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To repair damaged cardiac tissue, the important principle of in vitro cell culture is to mimic the in vivo cell
growth environment. Thus, micro-sized cells are more suitably cultured in three-dimensional (3D) than in two-
dimensional (2D) microenvironments (ex: culture dish). With the matching dimensions of works produced by
microfluidic technology, chemical engineering and biochemistry applications have used this technology ex-
tensively in cellular works. The 3D scaffolds produced in our investigation has essential properties, such has
high mass transfer efficiency, and variable pore sizes, to adapt to various needs of different cell types. In
addition to the malleability of these innovative scaffolds, fabrication procedure was effortless and fast. Primary
neonatal mice cardiomyocytes were successfully harvested and cultured in 3D scaffolds made of gelatin and
collagen. Gelatin and gelatin—collagen scaffold were produced by the formation of microbubbles through a
microfluidic device, and the mechanical properties of gelatin scaffold and gelatin—collagen scaffold were
measured. Cellular properties in the microbubbles were also monitored. Fluorescence staining results assured
that cardiomyocytes could maintain in vivo morphology in 3D gelatin scaffold. In addition, it was found that 3D
scaffold could prolong the contraction behavior of cardiomyocytes compared with a conventional 2D culture
dish. Spontaneously contracted behavior was maintained for the longest (about 1 month) in the 3D gelatin
scaffold, about 19 days in the 3D gelatin—collagen scaffold. To sum up, this 3D platform for cell culture has
promising potential for myocardial tissue engineering.

Introduction

DUE TO THE LACK of organ donors and complications
associated with immune suppressive treatments, scien-
tists and surgeons are continuously looking for new strate-
gies to ameliorate symptoms after myocardial infarction.'~
For this reason, myocardial tissue engineering is regarded as
a promising solution to heart failure problems.*® Recently,
various methods to myocardial tissue engineering had been
developed, including three-dimensional (3D) printing tech-
nology,”™ cardiac patches for implantation,'” direct cell in-
jection,'"'? and biomaterial-based scaffold.'*'® By using
biomaterial based scaffolds, made of either natural or syn-
thetic polymeric materials as a ““vehicle,”” we can transplant
cardiac cells onto the diseased regions of the heart."”

A heart is composed of two major types of cells, cardio-
myocytes and cardiac fibroblasts.'® Synchronous contraction
of the entire heart is facilitated via conduction of electro-
chemical signals though inter-cellular connection via connexin
pores. A cellular matrix biomimetic system for myocardial
tissue is not currently available due to the complexity of heart

tissue and the difficulties of culturing cardiomyocytes in vitro
for prolonged periods of time.'® Although an improved pro-
tocol for primary neonatal mice cardiomyocyte had been
published,?® however, the cost of culture medium was very
expensive, due to the additional supplements, and the substrate
culturing cells was on traditional two-dimensional (2D) cul-
ture dishes, which are neither biocompatible nor biode-
gradable.”'** Recent developments have shown to provide
promising results by culturing cardiomyocytes on biomaterial-
based substrates.>> > However, several essential characteristic
of cultured cardiomyocytes such as their state of health, proof
of spontaneous contraction ability, and the sustainability of
this spontaneous contraction ability were not comprehensive.
Therefore, creating a vehicle that is not only biocompatible and
biodegradable but also suitable for cardiomyocytes and cardiac
fibroblast survival and contraction is an important goal in
myocardial tissue engineering.

Many researchers have created cell sheet-based bioengi-
neered myocardial tissues to mimic cardiomyocyte tissue
in vitro?*® Some studies also recorded cardiomyocyte
contraction behavior on various substrates.?”° According to
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the publications mentioned earlier, cardiomyocytes cultured
in a 3D microenvironment, which is closer to natural
heart tissue, managed to prolonge the properties of cultured
cardiomyocytes mentioned earlier, and therefore exhibits
promising potential in cardiac tissue engineering.

To fabricate 3D cell culture scaffolds, encapsulation
technique®' and lyophilization®* were often used. However,
in both techniques, mass transport is a big challenge in 3D
cell culture; that is, when the diameter of the tissue is larger
than 1 mm, the center of the tissue mass would become
hypoxic and low in nutrient content and only peripheral cells
could survive. Therefore, scaffolds should satisfy several
requirements to provide a suitable environment for 3D cell
culture. Highly porous scaffolds, with pore diameters greater
than the cell diameter, provide space within the scaffold for
tissue development and mass transfer while enabling cells
from the surrounding tissue to migrate into the scaffold.**~>
Therefore, porous scaffolds for 3D cell culture can provide a
dynamic cell culture environment, facilitating the exchange
of oxygen, nutrition, and wastes.

Generally, 3D cell culture scaffolds have the following
advantages: First, 3D scaffolds add a third dimension to the
cellular environment, which may generate significant dif-
ferences in cellular behavior and characteristics and create a
greater similarity to conditions in a living organism (e.g.,
human being).***” Second, they mimic the in vivo microen-
vironments for cells under in vitro condition. The 3D structure
of an organ is essential to its function. Theoretically, 3D cell
culture can provide more valuable data for more practical
applications. Since cells are micro-sized, using microfluidic
techniques for 3D cell culture scaffold production is the
current trend.**° For example, Lin and coworkers apply
the microfluidic technique to generate micro bubbles, and
then fabricate the bubbles into porous scaffolds for 3D cell
culturing.*>*!

In our studies, to construct a physiologically relevant
microenvironment, we created extracellular matrix (ECM)-
based micro bubbles to mimic the 3D cell culture environ-
ment using microfluidics. Type I collagen and gelatin, two of
the ECM molecules, were selected as the scaffolding mate-
rials for cell seeding. Collagen is the most abundant protein
in mammals, especially in the heart, and it was first used for
cardiac scaffolds. However, collagen was not the best can-
didate for the cardiac scaffold, due to its mechanical property
or poor structural integrity.**™** Gelatin is derived from the
collagen inside animal skin and bones. Cells were isolated
from neonatal mice. Cells contain two major types, cardio-
myocytes and cardiac fibroblasts, and neither can be excluded
if we want to obtain healthy myocardial tissue in vitro.*’

The aims of this study were to establish 3D biomaterial-
based scaffolds through microfluidics for prolonged cardi-
omyocyte culture, to maintain not only survivability but also
its spontaneous contraction characteristics. Thus, this 3D
scaffold should have high mass transfer efficiency, and is
biodegradable and biocompatible. For future applications to
other cell types, pore size of 3D scaffolds should be tunable,
such that different animal cells size could be accommo-
dated. Furthermore, the fabrication method of 3D scaffolds
should be effortless and fast. Finally, cytoskeleton distri-
butions, cell morphology, and contraction frequency of
cardiomyocytes in both systems (our 3D system vs. culture
plate) were examined.
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Materials and Methods
Microfluidic device

A planar flow-focusing microfluidic device made of poly-
dimethylsiloxane (Silmore)*' was used, which comprised two
inputs and one output (Fig. 1A). One of the inputs was the
liquid flow, and the flow rate was controlled by PhD 2000
syringe pump (Harvard Apparatus). The other one was gas
flow, which was adjusted through a pressure gauge (inlet: max
15 kg/cmz, outlet: 0.5-7 kg/cmz, 1/4”NPT). Generally, the
liquid flow rate ranged from 20 to 80 uL min~ ' and the air
pressure was 5-35 psi. Adjustments of these two parameters
would result in different bubble sizes and an air fraction of the
final scaffolds. Using microfluidic channels, bubbles were
formed on the union of the liquid and gas phase at the orifice
(channel width=15, 30, 60 pm) situated in the middle of the
channel (Fig. 1C). Bubbles that were generated were mono-
dispersed, which self-assembled into highly ordered flowing
lattices and collected in disc-shaped reservoirs through PE 20
tubing (Lot No. 0307679; Becton Dickinson).

Three-dimensional gelatin scaffold
and 3D collagen-doped gelatin scaffold

Gelatin (Lot No. 041M0052V; Sigma) and collagen were
used for 3D scaffold fabrication. Both gelatin and collagen
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FIG. 1. Bubble formation through microfluidic channels.
(A) Overall scheme of the microfluidic device, (B) three-
dimensional (3D) image of the orifice, including liquid sec-
tion (yellow), gas section (blue), and bubble section (yellow
ball), and (C) picture of bubble formation under microscope.
The gas pressure can be tuned, and the liquid flow rate can be
adjusted with a syringe pump. (D) The flowchart of scaffold
formation. Liquid foam was collected from the microfluidic
device and then turned to solid foam by lowering temperature.
Finally, the solid foam was put into a vacuum oven to obtain
open solid foam, in other words, a 3D scaffold. Color images
available online at www.liebertpub.com/tea
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were chosen for their abundance (ECM). Gelatin scaffold
was fabricated using 7% gelatin and 1% Pluronic® F127
(CAS No. 9003-11-6; Sigma) surfactant solution. Surfac-
tant Pluronic F127 was included to reduce surface tension
and has been shown to be biocompatible in cells that
proliferate and maintain high viability under 1% concen-
tration.** N, (FMI) and perfluorohexane (CAS No. 355-42-
0; Synquest Laboratories) were used for gas, because
perfluorohexane prevented a coarsening phenomenon of
bubbles at a longer time. Liquid foam product exiting from
the output was collected in a disc-shaped reservoir with
6 mm diameter and 1 mm height. During the process of
bubble formation, temperature was maintained above 45°C
to keep the solution in liquid form. Bubbles were imaged
under a Leica Z16 APO stereomicroscope with an ultrafast
camera Miro3 (Vision Research) for 22,000 frames per
second. Since gelatin would congeal at a lower tempera-
ture, a precooled reservoir was used to contain the end
product. After the reservoir was filled, a semi-congealed
scaffold was placed in a 4°C refrigerator to solidify the
liquid foam quickly. Gelatin was cross-linked by 2% glu-
taraldehyde (Lot No. MKBD9857; Sigma-Aldrich) in a 4°C
refrigerator overnight. It should be noticed that the tem-
perature for storing the liquid foam is not lower than the
freezing temperature; this is to avoid the formation of tiny
ice crystals inside the gelatin and the creation of micro-
scopic pores which may weaken the mechanical properties
of the final scaffolds. According to these procedures, the
liquid foam was turned into solid foam (Fig. 1D).

The next day, the solid foam was degased at 7 torr in a
vacuum oven (VO-30; HCS) for 2 h. The remaining glutaral-
dehyde was washed with water, and the solid foam was re-
moved from the reservoir carefully. The solid foam was then
soaked in 0.5% sodium borohydride (Aldrich) for 1 h to com-
pletely quench autofluorescence. The remaining sodium bo-
rohydride was rinsed off with water, and the scaffold was
finally degassed again for 2 h. After the degassing step, scaf-
folds were washed thrice with sterilized phosphate-buffered
saline (PBS) and stored in a 1% penicillin/streptomycin/
ampbhotericin solution at 4°C. From these procedures, the solid
foams become open solid foams, in other words, 3D scaffolds,
for cell culturing (Fig. 1D).

When making collagen-doped gelatin scaffolds, collagen
solution was blended with gelatin and Pluronic F127 solution.
The concentration of gelatin was maintained at 7%, Pluronic
F127 at 1%, and collagen above 1 mg/mL. The procedures for
making collagen-doped gelatin scaffolds were similar to
those of gelatin scaffold production, except that the scaffolds
were placed in PBS solution at 37°C for 1h for collagen
gelation before being stored at 4°C.

Stiffness measurement of 3D porous scaffold

The elastic modulus of the 3D scaffold was determined
by self-made equipment with a force sensor (Kyowa) re-
sponding to step-by-step compression (Fig. 2B). In each
step, the elastic modulus was calculated by dividing the
current step strain by a measured stress (Fig. 2A). First, the
scaffold was adhered onto the sample well (Fig. 2C); then,
the sensor tip was moved to contact the surface of the
scaffold; and the current position of the sensor tip was set to
be zero strain. A camera was equipped to confirm the sensor
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FIG. 2. (A) The definition of stress and strain. (B) Self-
made equipment with a force sensor responding to step-by-
step compression. (C) Magnification of sample well. A
gelatin scaffold was detected by a sensor tip. Color images
available online at www .liebertpub.com/tea

tip position. Second, the sensor tip was moved one step long
forward to compress the scaffold, while the sensor began
recording the force variation at a steady frequency. When
the force no longer changed for a period of time, the sensor
tip was moved again to further compress the scaffold. The
procedure described earlier was repeated until the maximum
loading force of the force sensor was reached.

For the 3D scaffold, the total height was 1 mm, and the
length of each step was 10 um; therefore, 1% strain was ac-
quired for each step. The diameter of the scaffold was about
2 mm, and the stress was obtained by dividing the measured
force by the surface area. The strain—stress curves and elastic
moduli of the 3D scaffolds were obtained.

Cardiomyocyte harvesting and culturing

The investigation was performed in accordance with the
Guide for the Care and Use of Laboratory Animals pub-
lished by the US National Institutes of Health (NIH publi-
cation no. 85-23, revised 1996). Primary cardiomyocytes
were harvested from neonatal ICR mice (BioLasco Taiwan
Co., Ltd.). Briefly, 20 neonatal mice were sacrificed, and the
ventricles were taken out. The tissues were first digested at
37°C for 5min by a digesting enzyme containing 0.1% (w/
v) collagenase type II (C6885; Sigma) in HBSS and 0.25%
trypsin-EDTA, and the supernatant was discarded. From
the second digestion, the supernatant was collected and the
reaction was stopped by adding the supernatant to a cold
medium that contained fetal bovine serum, penicillin, strep-
tomycin, and amphotericin. The same procedure was repeated
8 to 10 times for collecting cardiomyocytes (also with cardiac
fibroblasts), and the cell suspension was passed through a
70 um mesh. Finally, the cell suspension was seeded onto
a gelatin-coated dish for preplating to increase the purity
of the cardiomyocytes. The procedure was repeated twice,
and the cardiomyocytes in suspension were seeded on a new
dish. The number and viability of isolated cardiomyocytes
were counted using a hemocytometer with trypan blue
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staining. The medium was changed once every 2 days during
culturing.

Cell seeding in the scaffold

The scaffold was moved out from the antibiotics solution
and soaked in PBS or culture medium for 30 min. A cell
suspension with a concentration of about 2 x 10° cells/mL
was prepared. Then, the scaffold was placed on filter paper
that had been sterilized by UV light. Most of the liquid in
the scaffold was sucked by the dry filter paper. After all
this, the scaffold became dry and shrunk. With regard to
adding cells to the scaffold, cell suspension, in three ali-
quots of 10 pL, was pipetted on the top of the scaffold. Due
to capillarity, the cell suspension was sucked into the
scaffold. Furthermore, the cells would be stuck in the po-
rous scaffold, as their size was comparable with the pore
size of the 3D scaffold (Fig. 3). The scaffold containing
cells was placed in fresh medium, and the medium was

changed every 2 days.
Filter paper

- Scaffold

Cell suspension

- Scaffold

Filter paper

~Cells in
Scaffold

Filter paper

FIG. 3. The flowchart of cell seeding into the 3D scaffold.
Color images available online at www .liebertpub.com/tea
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Fluorescence staining

For cells cultured in both 2D and 3D environments, the
staining protocols® were similar. At first, the cell medium
was removed, and then PBS was added for rinsing. The
cardiomyocytes were fixed with 3.7% paraformaldehyde in
cold PBS for 20 min. After fixation, the samples were rinsed
by PBS again, followed by permeation with 0.1% Triton X-
100 in PBS for 15 min. Blocking against nonspecific binding
was performed by incubation in 0.1% PBST containing
2% bovine serum albumin (BSA; Sigma) for 20 min. The
samples were then incubated with the primary and secondary
antibodies: Monoclonal Anti-o-Actinin (Sarcomeric) antibody
produced in mice (ab9465; Abcam) (1:100 dilution in 2%
BSA in 0.1% PBST) at room temperature for 1 h followed by
Anti-Mouse IgG (whole molecule)-FITC antibody produced
in rabbit (F9137, Lot No. 128K4853; Sigma-Aldrich) (1:200
dilution in 2% BSA in 0.1% PBST) at room temperature
for 1h. After the nonbinding antibody was removed from
the samples, PBS was used to rinse thrice, for 5min
each. Finally, the nuclei were stained by 100nM DAPI
and the f-actin was stained by 500nM phalloidin—TRITC.
The fluorescence images were acquired by an Inverted
Confocal Microscope (LSM 510 META) and NLO DuoS-
can in the Agricultural Biotechnology Research Center,
Academic Sinica, Taiwan. The excitation/emission wave-
lengths were 405/461 nm for DAPI, 488/518 nm for FITC,
and 561/572 nm for phalloidin-TRITC.

Analysis of cell morphology and behavior

Images of the cardiomyocytes cultured both on 2D culture
dishes and in 3D scaffolds were taken using a phase-constant
microscope at several time points. In addition, the beating
behaviors of cardiomyocytes for 2D and 3D cultures were
recorded by microscopy and a Charge Coupled Device
camera (IMAGINGSOURCE). The cytoskeleton distribu-
tions, including f-actin and o-actinin, were investigated and
compared using fluorescence staining.

Contraction of cardiomyocytes

The beating frequency is an indication of the health con-
dition of cardiomyocytes.*® Therefore, the contraction be-
haviors of cardiomyocytes were recorded under both 2D and
3D culturing. Starting from the 2nd day after the cardio-
myocytes were harvested, the spontaneous contractions of
cardiomyocytes were recorded by microscopy and a Charge
Coupled Device camera, until the cardiomyocytes were no
longer contracting. These different results for 2D and 3D
cultures were compared and discussed in detail.

Results and Discussion
Morphology of 3D scaffold

The diameter and thickness of the 3D scaffolds were 6
and 1 mm, respectively. Figure 4A shows the scaffolds in
closed solid foam state, before being degassed. Finally, we
acquired the open solid foam, which not only can accom-
modate cells, but also is transparent as could be seen under a
phase-constant microscope, as shown in Figure 4B. We used
the Inverted Confocal Microscope to acquire images of the
3D scaffold at different z-positions; the interval was 1 um,
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100 um

and the total height was 50-100 um. Then, the series of
images were analyzed by painting software to rebuild the
morphology of the 3D scaffold, as shown in Figure 4C. The
red region indicates the solid structure, whose composition
depended on the liquid materials we used, and the black
region represents the empty spaces, which accommodated
cells for the 3D cell culture. During the degassing, the
thinner wall between two bubbles (usually at the position
where two bubbles contact each other) broke, because it
could not withstand the high pressure difference anymore.
We called the broken pores interconnecting pores, which are
shown in Figure 4D. The phenomenon kept the culture
system interosculated and reduced the resistance of mass
transfer; in other words, it increased the gas, nutrition, and
waste changing. In addition, the cells in the scaffold lived
next to one another and could conduct their chemical and
electrical signals to each other through interconnecting pores.
Therefore, the cells lived in an open and mass-changeable
microenvironment.

Generally, a higher air fraction resulted in a more orderly
bubble arrangement in the 3D scaffold. When making
scaffolds, we had to ensure that the coarsening time of
bubbles was shorter than the gelling time of the materials;
otherwise, the scaffolds would collapse during the degassing
step. Therefore, the materials in the microfluidic channels
should be in liquid form, and the bubbles should turn into
solid form as soon as possible after the collection is com-
pleted. Although the precooling reservoir increases the re-
sistance of the bubbles going forward, we took advantage of
the avoidance of bubble coarsening. Comparing the gelatin
scaffold and collagen-doped scaffold, when these two types
of hydrogels were dried by filter paper during cell seeding,
the latter one retained its original shape, while the former
one lost its original shape. Sterilization was very important,
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FIG. 4. The morphology of
the 3D scaffold. (A) The
scaffold was just pulled out
from the reservoir and was
not degassed. (B) The scaf-
fold (open solid foam) under
a phase-constant microscope.
(C) 3D scaffold rebuilding
by software. (D) Inter-
connecting pores appeared
after degassing. Color ima-
ges available online at www
Jliebertpub.com/tea

because the scaffold was so for cell cultures. Antibiotics
were used to suppress the growth of bacteria, and extra at-
tention to the environment was paid in which we carried out
the experiments and the materials we used to ensure the
scaffolds are not contaminated.

We could easily control the bubble size and air fraction
of the final 3D scaffolds using a planar flow-focusing mi-
crofluidic device. Regardless of what liquid components
we used, as long as the flow rate was increased, both the
bubble size and air fraction of 3D scaffolds were decreased.
However, if the pressure was increased, both the bubble
size and air fraction of 3D scaffolds were increased. Fur-
thermore, the larger the orifice of the microfluidic channel
used, the larger the bubble formed, but at a lower operat-
ing pressure range. Generally, the bubble size had a posi-
tive relationship with the air fraction of scaffolds. In other
words, if we want to increase the air fraction, we can in-
crease the bubble size by reducing liquid flow rate or in-
creasing gas pressure.

Stiffnesses of 3D gelatin and collagen-doped
gelatin scaffolds

The strain—stress curves (Fig. SA-C) and the elastic
moduli (Table 1) of the culture dish and 3D scaffold were
obtained. The strain—stress curves of the culture dish, gelatin
scaffold, and gelatin—collagen scaffold are shown in Figure
5A-C, respectively. The reproducibility of different samples
was much higher in the culture dish group than in the gelatin
and gelatin—collagen scaffold groups. Moreover, the slopes
of the earlier curves were calculated and the elastic moduli
were acquired, which are presented in Table 1.

Since the deformation of the scaffold for culturing cells
is very small, the elastic modulus of the small strain region
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FIG. 5. The strain—stress curves (A—C) of the culture dish and
3D scaffold (gelatin, gelatin-collagen). The strain—stress curves
of the culture dish, gelatin scaffold, and gelatin—collagen scaf-
fold are shown in A—C, respectively. Moreover, the slopes of the
above curves were calculated and the elastic moduli were ac-
quired, which are presented in Table 1. N: times of measure-
ments (N=380), and 1-3 presents the encoded sample number.
Color images available online at www.liebertpub.com/tea

(<10%) was averaged. By this method, the elastic mod-
uli (strain <10%) of the culture dish, gelatin scaffold, and
gelatin—collagen scaffold were about 28 Mpa, 60kPa, and
220 kPa, respectively. Overall, the gelatin—collagen scaffold
was harder than the gelatin scaffold.

MEI ET AL.

TaBLE 1. THE ELAsTIC MODULUS OF CULTURE DISH,
GELATIN SCAFFOLD, AND GELATIN—COLLAGEN
SCAFFOLD, AND SPONTANEOUS CONTRACTION DAYS
OF CARDIOMYOCYTES CULTURED IN THE ABOVE MATERIALS

Culture Gelatin  Gelatin—collagen
dish scaffold scaffold
Elastic modulus ~28MPa ~60kPa ~220kPa
Contraction days 13 days 25 days 19 days

Fluorescence staining

For the in vitro culture of cardiomyocytes, cells were re-
quired to get used to the new environment, such as a poly-
styrene culture plate. Since the environment is different from
the original natural environment, the cells may change their
behavior. One of the methods to evaluate cell health condition
was fluorescence staining. Figure 6A shows the cardiomyo-
cytes cultured on a 2D culture dish for 2 days and stained with
anti-o-actinin antibody, anti-mouse IgG (whole molecule)-
FITC, and DAPI. Through this procedure, the alignment of
a-actinin and the position of nuclei were obtained. After car-
diomyocytes were harvested for 2 days, the cells were getting
used to the new environment. There was annular o-actinin
around the nucleus (Fig. 6A), different from the morphology
in vivo (striated cx-actinin).47 In other words, o-actinin was
concentrated near the nucleus. When cardiomyocytes were
cultured in a 2D environment for 6 days, the cytoskeleton,
including f-actin (red) and o-actinin (green), spread out (Fig.
6B). The in vivo morphology of cardiomyocytes did not seem
to appear after 6 days of culturing.

Figure 7 shows the 3D culture of cardiomyocytes using
gelatin scaffolds. The green region represents the o-actinin.
The merged images (lower column) were composed of the
bright field that revealed the bubble position, the green
region which represented the «-actini, and the blue region
which pointed out the nuclei. According to the images, the
striated o-actinin did not appear after harvesting for 2 days,
but appeared on the fourth day after harvesting. Even until
the eighth day, o-actinin remained in striated form, which
meant that cardiomyocytes can stay healthy in this kind of
3D microenvironment.

Comparing the o-actinin morphologies of cardiomyocytes of
2D and 3D culture (Figs. 6 and 7), the striated o-actinin ap-
peared only in the 3D gelatin scaffold. According to previous
studies, cardiomyocytes on 10 kPa substrates developed aligned
sarcomeres, whereas cells on stiffer substrates had unaligned
sarcomeres and stress fibers, which are not observed in vivo.*’
It was found that cells generated greater mechanical force on
gels with stiffnesses similar to that of the native myocardium,
10kPa, than on stiffer or softer substrates. In other words, the
best condition of stiffness for cardiomyocyte culture in vitro is
about 10 kPa. Furthermore, in the 3D gelatin scaffold, compared
with the 2D culture dish and 3D gelatin—collagen scaffold, the
stiffness was more proximal to that of the native myocardium.
Therefore, the clearest striated o-actinin appeared in the 3D
gelatin scaffold (Fig. 7), but not in the 3D gelatin—collagen
scaffold and 2D culture dish. As a result, the 3D gelatin
scaffold is more suitable for cardiomyocyte culture than the 3D
gelatin—collagen scaffold, due to the stiffnesses of the two
scaffolds and the cytoskeleton distributions.
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FIG. 6. (A) Cardiomyocytes cul-
tured in two-dimensional (2D) cul-
tured dish (for 2 days) and stained
with anti-o-actinin, anti-mouse IgG
(whole molecule)-FITC, and DAPI. In
each figure, the images of nuclear, o-
actinin, bright field, and the merging
of the above three images of cardio-
myocytes are presented. (B) Cardio-
myocytes cultured in 2D cultured dish
(for 6 days) and stained with anti-o-
actinin, anti-mouse IgG (whole mole-
cule)-FITC, DAPI, and phalloidin. In
each figure, the images of f-actin,
nuclear, a-actinin, and the merging of
the above three images of cardio-
myocytes are presented. Color images
available online at www.liebertpub
.com/tea

Cardiomyocytes cultured on 2D environment they attached to an artificial substrate, and their beating rates
decreased with culturing time. After about 2 weeks since the

After cardiomyocytes were seeded on a 2D culture dish cardiomyocytes were harvested, the cells had lost their
for 1 day, some of the cells started beating. When cardio- beating ability little by little, and it was hard to find any
myocytes were isolated from embryos and grown in vitro, beating cells on the 2D culture dish. Cardiomyocytes tended
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FIG. 7. Cardiomyocytes cultured in 3D gelatin scaffold (for 2, 4, and 8 days) and stained with anti-o-actinin, anti-mouse
IgG (whole molecule)-FITC, and DAPI. The left column was the 2nd day culture, the middle column was the 4th day
culture, and the right column was the 8th day culture. In the upper column, the green region indicates the position of o-
actinin. In the lower column, which contains the merged images, the green region indicates the position of a-actinin, and the
blue region represents the position of the nucleus; the bubble structure can be seen in the figure. Color images available

online at www.liebertpub.com/tea

to aggregate if they were very close, and once they con-
tacted each other for some time, they began beating in
synchronization. As Figure 8A shows, in the red box, there
were four cardiomyocytes beating synchronously. Actually,
the procedure that was used to harvest cardiomyocytes could
not separate cardiomyocytes and cardiac fibroblasts, but, at
most, could raise the fraction of cardiomyocytes to cardiac
fibroblasts through a preplating step; so there were still some
cardiac fibroblasts which could not beat spontaneously.
However, the cells were able to form a cell sheet containing
cardiomyocytes and cardiac fibroblasts, if the cell density
was high enough. When this condition was reached, the
cardiomyocytes would drag cardiac fibroblasts along into
beating together, as shown in Figure 8B. The existence of
cardiac fibroblasts was important for creating a cardiac cell
sheet,45 so we cannot exclude all the cardiac fibroblasts.

Cardiomyocytes cultured in a 3D environment

Similar to the 2D culture, cardiomyocytes cultured in the
3D environment began beating at 2 days after harvesting,
after acclimating to the in vitro environment. The beating
frequency also decreased with an increase in culturing
days. Figure 8C—H indicates that cardiomyocytes beat on
different culturing days after isolation, and the red boxes
point out the beating cell sites. As in 2D culture, if the cell
density is high enough, cardiomyocytes and cardiac fi-

broblasts can connect with each other and form a cell sheet.
Thus, the entire scaffold can contract through 3D cardio-
myocyte sheets as well. Cardiomyocytes can, therefore, be
cultured in both 3D gelatin and collagen-doped gelatin
scaffolds.

The images of cardiomyocytes cultured in 3D gelatin
scaffolds on different culturing days are shown in Figure 8C
and D, and the beating behaviors were recorded in Supple-
mentary Videos (Supplementary Data are available online at
www.liebertpub.com/tea). The most obvious beating behav-
ior can be observed in videos (Fig. 8C, day 11), and under this
view, the entire scaffold was contracted by the beating car-
diomyocytes. As the culturing days increased, fewer beating
cardiomyocytes could be found, and the scaffold was partially
reorganized by the cardiomyocytes. From Supplementary
Videos, asynchronous contraction occurred in Figure 8D, in
the red box. The last day we observed beating cardiomyocytes
was 25 days after harvesting.

On the other hand, the images of cardiomyocytes cultured
in the 3D gelatin—collagen scaffolds on different culturing
days are shown in Figure 8E to H, and the beating behaviors
were recorded in Supplementary Videos. As discussed earlier,
interconnecting pores appeared during the degassing step,
enabling cells in the scaffold to connect with each other.
There is proof that the cardiomyocytes linked with each other
and shared the same contraction frequency in the video. Ac-
cording to video, Figure 8F, cardiomyocytes in the entire view
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contracted at a steady rate, and the scaffolds were contracted
by the cardiomyocytes as well. Compared with other videos
(Fig. 8G, H), the same cardiomyocytes beat at the 19th day but
stop beating at the 21st day after harvesting.

Contraction of cardiomyocytes cultured
in different materials

The spontaneous contraction days of cardiomyocytes
cultured in 3D gelatin scaffold, 3D gelatin—collagen scaf-
fold, and 2D culture dish were recorded and analyzed in
Table 1. As a control group, primary culture cardiomyocytes
seeded in a 2D culture dish were able to retain their con-
traction ability after harvesting from mice for only 13 days.
Furthermore, cardiomyocytes cultured on this plastic mate-
rial died about 2 weeks after they lost their natural growth
environment. When cardiomyocytes were cultured in a 3D
gelatin scaffold, the beating behavior was prolonged to
25 days, 12 days longer than when cultured in a biocom-
patible but man-made microenvironment. In other words, this
platform can provide better conditions to sustain cardio-
myocyte contraction behavior than traditional 2D culture
dishes, nearly double the contraction time compared with that
for 2D culture. However, beating cardiomyocytes were found
till the 19th day of culturing in the 3D gelatin—collagen
scaffold. To sum up, in culturing cardiomyocytes, the 3D
gelatin scaffold was better than the 3D gelatin—ollagen
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FIG. 8. (A, B) Morphology of cardio-
myocytes on 2D culture dish. (A) Day 8,
four cardiomyocytes in proximity were
contracting in synchrony. (B) Day 13, an
entire cellular sheet composed of cardio-
myocytes and cardiac fibroblasts. (C, D)
Cardiomyocytes cultured in 3D gelatin
scaffold on different culturing days, (C) 11
days, (D) 22 days. (E-H) Cardiomyocytes
cultured in 3D gelatin—collagen scaffold on
different culturing days, (E) 9 days, (F) 13
days, (G) 19 days, and (H) 21 days. The red
box in each figure indicates the beating re-
gion of the cardiomyocytes. There were
Supplementary Videos to record the beating
behavior of cardiomyocytes. The days of
displaying spontaneous contraction of car-
diomyocytes cultured in a 3D gelatin scaf-
fold, 3D gelatin—collagen scaffold, and 2D
culture dish are presented in Table 1. Color
images available online at www.liebertpub
.com/tea

scaffold for sustaining contraction behavior, and both these
materials were more suitable than a 2D traditional culture.
As previously mentioned in the introduction section, the
beating frequency is an indication of the health condition of
cardiomyocytes.*® Here, we found that after cardiomyocytes
were harvested from mice, the cells seeded in a 2D tradi-
tional culture dish died after about 2 weeks of culturing,
which was shorter than for other culturing groups. We hy-
pothesized several reasons for this phenomenon. First, a 2D
microenvironment, which is far from a natural environment
(3D), could not mimic the in vivo microenvironment of the
cell under in vitro conditions. Second, the main material of
dish was plastic, which is not biocompatible or biodegrad-
able. In other words, plastic is not a natural material, but an
artificial substrate. Third, if the substrate stiffness is hy-
pothesized to affect cardiomyocyte activity, the culture dish,
whose stiffness was about 28 MPa, was much stiffer than the
native myocardium (~ 10kPa).*’ The cultured cardiomyo-
cytes were not accustomed to the material to which they
attached; therefore, the cells died sooner on the plastic dish
than on other substrates (Supplementary Figs. S1-S4).
Although the gelatin scaffold and gelatin—collagen scaf-
fold provided a 3D micro environment for cardiomyocyte
culture, there were still some differences between the two
types of scaffolds. According to our results, gelatin seems
more suitable for cardiomyocyte culture than collagen blen-
ded with gelatin. However, this seems to contradict the
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observation, because collagen is more natural than gelatin
and gelatin is denatured collagen. Referring to the me-
chanical properties, the elastic modulus of the 3D gelatin
scaffold was about 60kPa, and the 3D gelatin—collagen
scaffold had an elastic modulus of about 220 kPa. On com-
paring these two materials, we see that the gelatin scaffold
is closer in stiffness than the gelatin—collagen scaffold to the
native myocardium, which has a stiffness of 10kPa. This
difference provides a possible reason that cardiomyocytes
retained their contraction ability longer in the 3D gelatin
scaffold (25 days) than in the 3D collagen-gelatin scaffold (19
days). As aresult, we can apply this microfluidic technique to
make 3D scaffolds for hosting healthy cardiomyocytes
(maybe differentiated from stem cells) and choose gelatin as
the main material for curing heart disease in the near future.

The advantages and challenges of these 3D cell
culture scaffolds

Many studies have recently been published about cell be-
havior in 3D environments. Three-dimensional cell cultures
mimic the natural tissue environment; on the other hand, 2D
culture dishes or flasks are made of plastic, which is much
harder than the natural tissue environment. Furthermore,
close interactions between cells, ECMs, and growth factors in
a 3D culture system can be achieved, while the cell—cell in-
teraction on 2D culture dishes is little. Although nutrient
diffusion is rapid on 2D culture dishes, cell-cell communi-
cation is regulated by biochemical gradients in a 3D culture,
which is still more physiological than a 2D culture.

For this kind of 3D culture system, the process of making
scaffolds was easily operated, because the scaffolds were
made by microfluidic techniques. This strategy also saves
time and money; it took about 1 min to fabricate one scaf-
fold, and each scaffold cost less than 1 dollar. Depending on
the cell size, we can tune the bubble diameter by adjusting
air pressure and liquid flow rate, to optimize the cell culture
conditions. Furthermore, we can change the liquid compo-
sition to influence the mechanical properties of the scaffold.
For example, the osteocytes require harder substrates, in
contrast to neurons, which prefer softer substrates. When the
cells were seeded in the porous scaffolds, they were able to
connect with each other through the interconnecting pores
that formed in the degassing step. Due to limitations in
imaging techniques, the 3D cell images were not as clear as
the 2D cell images. For instance, cellular actin filaments
could not be distinguished clearly in the 3D images.

Conclusions

In this work, 3D cell culture scaffolds were produced
by microfluidic techniques, and the 3D scaffolds had better
practicability, such as size tunability than traditional 2D cul-
ture dishes, as demonstrated by a series of experiments.
Primary culture cardiomyocytes were seeded into the 3D
scaffolds, composed of gelatin and collagen. A stiffness test of
the scaffolds showed that the gelatin scaffold had more suitable
mechanical properties for cardiomyocyte culture than the
gelatin—collagen scaffold. The staining results also showed that
cardiomyocytes can retain in vivo morphologies in the gelatin
scaffold. Furthermore, cardiomyocytes can maintain their
spontaneous contraction behavior in vitro for more days (25
days) in the gelatin scaffold than in the gelatin—collagen scaf-
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fold (19 days) and control culture dish (13 days). We believe
that understanding cardiomyocyte behavior in a 3D environ-
ment will increase the probability of succeeding in myocardial
tissue engineering and even repairing an injured heart.
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