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ABSTRACT In this study, we present a first-of-a-kind biological-hardware-software tool to evaluate the
physiological condition of in vitro myotubes in response to electrical stimulation. We demonstrate that
impedance spectroscopy on a microelectrode array can testify for physiological changes of muscle cells
under electrical stimulation. The platform is designed for simultaneous bioimpedance spectroscopy, elec-
trical stimulation, and optical microscopy. It includes a microelectrode array, a custom hardware-software
interface, and a commercial impedance analyzer. We used a well-established muscle cell model (C2C12) and
developed a culture protocol suited for long-term recordings on microelectrode arrays. Electrical stimulation
was applied with carbon electrodes and ad hoc electronics for current stimulation. Muscle cell bioimpedance
measurement was complemented with optical microscopy video to record contractions. Then, the influence
of electrical stimulation on the contractile activity of myotubes and on their bioimpedance was analyzed.
Results validated the functionality of the hardware/software platform when used with our contractile muscle
model. A bioimpedance-based metric was defined to evaluate changes in myotubes’ physiology. After
playing multiple stimulation scenarios, analysis showed that the bioimpedance metric decreases as duration
or frequency of stimulation increase.

INDEX TERMS Bioimpedance, C2C12, electrical stimulation, electrophysiology, impedance spectroscopy,
MEA, microelectrode array, myotubes, skeletal muscle.

I. INTRODUCTION
Understanding the key mechanisms behind muscle contrac-
tion is a challenging research topic with promising prospects
in assessing the benefits of physical activity or the impact of
muscle-based diseases. In vivo experiments – including skele-
tal muscle biopsies – constitute themost integrativemodels as
they accurately reflect organ cross-talk and metabolism regu-
lation. Still, in vitromodels and technologies provide faithful
alternatives and ethical research solutions to investigate the
impact of exercise, injuries, and neuromuscular disorders on
muscles [1], [2], [3].

The associate editor coordinating the review of this manuscript and
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During muscle contraction, biological phenomena occur,
such as energy consumption (e.g. glucose, glycogen) and
metabolites accumulation (e.g. lactate). Repeated or intense
efforts lead to fatigue, which results in a decline in the con-
tractile properties of the muscle: a decrease of the produced
force, a decrease of the shortening speed, and the slowdown
of the relaxation phase [4]. Muscle fatigue has mostly been
investigated in vivo by various methods [5]: mechanical [6],
metabolic [7], physiological [8], [9], electrical (e.g. elec-
tromyogram (EMG) [10] and electrical impedance myogra-
phy (EIM) [11], [12], [13], [14]) measurements. In vitro, the
fatigue effects of exercise are mainly quantified mechanically
[15] and from ametabolic point of view [16], [17]. Estimation
of fatigue through in vitro electrophysiological means is more
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FIGURE 1. Schematic of the proposed setup including a stimulation
system (composed of a programmable arbitrary waveform generator,
a custom interface and carbon macroelectrodes) and a bioimpedance
measurement system (comprising microelectrodes, an impedance
analyzer and a custom interface). A PC allows both the control and the
recording. Electrical stimulation and bioimpedance measurements are
performed on in vitro muscle cell cultures.

complex than in vivo as it requires high-density microelec-
trodes array (MEA) to record the electrical activity of muscle
cells and very complex signature analyses based on a large
set of spike shapes [18]. Another possible electrical measure-
ment is bioimpedance, which measures the passive electrical
properties of tissues (conductive and dielectric properties
[19]), often over a broad frequency range (bioimpedance
spectroscopy). In vitro bioimpedance – developed by [20] –
is a tool of growing interest, for the study of many metabolic
and physiological changes in biological models at the cellular
level, such as proliferation and differentiation [21], [22], [23],
as well as atrophy and hypertrophy [24]. As it is already
established that electrically stimulated muscle cells undergo
morphological and metabolic changes [25], [26], [27], [28],
we expect bioimpedance to be impacted by stimulation.

In this paper, we propose a new setup allowing the joint
use of impedance spectroscopy and electrical stimulation
of muscle cells, to recreate conditions for the occurrence
of muscle fatigue in vitro. We present a proof of concept
demonstrating that impedance spectroscopy on an MEA can
testify for myotubes’ physiological changes under electri-
cal stimulation, and we discuss the relevance of computed
metrics.

In [29], we presented an MEA-based setup for impedance
spectroscopy of cultured muscle cells. This setup was
enhanced as shown in Fig. 1 to feature controlled electrical
stimulation and visual monitoring. By recreating controlled
twitch or tetanic muscle contractions – quantified by image
analysis – over long periods of time, we expect to identify a
bioimpedance signature of muscle tissue fatigue.

Culturing techniques of skeletal myotubes from rodents
and humans are relatively recent, and MEA technology is
not common for skeletal muscle research and diagnostics.

References [18], [30], and [31] performed the integration of
primary skeletal muscle cells on MEA to investigate electro-
physiological recordings (field potentials and action poten-
tial), without monitoring their bioimpedance. Conversely,
[21], [22], [23] only implemented bioimpedance monitoring,
using individual or interdigitated electrodes, in order to char-
acterizemyoblasts’ growth and differentiation intomyotubes.
However, no studies to date combines both electrical stimu-
lation and bioimpedance measurement on immortalized cell
lines.

Furthermore, eliciting metabolic changes over a whole
preparation requires large and controlled stimulation cur-
rents. Commercial systems performing both recordings and
stimulations on MEA are essentially dimensioned to selec-
tively process single cells organized in networks (neurons,
cardiomyocytes) [30], [32] rather than whole preparations.
Other commercial systems, using macroelectrodes, permit
only voltage stimulation rather than current stimulation and
have no microelectrodes for bioimpedance measurements
[16], [17], [25], [26].

In this paper, we document the setup we designed for mon-
itoring in vitro myotubes contractions. The system’s func-
tionality is validated by a series of experiments triggering
different contraction types under stimulation. We propose
a data processing method computing bioimpedance metrics
and we analyze its relationships with stimulation patterns.

II. MATERIALS AND METHODS
We designed a full platform combining bioimpedance mea-
surements, electrical stimulation and visual monitoring of
cultured muscle cells (Fig. 1).

A. BIOIMPEDANCE MEASUREMENT SETUP
The bioimpedance measurement setup is based on the system
described in [29], with some modifications.

The setup includes an MEA (MicroElectrodeDevices,
Switzerland) with an array of 59 30-µm diameter Platinum-
Black electrodes with 200-µm spacing and a SU-8 passi-
vation layer. Impedance measurements are performed by a
Keysight E4990A impedance analyzer (Keysight technolo-
gies, Santa Rosa, CA, USA). A custom holder and PCB were
designed to interface the impedance analyzer to the MEA.
The 3D printed holder features connectors and pogo pins
(spring-loaded contacts) to immobilize and connect the MEA
pad ring (Fig. 2). The PCB adapts the four BNC-connectors
of the analyzer to a pair of wires that can be plugged into the
connectors of the MEA holder.

Bioimpedance spectroscopy was made in a two-point con-
figuration (between a pair of electrodes), in a frequency range
from 100 Hz to 10 MHz with a 100 mV (peak-peak) sine
wave, to cover frequency and impedance ranges relevant to
physiology [19]. The setup allows to conduct two-point mea-
surements on any pair of electrodes. All bioimpedance anal-
yses in this paper were performed on the modulus response,
although the phase was measured and computed as well.
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FIGURE 2. Left: Photograph of the custom MEA holder, which contacts
the MEA pads through pogo-pins (spring-loaded contacts). Right:
Photograph of the MEA holder topped with the stimulation PCB.
Stimulation current is flowing between the two carbon electrodes.

FIGURE 3. (a) Schematic of the stimulation system: the stimulation signal
is generated by a programmable arbitrary waveform generator and
delivered to 2 wells (MEAs) placed in an incubator. Signals travels
through an interface allowing the demultiplexing of the pulses.
A multifunction instrument (Analog Discovery 2) controls this interface
and performs the acquisition of the stimulation current and voltage.
A computer controls this instrument and the generator. (b) Parameters of
a stimulation waveform composed of asymmetric biphasic pulses: Ip and
Tp are the amplitude and duration of the positive pulse, T is the pulse
period and f is the pulse frequency. Each positive pulse is balanced with a
follow-up negative pulse (amplitude 0.5×Ip, duration 2×Tp) delivering
the same quantity of opposite charge.

Prior to each experiment, MEAs were characterized before
cell seeding with 1 mL of Phosphate-Buffered Saline (PBS).
After the differentiation phase (see II-C), pairs of adjacent
electrodes covered by visible and healthy myotubes were
visually identified to be part of the set of electrodes pairs of
interest. After the initial selection, this set, which typically
comprises 15 to 20 pairs of electrodes, did not change during
the stimulation campaign.

During the experiments, bioimpedance measurements
were performed before and after each stimulation and in some
cases after resting periods (see II-E for details).

B. ELECTRONICS FOR STIMULATION
A complete stimulation system (Fig. 3) was designed to
combine in vitro stimulation and bioimpedancemeasurement.

This system includes a programmable arbitrary waveform
generator (Agilent 33120A), used as a stimulator trigger-
ing physiological contractions. A custom Python software
was written to configure stimulation patterns on the pro-
grammable waveform generator. These patterns are com-
posed of a series of asymmetric biphasic pulses to ensure
charge-balancing and safe stimulation [33]. As illustrated
in Fig. 3(b), individual pulses have adjustable amplitude Ip
(from 0.5mA to 55mA, 0.5mA step), pulse frequency f (from
0.1 Hz to 100 Hz, 0.1 Hz step), and pulse duration Tp (from
1 ms to 1/3f, 1 ms step). Each positive pulse delivers a charge
quantity equal to Ip × Tp. Pause times are also possible.
The system includes a PCB with 6 demultiplexers,

to deliver up to 6 stimulation patterns to 6 culture wells.
All 6 stimulation voltages and currents are recorded through
an integrated oscilloscope (Analog Discovery 2, Digilent,
sampling rate 100 Msamples/s) and can be monitored on a
computer. The Analog Discovery 2 also handles the synchro-
nization of the demultiplexers and the generator.

Finally, to deliver electrical stimuli to the wells,
we designed a PCB that interfaces with the custom support
developed for the MEA (Fig. 2). It features two carbon
electrodes immersed in the culture medium (4 mm× 4 mm×
(h) 22.5 mm), cut from a graphite plate.

C. MUSCLE CELLS CULTURE
Before cell seeding, MEAs were cleaned with ethanol and
sterilized in autoclave at 56◦C overnight. Then, their sur-
face were coated with Matrigel (5% in Dulbecco’s Modified
Eagle’s Medium, DMEM).

C2C12 cells (< 10 passages) were seeded on MEAs at
a density of 2000 cells/well. Cells were cultured in 1 mL
of growth medium comprising DMEM supplemented with
10% fetal bovine serum and 1% penicillin-streptomycin.
Three days after plating cells reached ∼90% confluence.
Differentiation into myotubes was then induced by switch-
ing the growth medium to a differentiation medium com-
prising DMEM supplemented with 2% horse serum and
1% penicillin-streptomycin. The differentiation medium was
changed every day.

After 5 days of differentiation, the cells were used for
experiments. During the experiments, the medium was
changed daily, before each stimulation session (see II-E).
Cells were maintained in an incubator at 37◦C under 5% CO2
atmosphere.

D. MONITORING AND ANALYSIS OF MYOTUBES
CONTRACTION
Our setup allows visual monitoring of the cells out of the
incubator. To evaluate the contractile activity of myotubes,
we used a camera (SCOP-CAM4K, ScopPro) mounted on
an inverted microscope. During the stimulation sessions,
we recorded∼10-second videos of each well every hour, at a
frame rate of 60 frames per second and at a resolution of
3840× 2160 (∼8 MPixels).
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Image analysis was performed using an ad hoc Python
software and the OpenCV library. The program performs a
grayscale conversion (256 values; white: 255, black: 0) of
video frames, then computes the absolute difference between
a reference image (first image, without contraction) and the
next frames:

imgresult = |imgi−imgref| (1)

where imgi is the i-th image and imgref the reference image.
If there is no motion, pixels of the resulting images (imgresult)
have a low value, whereas pixels in a region with myotubes
contractions have a higher value. Finally, the mean pixel
intensity of the resulting image is computed, which quantifies
a distance to the reference image: the more movement (and
therefore contractions), the higher the mean pixel intensity.

We also visually evaluated the contractile activity, with the
following observation criteria:
• Ø: no contractions
• +: < 25% of the MEA surface contracting
• ++: 25-50% of the MEA surface contracting
• +++: 50-75% of the MEA surface contracting
• ++++: > 75% of the MEA surface contracting
• s+: some spontaneous contractions

E. STIMULATION AND MONITORING SCENARIOS
The elementary stimulation pulses were bipolar current
pulses as shown in Fig. 3(b), with the following parameters:
Ip = 20 mA, Tp = 5 ms, in line with the literature [16], [17],
[25], [26], [34].

To study the effect of stimulation frequency and quantity of
charge, three stimulation patterns were considered (Fig. 4(a)):
• Pattern 1: continuous 1 Hz (f = 1 Hz)
• Pattern 2: intermittent 10 Hz (f = 10 Hz), 5 pulses
at 10 Hz every 5 s

• Pattern 3: intermittent 10 Hz (f = 10 Hz), 10 pulses
at 10 Hz every 5 s

Stimulation pattern 1 was intended to check the respon-
siveness of the cells and to endow contractile activity by
triggering twitch contractions [25], [35]. Patterns 2 and 3
were used to trigger tetanic contractions.

Patterns 1 and 2 have the same number of pulses over
a period of 5 s (i.e. the same quantity of charge), whereas
pattern 3 has twice that number over the same period (i.e.
double quantity of charge).

To study the effect of stimulation periods and resting peri-
ods, we performed multiple stimulation scenarios (Fig. 4(b))
during 2 experiments using an overall of 6 MEAs (2 series
of 3 MEAs). For each experiment, two MEAs (STIM1-2 and
STIM3-4 respectively) received actual stimulation while the
third one was used for control (CTRL1 and CTR2 respec-
tively) without stimulation.

For the first series, stimulation pattern 1 was applied for
8 hours on day 1 and day 2. Then, STIM1 and STIM2
received stimulation pattern 2 for 2 hours, followed by a
2- (STIM1) or 4-hour (STIM2) rest, and again the same

pattern for 2 hours. Finally, on the last day, the same pattern
was applied for a longer duration: 4 (STIM2) or 6 (STIM1)
hours. For this series, bioimpedance measurements were per-
formed immediately before and after each stimulation period.

For the second series, stimulation pattern 1 was also
applied for 8 hours on day 1. The next day, STIM3 and STIM4
received the stimulation pattern 3 for 2 hours, followed by
a 2- (STIM3) or 4-hour (STIM4) resting period, then again
the same pattern for 2 hours. On the last day, the same
pattern was applied for a longer period: 4 (STIM3) or 6
(STIM4) hours. For this series, bioimpedance measurements
were made before stimulation, after stimulation, and after the
overnight break (before the culture medium change).

III. RESULTS
A. BIOLOGICAL MODEL AND STIMULATION SYSTEM
VALIDATION
C2C12 muscle cells were cultured on 6 MEAs and differ-
entiated for 5 days, forming long myotubes (up to several
millimeters) about 20 to 50 µmwide (Fig. 5(a)). Without any
stimulation, we observed some spontaneous contractions that
testify for the successful formation of functional myotubes.

Stimulation scenarios, performed as described in II-E after
5 days of differentiation, effectively trigger contractile activ-
ity in myotubes which were camera-monitored. Image anal-
ysis shows that myotubes displacement is synchronous to
the stimulation patterns, while the movement amplitude can
change over time. Fig. 5(b) illustrates the presence and pro-
file of contraction, quantified by the mean pixel intensity
(see II-D) for 1 Hz (pattern 1) and 10 Hz (patterns 2 and 3)
stimulation. As expected, 1 Hz stimulation triggers twitch
contractions (Fig. 5(b), top panel), while 10 Hz stimulation
triggers tetanic contractions (Fig. 5(b), middle and bottom
panels).

Contractile response to stimulation persists up to 4 days,
then cells tend to detach from the MEA substrate and weak
contractile activity is observed.

B. DEFINITION OF A BIOIMPEDANCE-BASED METRIC
For all experiments, bioimpedance measurements were per-
formed on MEA electrode pairs before cell seeding (only
PBS on MEA) and after the 5-day differentiation phase
(at D5). Fig. 6(a) shows the resulting impedance spectrum
between 100 Hz and 10 MHz (mean over 10-15 electrodes
pairs for each experiment) without cells and after cell differ-
entiation for the 6 MEAs considered in this study.

As expected [29], we observe three phases in the
impedance figures before cell seeding (solid lines in
Fig. 6(a)): (1) a capacitive interface effect, known as elec-
trode polarization, predominant at low frequencies (100 Hz-
10 kHz); (2) a resistive region related to the PBS medium
conductivity between 10 kHz and 1 MHz; (3) a para-
sitic capacitance effect above 1 MHz. Measurements after
cell seeding and differentiation (dashed lines in Fig. 6(a))
show that cell presence mostly increases impedance between
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FIGURE 4. (a) Stimulation patterns: pattern 1 (continuous 1 Hz elementary pulses), pattern 2 (intermittent 10 Hz delivering 5 elementary pulses ever 5 s),
and pattern 3 (intermittent 10 Hz delivering 10 elementary pulses every 5 s). (b) Stimulation scenarios carried out during the 2 series of experiments (1st

series: CTRL1, STIM1, STIM2 during 4 days; 2nd series: CTRL2, STIM3, STIM4 during 3 days). Colors indicate the timing and type of stimulation pattern as
well as the timing of bioimpedance measurement and culture medium changes. Resting periods are in white and in-between stimulation scenarios
(overnight, approx. 15 hours).

1 kHz and 100 kHz: in this frequency range, cells are
essentially non-conductive due to capacitive properties of
their membrane. The current flows around the cells and the
impedance reflects only the interface and extracellular prop-
erties. Beyond 100 kHz, the parasitic effects of the electrode
tracks mask the intracellular bioimpedance. Therefore 1 kHz-
100 kHz appears as the relevant frequency region of interest
to investigate stimulation-induced changes in myotubes.

In that region of interest, the impedance modulus response
varies between electrode pairs, typically in the range
50 - 500 k�, depending on individual myotubes morphology
and orientation. Fig. 6(b) shows the impedance spectrum
computed for all measured electrode pairs in a single MEA.
To provide an estimate of typical behavior, we considered
mean impedance values for each MEA in the following
results analysis and discussions. We acknowledge that some
variation of mean impedance is observed between MEAs
(Fig. 6(a)) due to the intrinsic variability in the myotubes
culture process.

Bioimpedance measured at frequencies of about 10 kHz
display the greatest range of variation. Based on this obser-
vation, the metric chosen to analyze experimental results is
the relative variation of the mean bioimpedance module at
10 kHz.

C. EFFECT OF STIMULATION ON CONTRACTILE ACTIVITY
In addition to bioimpedance variations, we also monitored
how stimulation and resting scenarios affected the contractile
activity. During each stimulation session, contractile activ-
ity increased over time, as evidenced by increased motion
amplitudes and contraction speeds. Fig. 7 illustrates this phe-
nomenon. Stimulation pattern 1 (1 Hz) elicited a fast increase
in twitch contraction amplitude and speed, noticeable in

less than 2 hours (Fig. 7(a)). Stimulation patterns 2 and 3
(10 Hz) at first induced fused tetanic contractions. After
2 hours, unfused tetanic contractions (series of contractions
with partial relaxation) were observed (Fig. 7(b) and 7(c)).
Movement amplitude was found to be smaller as stimulation
resumed after resting periods, but ultimately increased over
time resulting in unfused tetanic contractions after a cou-
ple of hours. This post-resting amplitude decrease is more
noticeable after longer breaks, especially after overnight
breaks.

D. BIOIMPEDANCE RESPONSE
1) EFFECT OF 1 Hz STIMULATION
On day 1, bioimpedance measurements were performed on
STIM1-2 and STIM3-4 before and after an 8-hour application
of stimulation pattern 1 (1 Hz). The mean bioimpedance
values at 10 kHz before and after stimulation are presented in
Fig. 8(a) for CTRL1, STIM1-2 and in Fig. 8(b) for CTRL2,
STIM3-4. Initial values are between 94 k� and 293 k�.
Numerical bioimpedance values and relative variations are
reported in Table 1.

For both series of 3 MEAs, we observed a decrease in the
bioimpedance on all MEAs after 8 hours, with or without
stimulation. However, the impedance decline is much larger
(almost twice) in the 2 stimulated MEAs than in the control
MEA.

Bioimpedance of CTRL2, STIM3-4 was also measured
after an overnight resting period. Fig. 8(b) shows that the
impedance decrease is lower during this resting period than
during the stimulation phase.

On day 2, after an overnight break and a change of the cul-
ture medium, we measured the bioimpedance of CTRL1 and
STIM1-2 and again we applied the 1 Hz stimulation pattern
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TABLE 1. Relative variation of the mean bioimpedance module at 10 kHz and contractile activity level during the 1 Hz stimulation scenarios (pattern 1).

FIGURE 5. (a) Myotubes formation in C2C12 cells cultured on MEA: (left)
before differentiation, C2C12 myoblasts, (right) after 5 days of
differentiation (D5), C2C12 myotubes (bar: 100 µm). (b) Image analysis of
contractile activity induced by electrical stimulation using: (top) pattern
1 on STIM4, day 1, (middle) pattern 2 on STIM2, day 3, (bottom) pattern
3 on STIM3, day 2.

on STIM1-2 for 8 hours. We observed a decreased contractile
activity on the two stimulated MEAs after the overnight
break, as mentioned in III-C. Fig. 8(c) and Table 1 show that
the bioimpedance decrease was still significant with a similar
rate for all MEAs, stimulated or not.

2) EFFECT OF 10 Hz STIMULATION – PATTERN 2
All day 3 metrics are presented in Table 2. Bioimpedance
was measured on CTRL1, STIM1 and STIM2, and the last
two were electrically stimulated for 2 hours with pattern 2

FIGURE 6. (a) Impedance spectroscopy before cell seeding with PBS
(solid line) and after 5 days of differentiation (dashed line) on
the 6 MEAs, mean values for 10-15 electrodes pairs. (b) One MEA (STIM3),
all 15 measured electrodes, mean value ± standard deviation. PBS = only
PBS on the MEA; D5 = myotubes on MEA at 5th day of differentiation.

(10 Hz). As shown in Fig. 9(a) and Fig. 9(b), initial values
were between 140 k� and 273 k�.

Similarly to day 2, we observed a low contractile activ-
ity on the stimulated MEAs, which presented a relative
bioimpedance variation similar or lower than the control
MEA.

Stimulation pattern 2 was applied again for 2 hours to
STIM1 and STIM2, after a 2-hour break and 4-hour break,
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TABLE 2. Relative variation of the mean bioimpedance module at 10 kHz and contractile activity level during the 10 Hz stimulation scenarios (pattern 2).

FIGURE 7. Plots of mean pixel intensity variation (relative to the initial
value at time 0). (a) Twitch contractions in response to 1 Hz stimulation
(pattern 1). Measurements at stimulation start (H0) then after 2, 6 and
8 hours (H2, H6, H8) on STIM3 at day 1. (b) Tetanic contractions in
response to 10 Hz stimulation (pattern 3). Measurement on STIM3 at
day 2, every 2 hours. H0: start of the first stimulation period; H2: end of
the first 2-hour stimulation period; H0pr: start of the second stimulation
period after 2-hour rest; H2pr: end of the second 2-hour stimulation
period. (c) Tetanic contractions in response to 10 Hz stimulation (pattern
3). Measurements at stimulation start (H0) then every 2 hours (H2, H4) on
STIM3 at day 3.

respectively. Again, all MEAs presented a decrease in the
relative bioimpedance values (Table 2, Fig. 9(a) and 9(b)).
Interestingly enough, STIM1 presented a decrease rate
twice bigger than STIM2, in accordance with its shorter
resting period; both stimulated MEAs presented a higher
bioimpedance decrease than CTRL1.

FIGURE 8. Mean bioimpedance at 10 kHz over time during day 1 for
CTRL1, STIM1-2 (a), and for CTRL2, STIM3-4 (b), and during day 2 for
CTRL1, STIM1-2 (c). The yellow areas indicate the stimulation periods
(pattern 1).

Finally, on day 4, after an overnight resting time, we inves-
tigated the effect of stimulation pattern 2 over a longer period.
After 4 hours and 6 hours respectively, both STIM1 and
STIM2 exhibited similar bioimpedance decrease rates, much
larger than CTRL1 (Table 2, Fig. 9(c) and 9(d)). We also
noted that the variations during 4 hours or 6 hours of stim-
ulation were greater than those measured after only 2 hours
of stimulation with the same pattern (Table 2).

3) EFFECT OF 10 Hz STIMULATION – PATTERN 3
On day 2, we measured the bioimpedance on CTRL2, STIM3
and STIM4, and applied stimulation pattern 3 (10 Hz) for
2 hours to STIM3-4. Before stimulation, CTRL2, STIM3 and
STIM4 showed bioimpedances of 173 k�, 176 k� and 93 k�,
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TABLE 3. Relative variation of the mean bioimpedance module at 10 kHz and contractile activity level during the 10 Hz stimulation scenarios (pattern 3).

FIGURE 9. Mean bioimpedance at 10 kHz over time during day 3 for
CTRL1 and STIM1 (a), CTRL1 and STIM2 (b), and during day 4 for CTRL1
and STIM2 (c), CTRL1 and STIM1 (d). The light orange areas indicate the
stimulation periods (pattern 2).

respectively (Fig. 10(a) and Fig. 10(b)). Again (Table 3),
we noticed a greater bioimpedance variation in the two stim-
ulated MEAs than in the control MEA.

After a 2-hour rest for STIM3 and a 4-hour rest for STIM4,
stimulation pattern 3 was applied again for 2 hours. STIM3
bioimpedance decreased significantly faster than CTRL2
while STIM4 bioimpedance decrease rate was similar to
CTRL2 (see Table 3, Fig. 9(a) and 9(b)).

FIGURE 10. Mean bioimpedance at 10 kHz over time during day 2 for
CTRL2 and STIM3 (a), CTRL2 and STIM4 (b), and during day 2 for CTRL2
and STIM3 (c), CTRL2 and STIM4 (d). The orange areas indicate the
stimulation periods (pattern 3).

Finally, we investigated the effect of pattern 3 on
bioimpedance over longer stimulation periods. Before stim-
ulation, CTRL2, STIM3 and STIM4 showed bioimpedances
of 184 k�, 173 k� and 82 k�, respectively (Fig. 10(c) and
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Fig. 10(d)). STIM3 was then subjected to 4 hours of stimula-
tion while STIM4was subjected to 6 hours. All bioimpedance
values had similar variation ranges, with a slightly greater
variation for STIM3 that we relate to its natively higher
contractile activity. As observed for pattern 2 in III-D2, the
relative variations during 4 or 6 hours of stimulation were
larger than those measured after only 2 hours of stimulation
with the same pattern (Table 3).

4) STIMULATION PARAMETERS IMPACT
The three stimulation patterns vary by two parameters: the
pulse frequency and the number of pulses, over the main 5 s
period. We analyzed the bioimpedance relative variation per
hour related to these two parameters.

To study the effect of the stimulation pulse frequency,
results were compared between the application of patterns
1 and 2, that present the same number of pulses per 5 s period
but different frequencies (1 Hz and 10 Hz, respectively).
In both series of experiments, we observed that the 10 Hz
stimulation (Table 2) was almost systematically associated
with a larger bioimpedance decrease rate than the 1 Hz stim-
ulation (Table 1). Thus, the pulse frequency seems to impact
the bioimpedance.

Similarly, we compared the effect of the number of pulses
with patterns 2 and 3, that had the same frequency (10 Hz)
but a different number of pulses (5 and 10, respectively) over
the same 5-second period. Comparing results for pattern 2 on
STIM1 and STIM2 (Table 2) with results for pattern 3 for
STIM3 and STIM4 (Table 3), we observed no significant
difference in the range of bioimpedance relative variations
(between −1.5% and −11%). We conclude that the num-
ber of pulses has less impact than the frequency on the
bioimpedance variations.

Finally, we studied the combined effect of the 2 stimulation
parameters by comparing experiment results obtained with
patterns 1 and 3 on STIM3 and STIM4. In Tables 1 and 3,
we observe a systematically and significantly larger
bioimpedance decrease rate per hour for pattern 3 (below 3%
for pattern 1, up to 10% for pattern 3). Modifying both the
pulses frequency and the injected charge quantity seems to
be the best way to impact the myotubes impedance.

IV. DISCUSSION
We present an in vitro setup that allows not only
bioimpedance and visual monitoring of muscle cells, but also
contraction-inducing electrical stimulation.

We successfully cultured and differentiated muscle cells
on MEAs, resulting in functional myotubes after 5 days of
differentiation. Very few studies have performed muscle cell
cultures on MEAs: most ([18], [30], [31]) use primary cells,
while only two studies involve the C2C12 cell line [36], [37].
This cell line is mostly cultured in conventional culture wells
and stimulated with commercial carbon electrodes [16], [17],
[25], [26]. To our knowledge, our setup is the first to combine
a configurable electrical stimulation system with macroelec-
trodes and an impedance measurement system using MEAs.

Only [30] succeeded in electrically stimulating myotubes,
using selective MEA electrodes, whereas our setup allows
stimulation of the whole culture. We have demonstrated
that our stimulation system can induce myotubes contrac-
tions synchronous to the stimulation frequency. As expected
[38], 1 Hz stimulation elicited twitch contractions, while
a 10 Hz stimulation frequency resulted in fused or unfused
tetani. The contractile activity was found to be progressively
enhanced (increase of amplitude and speed contraction) dur-
ing every single stimulation session, consistent with observa-
tions from [25] and [39].

Although electrically induced contractions were present
during the 4 days of experiments, we observed a decrease
trend in contractile activity over the days, after each overnight
break. The cells showed vigorous contractions the first day,
whereas after an overnight rest, the contractions were weaker
and rarer. This may be due to the long overnight break times
(> 12h) without stimulation [16]: applied low frequency
(0.1 Hz) stimulation during pause time to prevent the decrease
in contractile activity. Termination of electrical stimulation
appears to induce an atrophy-like response and a decay of the
sarcomere structure [39]. After ∼10 days of culture (includ-
ing the 5 days of differentiation), the cells start to detach from
the MEA surface, even when it is coated with extracellular
matrix proteins (Matrigel) [3]. This phenomenon does not
seem to be related to the stimulation as it was also observed
with control MEAs.

We previously published a bioimpedance measurement
system in [29], that uses an MEA model with SiN substrate
passivation and PEDOT-covered electrodes that present visi-
ble degradation after a few experiments. In this study, we used
a new MEA model with SU8 passivation and Pt-Black elec-
trodes where electrode quality was stable over time (verified
with impedance characterization, data not shown). Further-
more, we observed that cell adhesion was better on the new
model, which we attribute to the different passivation layer.
Nevertheless, the cell-free impedance characterization with
PBS gave similar and reproducible results for the two MEAs
models. We demonstrate that myotubes on the MEA can be
detected by an increase of the mean bioimpedance module
between 1 kHz and 100 kHz, although this increase varies
between experiments. Past studies [24], [40] explain these
variations of bioimpedance by differences in cell morphology
and orientation. This issue could be limited by controlling
the orientation of the myotubes during differentiation either
mechanically with PDMS trenches [41], or with an ade-
quate coating pattern as in [36], [42]. Moreover, myotubes
oriented parallel to the electrical field would result in
enhanced cell excitation (lower currents required), as reported
by [38].

We evaluated the impact of 3 stimulation patterns: 1 Hz
continuous, 10 Hz discontinuous with a series of 5 pulses
or 10 pulses over a period of 5 seconds. The impedance of
control MEAs decreased over time even without stimulation.
However, stimulated MEAs presented larger impedance vari-
ations, further pronounced with longer stimulation.
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In these same MEAs, bioimpedance variation was lower
during resting times than during stimulation periods. Inter-
estingly, bioimpedance decrease during stimulation was even
lower after longer rests.

We also observed that increasing stimulation frequency,
while keeping the same injected charge quantity, led to
a greater bioimpedance decline. Conversely, doubling the
number of pulses without increasing the stimulation fre-
quency had limited impact on the bioimpedance variations.
Lastly, the joint increase of stimulation frequency and num-
ber of pulses (thus the charge quantity) caused greater
bioimpedance decrease. Thanks to the system’s capacity
to deliver up to 100 Hz stimulation pulses, the effect of
higher stimulation frequency will be investigated in future
experiments.

Experiments showed that the parameters of the stimulation
patterns do affect the bioimpedance differently, yet these
results are to be considered with a clear understanding of the
limitations of our setup: it is not automated, resulting in time-
consuming measurements, and does not allow measurements
in the incubator. Measurements are therefore influenced by
temperature variations during the measurement phase.

In this paper, we only analyzed the relative variation of
bioimpedance module at 10 kHz. For a more comprehen-
sive study, the whole bioimpedance spectrum could be fitted
with mathematical models (e.g. Cole-Cole [43] or Fricke
model [44]) to relate model parameter changes to electrical
stimulation scenarios and derive a fatigue metric. Analyzing
the phase could also reveal additional information about the
myotubes physiological state.

Finally, video analysis to assess contractile activity has
proved to be challenging as extracting a metric to quan-
tify that activity requires eliminating interfering movements.
[45] cites some of these motions: camera noise, changes
in brightness, setup vibrations, and floating cellular debris.
Video compression also generates a loss of pixel information
[46] and keyframes artifacts [45] that have to be handled.
These issues limited the use of video analysis in this paper
to coarse examination of contraction types on short periods
(few seconds).

A more resolutive alternative to explore contractile activity
at the cellular level consists in recording electrical activity
- typically spiking - through the already present MEA elec-
trodes, which is planned in future experiments.

Even though we demonstrated quantitative bioimpedance
variations and qualitative changes in contractile response,
more experiments and analyses (e.g. biochemical parameters)
are necessary to establish a formal link between them, or with
global phenomena like muscle fatigue.

V. CONCLUSION
In this work, we present a new tool to monitor in vitro
muscle physiology and behavior during electrical stimula-
tion. This novel system allows to culture muscle cells on
an MEA and to differentiate them into functional and con-
tractile myotubes. Stimulation patterns are fully configurable

and successfully trigger myotubes’ contractions. The phys-
iological state of myotubes is monitored non-invasively by
bioimpedance spectroscopy and video recording. Proof of
concept experiments validate the system and demonstrate
that bioimpedance varies with stimulation and rest, which
may reflect myotubes’ metabolic and physiological changes.
Stimulated cells showed a greater decrease in bioimpedance
than unstimulated ones. In addition, bioimpedance varia-
tions during stimulation appeared smaller after longer breaks.
We also found that increasing stimulation frequency or dura-
tion resulted in greater bioimpedance decline. To our knowl-
edge, our system is the first in vitro setup allowing the direct
monitoring of muscle cell bioimpedance in response to elec-
trical stimulation.
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