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ABSTRACT

The propensity of cells to align in particular directions is relevant to a number of areas, including tissue
engineering and biohybrid robotics. Cell alignment is modulated through various extracellular conditions
including surface topographies, mechanical cues from cell-matrix interactions, and cell-cell interactions.
Understanding of these conditions provides guidance for desirable cellular structure constructions. In this
study, we examine the roles of surface topographies and cell-cell interactions in inducing cell alignment.
We employed wavy surface topographies at the nanometer scale as a model extracellular environment
for cell culture. The results show that, within a certain range of wavelengths and amplitudes of the sur-
face topographies, cell alignment is dependent on cell confluency. This dependence on both topology and
confluency suggests interplay between cell-cell and cell-matrix interactions in inducing cell alignment.
Images of sparsely distributed and confluent cells also demonstrated clear differences in the structures of
their focal adhesion complexes. To understand this effect, we introduced anti-N-cadherin to cell culture
to inhibit cell-cell interactions. The results show that, when anti-N-cadherin was applied, cells on wavy
surfaces required greater confluency to achieve the same alignment compared to that in the absence of
anti-N-cadherin. The understanding of the cell alignment mechanisms will be important in numerous po-
tential applications such as scaffold design, tissue repair, and development of biohybrid robotic systems.

Statement of significance

Cell alignment plays a critical role in numerous biological functions. Advances in tissue engineering uti-

lizes cell alignment to restore, maintain, or even replace different types of biological tissues. The clinical

impact that tissue engineering has made is facilitated by advancements in the understanding of inter-

actions between scaffolds, biological factors, and cells. This work further elucidates the role of cell-cell
interactions in promoting the organization of biological tissues.

Crown Copyright © 2022 Published by Elsevier Ltd on behalf of Acta Materialia Inc.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Work in tissue engineering is frequently aimed at controlling
the alignment of cells in 2D or 3D cultures in vitro to recapitu-
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late microstructures of native tissues in vivo. Cell alignment plays a
critical role in numerous biological functions from the formation of
skeletal muscular tissue during embryonic development to main-
taining vascular health as an adult. Therefore, effective methods
to replicate biological functions in tissue engineering necessitates
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cell alignment. The clinical impact of cell alignment in tissue engi-
neering has been articulated in a diversity of physiological systems
from skin to heart to bone tissue [1-3]. At the intersection of cell
alignment in tissue engineering is cell-substrate interactions, cell-
cell interactions, and biological factors which are critical consider-
ations for the design of engineered biomaterials designed to inter-
face and integrate with tissues For example, Sawa et al. has treated
dilated cardiomyopathy in more than 40 patients by transplanting
tissue engineered myoblast sheets [4]. In their study, interactions
between cells and temperature-responsive substrates allowed for
the controlled release and transplant of a monolayers of cells di-
rectly onto failed myocardium. Cell-cell junctions maintained the
myoblast sheet integrity, and the biological factors between the
transplanted myoblast sheets and cardiomyocytes facilitated fibro-
sis, angiogenesis, and local recruitment of stem cells. The trans-
planted engineered myoblast sheets improved cardiac function suf-
ficiently to discontinue patient need of using left ventricular assist
systems.

Cell-substrate interactions facilitate cell alignment through fo-
cal adhesion the binding processes between cell transmembrane
molecules and the substrate. Cell adhesion can be enhanced by
extracellular matrix (ECM) absorption on the substrate surface re-
sulting in cell-matrix adhesions. In this study, we focus on cell-
matrix adhesion on fibronectin. One technique that can be used
to modulate cell alignment on substrates is the introduction of
anisotropy. Anisotropy has been used in various ways to induce
cell alignment such as in topographical arrangement of geometric
patterns, in stiffness gradients on scaffolds, and in the alignment
of ECM networks surrounding cells. These techniques can be uti-
lized in fabricating scaffolds on which cells grow into morpholo-
gies more closely resembling conditions in vivo [5-15]. Our work
is focused on anisotropic geometric patterns and its impact on cell
responses. In particular, we investigate the effects of surface wavi-
ness on alignment of elongated cells.

The synthesis of tissues in these and related fields requires a
fundamental understanding of the roles of ECM and mechanotrans-
duction, which are essential in the formation and functionalities
of engineered tissues. Such understanding requires comprehensive
studies of how cells interact with ECM either as individual cells or
collectively as cell constructs/micro-tissues [11].

The effects of anisotropic geometric patterns on cell-ECM sur-
face interactions have been investigated by controlling the sur-
faces to which cells adhered. For example, mouse skeletal muscle
cells (C2C12 cells), when seeded on sinusoidal surfaces with wave-
lengths ranging from sub-micrometer to micrometer scale, aligned
along the direction of the wavy patterns [12,16]. In a previous
study, Grigola et al. found that depending on the parameters of
the sinusoidal wave (wavelength, amplitude, curvature, etc.), cells
exhibited alignment either individually or after reaching a level of
confluency [17]. The study found that both cell-ECM interaction
and cell-cell interaction have a role in cell alignment in 2D culture
in vitro [17]. Furthermore, an alignment sensitivity parameter was
proposed to characterize sinusoidal wavy topographies that led to
cell-matrix interactions [17].

Cell alignment to topographical surface features is facilitated
by mechanotransduction. Mechanotransduction is the process by
which mechanical stimuli activate biochemical reactions and cel-
lular responses, leading to gene expression, protein synthesis, and
phenotypic change [18]. Mechanosensors and signal transduction
are integral mechanisms of mechanotransduction that influence
cell morphology and are affected by cell-matrix interactions [19-
22]. Mechanotransduction mechanisms for cell-matrix interactions
and cell-cell interactions are similar but distinct [23]. The strengths
of cell-matrix interaction and cell-cell interaction may be corre-
lated, either positively or negatively. Following the work of Grigola
et al. [17], the objective of the current study is to gain a more in-
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depth understanding of the roles of cell-matrix and cell-cell inter-
actions when sensing the geometric patterns of ECM surfaces.

To examine cell alignment in response to surface topography
and cell-cell interactions, we developed controlled surface topogra-
phies on biocompatible polydimethylsiloxane (PDMS). We cultured
cells on these nano-topographies to understand the effects of to-
pography on cell alignment. We also introduced polyclonal anti-
N-cadherin to inhibit cell-cell interactions to understand the im-
pact of cell-matrix interactions on cell alignment (Fig. 1). The ef-
fect of anti-N-cadherin was analyzed by comparing individual cell
morphology and cell motility on patterned scaffolds with or with-
out the anti-body. A sensitivity parameter was then implemented
to understand the changes in cell response on controlled scaffolds.
Furthermore, time lapse imaging allowed us to compare the impact
of time and confluency during cell alignment.

2. Materials and methods
2.1. Sinusoidal topography substrates

A regular standing-sinusoidal wave pattern across the entire
area for the cell culture was created (Fig. 2). While PDMS wrinkling
and soft lithography can be used to fabricate sinusoidal wave pat-
terns [24-26], in this work, surface topographies on PDMS (Sylgard
184, Dow Corning) were fabricated through casting using com-
mercially available holographic diffraction gratings. Holographic
diffraction gratings (Edmund Optics #43-775, #54-509, #40-267)
were used as templates for molding PDMS. PDMS was mixed at a
10:1 ratio, degassed, then a small drop was sandwiched between
an oxygen plasma cleaned glass coverslip and the template with
a weight on top, degassed again, cured at 60° overnight for plas-
tic templates or 37° overnight for glass templates, then the cover-
slip and template were gently separated leaving a thin PDMS layer
on the coverslip; PDMS samples made from glass templates were
further cured at 60° and flat PDMS samples were produced in a
similar manner by using the reverse side of the plastic templates.
Sinusoidal wavelengths and amplitudes were measured by atomic
force microscopy to be: A=2 pm with d~170 nm, A=1 pm with
d~130 nm, and A=0.56 pm with d~150 nm. Substrates were ster-
ilized with 70% ethanol for 30 min, exposed to UV germicidal light
for 1 hour in a biosafety cabinet, then incubated with 10 pg/ml
fibronectin (Corning 356,008) in PBS for 1 hour at 37° Following
this, the fibronectin solution was removed, and substrates were
washed with PBS and complete growth media was added in prepa-
ration for cell seeding. The PDMS molding sometimes results in re-
duced amplitude of the grating due to the fragility of the grating.
The change in amplitude, however, allows for the scaffolds with
differing aspect ratios to be used with cell culture [16].

2.2. Time lapse imaging

C2C12 cells (American Type Culture Collection - ATCC) were
seeded on the patterned side of the PDMS scaffolds at 10,000
cellsjcm?. Cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM, ThermoFisher 11,995,065) supplemented with
10% Fetal Bovine Serum (ATCC 30-2020) and 1% Penicillin (ATCC
30-2300). Cells in the presence of anti-N-cadherin (Thermofisher
PA5-29,570) were cultured at a concentration of 5 pg/ml. After
one hour, cells were treated either with or without the presence
of anti-N-cadherin antibodies for 48 to 72 h while being cultured
in the Zeiss Large Incubation Chamber XL-S1. Cell media was re-
placed every 24 h. Time lapse images were compared between cell
cultures using images captured with a 10x objective on a Zeiss
AxioObserver Z1 Phase Contrast Microscope. Time lapse intervals
were every 15 min. Cell migration was tracked using the Image]
plugin MTrack] [27].
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Fig. 1. As cells are cultured onto patterned scaffolds, cell morphology is affected by both cell-matrix and cell-cell interactions. Anti-N-cadherin impacts cell-cell interactions
giving rise to differences in cells’ sensitivities to wavy surface topographies. (a) Illustration of different cell responses to surface patterns with and without anti-N-cadherin.
(b) A histogram of the cell alignment measurements when cultured on a wavy surface without anti-N-cadherin. (c) A histogram of the cell alignment measurements when
cultured on a wavy surface with anti-N-cadherin. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

We characterized the alignment of cells during timelapse imag-
ing using custom-written software in python and Image] (see Sup-
plementary Information). In each frame or image taken an align-
ment score was assigned based on cell alignment. The alignment
score was derived based on the angle individual cells in an im-
age which were determined Image]. The Image] plug-in PHANTAST
was also used to compare cell confluency of an image to its cell
alignment score since confluency impacts cell alignment [28]. Cal-
culating both the confluency of cells and an alignment score for
each image or frame from in a timelapse video, allowed us to di-
rectly compare the correlation between the two. All experiments
of cells with or without the antibody on samples with either the
wavelengths 0.56 pm, 0.83 pum, 1 pm and 2 pm were replicated at
least 3 times.

2.3. Immunostaining

C2C12 mouse myoblast cells were cultured at 37 °C with 5%
CO2 in DMEM (Gibco 11,995,065) supplemented with 10% FBS (GE
HyClone SV30160.03HI). Cells were trypsinized, counted with a
hemocytometer, then seeded onto substrates in complete growth
media at densities of 4000 cells/cm? and 32,000 cells/cm? for low-
and high-density conditions, respectively. Cells were allowed to at-
tach and grow on the substrates for 18-20 h and were subse-
quently fixed in warm 4% formaldehyde for 15 min, permeabilized
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in 0.2% Triton X-100 for 10 min, blocked in 1% bovine serum al-
bumin (BSA) for 1 hour, incubated with primary antibodies di-
luted in 1% BSA for 1 hour (anti-vinculin, clone hVIN-1, Sigma-
Aldrich V9131, 1:200), incubated with secondary antibodies di-
luted in 1% BSA (Thermo Fisher A11031, 1:400) and phalloidin (ab-
cam ab176753, 1:400) for 1 hour, stained with 1 uM DAPI (abcam
ab228549) for 5 min, and mounted for microscopy (ProLong Gold
Antifade mountant, Thermo Fisher P10144, or 90% glycerol). Be-
tween each treatment in staining, cells were washed thrice with
PBS with 5 min between each wash.

2.4. Immunostaining imaging and data analysis

Fluorescence microscopy was performed with either Nikon Ti-
U (Nikon Plan Fluor 40x/0.75 objective, Nikon Intensilight C-HGFI
light source, pco.panda 4.2 sCMOS camera, NIS-Elements D soft-
ware, 162.5 nm/pixel, 2044 x 2048 pixels, and 0.11 mm? im-
age size, for large-scale cell alignment imaging, Fig. 3) or a
Zeiss Axio Observer Z1 (EC Plan-Neofluar 100x/1.3 oil objective,
HXP 120C light source, AxioCam MRm CCD camera, Zen 2 soft-
ware, 64.5 nm/pixel and 1388 x 1040 pixel image size, for high-
resolution focal adhesion imaging, Fig. 4) inverted epifluorescence
microscope setups. Fields of view were randomly chosen through-
out the samples.
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Fig. 2. SEM images (a) of the cross section of each surface pattern on PDMS before fibronectin coating. The surface is facing upward in each SEM image. AFM images of
surface profile (b) and bar chart (c) of patterned side of PDMS scaffolds. The surface profile and bar chart compares AFM data before and after fibronectin coating. The
sinusoidal periodic patterns can be described by their wavelength A, and surface height d. Error bars represent standard deviations of measured surface height of n = 18 for
each profile. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Immunostaining data was analyzed using custom-written
Python programs. Briefly, the local orientation of actin at each pixel
was determined from phalloidin images using the gradient struc-
ture tensor weighted by a Gaussian with 5 pixel (813 nm) standard
deviation; pixels with coherence (difference of eigenvalues divided
by the sum of eigenvalues) less than 0.4 were discarded. Nuclei
in each field of view were counted from DAPI images by binarizing
the image, taking a distance transform on the binarized image, and
employing a watershed algorithm on the distance transform. The
nematic order parameter for a field of view was calculated similar
to Gupta et al. as S=<cos [2(6- 7/2)]>, where 6 is the local angle
of actin at each pixel from groove direction and the average was
weighted by the fluorescence intensity at each pixel [30].

2.5. Atomic force microscopy (AFM) and scanning electron
microscope (SEM)

Before cell culture, the topography of bare cell scaffolds was
characterized by AFM using an Asylum Research MFP-3D Infinity
system under both dry and aqueous conditions. Characterization of
topography of surfaces used in timelapse imaging were in dry en-
vironment using an Asylum Research MFP-3D Infinity system. Stan-
dard Tapping AFM tips used for surface characterization had a full
cone angle of 40° and tip radius of < 8 nm. The AFM cantilever had
a force constant of 40 N/m and resonance frequency of 325 kHz
(NanoAndMore USA HQ:NSC15/Al BS). The scan area was 100 pm?
with 256 x 256 points. To ensure the quality of surface patterns
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upon coating ECM, surfaces are characterized by AFM both before
and after coating of fibronectin in buffer solution (Fig. 2b, c). The
probe used had a force constant of 0.350 N/m and a resonance fre-
quency of 65 kHz (Bruker DNP-S10). Measurements of the surface
height of wavy topographies with wavelength 0.56 pm, 1 pm, 2 pm
was repeated for 3 regions for 6 different samples. Detailed im-
ages and data of the characterization of the wavy surface topogra-
phy are given in the Supplementary Materials (Fig. S3, S4, S5). The
AFM and SEM images of wavy surface with wavelengths 0.56 pm,
1 pm, and 2 pm are shown in Fig. 2. SEM images were acquired
using a Quanta 600 Environmental Scanning Electron Microscope
with energy-dispersive X-ray and Orientation Imaging Microscopy.

2.6. Alignment sensitivity parameter of scaffolds

A non-dimensional parameter &, referred to as the alignment
sensitivity parameter by Grigola et al. [17], was used to character-
ize the geometric features of the wavy patterns:

k]
/(1+ L)

where A is the wavelength, d is the amplitude, and « is the effec-
tive curvature of the sinusoidal surface, and L is the size of typical
cells when as they spread [17]. The alignment sensitivity parameter
correlates with the likelihood of cell alignment on a given smooth,
curved sinusoidal topography. The effective curvature, «, is propor-
tional to the curvature for sinusoidal patterns, which is d/A2. For

Ad

D= Iz
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Fig. 3. Cells exhibit large-scale alignment along the direction of the sinusoidal topography. (a) Cells seeded at low density on flat PDMS and sinusoidal topographies of 2 pm,
1 pm, and 0.56 pm (left to right), stained for actin (top) and vinculin (bottom). Groove direction is vertical and indicated by the yellow arrows. (b) Similar as (a) except
for cells seeded at high density. (c) Probability density of actin orientation for flat PDMS (green) and sinusoidal topographies with wavelength 2 pum (blue), 1 pm (red), and
0.56 um (magenta) for cells seeded at low density. Black dashed line indicates vertical direction. Data is merged from 2 independent experiments and 94 fields of view per
condition. (d) Same as panel (C) except for cells seeded at high density. Data is from one experiment and 50 fields of view per condition. (e) Scatterplot showing the nematic
order parameter versus the cell density for each field of view. Solid lines indicate the mean and standard deviation for each condition. Scale bars: 40 um. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

a fixed d, as the A becomes larger, the effective curvature term in
the denominator begins to dominate. This captures the fact that
the surface appears effectively flat to an individual cell as the ef-
fective curvature value approaches O either by decreasing d or in-
creasing A. A cell length dimension for C2C12 cells of L = 60 um
was chosen to nondimensionalize the data related to the alignment
sensitivity parameter. Grigola et al. showed that the cell alignment
behavior is relatively insensitive to the selection of L [17].

2.7. Statistical analysis

The data in this study are expressed as mean and error bars
that represent + standard deviation. In order to evaluate statisti-
cally significant differences in cell alignment with or without anti-
N-cadherin, an F-test was used to determine significant variance
between groups and defined as P values less than 0.05.

3. Results
3.1. Cell alignment and cell density

Cells were seeded at low and high densities, allowed to grow
for 18-20 hour, then immunostaining was performed to visualize
vinculin, a cell-substrate and cell-cell adhesion protein, and actin
(Fig. 3a, b). We quantified the local orientation of actin at each
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pixel in an image as a proxy for the global cell alignment and cor-
related this with the observed cell density by counting the number
of cell nuclei. On flat PDMS substrates, no preferential alignment
was observed. On sinusoidal topographies, at low densities we ob-
served slight bias in alignment along the direction of the grooves
in all the wavelengths tested, with 2 pm wavelength providing the
strongest bias (Fig. 3a, c). At high densities, the alignment along
the groove direction was significantly enhanced in all wavelengths
(Fig. 3b, d, e). This result was consistent with previous work [17],
both in that cell alignment was enhanced on the longest wave-
length substrate and at higher cell densities.

On sinusoidal topographies and at low cell densities, we ob-
served two distinct types of cell-substrate adhesions (Fig. 4a). The
first type was aligned along the direction of the grooves, which
had a lateral spacing consistent with the wavelength of the grooves
and were larger for 2 pm wavelength grooves and correspondingly
smaller for 1 ym and 0.56 pm wavelengths grooves. These adhe-
sions were prevalent on lamellipodia-like protrusions. The second
type was angled with respect to the groove direction, either di-
agonally or orthogonally, and for 2 pm wavelength grooves were
often discontinuous while cells on 1 pm and 0.56 pm wavelength
grooves were able to form large, continuous focal adhesions. These
larger, thicker focal adhesions were usually associated with actin
stress fibers. As the cell density increased and cells aligned along
the direction of grooves, these large, angled focal adhesion com-
plexes were no longer visible on any sinusoidal substrate. The only
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Fig. 4. Focal adhesion morphology on sinusoidal topographies. (a) Cells seeded at low density on flat PDMS and sinusoidal wavelengths of 2 pm, 1 pm, and 0.56 pm (left
to right), stained for actin (top) and vinculin (middle). The groove direction is vertical and indicated by the yellow arrows. Zoomed inset areas are shown in yellow boxes.
Cyan arrows indicate focal adhesions which form at an angle to the grooves, while red arrow indicates adhesion which is oriented at an angle relative to the groove but
is discontinuous. (b) Similar as (a) except for cells seeded at high density. Scale bars: 20 pm, or 5 pm (insets). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

cell-substrate adhesions that remained were largely oriented paral-
lel to the grooves (Fig. 4b). Cells seeded onto flat PDMS substrates
could form large focal adhesion complexes in any direction, even
at higher cell densities.

3.2. Quantifying cell alignment

Cells were cultured on sinusoidal patterned surfaces. The align-
ment sensitivity parameter, ®, was used to characterize the like-
lihood of cell alignment on a smooth sinusoidal topography for a
given wavelength and amplitude. Grigola et al. found that when
0.01 < ® < 0.1, cells exhibited greater alignment on sinusoidal
surfaces as confluency increased and when & > 0.1, cells exhib-
ited strong polarization regardless of cell confluency. We utilized
anti-N-cadherin to perturbed cell-cell interactions on topographies
where confluency promotes alignment. At the same confluency,
cells cultured in the presence of anti-N-cadherin exhibited lower
alignment on surfaces with where 0.01 < ® < 0.1 (Fig. 5a). On sur-
faces where & > 0.1, there was little difference in cell alignment
between cells in the presence of anti-N-cadherin verses without
(Fig. 5b).

3.3. Quantifying cell motility

Time lapse imaging of cells on scaffolds has been used in fields
varying from gene expression analysis to 3D tissue formation [29].
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For our work, time lapse videos were captured of cells cultured
on various surface topographies for tracking motility and overall
culture organization. In Fig. 6, C2C12 cells were cultured on flat
(Fig. 64, c, e) and patterned (Fig. 6b, d, f) surfaces for characteri-
zation. In each time lapse video 10 cells were tracked to measure
their position (Fig. 6a, b) and instantaneous angle (Fig. 6¢, d). The
centroid of each cell was manually tracked to determine the posi-
tion of cells over 72 h. To better quantify these results, the motil-
ity of cells was tracked by N number of points where pi = (x;, y;)
is the position of a cell. The instantaneous angle is the most re-
cent displacement vector from the previous N point to the current
N point of the tracked cell. The instantaneous angle is defined by
o = arctan [(Viy1 - Yi)l(Xipq - %))]

To compare models of high verses low cell alignment, cell re-
sponses on flat (Fig. 6a, ¢, e) or patterned surface with ® > 0.01
(Fig. 6b, d, f) were compared. Tracking motility of cells cultured
on a flat surface exhibited no preferential orientation for move-
ment, and the instantaneous angle measured as the cells migrate
is nearly random, giving rise to a broad scattering of migration di-
rection (Fig. 6a, c, e). On the other hand, on the patterned surface
with @ > 0.01, cells migrate along the direction of the microgroove
channels, leading to a strongly preferred direction of migration, as
demonstrated in Fig. 6b, d, f.

To investigate the role of cell-cell interactions in cell responses
to patterned surfaces, cells were cultured on the same surface in
the presence (Fig. 7a; mmc2) or absence (Fig. 7b; mmc3) of anti-
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both A = 0.56 pm and A = 2 pm. When A = 2 pym, ¢ > 0.01. When A = 0.56 pm, 0.001 < & < 0.01. *P < 0.05 versus normal C2C12 cell culture on the same wavelength.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Cells were cultured on the same surface in the presence (a, ¢, e) and absence (b, d, f) of anti-N-cadherin on a scaffold with a sinusoidal wavy topography (A=0.83 pm,
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cadherin. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

N-cadherin. By tracking the cell positions throughout its cell-cycle,
cells cultured without anti-N-cadherin exhibited greater preferen-
tial movement along the microgroove channels. A histogram of the
instantaneous angle between cell positions was more uniformly
distributed for cells cultured with anti-N-cadherin than without
the antibody (Fig. 7e, f).

3.4. Role of cell-matrix interaction in cell-alignment

Cell responses to patterned surface features are modulated by
cell-matrix interactions and mechanotransduction via scaffold ge-
ometries. Mechanical cues from scaffold geometries influence over-
all cell culture organization via cell-surface receptors which ini-
tiate intracellular responses related to cell motility and morphol-
ogy [30]. Scaffold surface geometries with a @ greater than 0.01
induce individual cell alignment via cell-surface receptors [8,17].
Cells cultured with or without anti-N-cadherin on surfaces with a
® greater than 0.01 exhibited no difference in cell alignment be-
havior throughout cell proliferation (Fig. 8a). On the other hand,
cells interfacing with scaffolds with a value of & less than 0.001
would not align regardless of cell confluency, similar to cell re-
sponses on a flat surface [17]. It is likely that, below the ® thresh-
old of 0.001, cell-surface receptors would not sense the patterned

surface and responded to surface topography because the surface
is essentially flat [17].

3.5. Role of cell-cell interaction in cell-alignment

When & is between 0.001 and 0.01, the necessity for cell con-
fluency to achieve cell alignment suggests that cell-cell interac-
tions enhance sensitivity of cell-matrix interactions, which could
be through a variety of molecular mechanisms [31]. Isolating the
role of intracellular and intercellular responses can inform cell
alignment’s dependence on cell-cell and cell-matrix interactions.
To examine phenotypic responses to cell-cell and cell-matrix in-
teractions, anti-N-cadherin was utilized to examine the role of
cell-cell interactions in cell culture related to surface topography.
The selected anti-body inhibits cell-cell junctions by specifically
binding to several locations on the extracellular domain of the
protein [31-33]. Inhibiting the adhesion molecule has an impor-
tant role in the biochemical pathways of intercellular responses
by mediating calcium-dependent homophilic cell-cell interactions
[31]. When & was between 0.001 and 0.01 and cells were in
the presence of anti-N-cadherin, cells required a greater percent-
age of confluency in order to align with the microgroove channels
(Fig. 8b).
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4. Discussion

In addition to our focus on surface topography, it is im-
portant to note the role of fibronectin as ECM in facilitating
mechanotransduction via focal adhesions. C2C12 myoblasts grown
on fibronectin show greater cell alignment than on laminin or
gelatin and greater collective directional migratory behavior than
gelatin in vitro [34]. This is likely because fibronectin is recog-
nized by many different cell-surface receptors of the transmem-
brane integrin family [35,36]. Many of these focal adhesion bind-
ing sites in fibronectin are RGD peptide specific [37]. One study
by Vaz et al. found that inhibiting RGD-binding integrins with
GRGDS peptide resulted in complete detachment of C2C12 cells
from fibronectin-coated glass coverslips [34]. Fibronectin and RGD-
binding integrins in C2C12 cells, such as @581, avf1, and avp3,
constitute a primary pathway for intracellular force transmission
[34,36,37].
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The mechanisms suggest that the observed anisotropy in cell
morphology and collective migratory behavior may originate from
the prestress residing in intracellular stress fibers orientated prefe-
rienitally along the long axis of the cells [38]. Observed differences
in actin fiber and focal adhesion alignment between cells cultured
on patterned verse flat PDMS helped illuminate the role of cell-
matrix adhesion and cell alignment (Figs. 3 and 4). Actin fiber
alignment is relevant because cell moltility is initiated by actin-
dependant lamellipodia along the cells leading edge, followed by
the cell body being pushed forward through intracellular contrac-
tion forces [39,40]. The dependence of cell alignment to matrix
topography suggests cell sensitivity to cell alignment is, in part,
dependant on physical phenomena. While cell-matrix adhesions
helps elucidates the role of mechanotransduction and cell align-
ment in 2D, studies have shown that cells in a 3D matrix interact
with distinct behaviors to that of adhesions formed in a 2D matrix
[41].
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There are many pathways of cell signaling that are activated by
various cadherin-mediated cell-cell contacts. These cadherins are
crucial in mediating homophilic cell-cell adhesions and facilitat-
ing cell proliferation, fusion, and maturation. While much about
cell signaling is unknown, recent studies suggest downstream sig-
nals from cadherin-mediated contacts are both cadherin-specific
and cell-context-specific [42]. Well studied cadherins of C2C12
cells such as M-cadherin, R-cadherin, E-cadherin, and N-cadherin
have cell-context-specific roles during proliferation and differenti-
ation in vitro. Increased expression of R-cadherin results in myo-
genesis inhibition and myoblast transformation [43]. In addition,
the expression of R-cadherin is accompanied by a delocalization
at the membrane junction of the endogenous expression of N-
cadherin and M-cadherin [43]. A study by Ozawa, found expressing
E-cadherin cytoplasmic domain ectopically in C2C12 myoblasts in-
hibits cell-cell fusion and elicits delocalization of M-cadherin and
N-cadherin [44]. All these cadherin-mediated contacts activate the
Rho family of GTPases, which play a critical role in cytoskeleton-
dependent cell functions, such as cell morphology [45]. Although
knocking out or inhibiting a specific cadherin cell-cell contacts
is not sufficient to abrogate its specific function, several down-
stream signals mediating by cell morphology and proliferation are
still perturbed. This study focused on the inhibition of N-cadherin
since it affects RhoA activation, which is believed to regulate cy-
toskeleton morphology and cell motility distally from the cell sur-
face [46,47].

In addition to our study that suggests cell-cell communication
promotes cell alignment, other studies have shown cell-cell com-
munication regulates myogenesis in C2C12 cells [48]. While the
focus of this study is of cell alignment in 2D, the transition from
2D to 3D cell alignment offers another dimension of complexity
more comparable to in vivo conditions. Isolating the role of cell-
cell verses cell-matrix interactions is more complex as there are
differences in adhesion protein expression of two- versus three-
dimensional cultures in vitro [49].

Insights of cell-cell interactions in this study are particularly
relevant in informing future scaffold designs in the fields of tissue
engineering, regenerative medicine, and cell-based soft robotics.
We found that cell-cell interactions promote alignment on smaller
wavy patterns, that individual cells do not align on. Perturbing cell-
cell attachment of confluent cultures on smaller wavy patterns in-
hibits cell alignment, meaning that smaller patterns on scaffolds
can achieve cell alignment at the right confluency. This can be use-
ful in fields such as biohybrid robotics, where micro-scale mechan-
ics are important considerations in promoting actuation via aligned
muscle cells [3,50].

5. Conclusion

Cell-cell interactions play an important role in cell alignment
in 2D culture especially when examining surface topography. We
probed how cell confluency and cell-cell interactions impact cell
alignment on different surface topographies. We first developed an
approach to fabricate wavy topographies for cell culture. Then we
captured time lapse videos of cells cultured on wavy topographies
to investigate the role of cell-cell interactions and cell alignment.
We found that cell-cell interactions can be altered through anti-
N-cadherin. On surfaces with sensitivity parameter, ®, ranging be-
tween 0.001 and 0.01, when cells were more confluent, they were
better aligned along the channels of the anisotropic sinusoidal
wavy patterns. However, cells in the presence of anti-N-cadherin
required higher confluency than cells without anti-N-cadherin to
be aligned (Fig. 8b). On surfaces with & greater than 0.01, cell
alignment was not dependent on confluency and the cells were
aligned even at low percentages of confluency. We observed no
difference between cell cultures with and without anti-N-cadherin
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when the value of & was greater than 0.01. To our knowledge, our
study is the first to show the difference that cell-cell interactions
make in promoting cell alignment on wavy topographies to which
cells are otherwise not responsive. Further studies that isolate the
role of cell-cell and cell-matrix interactions in cellular organization
will inform the role of mechanotransduction in developmental bi-
ology, especially in 3D culture.
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