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Introduction

Duchenne muscular dystrophy (DMD) is a progressive mus-
cle-wasting disease that occurs in childhood and results in 
early death. Improvements in clinical management (Bushby et 
al., 2010; Schram et al., 2013) have lengthened the life span 
of DMD patients despite the present lack of an etiologic ther-
apy. As patients live longer, management of late-stage clinical 
manifestations such as dysphagia (Umemoto et al., 2012; Ha-
manaka-Kondoh et al., 2014) has become increasingly import-
ant for maintaining quality of life. In DMD, dysphagia occurs 
during the oral phase of swallowing (van den Engel-Hoek et al., 
2013), where tongue weakness causes failed propulsion of food 
from the oral cavity to the pharynx. The cause of tongue weak-
ness, like all muscle weakness in DMD, is the failure of muscle 
stem cells to repair damaged muscle, which is instead replaced 
with fibrofatty tissue.

We reasoned that muscular repair in the tongue proceeds 
in the same manner as in other muscles: satellite cells prolifer-
ate and differentiate into myoblasts, which align with the un-
derlying ECM, elongate, and fuse to form nascent myotubes 
(Standish and Eversole, 1970; Noden, 1986; Webster et al., 
2016). In DMD, loss-of-function mutations to dystrophin cause 
impairment of satellite cell division (Dumont et al., 2015) and 
degrade the structural integrity of skeletal muscle cells (Pas-
ternak et al., 1995). However, whether dystrophin deficiency 

affects myoblasts and the role of ECM cues in fusion and my-
ofibrillogenesis processes is still largely unknown. A study 
comparing myoblasts derived from young and old mdx mice 
(Alexakis et al., 2007), a murine model of DMD, found that 
fewer cells from old-aged mdx muscle exhibited myogenic 
markers and instead had increased expression of collagen type 
I.  The disparate expression profile of myogenic markers be-
tween young and old mdx mice suggests DMD myoblasts may 
have reduced potential to proceed through myogenesis because 
of the acquisition of a fibrotic phenotype.

In this report, we introduce a tongue-inspired in vitro 
platform for the study of muscle formation and function using 
myoblasts from healthy and DMD patients. The film bend-
ing elicited by muscle contraction on our cantilevered design 
(Grosberg et al., 2011a) mimics the tongue bending that occurs 
during swallowing, where the superior muscle layer contracts 
more than the inferior muscle layers (Napadow et al., 2002), 
producing a bending motion. We hypothesized that DMD myo-
blasts are less sensitive to cues in the ECM designed to poten-
tiate the structure–function relationships of healthy muscle. To 
test this hypothesis, we analyzed the cytoskeletal and nuclear 
alignment of healthy or DMD myoblasts seeded onto an array 
of narrowly spaced ECM bands patterned on our engineered 
tongue on a chip. We found that the cytoskeleton (CSK) and 
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nuclei of DMD myoblasts failed to polarize to the same degree 
as healthy tissues. These structural differences yielded fewer 
and smaller myotubes in DMD tissues. Furthermore, compari-
son of contractile function of healthy and DMD tissues revealed 
profound contractile weakness in DMD engineered tongues. 
These data suggest that impaired polarization with respect to 
the underlying ECM observed in DMD myoblasts may prevent 
the muscular repair necessary to potentiate strong and efficient 
contractile function of healthy muscle.

Results and discussion

Developing a tongue on a chip
Tongues are muscular hydrostats whose movements are facil-
itated by a complex, multilayer architecture (Wedeen et al., 
2001) where the superior extrinsic muscles align parallel to 
the longitudinal axis of the tongue (Fig. 1 A) and the intrinsic 
muscles of the tongue orient orthogonally to the tongue surface. 
The sagittal tongue bending that occurs during swallowing is 
achieved by contraction of the superior longitudinal muscle and 

antagonistic contraction of the intrinsic muscular core, which 
prevents shortening of the longitudinal muscle (Kier and Smith, 
1985) and instead causes bending (Fig. 1 A). Here, we took in-
spiration from the bending motion of the tongue to engineer lam-
inar anisotropic muscles on stiff but elastic thin films that bend, 
rather than shorten, upon muscle contraction (Fig.  1  B). We 
refer to this bio-inspired platform as tongue on a chip because 
the contractile measurements obtained using this platform can 
serve as a strength assessment test analogous to measurements 
of tongue strength performed clinically that quantify the pres-
sure generated during sagittal bending against the palate of the 
mouth (Umemoto et al., 2012; Hamanaka-Kondoh et al., 2014).

DMD myoblasts exhibit decreased CSK and 
nuclear anisotropy
We engineered the tongue chips with human myoblasts from 
healthy or DMD patients. An inherit limitation of primary cell 
sources is the variability within the host muscle microenvi-
ronment. To minimize differences in host muscle microenvi-
ronments such as fibrosis in DMD muscle, myoblasts derived 
from a 2-yr-old DMD patient were used, an age that typically 

Figure 1.  Designing the tongue on a chip. (A) Schematic representation of tongue bending caused by contraction of a longitudinal skeletal muscle.  
(B) Schematic representation of the tongue on a chip. Immunostaining shows myotubes cultured on PDMS film in the magnified section (SAA, black; nuclei, 
blue). Bar, 50 µm. (C) Representative tissue culture images of myoblasts (i) and differentiated skeletal muscle (ii). Bars, 100 µm.
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precedes clinical symptoms (Biggar, 2006). Western blot stud-
ies confirmed expression of myogenin in healthy and DMD 
tissues, indicating the myoblasts had maintained a myogenic 
phenotype (Fig. S1 A); however, contributions of distinct host 
microenvironments cannot be entirely eliminated in the inter-
pretation of the data in this report.

In vivo, myoblast migration and polarization are guided 
by ghost fibers left behind by damaged myofibers promoting 
myotube formation (Webster et al., 2016). Fibronectin (FN; 
Lukjanenko et al., 2016) and merosin (M; Sanes, 2003) have 
been identified as critical ECM proteins within the muscle stem 
cell niche for muscle regeneration. We hypothesized that DMD 
myoblasts are less sensitive to cues in the ECM that guide the 
alignment and polarization requisite for myotube formation. 
To test this hypothesis, FN, M, or a mixture of FN and M 
(FNM) was microcontact printed in an array of narrowly spaced 
bands and seeded with myoblasts. Myoblasts were cultured 
in growth media to allow for formation of a confluent tissue 
(day 0 [D0]). Immunohistochemistry was used to identify the 

actin CSK and nuclei within the tissues (Fig. 2 A, i and ii). The 
alignment of the actin CSK was quantified by calculating the 
orientational order parameter (OOP; Grosberg et al., 2011b), 
a score of global anisotropy ranging from zero to one, repre-
senting random and parallel alignment, respectively. The actin 
CSK of the DMD myoblast tissues was less aligned compared 
with the healthy myoblast tissues cultured on FN, M, and FNM 
(Fig. 2 B; Fig. S2, A and D; and Fig. S3, A and D), suggesting 
DMD myoblasts do not align with the underlying ECM as ef-
fectively as healthy controls.

Moreover, polarized cells of larger aspect ratios exhibit 
nuclei of greater eccentricity (Khatau et al., 2009; Ye et al., 
2014) and decreased nuclear offset than cells of smaller as-
pect ratios (Ye et al., 2014). To quantify nuclear alignment and 
shape, we used a previously described method that utilizes an 
ellipse-fitting tool to outline each nucleus within a field of view 
(FOV; Bray et al., 2010). Nuclear OOP was calculated using 
the orientations of the major axes of the fitted ellipses. A com-
parison of the nuclear alignment revealed that DMD myoblast 

Figure 2.  DMD myoblasts exhibit decreased 
cytoskeletal and nuclear anisotropy. (A) Rep-
resentative healthy (i) and DMD (ii) myoblast 
tissues immunostained for f-actin (black) and 
nuclei (blue). Bars, 50 µm. (B) Actin OOP is 
plotted. n = 5 coverslips, 10 FOVs per sam-
ple for each condition. (C) Myoblast nuclear 
OOP is plotted. (D) Myoblast nuclear eccen-
tricity is plotted. (C and D) n = 5 coverslips, 3 
FOVs per sample, >700 nuclei analyzed for 
each condition. (E) Schematic representations 
of healthy (i) and DMD (ii) myoblasts and a 
summary of results. Black lines represent actin 
fibrils. White arrows represent orientation of 
the nuclei (blue). For all data in this figure, **, 
P < 0.05. All FOVs were 318.5 × 318.5 µm. 
Error bars represent mean ± SEM.
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tissues had decreased nuclear alignment (Fig. 2 C and Figs. S2 
E and S3 E) relative to healthy controls regardless of ECM com-
position. Healthy myoblasts formed organized tissues with high 
nuclear eccentricity when seeded onto FN and FNM substrates. 
(Fig.  2 D and Fig. S3 F). Tissues formed on M alone exhib-
ited decreased actin OOP, nuclear OOP, and eccentricity in both 
healthy and DMD samples (Fig. 2, B–D; Fig. S2, D–F; and Fig 
S3, D–F). Collectively, these data indicate that DMD myoblasts 
do not align and polarize in the same manner as healthy myo-
blasts in response to ECM cues alone.

DMD myotubes form aligned actin CSK but 
have less eccentric nuclear shapes
Previous studies (McGrath et al., 2003; Nowak et al., 2009) re-
port changes in myoblast morphology from fibroblast-like to 
an elongated, bipolar morphology in response to switching to 
a low-serum differentiation medium before fusion. We hypoth-
esized that DMD myoblasts would undergo more significant 
morphological changes in response to a serum deficit because 
of decreased polarization in response to ECM cues alone. To 
test this hypothesis, we assessed cellular polarization in the 
presence of media containing high (D0) and low (D3 and D6) 
amounts of serum by quantifying the actin OOP, nuclear OOP, 
and nuclear eccentricity (Fig. 3 A; Fig. S2, D–F; and Fig. S3, 
D–F). In healthy and DMD tissues cultured on FN, the actin 
alignment increased from D0 to D6, but not in healthy tissues 
cultured on M or FNM (Fig. 3, A and B; and Figs. S2 D and 
S3 D). Additionally, a significant increase in nuclear alignment 
occurred from D0 to D3 and D6 in healthy and DMD tissues 
cultured on FN and FNM, as well as DMD tissues cultured on 
M (Figs. 3 C, S2 E, and S3 E). Similarly, nuclear eccentricity in-
creased from D0 to D6 in healthy and DMD tissues cultured on 
FN or FNM (Figs. 3 D and S3 F) but not on M (Fig. S2 F). The 
relatively large increase in nuclear alignment and eccentricity 
in DMD tissues from D0 to D3 is consistent with the morpho-
logical changes observed in myoblasts before fusion (Fortier et 
al., 2008), whereas healthy myoblasts on FN and FNM exhib-
ited highly aligned and eccentric nuclei on D0 due to the ECM 
patterning alone. Collectively, these data suggest that myoblasts 
align their actin CSK and nuclei in parallel with the underlying 
ECM before fusion; however, DMD myoblasts require addi-
tional cues, such as deficits in growth factors, to achieve the 
alignment and polarization observed in healthy tissues.

DMD myoblasts form fewer, smaller, and 
more immature myotubes
Myoblasts deficient of RhoE were shown to exhibit poor align-
ment and elongation, similar to DMD myoblasts before switch-
ing to a low-serum differentiation media, that resulted in the 
failure of myotube formation (Fortier et al., 2008). We asked 
whether the decreased and delayed polarization observed in 
DMD tissues in the present study would result in decreased 
myotube formation as well. To answer this question, we quanti-
fied myotube density by counting the number of myotubes ex-
pressing sarcomeric α-actinin (SAA) per FOV. We found that 
healthy tissues had a greater density of myotubes on D3 and 
D6 compared with DMD tissues (Fig.  4, A and B; and Figs. 
S2 H and S3 H). Moreover, we used Western blot to compare 
the expression of M-cadherin, which localizes at the cell-to-cell 
junction of fusing myoblasts (Zeschnigk et al., 1995). Consis-
tent with the measurements of myotube density, healthy tissues 
had greater M-cadherin expression on D0 before induction of 

differentiation compared with DMD tissues and continued to 
have greater expression on D1–4 (Fig. S1 B). Comparison of 
mean myotube diameter revealed that healthy myotubes cul-
tured on FN had significantly larger diameters relative to DMD 
myotubes (Fig. 4, A and C), but mean healthy myotube diame-
ter was decreased in tissues cultured on M and FNM compared 
with FN (Figs. S2 I and S3 I).

In addition to remodeling cellular architecture during 
myoblast fusion, fused myoblasts undergo myofibrillogenesis. 
In brief, premyofibrils form at the edges of the myotube in the 
form of Z bodies, which are rich in punctate SAA. Over time, 
these Z bodies fuse to form Z disks that represent the bound-
aries of the contractile unit called sarcomeres (Dabiri et al., 
1997). We asked whether the slower alignment of DMD myo-
blast tissues resulted in delayed myofibrillogenesis. To answer 
this question, the abundance and ordered structure of the SAA 
of healthy and DMD engineered muscle were quantified. The 
abundance of SAA was measured by quantifying the projected 
area of the SAA immunosignal relative to the area of f-actin 
immunosignal on D3 and D6. On D3 in healthy tissues cultured 
on FN and FNM, myotubes had significant expression of SAA, 
whereas very little SAA expression was observed in the DMD 
tissues on any ECM and healthy tissues on M (Fig. 4, A and D; 
and Figs. S2 G and S3 G). Furthermore, we observed a greater 
projected area of SAA immunosignals in the healthy condition 
compared with the DMD condition on D6 (Fig. 4, A and D; and 
Figs. S2 G and S3 G), indicating healthy tissues were at a later 
stage of myogenesis compared with DMD tissues. To determine 
whether Z bodies were undergoing organized assembly into 
Z disks, we quantified the fraction of periodically distributed 
SAA immunosignals, termed sarcomeric packing density (SPD; 
Pasqualini et al., 2015). Healthy tissues had significantly greater 
SPDs compared with DMD tissues on D6 (Fig. 4 E). The SAA 
immunosignal was not significant enough in the DMD condi-
tion on D3 to compare statistically with the healthy condition. 
The relative lack of SAA and SAA organization observed in the 
DMD tissues at these time points is likely, in part, caused by 
the delayed fusion in these tissues, not dystrophin deficiency 
alone. Collectively, these data indicate that DMD myoblasts 
form myotubes and undergo myofibrillogenesis, but these pro-
cesses are delayed relative to healthy tissues. Moreover, these 
data, in conjunction with previous studies (Lakonishok et al., 
1992; García et al., 1999; Mayer, 2003), suggest that α5β1- 
integrin binding to FN during muscle regeneration may serve as 
a transient, developmental anchor to the ECM before forming 
robust focal adhesions through the α7β1-integrin and the dystro-
glycan complex binding to M in stronger, mature muscle.

Engineered DMD tissues exhibit 
contractile weakness
The majority of force transmission from sarcomeres propagates 
laterally through the CSK to integrin-associated and dystrogly-
can complexes in the sarcolemma to the ECM (Street, 1983; 
Huijing, 2003; Rahimov and Kunkel, 2013). We hypothesized 
that engineered tissues from DMD myoblasts would contract 
significantly less than healthy tissues because of the absence 
of dystrophin as well as the relative structural immaturity ob-
served in DMD tissues. When engineered tissues were stim-
ulated with an increasing frequency of electrical stimulation, 
contractile strength increased, causing film bending. Using a 
high-speed camera, we acquired videos of film bending and 
used a geometrical relation to calculate the change in the radius 



Tongue chip • Nesmith et al. 51

of curvature (Grosberg et al., 2011a). The change in the radius 
of curvature, the film thickness, and the material properties 
of the polydimethylsiloxane (PDMS) film were imputed into 
the growth theory–based model used to calculate contractile 
stress (Alford et al., 2010).

To compare the relative contractile strength of the 
healthy and DMD tissues, baseline stress, peak stress, and dy-
namic stress were quantified (Fig. 5, A and B). DMD tissues 
had lower baseline stress on both D3 and D6 compared with 

healthy tissues (Fig. 5 D). Similarly, DMD tissues had weaker 
peak stress compared with healthy tissues on D6 (Fig.  5  E). 
However, no observable contractions were obtained from 
DMD tissues on D3, so a comparison of peak stress was not 
included for this time point. Lastly, in both conditions, we ob-
served increases in dynamic stress as stimulation frequency 
was increased (Fig. 5 F), but no observable contractions were 
obtained in DMD tissues when stimulated at frequencies 
ranging from 1 to 4 Hz on D6. Healthy tissues had at least 

Figure 3.  DMD myotubes form highly aligned actin CSK but have less eccentric nuclear shape. (A) Representative images of D3 (i and ii) and D6 (iii and 
iv) healthy (i and iii) and DMD tissues (ii and iv) immunostained for f-actin (black) and nuclei (blue). Bars, 50 µm. (B) Actin OOP is plotted. n = 5 coverslips, 
10 FOVs per sample, for each condition. (C) Nuclear OOP is plotted. n = 5 coverslips, 3 FOVs per sample, >400 nuclei analyzed for each day, for each 
condition. (D) Nuclear eccentricity is plotted. n = 5 coverslips, 3 FOVs per sample, >400 nuclei analyzed for each condition. For all data in this figure,  
*, P < 0.05 relative to other days within a condition; **, P < 0.05 relative to the other condition on the corresponding day. All FOVs were 318.5 × 318.5 
µm. Error bars represent the mean ± SEM.
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Figure 4.  DMD myoblasts form fewer, smaller, and more immature myotubes. (A) Representative D3 healthy and DMD tissues (i and ii) and D6 healthy 
and DMD tissues (iii and iv) immunostained for SAA (black) and nuclei (blue). Bars, 50 µm. (B) Myotube density is plotted. (C) Myotube diameter is plotted. 
(D) The SAA/actin area ratio is plotted for D3 and D6. (E) SPD is plotted. The D3 DMD condition did not have significant enough SAA expression for 
statistical comparison. (F) Schematic representation of healthy (i) and DMD (ii) tissues and a summary of results. Unfused myoblasts are represented in red, 
and fused myotubes are represented in pink. For all data in this figure, n = 5 coverslips, 10 FOVs (318.5 × 318.5 µm) per sample, for each condition, for 
each day. *, P < 0.05 relative to D3 within a condition; **, P < 0.05 relative to the DMD condition on the corresponding day; #, P < 0.05 relative to the 
other day within a condition and to the other condition on the corresponding day. Error bars represent mean ± SEM.
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one order of magnitude greater dynamic stress on D3 and D6 
relative to the D6 DMD tissues at all stimulation frequencies 
(Fig.  5 F). The large differences in dynamic stress could re-
sult from the structural immaturity, dystrophin deficiency, or 
a combination of the two, but these factors cannot be decou-
pled at these time points. Together, these data quantify con-
tractile weakness in engineered human dystrophic skeletal 
muscle in vitro. Hence, we have demonstrated that we can 
recapitulate aspects of both the decreased muscle regeneration 
and the muscle weakness observed in DMD patients using 
a human in vitro model.

In this study, we demonstrate the maladaptive functional 
consequences of the failure of self-assembly of DMD myoblasts 
during multiple stages of myogenesis. DMD myoblasts failed to 
self-organize their actin CSK and nuclei in the same manner 
as healthy myoblasts in response to ECM cues. These struc-
tural aberrations led to impaired myotube assembly in DMD 
tissues, reflected by the reduced density and size of myotubes. 
Moreover, self-assembly of the contractile apparatus in DMD 
tissues was reduced and disordered compared with healthy tis-
sues. Collectively, these structural deficits were reflected by se-
vere contractile weakness in DMD tissues. These insights may 

Figure 5.  DMD tissues exhibit contractile weakness. (A) Schematic representation of tissues before film release, at baseline stress, and at peak stress. 
(B) Representative images of healthy (i and ii) and DMD (iii and iv) tissues at baseline (i and iii) and peak stress (ii and iv). Blue rectangles represent film 
length. The red bar represents the tracking of the film edge. The yellow arrows represent the distance between the projected film length and the unstressed 
film length. The yellow bars represent the change in projected film length from baseline stress (top bar) to peak stress (bottom bar). (C) Representative stress 
trace of a healthy and DMD contraction in response to 23-Hz stimulation. n = 1 film for each condition. (D) Baseline stress is plotted for the healthy and 
DMD conditions on D3 and D6. (E) Peak stress is plotted for the healthy condition on D3 and D6 and the DMD condition on D6. For the DMD condition, 
no contraction was observed on D3. (F) Dynamic stress is plotted for the healthy condition on D3 and D6 and the DMD condition on D6. For the DMD 
condition, no contraction was observed on D3. Data points represent the mean ± SEM. For all stress measurements (D–F): for the healthy D3 condition, n = 
11 films, 3 chips; for the healthy D6 condition, n = 10 films, 3 chips; for the DMD D3 condition, n = 12 films, 2 chips; for the DMD D6 condition, n = 14 
films, 3 chips. **, P < 0.05 relative to both conditions on either day. *, P < 0.05 relative to the DMD condition on D6. Error bars represent median ± SEM.
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explain, in part, how the incomplete repair of muscle results in 
profound muscle weakness in DMD.

Materials and methods

Tongue chip fabrication
Glass coverslips (VWR) were placed vertically within a metal rack for 
cleaning via immersion into 70% ethanol, followed by 30 min of son-
ication. After allowing for drying, a low-adhesive tape (5560; Patco) 
was applied to cover the entire surface of the coverslip. Next, a single 
rectangular island (9 × 5.5 mm) was laser engraved into the tape using 
a CO2 laser (Epilog). After removing the rectangular island, leaving the 
remainder of the coverslip masked, a thin layer of the thermally sen-
sitive polymer, poly(N-isopropylacrylamide) (PIP​AAm; Polysciences) 
dissolved in 1-butanol (10% wt/vol), was spin coated on the exposed 
glass region of the chip, using a maximum rotational speed of 6,000 
rpm. After removal of the remaining tape, PDMS (Sylgard 184; Dow 
Corning) was mixed at a 10:1 base to curing agent weight ratio and spin 
coated at a maximum speed of 4,000 rpm for 1 min such that a thin, uni-
form layer of PDMS coated both the entire coverslip surface as well as 
the thin layer of PIP​AAm. Subsequently, the chips were allowed to cure 
overnight at 65°C. Next, an array of 4 to 6 cantilevers (2 mm wide and 
5 mm long) was laser engraved into the polymer layers. Subsequently, 
the tongue chips were washed vigorously in sterile, 37°C PBS.

Human skeletal muscle culture
Human skeletal muscle myoblasts (Lonza) were purchased and cul-
tured in a growth media consisting of M199 culture media (Gibco) 
supplemented with 10% heat-inactivated fetal bovine serum, 10 mM 
Hepes, 0.1  mM MEM nonessential amino acids, 20  mM glucose, 
1.5 µM vitamin B-12, and 50 U·ml−1 penicillin (Gibco). The myoblasts 
derived from a DMD patient were purchased from DV Biologics and 
were cultured in the same growth media. Cells were plated and ex-
panded in T-75 culture flasks (Corning) before cell seeding. Before cell 
plating, T-75 culture flasks were incubated with 1% wt gelatin from 
porcine skin (Sigma-Aldrich) in a cell culture incubator for 30 min. 
The 1% gelatin solution was subsequently replaced with growth media 
in preparation for cell plating. The skeletal muscle myoblasts were al-
lowed to proliferate over the course of 2–3 d and were seeded before 
reaching 70% confluence. Cell culture media was replenished after 
48  h after three rinses with sterile PBS. For myoblast seeding, cells 
were removed from the cell culture flask using 0.25% of trypsin-EDTA 
(Gibco) and seeded onto chips at a density of 62,000 cells·cm−2. The 
myoblasts formed confluent monolayers of tissue after 2 d in growth 
media when cultured on either FN or FNM. On M, healthy and DMD 
myoblasts formed confluent tissues after 5 d in growth media. Next, to 
induce differentiation of the myoblasts, the growth media was replaced 
with a differentiation media consisting of DMEM-F12 (Lonza), sup-
plemented with 2% horse serum (Gibco). Differentiation media was 
replenished every 48 h. Experiments were performed during a period 
ranging from 3 d of culture in differentiation media to 6 d of culture 
in differentiation media.

Microcontact printing
To direct anisotropic tissue formation along the longitudinal axis of the 
muscular thin film, FN, M, or FNM was microcontact printed in a geo-
metrical pattern of an array of 15-µm bands, with 2-µm spacing, using 
a previously published method (Chen et al., 1997; Alford et al., 2011). 
In brief, a silicone stamp with a defined geometrical pattern on one 
surface was fabricated by first fabricating a negative replica on a silicon 
wafer using photolithography. The silicon wafer (76-mm diameter) was 

coated with a layer of the negative photoresist, SU8-2002 (MicroChem 
Corporation), using spin coating. After baking the photoresist-coated 
silicon wafer, a chrome photomask was carefully applied to the sur-
face of the photoresist-coated wafer using a mask aligner, and UV light 
was shown through the mask for 7–10 s. Subsequently, the regions not 
exposed to UV light were washed away using a development solution, 
and curing was completed by a final baking step at a maximum tem-
perature of 180°C for 30 min. This etched wafer serves as a negative 
template for the silicone stamp. PDMS was poured over the template 
and degassed. The PDMS was allowed to cure overnight at 65°C. Next, 
the PDMS was carefully removed from the etched silicon wafer and 
was cut into individual rectangular stamps for application to single cov-
erslips. To transfer a defined pattern of ECM onto the tongue chips, the 
PDMS stamps were coated and subsequently incubated with human 
FN (BD), human M (Sigma-Aldrich), or an equimass mixture of FNM 
at 50 µg·ml−1 in sterile, distilled water for 1 h. Next, excess ECM pro-
tein was removed from the PDMS stamp using compressed air, and 
the PDMS stamp was carefully applied to the muscular thin film chip, 
which had been recently exposed to UV ozone (342; Jetlight Company 
Inc.) for 8 min to transiently functionalize the surface for protein bind-
ing. After removal of the PDMS stamp, the chips were rinsed with PBS 
and promptly seeded with cells.

Immunohistochemistry
Engineered human skeletal muscle tissues were fixed by treatment 
with 4% (vol/vol) paraformaldehyde for 15 min (16% stock diluted in 
PBS; Electron Microscopy Sciences) and permeabilized with 0.05% 
(vol/vol) Triton X-100 in PBS at room temperature for 5 min. The 
samples were then washed with PBS before incubation with primary 
antibodies. The samples were incubated with a primary antibody solu-
tion consisting of a 1:200 dilution of monoclonal anti-SAA antibodies 
(A7811; clone EA-53; Sigma-Aldrich) in PBS for 2 h at room tempera-
ture. After rinsing three times with room temperature PBS, the engi-
neered tissues were incubated with a secondary solution consisting of 
1:200 dilutions of Alexa Fluor 546–conjugated goat anti–mouse IgG 
secondary antibody (Invitrogen), Alexa Fluor 488–conjugated phalloi-
din (A12379; Invitrogen), and DAPI (D1306; Invitrogen) for 1  h at 
room temperature. Fluorescence microscopy was performed using a 
laser-scanning confocal microscope (ZEI​SS) using the enhanced con-
trast Plan-Neofluar 40×/1.3 oil differential interference contrast M27 
objective at room temperature.

Quantitative analysis of nuclear architecture
Nuclear eccentricity and orientation were quantified using a custom MAT​
LAB software (MathWorks) developed in our group and described pre-
viously (Bray et al., 2010). In brief, an ellipse-fitting algorithm was used 
to trace the perimeter of nuclei in immunofluorescence images, enabling 
measurement of major and minor axes lengths and eccentricity. To mea-
sure orientation angle, an orientation vector was drawn through the lon-
gitudinal axis of the fitted ellipse. To quantify global nuclear alignment, 
the OOP was calculated using the mean resultant vector of the measured 
orientation angles from circular statistics (Berens, 2009). Measurements 
were repeated for every nucleus within an FOV, excluding overlapping 
nuclei as well as nuclei not fully within the FOV. Statistical analyses to 
compare nuclear data were performed using SigmaPlot 12.0 software 
(Systat). Data from each condition were analyzed using two-way anal-
ysis of variance and compared pairwise using the Holm-Sidak method. 
Results with p-values of <0.05 were considered statistically significant.

Quantitative analysis of actin CSK and sarcomere organization
We used custom image analysis software developed in our group 
and published previously (Pasqualini et al., 2015) to analyze the 
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organization of the actin CSK and sarcomeres. In brief, for analysis 
of the actin CSK, the orientation of actin fibers was determined using 
the OrientationJ plugin (Rezakhaniha et al., 2012), and the actin OOP 
was calculated for each sample. The global OOP was calculated for 
each sample by analyzing 10 FOVs (318.5 × 318.5 µm). Five samples 
were compared for each condition on each day of comparison. Statisti-
cal analysis was performed using SigmaPlot 12.0 software. Data from 
each condition were analyzed using a two-way analysis of variance 
and compared pairwise using the Holm-Sidak method. Results with  
p-values of <0.05 were considered statistically significant.

To quantify the expression of SAA, we measured the projected 
area of the pixels positive for SAA immunosignal relative to the pro-
jected area of the pixels positive for phalloidin immunosignal using 
custom MAT​LAB software. To determine the relative presence of sar-
comeres as periodic structures in the SAA stainings, we used a previ-
ously published method from our group (Pasqualini et al., 2015). In 
brief, the 2D Fourier transform of the SAA immunostaining was ra-
dially integrated in a 1D signal that contains the relative importance 
of each spatial frequency. This signal was then fitted to separate the 
aperiodic contribution of the Z bodies from the periodic contribution of 
the Z disks. The ratio of the areas under the periodic and aperiodic com-
ponents, named the SPD, was used to compare the relative assembly of 
sarcomeres among the conditions.

Myotube density was quantified by counting the number of myo-
tubes per FOV for 10 FOVs, for five coverslips, for each condition on 
D3 and D6. The myotube diameter was quantified by measuring the 
projected cross-sectional diameter of each myotube in each FOV using 
ImageJ (National Institutes of Health). The mean myotube density and 
diameter were calculated for each sample. The means of five coverslips 
were compared using a two-way analysis of variance and compared 
pairwise using the Holm-Sidak method. Results with p-values of <0.05 
were considered statistically significant.

Muscular thin film contractility measurements
For contractility experiments, the tongue chips were transferred to 
a 60-mm Petri dish containing normal Tyrode’s solution (1.8 mM 
CaCl2, 5 mM glucose, 5 mM Hepes, 1 mM MgCl2, 5.4 mM KCl, 
135 mM NaCl, and 0.33 mM NaH2PO4 in deionized water, pH 7.4, 
at 37°C; Sigma-Aldrich). Field stimulation electrodes made of 
1-mm platinum wire (VWR) were built into an acrylic lid and fit-
ted on to the 35-mm Petri dish. Contraction of the skeletal muscle 
was induced using an external field stimulator (Myopacer; IonOptix 
Corp.), which applied field stimulation over a range of frequencies 
spanning from 1 to 23 Hz, with an amplitude of 10 V. The horizontal 
projection of film bending was captured using a stereomicroscope 
(Leica MZ9.5; Wetzlar) with 0.63× magnification, which was cou-
pled to a data acquisition board (LabVIEW; National Instruments) 
programmed to capture the experiment using a camera (Basler 
A601f-2; Exton) at a frame rate of 100 frames per second. Con-
tractile stress quantification was performed using a previously pub-
lished method from our group (Alford et al., 2010; Grosberg et al., 
2011a). In brief, the change in radius of curvature was measured by 
first thresholding each frame of the videos of the contractile experi-
ments to measure the projection length of each film using a custom 
macro ImageJ software that has been previously described (Gros-
berg et al., 2011a). MAT​LAB software was used to then calculate 
the film stress using the film projection length from each frame, the 
film thickness, and the PDMS material properties. The film thick-
ness was measured using a contact profilometer (Dektak 6M; Veeco 
Instruments Inc.). Baseline stress was measured as the stress within 
the engineered muscle at rest, before electrical stimulation. Peak 
stress was measured as the stress at maximum contraction. Dynamic 

stress was calculated as the difference between the baseline and peak 
stresses, representative of the contractile stress induced by electrical 
stimulation (Fig. 5, A–C). Statistical analysis was performed using 
SigmaPlot 12.0 software. Data from each condition were analyzed 
using the Mann-Whitney rank sum test for the baseline stress and 
dynamic stress and using the t test for peak stresses. Results with 
p-values of <0.05 were considered statistically significant.

Western blot protein analysis
Protein was isolated from engineered human skeletal muscle tissue 
by lysing cells at 4°C in radioimmunoprecipitation assay lysis buffer 
(Sigma-Aldrich) plus Complete Mini (Roche). A capillary-based Wes 
Simple Western Analysis (ProteinSimple) was used to quantify protein 
expression levels according to the manufacturer’s protocol. In brief, 
0.5 µg lysate samples was loaded into each capillary, and proteins 
were separated by size in the separation matrix. Target skeletal mus-
cle differentiation proteins were identified with the following primary 
antibodies: myogenin (sc576; Santa Cruz Biotechnology, Inc.), M- 
cadherin (sc274093; Santa Cruz Biotechnology, Inc.), and fast myosin 
heavy chain (M4276; Sigma-Aldrich). An α-tubulin antibody (ab7291; 
Abcam) was used as a loading control to normalize expression levels 
in each sample. The proteins were immunoprobed using mouse and 
rabbit secondary antibodies and chemiluminescent substrates provided 
by the manufacturer. Chemiluminescent signals were detected and quan-
tified using Compass Software (ProteinSimple). Data were analyzed 
using a two-way analysis of variance and compared pairwise using the 
Holm-Sidak method. Results with p-values of <0.05 were considered 
statistically significant.

Online supplemental material
Fig. S1 shows that healthy tissues exhibit greater expression of M- 
cadherin during early differentiation. Fig. S2 shows that healthy and 
DMD myoblasts have decreased alignment of actin CSKs and nuclei 
and form fewer myotubes when cultured on anisotropically micropat-
terned M. Fig. S3 shows that healthy and DMD tissues align and form 
myotubes similarly when cultured on an anisotropically micropatterned 
mixture of FNM as compared with FN alone. Video 1 shows sample 
contraction of healthy engineered tissues electrically stimulated at 23 
Hz, visualized using a stereomicroscope and recorded using a Basler 
A601f-2 camera at 100 frames per second. Videos 2 and 3 show sam-
ple contractions of DMD engineered tissues electrically stimulated 
at 23 Hz, visualized using a stereomicroscope and recorded using a 
Basler A601f-2 camera at 100 frames per second. Video 3 is a version 
of Video 2 that displays the video as though captured at 25 frames per 
second to better facilitate observation of the slower and weaker con-
traction relative to the healthy controls. 
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