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In vivo tissues, including the cardiac, skeletal muscles, tendon and ligaments display characteristic
alignment property which is important for their mechanical property and functionality. Mimicking this
alignment property is critical to the realization of physiologically relevant cell sheets for potential
application in the regeneration of aligned in vivo tissues. In this study, we aimed to achieve fabrication of
aligned cell sheets by harnessing the ability of cells to sense and respond to geometrical cues in their
adhesion microenvironment. We demonstrate that macroscale cell alignment in cell sheets formed by
C2C12 cells, a mouse myoblast cell line, on adhesion limiting microstructured mesh scaffolds depends on
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R?;‘gﬁ;jﬁve medicine the shape of the scaffold microstructure. Specifically, while square meshes produced cell sheets with
Cell sheets random orientation, diamond meshes yielded anisotropic cell sheets with cells aligned uniaxially along

the major axis of the diamond shape. Moreover, alignment intensity was found to increase concomitantly
with the acuteness of the diamond shape, illustrating alignment dependency on mesh shape anisotropy.
Remarkably, myotubes derived from aligned C2C12 cells also displayed a similar alignment trend,
demonstrating the robustness of our approach. Taken together, the present study demonstrates the
potential to control macroscale cell alignment in self-organized cell sheets by tuning the shape of the
scaffold microstructure. Thus, insights from this study could be relevant to the design of instructive
scaffolds for fabricating aligned cell sheets for potential application not only in regenerative medicine,

but also in developing muscle constructs for toxicity assays.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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sheet application in the regeneration of these tissues, controlling
macroscale (global) cell alignment in cell sheets is highly necessary.
To this end, attempts have been made to fabricate anisotropic
(aligned) cell sheets using temperature-responsive polymers

1. Introduction

Cell sheets are tissue-engineered cellular constructs in the form
of intact confluent cell layers which are increasingly attracting

attention for their potential application in regenerative medicine
[1,2]. Indeed, past and ongoing animal and clinical studies have
demonstrated the potential application of cell sheets in regenera-
tive medicine targeting different tissues/organs, including the
cornea [3,4], articular cartilage [5] and myocardial tissues [6,7].
Thus, cell sheets are promising biomaterials for regenerative
medicine.

In vivo tissues such as the cardiac and skeletal muscles, tendons,
and ligaments display characteristic alignment which is important
for their mechanical property and functionality. Hence, for cell
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[8—10] integrated with the conventional techniques for controlling
cell alignment such as micropatterning and micro/nano grooves
[11—14]. For instance, Takahashi et al. [15,16] demonstrated fabri-
cation of aligned cell sheets of human skeletal muscle myoblasts on
a micropatterned thermoresponsive surface. In addition, cell
alignment has been induced in cell sheets by application of a me-
chanical stretch [17,18]. However, despite these attempts, control-
ling cell alignment in cell sheets remains challenging partly due to
the low mechanical strength and fragility of these biomaterials.
Thus, alternative approaches are highly desirable to achieve fabri-
cation of anisotropic cell sheets while maintaining the cell-cell
connection from which cell sheets derive their mechanical
strength.

Traditionally, scaffold-based approach has been applied in tissue
engineering majorly because scaffolds support initial cell growth
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and direct tissue formation, and confer mechanical strength to the
fragile tissues, allowing for better integration when implanted
in vivo. For cell sheets, which are themselves 2D cellular constructs,
2D culture systems are more compatible and offers a higher degree
of controllability. Indeed, 2D scaffolds and culture systems remain
relevant in tissue engineering [2,19], especially because they are
generally low cost, easy to image, relatively easy to design to con-
trol specific cell behaviors, such as differentiation and alignment.
Taking the scaffold-based approach, we have developed a cell sheet
fabrication technique (micromesh technique) which employs 2D
microstructured mesh substrates (micromesh scaffolds) with
characteristically large mesh size (characteristic aperture length
>100 um) and fine mesh lines (width ~5 um) [20]. By setting the
scaffolds suspended in the culture medium for cell seeding and
culture, cells on the mesh grow under the condition of highly
restricted cell-substrate interaction. In the previous studies, we
have demonstrated that this adhesion restriction entices cells to
self-organize naturally into cell sheets while relying majorly on
cell-cell adhesion [20—22]. Moreover, in a past preliminary study,
we reported that mesenchymal cells could exhibit alignment under
the micromesh culture [23], but the mechanism remained to be
clarified.

In this study, we sought to harness the ability of cells to sense
and respond to geometrical cues in their adhesion microenviron-
ment to achieve fabrication of aligned cell sheets using the
micromesh technique [20]. We focused on elucidating the influence
of scaffold microstructure, in particular mesh shape, on macroscale
cell alignment in cell sheets generated by this technique. For this
purpose, we fabricated microstructured 2D scaffolds with various
mesh shapes, and examined the emergence of alignment during
the self-organized cell sheet formation by C2C12 cells cultured on
the micromesh scaffolds. For simplicity, we focused on the diamond
shape and fabricated micromesh scaffolds with mesh shapes
ranging from a square shape to an acute diamond shape by
designing photomasks with diamond patterns of varying the acute
vertex angle (henceforth referred to as shape angle and denoted by
b).

Our results show that while scaffolds with square meshes
(shape angle ¢ = 90°) produced cell sheets with random orienta-
tion, those with diamond shapes (¢ < 90°) yielded cell sheets
exhibiting uniaxial cell alignment along the major axis of the dia-
mond shapes. Global cell alignment emerged in response to the
microscale mesh shape, with alignment intensity increasing
concomitantly with acuteness of the diamond shapes tested
(¢ =90°, 70°, 50°, 30°). In addition, we also show that myotubes
derived from aligned C2C12 cells on the diamond meshes could
retain similar alignment, illustrating robustness of our alignment
approach. Thus, we demonstrate the possibility to achieve macro-
scale alignment control in self-organized cell sheets simply by
tuning the shape of the scaffold microstructure. The findings of this
study will have important implications for the design of instructive
scaffolds meant for fabricating aligned cell sheets for potential
application in regenerative medicine.

2. Materials and methods

2.1. Fabrication of microstructured two-dimensional micromesh
scaffolds

Microstructured 2D micromesh scaffolds used in this study were
fabricated by standard photolithography using SU-8 (epoxy-based
negative photoresist), as reported previously [20,21]. Briefly,
photomask blanks were laser-patterned using a Laser Pattern
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Generator (Heiderberg Instruments, DWL2000, Germany) and
processed to generate photomasks with micromesh patterns of
different shape angles. Then, the photomasks were used to pattern
SU-8-2 layers (thickness ~2 um) spin-coated on 4-inch silicon wa-
fers to generate micromesh scaffolds as follows. First, SU-8-2 was
spin-coated at 2000 rpm on a silicon wafer precoated with a gelatin
sacrificial layer, then exposed to UV light via the patterned photo-
masks using a contact mask aligner (Mikasa, Japan). After devel-
opment in SU-8 developer (1-Methoxy-2-propanol acetate,
Microchem, Japan) with agitation for 3 min and rinsing in iso-
propanol for 1 min, the SU-8 patterns on wafer were laminated
with rigid adhesive tapes (Kapton tape, Nitto, USA) punched with a
center hole (¢ = 4 mm) to provide reinforcement after detachment
and for handling during cell culture. To ensure adhesion restriction
by avoiding cell interaction with the dish bottom during culture,
the 2D micromesh scaffolds were setup in a raised position at a
height of 0.5 mm from the dish bottom using silicone rubber
spacers. To facilitate cell attachment, fibronectin coating was per-
formed by placing a 100 pL droplet of 100 pg/mL fibronectin solu-
tion (Wako, Japan) in 1 x PBS (phosphate buffered saline) atop the
suspended scaffolds, followed by incubation for more than 60 min
inside an incubator.

To examine the effect of microstructure shape on cell alignment,
we fabricated and analyzed alignment on micromesh scaffolds with
shape angles ranging from ¢ = 90°—30°; with ¢ = 90° denoting a
square shape, and ¢ = 30° denoting the most acute diamond shape.
We performed most analysis using scaffolds with an aperture size
L = 200 um (taken as the length of the minor diagonal), and
additional validation experiments with L = 100 pm.

2.2. Cell seeding and culture on the micromesh scaffolds

C2C12 cells, a mouse myoblasts cell line, were mainly used in
this study. Unlabeled C2C12 cells were sourced from ATCC, and
GFP-tagged C2C12 cells [24] were sourced from RIKEN cell bank
(Japan). In a separate preliminary experiment, we tested alignment
using TIG-120 cells (Normal diploid fibroblast from human skin,
#JCRB054, RIKEN cell bank, Japan). These cells were expanded on
polystyrene dishes in high glucose Dulbecco's Modified Eagle Me-
dium (DMEM) containing 10% FBS (fetal bovine serum, Gibco) and
1% antibiotic-antimycotic (Sigma-Aldrich, Germany).

The 2D micromesh scaffolds were setup and seeded with cells
essentially as reported previously [20]. Briefly, dish-cultured cells at
70—80% confluency were dissociated with 0.25% trypsin, resus-
pended in a fresh culture medium (DMEM+10% FBS), and then
seeded on the fibronectin-coated micromesh scaffolds by placing a
100 pL droplet containing approximately 10° cells directly atop the
suspended scaffolds (effective mesh area 12.6 mm?). Then, the cell-
seeded scaffolds were transferred to an incubator and left unper-
turbed to allow for cell attachment. Fresh medium was added after
12 h, and culture was continued with medium exchange after every
3 days until cell sheet formation. For cell tracking and alignment
analysis, unlabeled and GFP-tagged C2C12 (GFP-C2C12) were
mixed at a ratio of 20:1 during seeding on the micromesh scaffolds.

2.3. Live cell imaging and F-actin labeling

To capture cell dynamics during the self-organized cell sheet
formation on the micromesh scaffolds, we performed timelapse
imaging using an all-in-one fluorescence microscope (Keyence,
Japan) equipped with an onstage incubator with an inline gas
mixture (Tokai Hit, Japan) which supplied 5% CO, during the
onstage culture. Imaging was performed right from day 1 of cell
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seeding on the scaffolds to day 7 when alignment was fully formed,
using 4 x , 10 x and 20 x phase contrast objective lenses, and
acquisition interval of 20 min.

To visualize filamentous actin (F-actin), cells were stained by
fixing with 4% paraformaldehyde for 15 min, followed by per-
meabilization with 0.5% triton-100 for 15 min. Alexa Fluor 488
Phalloidin (Invitrogen, USA) at a 1:400 dilution and DAPI (4’,6-
diamidino-2-phenylindole) at a1:1000 dilution in 1 x PBS were
used to stain F-actin and nuclei, respectively.

2.4. Analysis of cell alignment

Cell alignment was analyzed based on the acquired images of
GFP-C2C12 at day 7 of micromesh culture. The analysis was per-
formed using “Orientation J”, a plugin available publicly on Image ]
(NIH, USA) [25], using the following parameters: grid size; 30
pixels, local window ¢ = 2 pixels, gradient; cubic spline, vector
scale; 80%.

Alignment intensity, a measure of how well cells align in a
particular direction 6, was analyzed by computing the sum of vector
elements with orientation falling within 6 + 15° range, and then
expressed as a percentage of the total sum of all vector elements for
the entire image analyzed. Orientation angle, 6, was taken with
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respect to the horizontal direction (6 = 0° direction), which cor-
responded to the major axis of a diamond mesh. Alignment graphs
were presented as mean + sd (standard deviation). Statistical sig-
nificance was determined using student's t-test (p < 0.05) for each
experimental condition with a sample number of N = 5 or more.

3. Results

3.1. Self-organized cell sheet formation on adhesion-limiting
micromesh scaffolds

In this study, we fabricated microstructured micromesh scaf-
folds and used them to induce cell sheet formation as reported
previously [20]. To monitor the mesh closure process and the
resulting cell sheet formation, we performed timelapse microscopy
for a co-culture of unlabeled C2C12 and GFP-expressing C2C12
(GFP-C2C12) mixed before seeding at a ratio of 20:1, respectively,
on scaffolds with square (shape angle ¢ = 90°) and diamond
meshes (¢ = 70°), as illustrated in Fig. 1A and Fig. S1.

Despite the high porosity (>90%) of the micromesh scaffolds,
cells could successfully attach on the narrow mesh lines and could
be seen elongating along them by Day 1 (Fig. 1B and C, Day 1). Cells
adhered on the mesh lines began to proliferate and self-organize
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Prepare scaffolds Seed and culture in > Differentiation medium > Fix and

FN coating (1h) DMEM +10 % FBS DMEM + 2 % horse serum stain
Unlabeleq  Uniabeled : GFP=20:1 Adhered cells CeII Iayer Cell sheet
C2C12 ¥ m coNy, r-»@i p ﬁ{'a{‘u it
GFP- 0. 5¢ S o ? Q@U E> 3
c2c12 | @ ®®
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prior to seeding
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suspended micromesh
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Fig. 1. Self-organization and cell sheet formation on adhesion-limiting 2D micromesh scaffolds. A: Cell culture scheme and a schematic illustrating the self-organization processes
leading to cell sheet formation on the micromesh scaffolds. The scaffolds were set suspended at a height of 0.5 mm above the dish bottom. B—C: Timelapse images depicting the
self-organization of C2C12 cells on a square mesh versus a diamond mesh, and the resulting cell orientation in the cell sheets formed on the two micromesh scaffolds (right panel).
The fluorescent images on the right panel of B and C are for GFP-C2C12 cells at day 7. The yellow arrow in C indicates alignment direction. Scale bar: 100 pm.
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into a duck-foot-like cell layer around each mesh (Fig. 1, Day1). The
mesh filling process continued as each mesh became covered with
a layer of cells expanding from the mesh lines, and, by Day 3,
partially and fully covered meshes could be observed (Fig. 1B and C,
Day 3). Timelapse microscopy revealed rapid cell migration along
the mesh lines, with cells traversing several meshes at the initial
stages of self-organization, but cell movement declined and
became more localized with increasing cell density at the later
stages (Movie S1). By Day 5, nearly all meshes had been covered,
yielding a uniform cell layer over the entire micromesh scaffold
(Fig. 1B and C, Day 5).The time to cell sheet formation was nearly
the same for both the square and diamond meshes. It should be
noted that mesh size was a key factor influencing the retention of
cells on the scaffolds during seeding, and therefore determined the
speed of cell sheet formation. For the scaffolds with mesh size
L = 200 pm (aperture length), porosity was approximately 97.6%.
This implies that nearly this percentage of cells would fall off to the
dish bottom during seeding. Given that we seeded 500,000 cells on
the micromesh scaffold (¢ = 4 mm), we estimated that approxi-
mately 12,000 cells would remain on the mesh lines to proliferate,
undergo self-organization, and eventually form a cell sheet. Mesh
size (area) as factor of cell siz, and porosity are summarized in
Tables S1 and S2, respectively.Supplementary Movie 1: Timelapse
movie showing the dynamics of GFP-expressing C2C12 cells during
self-organized cell sheet formation on a diamond mesh.

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.mtadv.2021.100194.

Another notable observation during the cell sheet formation
process was the striking difference in the shape of the leading front
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of the expanding cell layer during the closure process. While the
leading front was visibly circular in the case of the square meshes
(Fig. 1B, Day 1, 2), this was largely oval and elongated in the major
axis in the case of diamond meshes (Fig. 1C, Day 1, 2). In the latter
case, cells migrating along the leading front of the enclosing cell
layer exhibited remarkable stretching along the major axis of the
diamond meshes (yellow arrows in Fig. S2, Movie S1), in a manner
suggestion mechanical edge tension analogous to that reported for
wound closure [26].

By Day 7, we could notice a clear difference in cell orientation
between the two mesh shapes (Fig. 1B and C, Day 7). While cell
sheets on square meshes exhibited random cell orientation
(Fig. 1B), those on diamond meshes displayed uniaxial cell align-
ment, both at the micro and global scale, with cells aligned
distinctively along the major axis of the diamond meshes (Fig. 1C).
In the latter case, alignment began to emerge around the time of
complete mesh filling at Day 5, and became increasingly pro-
nounced as compaction continued due to increasing cell density on
the formed cell sheets (Fig. 1C, Day 7). Nevertheless, as confirmed in
a separate experiment (Fig. S2B), alignment could still emerge even
at extremely low cell density on the diamond micromesh scaffolds
(Fig. S2B), with cells exhibiting a tendency to orient along the major
shape axis well before the mesh apertures were completely
covered. Consistent with the results in Fig. 1C, Day 7, alignment in
this case appeared more pronounced after complete cell sheet
formation, suggesting that alignment strength increased with
increasing cell density on the scaffolds. Importantly, the fact that
only diamond meshes, but not square meshes, could generate
aligned cell sheets with global alignment (Fig. 2) provided a hint

Fig. 2. Wide field view of cell alignment in cell sheets generated on the 2D micromesh scaffolds. A: Cell sheet formed on a square mesh scaffold exhibiting a random cell alignment.
B: Aligned cell sheet formed on a diamond mesh scaffold. Phase contrast images on the left panel show both unlabeled and GFP-C2C12 cells, while the fluorescent images on the
right panel show alignment of GFP-C2C12. White arrow indicates alignment direction. Scale bar is 500 pm.
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that the scaffold microstructure may influence cell alignment in cell
sheets. Prompted by this result, we sought to determine the effect
of microscale mesh shape on global cell alignment by assessing cell
alignment in response to varying mesh shape angle, ¢ (Fig. 2A).

3.2. Relationship between alignment intensity and mesh shape
anisotropy

To further establish the relationship between cell alignment and
microscale mesh shape, we fabricated and tested scaffolds with
varying mesh shapes; ranging from a regular square (¢ = 90°) to an
acute diamond shape (¢ = 50°), while keeping the characteristic
aperture length L constant (L = 200 pm). It should be noted that
changing the mesh shape angle resulted in a slight change in mesh
size, as illustrated in Fig. ST and Table S1. Quantitative analysis of
cell alignment corresponding to each shape angle was performed
based on the images of GFP-C2C12 at day 7 (Fig. 1B and C, right).
Alignment intensity was quantified along a given angular direction
specified with respect to the 6 = 0° direction, which was set cor-
responding to the major axis of the diamond shape, as depicted in
Fig. 3A. Alignment distribution graphs for mesh scaffolds with
shape angles ¢ = 90°, 70° and 50° are compared in Fig. 3B. For
square meshes (shape angle, ¢ = 90°), we found that alignment
intensity was uniformly distributed, a clear indication of a random
orientation. In contrast, for diamond meshes (¢ = 70° and 50°),
alignment was predominantly within —30°< 6 < 30° range with
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respect to the major shape axis (6 = 0°), which implies uniaxial
alignment in the 6 = 0° direction (Fig. 3B).

Remarkably, alignment intensity in the 6 = 0° direction
increased markedly with decreasing shape angle ¢ (Fig. 3C), an
indication of sensitivity to the acuteness of the diamond shape
(shape anisotropy). Indeed, compared with alignment intensity of
about 17% for square meshes (¢ = 90°), acute diamond meshes
(¢ = 50°) yielded an alignment intensity of over 80%, indicating
that mesh shape exerts considerable influence on alignment.
Consistently, a confirmatory experiment performed using diamond
meshes with a characteristic aperture length of L = 100 um pro-
duced similar results (Fig. S3). In this case, alignment intensity for a
diamond mesh with ¢ = 30° was found to be significantly higher
than for ¢ = 70° (Fig. S3). Additional validation experiments per-
formed using TIG-120 cells (normal diploid fibroblast from human
skin) further confirmed alignment dependency on mesh shape
anisotropy, with cells showing uniaxial alignment on scaffolds with
diamond meshes and 30°-triangular meshes but not on square
meshes and 50°-triangular meshes (Fig. S4). Collectively, these re-
sults demonstrated that cell alignment in the self-organized cell
sheets emerged in response to mesh shape anisotropy.

Since the focus of this study was to determine the effect of mesh
shape (pore shape) on alignment, we chose to examine alignment
in response to mesh shape changes while keeping the aperture
length L constant (L = 200 pm or L = 100 um). Nevertheless, it
should be mentioned that mesh size was a key factor influencing
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Fig. 3. Quantitative analysis of cell alignment with respect to mesh shape. A: Image of a diamond mesh and a schematic defining shape dimensions and symbols. B: Distribution of
alignment intensity with orientation angle for the different mesh shapes investigated (represented by shape angle ). C: Relationship between alignment intensity and mesh shape.
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retention of cells on the scaffolds during seeding, and therefore
determined the speed of cell sheet formation. For instance, for large
size meshes (L > 200 pm), the duration to cell sheet formation took
longer since fewer cells would remain on the mesh surface
compared with small size meshes (L < 100 pm). In separate other
studies (unpublished data), we have tested different mesh sizes
ranging from L = 30 pum—300 pm and found that for extremely large
mesh size, for instance L = 300 pum, the duration to cell sheet for-
mation was too long (over 14 days) and the emerging alignment
tended to be weaker compared with mesh sizes below L = 200 pm.
Conversely, mesh sizes below 100 pm would yield cell sheets
rapidly (in less than 3 days, but with disturbed alignment. Hence, a
mesh size range of L = 100—200 pum was chosen as the optimal
range for evaluating alignment response in relation to mesh shape.

Since the actin cytoskeleton provides the mechanical frame-
work to support cell bridging during mesh closure and cell sheet
formation, we next sought to determine F-actin alignment in the
self-organized cell sheets. Staining results revealed a uniformly
spread F-actin meshwork, with actin fibers traversing the mesh
apertures (Fig. 4). Whereas F-actin fibers in cell sheets on square
meshes (¢ = 90°) appeared disorganized and randomly oriented
(Fig. 4A), consistent with the random cell orientation on these
scaffolds (Fig. 1B and C, Day 7), the diamond meshes (¢ = 70° and
50°) exhibited uniaxially aligned F-actin fibers, with alignment
conforming to the major shape axis (Fig. 4C and D).

Taken together, these results confirmed the dependency of

Phase contrast DAPI
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global cell alignment on microscale mesh shape, with alignment
showing sensitivity to mesh shape anisotropy. This is consistent
with previous studies demonstrating the influence of anisotropic
topographical cues on cell alignment [27,28].

3.3. Myotubes derived from aligned C2C12 cells exhibit similar
alignment trend

To verify if alignment could be maintained even after myotube
formation, we switched to a differentiation medium consisting of
DMEM supplemented with 1% horse serum from Day 7. Myotubes
started to appear after 3 days of differentiation induction, and
continued to increase in number as well as length with time.
Noticeably long myotubes could be observed after 6 days of dif-
ferentiation induction (Fig. 5A, ¢ = 70°).

As shown in Fig. 5B, scaffolds with square meshes generated
randomly oriented myotubes, consistent with the orientation of
C2C12 on this mesh pattern. In contrast, myotubes on scaffolds with
diamond meshes appeared to be more aligned (Fig. 5A, C), and were
visibly elongated along the major axis of the diamond shape, which
conformed to the orientation of C2C12 cells prior to differentiation
induction. This would suggest that myotubes formed from aligned
C2C12 are able to retain the alignment property of their precursors.
Immunostaining for a-actinin (Fig. 5B and C), however, did not
reveal any noticeable sarcomere formation, neither did we observe
contraction, implying that the myotubes derived on mesh were still

Phalloidin

Fig. 4. F-actin alignment in self-organized cell sheets generated using micromesh scaffolds with varying mesh shapes. A—C: Comparison of F-actin alignment in C2C12 cell sheets
fabricated using micromesh scaffolds with different mesh shapes (¢ = 90°, 70° and 50°). Diamond meshes (¢ = 70° and 50°) exhibited alignment in the major axis, which appeared
to be more pronounced with decreasing . White arrows in B and C indicate alignment direction. Scale bar: 100 pm.
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Fig. 5. Orientation of myotubes formed by the sheet-forming C2C12 cells following differentiation induction. A: Images depicting myotube formation and alignment on a diamond
mesh at different days post differentiation induction. B: Fluorescent images showing randomly oriented myotubes on a square mesh. C: Fluorescent images of aligned myotubes on a
diamond mesh. Comparatively, myotubes formed on a diamond mesh appeared to be more aligned than those on a square mesh, with alignment conforming to the major shape

axis. Scale bar is 100 pm.

immature at Day 14, the time when fixation was performed.
Remarkably, myotubes formed on mesh were morphologically
similar to those derived from dish-cultured C2C12, and, as ex-
pected, the orientation of myotubes on dish was random, unlike on
the diamond mesh (Fig. S5A, B).

Taken together, the results demonstrate that the global align-
ment property induced by the microscale mesh shape could be
preserved even after myotube formation, hinting at the possibility
of obtaining orientated myotube sheets from the aligned C2C12 cell
sheets.

4. Discussions

Cell alignment is critical to various cell functions both in vivo
and in vitro, including cytoskeleton reorganization, membrane
protein relocation, nucleus gene expression, and ECM remodeling
[29]. For instance, spatial orientation of cells contributes to pattern
formation during embryogenesis [29], and plays critical roles in the
maturation of neurons [30]. In vivo tissues, including skeletal
muscles and cardiac tissues, display characteristic straited
morphology owing to the unidirectional alignment of their cells.
This property is important for coordinated generation of contractile
forces by these tissues. Hence, alignment is an important consid-
eration when fabricating cell sheets for application in the regen-
eration of such orientated tissues.

In this study, we have demonstrated macroscale control of cell
alignment in self-organized C2C12 cell sheets by tuning the
microscale geometry of 2D microstructured mesh scaffolds. By
designing micromesh scaffolds with diamond shapes of varying
acuteness (achieved by changing the shape angle from ¢ = 90°~50°,
for L = 200 um), we have found that alignment intensity increased
with increasing acuteness of the diamond shape (Fig. 3C), implying
that cell alignment on the 2D micromesh scaffolds could be sen-
sitive to mesh shape anisotropy. This alignment response demon-
strates that C2C12 cells could sense and respond to geometrical
cues provided by the scaffold microstructure, which define their
adhesion microenvironment. Indeed, cells are known to sense their
mechanical environment through cell-substrate and cell-cell
adhesion, and to respond to the geometrical as well as physical
boundary conditions [31]. Adhesion proteins such as integrins and
cadherins on the cell exterior are known to sense the physical
adhesion microenvironment and to mediate a mechanoresponse
via the actin cytoskeleton such that cells are able to respond to both
geometrical and mechanical cues in their adhesion microenviron-
ment [32,33].

In a past study using human dermal fibroblasts, Costa et al. [34]
found that cells aligned parallel to free edges in partially con-
strained thin gels, but randomly and independently of geometry in
fully constrained gel. Based on their findings, they proposed that
rather than align along the local direction of greatest tension, cells
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orient parallel to the local free boundary [34]. More recently, using
an in vitro collagen matrix system that exerts a uniaxially-fixed
mechanical boundary condition, Kim et al. demonstrated that
mouse osteoblast-like MC3T3-E1 cells could be evoked to align
along the uniaxial boundary condition [35]. These studies have
demonstrated cell alignment as a mechanoresponse dictated by the
macroscale mechanical conditions of the culture substrate. In the
same context, and in light of the fact that the microstructure (mesh
shape) defines the global mechanical property (mechanical
isotropic or anisotropic) of the micromesh scaffolds, the increase in
alignment intensity with acuteness of the diamond meshes may be
interpreted as evidence of cells sensing the global mechanical
anisotropy that results from the microscale geometry of the scaffold
microstructure.

While support for 3D scaffolds and culture systems has grown
steadily over recent years [36,37], especially for cancer and other
studies which require mimicking the in-vivo microenvironment for
more accurate results [38], in tissue engineering, 2D culture sys-
tems remain a platform of choice for mass cell culture because they
are generally low cost, easy to image, relatively easy to design to
control cell behavior, among other advantages. For cell sheets,
which are themselves 2D cellular constructs, 2D scaffolds and
culture systems are more compatible and offers a higher degree of
controllability. Indeed, we have not only succeeded in demon-
strating that the 2D micromesh scaffolds can induce self-organized
cell sheet formation mediated by cell-cell adhesion, but also shown
that by modulating the mesh shape (pore shape), we can control
macroscale alignment as a cellular response to the scaffold micro-
structure. It is worth mentioning that our culture system employing
the 2D micromesh scaffolds is a hybrid of 2D and 3D culture sys-
tems in the sense that the adhesion restriction to which cells are
exposed entices them to undergo self-organization while relying
majorly on cell-cell interaction, as would occur in 3D culture
systems.

Furthermore, our approach offers additional advantages
compared with existing methods that hitherto have been used to
induce cell alignment in cell sheets, such as microcontact printing
[39] and mechanical stretch [18,40]. As demonstrated in this study,
alignment on the 2D micromesh scaffolds emerges from the cell-
material interaction as a natural response to the scaffold micro-
structure. In other words, this provides an approach to control cell
alignment in cell sheets without the need to apply mechanical
stretch to the fragile sheets, or perform complex micropatterning
procedures. Moreover, the mesh scaffolds help to contribute to the
mechanical strength of the cell sheets, which makes handling
easier. Nevertheless, one notable limitation of our approach is that
to some extent, alignment depends on cell type, with cells of
mesenchymal origin, such as C2C12 cells and TIG-120 (Fig. S4)
showing better alignment performance compared with epithelial
cells. Remarkably, the latter did not yield notable alignment even
on the diamond meshes (data not shown). We postulate that
mesenchymal cells may perform better on the micromesh scaffold
due to their polarized spindle-like shape and strongly adherent
property.

Mechanistically, the emergence of alignment on suspended
scaffolds under restricted adhesion condition provides a novel
platform to investigate alignment as a mechanoresponse mediated
by cell-cell adhesion, in addition to the widely investigated cell-
substrate adhesion [40—42]. This aspect remains to be explored
further in our future studies.

5. Conclusion

In the present study, we aimed to clarify the influence of scaffold
microstructure on macroscale cell alignment in self-organized cell
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sheets generated using adhesion-limiting micromesh scaffolds. We
found that whereas diamond meshes produced cell sheets with a
characteristic uniaxial alignment in the direction of the major
shape axis, square meshes on the other hand yielded cell sheets
with random orientation, demonstrating that the shape of the
scaffold microstructure exerts considerable influence on cell
alignment. Moreover, alignment intensity on the diamond meshes
was found to increase concomitantly with the acuteness of the
diamond shape, implying sensitivity to mesh shape anisotropy. We
further confirmed that myotubes derived from aligned C2C12 cells
could also exhibit similar alignment. Collectively, our results
demonstrate that tuning the microscale geometry of a scaffold can
induce macroscale cell alignment in self-organized cell sheets. In-
sights from this study would be relevant to the design of instructive
scaffolds for generating aligned cell sheets with potential applica-
tion in the regeneration of aligned tissues, including cardiac tissues,
skeletal muscles, tendons, and ligaments. Future work will explore
the molecular mechanisms underlying the geometry mechano-
sensing exhibited by C2C12 cells in this study.
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