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Calcific aortic valve disease (CAVD) is the most prevalent heart valve disorder worldwide. Despite its
growing clinical burden, there are currently no pharmacological treatments available to prevent or reverse
disease progression; transcatheter or surgical valve replacement remains the only therapeutic option. In
this study, we developed a disease-inspired in vitro model to investigate how mechanical and biochemical
cues, specifically reduced tensile stress and enrichment of hyaluronic acid (HA) within extracellular matrices
(ECM), influence valvular endothelial cell biology, both hallmark features of CAVD. To achieve this, we
developed a hydrogel-based model, incorporating different concentrations of HA to mimic healthy, mild,
and moderate stages of CAVD. Valvular endothelial cells were cultured on these ECM conditions and
subjected to cyclic stretch at 0%, 10%, and 20%, representing static (no mechanical stimulation),
physiological (healthy), and pathological (hypertensive) conditions, respectively. We found that HA
enrichment within the ECM, combined with reduced stretch intensity, induced an intermediate
endothelial-to-mesenchymal transition (EndMT) phenotype, as evidenced by increased expression of vWF,
CD31, aSMA, and MMP9. Notably, the application of 10% and 20% cyclic stretch mitigated the pro-EndMT
effects of HA enrichment. Additionally, HA enrichment and stretch intensity influenced the expression of
ICAM-1, an inflammatory marker, and subsequent THP-1 monocyte adhesion. Under static conditions, HA
deposition alone did not significantly affect cell adhesion. However, 10% stretch reduced ICAM-1
expression and monocyte adhesion, whereas at 20% stretch, high HA concentrations enhanced monocyte
adhesion. To validate our in vitro findings, we analysed aortic valve tissues from CAVD patients and healthy
donors. CAVD valves showed the increased CD31, MMP9, and a-SMA expression, reduced vWF levels, and
heightened cellular infiltration, confirming key inflammatory and structural changes observed in vitro. This
work establishes a physiologically relevant in vitro platform to study CAVD progression and highlights the
importance of ECM composition and mechanical loading in modulating endothelial biology and immune
interactions.

Introduction

“School of Health and Biomedical Sciences, RMIT University, Melbourne, Victoria,

Australia

Calcific aortic valve disease (CAVD) is the most common heart

b Baker Heart and Diabetes Institute, Melbourne, Victoria, Australia. valve disorder globally and the third most prevalent

E-mail: sara.baratchi@baker.edu.au

“School of Engineering, RMIT University, Melbourne, Victoria, Australia
4 Department of Cardiometabolic Health, University of Melbourne, Parkville,

Victoria, Australia

cardiovascular disease," with its incidence rising significantly
among the ageing population.”> CAVD is characterised by
inflammation, fibrosis, and valvular calcification. This
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Unfortunately, to date, there is no approved pharmacotherapy
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replacement, either via surgery or transcatheter intervention,
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remains the only treatment option. Without valve
replacement, there is a 50% chance of mortality within two
years of diagnosis for patients with symptomatic, severe aortic
stenosis.®™®

Insufficient understanding of the CAVD pathophysiology
is the main obstacle to developing appropriate
pharmacotherapy. The aortic valve is composed of valve
endothelial cells, valve interstitial cells, and extracellular
matrix (ECM). The pathophysiology of the disease is complex
and involves endothelial dysfunction, immune cell
infiltration, endothelial-to-mesenchymal transition (EndMT),
osteoblastic differentiation of valve interstitial cells, and
calcification.”’® EndMT is vital in embryonic development
and contributes to other diseases, including cancer and
various cardiovascular disorders, making it a potential
therapeutic target.'*"

The aortic valve is a highly dynamic structure, opening
and closing approximately 42 million times per year. The
mechanical forces that the aortic valve experiences during
each cardiac cycle are characterised by circumferential tensile
stress, which results in a cyclic stretch of the valve leaflets
during each cardiac cycle. This mechanical stimulus is
crucial in maintaining endothelial cell function and
preserving valve homeostasis."”> Under physiological
conditions, healthy valve leaflets typically experience around
10% cyclic stretch, while elevated stretch levels of 15-20%
are associated with hypertensive states."”> As the CAVD
progresses, the magnitude of cyclic stretch decreases due to
leaflet stiffening and calcification, while the ECM undergoes
remodelling and becomes enriched with glycosaminoglycans
such as hyaluronic acid (HA). Also, calcification begins in
areas experiencing high mechanical strain, and in calcified
regions, strain decreases as calcium deposits spread.'* In this
paper, we aimed to develop a model that enables us to study
the effect of changes in stretch intensity and ECM
reorganisation on valvular endothelial cells, which could
contribute to the progression of CAVD.

One of the most essential CAVD hallmarks is the
widespread alteration in the structure and mechanical
properties of the valve ECM." The ECM of the mature aortic
valve consists of three highly organised, overlapping layers
with distinct mechanical properties, oriented according to
blood flow direction. The primary components of these layers
are collagen, proteoglycans, and elastin. In the aortic valve,
the fibrosa layer (the aortic side of the valve) is primarily
composed of collagen type I, while the spongiosa layer (the
middle layer) consists of proteoglycans, and the ventricularis
layer (the ventricular side) is rich in elastin.’®'” During the
CAVD  development, ECM  becomes enriched in
glycosaminoglycans (GAGs) such as HA. Human aortic valve
endothelial cells (HAOVECs) are key regulators in the early
stages of CAVD, interacting with immune cells and the ECM.
The disease initiation is marked by the loss of HAOVECs
integrity, leading to endothelial dysfunction, lipoprotein
infiltration, and immune cell recruitment, which trigger
inflammation and EndMT."® Hemodynamic alterations, such
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as hypertension, age-related valvular stiffening, and oxidative
stress, trigger HAOVECs injury and activation.”” As the
disease progresses, lymphocytes and monocytes infiltrate the
sub-endothelium, forming lipid-laden foam cells and leading
to inflammation in CAVD.?® The ECM is a dynamic structure
that undergoes remodelling during normal or pathological
conditions. HA is the most prevalent component of the ECM
of various tissues, such as the aortic valve, and is composed
of repeating polymeric glucuronic acid and N-acetyl-
glucosamine disaccharides.”* HA is commonly used in
biomaterial applications and tissue engineering. Within the
matrix environment, HA interacts with its receptor CD44 and
plays an important role in modulating cell proliferation,
development, and adhesion.?>** The complexity of the native
valve ECM and the limitations of histological analysis make
it challenging to dissect the sequence of events in valve
pathology. Therefore, engineered in vitro models aim to
mimic key ECM features and hemodynamic characteristics to
uncover critical underlying mechanisms of CAVD
pathophysiology. Among ECM components, hyaluronic acid
is an attractive valve-mimicking biomaterial due to its
abundance and role in CAVD and EndMT.?>® While previous
studies have shown that incorporating HA into collagen
hydrogels—in the absence of mechanical stretch—can
significantly promote EndMT and cellular invasion,*® the
combined impact of HA enrichment and physiologically
relevant cyclic stretch on HAOVECs biology has not been
investigated. Given that the aortic valve is a highly dynamic
structure, continuously subjected to pulsatile blood flow and
mechanical deformation, tensile stress on the valve leaflets
plays a critical role in regulating the biology of HAOVECs,
which act as mechanotransducers, converting physical stress
into cellular signals. Here, we present a novel study
examining the synergistic effects of HA-enriched ECM and
cyclic stretch on EndMT and inflammatory activation of
HAOVECs. This integrative, mechanobiology-informed
approach provides new and translationally highly relevant
insights into how matrix composition and mechanical forces
cooperate to drive VEC dysfunction in valve disease.

Materials and methods
Preparation of hydrogel

Hydrogels were prepared in three different conditions: 1)
control: 6 mg ml" methacrylated collagen I (PhotoCol;
catalog no #5270 Advanced Biomatrix) (ColMA), 2) healthy: 6
mg ml™' ColMA + 2 mg ml™" methacrylated hyaluronic acid
(PhotoHA; catalog no #5274) (ColMA + HA2), and 3) diseased:
6 mg ml™" ColMA + 10 mg ml™" HA (ColMA + HA10). LAP
photoinitiator (at a concentration of 17 mg ml™ in 1X
phosphate-buffered saline (PBS)) was added, followed by blue
light photo-crosslinking of the hydrogel at 405 nm for 5 min.
The volume of the photoinitiator was calculated by
multiplying the total volume of the hydrogel solution by 0.02.
The thickness of the hydrogel used in every condition is ~1.3
mm.

This journal is © The Royal Society of Chemistry 2025
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Rheological characterisation of hydrogels

Frequency sweep rheometry was conducted to evaluate the
viscoelastic properties and flow behaviour of ColMA-based
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ColMA + HA2, and ColMA + HA10, were tested using a
Discovery HR-3 Rheometer (TA Instruments, New Castle,
DE) equipped with a 25.0 mm cone and plate geometry (2°)
system (ETC Steel, 118288) and Peltier temperature control

hydrogel formulations ~ with and  without HA  system set to 37 °C to simulate physiological conditions.
supplementation. Three formulations, ColMA (control),  The hydrogels were UV-cured in situ on the Peltier plate to
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Fig. 1 Hyaluronic acid in the ECM modulates the mechanical properties of the hydrogel. (a) Schematic representation of the three different
hydrogel conditions used. (1b,_y;) frequency-dependent storage (G') and loss (G”) moduli for (b)) ColMA, (b)) ColMA + HA2, and (by;;) ColMA + HA10
hydrogels. Each subpanel shows G’ (black symbols) and G” (red symbols) vs. angular frequency. (¢, anq 11) Viscoelastic moduli of ColMA hydrogels
with increasing HA content, plotted against linear frequency (Hz). (c;) Storage modulus (G') for pure ColMA, ColMA + HA2 (mid-tone o), and ColMA
+ HA10 (black a). (c) Corresponding Young's modulus E'(w) (in compression/tension) estimated from G’ (assuming near-incompressibility) for
ColMA (light blue @), ColMA + HA2 (blue o), and ColMA + HA10 (dark blue A). The Fig. 1a was created using https://BioRender.com and is
licensed under BioRender's academic license.
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ensure uniform crosslinking and consistent testing
conditions.

Frequency sweep measurements were performed from 1-
100 Hz at a set strain of 20% to determine key rheological
properties, including storage modulus (G') and loss modulus
(G"). In addition, the Young's modulus was calculated from
G' at each frequency using the equation E = 2G'(1 + v),
assuming a Poisson's ratio (v) of ~0.5, with results plotted as
a function of frequency to illustrate the elastic response of
each formulation under dynamic loading.

Cell culture

HAOVECs (catalog #00225975 Lonza) were obtained and
subcultured in EGM™-2 endothelial cell growth medium-2
BulletKit™ (catalog #CC-3162 Lonza). Cells between passages
4-8 were used in this study. HAOVECs were seeded on top of
the fibronectin-coated hydrogels at a density of 80000 cells
per well for 24 hours and at 37 °C in a humidified incubator
with 5% CO, to allow the endothelial cells to adhere. THP-1
cells were obtained from ATCC and maintained in RPMI
1640 medium containing 10% fetal bovine serum (Life
Technologies), 1% penicillin-streptomycin (Life
Technologies), 10 mM HEPES buffer (Life Technologies), and
2 mM r-glutamine (Life Technologies).

Exposure of endothelial cells to cyclic stretch

To expose the endothelial cells to a defined level of cyclic
stretch, deformable multi-well PDMS stretch chambers (SC-
0044-Strex) were used. Hydrogels were polymerised directly
inside the PDMS chambers, where they adhered to the
chamber surface. After polymerisation, human aortic valve
endothelial cells were seeded on top of the hydrogels for
24 hours to allow endothelial cells to form a confluent
monolayer (Fig. 1a). Following that, stretch chambers were
placed in the chamber bracket of the stretching system
(ST-1400, STREX) and were subjected to a cyclic stretch of
10% and 20% at 1 Hz for 16 h inside the cell culture
incubator at 37 °C. Static chambers were left in the
incubator at 37 °C. To confirm that endothelial cells
experienced mechanical stretch, cytoskeletal alignment was
assessed post-stretch by staining F-actin with phalloidin
and imaging via confocal microscopy.

Immunofluorescent staining and confocal microscopy of
hydrogels

After each experiment, cells on hydrogels were fixed using
4% paraformaldehyde (PFA), pH 7.4 in PBS for 1 h at 37 °C,
followed by 3 washes with PBS (Gibco, pH 7.4) and
permeabilised with 0.1% Triton X-100 (Sigma-Aldrich) for 10
min at room temperature. Next, cells were blocked with
10% goat serum for 1 hour at 37 °C followed by staining
with primary antibodies, mouse anti-CD31 monoclonal
antibody (Invitrogen, #BMS137, 1:200), rabbit anti-MMP9
monoclonal antibody (Invitrogen, #MA5-32705, 1:200),
rabbit anti-vWF polyclonal antibody (Sigma, #F3520, 1:200),
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mouse anti-alpha-smooth-muscle actin monoclonal antibody
(Invitrogen, #14-9760-82 1:200), and mouse anti-ICAM1
antibody (Abcam, #ab2213 1:200). The secondary antibody
staining was performed using Alexa-647-goat anti-mouse,
Alexa-647-goat anti-rabbit, Alexa-488-goat anti-mouse, and
Alexa-488-goat anti-rabbit antibodies (all from Invitrogen, 1/
400). F-actin was stained with Atto 565-phalloidin (Sigma-
Aldrich, 1/1000), and the nuclei were stained with DAPI
(Thermo Scientific, 1/400). Images were acquired using a
Nikon A1 confocal microscope (Nikon, Japan) equipped
with either 10x or 20x objective lenses and 2-4x camera
zoom.

MMP activity

The overall activity of matrix metalloproteinases (MMPs) was
measured using a fluorescence-based MMP activity assay
according to the manufacturer's instructions (Abcam,
#ab112146). Briefly, cell lysates were prepared and
centrifuged at 12000 rpm for 10 min, and MMP green
substrate and 10 pg of cell lysate protein were added to a 96-
well plate. Fluorescence was measured at an excitation/
emission of 490/525 nm.

Cell adhesion assay

To assess THP-1 adhesion to valve endothelial cells, THP-1
cells were labelled with LeukoTracker Green (Cell Biolabs) for
15 minutes at 37 °C, then washed with PBS to remove excess
dye, following the supplier's instructions. The labelled THP-1
cell suspension was then perfused over a monolayer of
endothelial cells that had been exposed to different levels of
cyclic stretch overnight, at a 3:1 ratio (THP-1 to endothelial
cells).

Ethic statement

All experiments were performed in accordance with the
Guidelines of the Alfred Human Ethics Committee, and the
recruitment of the human aortic valve biospecimens was
performed following approval from the Alfred Hospital Ethics
Committee (project 560/1). Informed consents were obtained
from human participants of this study.

Human aortic valve samples and immunohistochemistry
(IHC)

Calcified human aortic valve tissue was obtained from
patients undergoing surgical valve replacement at The
Alfred Hospital, Melbourne, Australia. Non-calcified human
aortic valves were obtained from deceased Australian
organ donors from the Australian Donor Tissue Biobank.
All studies involving human biospecimens were approved
by the Alfred Research Ethics Committee. Fresh tissues
were immediately embedded in optimal cutting-
temperature compound and frozen at —80 °C (Tissue-Tek®,
Sakura Finetek, The Netherlands). The study was approved
by the Alfred Hospital Ethics Committee. Serial 6 pm

This journal is © The Royal Society of Chemistry 2025
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sections were prepared using a cryostat (cryostat, Leica
CM1950). Fresh frozen tissue sections were cut, air-dried
for 60 min, and stored at —20 °C. Before staining, sections
were fixed in 95% ethanol, 100% ethanol, cold acetone,
and air dried for 20-30 min, followed by fixation in 4%
PFA for 15 min. After blocking with 10% goat serum and
5% BSA for 30 min, primary antibodies targeting specific
markers Ms-CD31 (Invitrogen, #BMS137 1:200), Rb-MMP9
(Invitrogen, #MA5-32705 1:200), Ms-aSMA (Invitrogen, #14-
9760-82 1:200), Ms-ICAM1 (Abcam, #ab2213), and Rb-vWF
(Sigma, #F3520 1:200) were applied overnight at 4 °C.
Sections were then incubated with secondary antibodies
(Alexa-647 conjugated goat anti-mouse and Alexa-488
conjugated goat anti-rabbit antibodies (both from
Invitrogen)) for 2-3 h, followed by staining with CD62P-
568 (Biosciences #348107) and DAPI. Sections were
mounted in ProLong Gold antifade mountant and stored
at 4 °C until imaging. Imaging was performed using a
Zeiss Axioscan 7.

Data analysis

The orientation of actin stress fibres was analysed using a
custom MATLAB script, as described in detail elsewhere.?”
Cell areas were determined by drawing regions of interest
(ROIs) around individual cells and using the area
measurement functions in NIS-Elements software (Nikon
Instruments Inc.). The cell aspect ratio was calculated by
measuring the long and short axes of endothelial cells, also
using NIS-Elements.

The nucleus area was determined from a thresholded
DAPI-stained image using the ‘analyse particle’ function on
Image] (v. 1.54). To assess the expression of different
inflammatory and EndMT markers, we analysed at least 20
cells from each of the 12 randomly selected fields per
condition across four independent experiments. For this,
regions of interest (ROIs) were drawn around individual cells
using NIS Elements software, and the maximum fluorescence
intensity of each ROI was measured.

To evaluate marker expression across the endothelium in
valve specimens obtained from patients with severe aortic
stenosis or from healthy donors, we first labelled the
endothelium with CD31. We then used Zeiss ZEN software to
measure the intensity of the targeted markers across at least
30 regions of the valve endothelial layer.

Statistical analysis

Statistical analysis will be performed using GraphPad Prism
(Version 9.0, GraphPad Software Inc., San Diego, California).
Data are expressed as mean + standard error of the mean
(SEM). Significance will be determined using a standard two-
way ANOVA with multiple comparison tests, with significance
levels indicated as *p < 0.05, **p < 0.01, ***p < 0.001, and
#Rxkp < 0.0001.

This journal is © The Royal Society of Chemistry 2025
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Results

HA supplementation modulates the mechanical properties of
the ColMA-based hydrogels

The dynamic mechanical properties of ColMA-based
hydrogels, with and without HA supplementation, evaluated
via frequency sweep rheometry performed from 1 to 100 Hz
at a constant strain amplitude of 20%, are demonstrated in
Fig. 1. All ColMA-based hydrogels showed typical viscoelastic
solid behaviour, with G’ exceeding G" over the tested
frequency range, confirming the formation of a crosslinked
network (Fig. 1by_y;). However, the magnitude of G', the gap
between G’ and G”, and the frequency-dependence of the
moduli were strongly influenced by HA concentration. Pure
ColMA hydrogel exhibited the lowest G' (~10"2 Pa at 1 rad
s ') and a loss tangent (tan § = G"/G') approaching unity at
the lowest frequencies, indicating a considerable viscous
component. In contrast, the ColMA-HA hybrid hydrogels,
especially at the highest HA content (ColMA + HA10), showed
dramatically higher G’ and much smaller tan ¢ (~0.1 or less),
reflecting predominantly elastic behaviour. These trends
suggest that incorporating methacrylated HA reinforces the
collagen network, increasing its solid-like character. This
result aligns with other findings that HA substantially
improves the rigidity and viscoelasticity of hydrogels when
crosslinked, compared to unmodified HA.*® Lan et al
recently reported that pure ColMA hydrogels have a relatively
small G'-G" difference, whereas adding a second polymer
network (e.g. tyramine-modified HA or PEGDA) raises G’ and
amplifies the G'-G". Here, the ColMA + HA10 formulation
displays the largest G'-G” gap (Fig. 1byy), consistent with a
more highly crosslinked or entangled dual-network that
resists viscoelastic deformation.>® Furthermore, after
photopolymerisation, such dual-network hydrogels tend to
show only weak frequency dependence of G’ and G”, resulting
in plateau-like behaviour. In our hybrids, G’ remains
relatively flat through mid-range frequencies compared to
pure ColMA, which exhibits a more pronounced rise in G’
with frequency.

Further quantitative analysis revealed a pronounced
concentration-dependent increase in hydrogel stiffness upon
HA incorporation. At 1 Hz, the storage modulus (G') was
approximately 173 Pa for ColMA, 459 Pa for ColMA + HA2,
and 642 Pa for ColIMA + HA10, while at 100 Hz, G' increased
to 4423 Pa, 5600 Pa, and 6283 Pa, respectively (Fig. 1c;). This
trend reflects a 3-4-fold enhancement in shear stiffness with
10 mg ml™ HA supplementation, consistent with findings
reported by Gennari et al. on HA-collagen hybrid systems
where G’ increased by an order of magnitude with HA
concentrations >5% w/v.”> The increasing G’ values across
frequency (1-100 Hz) show improved crosslinking and
network rigidity, with CoIMA + HA10 reaching a plateau near
6.3 kPa. Young's modulus followed a similar trend: at 100
Hz, ColMA measured ~13.3 kPa, while HA2 and HA10
formulations reached ~16.8 kPa and ~18.8 kPa, respectively
(Fig. 1cy and Table S1f). These values place ColMA in the
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range of soft tissues (e.g., brain), and HA-supplemented
variants nearer to connective tissues like dermis or relaxed
muscle (10-20 kPa), making them more suitable for load-
bearing applications.** Additionally, the reduced loss tangent
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(G"/G") in HA-ich gels suggests diminished viscous
dissipation and a shift toward elastic-dominated behaviour.
These findings align with the mechanical profiles of
interpenetrating networks, where HA contributes additional
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Fig. 2 Cyclic stretch affects stress fibre orientation in HAOVECs independent of the ECM environment. (a and a”) Representative images of
HAOVECs stained for (I) actin filaments, (ll) along with corresponding histograms showing the distribution of stress fibre orientation angles and (Ill)
polar histograms highlighting the dominant orientation angle, demonstrate the effect of static, 10%, and 20% cyclic stretch on stress fibre
alignment in cells cultured on different hydrogel substrates. (b and c) Line graphs show the frequency of orientation angle of HAOVECs's actin
stress fibres cultured under different (b) stretch levels and (c) hydrogels. (d and e) Bar graphs show the frequency of stress fibres with (d) 0-15°
and (e) 75-90° orientation angles in different hydrogels and stretch levels. Data is representative of 4 independent experiments. Each dot in d and
e is representative of a randomly selected field of view per experiment. At least 20 cells have been analysed per field of view. Data were analysed
using two-way ANOVA followed by Tukey's multiple comparisons test (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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cross-links, enhancing energy dissipation and thereby
reinforcing the composite hydrogel.>> The observed frequency
insensitivity of G’ in ColMA + HA10 may also support the
presence of a well-structured and stable network, confirming
the mechanical tunability of these hydrogels for targeted
tissue engineering applications.

Cyclic stretch modulates the morphology of endothelial cells
and the cell nucleus, independent of the ECM environment

Endothelial cells are highly mechanosensitive, responding to
forces generated by blood flow and valve movement through
the activation of mechanotransduction pathways. These
pathways drive morphological alterations, cytoskeleton
remodelling and alignment to the direction of applied
force.**® Importantly, changes in the extracellular matrix
composition, such as enrichment of glycosaminoglycan
content, can further influence endothelial mechano-
sensitivity.

Therefore, initially, we examined how varying stretch
intensity and the hydrogel environment affect their
morphology and cytoskeleton remodelling. To mimic
different stages of ECM remodelling characteristics of
diseased valves, we fabricated collagen hydrogels with varying
concentrations of hyaluronic acid: 2 mg ml™ to represent the
healthy group, 10 mg ml™" as the disease group, and
collagen-only hydrogels as the control group for HA.>”*®
Following this, endothelial cells were cultured on top of the
hydrogel and subjected to either 10% or 20% cyclic stretch,
representing physiological and pathophysiological
conditions, respectively. Immunostaining of the actin
cytoskeleton, followed by fluorescence microscopy, was
performed to assess cytoskeletal organisation.

Our findings indicate that endothelial cells exposed to
10% and 20% cyclic stretch exhibited a distinct, stress-
dependent realignment of actin fibres perpendicular to the
stretch direction (Fig. 2a and a®). For example, increasing
the stretch level from 0 to 10% and 20% reduced the
frequency of actin stress fibres with a 0-15° orientation
0.5 + 0.4-fold (P < 0.001) and 0.4 + 0.2-fold (P < 0.001)
while the percentage of actin fibres oriented at 75-90°
showed an opposite trend 1.4 + 0.5-fold (P < 0.001) and
1.6 + 0.8-fold (P < 0.01) (Fig. 2d and e). Notably, the
response appeared to saturate at 10% stretch, with no
further significant effect on the action alignment observed
between the 10% and 20% stretch levels (Fig. 2b and b?).
However, varying HA levels in the hydrogels did not
influence actin stress fibre alignment (Fig. 2c and c?),
demonstrating that mechanical forces are the primary
drivers of cytoskeletal alignment in this model.

We then examined the combined effects of cyclic stretch
and ECM condition on endothelial cells' area, nuclear area,
and cell aspect ratio (Fig. 3a and a”). Endothelial cells
subjected to cyclic stretch demonstrated an increase in cell
aspect ratio, whereas no major significant difference exists
between those cultured on different substrates (Fig. 3b). For
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example, the application of 10% and 20% cyclic stretch on
ColMA led to 1.6 + 0.9-fold (P < 0.0001) and 1.6 + 0.6-fold (P
< 0.0001) increase in cell aspect ratio, consistent with stress
fibre data, while no significant difference was observed
between different ECM conditions of the same stretch
intensity. Assessing cell area, we observed that in endothelial
cells cultured under 10% stretch, an increase in HA
concentration led to a 1.3 + 0.6-fold increase in cell area (p <
0.01) when comparing ColMA to ColMA + HA10. However,
this response was saturated at 20% stretch. Evaluating the
different stretch groups, we found that the presence of HA
enhanced the response to cyclic stretch with respect to cell
area. For example, in endothelial cells cultured on ColMA +
HA2, increasing the stretch from 0% to 20% stretch yielded a
1.3 + 0.7-fold (P < 0.05) increase compared to the static group
(Fig. 3c). Assessing the nucleus size, we found that
endothelial cells cultured on ColMA in response to stretch
intensity increased the nucleus area, while for both ColMA +
HA2 and ColMA + HA10, cyclic stretch did not affect the
nucleus area (Fig. 3d).

HA enrichment and cyclic stretch control EndMT in valvular
endothelial cells

EndMT is a differentiation process in which endothelial cells
progressively acquire the functional properties and
characteristics of mesenchymal cells and express both
mesenchymal and endothelial cell markers.***® Numerous
reports have demonstrated that EndMT and epithelial-to-
mesenchymal transition are key regulators in common
human diseases, including lung fibrosis and cardiovascular
diseases.*"** In particular, EndMT is necessary for valve
development at the embryonic stage, and adult valvular
endothelial cells might also re-experience this cellular
reprogramming, contributing to the abnormal stiffening and
calcification of the aortic valve.**

Therefore, we asked whether the enrichment of HA in the
ECM environment would induce EndMT and whether
mechanical forces regulate this process. For this, we assessed
the expression of CD31 and vWF as endothelial markers and
MMP9 and a-SMA as mesenchymal markers (Fig. 4 and S17).

Assessing the expression of CD31 and vWF, we observed
that under static conditions, increasing the concentration of
HA in the ECM from 0 (ColMA) to 10 mg ml™* (ColMA-HA10)
resulted in a significant elevation in the expression of both
markers: 4.2 + 4.4-fold (P < 0.01) for CD31 and 26.15 + 47.8-
fold (P < 0.001) for vWF. We noted a similar trend while
evaluating the expression of VWF and MMP9. Furthermore,
we found that exposing cells to cyclic stretch counteracts this
effect (Fig. 4a and b). Under static conditions, increasing the
concentration of HA from 0 (ColMA) to 10 mg ml™' (ColMA -
HA10) led to a significant increase in the expression of
MMP9 (13 + 102.5-fold, P < 0.05) and aSMA (2 + 2.1-fold, P <
0.01). Similar to the endothelial markers, exposure of
endothelial cells to cyclic stretch attenuated the HA-induced
upregulation of MMP9 and oSMA. For instance, in
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Fig. 3 Cyclic stretch changes the morphology of endothelial cells and the cell nucleus. (a and a") Representative images of HAoOVECs labelled with
phalloidin (red) and DAPI (blue) show cell morphology and nuclear size under different hydrogels and cyclic stretch levels, with dashed lines
indicating cell area. Bar graphs represent (b) the cell ratio, (c) the cell area, and (d) the nuclear area of HAOVECs cultured on ColMA, ColMA
supplemented with 2 mg ml™ HA, or 10 mg ml™* HA, with or without exposure to 10% or 20% cyclic stretch. Data is representative of 4
independent experiments. Each dot in bar graphs b-d is representative of randomly selected field of view per experiment. At least 20 cells have
been analysed per field of view. Data were analysed using two-way ANOVA with Tukey's test (*P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001).
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0.001, ****P < 0.0001).

endothelial cells cultured in ColMA - HA10, exposure to
20% cyclic stretch led to a 0.3 = 0.2-fold (P < 0.01)
decrease in the expression of aSMA compared to the static
group. These findings demonstrate that increased HA
concentration in the ECM, combined with reduced levels of
mechanical stress, promotes EndMT in endothelial cells
(Fig. 4c and d). We also assessed the total MMP activity in
both cell lysates using an ELISA kit at different time points
in ColMA and ColMA - HA10 under various stretch
conditions; however, no significant differences were
observed between the stretch groups (Fig. S2t), likely due
to regulatory mechanisms such as TIMP inhibition or lack
of MMP activation.**

GAGs deposition and cyclic stretch regulate inflammation
and THP-1 adhesion to endothelial cells

Next, we assess the effect of an increase in HA concentration
in the presence or absence of cyclic stretch on the expression
of the inflammatory marker, ICAM1, and the adhesion of
THP1 to endothelial cells (Fig. 5). Assessing the expression

This journal is © The Royal Society of Chemistry 2025

level of ICAM1, we found that under static conditions, an
increase in the concentration of HA from 0 (ColMA) to 10 mg
ml™ (ColMA - HA10) in the ECM led to an increase in the
expression of ICAM1 by 1.6 + 24-fold (P < 0.01). Also,
increasing the stretch intensity from 10% to 20% in
endothelial cells cultured on ECM with 10 mg ml™ HA, led
to an increase in the expression of ICAM-1 by 2 + 1-fold (P <
0.05) (Fig. 5b). Assessing the number of THP-1 cells adhered
to endothelial cells, we found that exposure to 10% cyclic
stretch for all ECM conditions led to a significant decrease in
the number of THP-1 cells attached to endothelial cells
compared to the static group (P < 0.01). Furthermore, in the
presence of 20% cyclic stretch, an increase in HA
concentration to 10 mg ml™' (ColMA - HA10) led to a 3.5 +
3.2-fold increase in the number of adhered THP-1 cells
compared to ColMA (Fig. 5c). Interestingly, under 10% cyclic
stretch, an increase in HA concentration did not elevate
ICAM-1 expression or THP-1 adhesion. These findings
suggest that physiological levels of mechanical stretch may
exert a protective or stabilising effect on the endothelial
phenotype by attenuating inflammatory activation. This
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Fig. 5 Monocyte adhesion and ICAM-1 expression are regulated by HA enrichment and cyclic stretch. (a and a) Representative images of labelled
THP-1 cells (green) adhered to endothelial cells cultured on different hydrogels, either under static conditions or subjected to 10-20% cyclic
stretch, stained for ICAM-1. (b) Bar graphs show the normalised ICAM-1 expression in HAOVECs cultured on ColMA, ColMA + HA2, and ColMA +
HA10 in the presence or absence of 10% and 20% cyclic stretch, and (c) the number of THP-1 cells adhered to endothelial cells per field of view.
Data is representative of 4 independent experiments. Each dot in b and c is representative of a randomly selected field of view per experiment. At
least 20 cells have been analysed per field of view. Graphs were analysed using two-way ANOVA, mixed-effect analysis, and multiple comparison

tests (*P < 0.05, **P < 0.01, ***P < 0.001).

observation aligns with previous reports indicating that
physiological ~mechanical strain supports endothelial
homeostasis and survival, in part by promoting cell
alignment and minimising detrimental stress on the
endothelium.”” This protective effect is similar to the
atheroprotective effect of physiological levels of laminar shear
stress.”® This finding is consistent with the increase in the
expression of ICAM-1 and VvWF in response to HA
concentration in the ECM and cyclic stretch and

demonstrates  that  both  ECM signalling  and

4644 | Lab Chip, 2025, 25, 4635-4649

mechanotransduction control endothelial activation and the
inflammatory phenotype.

Altered expression of EndMT markers in calcific versus
healthy human aortic valves

To validate our in vitro findings, we analysed diseased aortic
valve leaflets removed from patients with CAVD undergoing
surgical valve replacement and compared them to healthy
aortic valves obtained from deceased organ donors without

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 EndMT marker expression is altered in aortic valve tissue in patients with severe CAVD compared to patients in healthy controls.
Representative images of IHC staining of healthy and calcified aortic valve tissues showing (a) full sections and (b and c) zoomed selected areas
stained for EndMT markers throughout the endothelium layer. The bar graphs show the expression levels of (d) CD31, (e) MMP9, (f) vWF, and (g)
a-SMA across the endothelium in CAVD tissue compared to healthy controls. Each dot represented a randomly selected field of view based on the
expression of CD31 from 4 independent donors (N = 4 valve tissues and n = 30 per tissue). Data were analysed using a non-parametric Mann-

Whitney U test (**P < 0.01, ***P < 0.001, ****P < 0.0001).

CAVD. Morphologically, the calcified valves were thicker and
exhibited prominent calcium nodules highlighted by white
arrows (Fig. 6a).

We performed immunofluorescence staining, using CD31
to label the endothelial layer, and assessed the expression of
CD31, MMP9 (Fig. 6b), von Willebrand Factor (VWF), and
o-smooth muscle actin (a-SMA) (Fig. 6c) across multiple
regions of the endothelium on both the aortic and ventricular
sides of the valves. Quantitative analysis revealed that
expression of CD31 and MMP9 was 1.5 + 1.2-fold and 1.4 +
0.9-fold higher, respectively, in CAVD valves compared to
healthy specimens (Fig. 6d and e). Additionally, o-SMA
expression was elevated by 2 + 4.4-fold in CAVD valves,
whereas VWF expression was reduced to 0.5 + 1-fold relative
to healthy controls (Fig. 6f and g).

Consistent with an
CAVD valves also showed increased levels of cellular
infiltrates, as indicated by denser DAPI nuclear staining in
Fig. 6b and c.

inflammatory microenvironment,

This journal is © The Royal Society of Chemistry 2025

Discussion and conclusions

CAVD represents a significant and growing health burden
in the ageing population, with no current pharmacological
treatments capable of halting or reversing its progression.

Recent studies have identified EndMT as a critical
contributor to the pathogenesis of CAVD, yet the
mechanistic drivers of this process remain poorly

understood. Developing a bioengineering model that
accurately recapitulates the mechanical and biochemical
environment of the diseased valve is therefore essential for
advancing our understanding of EndMT and for identifying
potential therapeutic targets.

EndMT is a process where endothelial cells lose their
endothelial ~ phenotype and  acquire  mesenchymal
characteristics, including increased proliferation, increased
secretion of various molecules such as ECM proteins, loss of
cell-cell junctions, elongated morphology, and increased
migration, which can consequently contribute to CAVD."™°
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During EndMT, cells express both endothelial and
mesenchymal markers, a key feature of this process. Thus,
EndMT is a well-known therapeutic target.'®""

We utilised a bioengineered model to investigate the
effects of glycosaminoglycan deposition and cyclic stretch on
endothelial phenotypical changes, EndMT, and expression of
inflammatory markers. Under static conditions, increased
GAG concentrations in the extracellular matrix promoted the
expression of both endothelial (CD31, vWF) and
mesenchymal markers (MMP9, o-SMA). This suggests that
higher GAG levels, in the absence of any tensile force, can
create a microenvironment conducive to initiating an
intermediate EndMT phenotype, characterised by the co-
expression of both endothelial and mesenchymal markers."*

Previous studies have demonstrated that both low and
atherogenic levels of shear stress, particularly in conjunction
with glycosaminoglycan (GAG) enrichment and increased
matrix stiffness, can promote endothelial-to-mesenchymal
transition (EndMT).>'~>*

In our study, HAOVECs cultured in the stretch chamber
were not exposed to shear stress; instead, they experienced
cyclic tensile strain under controlled conditions. Despite the
absence of flow-induced shear, our data show that GAG
enrichment and the consequent increase in matrix stiffness,
combined with reduced tensile strain, were sufficient to
induce EndMT.

4646 | Lab Chip, 2025, 25, 4635-4649

These findings suggest that endothelial cells utilize a
convergent mechanosensory network that can integrate
distinct mechanical inputs—including shear and tensile
stress—within ~ a  pathological  extracellular =~ matrix
environment. The observation of an inflammatory
endothelial phenotype in our model further supports the idea
that both types of biomechanical cues, when coupled with
matrix stiffening and inflammatory signaling, can drive
EndMT through shared pathways, such as TGF-B. Altogether,
our work highlights the importance of matrix composition
and tensile stress in modulating endothelial responses, and
underscores the broader relevance of distinct yet overlapping
mechanical forces in vascular pathophysiology.

Endothelial cells are mechanosensitive and cyclic tensile
strain, experienced by valvular cells as cyclic stretch during
the cardiac cycle, is a key mechanical force acting on the
aortic valve and plays a crucial role in maintaining the
endothelial phenotype.>**”**®® Under healthy conditions,
aortic valve leaflets experience approximately 10% cyclic
stretch, while 15% and 20% cyclic stretch indicate
hypertensive and severely hypertensive states, respectively.
Additionally, aged and calcified regions experience reduced
cyclic stretch, particularly in late-stage CAVD, which can
approach 0% stretch.>® Interestingly, our results show that
both 10% and 20% cyclic stretch reduced EndMT marker
expression compared to static conditions, suggesting that

This journal is © The Royal Society of Chemistry 2025
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mechanical stress helps preserve the endothelial phenotype.
However, the total MMP activity of HAoOVECs cultured on
ColMA and hydrogels with high HA deposition (10 mg ml™)
displayed no significant differences, indicating that while HA
may influence the expression of specific mesenchymal
markers such as MMP9, it does not necessarily alter overall
MMP activity in this system.

We also examined the effects of cyclic stretch and GAG
deposition on endothelial inflammation and leukocyte
adhesion. Endothelial inflammation and dysfunction are key
contributors to the progression of CAVD, as they facilitate the
adhesion and transmigration of inflammatory cells into the
subendothelial space, where they contribute to tissue
remodelling and calcification.?® Here, GAG deposition alone
had a minimal impact on THP-1 adhesion under static
conditions. However, 10% cyclic stretch significantly reduced
ICAM-1 expression and leukocyte adhesion. In contrast, 20%
stretch, particularly with high GAG concentrations, induced a
pro-inflammatory response, evidenced by increased ICAM-1
expression and enhanced THP-1 adhesion.

To confirm our in vitro observations, we examined
calcified aortic valve tissue surgically removed from CAVD
patients undergoing prosthetic valve replacement, as well as
control valve tissue obtained from deceased organ donors
through our collaboration with the Australian Donor Tissue
Biobank. The IHC results confirm the higher expression of
CD31 in CAVD groups. Furthermore, the expression of MMP9
and o-SMA was higher in the endothelial layer of the CAVD
group compared to the control, ultimately confirming our
in vitro findings.

These observations reinforce the role of mechanical stress
in perpetuating inflammation and disease progression in
CAVD. Initial valve insults, such as congenital bicuspid valves
or transient infections, may initiate abnormal ECM
remodelling. Our findings provide a mechanism by which
early ECM composition changes and reductions in cyclic
stretch promote EndMT and leukocyte recruitment in a self-
perpetuating cycle, resulting in gradual and inexorable CAVD
disease progression.

In conclusion, we demonstrate that cyclic stretch and HA
deposition determine EndMT and inflammation of
endothelial cells. The physiological level of cyclic stretch
reduces ICAM-1 expression and leukocyte adhesion,
highlighting its protective role, while higher stretch
intensities combined with GAGs promote a pro-inflammatory
response (Fig. 7). These results highlight the importance of
hemodynamic forces and matrix composition in regulating
endothelial behaviour, offering insights into how mechanical
and biochemical cues contribute to vascular inflammation
and CAVD progression.
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