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After successfully demonstrating the adherence of skeletal muscle tissue on
Si, we examined the functionality of the tissue by applying pulsed electrical stimulation with a
frequency of 1Hz, and duration of 1 - 10 ms. The amplitude of the pulse was varied. We showed that
C2C12 myotubes are perfectly contractile on probeless Si wafers and quantified contraction scores.
Later we developed C2C12 on the Si chips containing either 10 or 100 uM long microprobes terminated
with sharp tips. As predicted, myotubes nicely anchored the microprobes demosntrating enhanced
myogenesis at the vicinity of the probes.
It was shown that myotubes formed on the chips containing 100 uM microprobes were responding to the
electrical stimuli while those on the 10 uM probes did not contract suggesting that short probes
firmly hold the muscle tissue and hinder myotube contraction.
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The interfacing properties of
vertically-aligned microwire ot nanowire
arrays with living cells have recently been
under scrutiny by the bioengineering
community. Substantial effort is being
invested to develop nanostructures capable
of interacting with cells individually or as
tissues without impairing their viability.

In this project I non-invasive interfacing of
Si microprobes with skeletal muscle tissue.

2. WO HP

I have been studying the interfacing
properties of Si microprobes, fabricated by
vapor-solid-liquid (VLS) method. I showed
that C2C12 cells cultured on the Si (111)
microprobe substrates anchored
preferentially to the microprobes, forming
a whole cell layer. In addition, formation of
myotube fibers (myogenesis) was enhanced
at the microprobe trunks. These probes
offer a huge potential in a variety of
applications in medicine and tissue
engineering such as localized piezoresistive
motion detection, recording of action
potentials, and extracellular biosensing.

Following demonstration of excellent
attachment, proliferation, and
differentiation of muscle cells on Si
substrates, | successfully  induced

contraction on the myotubes attached to
the microprobes and measure the rates of
superoxide generation from the contractile
tissue in real-time. Chips containing
microprobes with various lengths and
pitches will be used in this project. They
will be interfaced with the nanoporous gold
based superoxide biosensors. The array of
Si microprobes can be a suitable substitute
for low resolution microelectrode arrays
(MEA) and can simultaneously perform
stimulation and sensing from cardiac and
muscle tissue with high spatiotemporal
resolution.

3. WHED STk

3.1. Microembossing GelMA, cell seeding,
and myogenesis. Polydimethylsiloxane
(PDMS) stamps bearing the inverse
pattern of the desired microgrooved GelMA
templates were fabricated to host cells.
GelMA itself in hydrogel form was made by
mixing the prepolymer made in-house with
a photoinitiator, all dissolved in Dulbecco's
Phosphate-Buffered Saline at 65 C. 10 puL

of the warm blend was dropped at the
center of a 35 mm Petri dish and then the
stamp was placed onto the mixture,
defining a microgrooved area of 1 cm X 1
cm. The ensemble was then exposed to UV
light. Subsequently the stamp was
removed carefully leaving behind the
micropattern of crosslinked GelMA (Fig.
1a). The samples were kept soaked in PBS
until cell seeding.

Fig. 1. Micropatterned GelMA containing
C2C12 myoblasts

Murine C2C12 myoblasts were cultured in
a medium composed of Dulbecco’s Modified
Eagle Medium (DMEM),
4-(2-hydroxyethyl)-1-piperazineethanesulf

onic acid (HEPES), 1%
penicillin—streptomycin (PS), and 10%
fetal bovine serum. The myoblasts were
trypsinized at ~70% confluency and seeded
in 100 pL aliquots containing 2x106 cells
cm™3 cells onto the microgrooves. Samples
were sterilized for 15 min (on each side of
the membranes) on a clean bench under
UV light, immediately before cell seeding.
C2C12-carrying micropatterns were
incubated so that the cells can settle, and
then the medium was replenished. Fig. 2
shows  merged phase-contrast and
fluorescent images of the myoblasts,
mostly entrapped and attached into the
wells with a few residing on the wedges, at
day 1 and day 2 of culture. After 4 days of
culture, the growth medium was replaced
with a differentiation medium based on
DMEM with the addition of 20 mM HEPES,
1% PS, 2% horse serum as outlined earlier.
Cells were retained therein for 4 days
before conducting electrical stimulation.
The differentiation medium was restored
every 2 days.



Fig. 2. Merged phase-contrast and fluorescent
image of myoblasts formed in micropatterned
GelMA. The scale bar is 100 uM.
3.2. Immunostaining, and visual
quantification of myotube lengths
Myotubes were tagged at day 4 of
differentiation using anti-fast skeletal
myosin hooked to Alexa Fluor
488-conjugated anti-IgG and cell nuclei
were revealed using
4,6-diamidino-2-phenylindole (DAPI).
Multinucleated myotubes were located
visually in the fluorescent images of
immunostained samples (MY32+DAPI)
snapped and recorded using AxioVision
SE64 Rel. 4.9.1 software. Myotube lengths,
defined as the longitudinal extent of
myosin embedding three nucleus or more
were measured using the same software.
At least 100 myotubes were measured for
each sample/condition.

3.3. Electrical stimulation

scheme, and signal processing.
Bipolar rectangular pulse (BRP) trains
were generated using a commercial cell
culture stimulator and applied to the
electrochemical cells comprised of a 35 mm
Petri dish base and two parallel platinum
wires attached to the dish cap with a
separation of 1.5 cm. The dish was filled
with 2 mL of differentiation medium with
the inclusion of, 1% MEM nonessential
amino acid (100x), 2% MEM amino acid
(50x), and 1 nM insulin. For overnight
training, cell-carrying GelMA microgrooves
were divided into three groups A, B, and C,
and then subjected to BRP trains for 12 h,
with a frequency of f = 1 Hz, pulse duration
of ton = 0.5 ms, and applied pulse
amplitudes of Vipp = 3, 4, and 4.5 V,
respectively.

For contractility analysis, one electrode
was grounded and the signal was applied
to the other through a 40 Q shunt resistor
to permit measurement of current and
delivered energy. We fixed the pulse train

setup and

frequency at f = 1 Hz and swept Vapp from 2
V to 5 V with AV = 0.5 V intervals. The
pulse on-time, ton, was swept from 0.2 ms
to 0.9 ms with Atn = 0.1 ms intervals,
corresponding to a duty cycle range of
0.02% to 0.1%. Real-time movies (f = 50
frames per second) were captured for 23
seconds during excitation. Variations of
pixel intensity over the area centered on
the largest myotube nucleus were recorded
using Imaged utility (v.1.46r, NIH). The
raw signal was then fed through a
high-pass filter coded under Matlab to
remove the DC component and low
frequency noise, mainly caused by
fluctuations in the stimulation medium.
Figure 3 shows a typical filtered myotube
contraction signal and the declaration of
relevant parameters. We considered the
full-width at half-maximum (FWHM) of
the pulse, as the figure-of-merit for the
response period. The response period, itself,
is the sum of myotube contraction and
relaxation times. Contraction scores were
acquired by computing the standard
deviation of the filtered signal.
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Fig. 3. Sample myotube response signal and the
definition of relevant parameters.

Vin and Veen are the instantaneous voltages
at the power supply terminal and passed
the shunt resistor, respectively, and ZLen is
the current drawn by the electrochemical
cell. A Randles equivalent circuit of the
stimulation setup is illustrated in Fig. 4.
Vapp and Hs represent the open circuit
output voltage and output impedance of
the pulse wave generator, Felc is the active
electrolyte (stimulation medium)
resistance, Ca is the electrode double layer
capacitance, and FHAr represents the



resistance of the Faradaic reaction. The
values of the equivalent circuit components
and parameters were computed using the
excitation voltage and current waveforms
for a range Vipp and fom. Only HReee 1s
relatively invariant. Since the time
constant of the electrochemical cell (tcen) is
in the same order of magnitude as Zn, the
applied waveform is only slightly altered at
the electrode ends. The Randles circuit is
helpful in explaining the dynamics of
energy and charge transfer, their relation
with the underlying contractility of
myotubes, and later on, in computing the
amount of current per myotube as a
function of the total current drawn by the
electrochemical cell.
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Fig. 4. Randles equivalent circuit for the
stimulation electrochemical cell.

The average pulse amplitude at the
electrochemical cell terminals was
computed by averaging Veen, and the total
delivered electrical energy was computed
by integrating the electrical power both
over fon.

3.4. Quantitative reverse transcription
polymerase chain reaction (qRT-PCR)
experiments.

Using Purelink RNA Mini Kit, we
extracted the RNA of C2C12 myotubes
developed on microgrooved GelMA, after
exposure to overnight electrical
stimulation under three different pulse
amplitudes. At the same time, the RNA of a
non-electrically stimulated myotubes on
microgrooved GelMA sample was also
extracted. Genomic DNA contamination
was eliminated using the Purelink DNase
Kit. 20 ng of purified RNA was used as a
template for each PCR. Using a
SuperScript III Platinum SYBR Green
One-Step qRT-PCR  Kit, single-step
qRT-PCR was performed in four replicas in
a MyiQ2 two-color RT-PCR detector.
Relative genes expression levels were
quantified using a comparative method
(2-ACt). The Ct (cycle threshold) values of
the genes of interest were normalized to
the Ct value of a reference gene (GAPDH).

gRT-PCR analysis were repeated three
times in this work.

3.5. Statistical analysis

Using independent Student’s t-test
algorithm under Origin Pro 9.0 (OriginLab
Co., USA), the differences between two
data sets were deemed statistically
significant, if the resulting p values were
less than 0.05, or as noted otherwise. To
quantify the length of myotubes, at least
100 myotubes of each set were analyzed.

4. WFFERCR

4.1. Interfacing C2C12 myotubes with Si
microprobes.

We reported on the establishment of
skeletal muscle cell cultures on Si
microprobes grown by a VLS technique.
Excellent cell attachment, proliferation,
and differentiation of muscle cells on Si
microwire arrays were observed. C2C12
myoblasts cultured on the Si (111)
substrate, anchored preferentially to the
trunk of the microwires and formed a
whole cell layer. After the medium was
switched from growth to differentiation,
myogenesis was also observed. Electrical
stimulation promoted maturation of these
microwire-anchoring myotubes. These
micro-scale probes are targeted to be
employed both as piezoresistive motion
sensors and electrochemical biosensors for
the characterization of myotube
contractility and detection of biochemicals.
Fig. 5a shows a well-developed muscle
tissue formed on the microwire array. The
tissue firmly attaches to the trunk of Si
microwires. Presence of myotubes was
confirmed by immunostaining with
anti-fast skeletal myosin antibody revealed
by Alexa Fluor 488-conjugated anti-IgG
antibody (licht magenta in Fig. 5b). Fig. 5¢c
shows an SEM micrograph of a single Si
microwire covered by muscle tissue.
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Fig. 5. (a) Phase contrast image of C2C12
tissue developed on the Si microwire array
(spacing 200 um), (b) Fluorescent image of
immunostained myotubes anchoring two Si
microprobes



4.2. Myotube electrical excitability and
contractility.

C2C12 myotubes were first probed for
electrical excitability at the end of day 4 of
differentiation and then subjected to
overnight electrical stimulation at three
different voltages as explained -earlier.
Myotubes in the groves were more
sensitive to electrical stimulus than those
on the ridges, since they began to contract
earlier as the excitation voltage or pulse
duration were ramped up.

After overnight electrical stimulation, the
contraction scores were recorded and
organized based on f#n and ZLen. Fig. 6
shows the contraction profiles of
representative myotubes from one set, both
in time and frequency domains. These
myotubes were excited under the Len and
ton pair that produced maximum
contraction scores.
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Fig. 6. Time domain (top row) and frequency
domain (bottom row) high-pass filtered
responses of representative trained C2C12
myotubes at maximum contractility, stimulated
overnight under Vapp = 3 V. The insets show
magnifications of the frequency responses.

The average contraction scores for n = 5
contractile myotubes of each group are
presented in the 3D matrix scatter plots of
Fig. 7a. Rheobase and chronaxie values
were estimated by applying non-linear

regression to the plots of ZLen vs. ton at
threshold. #n at threshold is the minimum
duration of the positive half of the pulse
that could instigate contraction at a given
pulse amplitude.
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Fig. 7. Contraction and excitability data. (a)
Contraction scores as a function of ZLen and fon,
normalized to the maximum value of the set
(100 %). (b) Delivered electrical energy as a
function of ton for contractile myotubes,
showing a linear dependence.

The graphs of Fig. 7b show the input
electrical energy plotted as a function of
ton measured during post-training
stimulation of contractile myotubes of each
+ES group at four different Veen values.
They show that the electrical energy
imposed to the tissue and required to
instigate contraction (Z), increases in a
linear fashion with the pulse duration. The
linear dependence of these two quantities
is not trivial. At %a (min), such required
energy decreases as Vel decreases, while a
wider pulse is required to initiate
contractility at a smaller Zn. We could thus
infer a wider pulse would be favorable (to a
certain extent) to trigger muscle
contraction in our system, since it is
accompanied not only by a smaller applied
pulse amplitude but also demands less
delivered energy.



We showed that overnight electrical
stimulation at an adjusted pulse amplitude
promotes maturation and contractility of
aligned C2C12 myotubes formed in
micropatterned  hydrogel substrates.
Analysis of the myotube instantaneous
responses to BRP trains revealed that the
myotubes exposed to the optimum pulse
train condition display a repeatable
contraction profile as a function of the
excitation pulse amplitude and duration.
Notably, these myotubes were grown
longest, displayed the widest response
pulse and the highest expression levels of
maturation-related genes. Myotube
contraction scores increase both with the
excitation pulse amplitude and duty cycle
to a certain extent. In addition, a larger
pulse requires a shorter pulse duration to
trigger myotube contraction.
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