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Correlation of embryonic skeletal muscle myotube physical characteristics
with contractile force generation on an atomic force microscope-based
bio-microelectromechanical systems device

K. L. Pirozzi,® C. J. Long,® C. W. McAleer, A. S. T. Smith, and J. J. Hickman®
NanoScience Technology Center, University of Central Florida, 12424 Research Parkway, Orlando,

Florida 32826, USA

(Received 7 June 2013; accepted 23 July 2013; published online 20 August 2013)

Rigorous analysis of muscle function in in vitro systems is needed for both acute and chronic
biomedical applications. Forces generated by skeletal myotubes on bio-microelectromechanical
cantilevers were calculated using a modified version of Stoney’s thin-film equation and finite
element analysis (FEA), then analyzed for regression to physical parameters. The Stoney’s
equation results closely matched the more intensive FEA and the force correlated to cross-sectional
area (CSA). Normalizing force to measured CSA significantly improved the statistical sensitivity
and now allows for close comparison of in vitro data to in vivo measurements for applications in
exercise physiology, robotics, and modeling neuromuscular diseases. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4817939]

Recent advances in skeletal muscle bioengineering have
allowed for the development of in vitro models capable of
accurately measuring and temporally controlling the con-
tractile function of cultured muscle myotubes, the smallest
complete functional component of skeletal muscle.'™
However, most of these methodologies rely on the investiga-
tion of dense arrays of myotubes encased in 3D hydro-
gels."*> The use of such systems therefore prevents the
study of the functional responses of individual myotubes to
physical, chemical, or pathological challenges. An in vitro
system that can reproduce the primary metrics obtained for
in vivo exercise physiology could vastly improve research in
this important area of human health.

Simple micro-scale cantilevers have been used exten-
sively for a variety of microelectromechanical system
(MEMS) devices including resonators, energy harvesting
devices, and an array of actuators and sensors.™ However,
complete understanding and widespread use of these systems
were not achieved until modeling of their function in com-
plex environments was performed.'*'" The simplicity of the
geometry and wide use of cantilevers in MEMS devices pro-
vides a system with well-characterized mechanics as a plat-
form to incorporate biological components for medical and
physiological research. The same underlying physics and
simulation based modeling tools used to understand other
cantilever-based devices can now be applied to bio-micro-
electromechanical (bioMEMS) cantilever systems to perform
micro-scale force measurements on biological tissues that
have previously only been performed on the macro-scale or
with human or animal subjects.

A bioMEMS based on silicon cantilevers has been used
to measure contraction characteristics of single myotubes.*'?
Modeling this system would allow investigators to normalize
force outputs based on physical parameters for both acute
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and chronic studies, and thereby achieve more precise data
regarding the effects of chemical or pathological challenges
to muscle fibers in vitro, applications in exercise physiology
or for use as model systems to design the next generation of
robotic systems. In vivo, muscle force generation has been
shown to correlate to muscle cross-sectional area (CSA)
above other possible predictors,'>™'® and studies of muscle
tissue constructs grown in vitro have normalized force to
CSA."*'*!" However, detailed analysis of correlation of
force generation of in vitro-grown skeletal muscle to mor-
phological parameters is lacking. Specifically, studies inves-
tigating morphological effects on force generation of single
myotubes are absent from the literature.

Another limit to the analytical power of the previous
studies using this cantilever system was the reliance on treat-
ing each of the myotubes analyzed as a uniform film of
standard thickness and width across the cantilever. This
assumption permitted calculation of myotube stress in
response to contraction using a modified version of Stoney’s
equation, which was established to measure stress in a thin
film."® The thin-film approximation is very simple to apply
for data analysis, but a finite element analysis (FEA)
approach to modeling myotubes is more rigorous due to
more detailed mechanical calculations of the internal forces
in the cell. Given the increase in computational complexity
that FEA entails, a direct comparison to the Stoney’s equa-
tion approach, in terms of measuring myotube contraction on
cantilever bioMEMS device, would provide valuable infor-
mation to researchers for selecting the most appropriate
method for each specific application, particularly in the use
of high throughput systems in which the FEA approach
would be cumbersome. However, demonstrating FEA’s use-
fulness in the analysis of the system enables a much deeper
understanding of the physics of muscle function and its inte-
gration with MEMS devices.

Silicon chips containing arrays of cantilevers 750 um
long, 100 um wide, and 4 um thick were produced from sili-
con-on-insulator (SOI) wafers using standard fabrication

© 2013 AIP Publishing LLC
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techniques, as detailed previously.3 To produce a defined
surface chemistry supportive of muscle progenitor cell
attachment, growth, and myotube formation, the silicon can-
tilevers were silanized with (3-trimethoxy propyl)diethylene-
triamine (DETA), a silane possessing the amine-containing
moiety, diethylenetriamine.’

Skeletal muscle was dissected from the hind limbs of fe-
tal rat embryos (18 days in utero) following a previously
established protocol.'® The skeletal muscle was plated on the
bioMEMS cantilever device at a density of 2000 cells/mm?
and allowed to proliferate for 4 days in a defined serum-free
medium.'>?° After 4 days in culture, the medium was com-
pletely removed and replaced with NbActiv4 (Brain Bits
LLC) to induce myotube formation; a one half medium
change was performed with NbActiv4 every 3—4 days subse-
quently. Following 12-14 days in vitro (DIV), the cultures
were analyzed for contractile stress according to a previously
established protocol.” Briefly, the myotubes were stimulated
under an electric field with 40 ms pulse-widths at a rate of
1 Hz in order to induce contraction of the myotubes on the
cantilevers. Each cantilever’s response to myotube contrac-
tion was measured by monitoring the deflection of a laser
beam focused on the bottom of the cantilever tip. Deflections
of the light beam were measured using a photo-detector and
recorded in real time by a computer running Axoscope 10.0
software. The noise in the measurement signal was typically
less than 2% of the peak signal from myotube contraction.
The temporally dependent deflection of each cantilever tip
was calculated from the laser displacement data and con-
stants related to the system setup. The data were collected
utilizing 12 independent myotubes from 3 cultures.

Cantilevers were prepared for immunocytochemical
analysis as previously described.?' Cells were incubated
overnight with a primary antibody against Myosin Heavy
Chain (A4.1025) (Developmental Studies Hybridoma Bank)
diluted (1:10) in a pH buffered solution. Alexa Fluor 594
conjugated phalloidin (Invitrogen a12381) was added to this
solution (1:40 dilution) in order to facilitate Actin filament
visualization. Cells were then incubated with the appropriate
secondary antibody for 2 h in the same pH buffered solution
and evaluated using confocal microscopy. A Z-stack analysis
was performed taking 1 um slices from the top of the myo-
tube to the base. The individual slices were collated, using
ImageJ software,” to create a three-dimensional rendering
of the myotube. From the three-dimensional rendering, the
length, average width, and average thickness of each myo-
tube were determined.

The Stoney’s equation approach was used to calculate
the compressive stress generated by the myotube from the
voltage output of the photo-detector (Volts). The equations
and methods described previously® were modified to account
for the measured width of the myotube instead of assuming
the myotube filled the entire width of the cantilever.
Equations (1) and (2) are restated versions for cantilever tip
deflection () and stress produced by the myotube, assuming
a uniform thick film the full width of the cantilever (o). The
system parameters used in these equations are the system-
specific coefficient relating voltage to laser position on the
photo-detector (Cgeecror), the angle of the laser and detector
relative to the plane of the cantilever (0), the path length of
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the laser from the cantilever tip to the detector (P), the elastic
modulus of silicon (Eg;), the thicknesses of the cantilever
(ts;) and myotube (t;), Poisson’s ratio of silicon (vg;), cantile-
ver length (L), and the widths of the cantilever (wsg;) and
mYOtUbe (meolube)

0= %tan 0 larctan tan 0 Voltage
- 3 2 2 Cdetector X P x cosf ’

ey

In Eq. (2), the myotube is approximated as a uniform film.
Therefore, the force in the myotube is equal to the force in
the film, leading to Eq. (3) by equating the calculation of
force from stress and CSA. To determine stress in the myo-
tube (G myotube)» EQ. (3) can be rearranged to form Eq. (4)

Egits. 36 1
o = 53 X, @
6lf(1 —Vsl‘)(ff+fs,') 2L 1 _|_i
Isi
meotuhe = 0¢ X Iy X Wsi = Omyotube X If X Wmyotube (3)
Gmyotube =0, X (WSi /meombe)- (4)

For the FEA approach, the cantilever geometry was drawn
and meshed in NX 8.5 (Siemens PLM Software, Plano, TX)
as a set of square elastic elements, with a fixed boundary
condition at one end to produce a cantilevered geometry. For
each myotube experimentally tested, the myotube was mod-
eled as an ellipsoid on top of the cantilever in NX using the
measured dimensions and positions acquired from confocal
microscopy. In the FEA model, the myotube and cantilever
beam were meshed with 3D square elements. The coincident
nodes were merged, which allowed for the simulation of a
fully adhered myotube to the cantilever beam. The stress in
the myotube was determined using the FEA model by alter-
ing the force so that the deflection matched the value for
deflection calculated from Eq. (1). The force in each myo-
tube calculated from the Stoney’s method was compared to
the force calculated from the FEA for that myotube.

Multiple linear regression was applied to the force cal-
culated from the Stoney’s and FEA approaches to fit values
to the physical dimensions of the myotubes and the interac-
tions of these variables using a best fit approach to selecting
predictive variables. Two of the variable interactions, width
x thickness and width x thickness x length, were function-
ally equivalent to CSA and volume, respectively, differing
by constant coefficients /4 for the CSA and 7/6 for the vol-
ume, assuming the myotubes were shaped as an ellipsoid.
For determination of predictive variables from the regression
analysis, the exact shape of the myotube was irrelevant as
long as the volume was a product of a constant and the
length x width x thickness interaction. The in vitro myo-
tubes were observed to be approximately ellipsoidal, so this
simple shape was used for calculating the CSA and volume
for each myotube.

After selecting the best regression model, the force data
were normalized to the model parameters, and the coefficient
of variance (COV), the ratio of the standard deviation to the
sample mean, was calculated. The COV was compared to
the COV of the non-normalized data to determine the utility
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FIG. 1. Layout of the finite element
analysis model and an example of
myotube force estimation where
stresses in the myotube and cantilever
are displayed. (a) Schematic of mea-
surement system configuration. (b)
Immunocytochemistry of a single
myotube showing myosin heavy chain
(green) and actin (red) in individual
channels and a merged composite. (c)
Three dimensional representation pro-
duced from Z-stack of the actin
images. (d) Example of FEA of a myo-
tube with stress indicated with color.

of using the regression model for reducing variation for com-
parison among experimental treatment groups.

Bright field microscopy of the cultures, at 14 DIV, illus-
trated good morphology of the primary myotubes on the can-
tilevers. The myotube dimensions on the cantilevers as
determined from confocal imaging ranged between the fol-
lowing values: length between 490 and 696 um, width
between 11.7 and 23.4 um, and thickness between 7.9 and
13.0 um. The force, as calculated from the modified Stoney’s
equation (Egs. (1)-(3)), ranged from 38 nN to 256 nN, and
the stress in the myotube (Eq. (4)) ranged from 350 to
1760 Pa. Using the FEA approach, the forces and stresses in
the myotubes ranged from 25 to 181 nN and 168 to 1170 Pa,
respectively. The layout of the system and examples of con-
focal imaging, 3D reconstruction of a myotube, and FEA are
presented in Figure 1. Direct comparison of the force on
each cantilever determined from the two methods revealed
that the Stoney’s equation approach matched the FEA
approach in both trend and value, with a correlation coeffi-
cient (R) of 0.97. In terms of absolute force values, the forces

300 =
Z F.S‘toney's =1.42 Fpgq +14.1 0N 7
=
~250 { R*=097 90
2 '
2 200 - L’ »
3 o, e
n
o 150 - 9 O
g /o et i
S 100 A & .
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=
g 01, B
[=] P
> Y
= 0 , : :
0 50 100 150 200
Myotube Force, FEA (nN)

FIG. 2. The forces calculated from the Stoney’s equation closely matched
the forces calculated using finite element analysis (R”=0.97, regression
shown with dashed line). The deviation from the y =x line (dotted line) for
a given point indicates the variation in calculated forces from the two
methods.

from Stoney’s equation differed from the FEA by a factor of
roughly 1.4. Considering the vast differences in the mathe-
matics involved between the two methods, these two
approaches yielded force values that were well matched for
simple systems. Figure 2 graphically indicates the differen-
ces between the forces calculated by the Stoney’s equation
approach and the FEA approach.

Regression analysis of the force in the myotube as calcu-
lated using the FEA approach determined that CSA as a sole
predictor provided the best regression for force (p=0.02),
with a correlation coefficient (R-value) of 0.67 (R2 of 0.45).
The forces are graphed versus myotube CSA in Figure 3.

After normalizing the force data to the CSA, the
coefficient of variance was greatly reduced versus the non-
normalized data. The force normalized to CSA is by defini-
tion the stress in the myotube along the longitudinal axis.
Normalizing the force to CSA decreased the COV by 14%
and 19%, using the data from the Stoney’s equation and FEA
approaches, respectively. The signal-to-noise ratio—the
inverse of the COV—changed more dramatically, with the

200
180 4 F=o. 94:7"/2x Cross Sectional Area — 54.0 nN O’ 4
o
o R?=0.45 4
z 160 1 0 o0z R4
~ 140 - ’
5 '
2 120 - P
(=] o 'd
= 100 - ’
o o s
.g 80 - ,/ o o
*i 60 - .‘0
S 40 - ° "%
20 - -“o0o0 o
7’
0 , T T T
50 100 150 200 250

Myotube Cross-Sectional Area (um?)

FIG. 3. Force generated by individual myotubes correlated with the myotube
CSA (R?=0.45), which was selected as the sole predictor for force by mul-
tiple regression analysis. Force values presented were calculated using the
FEA approach.
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area-normalized force exhibiting a 17% and 23% higher sig-
nal-to-noise ratios than the non-normalized force using the
two methods. The use of cantilevers to determine stresses
generated in a thin film on a cantilever beam is a well-
established and understood field of physics, and we have
shown it can be an adaptive solution to the technological
need for stress measurement in biological tissues at the
microscale.”*?* The integration of muscle mechanics with
silicon device mechanics and transduction now establish a
controlled, predictable assay system, and the ability to model
the hybrid system further allows a better understanding of
the mechanisms for many applications in biotechnology. A
direct correlation between myotube physical attributes and
force production in vitro, as demonstrated here, is a signifi-
cant finding, since it suggests the developed model closely
parallels the functional characteristics of the native tissue,
where muscle size, specifically cross-sectional area, has been
shown to be directly linked to force production.'>™ This
bioMEMS device can now be transitioned into a system for
the study of muscle physiology and muscle-related diseases
for human drug discovery applications.

From a physiological perspective, the conclusion that
myotube force generation scales with CSA validates that the
in vitro data collected from the cantilever bioMEMS device
matches the in vivo data trends.'*> The regression analysis
sufficiently establishes that the CSA of a myotube is impor-
tant in dictating its force generation capability. However, the
fact that roughly 50% of the variation in the force values was
not explained by the CSA indicates that this factor is not the
sole determinant of myotube contractile force in this system.
Reports correlating muscle strength to physical parameters
in vivo demonstrated that the CSA is the best predictor of
strength among the variables tested.'*™'> However, the
in vivo strength data did not follow CSA exactly, with the R
value roughly 0.5 (R~ 0.3) indicating substantial variation
among human test subjects. The results from the in vitro sys-
tem presented here demonstrated a considerable improve-
ment to the correlation of force to CSA (R=0.7). This
system not only recapitulated the CSA dependence of muscle
force generation, but also isolated the muscle component to
remove inter-subject variation caused by other variables.

The finite element analysis of data collected from in vitro
skeletal muscle myotubes on a cantilever validated the use of
the Stoney’s method approach for calculating force dynamics
in this model. Regression analysis demonstrated that the force
generated by a myotube is correlated to the myotube CSA.
Normalizing the force to CSA to produce an accurate measure
of stress and improved the coefficient of variance, allowing
for 32% fewer samples required for statistical analysis of dif-
ferences among means, or a 19% smaller difference among
sample means that could be statistically detected using a given
number of samples. Such improvements will be vital in stud-
ies where the difference in functional output between experi-
mental groups is significant but small, and in cases where
available tissue samples are limited so only relatively few ex-
perimental tests can be conducted. It should be noted that pre-
vious studies using this cantilever bioMEMS device reported
stress, but the force data were not normalized to the area for
each specific myotube.”'? Instead, system-wide values for
myotube width and thickness were assumed for all myotubes.

Appl. Phys. Lett. 103, 083108 (2013)

This assumption produces data that are not truly normalized
to CSA, and the COV would mimic that of the non-
normalized force data reported here.

In terms of the use of the computationally less intensive
Stoney’s equation instead of the finite element analysis for cal-
culating force generation of the myotubes, both methods have
advantages and disadvantages. The FEA approach is more
time- and resource-intensive, but is more mechanically rigor-
ous. This method is therefore most suitable for low-throughput
applications in which small differences among means are
expected. However, the increased mechanical rigor of the
FEA resulted in only a small improvement in variability, indi-
cating that Stoney’s equation could be used in place of the
FEA for many applications of this system. Thus, for biotech-
nology applications, Stoney’s equation is a powerful method
for improving throughput, considering that the assumptions
and computational simplicity of this approach allow real-time
output of force data once the dimensions of the myotube are
known. In experiments where paired analysis is available, in
which two or more treatments can be applied to the same myo-
tubes and the data compared, the variation among myotubes is
already accounted for by the paired format, and therefore the
advantages of Stoney’s equation become more prominent ver-
sus FEA. Normalizing functional output data to biophysical
attributes, as has been performed in this study, facilitates
closer comparisons between experimental groups, and
improves the power of the statistical differences observed.
Such improvements represent the means to greatly increase
the relevance of this model to investigate skeletal muscle dis-
ease states since it allows observations made in vitro to be
scaled, producing accurate predictions of in vivo responses.
Furthermore, an ability to scale up observed in vitro responses
based on physical parameters facilitates the tailoring of drug
treatment dosages to an individual’s muscle mass and may
have significant applications in the development of personal-
ized treatment regimes. Finally, improved predictions of
in vivo responses from in vitro data are likely to accelerate
future drug development and toxicology studies since greater
power can be obtained in early pre-clinical screens.

This work was supported by NIH Grant Nos.
ROINS050452 and RO1IEB009429. Special thanks to Mandy
Esch for aiding microfabrication.
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