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Abstract: Three-dimensional (3D) tissue culture models provide in vivo-like conditions for studying
cell physiology. This study aimed to examine the efficiency of pyramidal microwell geometries
in microfluidic devices on spheroid formation, cell growth, viability, and differentiation in mouse
embryonic stem cells (mESCs). The static culture using the hanging drop (HD) method served as a
control. The microfluidic chips were fabricated to have varying pyramidal tip angles, including 66°,
90°, and 106°. From flow simulations, when the tip angle increased, streamline distortion decreased,
resulting in more uniform flow and a lower velocity gradient near the spheroids. These findings
demonstrate the significant influence of microwell geometry on fluid dynamics. The 90° microwells
provide optimal conditions, including uniform flow and reduced shear stress, while maintaining the
ability for waste removal, resulting in superior spheroid growth compared to the HD method and
other microwell designs. From the experiments, by Day 3, spheroids in the 90° microwells reached
approximately 400 um in diameter which was significantly larger than those in the 66° microwells,
106° microwells, and HD cultures. Brachyury gene expression in the 90° microwells was four times
higher than the HD method, indicating enhanced mesodermal differentiation essential for cardiac
differentiation. Immunofluorescence staining confirmed cardiomyocyte differentiation. In conclusion,
microwell geometry significantly influences 3D cell culture outcomes. The pyramidal microwells
with a 90° tip angle proved most effective in promoting spheroid growth and cardiac differentiation
of mESC differentiation, providing insights for optimizing microfluidic systems in tissue engineering
and regenerative medicine.

Keywords: cell spheroid; embryoid body; microfluidics; microwells; perfusion; pyramidal tip angles

1. Introduction

Three-dimensional (3D) tissue culture has become an important bridge between
in vitro and in vivo models in various biological research fields [1,2]. Three-dimensional
structures provide in vivo-like conditions that are beneficial for studying cell physiology
and conducting high-throughput drug discovery and screening [3-5]. In 3D clusters like
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spheroids, cells communicate with each other and the extracellular matrix [6,7]. How-
ever, static culture systems, while simple and cost-effective, are limited in replicating key
cell-environment interactions such as oxygen delivery, nutrient exchange, and waste re-
moval [8,9]. To address these limitations, bioreactors with continuous fluid flow have been
developed to improve 3D culture conditions. These bioreactors allow for precise control
over fluid dynamics, gas exchange, and mechanical stimuli like shear force [10,11]. This
approach has been successful in producing cardiomyocytes in both mouse and human mod-
els [12,13]. However, large-volume bioreactors can be costly, especially when significant
amounts of chemicals or growth factors are required [14,15].

Microfluidic systems offer a more cost-effective alternative, using small volumes of
fluid to control 3D tissue aggregation under precise conditions [16,17]. These systems
have been applied to create “heart-on-chip” models for high-throughput drug testing [18].
Differentiation of mouse embryonic stem cells (mESCs) into cardiomyocytes has been a
focal point of these studies [19]. Traditionally, the gold standard for cardiac differentiation
is cell aggregation using the hanging drop (HD) method [20-23]. While effective, this
method is labor-intensive and time-consuming [24].

To streamline cell aggregation, automated lab-on-chip technology using microfluidics
has been developed. This technology controls small fluid volumes in channels, simulating
physiological conditions on a microscale [25,26]. However, several factors influence the
effectiveness of spheroid formation in microfluidic systems, including flow shear stress [27],
cell type [28], and microwell shapes [29]. For efficient cell aggregation, the microwell
platform integrated with microfluidic systems must ensure uniform spheroid size, repro-
ducibility, and the ability to monitor the process [30,31].

The microwell shape significantly impacts cell culture outcomes. Pyramidal microw-
ells have shown promise in reducing cell loss and guiding cells to the bottom, where
spheroids are formed [32-34]. Inclined walls help direct cells into aggregation zones,
minimizing the removal of unwanted cells during experiments [35]. Parameters such
as the surface area-to-volume (SAV) ratio and tip angle affect how cells aggregate and
how nutrients and oxygen are distributed. The pyramidal microwells with acute angles
can create stronger flow disturbances, which may aid nutrient transfer but also increase
mechanical stress on cells [36]. Designing effective microwell shapes requires balancing
nutrient and oxygen transfer with controlled flow disturbances, such as recirculating flow
velocity inside microwells [37]. Using arrays of pyramidal microwells increases surface
area while decreasing SAV, creating better conditions for dynamic cell culture [38,39].

This study investigates how different pyramidal angles of microwells affect flow
recirculation, cell spheroid formation, and viability in mESCs. The study focuses on flow
characteristics, spheroid morphology, cell density, and viability during culture, aiming to
optimize microwell design for improving 3D tissue engineering.

2. Materials and Methods

All chemicals were obtained from Sigma Aldrich (St. Louis, MO, USA) unless
stated otherwise.

2.1. Fabrication and Design of Microfluidic Device

The microfluidic chips were fabricated using a standard soft-lithography process
consisting of two parts: the microwell layer and the main chamber layer. The microwell
layer was created using a 3D-printed plastic mold, while the main chamber layer was
formed with a machined aluminum mold. Poly-dimethylsiloxane (PDMS) mixed with
a curing agent at a 10:1 ratio was carefully poured into the molds to avoid air bubble
formation. After the PDMS solidified, the microwell layer, main chamber layer, and tube
connections were bonded together using oxygen plasma bonding. Figure 1 shows the
fabrication process of a PDMS microfluidic chip using 3D-printed plastic and aluminum
molds. The microwells had varying pyramidal tip angles, including 66°, 90°, and 106°, as
shown in Figure 2. The SAV ratio for all cases ranged between 6.67 and 6.70. The microwells
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with 66° and 90° angles have a foreplan area of 4.22 mm? and 4.00 mm?, respectively, while
the 106° microwell has a foreplan area of 3.69 mm?. This design enables the investigation
of geometry effects on fluid dynamics and cell culture.

Microwell layer Main-Chamber layer

\ 4

Out{etu R Step-wise inclined wall 100 pm
= < \ = p— o
£ \ 2%
. S \
-~
T ————

Cylindrical
opening
Cross section of the microwell

Top view of the microfluidic chip

Figure 1. Fabrication of the PDMS microfluidic chip using 3D-printed plastic and aluminum molds.
The fabricated device, measuring 22 mm in length and 12.5 mm in width, features an array of
microwells with varying pyramidal tip angles (66°, 90°, and 106°) and 550 um in depth.

Figure 2. Schematic illustration of the pyramidal microwells with varying tip angles such as 66°, 90°,
and 106°. The direction of the main flow is indicated by arrows.

2.2. Flow Simulation and Fluid Shear Stress

A computational fluid dynamics (CFD) model was developed using COMSOL Mul-
tiphysics 5.3 software (COMSOL Inc., Burlington, MA, USA) to analyze velocity distri-
bution, wall shear stress, and shear stress around the spheroids in pyramidal microw-
ells. The steady-state Navier—Stokes and convection—diffusion equations were solved,
assuming an incompressible, isothermal Newtonian fluid (fluid density = 998.2 kg/m?,
viscosity = 0.001 Pa-s), with no-slip conditions at the walls. The microfluidic channel and
four microwells were simulated at a flow rate of 10 uL/h (or approximately 1 um/s inlet
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velocity). Cell spheroids with fixed diameters of 200 pm were placed inside the microwells,
allowing for a detailed analysis of shear stress distribution. This setup was chosen to mimic
realistic experimental conditions and approximate the magnitude of velocity and shear
stress that would affect cell viability and spheroid function.

2.3. Culture of Mouse Embryonic Stem Cells

The mESCs from the 12952 /SvPas D3 line (ATCC, Washington DC, USA) were cul-
tured on mitomycin C-treated mouse embryonic fibroblasts (MEFs), which served as a
feeder layer to support stem cell maintenance. The mESCs were maintained in an ES cell
culture medium consisting of high-glucose Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% ES-grade fetal bovine serum (FBS) (Gibco, Waltham, MA, USA),
1000 IU/mL mouse leukemia inhibitory factor (LIF) (Millipore, Burlington, MA, USA),
0.1 mM p-mercaptoethanol (3-ME), 0.1 mM non-essential amino acids (NEAAs), and 1%
antibiotic-antimycotic solution (Anti-Anti).

2.4. Spheroid Formation and Cardiac Differentiation

Two different approaches were employed for the spheroid formation of mESCs such
as HD and microwell (cell-on-chip) methods. The mESCs were cultured to approximately
80% confluence and then trypsinized with 0.25% trypsin-EDTA to produce a single-cell
suspension. The cells were counted using a hemocytometer and diluted to the appropriate
concentration for differentiation. The differentiation medium consisted of an ES medium
with 15% defined FBS (HyClone™, Omaha, NE, USA), excluding LIF. For the HD method,
20 pL drops containing 800 dissociated mESCs were placed on the lid of a bacterial Petri
dish, with phosphate-buffered saline (PBS) in the base to prevent evaporation. Cell ag-
gregation occurred via gravity, leading to the spontaneous formation of spheroids. The
formation of spheroids was observed and monitored using a phase contrast microscope
(Olympus CKX41, Tokyo, Japan).

For cardiac differentiation using the microwells in microfluidic devices, pyramidal mi-
crowells were filled with a culture medium by injecting it slowly through the microchannel
inlet using a micropipette. A cell suspension of 95 pL, containing 1 x 10° mESCs, was intro-
duced, resulting in an approximated cell density of 800 cells per well. The cells gradually
settled into the microwells via gravity. The microfluidic system was then connected to a
silicone tube and syringe pump operating in withdrawal mode, as shown in Figure 3, with
a fresh culture medium supplied at a continuous flow rate of 10 uL/h for three days. A
fresh culture medium was introduced through the inlet, and fluid was withdrawn through
the outlet. All differentiation experiments were conducted in a humidified incubator at
37 °C with 5% CO,.

Incubator
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|
|
|
I
I
|
I
Microfluidic system :

I
I PDMS
1
1

Figure 3. Schematic of the experimental setup for spheroid formation using the microfluidic system
installed inside a CO, incubator.
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2.5. Spheroid Morphometry and Viability Analysis

To assess spheroid health and viability under varying flow conditions through mor-
phometric analysis and live/dead cell viability assays. Spheroids were imaged using
a brightfield microscope (Olympus CKX41, Tokyo, Japan) to capture their morphology.
Spheroid diameters and circularity were measured using Image] software (Image] 1.x),
ensuring precise quantification of their structural properties.

For the viability assessment, spheroids were cultured for three days and then harvested
from the microwells. The spheroids were dissociated into single cells using trypsin-EDTA
treatment, followed by staining with Calcein Acetoxymethyl (Calcein AM) and Ethidium
Homodimer-1 (EthD-1) for live/dead analysis. Fluorescent microscopy (Olympus BX51,
Tokyo, Japan) was used to visualize the cells, with viable cells showing green fluorescence
in the cytoplasm due to the retention of Calcein AM, while dead cells exhibited red fluo-
rescence in the nucleus due to EthD-1 staining of compromised membranes. Fluorescent
images were captured and analyzed to quantify the viability of cells within each spheroid.

2.6. Proliferative Activity Evaluation

Cell proliferation was assessed using the 3-(4,5-Dimethylthiazol-2-y1)-2 5-Diphenyltetrazolium
Bromide assay (MTT) assay. Harvested spheroids were transferred to a 96-well plate, with
one spheroid per well. Each well was filled with 200 pL of MTT solution (0.5 mg/mL in
PBS). The spheroids were incubated in the dark for 30 min at 37 °C and 5% CO,. After
incubation, the MTT solution was removed, and the formazan crystals formed in the cells
were dissolved with 200 pL of DMSO per well. Optical density (OD) was measured at
570 nm, with a reference wavelength of 650 nm, using a microplate reader. The resulting
absorbance values were compared to a standard curve to indirectly quantify the cell number,
serving as a measure of proliferative activity within each spheroid.

2.7. Gene Expression Assessment

The expression of the Brachyury gene in spheroids was quantified using a quan-
titative real-time polymerase chain reaction (QRT-PCR). Total RNA was extracted from
EBs using the RNeasy Mini Kit (Qiagen, Venlo, The Netherlands), following the man-
ufacturer’s instructions. The extracted RNA was reverse-transcribed into complemen-
tary DNA (cDNA) using SuperScript III Reverse Transcriptase (Invitrogen, Waltham,
MA, USA). qRT-PCR was performed using GoTaq® Green Master Mix (M7122, Madi-
son, Promega, WI, USA) on a CFX96 Connect™ Real-Time PCR System (Bio-Rad, Her-
cules, CA, USA). The specific primers used for Brachyury were as follows: Forward 5'-
TACACCTCTAATGTCCTCCCTTG-3' and Reverse 5-CCATACAGTTGACTTCCCAACAC-
3'. The housekeeping gene GAPDH was used as an internal control, with the following primers:
Forward 5-AATGTGTCCGTCGTGGATCT-3' and Reverse 5-CCTGCTTCACCACCTTCTTG-3'.
Relative gene expression was calculated using the AACt method to normalize Brachyury
expression levels against GAPDH.

2.8. Assessment of Cardiac Differentiation Efficiency

To evaluate cardiac differentiation efficiency, the percentage of beating spheroids was
determined. Spheroids harvested from both HD cultures and 90° microwells (the optimal
condition identified in previous experiments) were cultured in a cardiac differentiation
medium for fourteen days. The number of beating-cell colonies was counted. The differenti-
ation medium consisted of high-glucose DMEM (Cat. No. SH30022.22, HyClone™, Omaha,
NE, USA) supplemented with 15% defined fetal bovine serum (Cat. No. SH30070.03,
HyClone™, Omaha, NE, USA), 1% antibiotic-antimycotic, 1% L-glutamine, 1% MEM
non-essential amino acids (NEAAs, Cat. No. M7145, Sigma Aldrich, St. Louis, MO, USA),
10 ng/mL Bone Morphogenetic Protein 4 (Recombinant Human BMP-4, Cat. No. 4578,
BioVision, Exton, PA, USA), 50 ng/mL Ascorbic Acid (Cat. No. A4544, Sigma Aldrich,
St. Louis, MO, USA), and 25.9 mM beta-mercaptoethanol (Cat. No. 21985-023, Gibco,
NY, USA).
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2.9. Immunofluorescence Staining Test

Mouse cardiomyocytes were fixed in 4% (v/v) paraformaldehyde for 15 min at room
temperature, followed by three washes with phosphate-buffered saline (PBS). Permeabiliza-
tion was performed using 0.1% Triton-X 100 in PBS containing 2% bovine serum albumin
(BSA) to block nonspecific binding sites. The cells were then incubated overnight at 4 °C
with mouse anti-cardiac Troponin T (cTnT) primary antibodies (1:100; ab33589, Abcam,
Cambridge, UK) to specifically label cardiomyocytes. After primary antibody incuba-
tion, the cells were washed and incubated with TRITC-conjugated secondary antibodies
(1:100; T5393, Sigma Aldrich, St. Louis, MO, USA) for 1 h at 37 °C. The 4/,6-diamidino-
2-phenylindole (DAPI) staining was applied for 15 min at room temperature to label
the nuclei. The samples were then washed and imaged using a fluorescence microscope
(Olympus BX51, Tokyo, Japan), capturing both cardiomyocyte-specific and nuclear staining.

2.10. Statistical Analysis

Statistical analysis was performed using SPSS version 29. A normality test was
conducted with a 95% confidence level, followed by one-way analysis of variance (ANOVA)
and post hoc Bonferroni tests, to determine significant differences between groups. Data
are represented as mean =+ standard deviation, with differences considered significant at
p <0.05.

3. Results
3.1. Pyramidal Microwells

The roughness of the microwell surfaces was measured using a Surface Roughness
Tester (Mitutoyo SV-3000, Kanagawa, Japan). The measured roughness was 0.395 % 0.078 pm.
The inclined surfaces of the microwells exhibited a stepwise structure with an average
width of 90.45 £ 4.56 pm and a height of 45.58 & 1.56 pm. The diameters of the cylindrical
openings at the center were 446.96 £ 4.03 pum, 449.43 £+ 5.22 pm, and 453.15 & 2.80 um
for the 66°, 90°, and 106° microwell configurations, respectively. The microwell arrays
consisted of 45 wells for the 66° tip angle, 42 wells for the 90° tip angle, and 52 wells for the
106° tip angle. These geometric and structural variations were critical for analyzing the
effects of microwell shape on fluid dynamics and cell behavior within the microfluidic system.

3.2. Velocity Distribution and Fluid Shear Stress

Figure 4 illustrates the velocity distribution above cell spheroids in microwells with
tip angles of 66°,90°, and 106°. As the tip angle increased, streamline distortion decreased,
resulting in more uniform flow and lower velocities near the spheroids. The 106° microwell
exhibited the most uniform flow, indicating a stable environment that could reduce shear
stress on cells. The velocity at the center of the 66° microwell was approximately double
that of the 106° microwell, highlighting the concentrated flow in narrower tip angles.
This similar flow pattern was observed at higher flow rates with velocity magnitudes
increasing proportionally with higher inlet velocities. Near the spheroids, the velocity was
around 1 x 1077 m/s at a flow rate of 10 uL/h. These findings demonstrate the significant
influence of microwell geometry on fluid dynamics, with wider angles probably promoting
more favorable conditions for cell culture by lowering flow disturbance and minimizing
fluid shear stress.

The flow streamlines through each microwell are depicted in Figure 5. Red streamlines
represent flow near the cell spheroids at the microwell bottom, while blue streamlines
indicate flows that do not reach the bottom region. In all configurations, only the central
flow passes directly above the spheroids. The 106° microwell shows more uniform flow
near the spheroids, whereas narrower angles, like the 66° microwell, display more confined
and distorted flow patterns. These findings emphasize the role of microwell geometry in
shaping flow behavior, with wider tip angles facilitating straight and uniformly distributed
flows, potentially reducing shear stress on the cells. On the other hand, the ability for waste
removal and nutrient transfer might be weakened.
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Figure 4. Velocity distribution in microwells with pyramidal tip angles of 66°, 90°, and 106°: (a) side
view of velocity contour displaying flow dynamics around embedded cell spheroids and (b-d) top
views of velocity contours for 66°, 90°, and 106° microwells at a flow rate of 10 uL/h.
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25

Figure 5. Distribution of streamlines in microwells with tip angles of (a) 66°, (b) 90°, and (c) 106°.
The flow direction is indicated by the arrows.

The distribution of shear stress on the surface of the cell spheroid is shown in Figure 6.
This finding reveals a gradual increase in shear stress in both the streamwise and spanwise
directions as the angle around the spheroid increases. The maximum shear stress occurs
at the top of the spheroid (at 90°), then gradually decreases again. Narrower microwell
angles (e.g., 66°) generate higher shear stress compared to wider angles (e.g., 106°), where
the shear stress is more evenly distributed. These results show the influence of microwell
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Shear stress (uPa)

geometry affecting the distribution of shear stress, which is crucial for maintaining the
viability and integrity of cell spheroids.

Shear stress (uPa)

30

60

Angle around cell spheroid (deg)

% 120 150 180 (] 30 60 90 120 150 180
Angle around cell spheroid (deg)

Figure 6. Distribution of shear stress on the surface of cell spheroid for microwells with tip angles
of 66°, 90°, and 106°: (a) shear stress along the spanwise direction and (b) shear stress along the
streamwise direction.

3.3. Cell Growth and Morphological Progression of mESC-Derived Spheroids

After gently seeding cell suspensions, we supplied the medium at a constant flow rate
to facilitate even deposition of cells into the microwells. After that, the cells were allowed
to rest for 120 min to enable self-aggregation. Subsequently, we harvested the cells from
the microwells using a micropipette and assessed the cell count using the MTT assay. The
cell numbers were quantified based on a standard curve generated from the MTT assay.
We have checked this procedure with other cells with imaging techniques as well before
conducting this research, and it was found that the number of cells in each microwell is
quite uniform. The variation is 5-10% of the mean value.

In our experiments, the initial number of mESCs seeded on Day 0 in the 66°, 90°, and
106° microwells was 831 £ 89, 876 & 103, and 876 & 103 cells per well, respectively. Over
the three-day period, all microwell configurations showed an increase in cell growth and
viability, with the spheroids in the 90° microwells consistently exhibiting larger growth
compared to the 66° and 106° microwells, as well as the static HD culture. As shown in
Figure 7, the morphology of the mESC-derived spheroids varied with microwell geometry.
On Day 1, spheroids across all microwell angles were relatively uniform in size. By
Day 2, spheroids in the 90° microwells began to show more rapid expansion, but still
being comparable to those in the 66° and 106° microwells. By Day 3, spheroids in the
90° microwells exhibited the largest growth, reaching diameters of around 400 pm, which
was significantly larger than those formed in the other microwell configurations, as depicted
in Figure 8.

It is quite common to observe a darkened center in cell aggregates, as the innermost
cells become packed into a dense mass. This high cell density can limit oxygen and nutrient
diffusion into the core of the aggregate. Additionally, as cells aggregate into a 3D structure,
the center becomes more compact, increasing cell concentration. This denser region may
scatter light differently, contributing to the darker appearance at the spheroid’s center. The
darkened center of cell aggregates can influence cardiac differentiation, reflecting processes
such as hypoxia, metabolic changes, and apoptosis, which are characteristic of the early
stages of cardiac cell development.
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Figure 7. Morphological progression of mESC-derived spheroids cultured in pyramidal microwells
with tip angles of 66°,90°, and 106°, compared to static culture in HD. Images were captured on Day 1,
Day 2, and Day 3. Scale bars represent 50 um for the HD images and 100 um for the microwell images.
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Figure 8. Spheroid size measured over three days across different culture methods (n = 10 per group).
Statistical significance between groups is indicated by different letters (a-d), with p < 0.05.
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These results suggest that the 90° microwells provide optimal conditions for spheroid
formation. Additionally, nearly 100% cell viability was observed across all microwell
configurations, indicating successful culture and growth of the spheroids. This trend
reflects the correlation between the microwell angle and cell growth, with the 90° tip angle
providing optimal conditions for spheroid expansion.

3.4. Proliferative Activity

The MTT assay was used to quantify cell proliferation in each spheroid. On Day
1, all microwell configurations showed similar cell numbers, with no significant differ-
ences. By Day 2, all microwells did not show significant cell growth compared to the HD
method, which had faster proliferation rates. However, by Day 3, cell numbers increased
to 1500-2000 per well across all microwells, with the 90° configuration showing the most
significant growth as shown in Figure 9. Despite these results, the overall growth rates for
three days in all microwells were slower than those in the HD method.

= HD
66 Deg
90 Deg

106 Deg

1 2 3
Day of Culture

Figure 9. Cell proliferation across different culture methods over three days (1 = 10 per group). The
graph shows the number of cells on Days 1, 2, and 3 for HD cultures, and 66°, 90°, and 106° microwell
configurations. Statistical significance between groups is indicated by different letters (a—d), with
p <0.05.

Compactness was further estimated as the ratio of the number of cells to the cube of
the spheroid diameter. On Day 2, compactness was measured at 0.186 £ 0.038 for the HD,
0.056 £ 0.011 for the 66° microwells, 0.058 &= 0.012 for the 90° microwells, and 0.048 4 0.010
(x1073 um3) for the 106° microwells, with an uncertainty of approximately 20% for all
cases. These results indicate that conventional techniques as the HD method resulted in
denser cell spheroids. Additionally, the spheroids in the 106° microwells were relatively
loose, while the 66° and 90° microwells produced spheroids with comparable compactness.
By Day 3, all spheroids continued growing, with compactness decreasing to 55-60% of Day
2 levels.

3.5. Gene Expression

On Day 2, Brachyury gene expression analysis revealed that cells cultured in the
90° microwells exhibited significantly higher expression levels compared to the other
methods as shown in Figure 10. Specifically, the expression in the 90° microwells was
approximately four times greater than that observed in the HD method, indicating a notable
enhancement in mesodermal differentiation.
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Figure 10. Comparison of Brachyury gene expression during differentiation on Day 2 across all
spheroid formation methods (1 = 3 per group). Statistical significance between groups is indicated by
different letters (a—c), with p < 0.05.

3.6. Immunofluorescence Staining

Immunofluorescence staining confirmed the differentiation of mESCs into cardiomy-
ocytes. Cardiac Troponin T, a key marker of cardiomyocytes, was observed as bright red
fluorescence in individual cells and larger clusters (Figure 11a,d), validating successful
cardiac differentiation. DAPI staining (Figure 11b,e) highlighted cell nuclei as bright blue
spots, revealing the organization and density of the culture. Merged images shown in
Figure 11¢,f confirmed the co-localization of Troponin T with cell nuclei, further supporting
effective cardiomyocyte formation.

20 pm - 20 pm

50 pm - " 50 pm

Figure 11. Immunofluorescence staining of mESC differentiation into cardiomyocytes: (a,d) cardiac
Troponin T expression is indicated by bright red fluorescence, confirming the presence of cardiomy-
ocytes; (b,e) DAPI staining highlights the nuclei as bright blue spots, providing a clear visualization
of cell nuclei; and (c,f) merged images of Troponin T and DAPI staining. Figures (a—c) represent

single cells, while figures (d—f) represent plated aggregate cells.
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4. Discussion and Conclusions

This study highlights the significant impact of microwell tip angles on spheroid for-
mation, cell viability, and differentiation of mESCs into cardiomyocytes. The acute angles,
particularly in the 66° microwells, produced higher flow velocities in the microwell, which
may have countering effects on spheroid formation. On one hand, higher flow velocities
may enhance nutrient and waste transport, allowing cells to accumulate efficiently at the
bottom of the microwells. On the other hand, the continuous strong flow may disrupt
cell—cell interactions, hindering proper spheroid formation by interrupting cell commu-
nication. These results are consistent with previous findings that higher flow velocities
can lead to hydrodynamic disturbances, affecting tissue morphogenesis in microfluidic
systems [40-42].

Our findings showed that the 90° microwell configuration emerged as the optimal en-
vironment for promoting spheroid growth and differentiation. The balanced flow dynamics
in these microwells provided adequate nutrient exchange without introducing excessive
shear stress, leading to larger spheroids and enhancement of cell proliferation by Day 3.
The continuous flow improved nutrient transfer and waste removal, promoting higher cell
viability and consistent spheroid expansion [43]. While the 66° and 106° microwells also
supported spheroid formation, the spheroids were either too dense or too loose, limiting op-
timal growth. The 66° microwells, in particular, had the highest shear stress, and high shear
stress could disrupt the extracellular matrix (ECM) and suppress proliferation but promote
cell apoptosis, resulting in slower growth rates and inhibition of cell aggregation [44,45].

The influence of microwell geometry on shear stress was evident, as narrower tip an-
gles (66°) generated higher shear stresses near the cell spheroids, while the 106° microwells
produced lower and more uniform shear stress distributions around the cell spheroids.
Although shear stress value is a critical factor in cellular differentiation and tissue forma-
tion [46], non-uniform shear stress in the narrower microwells likely contributed to less
homogeneity in spheroid structure and function [47]. Our results suggested that relatively
uniform shear stress, as seen in the 90° microwells, plays a key role in facilitating optimal
nutrient distribution and promoting uniform cell growth and differentiation.

Interestingly, spheroid compactness was influenced by both the microwell geometry
and the dynamic culture conditions. Looser spheroids were observed in all microwells,
likely due to hydrodynamic forces affecting cell-cell interactions and ECM remodeling.
This observation is consistent with several studies that suggest dynamic cultures typically
produce looser aggregates, whereas static cultures, with slower diffusion rates, tend to
form more compact spheroids [48]. By Day 3, compactness decreased across all microwell
configurations, indicating that as the spheroids expanded, the cells became more distributed
within the aggregate.

A key finding in our study was the significant elevation of Brachyury gene expression,
a marker for mesodermal differentiation, in the 90° microwells. The expression levels
in these microwells were approximately four times higher than in the HD method. This
enhanced gene expression in the 90° microwells can be attributed to the favorable flow
dynamics, which facilitated both nutrient transfer and mechanical stimulation, two critical
factors known to drive differentiation to special tissues. Our results align with previ-
ous studies that highlight the importance of dynamic environments for enhancing cell
differentiation due to improved nutrient exchange and mechanical cues [49].

It should be noted that Brachyury is an early mesodermal marker and not specific to
cardiac cells. That is why we examined gene expression as early as Day 2 after spheroid
plating. However, the formation of the mesoderm is crucial for cardiac differentiation.
Therefore, a higher expression of mesodermal lineage markers is often correlated with the
differentiation potential of cardiac cells.

Although spheroid formation and differentiation were successful, cardiomyocyte
differentiation efficiency in the microwells with the 90° tip angle was lower than the HD
method. This may be attributed to the looser structure of the spheroids, which could
lead to cell damage during harvesting [50]. Additionally, differences in differentiation
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efficiency could result from changes in spheroid size, exposing cells to varied microenvi-
ronments [51,52]. However, cardiac Troponin T staining confirmed cardiomyocyte differen-
tiation in all microwell configurations, highlighting the microfluidic system’s capability to
produce functional cardiomyocytes.

The study also points to the importance of microwell design in optimizing differen-
tiation outcomes. The microwells with a 90° tip angle, due to their balanced shear stress
and nutrient transfer, provided the most favorable conditions for mESC differentiation
into mesodermal and cardiomyocyte lineages. In contrast, the 66° microwells, while ef-
fective at promoting initial cell accumulation, likely introduced excessive shear stress that
interfered with ECM formation and cell aggregation. Meanwhile, the 106° microwells,
although generating more uniform shear stress, did not promote robust spheroid growth
or differentiation, likely due to less efficient nutrient exchange and waste removal.

In conclusion, this study underscores the critical role of microwell geometry in influ-
encing cell behavior in microfluidic systems. The 90° microwell configuration proved to be
the most effective for promoting spheroid growth, maintaining cell viability, and enhancing
mesodermal differentiation, as evidenced by elevated Brachyury expression and successful
cardiomyocyte formation. These findings provide valuable insights into the design of mi-
crofluidic systems for stem cell research and tissue engineering, particularly for applications
requiring controlled differentiation and 3D cell culture. Further optimization of spheroid
harvesting and compactness could improve differentiation efficiency, making the microwell
system even more versatile for regenerative medicine and cardiac tissue engineering.

Author Contributions: Data curation, T.W.; formal analysis, TW., T.C., K.C., T.T. and A.P.; supervision,
W.J., T.T. and A.P,; writing—original draft, TW., K.C.,, S.B.,, WK, T.T. and A.P. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was financially supported by the Thailand Science Research and Innovation
Fund, Chulalongkorn University (HEA662100084).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: T.W. was funded by the 90th Anniversary of the Chulalongkorn University Fund
(Ratchadaphiseksomphot Endowment Fund), the PhD scholarship from the Thailand Graduate Insti-
tute of Science and Technology (TGIST), the European Union’s Horizon 2020 Research and Innovation
Program under the Marie Sktodowska-Curie action project “"WhyNotDry” (No. GA-101131087), and
the Excellence Center for Veterinary Clinical Stem Cells and Bioengineering, Chulalongkorn University.

Conflicts of Interest: The authors have no conflicts to disclose.

References

1.  Pampaloni, F; Reynaud, E.G.; Stelzer, E.H. The third dimension bridges the gap between cell culture and live tissue. Nat. Rev.
Mol. Cell Biol. 2007, 8, 839-845. [CrossRef] [PubMed]

2. Antoni, D.; Burckel, H.; Josset, E.; Noel, G. Three-dimensional cell culture: A breakthrough in vivo. Int. J. Mol. Sci. 2015, 16,
5517-5527. [CrossRef] [PubMed]

3. Breslin, S.; O'Driscoll, L. Three-dimensional cell culture: The missing link in drug discovery. Drug Discov. Today 2013, 18, 240-249.
[CrossRef]

4. Duval, K.; Grover, H.; Han, L.H.; Mou, Y.; Pegoraro, A.F,; Fredberg, J.; Chen, Z. Modeling physiological events in 2D vs. 3D cell
culture. Physiology 2017, 32, 266-277. [CrossRef] [PubMed]

5. Fang, Y,; Eglen, RM. Three-dimensional cell cultures in drug discovery and development. Adv. Life Sci. R&D 2017, 22, 456-472.

6.  Friedrich, J.; Seidel, C.; Ebner, R.; Kunz-Schughart, L.A. Spheroid-based drug screen: Considerations and practical approach. Nat.
Protoc. 2009, 4, 309-324. [CrossRef] [PubMed]

7. Lu, P; Weaver, V.M.; Werb, Z. The extracellular matrix: A dynamic niche in cancer progression. J. Cell Biol. 2012, 196, 395-406.
[CrossRef]

8. Sun, T,;Jackson, S.; Haycock, J.W.; MacNeil, S. Culture of skin cells in 3D rather than 2D improves their ability to survive exposure

to cytotoxic agents. . Biotechnol. 2006, 122, 372-381. [CrossRef] [PubMed]


https://doi.org/10.1038/nrm2236
https://www.ncbi.nlm.nih.gov/pubmed/17684528
https://doi.org/10.3390/ijms16035517
https://www.ncbi.nlm.nih.gov/pubmed/25768338
https://doi.org/10.1016/j.drudis.2012.10.003
https://doi.org/10.1152/physiol.00036.2016
https://www.ncbi.nlm.nih.gov/pubmed/28615311
https://doi.org/10.1038/nprot.2008.226
https://www.ncbi.nlm.nih.gov/pubmed/19214182
https://doi.org/10.1083/jcb.201102147
https://doi.org/10.1016/j.jbiotec.2005.12.021
https://www.ncbi.nlm.nih.gov/pubmed/16446003

Cells 2024, 13, 2132 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Bhatia, S.N.; Ingber, D.E. Microfluidic organs-on-chips. Nat. Biotechnol. 2014, 32, 760-772. [CrossRef] [PubMed]

Martin, I.; Wendt, D.; Heberer, M. The role of bioreactors in tissue engineering. Trends Biotechnol. 2004, 22, 80-86. [CrossRef]
[PubMed]

Martin, Y.; Vermette, P. Bioreactors for tissue mass culture: Design, characterization, and recent advances. Biomaterials 2005, 26,
7481-7503. [CrossRef]

Hirt, M.N.; Hansen, A.; Eschenhagen, T. Cardiac tissue engineering: State of the art. Circ. Res. 2014, 114, 354-367. [CrossRef]
[PubMed]

Halloin, C.; Coffee, M.; Manstein, F.; Zweigerdt, R. Production of cardiomyocytes from human pluripotent stem cells by bioreactor
technologies. Methods Mol. Biol. 2018, 1994, 55-70.

Barron, J.A.; Krizman, D.B.; Ringeisen, B.R. Laser printing of single cells: Statistical analysis, cell viability, and stress. Ann. Biomed.
Eng. 2005, 33, 121-130. [CrossRef] [PubMed]

de Mello, A.EM.; de Souza, V.L.P; Herrmann, L.W.; Letti, L.A.].; Burgos, W.J.M.; Scapini, T.; Manzoki, M.C.; de Oliveira,
P.Z.; Soccol, C.R. Strategies and engineering aspects on the scale-up of bioreactors for different bioprocesses. Syst. Microbiol.
Biomanufacturing 2024, 4, 365-385. [CrossRef]

Toh, Y.C.; Voldman, J. Fluid shear stress primes mouse embryonic stem cells for differentiation in a self-renewing environment
via heparan sulfate proteoglycans transduction. FASEB . 2011, 25, 1208. [CrossRef]

Zhang, Y.S.; Aleman, J.; Arneri, A.; Bersini, S.; Piraino, F,; Shin, S.R.; Dokmeci, M.R.; Khademhosseini, A. From cardiac tissue
engineering to heart-on-a-chip: Beating challenges. Biomed. Mater. 2015, 10, 034006. [CrossRef] [PubMed]

Esch, E.W,; Bahinski, A.; Huh, D. Organs-on-chips at the frontiers of drug discovery. Nat. Rev. Drug Discov. 2015, 14, 248-260.
[CrossRef]

Burridge, PW.,; Keller, G.; Gold, ].D.; Wu, J.C. Production of de novo cardiomyocytes: Human pluripotent stem cell differentiation
and direct reprogramming. Cell Stem Cell 2012, 10, 16-28. [CrossRef] [PubMed]

Ng, E.S.; Davis, R.P; Azzola, L.; Stanley, E.G.; Elefanty, A.G. Forced aggregation of defined numbers of human embryonic stem
cells into embryoid bodies fosters robust, reproducible hematopoietic differentiation. Blood 2005, 106, 1601-1603. [CrossRef]
[PubMed]

Kurosawa, H. Methods for inducing embryoid body formation: In vitro differentiation system of embryonic stem cells. J. Biosci.
Bioeng. 2007, 103, 389-398. [CrossRef] [PubMed]

Kattman, S.J.; Witty, A.D.; Gagliardi, M.; Dubois, N.C.; Niapour, M.; Hotta, A.; Ellis, J.; Keller, G. Stage-specific optimization of
activin/nodal and BMP signaling promotes cardiac differentiation of mouse and human pluripotent stem cell lines. Cell Stem Cell
2011, 8, 228-240. [CrossRef] [PubMed]

Lynch, A.T.; Mazzotta, S.; Hoppler, S. Cardiomyocyte Differentiation from Mouse Embryonic Stem Cells. Methods Mol. Biol. 2018,
1816, 55-66. [PubMed]

Bratt-Leal, A.M.; Carpenedo, R.L.; McDevitt, T.C. Engineering the embryoid body microenvironment to direct embryonic stem
cell differentiation. Biotechnol. Prog. 2009, 25, 43-51. [CrossRef]

Young, E.W.; Beebe, D.J. Fundamentals of microfluidic cell culture in controlled microenvironments. Chem. Soc. Rev. 2010, 39,
1036-1048. [CrossRef] [PubMed]

Van Der Meer, A.D.; Van Den Berg, A. Organs-on-chips: Breaking the in vitro impasse. Integr. Biol. 2012, 4, 461-470. [CrossRef]
[PubMed]

Chen, H.; Yu, Z,; Bai, S.; Lu, H.; Xu, D.; Chen, C.; Liu, D.; Zhu, Y. Microfluidic models of physiological or pathological flow shear
stress for cell biology, disease modeling and drug development. Trends Anal. Chem. 2019, 117, 186-199. [CrossRef]

Ruan, J.L.; Tulloch, N.L.; Razumova, M.V,; Saiget, M.; Muskheli, V.; Pabon, L.; Reinecke, H.; Regnier, M.; Murry, C.E. Mechanical
stress conditioning and electrical stimulation promote contractility and force maturation of induced pluripotent stem cell-derived
human cardiac tissue. Circulation 2016, 134, 1557-1567. [CrossRef]

Hughes, C.S.; Postovit, L.M.; Lajoie, G.A. Matrigel: A complex protein mixture required for optimal growth of cell culture.
Proteomics 2010, 10, 1886-1890. [CrossRef]

Fu, J.; Wang, YK,; Yang, M.T.; Desai, R.A.; Yu, X,; Liu, Z.; Chen, C.S. Mechanical regulation of cell function with geometrically
modulated elastomeric substrates. Nat. Methods 2010, 7, 733-736. [CrossRef]

Baker, B.M.; Chen, C.S. Deconstructing the third dimension-how 3D culture microenvironments alter cellular cues. J. Cell Sci.
2012, 125, 3015-3024. [CrossRef] [PubMed]

Hwang, Y.S.; Kim, J.; Yoon, HJ.; Kang, ].I; Park, K.H.; Bae, H. Microwell-mediated cell spheroid formation and its applications.
Macromol. Res. 2018, 26, 1-8. [CrossRef]

Seyfoori, A.; Samiei, E.; Jalili, N.; Godau, B.; Rahmanian, M.; Farahmand, L.; Majidzadeh-A, K.; Akbari, M. Self-filling microwell
arrays (SFMAs) for tumor spheroid formation. Lab Chip 2018, 18, 3516-3528. [CrossRef] [PubMed]

Cha, ].M.; Park, H.D.; Shin, EK,; Sung, J H.; Kim, O.; Jung, W.; Bang, O.Y.; Kim, J. A novel cylindrical microwell featuring
inverted-pyramidal opening for efficient cell spheroid formation without cell loss. Biofabrication 2017, 9, 035006. [CrossRef]
[PubMed]

Lee, S.W.,; Jeong, S.Y.; Shin, T.H.; Min, J.; Lee, D.; Jeong, G.S. A cell-loss-free concave microwell array based size-controlled
multi-cellular tumoroid generation for anti-cancer drug screening. PLoS ONE 2019, 14, €0219834. [CrossRef] [PubMed]


https://doi.org/10.1038/nbt.2989
https://www.ncbi.nlm.nih.gov/pubmed/25093883
https://doi.org/10.1016/j.tibtech.2003.12.001
https://www.ncbi.nlm.nih.gov/pubmed/14757042
https://doi.org/10.1016/j.biomaterials.2005.05.057
https://doi.org/10.1161/CIRCRESAHA.114.300522
https://www.ncbi.nlm.nih.gov/pubmed/24436431
https://doi.org/10.1007/s10439-005-8971-x
https://www.ncbi.nlm.nih.gov/pubmed/15771266
https://doi.org/10.1007/s43393-023-00205-z
https://doi.org/10.1096/fj.10-168971
https://doi.org/10.1088/1748-6041/10/3/034006
https://www.ncbi.nlm.nih.gov/pubmed/26065674
https://doi.org/10.1038/nrd4539
https://doi.org/10.1016/j.stem.2011.12.013
https://www.ncbi.nlm.nih.gov/pubmed/22226352
https://doi.org/10.1182/blood-2005-03-0987
https://www.ncbi.nlm.nih.gov/pubmed/15914555
https://doi.org/10.1263/jbb.103.389
https://www.ncbi.nlm.nih.gov/pubmed/17609152
https://doi.org/10.1016/j.stem.2010.12.008
https://www.ncbi.nlm.nih.gov/pubmed/21295278
https://www.ncbi.nlm.nih.gov/pubmed/29987810
https://doi.org/10.1002/btpr.139
https://doi.org/10.1039/b909900j
https://www.ncbi.nlm.nih.gov/pubmed/20179823
https://doi.org/10.1039/c2ib00176d
https://www.ncbi.nlm.nih.gov/pubmed/22388577
https://doi.org/10.1016/j.trac.2019.06.023
https://doi.org/10.1161/CIRCULATIONAHA.114.014998
https://doi.org/10.1002/pmic.200900758
https://doi.org/10.1038/nmeth.1487
https://doi.org/10.1242/jcs.079509
https://www.ncbi.nlm.nih.gov/pubmed/22797912
https://doi.org/10.1007/s13233-018-6002-7
https://doi.org/10.1039/C8LC00708J
https://www.ncbi.nlm.nih.gov/pubmed/30357219
https://doi.org/10.1088/1758-5090/aa8111
https://www.ncbi.nlm.nih.gov/pubmed/28726681
https://doi.org/10.1371/journal.pone.0219834
https://www.ncbi.nlm.nih.gov/pubmed/31344058

Cells 2024, 13, 2132 15 of 15

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Moshksayan, K.; Kashaninejad, N.; Warkiani, M.E.; Lock, ].G.; Moghadas, H.; Firoozabadi, B.; Saidi, M.S.; Nguyen, N.T. Spheroids-
on-a-chip: Recent advances and design considerations in microfluidic platforms for spheroid formation and culture. Sens.
Actuators B Chem. 2018, 263, 151-176. [CrossRef]

Hanspal, N.; Chai, N.; Allen, B.; Brown, D. Applying multiple approaches to deepen understanding of mixing and mass transfer
in large-scale aerobic fermentations. . Ind. Microbiol. Biotechnol. 2020, 47, 929-946. [CrossRef] [PubMed]

Chen, M.B.; Whisler, J.A.; Jeon, ].S.; Kamm, R.D. Mechanisms of tumor cell extravasation in an in vitro microvascular network
platform. Integr. Biol. 2013, 5, 1262-1271. [CrossRef]

Senrung, A.; Lalwani, S.; Janjua, D.; Tripathi, T.; Kaur, J.; Ghuratia, N.; Aggarwal, N.; Chhokar, A.; Yadav, J.; Chaudhary, A. 3D
tumor spheroids: Morphological alterations a yardstick to anti-cancer drug response. In Vitro Models 2023, 2, 219-248. [CrossRef]
Aijjian, A.P,; Garrell, R.L. Digital microfluidics for automated hanging drop cell spheroid culture. J. Lab. Autom. 2015, 20, 283-295.
[CrossRef] [PubMed]

Manzoor, A.A.; Romita, L.; Hwang, D.K. A review on microwell and microfluidic geometric array fabrication techniques and its
potential applications in cellular studies. Can. J. Chem. Eng. 2021, 99, 61-96. [CrossRef]

Abdi, P.; Vahidi, B. A vasculogenesis model based on flow-induced stresses on endothelial cells. AIP Adv. 2022, 12, 055306.
[CrossRef]

Castiaux, A.D.; Spence, D.M.; Martin, R.S. Review of 3D cell culture with analysis in microfluidic systems. Anal. Methods 2019, 11,
4220-4232. [CrossRef] [PubMed]

Mina, S.G.; Huang, P.; Murray, B.T.; Mahler, G.J. The role of shear stress and altered tissue properties on endothelial to
mesenchymal transformation tumor-endothelial cell interaction. Biomicrofluidics 2017, 11, 044104. [CrossRef]

Ji, Q.; Wang, Y.L.; Xia, L.M,; Yang, Y.; Wang, C.S.; Mei, Y.Q. High shear stress suppresses proliferation and migration but promotes
apoptosis of endothelial cells co-cultured with vascular smooth muscle cells via down-regulating MAPK pathway. J. Cardiothorac.
Surg. 2019, 14, 216. [CrossRef] [PubMed]

Huang, Y.; Qian, J.Y.; Cheng, H.; Li, X.M. Effects of shear stress on differentiation of stem cells into endothelial cells. World ]. Stem
Cells 2021, 13, 894. [CrossRef]

Vadivelu, R.K.; Kamble, H.; Shiddiky, M.J.; Nguyen, N.T. Microfluidic technology for the generation of cell spheroids and their
applications. Micromachines 2017, 8, 94. [CrossRef]

Sabhachandani, P.; Motwani, V.; Cohen, N.; Sarkar, S.; Torchilin, V.; Konry, T. Generation and functional assessment of 3D
multicellular spheroids in droplet based microfluidics platform. Lab Chip 2016, 16, 497-505. [CrossRef]

Gerlach, ]J.C.; Hout, M.; Edsbagge, J.; Bjorquist, P; Liibberstedt, M.; Miki, T.; Stachelscheid, H.; Schmelzer, E.; Schatten, G.;
Zeilinger, K. Dynamic 3D culture promotes spontaneous embryonic stem cell differentiation in vitro. Tissue Eng. Part C Methods
2010, 16, 115-121. [CrossRef]

Mehta, G.; Hsiao, A.Y.; Ingram, M.; Luker, G.D.; Takayama, S. Opportunities and challenges for use of tumor spheroids as models
to test drug delivery and efficacy. . Control. Release 2012, 164, 192-204. [CrossRef] [PubMed]

Park, J.; Cho, C.H.; Parashurama, N.; Li, Y.; Berthiaume, F.; Toner, M.; Tilles, A.W.; Yarmush, M.L. Microfabrication-based
modulation of embryonic stem cell differentiation. Lab. Chip 2007, 7, 1018-1028. [CrossRef] [PubMed]

Zanella, F; Sheikh, F. Patient-specific induced pluripotent stem cell models: Generation and characterization of cardiac cells.
Methods Mol. Biol. 2016, 1353, 147-162. [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.snb.2018.01.223
https://doi.org/10.1007/s10295-020-02307-2
https://www.ncbi.nlm.nih.gov/pubmed/32894378
https://doi.org/10.1039/c3ib40149a
https://doi.org/10.1007/s44164-023-00059-8
https://doi.org/10.1177/2211068214562002
https://www.ncbi.nlm.nih.gov/pubmed/25510471
https://doi.org/10.1002/cjce.23875
https://doi.org/10.1063/5.0087884
https://doi.org/10.1039/C9AY01328H
https://www.ncbi.nlm.nih.gov/pubmed/32051693
https://doi.org/10.1063/1.4991738
https://doi.org/10.1186/s13019-019-1025-5
https://www.ncbi.nlm.nih.gov/pubmed/31831023
https://doi.org/10.4252/wjsc.v13.i7.894
https://doi.org/10.3390/mi8040094
https://doi.org/10.1039/C5LC01139F
https://doi.org/10.1089/ten.tec.2008.0654
https://doi.org/10.1016/j.jconrel.2012.04.045
https://www.ncbi.nlm.nih.gov/pubmed/22613880
https://doi.org/10.1039/b704739h
https://www.ncbi.nlm.nih.gov/pubmed/17653344
https://www.ncbi.nlm.nih.gov/pubmed/25520292

	Introduction 
	Materials and Methods 
	Fabrication and Design of Microfluidic Device 
	Flow Simulation and Fluid Shear Stress 
	Culture of Mouse Embryonic Stem Cells 
	Spheroid Formation and Cardiac Differentiation 
	Spheroid Morphometry and Viability Analysis 
	Proliferative Activity Evaluation 
	Gene Expression Assessment 
	Assessment of Cardiac Differentiation Efficiency 
	Immunofluorescence Staining Test 
	Statistical Analysis 

	Results 
	Pyramidal Microwells 
	Velocity Distribution and Fluid Shear Stress 
	Cell Growth and Morphological Progression of mESC-Derived Spheroids 
	Proliferative Activity 
	Gene Expression 
	Immunofluorescence Staining 

	Discussion and Conclusions 
	References

