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Abstract: Cardiomyocyte alignment in myocardium tissue plays a significant role in the physio-
logical, electrical, and mechanical functions of the myocardium. It remains, however, difficult to
align cardiac cells in a 3D in vitro heart model. This paper proposes a simple method to align cells
using microfabricated Polydimethylsiloxane (PDMS) grooves with large dimensions (of up to 350 µm
in width), similar to the dimensions of trabeculae carneae, the smallest functional unit of the my-
ocardium. Two cell groups were used in this work; first, H9c2 cells in combination with Nor10 cells
for proof of concept, and second, neonatal cardiac cells to investigate the functionality of the 3D
model. This model compared the patterned and nonpatterned 3D constructs, as well as the 2D cell
cultures, with and without patterns. In addition to alignment, we assessed the functionality of our
proposed 3D model by comparing beating rates between aligned and non-aligned structures. In
order to assess the practicality of the model, the 3D aligned structures should be demonstrated to be
detachable and alignable. This evaluation is crucial to the use of this 3D functional model in future
studies related to drug screening, building blocks for tissue engineering, and as a heart-on-chip by
integrating microfluidics.

Keywords: 3D cell culture; in vitro cardiac model; cardiac cell alignment; 3D hydrogel; decellularized
extracellular matrix (ECM); microfabricated grooves

1. Introduction

Studies of in vitro cardiac models are critical to improving scientists’ understanding
of cardiovascular physiology, diseases, and treatments [1]. They have also provided vital
information regarding the recapitulation of the complex heart microenvironment. Now, by
studying, comparing, and testing existing and new drug screening strategies on in vitro
cardiac models, there is a promising potential to develop novel drugs capable of targeting
cardiovascular disease (CVD) which deliver a more precise pharmacological response [2].

A variety of physiological functions are affected by the spatial arrangement of car-
diomyocytes and fibroblasts in the extracellular matrix (ECM) in native myocardial tissue,
particularly in the generation of contractile force along with biological, electrical, and me-
chanical functions [3]. The appropriate distribution of cells within this tissue architecture,
as well as its three-dimensional (3D) nature, is directly related to operative and active
forces [4]. Additionally, the conduction of electrical currents in the heart is anisotropic, as
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it spreads more rapidly along the long axes of aligned cardiac fibers [5]. It is, therefore,
essential to have a precise and realistic understanding of the myocardial fiber architecture
and its intimate physiology in order to accurately interpret the electrical stimulus and the
mechanics of the heart [6–8]. However, the design and building of a 3D in vitro heart model
remains a challenge. Therefore, understanding the smallest physiologically relevant and
functional myocardium tissue unit in the native heart must be considered as the starting
point for aligned cardiac model fabrication. Trabeculae carneae are considered to be the
smallest functional units with the same cell composition and mechanical properties as the
native heart (Figure S1). They consist of irregular muscular structures that pattern the
inner surface of both ventricles of the heart [9] and similar cellular strands fuse during
development to constitute the solid myocardium [10]. These structures represent the small-
est collections of aligned cardiomyocytes in the heart, with dimensions of 0.5–3 mm in
length and 50–500 µm in diameter [11]. Due to its dimensions, trabeculae carneae permits
swift diffusion of oxygen and nutrients within these structures [12]. Correspondingly, the
vascularization in the trabeculated myocardium is poorer than of the compact myocardium,
which is why it is often favored by researchers for the ex vivo studies of ionic, mechanical,
and metabolic activity of the cardiac muscle [11,13]. Compared with the 2D cultures, an
accessible in-vitro cardiac model which mimics the 3D structure of trabeculae carneae could
provide a more realistic, reliable and robust platform for drug screening, and, furthermore,
facilitate detailed investigation of physiology, biomechanics, and function of heart. The
construction of an in-vitro cardiac model still faces several difficulties after vascularization
is considered; among others, cell alignment in three dimensions, cellular mechanical and
functional environments, cell connectivity, extracellular matrix and soluble differentiation
cues, and local cell composition in terms of stroma and functional cells [3].

Among these challenges, controlling the patterns and mechanical anisotropy of in vitro
cell cultures to develop functional tissue is considered primordial [14]. The physical environ-
ment indeed affects the function of the cardiomyocyte cells through mechano-transduction
processes. Physical cues around the cells are integrated by being converted to intracellular
biochemical signals that translate changes in cell function [15]. When an external force
is applied to a cell’s ECM, every feature of the ECM is altered and rearranged [15]. Cell
alignment, therefore, feeds back into local biomechanics, cellular mechanical function,
electrical coupling, and, ultimately, maintenance of a differentiated phenotype. Indeed, in
2D cultures, aligned cardiomyocyte cells were reported to exhibit a substantial expression
of genes that impact on cardiomyocyte function and differentiation [16–21]. During the
development of our model, we primarily focused on implementing a facile cell alignment in
3D that allows the generation of robust, free-standing structures featuring accurate cellular
functionality and maintenance of a differentiated phenotype.

Several research groups have investigated the use of micropatterned geometries to
induce cell alignment in 3D. Photolithographic hydrogel in situ patterning [3,22] and hy-
drogel molding in microgrooves [1,23,24] are typically employed in order to demonstrate a
general propensity of various cell types, including cardiomyocytes, to align with microfab-
ricated geometrical features. Substrate anisotropy is important as well, since bottom-up 3D
fabrication of flexible, anisotropic honeycomb showed improved cardiomyocyte alignment
when compared with isotropic control scaffolds [25].

Jointly, these microscale studies indicate that local microgeometry is a critical de-
terminant for 3D cell alignment. The cellular alignment in the native cardiac muscle,
however, extends far beyond 10–100 micrometers, which represents the typical size for
these microscale experiments. In the framework of so-called Engineered Heart Tissues
(EHT), cellular alignment at a macroscopic 1–10 mm scale was studied in large ring-shaped
self-condensing structures made from a collagen-Matrigel mix seeded with neonatal rat
cardiomyocytes. Strong alignment of the cells along the tangential direction was found
throughout the macroscopic scale of the system [26,27]. Despite its efficient traits, the un-
derlying mechanism of alignment from these experiments is poorly understood. Therefore,
hydrogel remodeling and ensuing anisotropy during self-condensation, strong metabolic
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gradients, static and dynamic stress produced by the contractile cells, as well as geometric
constraints similar to the microscale experiments should be regarded.

Our study aims to address the challenge of 3D alignment of cells in constructs that
accurately replicate the dimensions of trabeculae carneae [28], and to delimit the scale
accessible through propagation of alignment from surface topography. We previously
developed a composite hydrogel to match the mechanical properties of heart muscle in
absence of potentially cytotoxic crosslinkers [29]. We present here a rather simple method to
control cell alignment in 3D cell-laden hydrogels that are patterned using microfabricated
PDMS grooves with large dimensions (up to 350 µm in width), similar to the dimensions
of trabeculae carneae. For this purpose, we molded the composite hydrogel featuring a
decellularized cardiac extracellular matrix and fibrin mixed with live cells on the grooved
PDMS. Subsequently, we compared this model to non-patterned 3D constructs as well
as 2D cell cultures, with and without patterns. Here, two different cell models (either
a co-culture of H9c2 and fibroblasts or neonatal cardiac cells) were involved. Beyond
alignment, we assessed the functionality of our proposed 3D model by comparing beating
rates of the aligned and non-aligned structures. Finally, to evaluate the practicality of
the model, the detachability and alignment stability of the 3D aligned structures were
demonstrated. These evaluations are critical for use of our 3D functional model in future
investigations relating to drug screening, building blocks for tissue engineering, or by
applying microfluidic systems in heart-on-chip designs.

2. Materials and Methods
2.1. Microfabricated Grooves for Cell Alignment

A specific mold was used to generate specific patterns in the hydrogel structure.
The preparation of this mold included the design and fabrication of various silicon (Si)
wafers, each with uniform microfabricated grooves of different dimensions. Figure 1A
illustrates the main steps of the silicon wafer etching. Direct laser photolithography
followed by deep silicon etching with the standard Bosch process was employed at the
Center of Micronanotechnology (CMi) at Ecole Polytechnique Fédérale de Lausanne (EPFL).
Six squared channels featuring different sizes were produced/manufactured (channel
size × spacing: 100 µm × 100 µm, 150 µm × 150 µm, 200 µm × 200 µm, 250 µm × 250 µm,
300 µm × 300 µm, and 350 µm × 350 µm, with 1 cm length) on each single-sided 100 mm
Si wafer. After wafer fabrication, salinization was conducted/performed by exposing the
wafer to trimethylsilyl chloride (TMCS) vapors under a chemical hood. Scanning electron
microscopy (SEM) was employed to image the grooves fabricated according to predefined
dimensions (Figure 1C). These structured wafers were used to produce the patterned
PDMS substrate. Firstly, Sylgard 184 silicone base and Sylgard curing agent (Dow Corning,
Horgen, Switzerland) were prepared with the ratio of 10:1, mixed for 1 min at 2000 rpm,
degassed for 2 min at 2200 rpm, and then poured onto the silicon wafer, followed by an
additional degassing step. PDMS curing was undertaken at 80 ◦C for two hours, after
which the wafer was removed. Afterwards, the PDMS was exposed to oxygen plasma with
100 W power for 60 s to render the surface hydrophilic, before use. Microfabricated grooves
successfully employed in accurate determination of cell alignment.

2.2. Hydrogel Preparation

A dECM-fibrin hydrogel developed in our laboratory [29] was used as the 3D structure
for the cells. The hydrogel, which provides a suitable mechanical and biological environ-
ment, was obtained by mixing decellularized extracellular matrix (dECM) and fibrinogen
(Sigma, F3879, Buchs, Switzerland) at a final concentration of 5 mg/mL and 26.4 mg/mL,
respectively. Gelation occurred by adding Thrombin (Sigma, T1063, 250 U/mL, Buchs,
Switzerland) and calcium chloride to the pre-gel solution. The mechanical properties of
the hydrogel reflected the range of native cardiac tissue (approx. 20 kPa). Furthermore,
the hydrogel can be deployed in investigations of several biological functions such as
differentiation, beating rate, and synchronicity in vitro.
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Figure 1. The process of chip fabrication and schematic of the work. (A) the main steps of groove
microfabrication. (B) Etched silicon wafer for fabricating the microgrooves. (C) SEM pictures of
microfabricated grooves patterned in silicon wafer. (D) schematic describing the alignment in 3D
cardiac model.

2.3. Cell Culture

Two cell models were employed. Firstly, the co-culture of H9c2 cells (a cell model
used as an alternative for cardiomyocytes) and NOR-10 (fibroblast) cells were used to
demonstrate the principle of cell alignment in 3D structures. Secondly, neonatal cardiac
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cells were involved to investigate the behavior of the cardiomyocytes in terms of their
beating and synchronicity.

H9c2 cells, obtained from the European Collection of Authenticated Cell Cultures
(ECACC) (Lot# 17A028), were cultivated in Dulbecco’s Modified Eagle Medium (DMEM)
(Thermofisher, cat# 41965) supplemented with 10% fetal bovine serum and 1% penicillin
and streptomycin in 75 cm2 tissue culture flasks at 37 ◦C and 5% CO2 in humidified
atmosphere. Cells were passaged before reaching 70–80% confluency to avoid loss of
differentiation potential [30]. NOR-10 (ECACC 90112701) cells were obtained from the
European Collection of Authenticated Cell Cultures. The cells were cultured in DMEM
medium supplemented with 10% fetal bovine serum and 1% penicillin and streptomycin
in 75 cm2 tissue culture flasks at 37 ◦C and 5% CO2 in an incubator. Splitting occurred
before cells reached 70–80% confluency according to the supplier’s notice [31]. For our
first cell model, we used co-cultures with a seeding ratio of 30% H9c2 and 70% Nor-10
fibroblasts, inspired by the native fraction of cardiomyocytes in the heart. The second cell
model relied on primary rat neonatal cardiomyocytes, which were isolated from Winstar
neonatal (P1) rat hearts using the Pierce Primary Cardiomyocyte Isolation Kit, according to
the manufacturer’s instructions [32]. Organ harvesting was performed on sacrificed control
animals from unrelated experiments, according to license VD 3290.

2.4. Cell Seeding on PDMS (2D) and in 3D Hydrogel

To demonstrate the advantage of 3D vs. 2D cultures on cell alignment and functionality,
cells were cultured on the grooved PDMS substrate with hydrogel (3D) and without
hydrogel (2D) (Figure 2). For the 2D culture, the cell suspension in medium was directly
poured/cast onto the plasma-treated microstructured PDMS substrate with initial cell
density of 2.5 × 105 cells per cm2, followed by direct cell attachment and spreading. For
the 3D culture with hydrogel, cells were first mixed with pre-gel with an initial density
of 106 cells per mL, followed by the addition of thrombin and calcium chloride to induce
gelation. 200 µL cell suspension in pre-gel was then immediately poured onto the PDMS
substrate until solidified and patterned hydrogel was achieved. Given the rapid gelling
time (<2 min), the cells remained suspended in the viscous gel until solidification. The flat
PDMS substrates were used as controls for both 2D and 3D conditions. The experiment
was applied to both cell models (the co-culture of H9c2 cells with fibroblasts, and neonatal
cardiac cells). Samples were incubated at 37 ◦C, 5% CO2, and medium were changed every
two days. The samples were analyzed after 7 days in culture.

2.5. Staining and 3D Imaging

Prior to staining, the H9c2 and NOR-10 cell samples were fixed with 4% paraformalde-
hyde (PFA) for 20 min at room temperature. Then, 0.1% TritonX-100 was added for 30 min
at room temperature to permeabilize the cells. Actin filaments were stained by incubating
the cells with phalloidin-Atto 488 (1:50) for 45 min at 4 ◦C. Finally, the phalloidin was
removed, washed, and replaced with DAPI (1:2000) for 5 min, for labeling the nuclei. The
DAPI was washed with phosphate buffered saline (PBS) (Gibco 2062235) before imaging the
cells under a ZEISS LSM 700 inverted confocal microscope following the pattern indicated
in Figure 2.

2.6. Cell Orientation

The quantitative analysis of H9c2 and NOR-10 cell alignment was achieved on a
selection of different stacks of confocal images with various heights of up to 350 µm from
the bottom of the groove. The maximum distance of the cell alignment in the 3D hydrogel
was calculated, and the impact of inner corner contact on the alignment was also assessed
using OrientationJ plugin in ImageJ software; three regions of interest (ROI) in each stack
with an area of 100 µm × 100 µm close to each wall and in the middle of the stack were
identified (Figure 3A). Each experiment was repeated three times. The analysis of results
corresponded to the index of orientation. The orientation index is a measure of the degree



Cells 2023, 12, 576 6 of 15

to which the long axis of a cell is aligned with a particular direction or orientation. The
orientation index can thus be used to quantify the degree of alignment of cells in our 3D
model. To calculate the orientation index, one typically measures the angle between the
long axis of a cell and a reference direction. This angle is then divided by 180 degrees to
give a value between 0 and 1. A value of 0 indicates that the cell is oriented perpendicular
to the reference direction, while a value of 1 indicates that the cell is oriented parallel to
the reference direction. The maximum value of the orientation index is 1, and cells were
considered aligned if the index was ≥0.5 (value). Therefore, the orientation of the cells,
over given distances, could be quantified with high precision.
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Figure 2. Confocal imaging of cell alignment using microfabricated grooves. (A) cells cultured on
patterned PDMS molds without hydrogel, creating the 2D stripes. (B) cells encapsulated in the
dECM-fibrin hydrogel and cultured in patterned PDMS molds in 3D. Cell alignment is observed in
all cases, regardless of the structure dimensions, in both 2D and 3D. The red dashed line indicates the
confocal image stack. Green: Phalloidin, Blue: DAPI.
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Figure 3. The calculation of the distance of alignment. (A) the contact guidance of the corners to
improve the cell alignment in a groove. The region of interest (ROI) in a stack of confocal image
for measuring the alignment in the cells. Measurements are repeated for several heights. ROI area
100 × 100 µm. Positions: 1 and 2 = near the wall, 3 = center of the groove, 4, 5 and 6 = repeat of
analysis in proximal position in the groove. (B) the measurement of cell alignment in relation to the
distance from the groove’s corner in a groove with 350 µm by 350 µm dimensions. The cell alignment
in different height from the bottom of the groove. Two-way ANOVA shows no significant difference
in the alignment. (C) the orientation index in different distance from the inner corner of the groove.
Maximum distance from the corner in this case is 391 µm. (D) the contact guidance of the corner in a
groove with infinite width. The middle confocal stack of H9c2 cells in co-culture with fibroblasts in 3D
dECM-fibrin hydrogel, DAPI staining. The cells are restricted on one side. The height of the groove is
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350 µm and the width is 2 mm which can be considered as infinite. (E) the measurement of cell
alignment in relation to the distance from the groove’s corner in a single edge configuration. The
cell alignment in different height from the bottom of the groove. Two-way ANOVA analysis shows
significant impact on distance from bottom and wall corner in the groove with infinite width. (F) the
orientation index at different distances from the inner corner of the groove. Maximum distance
with the orientation of the cells is around 250–300 µm from the inner corner. Scale bar: 200 µm.
** = p ≤ 0.01.

2.7. Beating Characteristics

To investigate the beating characteristics of cardiomyocytes in 3D cultures with and
without patterning, neonatal cardiac cells were cultured at a cell density of 106 cells/mL in
pre-gel mixtures of dECM-fibrin on patterned and non-patterned substrates. Synchrony
and onset of beating was judged visually on a per-well basis.

2.8. Statistical Analysis

The data was compared using an unpaired t-test (two-tailed, equal variances) and
two-way ANOVA test with multiple comparison, and one-way ANOVA test with multiple
comparison in the GraphPad software. Error bars represent the mean ± standard deviation
(SD) of the measurements (* p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001).

3. Results
3.1. 3D and 2D Cultures Show Preferential Alignment and Present Elongated Aspect Regardless of
Groove Dimension

Confocal images of the 3D cells cultured inside the hydrogel were acquired and the
orientation of the cells in different stacks was observed. Figure 2 pictures the experimental
flow aiming to align the cells and the confocal images of the cell alignment in 2D and 3D
cell cultures on patterned PDMS chips. Both the 2D and 3D cell cultures, regardless of
the groove dimensions, presented an elongated aspect and showed preferential alignment
in accordance to the grooves’ direction, as expected [3,33–35]. Our analyses show that
cells are aligned in the designed pattern in the hydrogel. This orientation propagates to
the cells that are not in the direct vicinity with the corners in 2D, and to the bulk of the
hydrogel in 3D culture. According to this section, the alignment of the cells in 2D and 3D is
qualitatively confirmed, regardless of the groove dimensions. Therefore, the cell alignment
is encouraged by the corner of the wall.

3.2. The Cell Alignment Propagates in the Grooves Thank to the Contact Guidance

Several stacks of confocal images were used to quantitatively assess cell orientation and
propagation away from the microstructured surface. Figure S2 presents the middle stack of
the 3D structure and the orientation of the cells, which is in the same orientation in all stacks.
In the patterned hydrogel, the cells align even if they are not directly in contact with the
aligning microstructures. The alignment propagates into the bulk region of the hydrogel.
Cell alignment is also reflected in the shape of nuclei, as the nuclei appear pulled and
elongated in the direction of the microgrooves. The relationships between cell alignment
and intracellular structure and organization are consistent with previous observations [36].

Secondly, although cellular alignment propagates away from the PDMS microstruc-
tures, this propagation effect is limited. We quantified the orientation index (1 = fully
aligned, 0 = unordered) in confocal images at different heights from the bottom of the
grooves (Figure 3A) and also in single steps (Figure 3D) to determine propagation efficiency.
At all heights investigated in the grooves 350 µm × 350 µm, orientation is relatively well
maintained (no significant differences in Figure 3B). Using a groove of 350 µm × 350 µm
dimensions (Figure 3C), we calculated the distance from the inner corner versus the ori-
entation index. The distance from the inner corner is identical at 50 µm and 300 µm. For
better understanding, it is depicted differently in the figure. Hence, the maximum distance
from the corner is 391 µm (350 µm from the bottom and 175 µm from the side). The
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lowest orientation index and the maximum distance from the corner (391 µm) can be found
for the middle region of interest (ROI) of the 350 µm stack. The interaction p-value in
two-way ANOVA analysis is 0.97 which indicates no significant difference between the
overall behavior in each group. In light of this, the calculated P-value for row factor and
column factor (0.52 and 0.4, respectively) showed no significant difference in orientation
index for different distances from the bottom of the groove or the wall corner. Altogether,
the measurements demonstrate our capability of aligning cells in 3D structures up to
350 × 350 µm.

We manufactured a groove with a width large enough (2 mm) to be considered
as unlimited in one side (Figure 3D) in order to investigate the maximum distance of
alignment propagation in 3D hydrogel. Hence, the cells in 3D hydrogels in this structure
were just restricted to one side. Figure 3E shows the distance from the inner corner
in each confocal stack. The results indicate that an increase in distance from the side
wall as well as the bottom of the groove is associated with a gradual decrease of cell
orientation. Two-way ANOVA analysis indicated a significant difference between row and
column factors (Interaction p-value = 0.18, Row factor p-value < 0.0001, and Column factor
p-value < 0.0001). This suggests a strong influence of distance on the alignment structures.

We calculated the distance of each ROI from the inner corner using the vertical and
horizontal distance of each ROI to prove the impact of distance from the inner corner on
cell alignment at larger distances. This was plotted against the orientation index. Figure 3F
illustrates that cell orientation can be maintained up to 380 µm distance from the inner
corner of the wall. The alignment of cells significantly decreases at distances larger than
380 µm (p = 0.0038).

Contact guidance appears to be sensed from both sides of grooves measuring
350 µm × 350 µm with cells constrained between two close walls. This leads to an extension
of the orientation, up to 500 µm distance. As the 350 × 350 µm grooves provide highly
aligned 3D cell structures with a diameter comparable to trabeculae carneae, this model was
used to further investigate the stability of the molded hydrogel and beating characteristics
revealed by the cells in the model.

3.3. 3D Patterned Hydrogel Aids a Reliable Measurement of Beating

In order to delineate the beating characteristics in our experimental setting, we com-
pared the beating rate of the neonatal cardiac cells in the patterned hydrogel with the
random distribution sample without any pattern. As described in Section 2.7, the beating
rate of the cells in both models, with and without patterns, were measured every day
for each sample (four replication for each group). Figure 4 displays the alignment of the
neonatal cardiac cells in the microgrooves (Figure 4A) and the comparison of beating rate in
patterned and non-patterned hydrogel (Figure 4B). The results showed that the frequency
of the beating significantly changed from day three between the cells in patterned hydrogel
sample and the cells with random distribution in the hydrogel. In both groups, the beating
rate was within the range of the physiological beating rate of rat heart. However, the 3D
patterned hydrogel was able to maintain beating for a longer period in comparison to the
non-patterned sample. The contractility in non-patterned samples lasted for approximately
10 days with the gradual loss of the beating rate from day five. In the patterned sample, the
beating faded away through day 14 and it maintained physiological beating until day 10.

3.4. Successful Detachability and Stability of the Hydrogel from the PDMS Substrate

Having succeeded in designing the aligned structure, we interrogated the possibility
of peeling off the cell-laden hydrogel to reveal a free-standing structure. As shown in
Figure 5, the dimensions of this structure can be modified based on the application. To
investigate these features, the cardiac cells were cultured in the 3D patterned hydrogel
(Figure 5A). Upon removing the hydrogel, we were able to successfully not only handle the
sample but also have a stabilized patterned structure (Figure 5B). Furthermore, cells could
be successfully cultured in 3D hydrogels, even in the absence of a PDMS support mold
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for seven days after detaching from the patterned surface (Figure 5C). Last but not least,
the confocal imaging of the stained cells visually shows that alignment achieved using
microstrutured PDMS grooves can be maintained in the free-standing hydrogel for at least
seven days following removal from the PDMS substrate.
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4. Discussion

In this work, we were able to design and develop an in vitro 3D cardiac model which
accurately addresses the dimension and alignment features of native trabeculae carneae
structures. We were able to create a functional unit using simple surface hydrogel patterning.
The size of the model measured 350 µm × 350 µm × 1 cm in length, which corresponds
to the size range of trabeculae carneae. In principle, a groove size of more than 350 µm is
less relevant because of the deprivation of nutrients and oxygen for larger structures in the
absence of microvasculature [31]. While our study specifically examines the similarities in
dimensions and cell alignment to the trabeculae carneae structure in the heart, the model
we present can be applied to other cell models as well. The main goal is to showcase the
alignment and propagation of cell orientation in a 3D setting.

In this specific study, we chose to use H9C2 cells as an example of a well-established
in vitro cardiac model for drug screening, which has the ability to differentiate towards
a cardiac phenotype. The reason for using H9C2 cells in this study is to demonstrate the
concept of alignment and investigate the maximum distance of alignment, which are the
main focus of the paper. H9C2 cells are a useful model, as they are easy to work with and
can provide useful insights into the engineering concept. However, when it comes to the
functional aspect of the model, we have used neonatal cardiac cells as well, to confirm that
the model can improve the functionality of real cardiac cells.

Our examination of cell cytoskeleton morphology by staining the actin filaments of the
cardiac cells not only confirmed that cell alignment is not an artifact due to topographical
restrictions, but also originates from the cellular response to the guidance. Several studies
indicated that cellular orientation leads to long actomyosin bundle formation [37]. F-
actin filaments staining of the cardiac cells in the patterned structures (2D and 3D) shows
that actomyosin fibers are aligned in the direction of the microfabricated grooves. This
actomyosin fiber alignment has also been reported in patterned substrates with subcellular
dimensions and in which the spatial constraints are not the problem [38–40]. These findings
are further supported by nuclear elongation, which was comparable with those reported
by other studies showing the cell orientation in a wide range of widths and depths from
nano to micro dimensions [32,41–43]. We utilized the OrientationJ plugin in the ImageJ
software to accurately define the boundaries of the cells and nuclei, which enabled us
to quantitatively measure the orientation of the cells. Overall, this confirms a cellular
reorganization response due to contact guidance and propagation of the alignment in larger
distances. Our data indicates that the grooves’ inner corners are of particular importance in
cellular alignment. This provides a hint to the mechanisms involved. Cell orientation was
reported to be initiated with cellular sensing of edges of the microgrooves by filopodia [44].
Particularly for cells located in close vicinity to groove surfaces, the contact guidance
will cause alignment, as it is known that between surface topography and the remaining
general microenvironment, the topographical features have a greater influence on cell
alignment [45]. In a 2D setting, the locally aligned cells can serve as a guide for the
neighboring cells to induce/promote their alignment [46,47]. Although efficient over many
cell diameters, the process of alignment propagation eventually was reported to become
inefficient for wider channels (500–800 µm) [46,47]. Our study confirms a 3D orientation
process with a similar order of magnitude for the propagation distance, with highly efficient
alignment in 350 × 350 µm cross-section channels and progressive loss of orientation for
wider grooves. We think that minute cell orientation in the 3D hydrogel can be explained
by edge sensing of the cells located near the groove corners, propagating contact guidance
to the nearby cells, and, ultimately, the propagation of the alignment in the whole structure.

Cellular contact guidance, however, might not be the only mechanism involved in
myocardial cell alignment. Cells in native tissue perform mechanosensing, and cardiomy-
ocytes also perform mechano-electric feedback [48]. This means that cells can sense each
other remotely and control their microenvironment, and transfer the deformations through
the ECM. Such long-range effects might be particularly important when permitting hydro-
gel self-condensation as used in the preparation of macroscopic Engineered Heart Tissues
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(EHT) [26,27]. For local organization/structures up to around 400 µm, contact guidance
from suitable surface topography can conveniently be used to induce efficient cell align-
ment. When addressing size scales beyond, long-range mechanical forces and dynamic
ECM reorganization would become more important, imposing the specific constraints on
the mechanical work environment experienced by the cells [26,27].

To evaluate the functionality of our 3D in vitro model, we assessed the beating char-
acteristics of cultured neonatal cardiac cells. The neonatal cardiac cells became aligned to
the direction of the microgrooves. Their initial beating frequency was not altered and was
similar to the one in 3D random cell culture (200 bpm). Importantly, the beating lasted for
at least 14 days in aligned structures, which is a significant improvement over the results
from the non-patterned samples. These results are in line with several reports showing
longer retention of the beating function on patterned as compared with non patterned
samples [41,49,50]. Pacemaker channel density in vitro [49] and excitation wave propaga-
tion [51] affect the beating characteristics of cardiac cells. It can therefore be concluded
that the synchronization and contractility of cardiac cells in vitro are improved by aligning
the cells, in addition to the mechanical and physical properties of the hydrogel [29,52];
however, it remains unclear whether this occurs primarily through improved pacemaker
channel maintenance or improved propagation of action potentials.

Finally, to investigate the practicality of our model in different applications, such as
drug screening, tissue engineering, and heart-on-chip, it is desirable to be able to handle
the system without any external support while maintaining cell alignment in the structures.
This simplifies the system and makes it independent of the support material. Indeed, the
PDMS mold is incompatible with all but very hydrophilic drugs, and it will slowly absorb
and release lipophilic small molecules [53]. Further, we expect free-standing structures to
facilitate assembly to larger-scale structures, as well as more sophisticated heart-on-chip
devices. Altogether, a 3D free-standing structure of the cells is a huge step forward in the
construction of 3D heart models.

We would like to clarify that our model is similar to trabeculae carneae structures in
terms of cell alignment and dimensions. Our neonatal cardiac cells model is composed
of the same cell types as trabeculae carneae structures, as it is isolated from cardiac tissue
and comprises a pool of different cell types found in the myocardium. Additionally, our
hydrogel is composed of decellularized extracellular matrix and fibrin, which closely
mimics the natural environment of cardiac cells in native tissue. Therefore, our model
can be considered a relative model to the Trabeculae Carneae. However, it is important to
note that to validate the model in more detail, comparing the mechanical and electrical
properties of our model and native trabeculae carneae tissue is critical.

5. Conclusions

The aim of this paper was to develop a simple method for 3D cell alignment. We
showed that cardiac cells self-organized into a 3D aligned structure, without any external
force, when encapsulated in micropatterned dECM-fibrin hydrogels. This alignment is due
to the contact guidance of the inner corners of the grooves. Seeding cardiomyocytes in
grooves of dimensions between 100–350 µm in a 3D cell culture without any other interac-
tions during cell culture was sufficient to obtain highly aligned 3D cardiac cells. Using an
infinite groove, we investigated the maximum dimensions of cell alignment propagation,
which is up to 250–300 µm from a corner. In addition, the neonatal cardiac cells cultured in
this model showed long-term contractility maintenance, indicating that the functionality
of the structure had been maintained. The 3D constructs can be detached from the PDMS
surfaces, making them a suitable model for drug screening experiments. In this study, we
investigated the limitations of current models related to the three-dimensional alignment
of cells in hydrogels. Our focus was on utilizing H9c2 cells as a preliminary model to
demonstrate the feasibility of the concept. However, we suggest that the model could
potentially be applied to other cell types to create aligned tissues, such as muscle, nerve,
or tendon tissue. However, further investigation is necessary to fully validate the model
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by comparing its mechanical and electrical properties with those of the native trabeculae
carneae tissue. These limitations and potential avenues for future research should be taken
into consideration in future studies in this field. The model can be viewed as a recapitula-
tion of 3D aligned in vitro model, which is a basis for many bioengineering, biology, and
pharmaceutical studies, thus making it suitable for a wide range of applications, including
drug screening, tissue engineering, and heart-on-chip models.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/cells12040576/s1, Figure S1: Photograph of a pig heart
opened by a frontal incision illustrating trabeculae carneae; Figure S2: The confocal images of the
alignment measurement.
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