare across species. For the C2C12s, myotube orientation angle
was plotted as a function of myotube area, and this confirmed that there was an inverse
relationship between these properties (Figure 8A). While it was possible to achieve myotube
areas as high as approximately 40%, it was at the expense of alignment. When taking
uniaxial alignment in the direction of the line micropatterns into consideration, the
maximum myotube area that could be achieved was much lower at approximately 25%. In
contrast, for the human SKMDCs, the relationship between myotube orientation angle and
myotube area was completely different, showing minimal dependence on the micropattern
geometry (Figure 8B). For all conditions the human myotubes were uniaxially aligned in the
direction of the micropatterned lines. The human myotubes we able to bridge across the
LAM lines at the narrower line spacings, but this did not cause the myotubes to change their
angle of orientation, as it did for the C2C12 myotubes. Thus, increasing myotube area was
dependent primarily on the width of the LAM line, and the maximum that could be achieved
was approximately 35%. Together, these results highlight the differential response of human
and murine skeletal muscle cells to the LAM micropatterned surface, and that even though
the C2C12s could achieve a greater myotube area, the human cells achieved a greater
uniaxially aligned myotube area.

Discussion

Overall, our results show that myotube formation and uniaxial alignment in 2D engineered
skeletal muscle depends on composition and micropatterning of the ECM proteins and the
cell source. We observed a tradeoff between myotube orientation and myotube area for
C2C12s that was not observed for human SKMDC derived myotubes. This could be
attributed to donor variation in the human cells, but 5 different donor lots differentiated on
the same patterns all behaved similarly (Supplemental Figure 6). Specifically, we observed
that line spacings of 10 or 15 pm enabled C2C12 myotubes to bridge between LAM lines
and thus did not align to the pattern (Figure 3). However, these same line spacings were able
to align human myotubes on the LAM lines parallel to the pattern (Figure 5). There are
multiple potential reasons for these differences. First, the C2C12s are an immortalized
myoblast cell line and behave differently than primary isolated muscle precursor cells. For
example, they are more proliferative than human SkMDCs, reaching confluence at a faster
rate (data not shown). This rapid C2C12 proliferation rate may lead to transient
overcrowding on the lines that facilitated bridging across the smaller 10 and 15 um line
spacings, and subsequent fusing with cells on adjacent lines. In contrast, the human
SkMDCs did not proliferate as rapidly and thus fused with cells on the same LAM line. The
large size of the myotubes means that they are unlikely to bridge once they have formed.
Thus, the difference in response by the murine and human muscle cells may be due in part to
intrinsic differences in growth rate. Second, the C2C12s myotubes appeared to have an
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inherent bias in the direction of alignment relative to the direction of the myotube lines. This
was observed on the patterns with 10 and 15 um spacings as well as on the 100 and 200 pm
lines with wider spacings. This was most notable on the 200x20 pattern (Figure 3 and Figure
4B), where the C2C12 myotubes were entirely confined to the 200 um wide LAM lines but
still aligned 5° to 10° off axis to the pattern. We observed the exact same behavior on FN
lines in previous work#?, and other groups have reported similar responses as well for
C2C12s on micropatterns® 6. Thus, there are clearly genetically encoded similarities and
differences in cell response to microenvironmental cues between the C2C12 and human
muscle cells.

This raises a number of interesting questions regarding the mechanisms involved in muscle
differentiation across species as well as the interplay between physical and biochemical cues
in the microenvironment. For example, both murine C2C12 and human SKkMDCs
demonstrated significantly increased differentiation on LAM lines compared to FN, Col |
and Col 1V (Figures 2 and 5). There are multiple potential reasons for this, but one
possibility is the different integrins used to attach to these ECM proteins. As noted, we
observed poor differentiation of C2C12s and human SKMDCs on both collagens. This could
be related to the fact that a 5-fold increase in fibrillary collagens has been observed in very
old muscle, as well as increases in 1 integrin, suggesting that Col | may inhibit myogenesis
in vivo38, Additionally, when porcine myoblasts were differentiated on Col I, gelatin, FN,
Matrigel, and LAM, myogenin, a late myogenic marker, was expressed at the lowest levels
on Col 151, Poor myotube formation has also been observed for murine satellite cells
cultured on entactin-laminin-collagen (ECL) substrates, Col IV, poly-d-lysine, and LAM,
where higher myotube fusion rates occurred on poly-d-lysine or LAM compared to Col IV
or ECLS: 43, Col IV content in skeletal muscle is also higher in patients with Duchenne
muscular dystrophy (DMD) and impaired muscle regenerationZ, which is consistent with
increased Col 1V gene expression in DMD myotubes®®. Similarly, in mouse models of
DMD, LAM 111 injections, which increased the relative amount of LAM in the ECM,
increased muscle strength in treated mice?!, and LAM 111 injections in mice with muscle
damage induced by eccentric exercise resulted in significantly more embryonic-MHC
positive fibers 8. In addition to integrins, it is also known that dystroglycan (DG) receptor
binds to laminin globular domain 4 on the LAM a1 chainll. The DG complex activates
pathways that increase myoblast growth33 and is one of the proteins that is affected by
DMD. This results in severe defects in muscle regeneration and eventual loss of structure
and function of formerly healthy skeletal muscle3? 44, In terms of ECM composition, our
results and those noted from the literature support the finding that LAM increases murine
and human myoblast differentiation into myotubes. However, the reasons for differences in
myotube orientation remain unclear and will require further studies to elucidate.

An important aspect of the current study is the delamination of differentiating myotubes on
micropatterned lines of Col | and Col IV, which could be influencing the interpretation of
our results. Skeletal muscle myotubes are known to form within Col | gels?0. 48.49 s the
inability of myotubes to consistently form on micropatterned lines of Col I and Col IV may
be an artifact of the JCP method itself. It is possible that the poor myotube differentiation is
due to lack of cell and/or ECM adhesion to the underlying PDMS, contributing to cell and/or
myotube delamination during culture. One question is whether the myoblasts detach from
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the coverslip, or whether the myoblasts fuse into myotubes and then detach. After initial
seeding in GM, myoblasts adhered on both micropatterned and isotropically coated coverlips
of Col I and Col 1V (Figure 1). However, myoblasts began to detach as early as 24 hours
after switching to lower serum containing DM, (Supplemental Figure 1). This would suggest
that the loss of cells on the Col I and Col 1V occurs prior to fusion into myotubes, perhaps
driven by a decrease in fibronectin and vitronectin from FBS removal. It is possible
increased cell contractility could result in myoblasts or myotubes detaching from the
patterned proteins or peeling the patterned proteins off of coverslips. In fact, even on the FN
and LAM micropatterned lines, which support differentiation, myotubes will eventually
delaminate after 6-14 days in culture, depending on the specific cell type, ECM protein and
micropattern used. Recently it has been shown that covalently crosslinking FN to PDMS
using genipin enabled long term smooth muscle cell attachment on micropatterned FN
lines2®. This could potentially be applied to future studies with skeletal muscle on patterned
lines of Col IV and Col | but was outside the scope of the current study. In general, more in
depth studies need to be performed to determine the reason for myoblast or myotube
delamination from these proteins at such an early stage of differentiation. Regardless of the
cause, this is an inherent limitation of the 2D micropatterned in vitro culture system.
However, this 2D approach was used for these studies because it served a starting point that
allowed us to probe how ECM composition in conjunction with micropatterned geometry
influenced myotube formation.

Future work will explore the role of ECM composition and micropatterning in more
advanced 2D and 3D model systems of engineered skeletal muscle. For 2D systems, we are
interested in measuring contractile force generation using our previously developed
muscular thin film contractility assay. However, the human myotubes start to delaminate
after 6 days but must be matured longer than this to become contractile. It may be possible
to solve this problem by crosslinking the LAM to the PDMS using genipin or by increasing
the surface area for adhesion by using LAM coated micropatterned ridges. However, we are
primarily interested in scaling our current findings to engineered 3D skeletal muscle tissues
to allow us to differentiate myotubes for at least 2 — 4 weeks2* 27:30. 48 An open question is
whether LAM can have the same effect in 3D muscle differentiation as in 2D, and if so how
LAM must be integrated into the Col | and fibrinogen gels typically used. Further, 3D
muscle constructs more readily provide functional metrics of skeletal muscle maturity, such
as twitch force and calcium handling dynamics. While it is challenging to precisely
micropattern LAM cues in 3D, emerging technologies such as decellualrization?®: 34 and
engineered LAM nanofibers!’ 47 suggest that we may be able to engineer 3D scaffolds
comparable to our 2D surfaces in the near future.

Conclusions

In conclusion, we have engineered skeletal muscle from murine C2C12s and human
SkMDCs and demonstrated that myotube differentiation and alignment is dependent on
ECM protein composition and micropattern geometry. Both C2C12 and human myotube
formation was significantly increased on micropatterned LAM, and with poor myotube
formation significant delamination on both Col I and Col IV. The C2C12 myotubes required
specific geometric cues, line width and spacing, to guide uniaxial myotube alignment
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compared to human SKMDCs. In general, micropatterns that increased myotube area
decreased uniaxial alignment of C2C12 myotubes. In contrast, all LAM line micropatterns
guided human SkMDCs to uniaxially align, with no significant differences observed for
myotube orientation, length or MFI. This means that myotube formation as guided by ECM
composition and geometric cues is species dependent. Looking forward, this means the role
of microenvironmental cues is complex, multifactorial and dependent on cell origin. These
factors are critical to understand as theses tissue engineering technologies are translated to
clinical applications, and further demonstrates that utility of the 2D platform to screen
multiple parameters as lead up to more targeted studies in 3D.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Phase contrast images of C2C12 cells differentiated on FN, LAM, Col IV, and Col I.

Samples were differentiated on isotropically coated coverslips and 100%20 micropatterns.
After 6 days of differentiation, cells begin to delaminate from UCP lines of Col IV and Col |
and isotropically coated Col I. However, myotubes were able to form on both UCP or
isotropically coated LAM and FN. Scale bars 200 pm.
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Figure 2.
C2C12 myotubes differentiated for 6 days on 100x20 lines of (A) FN (B) LAM and (C) Col

IV show increased myotube formation on LAM and delamination of myotubes from Col IV
after staining for MHC and nuclei. (D) Myotubes formed on LAM lines had significantly
higher MFI than those differentiated on FN or Col IV. (E) Myotubes differentiated on LAM
were significantly longer than those differentiated on FN or Col 1V, and myotubes
differentiated on FN were also significantly longer than myotubes that formed on Col 1V. (F)
Percent area of myotubes formed on LAM lines was also significantly higher than on FN or
Col 1V, and significantly more percent area myotubes formed on FN than on Col IV. * p <
0.05 compared to FN and Col I. # p < 0.05 compared to Col IV. Scale bars 200 um. Blue —
DAPI; Red — MHC.
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Representative images of C2C12 cells differentiated on 16 different line patterns of LAM.
Myotubes deviate from aligning with the designated pattern when geometric spacing is too
narrow (<15 pm), or when the lines are too wide (200 um). White arrows represent direction
of UCP lines. Scale bars 200 um. Blue — DAPI; Red — MHC.

20

50

Line Width (pm)

Ann Biomed Eng. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Duffy et al.

Page 18

A B Cc D
ol e ColiV ———
E T F 3 G 80+ 1

304

E - | -

£ . E T 60

® £ 29

8 20 5 =

; | 5 = 401

5 2

3 =] S 1

&% = ;3 " e, 0.5

Nl o;:,gé : .',:!E

\ Y a \ Q N Q N
FF g = R & S ¢S

Figure 4.
(A) Percent area myotubes is higher on 10 and 15 um spacing conditions because myotubes

have more patterned area of LAM on which to form. (B) The orientation of lines is marked
at 90°. Myotubes maintain alignment with the patterned ECM when the line spacing is 20 or
30 um, and line width is < 200 um. (C) Longer myotubes formed on from patterned lines
>20 um wide. (D) Myotubes formed on wider lines were the result of fusion of significantly
more myoblasts as measured by MFI. Length and MFI were not quantified for line spacings
of 10 um as myotubes were not restricted to form uniaxially along the pattern. t p< 0.05
compared to 10 and 15 um spacings and all widths; # p< 0.05 compared to 10 um spacings;
* p< 0.05 compared to 20x20 and 20%30; * p< 0.05 compared to isotropic; t p< 0.05 than
20%30; $ p< 0.05 compared to 50x30; @ p<0.05 compared to 50x20 and 100x30; § p< 0.05
compared to 50x15 and 200%30; x p< 0.05 compared to 100x20; @ p< 0.05 compared to
100x15 and 200x20.
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(A-D) Representative images of MHC and DAPI staining of human myotube formation on
100%20 lines. (E) Quantifying the percent area of myotube formation for human skeletal
muscle cells shows significantly higher myotube area on LAM compared to Col I, Col 1V,
and FN. Myotube formation on Col I is highly variable. (F) Human myotubes formed on
LAM lines are significantly longer than myotubes formed on Col I, Col IV, and FN. (G)
Human myotubes formed on LAM lines also have significantly higher MFI than those
formed on Col I and Col IV lines. * p <0.05 compared to Col I, Col IV, and FN. # p < 0.05
compared to Col | and Col IV. Scale bars 200 um. Blue — DAPI; Red — MHC.
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Representative images of human myotube formation after 6 days of differentiation on 9 line
patterns of LAM as well as an isotropic control. Myotubes do not appear to deviate from line
patterns with narrow line spacings (<20 pm) to the extent that C2C12 mouse myablasts do.
Scale bars 200 um. White arrows represent orientation of LAM lines. Blue — DAPI; Red -

MHC
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Figure 7.
(A) Percent area myotubes for each LAM line pattern and isotropic control (not normalized

for percent area of patterned LAM) shows an increase in myotube formation as the line
width increases, as expected. (B) With 90° representing parallel orientation to the uCP
LAM, there was no significant difference in orientation on patterned lines. (C) There is no
statistical difference in myotube length or (D) MFI for human myotubes grown on 9
different line width and spacing conditions of LAM. * p< 0.05 compared to 50x20; # p <
0.05 compared to 50x10, 50x15, and 100%20; F p< 0.05 compared to all other conditions.
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Figure 8.

(A) Scatterplot of percent area myotubes against the orientation of myotubes for each pattern
shows a trend of increasing deviation from alignment with the patterned lines as percent area
of myotubes increases. There is a tradeoff for increasing the amount of myotube formation
and maintaining uniaxial organization of myotubes. (B) Scatterplot with human myotube
orientation and percent area shows there is not a decrease in alignment with LAM lines (90°)
with an increase in percent area myotubes and decrease in line spacing, as is observed with
C2C12 myotubes. Error bars represent standard deviation.
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