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ABSTRACT: Despite possessing substantial regenerative
capacity, skeletal muscle can suffer from loss of function due
to catastrophic traumatic injury or degenerative disease.
In such cases, engineered tissue grafts hold the potential to
restore function and improve patient quality of life. Require-
ments for successful integration of engineered tissue grafts
with the host musculature include cell alignment that mimics
host tissue architecture and directional functionality, as well
as vascularization to ensure tissue survival. Here, we have
developed biomimetic nanopatterned poly(lactic-co-glycolic
acid) substrates conjugated with sphingosine-1-phosphate
(S1P), a potent angiogenic and myogenic factor, to enhance
myoblast and endothelial maturation. Primary muscle cells cultured on these functionalized S1P nanopatterned sub-
strates developed a highly aligned and elongated morphology and exhibited higher expression levels of myosin heavy chain,
in addition to genes characteristic of mature skeletal muscle. We also found that S1P enhanced angiogenic potential
in these cultures, as evidenced by elevated expression of endothelial-related genes. Computational analyses of live-cell
videos showed a significantly improved functionality of tissues cultured on S1P-functionalized nanopatterns as indicated
by greater myotube contraction displacements and velocities. In summary, our study demonstrates that biomimetic
nanotopography and S1P can be combined to synergistically regulate the maturation and vascularization of engineered
skeletal muscles.
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T he loss of skeletal muscle function and volume due
to traumatic injury and myopathies such as muscular
dystrophy is a significant healthcare problem for which

there are currently few interventions.1−3 Tissue grafts have shown
potential in animal models for restoring damaged or wasted
muscles. However, autologous and allogeneic tissue grafting
is often associated with detrimental effects such as donor site

morbidity or long-term immunosuppression.4 Likewise, although
stem-cell-based therapies have shown some promise for improving
patient outcomes,5−7 such techniques are associated with poor
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survival, maturation, and functional integration of transplanted
cells.8−11 To address these shortcomings, tissue engineering
approaches have been extensively investigated,12,13 with the over-
arching goal of generating tissues in vitro that are capable of restoring
function to diseased or injured muscles when engrafted in vivo.
Skeletal muscle comprises dense, multinucleated muscle fibers

that are anisotropically oriented to allow for longitudinal contrac-
tion and force generation. As such, one of the most important
requirements for engineering functional skeletal muscle tissues is
the recapitulation of this highly organized structure. Muscle
extracellular matrix (ECM) architecture has been found to
influence cellular behavior and processes critical for overall tissue
function. Ultrastructural analysis has revealed that muscle ECM
comprises highly aligned collagen fiber bundles that feature
widths of several hundred nanometers.14,15 Advances in micro-
and nanofabrication techniques have led to the development of
substrates or scaffolds that mimic these structures, and studies
have shown that substrates with biomimetic nanotopographies
can induce the formation of ordered muscle tissue in vitro in a
physiologically relevant manner by influencing both cellular
organization and maturation.16−18

Skeletalmuscle is ametabolically demanding tissue, which neces-
sitates a high degree of vascularization. Consequently, engineered

muscle should also meet this requirement, particularly if the
eventual goal of generating 3D tissue constructs is to be realized.
Additionally, vascularization improves cell survival upon implan-
tation by promoting blood perfusion and in turn reducing
apoptosis.19,20 To date, most approaches for generating vas-
cularized tissues have revolved around the use of one or multiple
angiogenic factors such as vascular endothelial growth factor
(VEGF), basic fibroblast growth factor (bFGF), and platelet-
derived growth factor (PDGF) that are delivered via scaffolds or
integrated depots such as microspheres.21−25 Although signifi-
cant progress has been achieved with these methods, many
challenges remain. The use of angiogenic growth factors has
proven to be effective at inducing vascularization, although some
of these factors have been shown to repress myogenesis.26,27

In addition, the use of recombinant growth factors can be ineffi-
cient, as their high cost may mitigate further development or
their application for large-scale implants.
In this study, we developed an approach for engineering vas-

cularized and more mature skeletal muscle in which biodegrad-
able and biomimetically nanopatterned substrates were con-
jugated with sphingosine-1-phosphate (S1P), a sphingolipid
G-protein-coupled receptor ligand known to have potent angio-
genic and myogenic effects.28−31 Use of this small-molecule

Figure 1. Fabrication and functionalization of biodegradable S1P-conjugated nanotopographically patterned substrates. (a) PLGA is
nanopatterned using capillary force lithography and functionalized with S1P with one-pot DOPA-mediated chemistry. (b) XPS analysis confirms
S1P conjugation to substrate surfaces. Spectra shown are a survey scan in which nitrogen (N 1s) and phosphorus (P 2p) peaks characterstic of
S1P appear postfunctionalization (red spectra).
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agonist is advantageous for modulating both processes and
obviates the need for multiple growth factors, greatly simplifying
the culture platform. Substrate functionalization was achieved
using 3,4-dihydroxy-L-phenylalanine (DOPA), a naturally occur-
ring amino acid derived from mussel adhesive pads.32 DOPA is
capable of forming both strong ionic and covalent bonds with
organic molecules through a Michael-addition-type reaction
without requiring harsh solvents or reagents and is therefore a
process that is likely to maintain the biological activity of S1P.
It was hypothesized that the benefits of biomimetic nano-
topography and sustained S1P signaling could be harnessed
synergistically to induce the formation of structurally organized
skeletal muscle tissues that are both mature and vascularized.
This capability for generating tissues composed of functional
muscle fibers with a vascular component for nutrient delivery
will serve as a promising method for developing therapeutic or
investigative platforms.

RESULTS AND DISCUSSION

Nanopatterned poly(lactic-co-glycolic acid) (PLGA) substrates
were fabricated using capillary force lithography, a well-established
and simple method that allows for the reproducible fabrication of
substrates with high-fidelity nanoscale features across centimeter

length scales (Figure 1a).33 In this study, substrates featured
aligned ridges and grooves that were 800 nm wide, as this
nanotopography best mimicked native tissue ECM and was
previously shown to induce beneficial maturation effects on
primary myoblasts.17 PLGA substrates were then placed in a
solution comprising soluble S1P and DOPA, thereby utilizing a
“one-pot” functionalization scheme, the substrates could then be
coated with the sphingolipid in a simple and effective manner.
Surface functionalization with S1P did not negatively affect the
patterned nanotopography, as scanning electron microscope
(SEM) and atomic force microscopy (AFM) imaging revealed
the maintenance of high pattern fidelity (Figure S1 in Supporting
Information). Additionally, successful functionalization of sub-
strates was confirmed using X-ray photoelectron spectroscopy
(XPS), where nitrogen, phosphorus, and C−N bond peaks,
characteristic of the S1P molecule, were present in conjunction
with an attenuation of O−CO and CO bond peaks asso-
ciated with the underlying PLGA (Figure 1b, and Figure S2 in
Supporting Information). To determine whether bound S1P
would degrade over time in cell culture conditions, PLGA sub-
strates were functionalized with fluorescein-S1P and incubated at
37 °C for 10 days in phosphate-buffered saline (PBS). PBS super-
natant was collected throughout the 10-day period, and their

Figure 2. S1P signaling and nanotopographical cues induce greater myogenic potential of cultured primary satellite cells and myoblasts.
(a) Representative fluorescent images of cells and myotubes that are Pax7+ (green), which identifies them as either progeny of differentiated
myogenic progenitor cells or are progenitors themselves. Scale bars: 50 μm; direction of nanopatterning indicated by white double arrows.
(b)Quantitative analyses of Pax7-GFP imaging for indicators of activemyogenesis andmyotube development. All quantitative data are presented
as means ± SEM, n ≥ 10 different cultures; *p < 0.05, **p < 0.01, ***p < 0.001 (comparing groups within substrate topography; one-way
ANOVA with Tukey’s posthoc); #p < 0.05 (comparing flat vs patterned at the same S1P concentration; Student’s t-test).
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fluorescence, as well as that of the substrates at the beginning and
end of the experiment, was measured using a fluorescent plate
reader. It was found that substrate fluorescence was significantly
greater than that of PLGA without S1P, and that their fluores-
cence values remained unchanged over time, while supernatant
fluorescence remained at levels identical to that of ordinary PBS
(Figure S3 in Supporting Information). These results are indica-
tions that the S1P attached to substrates was not significantly
degrading over this timeframe and under typical cell culture con-
ditions.
From a scaffold design and engineering aspect, our results

provide important insights into the utilization of DOPA-
mediated chemistries for functionalizing synthetic materials
with bioactive ligands. In our approach, a one-pot method where
S1P and DOPA were added simultaneously to the substrates was
used, as opposed to a sequential deposition of a DOPA coating
followed by S1P conjugation to this layer. In theory, by using the
one-pot technique, S1P is better able to form conjugates with free
DOPA, thereby allowing for a denser packing of S1P molecules
on a substrate. While others have reported success in func-
tionalizing surfaces using this technique with dopamine,34,35 this
study demonstrates the viability of one-pot functionalization
when usingDOPA. Of particular significance is the ability to utilize
this technique to immobilize a lipid on a nonflat polymer-based

substrate, which is a nontrivial task.36 For example, when using
conventional techniques for depositing biomolecules on nano-
patterned substrates, such as microcontact printing, it is often
difficult to ensure that the surface coverage of both ridges
and grooves is achieved. Moreover, use of this DOPA-based
technique allowed for the technically challenging functionaliza-
tion of a hydrolytically degradable polymer (PLGA) with a
poorly water-soluble biomolecule (S1P) under conditions that
did not adversely affect the lipid’s biological function.
Although the detailed mechanism for DOPA-mediated func-

tionalization is still under investigation, the chemistry of catechol
groups was recently demonstrated, and this mechanism may be
involved in the attachment of S1P’s α-amine to PLGA’s catechol
side group.37 This would allow the long acyl chain and polar
headgroup of S1P to remain free to interact with S1P receptors.
Specifically, the phosphonate headgroup can be surrounded
by a ring of positively charged polar residues provided by the
receptor’s capping N-terminal capping helix and helices III and
VII, and the acyl chain can fully extend into the receptor’s
hydrophobic pocket with stable hydrophobic interactions.38,39

Indeed, water contact angle measurements of substrates with
and without S1P revealed that the functionalized substrates fea-
tured a more hydrophobic surface, with an average water contact
angle of 75.34 ± 2.17°, compared to 62.54 ± 2.29° for bare

Figure 3. S1P signaling and nanotopographical cues enhance the maturation of differentiated muscle cells. (a) Representative images of
myotubes stained forMHC (pseudocolor in green). Scale bars: 50 μm; direction of nanopatterning indicated by white double arrows. (b) Images
were analyzed for the total number of MHC+ myotubes, with the greatest number seen on nanopatterned substrates functionalized with 175 μM
S1P. (c) Quantitative reverse-transcription polymerase chain reaction analyses of primary muscle cells cultured on substrates for 10 days. Genes
examined are markers representative of progenitor activation (Pax7) and various stages of myogenic differentiation, ranging from immature
(Myf5) to more mature (MyoD,MyoG,Myh15). All quantitative data are presented as means± SEM, n ≥ 10 different cultures; *p < 0.05, **p <
0.01, ***p < 0.001 (comparing groups within substrate topography; one-way ANOVA with Tukey’s posthoc); #p < 0.05 (comparing flat vs
patterned at the same S1P concentration; Student’s t-test).
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PLGA (Figure S4 in Supporting Information). However, while
these data are indicative of S1P acyl chain integrity, they do not
exclude the possibility that some degradation of the polar
headgroup still occurs.
In order to distinguish myogenic cells from other populations

present in skeletal muscle, we utilized the Pax7-CreERT2 allele,
which is definitively expressed by the majority of satellite
cells.40−43 Transgenic mice harboring the Pax7-CreERT2 and
mT/mG f lox alleles were generated to induce irreversible labeling
of Pax7-expressing myogenic cells with membrane-localized
green fluorescent protein (GFP).44 In this dual fluorescence fate-
mapping model, nonmyogenic cells were distinguishable by their
expression of membrane-localized tdTomato. Primary muscle
cells from these mice were isolated from mouse limb muscles
via enzymatic digestion and seeded onto flat and patterned
substrates conjugated with S1P at varying concentrations
(0, 50, 100, 175, and 250 μM). Cultures were maintained for
10 days and fixed for imaging or collected for gene expression
analysis. These cultures comprised a heterogeneous mononuclear
cell population that included satellite cells and their progeny, endo-
thelial cells, and fibroblasts. As previously observed,17 nano-
patterned substrates induced a greater degree of structural
organization in the form of aligned myotubes (Figure 2a). These
substrates also appeared to enhance the myogenic potential of
cultured progenitor cells as a greater number of GFP+ cells were
observed in the patterned environment (Figure 2b). Interestingly,
myogenesis appeared to be S1P dose-dependent, asmyotube count
peaked at 175 μM S1P. These trends also held true when
examining the fusion index (number of nuclei per myotube), with
topography and S1P imparting a synergistic effect on myotube

formation as a result of myoblast fusion. However, S1P at the
highest concentration of 250 μM appeared to have a detrimental
effect on myogenesis, as GFP+ cell count and fusion index
decreased sharply on both flat and patterned substrates under
this condition. To further examine the maturation of the
engineered muscle tissue, cultures of primary muscle cells from
wild-type (WT) mice were stained for myosin heavy chain type I
(MHC), an isoform of slow MHC expressed by mature
muscles.45 A significantly greater number of MHC-I+ myotubes
were observed on patterned substrates versus flat with most S1P
concentrations. The greatest number of differentiated myotubes
observed on patterned substrates was also with 175 μM of S1P,
followed by a sharp decrease at 250 μM S1P (Figure 3a,b).
Subsequently, we analyzed the transcriptional profile of

myogenic regulatory factors to understand the mechanisms of
S1P on myotube maturation that occurred in a dose-dependent
manner. The relative expression levels in cultured cells of several
genes that spanned the spectrum of myogenic development were
quantified using quantitative reverse-transcription polymerase
chain reaction (qRT-PCR) analyses (Figure 3c). As aforemen-
tioned, Pax7 plays a critical role in the proper function of satellite
cells and is therefore a well-established indicator of immature
skeletal precursors (satellite cells). Examination of this gene
revealed a significantly greater expression level in cells cultured
on patterned substrates as compared to their flat substrate coun-
terparts, regardless of S1P concentration. S1P-mediated expres-
sion also appeared to follow the previously observed biphasic
trend. However, for patterned substrates, relative expression
peaks at 100 μMS1P, rather than at 175 μM. In contrast to Pax7,
which is specific for undifferentiating muscle precursors that can

Figure 4. Enhanced myogenic maturation leads to improved skeletal muscle tissue function. (a) Average contraction displacement of myotubes
on flat or patterned substrates with and without 175 μM S1P. The combination of patterning and S1P led to the largest displacements.
(b) Average contraction velocity of myotubes on flat or patterned substrates with and without 175 μM S1P. Myotubes developed from cells on
patterned substrates functionalized with S1P contracted with the greatest velocities. (c) Representative traces of fluorescence intensity over time
for myotubes on flat (blue) and nanopatterned substrates with 175 μM S1P (red) illustrating their respective contractile regularity. (d) Average
fluorescence intensities of contracting GCaMP-expressing myotubes on flat or patterned substrates with and without 175 μM S1P.
All quantitative data are presented as means ± SEM, n ≥ 10 different cultures; *p < 0.05, **p < 0.01 (comparing groups within substrate
topography; Student’s t-test); #p < 0.05 (comparing flat vs patterned at the same S1P concentration; Student’s t-test).
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self-renew, Myf5 is expressed in differentiating myoblasts and
immature myocytes.46−48 We observed that cells cultured on
flat substrates exhibited greater expression levels of this gene
compared to those cultured on patterned substrates, with no
apparent differences due to S1P. The expression ofMyoD,MyoG
(myogenin), and Myh15 (myosin heavy chain 15), which are
expressed in late-stage or terminally differentiated muscle

cells,49,50 was greater in cells not only on patterned substrates
but also significantly in cells on substrates with 175 μM S1P,
regardless of underlying topography (Figure 3c). Since a peak in
expression of markers for more mature cells at 175 μM S1P was
observed, it is plausible that this increase in maturation led to a
corresponding lower expression of Pax7 at this concentration of
S1P. In all examined genes, there was a drastic decrease in

Figure 5. S1P induces endothelial cell differentiation and enhanced prevascularization in a dose-dependent manner. (a) Staining for BS1
(pseudogreen), an endothelial cell marker, shows significantly greater numbers of BS1+ cells on substrates with S1P, regardless of underlying
nanotopography. Interestingly, some endothelial cells appear to localize around formed myotubes (pseudored). Scale bars: 50 μm; direction of
nanopatterning indicated by white double arrows. (b) Quantification of BS1 staining, with the greatest number of positively stained cells present
on 250 μM S1P-functionalized substrates. (c) qRT-PCR assays show an increased expression of endothelial cell (CD31) and vascular
development markers (vWF, eNOS, Ve-Cad) with respect to increasing S1P concentration. All quantitative data are presented as means± SEM,
n ≥ 10 different cultures; *p < 0.05, **p < 0.01, ***p < 0.001 (comparing groups within substrate topography; one-way ANOVA with Tukey’s
posthoc); #p < 0.05 (comparing flat vs patterned at the same S1P concentration; Student’s t-test).
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expression levels in cells cultured on substrates functionalized
with 250 μM of S1P.
Although the enhancement of myogenesis and maturation of

the engineered skeletal muscle cultures was demonstrated with
the aforementioned analyses, molecular markers of myogenesis
are not direct indicators of muscle function. Thus, experiments
were conducted to determine whether the maturation observed
due to synergistic signaling from S1P and nanopatterning trans-
lated to improvements in myotube function. Using a correlation-
based contraction quantification (CCQ) MATLAB script devel-
oped by our lab,51 bright-field microscopy videos of contracting
myotubes were analyzed. The maturation effects of biomimetic
nanopatterning led to a corresponding improvement in myotube
function, as myotubes on these substrates featured an average
contraction displacement of 1.11 ± 0.13 μm, while those on flat
substrates had an average contraction displacement of 0.79 ±

0.11 μm. Myotubes on nanopatterned substrates functionalized

with 175 μM S1P exhibited an average contraction displacement
of 3.37 ± 0.39 μm, while those cultured on functionalized flat
substrates had an average displacement of 2.18 ± 0.36 μm
(Figure 4a). The addition of S1P led to a significant increase in
displacement values for myotubes on both flat and patterned
topographies, although patterning still led to a functional matura-
tion advantage. A similar trend was observed in regard to the
contraction velocities of myotubes, where significant increases
occurred when nanotopography and S1P were present. Repre-
sentative of the two ends of the spectrum, myotubes on
nanopatterned substrates functionalized with 175 μM S1P had
an average contraction velocity of 9.11 ± 1.18 μm/s, while
myotubes on nonfunctionalized flat substrates had an average
contraction velocity of 1.44 ± 0.34 μm/s (Figure 4b).
S1P and nanotopography effects on myotube Ca2+ handling

capabilities were examined by generating transgenic mice in
which Pax7CreERT2-expressing cells and their progeny would

Figure 6. Flox-out of S1P1 results in predominantly nanotopography-mediated myogenic differentiation and maturation. (a) There is no
significant difference in the number of MHC+ myotubes when comparing functionalization states in S1P1 flox-out cultures. However, myotube
formation and alignment is still enhanced by nanopatterning. Scale bars: 100 μm; direction of nanopatterning indicated by white double arrows.
(b) Quantification of MHC staining further illustrates the lack of S1P-induced myogenic maturation. (c) qRT-PCR of representative genetic
markers for myogenesis, where marker expression is increased in the presence of biomimetic nanotopgraphy but not in the presence of S1P.
(d) Gene marker analysis of markers for endothelial cells and vascular integrity illustrate continued effect of S1P on nonmyogenic cells.
All quantitative data are presented as means ± SEM, n ≥ 10 different cultures; *p < 0.05, **p < 0.01, ***p < 0.001 (comparing groups within
substrate topography; Student’s t-test); #p < 0.05 (comparing flat vs patterned at the same S1P concentration; Student’s t-test).
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express GCaMP3, a well-characterized GFP-based calcium indi-
cator for imaging Ca2+ dynamics in cells.52,53Oncemore, primary
muscle cells were cultured on flat and patterned substrates
with and without 175 μM S1P and imaged after 10 days with
fluorescence live cell microscopy. Myotubes that had formed
from these GCaMP3-expressing progenitor cells were observed
to fluoresce as they spontaneously contracted (Video 1 and
Video 2 in Supporting Information), and the fluorescence inten-
sity of these myotubes was tracked and plotted over time.
Interestingly, the contractile rhythm of myotubes differed based
on culture conditions, where those on flat substrates contracted
irregularly, while those on nanopatterned substrates with S1P
exhibited more regular and consistent contractions (Figure 4c).
Quantification of the average fluorescence intensities revealed
that myotubes cultured with S1P on nanopatterned substrates
exhibited significantly greater levels of fluorescence correspond-
ing to calcium ion flux, thus an indication of improved calcium
handling (Figure 4d). Combined, the results of contraction and
calcium dynamics analyses show that the increased expression of
skeletal muscle maturation markers due to the combination of
topographical and S1P signaling cues led to a corresponding
enhancement of the engineered tissue’s functional capabilities.
Primary cell cultures from wild-type mice were simultaneously

stained with BS1 lectin, an endothelial cell marker54 (green), and
MHC (red) to examine the neovascularization potential of
S1P-functionalized substrates (Figure 5a). The potency of S1P as
angiogenic factor was observed with increasing concentrations
corresponding to a greater number of BS1+ cells, regardless of
topography. In contrast to myogenic indicators that peaked with
175 μM of S1P, the number of BS1+ cells was greatest with
250 μM of S1P (Figure 5b). On some of the 175 μM patterned
substrates, BS1+ cells appeared to organize themselves along the
axis of myotubes. To confirm that the dose-dependent increase
of BS1+ cells corresponded with a presence of active endo-
thelial cells, we examined the transcription levels of angiogenic
markers. The expression of genes related to endothelial adhesion
(PECAM, CD31), function (von Willebrand factor, vWF),
integrity (VE-cadherin, Ve-Cad), and vascular tone regulation
(endothelial nitric oxide synthase, eNOS) were assessed quan-
titatively (Figure 5c). A correlation between S1P concentration
and detection of endothelial transcripts was observed, with the
greatest and most significant expression levels found in cells cul-
tured on substrates functionalized with 250 μM S1P. In general,
topography did not appear to play a significant role in regulating
vascularization, although qualitatively alignment of vascular cells
with myotubes was only observed on patterned substrates.
To gain insight on the molecular mechanism by which S1P, in

combination with nanotopography, modulates myogenesis, we
examined the role of S1P receptor 1 (S1P1) in myogenic cells.
Although S1P signaling in skeletal musculature is highly complex
and confers a variety of functions that are mediated mainly by
S1P receptors 1 through 3,55 S1P1 was chosen due to it being the
most highly expressed in satellite cells during skeletal muscle
regeneration, as well as in primary myoblasts cultured on nano-
patterned substrates functionalized with 175 μM S1P (Figure S5
in Supporting Information).56,57We employed tamoxifen induc-
ible genetic deletion of S1P1 specifically in satellite cells by
utilizing Pax7CreERT2 mice that were homozygous for the S1P1
f lox allele.58 To validate the effectiveness of the Cre-lox gene
ablation, primary muscle cells from these and WT mice were
cultured onto flat and patterned substrates functionalized with
either no S1P or with 175 μM S1P for 10 days. Using qRT-PCR
analysis, it was found that the expression of S1P1was significantly

reduced in cells fromPax7CreERT+/− x S1P1 f lox
+/+mice (Table S1

in Supporting Information). Staining for MHC in myotubes
formed from these cells revealed no significant difference in
expression despite the presence of S1P, while patterned sub-
strates induced greater expression of this protein compared to
flat substrates (Figure 6a,b). Furthermore, quantitative genetic
analysis also revealed that topographical cues were still able
to upregulate Pax7 and MyoG expression, while S1P did not
(Figure 6c). Since S1P1 was only knocked out in the myogenic
cells that would eventually differentiate and form myotubes, the
effects of S1P on endothelial cell maturation should be main-
tained. This was confirmed with qRT-PCR analysis of markers
for vascular development (CD31, Ve-Cad), which showed sig-
nificant upregulation independent of substrate topography when
these cells were exposed to S1P (Figure 6d).
The significance of sphingolipids and the extent of their

signaling has yet to be fully elucidated,59 and S1P, in particular,
has been found to play a role in the regulation of a variety of
critical cell processes, such as division, survival, migration, and
adhesion,60−63 with recent studies suggesting that S1P is also
involved in skeletal muscle regeneration. Under homeostatic
conditions, low circulation concentrations of S1P (∼2 μM) can
be found in mammalian plasma; however, upon focal muscle
injury, plasma S1P levels can increase by up to 50%.64 There are
strong indications that this increase in S1P synthesis and
subsequent availability as a circulating ligand in response to
injury is required to mediate the migration, activation, and entry
of satellite cells into the cell cycle in order to differentiate and
form new muscle.30,31,56,65 Our results appear to support these
findings, as myogenic progenitor activation and differentiation
significantly improved as S1P concentration increased, with a
functionalization concentration of 175 μMeliciting a peak response.
The finding of a larger presence of Pax7+ cells present on patterned
substrates conjugated with this concentration of S1P suggests that
there is a greater induction of immature myoblast proliferation,
or perhaps that there is a stable population of progenitor cells
present that would enable the long-term differentiation and
restoration of lost or damaged tissue. At the same time, lower
expression levels of Myf5 on patterned substrates, regardless
of S1P, is an indication that in addition to the maintenance or
recapitulation of the satellite cell niche, biomimetic nano-
topographies also induce those cells that do become activated to
readily differentiate toward the formation of mature skeletal
muscle tissue. However, the expression of genes and proteins
indicative of late-stage myogenic maturation once again
increased with S1P, and this corresponded with improved tissue
function in the form of increased myotube contraction dis-
placement and velocity, which can be translated to an increase in
contractile force. The irregularity of the spontaneous contrac-
tions observed in myotubes on flat substrates versus those on
functionalized patterned substrates is a further indication of the
improved contractile machinery development due to nanotopo-
graphical and S1P signaling. The improved Ca2+ handling of
myotubes on functionalized nanopatterned substrates is also a
sign of tissue maturation attributed to enhanced myogenic devel-
opment due to S1P, as S1P has been shown to increase intra-
cellular calcium levels,66with calcium in turn acting as a mediator
of myoblast differentiation.67

By mimicking the nanotopographical cues that would nor-
mally be seen by myoblasts and satellite cells in vivo, our aim was
to recapitulate signaling cascades that would lead to improved
functional maturation. While the role of specific mechano-
transduction pathways in this process is still being elucidated,
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it has been demonstrated that Rho GTPases involved in
cytoskeletal reorganization positively regulate MyoD expression
and skeletal muscle differentiation.68 It has also been found that
in myoblastic cells, cytoskeletal remodeling and the formation of
stress fibers promote the opening of stretch-activated channels
and the subsequent increase in Ca2+ influx.69,70 This is reflected
in the data shown in Figure 4, and since Ca2+ is an important
second messenger for skeletal muscle differentiation, this is
another potential mechanism for nanotopography-mediated
maturation. Studies have also suggested that the PI3K/Akt
pathway is involved in contact guidance and mechanotransduc-
tion signaling, and that activation of this pathway leads to skeletal
muscle hypertrophy and myogenesis.71,72 The benefits of
biomimetic nanotopography is perhaps most apparent in the
S1P1 flox-out experiments where nanotopographical cues were
still able to induce myotube formation, cellular alignment, and
upregulated expression of late-stage maturation muscle matura-
tion markers, even as the myogenic effects of S1P were being
mitigated. It is possible that as part of the downstream effects
of this mechanotransduction signaling, S1P is produced and
secreted by the myogenic cells themselves via sphingosine
kinases to induce S1P-mediated effects downstream.65 To inves-
tigate this further, the relative expression levels of sphingosine
kinase 1 (Sphk1), sphingosine kinase 2 (Sphk2), and sphingosine
phosphatase 1 (Sgpp1) in both primary murine muscle cells and
C2C12 myoblasts cultured on flat and patterned substrates
with and without S1P were analyzed. With the exceptions of an
upregulation of Sphk1 in primary myoblasts on substrates with
no S1P and an upregulation of Sgpp1 in C2C12 myoblasts on
patterned substrates with S1P, no other significant differences
in expression levels were observed (Figure S6 in Supporting
Information). The results suggest that kinase activity and S1P
synthesis is unaffected by nanotopographical cues, and that in

some cases, the lack of exogenous S1P induces an increase in the
production of endogenous S1P. Furthermore, if the bulk of
the maturation responses observed in this study were due to
endogenously formed S1P, we should expect to see similar levels
of expression of maturation markers and functional capabilities
in all cultures in which nanopatterning was present. Instead,
we see a significant upregulation of these markers in addition
to improvements in myotube function at higher concentrations
of exogenous substrate-bound S1P. These results are thus an
indication that there is a synergistic effect on functional mat-
uration that is achieved when cells are subjected to both S1P
signaling and nanotopographical cues, and that this effect is
greatly enhanced by the S1P-functionalized nanopatterned
substrates utilized in this study.
While the most effective concentration of S1P for muscle

maturation in this study was found to be orders of magnitude
greater than physiological levels, this may be a function of a
situation in which the presented ligands are bound to a substrate,
rather than being freely available in solution as it is the case
in vivo. This could in fact provide an additional benefit when these
muscle sheets are implanted. As the biodegradable substrates are
broken down over time, bound S1P would be released locally and
induce prolonged regeneration that would further enhance tissue
development and function, even in dystrophic muscles.57

In addition to inducing myogenic differentiation, S1P signal-
ing has long been acknowledged to play a key role in vascular
development and angiogenesis. Specifically, it has been shown
by others that vascular endothelial cells cultured with S1P
exhibited increased motility, eNOS enzyme activity, and cell
barrier integrity, leading to a corresponding increase in tube
formation over time.28,73−75 Additionally, disruption of S1P
signaling in vivo results in blood flow dysregulation and vas-
cular leakage due to junctional destabilization resulting from

Figure 7. Inhibition of VEGFR2 in cells cultured on substrates functionalized with 175 μMS1P results in reduced skeletal muscle and endothelial
maturation. (a) Expression of markers for late-stage or terminal differentiation were significantly downregulated in comparison to cells in which
VEGFR2 function was uninhibited. (b) Expression markers for vascular endothelial maturation were significantly downregulated in the presence
of cabozantinib. All quantitative data are presented as means ± SEM, n = 6 different cultures; *p < 0.05, **p < 0.01 (Student’s t-test).
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VE-cadherin mislocalization.58,76,77 These pro-vascularization
effects were also seen in this study with the increased expression
of genetic markers for not only endothelial cell maturity but also
for vessel formation and stabilization. Furthermore, once
implanted, the presence of S1P could also induce the migration
of endothelial and vascular smooth muscle cells present in the
host tissue to the implantation site and contribute to the forma-
tion of neovessels.29,78 In addition to the long-term functional
and survival benefits of generating vascularized skeletal muscle
tissues, the presence of mature endothelial cells can also assist
with myogenic development as the secretion of VEGF from
these cells has been shown to stimulate myotube hypertrophy
and further improve myogenic differentiation.79 Differentiating
myogenic cells also secrete VEGF, and this could induce pro-
nounced localized angiogenesis, thus creating a positive feedback
loop in which reciprocal interaction between these two cell types
can support continued angio-myogenesis.80 This is perhaps best
illustrated by the close juxtaposition of endothelial cells with
myotubes present on nanopatterned substrates functionalized
with 175 μM, which was shown to induce the greatest degree of
myogenic differentiation and maturation. Indeed, when cells
were cultured on flat and patterned substrates functionalized
with 175 μM S1P were fed with media supplemented with 5 μM
of cabozantinib (XL184), a potent VEGF receptor 2 (VEGFR2)
inhibitor, markers for late-stage and terminal skeletal muscle
maturation (MyoG, Myh15) were downregulated in comparison
to cultures without VEGFR2 inhibition (Figure 7a). However,
these markers were more expressed in cells cultured on nano-
patterned substrates than in cells on flat substrates, indicating
that mechanotransduction cues were still exerting an effect.
Meanwhile, the expression of markers of vascular endothelial
maturation (eNOS, Ve-Cad) was significantly downregulated in
cultures with cabozantinib (Figure 7b). Taken together, these
results suggest that inhibiting VEGF function in these cocultures
reduces the benefits of engineering an environment in which
mutually beneficial maturation can occur as it does in vivo.
Interestingly, it was observed that there was an apparent

biphasic dependence of myogenesis on S1P concentration, and
that this trend did not carry over to vascular development. In fact,
at the highest concentration tested (250 μM), the number of
myoblasts and myogenic progenitors were greatly reduced
in number and some even appeared to be apoptotic. Ceramide, a
metabolite of S1P that is produced by the conversion of sphin-
gosine via ceramide synthases (CerS), is generally associated
with growth arrest and cell death.81−83 Since this conversion
is reversible, it has been proposed that it is the relative levels
of these two lipid signaling molecules in response to external
stimuli that determines cell fate and thus acts as a “sphingolipid
rheostat”.83,84 Therefore, with the production of a large amount
of ceramide at 250 μM S1P, this balance may have been shifted
toward a pro-apoptotic state in myoblasts, thereby negating the
beneficial myogenic effects of S1P. Immunostaining of cultures at
this concentration of S1P for cleaved caspase-3, a marker for
apoptosis, revealed that the percentage of apoptotic cells is in fact
significantly greater than in controls (Figure S7 in Supporting
Information). However, it has been found that the activity of
ceramide synthase 2 (CerS2) is inhibited by S1P, and that the
distribution of CerS2 is greatest in highly vascularized organs
such as the liver and kidney.85 It is then plausible that this
inhibited activity of CerS2 in the cultured endothelial cells
decreases the conversion rate of S1P to ceramide and thus main-
tains the pro-angiogenic response of these cells to increased S1P
stimulation. To further explore this hypothesis, primary cells

were sorted into myoblast and endothelial cell populations
before being cultured on substrates functionalized with 250 μM
S1P and subsequently immunostained for ceramide and CerS2.
In addition to displaying amore apoptotic morphology, ceramide
accumulation was found to be significantly greater in myoblasts
than in endothelial cells. At the same time, CerS2 expression was
found to be greater in endothelial cells which correlates with other
findings in literature (Figure S8 in Supporting Information).86

These data thus suggest that the inhibition of this specific
synthase in endothelial cells is indeed helping with the shifting of
the sphingolipid rheostat away from the overwhelming ceramide
synthesis and resulting apoptosis seen in the myogenic cell
population.

CONCLUSIONS

While the capabilities of biomimetic nanotopographies on induc-
ing cellular maturation have been reported on previously,17,87 the
incorporation of the sphingolipid S1P as a ligand for simul-
taneously enhancing both the myogenic and neovascularization
potential of cultured cells is an important aspect of this work.
The resulting tissues were structurally ordered and, at higher S1P
concentrations, comprised numerous differentiated and con-
tracting myotubes, along with a subpopulation of Pax7-expres-
sing muscle precursors. Additionally, the increased expression
levels of endothelial markers in these tissues is an indication of
in vitro vascular development and improved potential for tissue
integration and survival. In future work, by utilizing cell-sheet
fabrication techniques that enable the generation of highly
ordered 3D tissues in a scaffold-free manner88 and subsequently
culturing these multilayered constructs in the presence of S1P,
it would be possible to create 3D skeletal muscle tissues that are
primed for continuedmyogenic development and vascularization
once implanted in vivo. Aside from their potential application as a
form of implantable therapy for treating chronic or traumatic
skeletal muscle loss, tissues generated using the techniques
reported herein can also be considered as an effective in vitro
platform for further characterizing the molecular mechanisms
behind muscle development, as well as for disease modeling or
drug screening.

METHODS

Substrate Fabrication. Flat and nanopatterned substrates were
generated using a capillary force lithography technique that has been
detailed previously.17 Briefly, polyurethane acrylate (PUA; Minuta
Technology, Korea) and polydimethylsiloxane (PDMS, Sylgard 184,
Dow Corning, MI, USA) were first prepared to form the molds and
solvent-absorbing sheets, respectively. PUA molds were fabricated by
first dispensing PUA precursor onto a patterned silicon wafer master,
which had been made using standard photolithography techniques, and
lightly pressing a polyethylene terephthalate (Skyrol, SKC Inc., Korea)
film (thickness = 75 μm) against the PUA. The PUA precursor
spontaneously filled the cavities of the master mold bymeans of capillary
action and was cured by exposure to UV light (λ = 250−400 nm) for
approximately 30 s (dose = 100 mJ/cm2). After this initial curing, the
PUA mold was peeled off from the substrate and further exposed to UV
light overnight for complete curing. PDMS sheets were made by first
combining polymer precursor and curing agent at a mixing ratio of 10:1
and cured at 60 °C for 10 h before manually cutting prior to use.

To generate the substrates used in this study, a 100 μL drop of 15%
w/v PLGA (MW = 50000−75000, 50:50 lactide/glycolide ratio, Sigma-
Aldrich, MO, USA) dissolved in chloroform was dispensed onto a clean
glass coverslip, and a PDMS sheet was placed on top of the polymer
solution. Slight pressure (∼10 kPa) was applied evenly on the PDMS for
5 min before the sheet was removed. The PLGA-coated coverslip was
then placed onto a hot plate preheated to 120 °C for 5 min to allow any
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residual solvent to evaporate. A nanopatterned PUA mold was then
placed on top with constant pressure (∼100 kPa) applied for 15 min
before the entire assembly was removed from heat and allowed to cool
to room temperature. The mold was carefully peeled off, and the
nanopatterned PLGA substrate is stored under desiccation until ready
for use. For this study, substrates with 800 × 800 × 600 nm (groove
width× ridge width× groove depth) feature sizes were used. Flat PLGA
substrates were fabricated by skipping the patterning steps and were also
stored under desiccation.
Substrate Functionalization with S1P. Fabricated PLGA sub-

strates were functionalized with sphingosine-1-phosphate (S1P; Cay-
man Chemical, MI, USA) or fluorescein-S1P (Echelon Biosciences, UT,
USA) using 3,4-dihydroxy-L-phenylalanine (DOPA; Sigma-Aldrich).
A 2 mg/mL working solution of was generated by dissolving DOPA in
10mM tris(hydroxymethyl)aminomethane (Tris; Fisher Scientific, NH,
USA) buffer with a pH of 8.5. DOPA working solution was combined
with a 500 μM S1P stock solution for each sample to achieve the
appropriate S1P concentration. Samples were then incubated at room
temperature overnight on a rocker. Afterward, the DOPA-S1P solution
was aspirated, and substrates were washed three times with PBS before
being dried using nitrogen gas. Substrates not functionalized with S1P
were incubated with DOPA only.
Scanning Electron Microscopy. S1P-functionalized nanopat-

terned substrates were sputter-coated with Au/Pd alloy prior to imag-
ing, which was accomplished using a scanning electron microscope
(Sirion XL30, FEI, OR, USA) at an accelerating voltage of 5 kV.
Atomic Force Microscopy. An atomic force microscope

(Dimension Icon-PT, Bruker, MA, USA) was used to measure the topog-
raphy of nanopatterned substrates postfunctionalization. The AFM was
operated in noncontact mode with scan frequency of 0.5 Hz, and images
were taken in 256 × 256 pixel resolution over a 10 μm × 10 μm area.
X-ray Photoelectron Spectroscopy. All XPS spectra were taken

using a Surface Science Instruments S-probe spectrometer, and peak
areas were determined using Service Physics ESCA2000A analysis
software. X-ray spot size was approximately 800 μm, and pass energy for
survey and high-resolution spectra was 150 and 50 eV, respectively.
The takeoff angle was approximately 55°, which translates to a sampling
depth of approximately 50 Å. Three spots were analyzed on each PLGA
sample (bare and functionalized).
Water Contact Angle Measurements. A 10 μL droplet of diH2O

was deposited onto substrates with DOPA and DOPA+S1P. Droplets
were imaged and their contact angles with the substrates measured using
a goniometer (FTA200, First Ten Ångstroms, VA, USA). Six samples of
each group were used for these measurements.
Transgenic Mouse Generation. For all experiments in which

primary muscle cells from transgenic mice were used, we utilized mice
harboring the tamoxifen-inducible knock-in/knock-out Pax7CreERT2
allele.89 These were mated with mice homozygous for the mT/mG
flox, heterozygous for the GCamP3 flox, and homozygous for the S1P1
receptor to generate each respective Cre-lox system.44,53,58 Reporter mice
required only one generation to produce genotypes of Pax7CreERT+/− ×

mT/mG+/− or Pax7CreERT+/− × GCamP3+/−. Pax7CreERT+/− × S1P1
f lox+/+ mice were achieved within 3 generations by crossing F1
Pax7CreERT+/− × S1P1 f lox+/− with unrelated S1P1 f lox+/+ animals.
All mouse models were acquired from Jackson Laboratories with the
following catalog numbers: 012476, 007575, 014538, and 019141.
Genotyping was accomplished using 1−2 mm tail clips that were
collected and frozen in 1.5 mL Eppendorf tubes at −20 °C until ready
for processing. Genomic DNA was extracted by boiling tail snips at
95 °C in 75 μL of 50 mM NaOH for approximately 1 h with vortexing
every 15 min. Reactions were then neutralized by adding 25 μL of 1 M
Tris-HCl pH 6.8, and then samples were centrifuged at 13000g for
2 min. Polymerase chain reaction analysis was conducted using 1 μL of
template from our extraction buffer in a final reaction of 20 μL with
the Bioline 2x Master mix following the manufacturer’s instructions.
Primer pairs and polymerase reaction parameters are listed in Table S2
in Supporting Information. NIH guidelines for the care and use of
laboratory animals (NIH Publication #85-23 Rev. 1985) were observed
throughout this study.

Cell Isolation and Culture. Hind limb muscle mononuclear cells
used in culture were isolated as previously described.17,90 Briefly, 3 days
prior to tissue harvesting, the tibialis anterior (TA), gastrocnemius, and
quadricep muscles of both limbs in each mouse were injected with a
10 nM solution of cardiotoxin (CTX) from Naja mossambica (Sigma-
Aldrich) dissolved in water. TA were injected with 50 μL, and
gastrocnemius and quadriceps were injected with 100 μL each. Mice
were sacrificed 3 days postinjury at the peak of satellite cell activation
following CTX injury. The timing of collection was chosen to enrich
mononuclear cell isolations with myogenic cells that are otherwise a
minority in these skeletal muscles. Previous characterization of cells
obtained using this isolation protocol have revealed that of the non-
hematopoietic cell types, approximately 32 and 35%, were composed of
myogenic and endothelial cells, respectively. The remainder of the cell
population comprised fibroblasts and other nonmyogenic cell types.90,91

Injured muscles were harvested under sterile conditions and cleaned of
any fat and tendons and then digested in a buffer containing both
collagenase type IV and Dispase II (Worthington Biochemical, NJ,
USA) for a total of 45 min at 37 °C. Cell/tissue mixtures were then
transferred to warmed F10 medium (Hyclone, PA, USA) supplemented
with 15% horse serum to inhibit enzyme digestion. The mixture was
then passed sequentially through cell strainers with 70 and 40 μmmesh
sizes to remove debris, muscle fibers, andmultinucleated cells. Collected
mononuclear cells were then seeded onto each respective substrate at a
density of 50000 cells/cm2. Cells were maintained in F10 medium
supplemented with 2 μM CaCl2, 15% horse serum, and 20 ng/mL
mouse basic fibroblast growth factor (bFGF), and medium was changed
every fourth day of culture. For induction of Cre-lox knock-in/knock-
out in cells from transgenic mice, medium was further supplemented for
the first 4 days of culture with 20 μg/mL 4-hydroxytamoxifen (Sigma-
Aldrich). For vascular endothelial growth factor receptor 2 (VEGFR2)
inhibition studies, medium was supplemented with 5 μM cabozantinib
(XL184; Selleck Chemicals, TX, USA) dissolved in dimethylsulfoxide.

Fluorescence-Activated Cell Sorting. Isolated primary cells were
resuspended in PBS with 1% BSA and incubated with fluorophore-
conjugated mouse antibodies for CD31, CD34, CD45, α7 integrin, and
Sca1 for 60 min at room temperature. Cells were then washed and
resuspended in PBS with 2% PBS before being sorted intomyogenic and
endothelial cell populations as previously described.90 Briefly, cells that
were CD31+/CD45− were sorted as endothelial cells, while cells that
were CD31−/Sca1−/CD34+/α7+ were sorted as myogenic cells.

Immunostaining and Fluorescence Microscopy. Cultures for
imaging were fixed at day 10 with 4% paraformaldehyde in PBS for
10 min at room temperature before permeation with 0.1% Triton-X for
10 min. For myosin heavy chain staining, myotubes were incubated
overnight at 4 °C with purified mouse IgG against myosin heavy chain
type I (1:100, BA-D5, Developmental Studies Hybridoma Bank,
deposited by S. Schiaffino), then with rabbit anti-mouse IgG conjugated
with Alexa Fluor 647 (1:500 for 1 h at room temperature). For endo-
thelial cell identification, FITC-conjugated BS1 (1:500 for 1 h at room
temperature, Sigma-Aldrich) was utilized to stain cells for imaging.
Staining for apoptosis was achieved using an antibody for cleaved
caspase-3 (Cell Signaling Technology, MA, USA) diluted at 1:200.
Antibodies for ceramide (Sigma-Aldrich) and CerS2 (Boster Biological
Technology, CA, USA) were also used at a 1:200 dilution for staining
and imaging. F-actin was stained using Alexa Fluor 488-conjugated
phalloidin (Invitrogen, CA, USA). All secondary antibodies were uti-
lized at a 1:500 dilution. Nuclei were stained with DAPI (Invitrogen).
Stained cells were then imaged using a Zeiss Axiovert 200 widefield fluo-
rescence microscope. Quantitative analysis of images was accomplished
using ImageJ software (National Institutes of Health, MD, USA) and
were conducted by two blinded researchers independently.

Gene Expression Quantification. After 10 days of culture, RNA
from approximately 1 × 106 cells cultured cells was collected from 10
different cultures using the E.Z.N.A. Total RNA Kit I (Omega Bio-Tek,
GA, USA) according to the manufacturer’s protocol. Quantity and
purity of RNA was determined by 260/280 nm absorbance. First-strand
cDNA was synthesized from 1 μg of RNA using a high-capacity cDNA
synthesis kit from Applied Biosystems (CA, USA) per manufacturer’s
protocols using a randomized primer. The relative expression levels of
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selected genes were obtained using qRT-PCR analyses. cDNA of
cultured cells in different condition (10 ng) was prepared using the
Maxima SYBR Green/ROX qPCR master mix (Thermo Scientific, MA,
USA). Reactions were processed by the ABI 7900HT PCR system with
the following parameters: 50 °C/2 min and 95 °C/10 min, followed by
40 cycles of 95 °C/15 s and 60 °C/1 min. Results were analyzed using
SDS 2.3 software, and relative expression was calculated using the
comparative Ct method. Each sample was run in triplicate reactions for
each gene. To examine myogenic differentiation and myogenic poten-
tial, Pax7, Myf5, MyoD, MyoG (myogenin), and Myh15 were used as
markers, whereas CD31, Ve-Cad, vWF, and eNOS were used as markers
for the vascular differentiation of endothelial cells. Primers for the
myogenic regulatory factors Pax7, Myf5, MyoD, and MyoG were as
previously reported.89 Primers used for the vascular-related genesCD31,
Ve-Cad, vWF, and eNOSwere also as previously reported.92 Primer pairs
forMyh15 were designed in-house and were (5′-TGA GCC TAA GAA
AAAGCTGGG-3′, forward) and (5′-CCAAAACGCGAAGAGTTG
TCA-3′, reverse). For validation of the S1P1 flox-out mouse model,
primers used for assessing the expression of this receptor were as
previously reported.93 Primers for Sphk1, Sphk2, Sgpp1, S1P1, S1P2, and
S1P3 were purchased from Bio-Rad Laboratories, Inc., and used as
supplied. GAPDH was used as a housekeeping gene, and conventional
tissue culture polystyrene substrates with no S1P were used as a control
in all analyses.
Calcium Imaging and Analysis. Fluorescent live cell videos at

20×magnification and an excitation wavelength of 488 nmwere taken of
contracting GCaMP+ myotubes. Videos were analyzed for fluorescence
intensity using ImageJ. Peak fluorescence values from contracting
myotubes were averaged for each condition across at least 20 fields of
view. Videos were captured using a Zeiss Axiovert 200 wide-field fluo-
rescence microscope.
Correlation-Based Contraction Quantification. Bright-field

videos of contracting myotubes obtained at 20× magnification were
analyzed using a custom MATLAB (MathWorks, MA, USA) script for
CCQ that utilizes particle image velocimetry (PIV) and digital image
correlation (DIC) algorithms.51 In brief, an initial reference video frame
is established and divided into a grid of windows of a set size. Each of
these windows is run through a correlation algorithm with a subsequent
frame, and any displacement that occurs between frames is converted
into a vector map. This map provides contraction angles and, when
spatially averaged, contraction magnitudes and velocities. A Gaussian
correlation peak with a probabilistic nature is used in the correlation
equation, providing subpixel accuracy. The bright-field videos analyzed
using CCQ were captured using a Nikon TS100 microscope at 30 frames
per second.
Statistical Analyses. All quantitative data are presented as mean ±

standard error of the mean. One-way ANOVA with Tukey’s posthoc
multiple comparisons method was used to analyze data sets that include
more than two experimental groups, while a Student’s t-test was used to
compare data sets looking at only two variables. In all analyses, a p value
less than 0.05 was considered significant, and n was defined by the
number of discrete cultured substrates.
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