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Abstract: Human skeletal muscles are characterized by a unique aligned microstructure of myotubes
which is important for their function as well as for their homeostasis. Thus, the recapitulation of the
aligned microstructure of skeletal muscles is crucial for the construction of an advanced biomimetic
model aimed at drug development applications. Here, we have developed a 3D printed micropat-
terned microfluid device (3D-PMMD) through the employment of a fused deposition modeling
(FDM)-based 3D printer and clear filaments made of biocompatible polyethylene terephthalate glycol
(PETG). We could fabricate micropatterns through the adjustment of the printing deposition heights
of PETG filaments, leading to the generation of aligned half-cylinder-shaped micropatterns in a
dimension range from 100 pm to 400 pm in width and from 60 um to 150 um in height, respectively.
Moreover, we could grow and expand C2C12 mouse myoblast cells on 3D-PMMD where cells could
differentiate into aligned bundles of myotubes with respect to the dimension of each micropattern.
Furthermore, our platform was applicable with the electrical pulses stimulus (EPS) modality where
we noticed an improvement in myotubes maturation under the EPS conditions, indicating the po-
tential use of the 3D-PMMD for biological experiments as well as for myogenic drug development
applications in the future.
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1. Introduction

In recent years, there has been a drastic increase in neuromuscular diseases worldwide,
necessitating the development of novel therapeutics drugs characterized by high efficacy
and safety [1,2]. However, in the early process of drug development, false prediction of
results is a problematic matter that normally results in a huge waste of R and D costs and
time [3]. Therefore, there is an urgent need to develop an in vitro model that can mimic
both the anatomical structure and the physiological functions of human skeletal muscles.

The conventional models of skeletal muscles are based on growing myoblast cells
in two-dimensional (2D) culturing dishes followed by an extension culturing period for
obtaining myotubes [4]. However, this model lacks the biomimetic three-dimensional (3D)
structure of the human tissue [5]. This is particularly true given that skeletal myotubes
are characterized by a unique topography represented in their aligned architecture that
also imposes a great impact on their function [6]. More recently, 3D models of the skeletal
muscles have also been developed through the employment of extracellular matrix (ECM)
gels that could provide the mechanical cues for cells to expand and differentiate into
myotubes [7-9]. However, it is difficult to recapitulate the dynamic conditions in these
models including the recapitulation of blood flow and other factors such as mechanical
stimuli [10].

The emergence of organ on chip (OOC), also known as micro physiological models,
has boosted the development of dynamic biomimetic in vitro models of different human
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organs such as the intestines [11,12], liver [13], lung [14], eye [15,16], and others [17,18].
There has been a special interest in the development of a micropatterned OOC designed for
growing skeletal muscles using microfabrication techniques such as photo lithography [19],
soft lithography [20], film deposition [21], electron beam lithography [22], molecular self-
assembly [23], and electrically induced patterning [24]. However, these methods encounter
sophisticated fabrication processes that demand specific expertise, the use of expensive
raw materials, as well as the employment of different bio-adhesive or bio-incompatible
materials that can affect cells’ viability and growth.

In fact, in OOC development, the initial prototyping of devices is essential to construct
a robust micropatterned OOC while experimenting with different biocompatible materials
as well as the optimization of device dimensions and topography of the micropattern.
However, performing this using the microfabrication methods requires expertise, time, and
additional costs.

Recently there has been a huge development in 3D printing technology in the biomed-
ical field. In the OOC-related field, laser photo lithography-based 3D printers are mainly
used for the fabrication of molds designed for shaping casting materials such as poly-
dimethylsiloxane (PDMS), which is utilized in cell culturing [15,25]. However, it is difficult
to utilize entirely 3D printed devices made with the photo lithography-based 3D printer due
to the utilization of toxic resins as well as the employment of organic solvent in the process
of cleaning which can be problematic for cell culturing [26]. In contrast, fused deposition
modeling (FDM)-based 3D printer counts on the use of filaments made of biocompatible
polymers such as polylactic acid (PLA) and polyethylene terephthalate glycol (PETG) that
are commonly used in medical equipment [27-29]. This printing technology has already
been employed in the fabrication of biomimetic scaffolds of the human bone, heart, and
skin using biocompatible polymers [30]. Moreover, as FDM depends on printing a single
layer by a layer of polymers [31], it is possible to create micropatterns for the construction
of aligned skeletal muscles by controlling the printing deposition heights, the extruder
diameters, and the speed of the printing process.

Herein, we have employed FDM-based 3D printing technology for the fabrication
of micropatterned microfluidic device made of a PETG clear polymer referred to as 3D-
PMMD for the growing and the expansion of skeletal myotubes. We have investigated
the adherence of cells as well as their orientation on various aligned micropatterned
devices as compared with cells that were grown on conventional dishes with flat surfaces.
Finally, we evaluated the integration of the micropatterned devices with the electrical
stimulus modality for the assessment of the maturation of skeletal myotubes under normal
conditions as well as under electrical stimuli conditions.

2. Materials and Methods
2.1. Microfluidic Device Fabrication and Characterization

The 3D-PMMD was fabricated by using FDM 3D-printing techniques (da Vinci Jr.
ProX, XYZprinting Co., Ltd., Bangkok, Thailand) provided with 1.75 mm PETG filaments
(XYZprinting, Inc). The designs of the device were issued by OpenSCAD where each device
contained four chambers aimed for culturing cells (cell chamber dimensions: 15 mm length,
2.2 mm width, and 1.8 mm height). Then STL files of the designs were sliced and processed
using XYZ print V. 2.0.3 (XYZ printing Co., Ltd., Bangkok, Thailand) considering the
following parameters: layers height: 0.1 mm, 0.2 mm, 0.3 mm, or 0.4 mm; shell thickness:
2-10 layers.

For the fabrication of PDMS stamps, Sylgard 184 PDMS two-part elastomer (ratio of
pre-polymer to curing agent, 10:1; Dow Corning Corporation, Midland, MI, USA) was
mixed, poured into the molds made with different deposition heights of PETG filaments,
respectively, and degassed. The PDMS molds were then cured in an oven at 65 °C for 6 h.
After curing, the PDMS was removed from the molds, trimmed, and cross-sections of 1 mm
were made with a blade. Scanning electron microscopy (SEM) analysis of the micropattern
in the devices was performed using KEYENCE (VE-9800, Tokyo, Japan).
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2.2. C2C12 Culturing in 3D-PMMD

C2C12 myoblast cells were provided by RIKEN Bioresource Research Centre (Ibaraki,
Japan). Cells were cultured in DMEM supplemented with 10% (v/v) fetal bovine serum.
The cells were passaged with trypsin-EDTA (0.25-0.02%) solution at a 1:10 subculture ratio.
To induce cells differentiation into myotubes, the culturing medium was changed into
DMEM supplemented with 2% (v/v) horse serum.

For seeding cells into 3D-PMMD, microfluidic devices were placed under ultraviolet
light in a biosafety cabinet for 30 min. Then microfluidic channels were washed with PBS
two times. After that, cell channels were coated with collagen IV from calfskin (Sigma-
C9791) in a concentration of 1 mg/mL for 60 min at 37 °C. Cells were harvested using
trypsin and collected in a 15 mL tube. Following centrifugation, the cells were resuspended
in DMEM medium and introduced into the cells chambers via the cell inlet at a density
of 1 x 10° cells/mL. Microfluidic devices were then placed in a humidified incubator at
37 °C with 5% CO, for 24 hrs. Then the culturing medium was replaced with DMEM
supplemented with 2% (v/v) horse serum for four to five days. The medium in each
chamber was periodically changed every 24 h.

2.3. Electrical Stimulus, Immunofluorescence, and Microscopy Analysis

For the electrical stimulus test, carbon electrodes in diameter of ®2.0mm were em-
ployed. The probes were fixed in the inlets and outlets ports of 3D-PMMD and then
connected to an electricity generator (FGX-295, Texio) while controlled by a PC using
LabVIEW 2017 software (National Instruments Corporation). Parameters were adjusted to
a pulse of 2 ms, intensity of 5 V or 10 V, and frequency of 1Hz. The electrical pulse stimulus
(EPS) was adjusted to one stimulus per second.

For immunostaining, cells were fixed with 4% paraformaldehyde in PBS for 25 min
at 25 °C and then permeabilized with 0.5% Triton X-100 in PBS for 10 min at 25 °C.
Subsequently, the cells were blocked with blocking buffer [5% bovine serum albumin, 0.1%
(v/v) Tween-20] at room temperature for 90 min and then incubated at 4 °C overnight with
the primary antibodies in blocking buffer (Alexa Fluor 594 anti-MYH, 1:100; Santa Cruz,
sc-376157 AF594). Cells were then incubated with 4,6-diamidino-2-phenylindole (DAPI)
or anti-phalloidin for F-actin using ActinGreenTM 488 (Invitrogen-2277811) at 25 °C for
1 h. For imaging, we used a fluorescence microscope (KEYENCE, Tokyo, Japan) for the
acquirement of cell images from cell chambers. Cell orientation was analyzed using Image]
software (National Institute of Health, Maryland, USA) using the Orientation] plugin, while
Cell Profiler software (V. 3.1.8; Broad Institute of Harvard and MIT, USA) was used for the
determination of cells morphology and for the determination of the percentage of MYH
positive cells by using pipeline provided three-step analysis: (1) the identification of the
primary nucleus objects by using the auto or the Otsu segmentation of the primary nucleus
based on their diameter and the fluorescence intensity of the nucleus stain DAPI; (2) the
identification of the secondary cells body objects by using fluorescence localization in the
cell body; and (3) the determination of the morphological descriptors such as area [32].

2.4. Statistical Analysis and Data Visualization

The unpaired t-test and Tukey’s HSD comparison test were performed on samples
populations of triplicates or more using Python Jupyter notebook 6.1.4 with Pandas and
Bioinfokit packages [33]. Data visualization was performed by Python 3 using matplotlib
and seaborn packages.

3. Results
3.1. Design, Fabrication and Characteristics of 3D-PMMD

OpenScad software was used for the design of the microfluidic device. A clear type
of PETG filament was employed and micropattern aligned lines were generated by the
control of the filament’s deposition layers thickness during printing (Figure 1A). To test the
resolution of the micropatterns, we first prepared several micropatterns at different printing
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deposition heights of 100 pm, 200 um, and 400 pm (Figure 1B) and then investigated their
actual dimensions by using bright field microscopy which indicated a correlation between
the experimental printing results and the projected design produced by the slicing software.
Moreover, to investigate the shape of the fabricated micropatterns, we used PDMS stamps
of the PETG micropatterns. This simple method provides an indirect approach where
PDMS stamps reflect the shape structure of the micropatterns. The cross-sections of the
PDMS stamps indicated the formation of aligned half-cylinder-shaped micropatterns. We
found that increasing the micropatterns deposition height- an equivalent to the width of
half-cylinder-shaped micropattern- has proportionately led to the generations of larger
micropatterns without the compromise of the shape of micropatterns where the ratio of
the width to the heights was kept constant (Figure 1C). Moreover, the electron scanning
microscopy (SEM) images confirmed the generation of smoothly aligned micropatterns
with respect to the printing deposition heights (Figure 1D)

A
3D structure design ~~ FDM-3D printer Micropatterned microfiuidc device

| B

0 100 200 300 400 500
Dimension (um)

Figure 1. The conceptual design, fabrication, and micropatterns characteristics in the microfluidic
devices. (A) An illustration of the stepwise design and fabrication of 3D-PMMD showing the mi-
cropattern topography. (B) (Top) Bright-field images of micropatterns at different printing deposition
heights of 100 um (MP1), 200 um (MP2), and 400 um (MP4), (Bottom) Box plot showing the actual
layers deposition height measurements in the microfluidic post-3D printing; box limits indicate the
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25th and 75th percentiles; Scale bar of 200 um. (C) (Top) Bright-field images of the PDMS stamps
cross-section of micropatterns at different printing deposition heights of 200 um (MP2), 300 um
(MP3), and 400 pm (MP4), (Bottom) Box plot showing the heights and widths of the micropatterns
according to the PDMS stamps; box limits indicate the 25th and 75th percentiles. (D) Scanning
electron microscopy (SEM) images of micropatterns at different printing deposition heights of 100 pm
(MP1), 200 um (MP2), and 400 um (MP4). [llustration icons were created with BioRender.com under
the academic licensing right in s (access on 11 October 2021).

3.2. C2C12 Cell Culturing in the 3D-PMMD, Cell Orientation, and Morphology

C2C12 myoblast cells were seeded in the microchannels of 3D-PMMDs and cultured
for three days. During the three-day culture in the devices, C2C12 cells were proliferated
to cover the entire microchannel. To confirm cell adherence, we performed fluorescence
staining of the actin fibers (F-actin). Cells” adherence on the micropatterns was confirmed.
Moreover, cells were parallelly organized on the aligned micropatterns (Figure S1).

To check the ability of the micropatterns in 3D-PMMD in aligning myotubes, we
seeded the C2C12 cells in the devices that were made with different dimensions and then
investigated the cells orientations compared to cells that were grown in conventional
cell culturing dishes that had no patterns. We noticed that after cell differentiation, the
myotubes that were grown in the culturing dishes had a random orientation. In contrast,
the myotubes that were grown on 3D-PMMD had an alignment angle in the 0° direction
with respect to the dimension of the micropattern (Figure 2A,B). However, in 100 pm
micropattern width, cells were also vertically aligned unlike the micropatterns at a width
of 200 pm, 300 um, and 400 um where unidirectional orientation was prevalent. We then
investigated the myotubes morphologies and we found that in myotubes that were grown
on the micropatterns there was a significant increase in cells area as compared to those that
were grown in the conventional culturing dishes (Figure 2C).
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Figure 2. Impact of 3D-PMMD on cells orientation and morphology. (A) Cells were grown in
microfluidic devices with different micropatterns as well as in conventional flat dishes. After the
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differentiation induction, cells were stained with F-actin for the analysis of cells orientation and
morphology; green, F-actin; blue, DAPI; scale bar of 100 um. (B) Representative histograms of cell
orientation measurement at different dimensions; 100 um (MP1), 200 um (MP2), 400 um (MP4), and
none patterned conventional dishes (NP); distribution of orientation indicates the counts of pixel of
objects based on their structure tensor. (C) Box plot showing the single-cell morphology analysis
of cells area measurement in 3D-PMMD versus cells in conventional culturing dishes; box limits
indicate the 25th and 75th percentiles. Each sample contains 1100 cells of a total random sample
number of four. P values were obtained by Tukey’s HSD comparison test.

3.3. Integration with the Electrical Stimulus

Electrical stimulus modality is a common and important method that is usually
employed with skeletal muscles to recapitulate the excitation trigger for myotubes during
exercise. To further investigate the applicability of the 3D-PMMD with the electrical pulse
stimulus (EPS) modality, we have designed carbon-based electrodes that can be easily
positioned in the inlet and outlet areas of the device. We then applied an electric current
in the frequency of 1 Hz and in intensities of 5 V or 10 V. The application of EPSin 10 V,
caused cells detachment as compared with the control no treatment group (data not shown).
However, by minimizing the intensity and the exposure time to 5 V for 3 h, cells were kept
intact. Moreover, after the EPS exposure, cells were further cultured for 24 h and then we
performed fluorescence immunostaining of the myogenic markers (MYH). Interestingly,
we found that in cells that were exposed to EPS, there was a significant increase in the
percentage of MYH-positive cells as compared to the control no-treatment group where
there were fewer MYH-positive cells (Figure 3A,B).

A

EPS }- il

NT. - 4

[ I I I 1
1 2 3 4 5
MYH positive cells (%)

Figure 3. The impact of the electrical pulse stimuli (EPS) on myotubes differentiation. On day four
after the initiation of the differentiation, cells were exposed to EPS for 3 h, cultured for 24 h, and then
immunofluorescence staining of the myogenic MYH was conducted. (A) Fluorescence microscopy
images of MYH expression in cells under no treatment conditions (N.T.) and EPS conditions. Red:
MHY, Blue: DAPI; Scale bar of 200 pm. (B) Box plot showing MYH positive cells populations in
3D-PMMD under N.T and EPS conditions; box limits indicate the 25th and 75th; (1 = 4). p values
were obtained by unpaired ¢ test.
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4. Discussion

The initial prototyping of micropatterned devices is important for the development
of biomimetic preclinical models of human organs, such as in skeletal muscles where the
construction of aligned myotubes is critical [34,35]. However, the process of fabrication of
micropatterns using conventional microfabrication methods require expertise and involve
high expenses.

Here we introduce a simple FDM-based 3D printing technology for the fabrication
of micropatterned microfluidic devices (3D-PMMD) made of biocompatible clear PETG
polymer for the growing and expansion of skeletal muscles cells. The PETG polymer
is widely used in the biomedical field as a biocompatible substance that has no toxicity
concerns during cell culturing [29]. Moreover, with the employment of the clear PETG,
we could achieve a fair degree of clarity and light permeability, thus enabling the visual
observation of cells during the culturing process.

By the adjustment of the PETG filament deposition heights during printing, we could
fabricate aligned half-cylinder-shaped micropatterns. These micropatterns were simulta-
neously fused during the deposition process of filaments, forming half cylinder-shaped
patterns. As shown in Figure 1, we have achieved a high printing precision of half-shaped
cylinders in a width and a height starting from 100 pm and 60 um, respectively. More-
over, the increase in the dimension of the micropatterns did not affect the overall pattern
shapes, which indicated that FDM printing can provide a simple yet efficient tool for
the prototyping of aligned micropatterned-based microfluidic devices in high printing
resolution.

We have employed a mouse C2C12 myoblast cell line that is widely used in in vitro
models of the skeletal muscles [36]. As shown in Figure S1, we could observe the adherence
of C2C12 myoblast cells after two days of cells culturing. Moreover, cells were aligned along
the half cylinder-shaped micropatterns. Thus, these results indicated the applicability of 3D-
PMMD in culturing myoblast cells, as well as the ability of 3D-PMMD in the construction
of an aligned cluster of cells.

It is known that the composition and the topography of the micropattern can highly
affect the myotubes orientation and morphology [35]. Therefore, we further cultured
the cells in 3D-PMMD that were made with different micropatterns of a width between
100 pm to 400 pm and height between 60 um to 160 pm, respectively. At a width of 100
pum and a height of 60 pm (MP1), although we noticed cells’ elongation and alignment,
the cells tended to grow vertically rather than committing to the direction of the half
cylinder-shaped pattern. On the other hand, the alignment of myotubes was noticed in
micropatterns of a width between 200 um (MP2) to 400 (MP40) compared to cells that
were cultured on non-patterned flat surfaces (NP) as shown in Figure 2A,B. This indicates
that the optimal alignment of myotubes can be effectively observed with micropatterns
that provide enough surface area for cells elongation and inner connections during their
expansion and differentiations. Therefore, our results emphasize the importance of the
micropattern dimensions in 3D-PMMD for controlling myotubes alignment during the
differentiation process. It is known that aligned myotubes can form fibers of a diameter
range between 100 pm and 300 pm, which can lead to the formation of muscle bundles [37].
Thus, 3D-PMMD with micropatterns of a width between 200 pm (MP2) and 400 (MP4) can
provide a topography that can mimic the dimension of the human fibers.

In the human body, neurons generate electrical impulses known as action potentials in
frequencies between 1 and 50 Hz, which can induce muscle contractions [38]. To emulate
this process in vitro, EPS in frequencies of between 1 and 10 Hz and intensities of between
1100 V are commonly employed with skeletal muscles cells [39]. To check the applicability
of 3D-PMMD with EPS modality, we have employed an external carbon-based electrode
that can bypass an electric pulse voltage into 3D-PMMD. We found that the application
of high intensity electric current of 10 V could cause cells detachment in the microfluidic
device where an elevation of temperature and the generation of reactive oxygen might
have caused cells detachment. Especially that unlike, conventional culturing dishes, the
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cell chambers in 3D-PMMDs are much smaller, and thus temperature elevation is more
likely to occur. However, by reducing the intensity to 5V, for a duration of 3 h, the cells
were kept intact. Furthermore, to investigate the impact of EPS on the myogenic ability of
myotubes in the early stage of differentiation (day four) in 3D-PMMD, we have checked the
expression of MYH, a well know myogenic marker that is also an indicator for skeletal cells
maturation [40]. It has been reported that the application of EPS can speed up the myogenic
process [41]. Correspondingly, our results indicated the ability of EPS in 3D-PMMDs in
enhancing the expression of MYH, thus improving the myogenic ability of cells at the early
stage of differentiation.

In conclusion, 3D-PMMD has the potential for growing and aligning skeletal muscle
cells in a way that mimics the physiological structure of skeletal muscles. Future studies
shall highlight the applicability of 3D-PMMD in drug screening under a dynamic envi-
ronment of flow application as well as under EPS during the late differentiation phase of
myotubes formation.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article /10
.3390/biomimetics7010002/s1. Figure S1: C2C12 myoblast cells adherence in 3D-PMMD.
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