
A Topographically Modified Substrate-Embedded MEA for Directed

Myotube Formation at Electrode Contact Sites

CHRISTOPHER G. LANGHAMMER,1,2 MELINDA K. KUTZING,1,2 VINCENT LUO,1,2 JEFFREY D. ZAHN,2

and BONNIE L. FIRESTEIN
1,2

1Department of Cell Biology and Neuroscience, Rutgers University, 604 Allison Road, Piscataway, NJ 08854-8082, USA;
and 2Department of Biomedical Engineering, Rutgers University, 599 Taylor Road, Piscataway, NJ 08854-5610, USA

(Received 10 July 2012; accepted 23 August 2012; published online 7 September 2012)

Associate Editor Jennifer West oversaw the review of this article.

Abstract—Myoblast fusion into functionally distinct myotu-
bes, and their subsequent integration with the nervous
system, is a poorly understood phenomenon with important
applications in basic science research, skeletal muscle tissue
engineering, and cell-based biosensor development. We have
previously demonstrated the ability of microelectrode arrays
(MEAs) to record the extracellular action potentials of
myotubes, and we have shown that this information reveals
the presence of multiple, electrophysiologically independent
myotubes even in unstructured cultures where there is
extensive physical contact between cells (Langhammer
et al., Biotechnol Prog 27:891–895, 2011). In this paper, we
explore the ability of microscale topographical trenches to
guide the myoblast alignment and fusion processes and use
our findings to create a substrate-embedded MEA containing
topographical trenches that are able to direct myotube
contractility to specific locations. By combining substrate-
embedded MEA technology with topographical patterns, we
have developed a lab-on-a-chip test bed for the non-invasive
examination of myotubes.

Keywords—Microelectrode array, Myoblast alignment,

Myoblast fusion, Topographical trenches, Substrate embed-

ding.

INTRODUCTION

Muscle tissue generates controllable, graded, and
sustainable forces through the highly regulated acti-
vation of distinct motor units, each consisting of a
unique set of muscle fibers.10 The ability of skeletal
myotubes to remain electrophysiologically distinct

from their neighbors, therefore, is one of the traits
required to fulfill this role. This stands in stark contrast
to other electrogenic cell types, such as neurons, where
CNS function depends on the formation of multicel-
lular networks, or cardiomyocytes, where cardiac
output depends on the synchronicity of their contrac-
tions. Each myotube’s ability to remain independent
from its neighbors is made more puzzling by the
developmental origin of myotubes, which are formed
by the rapid fusion of myoblasts from a seemingly
homogenous pool of precursor cells. Not only does this
fusion process result in highly aligned, tightly packed,
yet independent myotubes within a single muscle, but
also in the formation of distinct muscles with specific
sites of attachment relative to the joints at which they
act. Despite the clear importance of regulating
the myoblast fusion process in the development of the
musculoskeletal system, little is known about the
process itself.23,25 The study of myotube independence
has applications outside of basic science as well.
Muscle tissue engineering is a field with multiple
applications in human health and regenerative medi-
cine. The study of how to generate and manipulate
myotube formation and how to integrate these myo-
tubes with the nervous system are important steps in
muscle tissue engineering for clinical applications.12,24

By integrating tissue engineering techniques with
novel dual-modality (optical and bioelectrical) sensing
technologies, we are developing a lab-on-a-chip test bed
for non-invasive examinations of myotube fusion. Pre-
vious work from our laboratory demonstrated that we
can use microelectrode array technology to record
electrical activity from myotubes and to differentiate
signals from myotubes and neurons when they are
co-cultured.15 Additionally, because an important
aspect of muscle tissue is its highly aligned structure, we
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investigate the incorporation of topographical guidance
cues into our sensing array as a means of exercising
control over culture morphology. Most tissue engi-
neering tools take advantage of topographical or
chemicalmeans of inducing ordered culture architecture
similar to that observed in vivo.However,whilemyotube
alignment is clearly important to muscle tissue’s ability
to efficiently produce large forces, the generation of
controlled, sustainable, repeatable contractions requires
the selective and coordinated activation of indepen-
dently operable motor units.10,20 Although a great deal
of effort has been placed on cataloging our ability to
encourage myotube differentiation, development, and
alignment, less effort has been directed towards develop-
ing ways to exert control over myotube independence.17

Unraveling the mechanisms by which these independent
motor units are created and maintained from a nearly
homogenous pool of progenitor cells is therefore an
important step in muscle tissue engineering.23 Addition-
ally, control of myotube formation has implications for
creatingmicroscale devices or sensors based on biological
elements.13 Preserving independent control over myotu-
bes, rather than allowing them to fuse randomly, will
improve such devices by increasing the number of inde-
pendent cellular signal transducers (for biosensor appli-
cations) or actuators (in biorobotics applications).

This paper introduces and validates a new technol-
ogy platform which we hope to use in the future to
study myoblast fusion. There is clearly a deficit of
knowledge regarding this topic, but it is only because
there are not many good ways of exploring it. The
importance of our current work is that we describe a
new tool that can now be used by other researchers, as
well as ourselves, to perform more detailed experi-
ments probing myoblast fusion biology. It is our hope
that this combination of technologies, topographical
guidance cues and microelectrode array recording, will
act as a seed platform with the potential to be adapted
for use in a wide variety of applications following
relatively simple redesign. For example, electrode
contact spacing and shape can be modified to provide
basic science researchers a tool for monitoring myo-
blast fusion during development. For cell-based bio-
sensor applications, topographical guidance cues can
be used to direct myotubes to electrode sites in order to
maximize the number of independent signal producing
units available to a detection array. Finally, topo-
graphical modifications can be used to produce
microenvironments capable of sustaining multiple cell
types in structured co-cultures. Examples of these
microenvironments include the co-culture of myotubes
with motor neurons for the examination of simple
neural circuits, such as the spinal reflex arc, the
development of a functional neuromuscular tissue
phantom for high-throughput screening and biodetec-

tion, or the development of a regenerative neural
interface targeted to the peripheral nervous system.

MATERIALS AND METHODS

Myotube Isolation and Culture

Myoblasts were isolated and cultured as previously
described.17 Briefly, pregnant Sprague-Dawley ratswere
sacrificed by CO2 inhalation at gestational day 21 and
pups were removed by Cesarean section. Hind limb
muscles were removed, and tissue was finely minced and
digested (20 min at 37 �C) in PBS containing 1.5 U/mL
collagenase (type D, Roche, Mannheim, Germany) and
2.5 U/mL dispase (type II, Roche, Mannheim, Ger-
many). Single cells were separated from debris, pelleted
by centrifugation, and resuspended in growth medium
consisting of Ham’s F-10medium plus 20% fetal bovine
serum, 1% penicillin/streptomycin (all from Invitrogen,
Carlsbad, CA) and 2.5 ng/mL human b-FGF (Promega
Corporation,Madison, WI). Cells were then plated into
75 cm2 flasks and incubated for 24 h. Adherent cells
were resuspended and plated ontomultielectrode arrays
(MEAs; also known as microelectrode arrays) in dif-
ferentiation medium consisting of neurobasal medium
including 2% B-27 supplement, 1% penicillin/strepto-
mycin, and 1% GlutaMAX (all from Invitrogen,
Carlsbad, CA) at a surface density of 300,000 cells/cm2.
Prior to seeding, surfaces were coated overnight with
40 lg/mL laminin (Sigma Aldrich, St. Louis, MO).

Spinal Cord Explant Culture

Spinal cord explants were prepared using proce-
dures based on Gahwiler et al.9 Briefly, pregnant
Sprague-Dawley rats were sacrificed by CO2 inhalation
at gestational day 15, and pups were removed by
Cesarean section. Spinal cord was removed posteriorly
and transferred to a PDMS-lined petri dish, bisected
longitudinally, and finely minced transversely into
sections 200–300 lm thick. Explants were then plated
onto MEAs, all of which had been adsorbed overnight
with 10 lL of 40 lg/mL laminin in medium, at which
point they were precisely positioned in the central
explant zone of each recording field. After 5 min,
allowing for initial adhesion, enough medium was
added to just cover the explant, and it was placed in an
incubator at 5% CO2 and 37 �C. Medium was replaced
every 2 days.

Quantification of Myoblast and Myotube Alignment

To assess the affect of topographical features on the
alignment of myotubes, myoblasts were seeded onto
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polydimethylsiloxane (PDMS) substrates bearing
either 30 9 30 lm, 50 9 50 lm, 100 9 100 lm, 150 9

150 lm, 200 9 200 lm, or 400 9 400 lm trenches
(trench width lm 9 separation lm). PDMS monomer
(Dow Corning, Sylgard 184) was mixed 10:1 with
curing agent and poured over a silicon wafer, which
had been lithographically patterned with a 40 lm thick
layer of SU-8, into which the negative pattern of our
groove geometries had been developed. After degas-
sing under vacuum for 30 min, the PDMS was cured
overnight at 37 �C. The PDMS was then peeled from
the surface of the silicon SU-8 master, resulting in a
positive pattern of grooves of 40 lm in depth. PDMS
substrates with a smooth surface were used as an
unaltered control, and each surface was prepared in
triplicate. The PDMS surface was adsorbed with either
laminin, polyethyleneimine (PEI) or poly-D-lysine
(PDL) prior to myoblast seeding. Two randomly
selected fields, showing 0.55 mm2, from each myoblast-
seeded substrate were imaged using a phase contrast
microscope at 12 h post seeding and every 24 h after
that until day in vitro (DIV) 8. Myoblast alignment in
these images was assessed using a modification of the
image intensity gradient algorithm.2,11 Briefly, each
image was broken into square tiles. The intensity gra-
dient of each pixel in this square interrogation window
in both the X direction (dx) and Y direction (dy) is
calculated and then averaged across the field. An angle,
h, is then calculated based on the arctan of dy/dx, which
represents the average orientation of optical density
within that field. This series of operations is repeated
for every square tile, and the distribution of resultant
h’s provides a measure of bulk culture alignment.
Squares located on trench edges were excluded to
prevent the introduction of substrate-based alignment
bias.

Creation of a Prototype for a Substrate-Embedded
MEA

A prototype device was designed incorporating topo-
graphical modifications that direct myotube formation,
as determined by our previous experiments. In addition,
we also wanted to optimize spinal cord explant out-
growth so that we could create a device that could record
from co-cultures ofmyotubes and spinal cord explants to
understand how communication between these two cell
types develop. We manipulated the local microenviron-
ment to optimize the system for this purpose.

Specifically, two regions of trenches are used to
direct myotube formation to specific electrode sites and
are connected to a central field for a spinal cord
explant, which is spatially separated from the grooves
to allow neuron/myotube contact only through axonal
outgrowth (Fig. 1). The two wing regions, oriented

horizontally and vertically, consist of four grooves
100 lm in width, 40 lm in depth with a single 100 lm
diameter electrode contact at the bottom. The central
field contains five recording electrodes to record from
multiple points beneath the explant body and axonal
outgrowth. A large pad is included as an internal ref-
erence electrode (not shown). The electrodes are pat-
terned to interface with a Multichannel Systems MEA
recording head-stage through external contact pads
located around the periphery of the chip (Fig. 1b).

The electrode contact and lead pattern is produced
using a lift-off technique21 as shown in Fig. 2. A
PDMS ring is affixed to the surface creating a culture
chamber around four recording fields, enabling mul-
tiple simultaneous experiments (Fig. 1b). It should be
noted that the production process used to create the
topographical trenches on the myo-MEA is different
from the process that we used to create the topo-
graphical trenches in PDMS in our initial experiments.
The soft-lithography technique was used in the initial
experiments to determine a rough approximation of
the optimal feature size as it is a quick and straight
forward method. However, soft-lithography could not
have been used to create the features on the myo-MEA
because the production process is incompatible with
building topographical features on top of an existing
electrode pattern. Therefore, the production process
was changed in order to create trenches on the myo-
MEAs. As a result, the final substrate material of the
growing surface of the myo-MEA differed from the
previous experiments in which we were determining the
effect of, and the ideal dimensions of, topographical

FIGURE 1. Myo-MEA prototype. (a) Microscopic view of
prototype recording field showing one of the four recording
fields. (b) Image of finished prototype, including PDMS culture
chamber. This figure has been reproduced from Langhammer
et al.16
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trenches. The effective difference between the two
substrates is likely small, however, because they are
both adsorbed with laminin prior to cell seeding.
Further, any differences resulting are likely to be
dwarfed by the differences resulting from the geome-
tries of the grooves. As such, we expect that the
myotube behavior on the myo-MEAs will be analo-
gous to what we witnessed in our initial experiments
using trenches of the same diameter.

The fabrication process generates devices capable of
recording myotube and explant extracellular action
potentials (EAPs) and withstands repeated cycles
through the sterilization-usage-regeneration processes
involved in cell culture. In examinations of the electrode
noise-floors (data not shown), it was determined that the
gold leads establish electrical continuity between the
recording contact sites and the external contacts which
interface with the MCS head stage. Electrode noise was

low (~3 lV) for functional electrodes, while it was ele-
vated to the maximum noise detectible using the MEA
recording array (~40 lV)where electrode continuitywith
the culture fluid was lost (either by scratching the lead
under the SU-8 insulating layer or through incomplete
development of trenches). The SU-8 layer has good
adhesion properties, without cracking or delamination
flaws. Additionally, the SU-8 layer is optically clear,
facilitating the observation of culture conditions in and
around the experimental fields. Final prototypes have
four recording fields inside of the PDMS culture ring,
enabling parallel experiments (Fig. 1b).

Electrophysiological and Optical Data Acquisition
and Analysis

Recordings of spontaneous cellular activity were
performed on a heat-controlled stage at 37 �C at room

FIGURE 2. Schematic of microfabrication process. (a)–(d) A layer of photoresist (pink) bearing the electrode pattern (black
masking area) is produced on glass (gray-blue) using standard optical lithography. (e) and (f) The photoresist is undercut using a
short hydrofluoric acid (HF) etch (dark gray) followed by sputtering of a 200/700 nm thick chromium/gold (Cr/Au; dark yellow)
conducting electrode layer. (g) The photoresist is dissolved in acetone, removing the conducting layer everywhere (gray-blue)
except the electrode pattern (dark yellow). (h) A layer of SU-8 photoresist (green) is then spin-coated onto the electrode-patterned
surface and (i) exposed and developed using a topographical feature mask (black) to generate topographical trenches with the
appropriate diameter determined by our prior experiments, and (j) and (k) central confinement regions, also selectively exposing
the electrode contact pads located at the bottom of both while leaving the electrode leads electrically insulated from the culture
environment.

Directed Myotube Formation at Electrode Contact Sites 411



atmosphere using a standard multi channel systems
(MCS) recording array, sampling extracellular voltage
from 60 contact pads at 20,000 Hz. These recordings
were acquired on either the fully topographically
modified myo-MEA, our fabricated MEA without
topographical features, or a commercially available
MEA (Multichannel Systems Part No. HD30/10-ITO-
gr), to compare responses across the three devices. The
commercial MEA is manufactured on glass with
indium tin oxide (ITO) conducting lines, passivatedwith
silicon nitride, and contains titanium nitride electrode
contacts of 10 lm diameter and contact pad spacing of
200 lm. Recordings of myocyte cultures were made at
14 days in vitro (DIV14), when spontaneous contractile
activity is maximal. Spike sorting was performed using
custom algorithms composed in a MATLAB environ-
ment and based in part on the algorithms discussed in
Adamos et al.1 Briefly, potential spikes were identified
using a voltage threshold of 59 the root mean squared
noise for each channel. All spikes were aligned to their
point of maximal deflection based on a window 2 ms
preceding and 4 ms following the threshold break-
point, and principal component analysis was performed
on the resulting set of vectors. Using their position in a
2D space based on the first two principal components,
likely spike events were then clustered using a K-means
algorithm. The clustering process was user-guided,
where the experimenter identified the starting number of
clusters, and was then able to split and join clusters
iteratively until spikes were correctly classified based on
visual investigation. Because each cell produces action
potentials with a unique shape, each of the resulting
clusters represents the activity of a single cell (or ‘‘unit’’)
as its activity is recorded in the extracellular voltage
trace from a single electrode. Metrics of spike charac-
teristics were then calculated based on the morphology
of the average spike shape for each unit. In our case,
signal-to-noise ratio (SNR) is the ratio of the peak-to-
valley amplitude of a spike shape to the RMS noise
recorded on that electrode, and the Unit SD is the
average SD along the 6 ms window surrounding the
point of maximal deflection.

Analysis of Contractile Activity

An unordered myotube culture was grown on the
topographically modified myo-MEA. Videos of cells
were acquired using the Qcapture-pro software at a
frame rate of 25 frames per second. Automated
localization of contractile activity was performed as
discussed in Langhammer et al.17 Briefly, videos were
analyzed using a series of image processing steps and
pattern recognition steps, which make it possible to
identify regions of synchronized contractility within
videos of myotube cultures, returning the location of

the contractile myotubes as well as their pattern of
contractions.

RESULTS

Myotube Morphology on PDMS Substrates
with Microscale Topographical Trenches

We first wanted to optimize conditions for myotube
alignment. Consistent with prior results, we found that
both microscale chemical7,8,19,27 and topographical2,14

patterning techniques were effective at directing myo-
tube alignment (Figs. 3a and 3b). Conditions affecting
the rate of fusion and the final myotube morphology
(shape and size) include seeding density and surface
chemistry. Surfaces adsorbed with pro-fusion proteins,
such as laminin, promoted myotube differentiation
while those adsorbed with non-bioactive adhesion
promoters, such as PEI or PDL, did not (data not
shown). On laminin adsorbed surfaces, myoblast fusion
and maturation into striated myotubes was robust.
Myotubes in the inter-trench plateau regions tended to
be flattened out and non-overlapping, pushing more of
the myotube into one focal plane and facilitating visu-
alization of the striations (Fig. 3c). Cell growth in the
trench regions tended to be more three-dimensional and
allowed for multi-layered growth, requiring images
from serial Z-planes to show myotube striations
(Fig. 3d). While this produced local changes in cell
density, each low magnification image revealed a con-
stant cell density because it contained equal portions of
trench and plateau regions regardless of trench geome-
try; this characteristic is due to our selection of sub-
strates with equal trench width and spacing.

Also consistent with previous studies,19 we found that
there is an optimalwidth for creating patterns of physically
isolated, unbranching myotubes (Fig. 3a). For chemical
patterns, it has been observed previously that as the feature
size is reduced below this critical size, myotubes either
connect between features or fail to adhere andmature, and
as feature size is increased over the critical size, several
myotubesare able toassociatewithin each feature.Optimal
trench spacing for achieving a 1:1 trench-to-myotybe rela-
tionship was similar to the dimensions for chemical spac-
ing. Figure 3b shows primary myocyte cultures on trench
widths of 30, 50, and 150 lm. On 50 lm trench geometry,
each feature contained a single myotube. In the larger
groove geometries, multiple myotubes co-localized within
the same feature, and on smaller trench geometries,
myotubes were able to reach across trenches. The width
of individual myotubes, however, appeared largely
unchanged between these different scenarios.

We used the optical gradient method to identify the
effective angle of alignment for each square field of the
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microscope image based on the average X- and
Y-intensity gradients of the pixels therein (Figs. 4a and
4b—bottom, red bars). The orientation of each square
field can then be compared to the orientation of the
trenches. The distribution of orientations for the entire
image relative to the primary trench direction will be
highly concentrated around zero for cultures that are
highly aligned with trench axis (Fig. 4a—top) or will
be flat for cultures with random growth (Fig. 4b—-
top). To characterize this distribution, the average
angular deviation from the trench axis can be calcu-

lated, which will be approximately 45� in the case of
random growth and will be lower in the cases of more
organized growth.2,3

Analysis of myoblast and myotube alignment using
this method showed that myotube alignment was in-
duced by topographical guidance cues, consistent with
prior studies on guidance cues of similar size. Myo-
tube cultures seeded on PDMS substrates with tren-
ches had an average angular deviation noticeably
lower than that observed in cultures grown on
smooth PDMS substrates, which was approximately

FIGURE 3. Myotube morphology on chemically and topographically patterned substrates. (a) Myotubes at DIV 11 grown on
unpatterned (top) and laminin-striped (middle and bottom) glass. (b) Myotubes at DIV 11 grown on PDMS substrates topograph-
ically modified with 30 lm grooves (left), 50 lm grooves (middle) and 150 lm grooves (right) of 40 lm depth. Striations in myo-
tubes at DIV 14 grown in the plateau region (c) and groove regions (d) of a topographically modified PDMS substrate.

FIGURE 4. Myoblast alignment with major trench axis from DIV 0–8. (a) Angular deviation distribution (top) of local alignment
fields detected using gradient method (example field bottom) for myoblasts on 100 lm trenches (40 lm deep) 12 h after seeding.
(b) Angular deviation distribution (top) of local alignment fields detected using gradient method (example field bottom) for myo-
blasts on an unpatterned PDMS substrate. (c) Average amplitude of angular deviation from the major trench axis for substrates
with 100, 200, 400 lm, and unpatterned control for timepoints from 12 h following seeding to DIV 8. (d) The number of indepen-
dently active cells per unit surface area in grooved and smooth myotube cultures as a function of culture age.
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equal to the 45� expected from truly random growth
(Fig. 4c).

Analysis over the timescale from DIV 0 through
DIV 8, however, showed a number of additional trends
in myoblast alignment and fusion into myotubes.
While myotubes on all grooved substrates ultimately
reach the same degree of directed orientation by DIV
8, there are transient differences between substrates
bearing 100, 200, and 400 lm trench geometries during
early time points (Fig. 4c). Alignment of myoblasts,
even before they have begun to fuse into myotubes,
occurs sooner on the narrower trench geometries, as
exhibited by the alignment of unfused myoblasts as
early as 12 h after seeding on 100 lm trenches
(Fig. 4a) relative to an unpatterned control (Fig. 4b).

With the recent development of an algorithm for
quantifying myotube association based on videos of
spontaneous contractility,17 we are now able to look
at the effects of topographical guidance cues on this
measure of myotube function in addition to simple
morphological examination. When this spontaneous
activity is quantified, we see a similar trend as is
observed in the myotube alignment data (Fig. 4d).
While myotube cultures on grooved substrates
exhibited a greater number of spontaneously con-
tractile cells during early time points (i.e., DIV
8–13), the myotube cultures on smooth substrates
ultimately caught up to them and produced similar

quantities of spontaneously contractile cells (i.e.,
DIV 15–17).

Topographical Features Constructed on Top
of the Substrate-Embedded MEA Direct Myotube

Formation and Morphology

We next wanted to confirm that our myotube
alignment could be duplicated on substrate-embedded
MEAs. As seen in Fig. 5, multiple myotubes are
observed to form along the bottom of the trenches,
aligned in parallel with the major trench axis. Simi-
larly, the topographical features are able to direct
myotube contractility to the trenches. However,
because these trenches are open ended and connect to a
large open field, they have the interesting effect of
funneling multiple myotubes to a single trench
(Fig. 5d), and of funneling separate ‘‘fingers’’ of a
single myotube down multiple trenches (Fig. 5c). We
previously confirmed that myotube contractility
appears to be directed to, aligned with, and confined
largely within the trenches.16 The highest degree of
order is achieved at 100 lm, with disorder increasing
as the length of uninterrupted trench width increases.
This is important since we need the contractile activity
of myotubes to be in specific areas (trenches) where the
electrodes are located so that myotube activity can be
detected by the electrodes.

FIGURE 5. Myotube differentiation and guidance on myo-MEA topographical features. (a) and (b) Myotubes lying along the
bottom of trenches and on top of electrode contacts in a ‘‘wing’’ region. (c) and (d) Myotube contractility funneled down trenches.
The green, red, blue, and purple thatched regions delineate individual, independent myotube contractions determined by the
algorithm described in Langhammer et al.17

LANGHAMMER et al.414



Detection of Myotube EAPs

We confirmed that we are able to use the topo-
graphically modified myo-MEA prototypes to record
the bioelectrical activity of spontaneously active myo-
tubes in similar fashion to commercially available
MEAs.15 Spike sorting of the resulting extracellular
voltage traces is possible, yielding unit-specific EAPs
with high reproducibility and low intra-unit variance
(Fig. 6d). A comparison was made of myotube EAP
qualities measured on three different types of elec-
trode; (1) topographically modified myo-MEAs, (2) the
myo-MEA electrode pattern without the insulating
topographical SU-8 layer, and (3) commercially
available MEAs. There is similar EAP morphology
recorded on all substrates, exhibiting the characteristic
multiphasic and unpredictable EAP morphologies
(Fig. 6a). However, there is an amplification of EAP
amplitude observed on the fully insulated prototypes
(Fig. 6b) relative to both the uninsulated and the
commercially available MEAs. This also contributed
to the larger SNR seen on EAP recordings of the
insulated myo-MEA (Fig. 6c); however, the effect is
less than would be expected based on the larger
amplitudes. This finding is consistent with the theory
that guidance of myotube formation to electrode sites
by the topographical trenches results in an increase in
electrode sealing,4–6 but that the reduction in recording
surface area results in a higher noise floor. The finding
that the uninsulated myo-MEA electrode pattern also
showed increased amplitude and SNR over the com-
mercially available MEA is somewhat surprising, as
theory would dictate that current leakage through the

uninsulated leads and into solution would diminish the
effective voltage recorded. However, in cultures this
dense, the overlying cell layer may provide some
insulation, diminishing this current shunt. When
combined with the much larger surface area available
for recording, this may explain the observed increase in
amplitude.

Changes in Myotube Dynamics due to Topographical
Modification

It is possible to identify spatial and temporal pat-
terns in myotube activation using the spike sorted EAP
data. These patterns of activity are affected by the
topographical patterning of the electrode. Figure 7a
shows 5 s of data recorded from the four fields of a
myo-MEA. Total activity is the result of a combina-
tion of repeating vertical banding patterns (generated
by myotubes that span multiple trenches and the cen-
tral region), and units that fire in isolation (generated
by myotubes confined to a single trench). Obvious
repeating activation motifs occurring in 3 s of data
from a single recording field have been identified by
hand (Fig. 7b—colored rectangles). The distribution of
the synchronous bursting patterns is limited to each of
the four recording fields (i.e., there is little activity that
spans more than 1 recording field). By comparison to
the insulated myo-MEA, there are two noteworthy
observations about the EAP activity recorded by the
uninsulated myo-MEA electrode pattern. There are
more units recorded on it (a 20% increase over the
insulated myo-MEA, compared to Figs. 7c and 7d),

FIGURE 6. Myo-MEA recordings of myotube EAPs. EAPs are detected from sister cultures grown on topographically patterned
myo-MEA (red), uninsulated myo-MEA (green), and commercially available MEAs (blue). (a) All units for each device superimposed
(6 ms of data shown). (b) Average positive and negative deflection for all units measured in lV. (c) Average SNR for all units. (d)
Average unit SD for all units.
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and these units have a higher activation rate. This is
consistent with the much larger recording field, which
in the uninsulated myo-MEA includes the leads as well
as the contacts. This larger electrode area records
activity of all cells along its path, contributing to the
larger number of units detected. Additionally, these
units are active more frequently, and are capable of
switching between ‘‘seizure-like’’ state (Fig. 7d), where
every unit fires synchronously and rapidly, and more
‘‘non-seizure-like’’ state (Fig. 7c), where individual
units and activation motifs can be identified. One
explanation is that the culture is able to grow in an
uninterrupted sheet in which every cell is mechanically
coupled to every other cell. This may create a situation
where contraction of a myotube mechanically triggers
the contraction of neighboring cells, even though they
may remain electrophysiologically distinct. The pres-
ence of the topographical cues may be enough to break
up the mechanical coupling to the point that culture-
wide ‘‘epileptic’’ events are no longer possible. To
further support this point, we find that myotubes
grown on the commercially available MEA show less
frequent recording events due to substrate insulation
decreasing the number of myotubes in contact with
each electrode trace while simultaneously preserving
synchronized depolarization behavior seen with the
unpatterned/uninsulated myo-MEA (Fig. 7e).

Spatial Distribution of Neuronal and Myotube
EAP Sources

For our myo-MEA to be useful, we must be able to
detect distinct activity from neurons vs. myotubes. To
confirm that this is indeed the case, we recorded from
the central region containing the spinal cord explant
and its neurites while simultaneously recording from
the myotubes. Spinal cord explants adhere to the myo-
MEA surface, with the explant body largely confined
to the central region (Fig. 8a). By DIV 5, aggressive
axonal outgrowth extends along the glass bottom and
is guided down the topographical channels (Fig. 8b).
By DIV 7 explant bodies generate spontaneous burst-
ing activity detectable on the central region electrodes,
consisting of multiple, rapid, EAPs (Fig. 8c). Bursting
behavior can be observed from multiple explants on
the same myo-MEA; however, the distance between
them is sufficient that their activity is not coupled.
Additionally, explant EAP activity is bound only to
the central region, and even up to an age of 3 weeks in
culture explant bursting activity is never detectable on
the trench electrodes. By comparison, myotube EAP
activity can be observed in the wing regions (red
points) as well as the central regions (green points,
shown in Fig. 7a).

DISCUSSION

In this study, we have investigated the effects of
microscale topographical patterns in the form of par-
allel stripes on the development of structured myotube
cultures, using myotube alignment, and for the first
time, a measure of functional myotube independence
as endpoints. Furthermore, we have developed a sub-
strate-embedded MEA to assay for developmental
changes when spinal cord explant neurons and myo-
tubes are cultured together. We have optimized myo-
tube alignment, and we show that electrical recordings
from the neurons and myotubes can be spatially seg-
regated. We present a tool with which to study the
mechanism underlying myoblast fusion in the future.

Microscale Topographical Cues to Align Myotubes

Many different substrates have been used to drive
myotube alignment.12,24 However, in many of these
techniques, myotubes show a ‘‘dose-insensitivity’’
effect, in which myoblast response to a graded range of
alignment cues tends to be essentially binary (i.e., cells
are either highly aligned or completely random) rather
than exhibiting a graded alignment response.14,18,22,26

This is consistent with our findings that there is little
difference between the ultimate amount of alignment
observed between trench widths over the range of
trench geometries examined.

Additionally, we found that changes in myotube
behavior in response to microscale trenches are largely
a product of early events in myoblast spreading and
alignment. Myotube alignment increases through DIV
8, but a large and substrate geometry-dependent dif-
ference in cell alignment on patterned and unpatterned
substrates was observed as early as 12 h following
seeding. This was likely due to the grooves partially
guiding cell spreading in the early stages of myoblast
attachment. The effect was most notable in the nar-
rower trench geometries because these features have
spatial dimensions on the same order of magnitude as
the myoblasts themselves. Because myoblasts are
polarized cells, which are spindle shaped, this head
start in alignment most likely reduces the amount of
time they need to spend migrating under their own
power to achieve the end-to-end alignment thought to
be required for fusion and differentiation into myotu-
bes.

Myotube Independence in Trenches

While the effects of microscale topographical tren-
ches on myotube alignment are relatively straightfor-
ward, their effect on myotube independence is more
complicated. Based on the static images that the
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FIGURE 7. Patterns of myotube activation on topographically patterned vs. uninsulated myo-MEAs. (a) Five seconds of activity
detected in four fields of a topographically patterned myo-MEA. (b) Three seconds of data from a single recording field in which
repeating activation motifs have been identified by hand (colored rectangles). Activity detected in four fields of an uninsulated
myo-MEA during non-seizure-like (c) and seizure-like (d) activity. Recordings made at DIV 14. Each raster plot consists of four
horizontal fields, representing each of the four recording fields. The electrodes in each field are color-coded according to location
(central electrodes in green, wing electrodes in red). (e) Myotubes grown on a commercially available MEA show less frequent
recording events due to substrate insulation decreasing the number of myotubes in contact with each electrode trace while
preserving synchronized depolarization behavior seen on the uninsulated myo-MEA in (d). The raster plot shows 30 s of data
recorded from a myotube culture at DIV 12 and expanded view of 1 s data segments from within the 30 s data as indicated by the
red rectangle. An example of both a synchronized network and single myotube depolarization spanning multiple electrode con-
tacts are shown (blue and green rectangles, respectively).
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morphological studies are based on, it would have
appeared that guidance cue geometries above or below
a critical size resulted in communication between
myotubes within the same feature or between features,
respectively. In our own chemical and topographical
patterning work, as well as that of others groups, this
was visualized as branching myotubes. From these
morphological studies, it follows logically that only
myotubes located in separate grooves are electrically
isolated from one another and would therefore twitch
independently. However, based on studies of sponta-
neous myotube contractility, it now appears that
myotubes are capable of maintaining independence
from neighboring cells even when they overlap exten-
sively. This is supported by our observation that the
use of microscale topographical guidance cues resulted
in earlier alignment and onset of spontaneous activity
but did not increase the final number of independent
cells. These observations support a conceptual model
where myoblast fusion and differentiation is primarily
controlled by intrinsic factors rather than the extrinsic
factors delivered by the static mechanical cues found in
the extracellular environment of the synthetic micro-
scale trenches.23,25 While the small boost in myoblast
alignment provided by the microscale trenches is suf-
ficient to give the fusion/maturation process a head
start, it does not alter myotube cellular physiology, and
therefore, the functional endpoint reached is ultimately
the same.

While microscale topographical features do not
have any effect on cellular independence, they can
serve the useful purpose of controlling culture
mechanics. Microscale grooves can be used not only to
drive culture-level myotube alignment but also to
direct contractile activity to specific regions and

encourage contraction in specific directions. Micro-
scale patterning techniques may be used to generate
controlled anisotropy, as exists in native tissue archi-
tecture, and to direct formation of myotubes to specific
locations, as would be required by microdevices
incorporating an engineered skeletal muscle compo-
nent.

Structured Myotube Culture on a Topographically
Modified Substrate Embedded MEA

Based on the need for an in vitro means of probing
myoblast fusion and myotube independence for basic
science applications, and the need for functional and
structured myotube cultures for tissue engineering and
biosensing applications, we have integrated topo-
graphical modifications which induce cell guidance with
a substrate embedded MEA. To facilitate the device’s
future integration with spinal cord explants for the
development of structured motor neuron-myotube
cocultures, we have selected topographical modifica-
tions in the form of two trench regions (for myotube
formation) joined to a central region (designed for spinal
cord explant adhesion and spreading). The topograph-
ical modifications are able to direct myotube formation
and contractility, as detected optically, and the
underlying substrate embedded MEA is able to record
EAPs from the overlying myotubes, which can then be
spike sorted to identify the activity ofmultiple individual
myotubes recorded on a single electrode. Further, the
topographical modifications induce a change in the
quality of the EAPs observed which is consistent with
current theories on cell-electrode interactions, and a
change in the behavior of the myotube culture that is
caused by the induced structure.

FIGURE 8. Explant integration with the myo-MEA. (a) Spinal cord explants cultured in central region of two neighboring recording
fields. (b) Axonal guidance down trenches from DIV 2–5. (c) Raster plot of single spike activity.
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Feasibility of Detecting Information Transmission
from a Neuronal Population to a Myotube Population

in Structured Co-cultures

Our proposed system addresses the unique problem
of using a structured co-culture system to identify
transmission of information. Detecting this phenom-
ena based on activity of each cell type will require a
unique analytical approach. Multiple patterns of con-
nectivity may exist, and it is important that an exper-
imental paradigm be developed which makes it
possible to detect transmission of information in a
variety of different forms, and is robust against the
types of noise observed in culture.

Future Directions

We have developed the techniques required to
quantify contractile and bioelectric activity generated
by neurons and myotubes. Furthermore, we have used
microfabrication processes to create culture systems
that modulate these behaviors. The next step in
advancing the myo-MEA technology platform is
leveraging our existing analytical tools, designed to
observe individual cells, to create a means of rigorously
quantifying the behavior of multiple cells acting in
concert. This will provide a way to fully interpret the
behaviors of myotubes and neurons (both of which are
able to associate with other cells of either type) in our
structured cultures. This tool will take the form of
automated pattern identification algorithms that iso-
late the repeating motifs generated by myotubes that
span multiple electrodes. Isolation of these activation
motifs will allow us to identify how many independent
myotubes are active on an electrode surface and their
spatial distribution. Within the context of the next-
generation hybrid-biosensors and neural interfaces we
have discussed, this is a good indicator of the number
of independent signals the interface will be able to
record.
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