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A B S T R A C T

With the adoption of 3-dimensional (3D) cell culture for in vitro modelling of cardiac function and regenerative
medicine applications, there is an increased need to understand cardiomyocyte mechanosensation in 3D. With
existing studies of cardiomyocyte mechanosensation primarily focussed on the behaviour of individual cells in a
2-Dimensional context, it is unclear whether mechanosensation is the same in a 3D, multicellular context. In this
study, H9C2 cardiac-derived myoblasts were encapsulated as individual cells and as cell spheroids within stiffness
gradient gelatin methacryloyl (GelMA) hydrogels to investigate individual and collective cardiac cell mechano-
sensation in 3D. Over a 3.68–17.52 kPa stiffness range, it was found that H9C2 cells have a limited capacity to
adapt their volume to increasing substrate stiffness, demonstrated by the lack of changes in cell volume and shape
across the stiffness gradient. Morphological trends were reflected by the expression of the mechanomarkers YAP,
MRTF-A and Lamin-A, which were better correlated with cell and nuclear volume than with substrate stiffness.
The localisation of YAP and MRTF-A were dependent on the relative volumes of the cytoplasm and nucleus while
Lamin-A expression was elevated with increasing cytoplasmic and nuclear volumes. When cultured as spheroids
rather than as individual cells, H9C2 cells adopted a distinct morphology with comparably smaller nuclei than
individually cultured cells, while retaining the same overall cell volume. As spheroids, H9C2 cells were sensitive
to stiffness cues, shown by decreasing YAP and MRTF-A nuclear localisation, increasing Lamin-A expression, and
increasing vinculin expression with increasing substrate stiffness. Like the individually cultured H9C2 cells,
mechanomarker expression was correlated to volume adaptation. With increasing cytoplasmic volume, YAP and
MRTF-A became less nuclear localised, vinculin expression was increased, and with increasing nuclear volume,
the Lamin-A expression fincreased. Together, these data suggest that cardiac cell volume adaptation may be
enhanced by cell-cell interactions.
1. Introduction

In emulating the developing, healthy, and infarcted hearts, the
changes in tissue mechanics are a key element to consider. The most
marked long-term change is the rapid deposition of a disorganised
collagen scar [1–3] that is potentially three-times stiffer than a healthy
myocardium [4]. It has been established within a 2D context that car-
diomyocytes can sense and respond to a variety of mechanical cues from
the extracellular matrix (ECM), such as stiffness [5–9] and topography
[10].
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Many of these above studies have focused on functional elements,
such as how stiffness changes affect cardiomyocyte contractility [5,6,11]
or how different microenvironments affect cardiomyocyte maturation [7,
8,12]. However, the focus of these aforementioned studies has been on
single-cell cardiomyocyte dynamics and was often limited to 2D
microenvironments.

Within the cardiac space, 3D cell cultures are being used to develop
in-vivomodels of cardiac function [13] and 3D printed cardiac constructs
for regenerative medicine applications [14,15]. These platforms have
shown that cell-cell interactions are a crucial element of cardiac construct
stralia, 35 Stirling Highway, Crawley, WA, 6009, Australia.
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design, providing greater cardiomyocyte maturation and cell survival
in-vitro [16–18].

It is unclear what impact cell-cell signalling has on cardiac mecha-
nosensation within these biomimetic platforms. Great strides have been
made using mesenchymal cells to unpack the mechanisms behind
mechanosensation in 3D [19–21], which have illustrated that cells
respond very differently to 3-Dimensional (3D) microenvironments
compared to an equivalent 2-Dimensional (2D) microenvironment. In 3D
cell culture, volume adaptation, a cell's capacity to adapt its volume
within a 3D space, has recently been found to be a major determinant of
mechanosensation [19,21,22]. In a 2D microenvironment, cells can
adapt their volume in a less restricted fashion (e.g. cell spreading on 2D
tissue culture plastic) whereas cell volume is constrained by surrounding
3D microenvironment. In 3D, cell volume is determined by a cell's ca-
pacity to remodel [22] and degrade the surrounding ECM [19]. The
expression of canonical markers of mechanosensation such as YAP,
MRTF-A and Lamin-A have strongly been correlated with cell volume in
3D [19,21,22]. It has been hypothesised that restricted cell volume im-
pairs a cell's capacity to generate traction forces and, in turn, respond to
mechanical cues from the ECM [21]. Volume adaptation in car-
diomyocytes has not been characterised and it is unknown whether
cardiomyocyte volume adaptation is influenced by cell-cell interactions.

In this study, we employ a versatile Gelatin Methacryloyl (GelMA)
based cell culture platform to explore the mechanosensation of car-
diomyocytes in a 3D microenvironment. With this platform, we exposed
H9C2 cells, cultured as individual cells and in spheroid culture, to a
physiological range of stiffnesses over a continuous stiffness gradient and
observed how 3D volume adaptation of H9C2 governs mechanosensitive
responses of YAP, MRTF-A and Lamin-A. Our work provides a simple
approach to characterising the mechanosensation of individual cardiac
cells and groups of cardiac cells in a 3D microenvironment.

2. Methods

2.1. Hydrogel fabrication and cell encapsulation

GelMA hydrogels were prepared based on a previously described
method [21,23,24]. In brief, a mould was constructed by 3D-printing a
resin structure with a 12� 12 � 0.5 mm3 empty space in the centre. This
structure was glued to a glass slide, creating a 12 � 12 � 0.5 mm3

reservoir with a transparent underside. To create the linear stiffness
Fig. 1. Fabrication of stiffness gradient GelMA hydrogels. A. i) A mould was made b
mm3 reservoir. A gradient photomask was attached to the bottom of the slide, under t
iii) covered with a methacrylate-coated coverslip. iv) Cell laden GelMA was photopo
the mould. B. Atomic force microscopy was used to measure Young's elastic moduli a
stiffness range of 3.68–19.08 kPa was detected, giving a linear stiffness gradient of
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gradient, a photomask with a 20–100% light transmittance gradient was
applied to the underside of the mould to allow for variable photo-
polymerization of GelMA based on UV light transmittance through the
photomask (Fig. 1A).

A precursor solution was made by dissolving lyophilized GelMA in
phosphate buffered saline (PBS; Gibco) with Irgacure 2959 photoinitiator
(Sigma) in 70% ethanol was added to the precursor solution to achieve a
final concentration of 90 mg/ml of GelMA and was 1 μg/ml of photo-
initiator. GelMA was dissolved in a 37 �C water bath for 1 h before being
stored at 4 �C for use the next day.

On the day of hydrogel fabrication, methacrylated coverslips were
prepared. Glass coverslips (15� 15mm2; Menzel-Gl€aser) were cleaned in
a UV ozone cleaner (Bioforce Nanosciences UV/Ozone ProCleaner) for 1
min on each side. Coverslips were then immersed in a solution containing
ethanol (96.5% V/V), 3-(trimethoxysilyl)propyl methacrylate (0.5% V/
V) (Merk), and glacial acetic acid (3% V/V) for 5 min before being rinsed
in pure ethanol. Coverslips were dried in the air before use. The moulds
were coated in Dichlorodimethylsilane (Sigma) to prevent the hydrogel
from sticking to the mould when set. While preparing methacrylated
coverslips and moulds, the GelMA precursor solution was warmed to 37
�C in a water bath for 1 h.

For encapsulation of individual cells, H9C2 cells were resuspended in
GelMA (1.1 � 105 H9C2 cells per hydrogel; 8.55 cells/μl). Cell-laden
GelMA was then carefully pipetted into the moulds and covered with a
methacrylated coverslip. Cell-laden GelMA was exposed to UV light (360
nm, 3.6 mW/cm2) for 130 s before the hydrogels were retrieved from the
mould and placed in a 12-well plate for cell culture (Fig. 1A). Cells were
maintained in growth media (10% FBS, 1% antibiotic and antimycotic,
and 89% DMEM), changed every three days for 10 days before being
fixed and stained.

For experiments using H9C2 spheroids, cell spheroids were formed
using AggreWell 400 (Stem Cell) microwell system. As per the manu-
facturer's instructions, wells were coated in an anti-adherence medium
(Stem Cell) for 30 min before being washed 3x with warmmedia. Cells in
suspension were added to each well to achieve a density of 50, 100 and
200 cells per microwell, representing small, medium and large spheroids.
The cells were left in the AggreWells overnight to settle into the micro-
wells before being harvested the next day via gentle aspiration and
resuspended in GelMA. GelMA was prepared as described above and the
same conditions were used to set the hydrogels. As above, cell spheroids
were maintained for 10 days before being fixed and stained.
y attaching a 3D printed resin structure to glass slide, forming a 12 � 12 � 0.5
he reservoir. ii) The reservoir in the mould was filled with cell-laden GelMA and
lymerized with UV light (360 nm) for 130s and then v) carefully removed from
cross an 8 mm band running along the same axis as the photomask's gradient. A
2.28 kPa mm�1 (Linear Regression, R2 ¼ 0.9968, P < 0.05, n ¼ 6).
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2.2. Atomic force microscopy

To measure the stiffness that cells would be exposed to, we measured
Young's compressive moduli of cell-free hydrogels produced at the same
time and under the same conditions as the cell-laden hydrogels. Stiffness
was measured using an MFP-3D atomic force microscope (Asylum
Research) using 200 μm Chromium/gold-coated pyrex-nitride cantile-
vers with triangular-shaped tips (NanoWorld model PNP-TR). Hydrogels
immersed in PBS were probed with 2 nN indentations at an approach
velocity of 2 μm/s and with a retraction velocity of 10 μm/s. Each
indentation was made in triplicate to ensure that the reading was stable.
All measurements were taken at 24.5 �C to control for temperature
dependent changes to measured stiffness [25]. As previously described,
custom-written code in Igor Pro was used to determine Young's modulus
from the linear portion of contact generated force curves [26].

Eight indentations were made at 1 mm intervals along the axis of the
stiffness gradient, beginning 2 mm away from the softest edge and
moving towards the stiffest edge. Indentations were made on three
hydrogels per biological replicate and averaged to give an estimate of the
stiffness at a given displacement from the edge of the hydrogel.

2.3. Immunocytochemistry

As a measure of mechanosensation, individually cultured cells were
stained for either YAP, MRTF-A or Lamin-A. For spheroid culture, sam-
ples were stained for Vinculin in addition to YAP, MRTF-A and Lamin-A.
All immunofluorescent staining cells were fixed in paraformaldehyde
(4% in PBS) for 30 min and washed with PBS (three times for 5-min
each). The cells were then permeabilized in Triton X-100 (1% in PBS)
for 30 min and washed with PBS (three times for 5-min each). Primary
antibodies for YAP (sc-101199, Santa Cruz), MRTF-A (sc-390,324, Santa
Cruz) and Vinculin (ab129002, Abcam) were diluted 1:100 in BSA (2% in
PBS) and incubated on samples for 72-h at room temperature, followed
by rinsing with PBS (three-times for 20-min each). A secondary antibody
solution was prepared, containing BSA, Rhodamine Phalloidin (R415,
Invitrogen; diluted to 1:200), and Alexafluor-488 (Anti-mouse
(ab150113, Abcam) for YAP and MRTF-A, Anti-Rabbit (ab150077,
Abcam) for Vinculin; diluted to 1:200), and was incubated with YAP,
MRTF-A and Vinculin stained samples respectively for 2-h at 37 �C before
being rinsed-off with PBS (three-times for 20-min each). A pre-
conjugated Lamin-A antibody (ab205769, Abcam) was diluted to 1:300
in BSA and was incubated on samples alongside Rhodamine Phalloidin
diluted to 1:200 in BSA for 2 h at 37 �C before samples were rinsed with
PBS (three-times for 20-min each). Finally, all samples were stained with
DAPI (D9542, Sigma Aldrich) diluted to 1:400 in PBS for 30 min at room
temperature before being washed with PBS (three times for 20-min
each). Samples were mounted with Diamond Slow fade (Life Technolo-
gies) and stored at 4 �C until imaged with confocal microscopy.

2.4. Confocal microscopy

Images of individual cell cultures were captured on a Nikon C2þ
confocal microscope using NIS-Elements Advanced Software (Nikon). A
20� air objective was used to capture a Z-series of images at a pixel
resolution of 1024 � 1024 pixels and in 4 μm steps. Images of spheroids
were captured on a Nikon A1R Confocal Microscope using NIS-Elements
Advanced Software (Nikon). A 20� air objective was used to capture
images at a pixel resolution of 1024 � 1024 and in 1.5 μm steps. For all
conditions, images were captured every 1 mm over an 8 mm span along
the stiffness gradient, starting 2 mm away from the softest edge of the
hydrogel. The span where images were captured was matched to the span
where AFM indentations were taken so that the stiffness at each image
location could be estimated based on the distance from the edge of the
hydrogel.
3

2.5. Image analysis

Image analysis was performed in ImageJ/FIJI with additional pro-
cessing and analysis plugins installed. All images within a given dataset
were acquired and processed with identical camera, device, and analysis
settings. Pre-processing of single-cell and spheroid images was done with
CLIJ2 to generate the appropriate precursors for nuclei segmentation
[27,28]. Briefly, images were denoised with Gaussian Blur 3D, then an
inverted mask, labelled 3D point maxima (box), and a greater constant
threshold were created. These images were fed into MorpholibJ's
marker-controlled watershed to segment and uniquely identify each
nucleus in both individual cell and spheroid datasets [29]. Randomly
selected images were used to optimise segmentation parameters for each
grouped dataset with the CLIJx-Assistant prior to batch analysis of im-
ages. The same approach was employed to segment the single-cell vol-
umes. Cell objects that were touching the borders of the image were
removed. To relate a cell object to its corresponding nucleus, cell label
numbers were reduced to one and then multiplied by the nuclear object
image, so that cell volumes were assigned the same object identification
number. The image calculator was also used to subtract the nuclei objects
from the cell volume segmentation, thus creating a cytoplasmic region of
interest (ROI). For spheroid analysis, the nuclei objects were subtracted
from the whole spheroid threshold to create a cytoplasmic volume. The
generated ROIs were then used to quantify the integrated density of
fluorescent stains of interest.

For YAP and MRTF-A, the level of nuclear localisation was derived
from the total intensity values measured as follows:

Nuc
�

Cyt ¼ Nuclear Intensity
Cytoplasmic Intensity

The volume of cells within a spheroid was estimated as follows:

Cell Volume¼ Total Spheroid Volume
Number of Nuclei

2.6. Statistical analysis

All statistical analysis was performed in GraphPad Prism. Pearson's
correlation coefficient was used to identify relationships between stiff-
ness, volume, and their respective dependent variables. Two-way
ANOVA were performed to compare spheroid- and individually-
cultured cell morphologies, followed by �Síd�ak's multiple comparisons
test where a significant difference was detected. A minimum of three
biological replicates were analysed for each experiment.

3. Results and discussion

3.1. Photopolymerized GelMA is an effective method of producing stiffness
gradient hydrogels

Photopolymerization of GelMA was an effective method for produc-
ing linear stiffness gradients (Fig. 1A). Our method, detailed in our past
studies [21,23], uses a photomask to variably block UV light across the
hydrogel to spatially control the degree of polymerization across the
hydrogel; as more light is transmitted through the photomask, the stiffer
the hydrogel becomes. Under the conditions we used, we measured a
2.28 kPa/mm stiffness gradient through atomic force microscopy, giving
us an effective stiffness range from 3.68 kPa to 19.08 kPa (Fig. 1B). In our
past characterisations of GelMA, we have found that stiffness measured
from surface indentations is representative of the stiffness measured
within the bulk of the hydrogel [21,30]. In our past characterisations of
GelMA, we have found that stiffness measured from surface indentations
is representative of the stiffness measured within the bulk of the hydrogel
[21,30]. Using optical coherence microscopy, we found that the stiffness
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gradient was measurable at 500 μm in the Z axis (halfway within a 1 mm
thick GelMA hydrogel).

We have previously observed H9C2 cells being responsive to this
stiffness range on 2D hydrogels, where we found that with increasing
stiffness cell size increased by 44% and nuclear YAP localisation
increased by 37% [9].
3.2. Individual H9C2 cells have a limited capacity to expand in 3D GelMA

Over the course of 10 days of culture, we found limited changes in cell
morphology with increasing stiffness. We found that individually
encapsulated H9C2 cells displayed the same spreading at all stiffnesses,
typically adopting a round shape with small projections (Fig. 2A). Cell
volume, cell surface area and cell sphericity (Fig. 2B–D), did not change
significantly over the stiffness gradient. No trends were observed in nu-
clear volume and surface area (Fig. 2E and F) although nuclei became less
spherical as stiffness increased (Fig. 2G). We did not find any relationship
Fig. 2. Morphology of Individual 3D encapsulated H9C2 Cells. A. Representative ima
are visualised with DAPI and F-Actin has been stained to show the cytoplasm. Substr
0.19, P > 0.05, n ¼ 117 cells, N ¼ 3), C. cell surface area (Pearson's Correlation, R2 ¼
R2 ¼ 0.06, P > 0.05, n ¼ 104 cells, N ¼ 3). Substrate stiffness was not correlated with
3) F. nuclear surface area (Pearson's Correlation, R2 ¼ 0.03, P > 0.05, n ¼ 117 cell
(Pearson's Correlation, R2 ¼ 0.85, P < 0.05, n ¼ 104 cells, N ¼ 3). ‘n’ represents the
biological replicates. Graphs show mean � SEM.
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between stiffness and YAP and MRTF-A localisation or stiffness and
Lamin-A expression (Fig. 3).

These results are consistent with previous 3D studies, which found
that trends in the expression of mechanomarkers are better correlated
with cell volumes rather than substrate stiffness [19–21]. To investigate
the correlation in H9C2 cells, we pooled all the data across the whole
stiffness gradient and compared mechanomarker expression to the cell
and nuclear volume of the respective cell (Fig. 4). Cells with greater
cytoplasmic volume tended to have more cytoplasmic localised YAP and
MRTF-A (Fig. 4G and H), however, cells with larger nuclei tended to have
greater nuclear localisation of YAP and MRTF-A (Fig. 4J and K). Lamin-A
expression increased with both nucleus and cell size (Fig. 4I, L), as
observed in the past [21].

Conventionally, it is agreed that when cells are mechanically stimu-
lated, YAP [31] and MRTF-A [32,33] translocate into the nucleus and
Lamin-A is expressed at greater levels in the nuclear lamina [26,34]. In
2D cell culture, cells can expand freely and can generate traction forces
ges of H9C2 cells across the stiffness gradient after 10 days of cell culture. Nuclei
ate stiffness was not correlated with B. cell volume (Pearson's Correlation, R2 ¼
0.07, P > 0.05, n ¼ 117 cells, N ¼ 3) or D. cell sphericity (Pearson's Correlation,
E. nuclear volume (Pearson's Correlation, R2 ¼ 0.17, P > 0.05, n ¼ 117 cells, N ¼
s, N ¼ 3). G. Substrate stiffness is negatively correlated with nuclear sphericity
minimum number of cells measured per stiffnesss, ‘N’ represents the number of



Fig. 3. Mechanomarker expression is not correlated with stiffness in individual cells. A. Substrate stiffness was compared against the nuc/cyt ratio of YAP, the nuc/cyt
ratio of MRTF-A and the total nuclear intensity of Lamin-A. Representative images of YAP, MRTF-A and Lamin-A in 3D-encapsulated H9C2 cells. Stiffness was not
correlated with B. YAP localisation (Pearson's Correlation R2 ¼ 0.03, P > 0.05, n ¼ 117 cells, N ¼ 3), C. MRTF-A localisation (Pearson's Correlation R2 ¼ 0.34, P >

0.05, n ¼ 76 cells, N ¼ 3) and D. total Lamin-A intensity (Pearson's Correlation R2 ¼ 0.22, P > 0.04, n ¼ 141 cells, N ¼ 3). Nuc/Cyt ratios calculated as the
Total Nuclear Intensity

Total Cytoplasmic Intensity. ‘n’ represents the minimum number of cells measured per stiffnesss, ‘N’ represents the number of biological replicates. Graphs show mean � SEM.
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proportional to the stiffness of their substrate [19,21]. In a 3D cell cul-
ture, the ECM network presents a restriction challenge for cells to over-
come. Past studies concluded that a cell's capacity to generate traction
forces in 3D depends on its capacity to remodel its microenvironment
[19,22]. As such, the activity of mechanosensitive proteins, such as YAP,
MRTF-A and Lamin-A, is determined by the cell's capacity to spread and
expand within the 3D space more than by the stiffness of a surrounding
hydrogel [20,21]. These studies suggested that matrices that were easier
to manipulate, such as softer, degradable or viscoelastic matrices,
allowed cells to expand and generate greater actin-mediated traction
forces, whereas matrices that were difficult for cells to remodel impaired
traction force generation, as reflected by YAP localisation [19,21,22].
Conversely, when actomyosin activity was inhibited, cell volumes were
reduced and the expression of the mechanomarker Lamin-A responded
accordingly [21]. Our results suggest that H9C2 cells have a limited ca-
pacity to adapt to or manipulate their surroundings in a 3D context, as
illustrated by the lack of variation in cell spreading and shape. Volume
mediated trends do suggest that the H9C2 cells can respond to me-
chanical cues in 3D, however, this is limited by their capacity to expand.
3.3. H9C2 cells are phenotypically different in spheroid culture compared
to individual cell culture

In our individual cell culture, we observed few differences in
5

mechanomarker expression between the soft and stiff end of the hydrogel
owing to the H9C2 cells limited capacity to spread in 3D hydrogels. One
conclusion is that even the 3.68 kPa substrate was too restrictive for the
H9C2 cells to overcome, but we also noted that the cells lacked much of
the cell-cell interactions they would typically have in a 2D microenvi-
ronment [5,9] or in vivo [35,36]. It is possible that 3D encapsulation of
the H9C2 cells significantly restricted traditional avenues of cell-cell
interaction found in a conventional 2D in-vitro culture, such as cell
migration and cell proliferation. Cell-cell interconnectivity is essential for
normal cardiac tissue function, particularly in transmitting mechanical
and electric signals between cells [36], and therefore it is possible that a
lack of cell-cell interaction contributed to poor volume expansion.

To overcome the lack of cell-cell contact, we formed H9C2 spheroids
to ensure cell-to-cell interaction among cells that were encapsulated as
spheroids within 3D microenvironment (Fig. 5A). Although there were
no observable differences in morphology driven by stiffness, we found
that the phenotype of the cells within the spheroid was different to that of
individually cultured cells. Total spheroid volume and cytoplasmic vol-
ume did not change with stiffness (Fig. 5B and C), although the spheroid
surface area did appear to decrease with increasing stiffness (Fig. 5D).
Total nuclear volume did not change significantly with increasing stiff-
ness (Fig. 5E).

When we compared individually cultured cells, cells in spheroid
culture adopted a distinctly different morphology (Fig. 6A). Like the
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Fig. 4. Mechanomarker expression in individual cells correlated with volume. Representative images of small and large cells stained for A., B. YAP, C., D.MRTFA and
E., F. Lamin-A. Smaller examples are shown on the left (A., C. and E.) and larger examples are shown on the right (B., D. and F.). The cytoplasmic volume of the cells
was weakly correlated with G. cytoplasmic YAP localisation (Pearson's Correlation, R2 ¼ 0.17, P < 0.05, n ¼ 864 cells, N ¼ 3), H. cytoplasmic localisation of MRTF-A
(Pearson's Correlation, R2 ¼ 0.07, P < 0.05, n ¼ 649 cells, N ¼ 3) I. but was not correlated with the expression of Lamin-A (Pearson's Correlation, R2 ¼ 1.24 � 10-5, P
> 0.05, n ¼ 1139 cells, N ¼ 3). Weak correlations were observed between nuclear volume and J. nuclear YAP localisation (Pearson's Correlation R2 ¼ 0.02, P < 0.05,
n ¼ 864 cells, N ¼ 3), K. nuclear MRTF-A localisation and nuclear size (Pearson's Correlation R2 ¼ 0.01, P < 0.05, n ¼ 649 cells, N ¼ 3) and L. the expression of Lamin-
A (Pearson's Correlation, R2 ¼ 0.28, P < 0.05, n ¼ 1149 cells, N ¼ 3). Graphs show individual cells, drawn from three independent biological replicates; ‘n’ represents
the total number of cells analysed.

Fig. 5. Morphology of H9C2 cell spheroids. A. Representative images of H9C2 spheroids after 10 days of culture across the stiffness gradient. B. Total spheroid volume
did not change significantly with increasing stiffness (Pearson's Correlation, R2 ¼ 0.001, P > 0.05, n ¼ 26 spheroids, N ¼ 3) and C. neither did cytoplasmic volume
(Pearson's Correlation, R2 ¼ 0.01, P > 0.05, n ¼ 26 spheroids, N ¼ 3). D. Spheroid surface area decreased rapidly between 3.68 kPa and 8.03 kPa (Linear Regression,
R2 ¼ 0.05, P < 0.05, n ¼ 26 spheroids, N ¼ 3) before plateauing with increasing stiffness. E. Nuclear volume (the sum of volumes of individual nuclei) did not change
significantly with increasing stiffness (Pearson's Correlation R2 ¼ 0.02, P > 0.005, n ¼ 26 spheroids, N ¼ 3). ‘n’ represents the minimum number of spheroids analysed
per stiffness and ‘N’ represents the number of biological replicates. Graphs show mean � SEM.
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individually cultured cells, the volume of single spheroid cells and nuclei
within the spheroid remained constant with changes in stiffness
(Fig. 6C–E). Cell and the cytoplasmic volume of single cells within the
spheroid were comparable to the individually cultured cells (Fig. 6C and
7

D). However, the nuclei of spheroid cultured cells were significantly
smaller (Fig. 6E) despite the overall cell volume being largely the same.
We calculated the nuclear volume as a percentage of cell volume of single
cells in either spheroid or individual cell culture and found that in



Fig. 6. Cells in spheroid culture have greater cyto-
plasmic volume than individual cells. A. Spheroid-
culture cells appear to have more aligned stress fi-
bres greater cytoplasmic volume compared to B.
individually cultured cells. C. Cell volume of indi-
vidual cells within the spheroid was comparable to
individually cultured cells (Two-way ANOVA P >

0.05, n ¼ 117 cells, n ¼ 26 spheroids, N ¼ 3). D.
Cytoplasmic volumes were similar in spheroid culture
and individual culture, with cells in spheroid culture
having greater cytoplasmic volume at 8.03 kPa (Two-
way ANOVA with multiple comparisons, P < 0.05, n
¼ 117 cells, n ¼ 26 spheroids, N ¼ 3). E. At all stiff-
nesses, nuclear volume was smaller in spheroid
cultured cells compared to individually cultured cells
(Two-way ANOVA, Multiple Comparisons P < 0.05, n
¼ 117 cells, n ¼ 26 spheroids, N ¼ 3) and similarly F.
the nuclei in spheroid-cultured cells occupied a
smaller percentage of the total cell volume in spheroid
culture compared to individual cell culture (Two-way
ANOVA, Multiple Comparisons P < 0.05, n ¼ 117
cells, n ¼ 26 spheroids, N ¼ 3). ‘n’ represents the
minimum number of cells and spheroids respectively
analysed per stiffness. Graphs show mean � SEM.
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spheroid culture the nuclei only occupied 22 � 0.4% SEM of the cell
volume compared to 38 � 0.9% in individual cell culture (Fig. 6F).
3.4. Mechanomarker expression spheroid culture is guided by substrate
stiffness and spheroid volume

When considering spheroids as a whole again, we found weak cor-
relations between stiffness and MRTF-A localisation, Lamin-A and Vin-
culin expression (Fig. 7). A brief analysis of fluorescent intensities across
the X- and Y-axis of spheroids did not indicate differences from the core
to the periphery (Fig. S1). With increasing stiffness, MRTF-A appears to
become increasingly localised to the cytoplasm (Fig. 7C), Lamin-A
expression increases (Fig. 7D) and Vinculin expression also appears to
increase (Fig. 7E). These trends are the opposite of what we have
observed in 2D [9], similar to what others have found in 3D cell culture
[19,21,22]. These studies found that the stiffness-based trends in
mechanomarker expression appeared to be the inverse of what is
observed in 2D cell culture [19,21] and particularly the localisation of
MRTF-A and the expression of Lamin-A appear to be the inverse of what
was observed in our 2D study of H9C2 mechanosensation [9]. It has been
suggested that Lamin-A provides structural integrity to the nucleus,
particularly under strain [37]. MRTF-A is believed to play an important
8

role in cardiac development [38] and in the regulation of actin and
intercalated disks in cardiomyocytes under mechanical stress [39]. In our
study, increasing substrate stiffness may act as a mechanical stress to the
cells, potentially through confinement, mechanical forces exerted by
neighbouring cells or some combination of both.

Like the individual-cell culture, we found stronger correlations be-
tween mechanomarker expression and spheroid volume rather than with
substrate stiffness (Fig. 8). With increasing spheroid volume, there was
increasing cytoplasmic localisation of YAP (Fig. 8I) and MRTF-A
(Fig. 8J), as indicated by the reduction in the Nuc/Cyt ratio for YAP
and MRTF-A, respectively. There was no correlation between YAP
localisation (Fig. 8M), MRTF-A localisation (Fig. 8N) and nuclear vol-
ume. Lamin-A expression and vinculin expression increased with both
total spheroid volume (Fig. 8K and L) and total nuclear volume (Fig. 8O,
P), although Vinculin expression lacked the distinct puncta (Fig. 8D, H)
normally associated with focal adhesion clustering that is traditionally
observed in 2D studies [5,6] and can be found in 3D under certain cir-
cumstances [40]. The relationships between nuclear volume, cell volume
and mechanomarker expression indicate that the underlying mechanisms
of mechanosensation are likely the same in both single-cell and spheroid
culture, however the differences in nuclear and cell morphology and the
expression of mechanomarkers in response to stiffness illustrate the



Fig. 7. Mechanomarker expression is weakly correlated with changes in substrate stiffness. Representative images of A. YAP localisation, MRTF-A localisation, Lamin-
A Expression and Vinculin expression. B. There is no significant correlation between stiffness and YAP Nuc/Cyt ratio (Pearson's Correlation, R2 ¼ 0.17, P > 0.05, n ¼
26 spheroids, N ¼ 3). C. Increasing stiffness is correlated with reductions the MRTF-A Nuc/Cyt ratio (Pearson's correlation, R2 ¼ 0.58, P < 0.05, n ¼ 27 spheroids, N ¼
3). D. There is a nonsignificant positive correlation between Lamin-A intensity and stiffness (Pearson's correlation, R2 ¼ 0.55, P ¼ 0.056, n ¼ 31 spheroids, N ¼ 3). E.
Increasing stiffness is positively correlated with increasing Vinculin intensity (Pearson's correlation, R2 ¼ 0.73, P < 0.05, n ¼ 18 spheroids N ¼ 3). ‘n’ represents the
minimum number of speroids analysed per stiffness, ‘N’ represents the number of biological replicates. Graphs show mean � SEM.
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significant functional impact cell-cell contact can have on cell phenotype:
while there were no distinct trends in mechanomarker expression with
stiffness in single-cell culture, there were significant trends in mecha-
nomarker expression in spheroid culture despite mechanomarker
expression being seemingly volume mediated in both cases. Our results
follow the same trends as previous studies, which suggested
9

mechanosensation is driven by actomyosin activity [22]. We felt this was
a fitting explanation for our results as our cell spheroids, which had
significantly greater cytoplasm (proportional to the total cell volume)
than the individual cells, were more mechanically sensitive than the in-
dividual cells, as shown by the expression of the mechanomarkers YAP,
MRTF-A and Lamin-A.



Fig. 8. Mechanomarker expression correlates with spheroid volume. Representative images of A., E. YAP, B., F. MRTF-A, C., G. Lamin-A and D., H. Vinculin stains in
small (A.-D.) and large spheres respectively (E.-H.). With increasing spheroid volume there was a I. there was a reduction in the YAP Nuc/Cyt ratio (Pearson's
correlation, R2 ¼ 0.04, P > 0.01, n ¼ 215 spheroids, N ¼ 3), J. a reduction in the MRTF-A Nuc/Cyt ratio (Pearson's correlation R2 ¼ 0.024, P < 0.05, n ¼ 265
spheroids, N ¼ 3), K. an increase in Lamin-A intensity (Pearson's correlation, R2 ¼ 0.18, P < 0.01, n ¼ 153 spheroids, N ¼ 3) and L. increase in Vinculin intensity
(Pearson's Correlation R2 ¼ 0.76, P < 0.01, n ¼ 153 spheroids, N ¼ 3). There was no significant relationship between nuclear volume and M. YAP Nuc/Cyt ratio
(Pearson's correlation, R2 ¼ 0.01, P > 0.05, n ¼ 215 spheroids, N ¼ 3) or N. MRTF-A nuc/cyt ratio (Pearson's correlation, R2 ¼ 0.003, P > 0.05, n ¼ 265 spheroids, N
¼ 3). Increasing nuclear volume was correlated with O. increasing Lamin-A intensity (Pearson's correlation, R2 ¼ 0.41, p < 0.01, n ¼ 271 spheroids, N ¼ 3) and P.
Vinculin intensity increased with nuclear volume (Pearson's Correlation R2 ¼ 0.49, P < 0.01, n ¼ 153 spheroids, N ¼ 3). Values represent individual spheroids, drawn
across 3 biological replicates; ‘n’ represents the total number of spheroids analysed.
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4. Conclusion

Cell-cell interactions are known to be important for normal cardiac
cell function, however, with the limited study of 3Dmechanosensation of
cardiac cells, the implications of these interactions have not been well
explored. Our study has found that even relatively soft substrates can be a
major mechanical challenge to cardiac cells in 3D but contact with other
cells can enhance their capacity to respond to stiffness-based cues. In this
study, we have presented a simplemethod for investigating collective cell
mechanosensation in 3D. Many questions remain regarding how decou-
pling volume expansion from substrate stiffness might alter mechano-
transduction and whether interactions between cardiomyocytes and
common supporting cells, such as fibroblasts or endothelial cells, might
enable cardiomyocytes to better adapt to 3D microenvironments. Using
our platform, we have begun to unpack the mechanisms of mechano-
transduction in 3D for cardiac cells, providing valuable insights for the
design of cardiac structure for research and therapeutic purposes.
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