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Over the years, cardiovascular diseases have remained a leading cause of mortality worldwide,
necessitating advanced experimental models to mimic the natural environment of the heart as closely as
possible. New microfluidic heart models would enable precise modelling of the healthy heart as well as
pathological mechanisms occurring during cardiac ischemia and testing new therapies would become
more accessible than it is currently. In this study, we developed a two layer holder for creating hypoxic
conditions in a dedicated microfluidic system for modelling cardiac infarction. By integrating the holder
with a microsystem utilizing nanofibrous mats with iron(i, i) oxide (FesO4) magnetic nanoparticles we were
able to create a tool for using (potentially patient specific) induced pluripotent stem cell-derived
cardiomyocytes (iPSC-CMs) in cardiac research. In the microsystem we induced hypoxia and conducted
preliminary observations of cardiac regeneration using induced pluripotent stem cells (iPSCs). We found
that iPSCs express cTnT when co-cultured with hypoxia-damaged iPSC-CMs indicating that the holder
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Introduction

Cardiovascular diseases (CVDs) are currently one of the most
common and serious conditions among people around the
world. An important characteristic of CVDs is their high
heterogeneity in both risk factors and clinical symptoms,
making diagnosis and treatment difficult. CVDs account for
approximately 30% of global mortality, which means they are
more lethal than cancers. Classical diagnosis tools include
electrocardiography  (ECG), echocardiography, computer
tomography (CT), magnetic resonance imaging (MRI), and
angiography. Precise diagnosis is important not only for early
detection of illnesses but also for monitoring patients and
evaluating the effectiveness of treatments. Research has allowed
for improved diagnostic methods and therapeutics and has
broadened our knowledge about risk factors and disease
mechanisms at the cellular level. In recent years, we have seen
opportunities for using non-coding RNAs in diagnosing and
treating CVD," using artificial intelligence and machine learning
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with an integrated microsystem can be used for hypoxia and cardiac regeneration studies.

to analyze images obtained from imaging-based diagnostic
techniques,” and using nanoparticles to treat CVD.? However,
current in vitro models used in CVD studies do not mimic the
microenvironment of human heart tissue in a precise manner,
since most commercially used models rely on two-dimensional
(2D) cell cultures or animal tissues. Easy-to-use and advanced
cellular models would allow for improved studies of new
diagnostic and treatment tools, as they closely replicate the
in vivo conditions of the heart compared to currently used
models. Moreover, there is a growing demand to limit the usage
of animals in pharmaceutical research, and accurate in vitro
models could also serve as a solution. A promising aspect of
disease research in this context has become organ-on-a-chip
technology.

Organ-on-a-chip systems are small devices, typically made
from elastomers and/or glass, containing microstructures (e.g.,
microchannels, microchambers) that allow for the appropriate
geometry for cell culture and in vitro modelling of human
organs.® Due to their small size, they require smaller amounts
of culture media and reagents than traditional cell culture,
while utilizing unique characteristics of the microscale (such as
laminar flow or effective diffusion).”® This allows for replication
of the tissue microenvironment that is more accurate to in vivo
conditions compared to macroscale cell cultures.” Advantages
of a microscale cell culture include reduced reagent usage and
the possibility of closely recreating the microenvironment of
human organs.*™*°

This journal is © The Royal Society of Chemistry 2025


http://crossmark.crossref.org/dialog/?doi=10.1039/d5lc00460h&domain=pdf&date_stamp=2025-10-21
http://orcid.org/0000-0003-0335-2661
http://orcid.org/0009-0009-3918-3194
http://orcid.org/0000-0002-9770-8309
http://orcid.org/0000-0001-6046-2061
http://orcid.org/0000-0002-9371-9166
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lc00460h
https://pubs.rsc.org/en/journals/journal/LC
https://pubs.rsc.org/en/journals/journal/LC?issueid=LC025021

Open Access Article. Published on 18 September 2025. Downloaded on 10/27/2025 3:58:34 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Lab on a Chip

Due to their versatility, organ-on-a-chip devices can be used
to model specific organs, such as the lungs, liver, bones, brain,
or, as in this study, the heart."" ™ As the heart is an
electrophysiological pump powered by the rhythmic
contractions of cardiomyocytes, heart-on-a-chip models focus
mainly on creating an in vitro model where cardiomyocytes are
encouraged to express their native characteristics - elongated
shape, electrophysiological activity, and the ability to contract
spontaneously and in a uniform way.” Since there does not exist
an established adult cardiomyocyte cell line, research focuses
mostly on primary human cardiomyocytes (HCM), primary rat
cardiomyocytes, rat cardiac myoblast cells (H9C2), or stem cells
differentiated into cardiomyocytes (human induced pluripotent
stem cell-derived cardiomyocytes, iPSC-CMs).**™*® For years, the
most common cell line used as a human heart model was the
H9C2 cell line, but since it is a myoblast, not a myocyte, cell
line, and it is rat-derived, there was a significant flaw in those
models. Recently, iPSC-CMs have gained popularity in cardiac
research since they are the only non-primary human
cardiomyocyte cell line and are obtained through iPSC
differentiation with established protocols.®® In future research,
iPSCs will give the potential for personalized medicine and
research models produced directly from a sample taken from a
patient. An important flaw of both H9C2 and iPSC-CMs is that
they are more similar to embryonic cardiomyocytes rather than
adult ones, and they do not have all of the previously mentioned
characteristics.”»** Therefore, engineering solutions that
encourage cardiomyocyte maturation play a crucial role in
heart-on-a-chip devices.

An important element of promoting cardiomyocyte
maturation is their stimulation. The stimuli can have various
origins. For example, the laminar flow in the microsystem can
act as stimulation itself, as it causes shear stress on the cell
membranes and, in moderate conditions, encourages growth
parallel to the direction of the flow. It has been shown that
cardiomyocytes growing in a microfluidic device with flow
conditions exhibit more mature characteristics than cells
growing on a 6-well plate.*®> Moreover, the efficiency of flow
stimulation highly depends on the shape of the microchamber,
as the shape influences the geometry of the laminar flow. In our
team's previous work, we showed that a rectangle is the optimal
microchamber shape to encourage cardiac cell maturation.>* In
addition to flow, mechanical force can also be applied to the
cell culture by stretching the surface on which the cells grow. In
this solution, a highly elastic growth surface is usually used,
and a stretching force is applied continuously or with relaxation
periods on a single or multiple axes.**® Electrodes are
integrated into the culture in electrically simulated devices, and
cells are treated with electrical impulses.?” Electrical stimulation
affects protein or gene levels and is highly associated with
regulating the rhythm of cell stretching, so their spontaneous
beating pattern is uniform throughout the whole culture.?®

Many heart-on-a-chip devices include a 3D structural
element for the cells to grow on and encourage maturation.
This can be done by introducing a hydrogel or a scaffold
material into the culture chamber prior to cell culture. Several
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works use gelatin, gelatin methacryloyl (GelMA), or other
protein hydrogel solutions.>**®*® Polymer (and biopolymer)
scaffolds can be created in a way to achieve the desired shape
or pattern of the model.*>*! Nanofibrous elements are rarely
used in heart-on-a-chip systems; however, like polymer
scaffolds, they offer possibilities of modification and specific
use. For example, Lee et al created polymer nanofibers
modified with diazonium salts, which released nitrogen oxide
into the microenvironment.** In our team's previous work, we
demonstrated the potential use of polyurethane (PU)
nanofibrous mats with regard to cardiomyocyte maturation.*
The mats promoted the longitudinal shape of the
cardiomyocytes and aided their maturation, creating a 3D
healthy heart model. In this work, we decided to expand the
capabilities of the model by replicating disease conditions -
hypoxia.

Apart from achieving the maturity of cardiomyocytes in
in vitro cultures, microfluidic models should also be able to
recreate disease conditions, such as hypoxia. Studying cellular
and molecular responses, such as metabolic shifts, that happen
in cardiomyocytes under hypoxic conditions, can serve as a tool
for understanding the pathogenesis of these diseases and
uncovering new potential therapeutic targets. Low oxygen
conditions can be induced in cellular models in various ways.

In macroscopic hypoxia research, cell culture vessels are
usually placed in an incubator with a desired oxygen
concentration.>***> This method can also be used for
microscale cell cultures; however, due to the scale difference,
there are problems with uneven distribution of oxygen
concentrations and  inefficient gas  exchange. A
straightforward translation of a commercial incubator to the
microscale is to minimize the incubator itself by creating a
small chamber with a nitrogen supply and placing a
microsystem inside.** However, microsystems can be
engineered to offer other, more specific solutions. The main
way to generate hypoxia in a microfluidic cell culture is by
diffusion, which reduces the oxygen concentration in the
culture chamber. This is done mainly by designing additional
channels around the chamber and introducing either oxygen
scavenging reagents or nitrogen there. Oxygen scavenging
reagents include sodium sulfite (with cobalt salt as a
catalyst).>’° A different approach is to introduce nitrogen
(or nitrogen/air or nitrogen/oxygen mixtures) to achieve
specific oxygen concentrations.’”"" Gas channels also allow
for achieving oxygen gradients, which can be useful in
studying tumor biology.*

To overcome the inadequacies of currently existing heart
models and to allow for on-chip control cultures, we designed a
microfluidic system with integrated polyurethane nanofibrous
mats with magnetic nanoparticles and a dedicated holder to
study the effects of hypoxia on a heart model (Fig. 1). The
custom holder allowed for spatial control of oxygen
concentrations, where two zones - a hypoxia zone and a
normoxia zone are created. The aim of this research was to
design a setup to study hypoxia in a heart model obtained in a
novel heart-on-a-chip device. The device is intended to model

Lab Chip, 2025, 25, 5524-5537 | 5525
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Fig. 1 Workflow diagram of the presented study. In this study we designed and created a heart-on-a-chip system and holder to recreate hypoxic
conditions in cardiomyocyte cell culture and study cardiac regeneration. Firstly, an iPSC-CM cell culture in heart-on-a-chip system was exposed
to hypoxic conditions for 6 h to mimic ischemic conditions in the heart and metabolic assays were conducted. Later, the culture was
reoxygenated, as happens in vivo during post-ischemic reperfusion, and iPSCs were added to study stem cell cardiac muscle regeneration.

acute myocardial infarction (heart attack), replicating the
sudden oxygen deprivation that occurs during this ischemic
event. Additionally, we conducted cellular research and assessed
its effect on cardiomyocyte function and maturation. This
platform could provide valuable insights into cardiac ischemia
and aid in the development of new therapeutic strategies.

Experimental
Materials and methods

Design and simulations. The microfluidic device and the
mold were designed in Autodesk Fusion360. The device
consists of one inlet (1.5 mm in diameter), 6 channels (0.5 x
0.5 mm), and 6 rectangular chambers (3 x 35 mm) with
integrated nanofibrous mats (Fig. 2A-E). Three of the
chambers are subjected to hypoxic conditions, and three
remain in normoxia, therefore creating a ‘hypoxia zone’ and
‘normoxia zone’. Additionally, the resulting oxygen levels
should be even throughout the zones. The considered
distances, 9, 13.5, 18, 22.5, and 27 mm, are all based on the
distance between wells in a 384-well plate, to make the
microsystem compatible with a plate reader. In the final
microsystem, the zones are separated by a gap of 22.5 mm,
which was chosen as the optimal distance after oxygen level
simulations in Ansys (Fig. 2F). There are 6 outlets, one from
each chamber. The rectangular shape of the chambers was
chosen to encourage cardiomyocyte maturation as discussed
in previous publications.** Total device measurements are 52
mm X 57 mm X § mm.

5526 | Lab Chip, 2025, 25, 5524-5537

Numerical simulations. Numerical modelling of the oxygen
gradient inside the microsystem was performed in ANSYS 2024
R3. Static conditions were assumed: no medium perfusion and
no cellular uptake of oxygen. Transport therefore occurred
exclusively by  molecular  diffusion through  the
poly(dimethylsiloxane) (PDMS) walls and subsequently within the
culture chambers. The steady-state distribution of dissolved
oxygen, C [mol m~], was described by the diffusion equation:

v-(DVC) = 0 (1)

where D is the diffusion coefficient of oxygen in the
corresponding material. Values of D were set to Dppys = 3.25 X
10 m? s™* for PDMS and Dy edium = 2.00 x 10°° m?* s* for the
culture medium.

Boundary conditions were imposed such that the oxygen
concentration on the outer PDMS surface above the normoxia
zone was fixed to the ambient value of 21% O, at 37 °C, while
the concentration on the outer PDMS surface above the
hypoxia zone was set to zero to mimic complete nitrogen
purging. All other external faces were modeled as zero-flux
boundaries. Eqn (1) was solved on a three-dimensional mesh
that included the PDMS walls and the six cell-culture
chambers. The resulting spatial concentration field yielded a
continuous oxygen profile throughout the device. Simulations
were repeated for several distances between the hypoxic and
normoxic zones.

Microfluidic system fabrication. The proposed microsystem
consists of two PDMS layers: the bottom layer containing

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Characterization of the designed microsystem. (A) A schematic overview of the microsystem. The microsystem consists of six
microchambers with one inlet and six outlets. (B) A photo of the device without inlet and outlet tubes connected. (C) A SEM image of the

PU nanofibrous mats

integrated with magnetic Fes;O, nanoparticles. The green arrow indicates the direction of the flow in the

microchannels. (D) A schematic cross-section of the microchamber and the microfluidic channel. (E) Laser microscope images of the
microstructures in the PMMA stamp and PDMS cast. (F) Computer simulations of oxygen concentrations throughout the microsystem. Based
on these images and quantitative data collected from the simulations, a distance of 22.5 mm between the two middle microchannels was

chosen.

microchambers and the top layer containing microchannels
with an inlet and outlets. There are 6 microchambers (35 mm x
3 mm x 0.3 mm), integrated with nanofibrous mats, each with a
separate microchannel (0.5 mm x 0.5 mm), outlets, and one
combined inlet (Fig. 2A and B). Three of the microchambers are
subjected to hypoxic conditions, and three remain in normoxia,
therefore creating a ‘hypoxia zone’ and a ‘normoxia zone’. Each
microchamber has different cell cultures in later experiments,
such as iPSC culture, iPSC-CM culture, and iPSC/iPSC-CM co-
culture. Previously described®® polyurethane (PU) nanofibrous
mats with magnetic Fe;O, nanoparticles were integrated into
the microchambers (Fig. 2C).

The PDMS-PDMS microsystem was made using
poly(dimethylsiloxane) (PDMS) casting The mold was fabricated

This journal is © The Royal Society of Chemistry 2025

by milling a 6 mm thick poly(methyl methacrylate) (PMMA)
block. Two cylindrical flat cutters (of diameter 3.175 mm and 1
mm) were used to replicate the chambers and channels in
PMMA. The microstructures were milled into a PMMA sheet
creating two separate molds - for the top and bottom PDMS
layer. Both layers were cast in PDMS and, together with the
PMMA mold, imaged with a LEXT laser microscope to verify the
dimensions of the microstructures (Fig. 2E).PDMS was prepared
in a ratio of 10:1 elastomer base to curing agent (SYLGARD™),
degassed, poured into the mold, and cured for 1 h at 75 °C. After
curing, the two layers of PDMS were cast from the mold. Inlets
and outlets were drilled into the top layer with a 1.5 mm drill.
The device was integrated with polyurethane (PU) nanofibrous
mats with iron(u, m) oxide (Fe;0,) magnetic nanoparticles, which

Lab Chip, 2025, 25, 5524-5537 | 5527
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have been described in detail in our previous work.*® In short,
the nanofibrous mats, which were fabricated by solution blow
spinning (SBS), contain magnetic nanoparticles used to stimulate
the cell culture mechanically. When placed between two magnets
that move up and down, the mats (and cells adhered to the
nanofibers) move periodically, stimulating uniform contractions
of cells in the culture. Nanofibrous mats were laser cut to the size
of the chambers and attached to the bottom PDMS layer with a
thin layer of uncured PDMS. Both layers were then placed on a
glass sheet and warmed for 10 min at 75 °C. Immediately after,
microsystems were formed by bonding two PDMS layers using an
oxygen plasma generator (Diener Electronic Atto) and left in the
oven at 75 °C for 30 min. After bonding, the nanofibrous mats in
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the chambers were modified with polydopamine (PDA). The
polymerization of dopamine hydrochloride to polydopamine in
the chamber aids the adhesion of cells.** For this, a 2 ug ml™ of
dopamine hydrochloride in Tris-HCI (pH 8.4) was streamed into
all the chambers and incubated for at least 24 h at RT. For
sterilizing before cell culture, the devices were submerged in
water, degassed with a vacuum pump, and placed in an autoclave
for 1 h at 121 °C.

Design and fabrication of the hypoxia holder. The holder for
generating hypoxic conditions in the microfluidic device was
designed using Autodesk Fusion 360. The holder consisted of
two PMMA layers and an aluminum plate that served as a heat-
conducting material to distribute the heat from a commercial
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Fig. 3 Hypoxia holder and hypoxia setup development. (A) Four layers of the hypoxia holder. The hypoxia chamber was sealed with two
layers of PMMA with a PDMS microsystem in between. The aluminum plate was used to distribute heat evenly throughout the microsystem.
(B) A cross-section of the hypoxia holder with the microsystem placed inside. (C) A photo of the hypoxia holder with 6 screws placing it
together, 4 screws attaching the aluminum plate and 2 quick connectors placed in the nitrogen inlet and outlet. (D) A diagram of the whole
hypoxia setup, where the nitrogen flows from the tank through a humidifying element to the hypoxia holder and is controlled by a reducer
and two rotameters. (E) A schematic cross-section of the microchamber and the microfluidic channel showing the location of the oxygen-
sensing film. (F) Oxygen concentrations in the cell culture chambers after 0, 1, and 6 h of generating hypoxic conditions in the hypoxia
holder.
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heater evenly throughout the microsystem. The two PMMA
layers were fabricated by milling PMMA sheets, similarly to the
device mold. Nitrogen was supplied through a 3D-printed inlet
glued to the bottom PMMA layer. The microsystem was secured
in the holder, with the two PMMA layers squeezing the
microsystem and sealing the hypoxia chamber in the holder
(Fig. 3A-C). The holder's dimensions are 128 mm x 85 mm x 22
mm, making it compatible with a standard plate reader to allow
for easy on-chip experiments.

The setup for generating hypoxic conditions consisted of a
nitrogen tank, connected to a regulator, a nitrogen
humidifying element, a rotameter R1 (to control the nitrogen
flow before the inlet into the hypoxia chamber in the holder),
a holder with the microsystem and a rotameter R2 (to control
the nitrogen flow after the hypoxia chamber) (Fig. 3D). The
two rotameters serve as nitrogen leakage control. The
nitrogen cylinder regulator was connected by a tube to the
humidifying module (a tube with an aquarium aeration stone
submerged in water). The microsystem secured in the holder
was placed in a transparent plastic box to limit fluctuations
of external conditions, such as humidity and temperature.
For experiments, hypoxia was maintained in an active state
for 6 h.

Hypoxia verification. Hypoxic conditions were verified with
the use of an oxygen-sensing film SF-RPSu4-L4/W4/OIW
(Presens). This material quantifies oxygen levels based on
radiometric luminescence imaging (RLI). The primary
sensing layer consists of a platinum tetrakis(penta-
fluorophenyl)porphyrin (PtTFPP) complex (ex 400 nm/em 650
nm). The fluorescence intensity of the platinum complex is
being quenched with the increase of oxygen concentration.
The second layer of the film is a reference dye (em 510 nm),
which does not react with oxygen, allowing for calibration.
Both layers are set on an additional polymer layer to prevent
noise caused by environmental oxygen. Before measurement
in the microsystem, a calibration curve for the foil was
created. A small piece of the film was bonded between two
square 5 mm thick layers of PDMS. The bonded foil was
placed in a commercial-grade incubator for 24 h, set to
different oxygen concentrations at a time (1, 6, 11, 16, and
21%). Later, the foil was quickly transferred to a plate reader
(Biotek, Cytation3) for measurement, which was taken
continuously for 1 min, to verify the stability of fluorescence.
A calibration curve was created from the collected data.

A 3 mm x 3 mm piece of sensing film was placed in each
culture chamber in the microsystem to verify hypoxia generation
efficiency and the stability of hypoxic conditions. After introducing
culture medium to all microchambers, the microsystem was
placed in the hypoxia holder for 6 h, hypoxic conditions were
induced, and fluorescence measurements were taken in a plate
reader using a spectrofluorometer at 0, 1, and 6 h.

Routine cell culture. Human induced pluripotent stem
cells (iPSCs, IIMCBi001-A (ELE10) line) were obtained from
the Laboratory of Molecular and Cellular Neurobiology of the
International Institute of Molecular and Cell Biology in
Warsaw.”* The cells were cultured on 6-well plates coated

This journal is © The Royal Society of Chemistry 2025
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with Matrigel® (Corning). Differentiation of iPSCs to iPSC-
derived cardiomyocyte-like cells (iPSC-CMs) was done
according to the GiWi protocol.>® IPSC-CMs were seeded in
RPMI medium with 20% v/v fetal bovine serum (FBS, Gibco),
1% v/v 100 mM penicillin-streptomycin (Sigma-Aldrich), and
5 uM ROCK inhibitor and cultured in RPMI medium with
B-27 supplement with insulin (Gibco) and 1% v/v 100 mM
penicillin-streptomycin with medium changes every two
days. The cultures were maintained in a humidified
incubator (37 °C, 5% CO,).

Cell culture in microsystems. After microsystem sterilization,
the culture medium was supplemented with 200 mM HEPES
(Gibco) as a CO, buffering agent, introduced into the
microsystem, and incubated (37 °C, 30 min) before cell seeding.
The cells (at the concentration of 1 x 10° cells per ml) were
introduced through the inlet into the microchambers with a
flow of 15 ul min™ with a peristaltic pump (Ismatec). Next, the
microsystem was incubated for 48 h to allow the cells to attach.
After that time, hypoxia (1% of oxygen concentration) was
induced for 6 h, and cell viability and functionality were
analysed.

Assessment of ATP levels in cells. ATP levels in cells after
hypoxia were determined using the CellTiter-Glo® 2.0 Cell
Viability Assay (Promega). Before the assay, the CellTiter-Glo®
2.0 reagent was diluted 1:1 in culture medium (RPMI + B-27).
This solution was introduced into the culture chambers with a
100 pl min™ flow rate for 1 min through the inlet. The lysates
were collected from the outlets into 1.5 ml tubes. The
microsystems were then covered with aluminum foil and
incubated (30 min, RT). Then, the chambers were flushed again
with the CellTiter-Glo® 2.0/medium solution. Lysates were
collected into the same tubes as previously, and 100 ul of the
lysates were transferred to a 96-well plate. The bioluminescent
signal was measured in a plate reader (BioTek Cytation3) with
the reagent/medium mixture as a negative control, and ATP
levels were determined.

JC-1 staining. The mitochondrial membrane potential of
the cells was measured using the JC-1 dye (Thermo Fischer
Scientific). JC-1 is a carbocyanine dye that exhibits green
fluorescence at low concentrations (as a monomer) and red
fluorescence at high concentrations (aggregates). When
added to the culture, the amount of dye penetrating the
mitochondrial membrane depends on the membrane
potential. The mitochondrial membrane potential is
quantitatively determined by calculating the ratio of red
fluorescence intensity (ex 535 nm/em 590 nm) to green
fluorescence intensity (ex 485 nm/em 530 nm). The dye in a
10 pg ml™ concentration was introduced into each culture
chamber through the inlet at a flow rate of 15 ul min™". Next,
the microsystem was incubated in the dark (20 min, RT) and
imaged with fluorescence microscopy (Olympus IX71 with a
Hamamatsu Orca-spark camera). Finally, the images were
analyzed using Image] software and a designed algorithm to
quantify the fluorescence intensity.

Calcein-AM and propidium iodide staining. Calcein-AM
(CAM) and propidium iodide (PI) staining were performed to

Lab Chip, 2025, 25, 5524-5537 | 5529
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differentiate living and dead cells. A mixture of the dyes was
prepared in the culture medium with final concentrations of
5 ng ml™ calcein-AM and 2 pg ml™ propidium iodide. The
solution was vortexed (Labnet VX100), introduced into the
chambers of the microsystem, and incubated in the dark (10
min, RT). After that, the cells were observed using a
fluorescence microscope (Olympus IX71 with a Hamamatsu
Orca-spark camera). The images were analyzed using Image]
software.

The study aimed to differentiate between living and dead
cells. In a dark 2 ml centrifuge tube, a dye mixture in the
culture medium was prepared, maintaining the proportions
of 1 pl of calcein-AM (CAM) at a concentration of 2 mM
(Sigma-Aldrich) and 2 pl of propidium iodide (PI) at a
concentration of 1 mg ml™" (Sigma-Aldrich) per 1 ml of
medium (final concentrations of CAM and PI were 2 pM and
2 ug ml™", respectively). The dye mixture was vortexed (Labnet
VX100) and introduced into the microsystem (10 ul min™, 2
min per channel). After incubation (3 min), the cells were
observed wusing an inverted fluorescence microscope
(Olympus 1X71). The study was conducted for 1, 3, and 5 days
of culture for both stimulated and non-stimulated cells.

Co-culture of iPSC-CMs after hypoxia with iPSCs. The
initial stages of preparing the co-culture were the same as for
culturing iPSC-CMs. iPSC-CMs were introduced into the
microsystem and put under hypoxia, as previously. After 6 h,
the microsystem was removed from the hypoxia setup. Fresh
RPMI/B-27 medium was introduced, and the microsystem
was incubated (30 min, 37 °C). An iPSC cell suspension was
prepared at a 1 x 10° cells per ml density and introduced into
the device at a flow rate of 15 ul min™ with a peristaltic
pump (Ismatec). The cells were co-cultured for 5 days, with
the medium in the chambers being changed every 2 days and
daily mechanical stimulation. Details of the mechanical
stimulation are described below.

Cell labelling with a CellTracker dye. Before introducing
iPSCs into the microsystem, the culture was labelled with
CellTracker™ Red CMTPX Dye (ThermoFischer Scientific).
The dye was used in the highest recommended concentration
of 25 pM to allow for long-term fluorescent cell culture. The
cells were dyed on a 6-well culture plate, then dissociated,
counted, and introduced into the microsystem.

Mechanical stimulation. A magnetic field generator
described in a previous publication was used for mechanical
stimulation. In short, the device consists of two neodymium
magnets, between which the microsystems are placed. As the
magnets move up and down, the magnetic nanoparticles in
the nanofibers move as well, and the rhythmic stretching of
the nanofibers aids the movement of the cells themselves.
This way, the cells are stimulated to contract in a uniform
manner, mimicking native heart muscle. The cell cultures
were mechanically stimulated for 5 days, 1 h daily, with a
frequency of 0.5 Hz. Our team's previous work describes the
principle of mechanical stimulation treatment.*®

Immunostaining. Immunostaining was chosen as a method
to visualize changes in the iPSC/iPSC-CM co-culture after
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mechanical stimulation. Cardiac troponin T (¢TnT) was stained,
a contractile protein abundant in healthy cardiomyocyte cells.
The procedure was conducted according to a basic indirect
immunostaining protocol, with the solutions being introduced
to the microchambers with a peristaltic pump. The cell culture
was rinsed with DPBS and fixed with 4% paraformaldehyde for
40 min. Then, the cells were permeabilized with 0.5% Triton X
and blocked for 1 h with 2.4% BSA in 0.5% Triton X. The rabbit
monoclonal anti-troponin T primary antibody (Abcam) was
introduced into all microchambers of the microsystem and
incubated overnight at 4 °C. The next day, the cells were rinsed
with 0.1% Triton X and incubated for 1 h with a secondary goat
anti-rabbit antibody conjugated with Alexa488 (Thermo Fischer
Scientific). After that, the cultures were stained with Hoechst.
Immediately before imaging, the bottom PDMS layer of the
microsystem was separated from the top layer and placed on a
thin glass slide with a few drops of water. The cultures were
imaged using confocal microscopy (Olympus).

Statistical analysis. Each experiment was conducted at
least 3 times. All obtained data were expressed as the mean +
standard deviation (SD). Statistical analysis was performed
using one-way analysis of variance (One-Way ANOVA).
P-Values of <0.05 were considered statistically significant.

Results and discussion

Heart-on-a-chip microsystem development

Different distances between the hypoxia and normoxia zones
were considered during the microsystem design process. It
was important to optimize this parameter since PDMS is
highly permeable to oxygen, and there should be no diffusion
of oxygen between the two zones, resulting in a clear
difference between in the zones. In numerical simulation
experiments, the mean oxygen concentration value for a 9
mm gap equaled (respectively for the hypoxia and normoxia
zone) 1.9% + 1.5% and 19.3% + 1.4%; for the 13.5 mm gap -
1.1% + 0.9% and 20.2% =+ 0.7%; for the 18 mm gap - 0.6% =
0.5% and 20.4% + 0.5%; for the 22.5 mm gap - 0.3% * 0.3%
and 20.7% * 0.3%; and for the 27 mm gap - 0.2% = 0.2%
and 20.8% + 0.2% (Fig. 1D). The distance between zones was
chosen based on the standard deviation values for both
zones. As a result of the simulations, a 22.5 mm gap was
chosen, as it allowed for a significantly smaller SD value than
the 18 mm gap, but there was no significant improvement in
the homogeneity between the 22.5 and 27 mm gaps (Fig. 2E).

LEXT microscopy imaging revealed no significant
differences between the measurements of the design, mold,
and cast, which confirmed the high quality of the device
fabrication method. For example, the widths of the
microchannel and microchamber in the cast
respectively equal to 495.0 + 1.5 um and 2930 + 6 um
compared to 500 um and 3000 pm in the design. Finally, the
microsystems were bonded with oxygen plasma, and later the
nanofibrous mats were modified with polydopamine to
increase their hydrophilicity.*®

were
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Hypoxia holder design and fabrication

A custom holder was designed to achieve hypoxic conditions
in three of the microchambers (Fig. 3). The holder consisted
of two PMMA layers between which the microsystem was
inserted and an aluminum plate (attached with four 18 mm
M3 screws), which was specifically made to fit a custom
designed 71 mm x 20 mm X 3.5 mm commercially available
heating element based on a JUMO eTRON M controller. The
holder dimensions with the microsystem attached but
without the aluminum plate are 128 mm x 85 mm x 22 mm.
The aluminum plate is responsible for even heat conduction
throughout the microsystem, and it is removable to allow for
in-holder measurements (since aluminum is opaque and cell
cultures cannot be imaged or measured through it). The
bottom PMMA layer had a cavity milled on one side with an
inlet and an outlet, which accounted for the hypoxia chamber
(Fig. 2A-C). The top layer served mostly as a holder for the
placement of a heating element but also helped to squeeze
the microsystem against the bottom layer, thus creating a
tightly sealed hypoxia chamber. With nitrogen constantly
flowing through the hypoxia chamber (at a flow rate of 50 NI
h™), an anaerobic environment was created in the hypoxia
chamber in the holder, which encouraged a gas exchange
between the hypoxia chamber and microchambers in the
hypoxia zone in the microsystem. Consequently, the oxygen
in the microchambers was replaced by nitrogen until the
oxygen concentration reached ~1%.

The hypoxia setup consisted of a nitrogen tank, from
which the nitrogen flows to the nitrogen humidifying and
heating element (Fig. 3D). This is made of a glass bottle filled
with water, into which a nitrogen tube is attached, finished
with an aeration stone. The bottle was put on a heating
block. Next, the nitrogen flows through a rotameter to the
hypoxia holder. Another rotameter is installed after the
holder, which allows checking for any nitrogen leaks through
the setup.

An experiment with an oxygen-sensing film SF-RPSu4-L4/
W4/OIW (Presens) was conducted to verify the ability to
induce hypoxia in the setup. It was observed that after 1 h
the level of oxygen in the hypoxia zone reached a level of
around 0%, and it stayed at this level after 6 h, while the level
of oxygen in the normoxia zone remained at a value of
around ~21% the whole time (Fig. 3E). This result confirmed
that the designed microsystem is suitable for inducing
hypoxia in cell culture.

Cell culture under hypoxia

The next part of the work was to determine how an iPSC-CM
cell culture would behave after exposure to hypoxia in the
developed microsystem. In in vivo conditions during a heart
attack and hypoxia of the myocardium, cardiomyocytes suffer
great damage, which may lead them into the apoptosis
pathway. This causes metabolic changes, such as ATP
production and mitochondrial potential. Assessed with a
luminescence-based assay, after 6 h of hypoxia, there was a
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significant decrease (37%) in the ATP concentration within
the iPSC-CM culture compared to the control normoxic
culture (Fig. 4A). It was observed that during a prolonged
period of hypoxia the cells limit ATP production. This result
shows that hypoxia was successfully maintained in the cell
culture and impacted ATP production, similarly to in vivo
conditions.

CAM/PI staining revealed that there is no largely significant,
but a small increase in the number of dead cells in the culture
after hypoxia. It was hypothesized that the 6 h hypoxia in the
hypoxia setup does not instantly cause cells to die by necrosis,
but damages them significantly and triggers apoptosis
pathways, which causes their intracellular processes to slow
down (Fig. 4B). What else can be seen in this staining is that
the live cells exhibit a uniform arrangement that is parallel to
the direction of the nanofibrous mats in the microchambers.

To test the mitochondrial activity, the JC-1 staining was
conducted. JC-1 is a carbocyanine dye, which in its monomer
state, exhibits green fluorescence, while in high concentrations,
forms aggregates, which cause a fluorescence wavelength shift
to red. In active mitochondria (with a high membrane
potential), the dye is transported inside the mitochondrial
membrane in big quantities, achieving high concentrations and
forming red fluorescent aggregates. The dye remains in a
monomer form in mitochondria with low membrane potential.
This assay quantifies the mitochondrial membrane potential as
a red to green fluorescence intensity ratio. After 6 h of hypoxia,
a reduction in the red/green fluorescence ratio from 3.31 + 0.22
to 2.24 + 0.41 (n = 3, p < 0.01) was observed (Fig. 4C and D).
There is a significant loss of mitochondrial membrane potential
due to hypoxia-induced stress. This, along with the limitation of
ATP production and CAM/PI staining, accounts for the
conclusion that the microsystem, hypoxia holder, and setup are
a feasible tool to conduct cardiac hypoxia research.

iPSC-CM and iPSC co-culture after hypoxia and mechanical
stimulation

One of the benefits of the developed microfluidic device is the
possibility of conducting multiple variants of cell culture in a
single device. Therefore, in the studies on the co-culture of
iPSC-CM and iPSC, the cells were introduced into the culture
chambers as shown in the diagram in Fig. 2A. To start the co-
culture, iPSC-CMs were introduced into five of the six
microchambers (iPSC-CM and co-culture microchambers as
described in Fig. 2A), cultured in the microsystem, and
subjected to hypoxia as was described before. After hypoxia,
iPSC cells labeled with CellTracker Red CMFDA were introduced
into four of the six microchambers (co-culture and iPSC
microchambers as shown in Fig. 2A).

Mechanical stimulation treatment was implemented after 24
h of co-culture of hypoxic iPSC-CM cells with iPSC cells. It was
carried out for 1 h daily for 5 days in a magnetic field generator
described in our previous work.”> Mechanical stimulation,
previously shown to promote cardiomyocyte maturation,* was
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JC-1 staining of the cultures. *p < 0.05.

applied to investigate its effects on hypoxic and normoxic iPSC-
CMs in co-culture with iPSCs.

A day after the last day of mechanical stimulation
treatment, the cardiac troponin T (c¢TnT) level was examined.
Troponins are a family of proteins that play a crucial role in
the contractions of muscles, and c¢TnT is a type of troponin
specific to the heart muscle. Due to its specificity, it is
commonly used as a cardiomyocyte marker for staining. The
presence of ¢TnT in the culture, especially in the iPSCs,
would suggest that iPSCs gain cardiomyocyte-like properties,
indicating the initiation of their differentiation toward
cardiomyocytes. This, in turn, would imply that our designed
setup can be implemented in cardiac regeneration studies,
toward personalized stem cell therapies. In the staining, the
iPSC-CM monoculture exhibited the presence of ¢TnT (green)
under both normoxic and hypoxic conditions, as can be
expected for mature cardiomyocytes (Fig. 5). The cells
exhibited mainly an elongated shape, and perpendicular
stripes of ¢TnT can be seen throughout the cells. We also
noticed that in the hypoxic iPSC-CM monoculture, some of
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(A) ATP levels in the normoxic and hypoxic iPSC-CM cultures after 6 h of hypoxia. (B) CAM/PI staining of the cultures. (C and D) Results of

the cells presented a rounded shape, which can indicate
cardiomyocyte cell damage due to hypoxia. Interestingly, in
the co-culture of iPSCs with normoxic iPSC-CMs, it was
observed that iPSCs (marked in red) closely adhered to
cardiomyocytes. Characteristic stripes of ¢I'nT are present in
the iPSC-CMs, and some small c¢TnT are visible in iPSCs
(Fig. 5). This indicates that close adhesion of iPSCs to iPSC-
CMs can be a factor in initiating cardiac differentiation in
cardiomyocytes. Nevertheless, the level of ¢TnT in iPSCs in
co-culture with normoxic iPSC-CMs is low, and evident ¢cTnT
stripes are not present. In the co-culture of iPSCs with
hypoxic iPSC-CMs, a distinct presence of ¢TnT was noted in
the stem cells, but cell adhesion was not apparent, differing
from the coculture with normoxic iPSC-CMs. iPSCs in this
culture exhibited smaller nuclei and their shape was
elongated, however, not as much as a typical cardiomyocyte
shape. These results might indicate that in co-culture with
both hypoxic and normoxic iPSC-CMs, the process of
differentiation into cardiomyocytes was initiated in iPSCs,
although in the co-culture with hypoxic iPSC-CMs, this

This journal is © The Royal Society of Chemistry 2025
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CellTracker
Red CMPTX

Immunostaining of the different types of cultures. iPSCs were stained with CellTracker red CMPTX before being introduced into the co-

culture with normoxic or hypoxic iPSC-CMs. After 5 days of mechanical stimulation in the magnetic field generator, the cultures were stained with
cTnT and Hoechst. In the normoxic iPSC-CM/iPSC co-culture. (a) A closer image of cTnT stripes in iPSCs in hypoxic iPSC-CM/iPSC co-culture.

process is more visible. To verify this conclusion, more
research is needed, as these results are only qualitative and
require further validation. Nevertheless, it can be observed
that iPSCs cultured in the presence of cardiomyocytes
(subjected to hypoxia or not), may initiate differentiation
toward cardiomyocytes.

Discussion

In this study, we developed a heart-on-a-chip microsystem
capable of inducing localized hypoxia in cardiomyocyte
cultures, effectively modeling ischemic conditions in vitro.
Hypoxic and normoxic zones were created successfully, as
was confirmed by oxygen-sensing measurements. It can be a
valuable platform for studying cellular responses to hypoxia,
particularly in cardiac ischemia. Our findings demonstrated

This journal is © The Royal Society of Chemistry 2025

a significant decrease in ATP levels (by 37%) and
mitochondrial membrane potential (by 32%) in iPSC-derived
cardiomyocytes (iPSC-CMs) after 6 hours of hypoxia, without
a corresponding increase in cell death. This indicates
substantial metabolic stress induced by hypoxia.

These results align with several previous studies showing
that hypoxia leads to metabolic alterations in cardiomyocytes.
Multiple researchers have reported that hypoxia impairs
mitochondrial function and ATP production, leading to
energy deficits that compromise cell function without
immediate cell death.*”* For instance, Neubauer et al.°* and
Murphy et al.>® observed decreased ATP levels and impaired
contractility in cardiomyocytes under hypoxic conditions,
while Di Lisa et al.>* and Solaini et al.>® demonstrated that
hypoxia induces mitochondrial depolarization and disrupts

energy metabolism in cardiac cells. Collectively, these studies
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support our observation that hypoxia leads to significant
metabolic stress in cardiomyocytes without causing
immediate cell death. The lack of a significant increase in
cell death, as evidenced by calcein-AM/propidium iodide
staining, suggests that short-term hypoxia induces reversible
metabolic changes rather than irreversible damage. In
contrast, prolonged hypoxia may eventually lead to cell death
through necrosis or apoptosis, as documented in longer-term
studies.*”**°” Kalogeris et al.*’” and Muntean et al.>® reported
that extended hypoxic exposure results in increased apoptotic
markers and loss of cell viability in cardiomyocytes. Martin®’
demonstrated that sustained hypoxia causes irreversible
mitochondrial damage and cell death. These studies
highlight the importance of hypoxia duration in determining
cell fate, emphasizing that while short-term hypoxia may be
reversible, prolonged hypoxic conditions can lead to
irreversible cellular damage.

The alignment of iPSC-CMs parallel to the direction of
flow within the microchambers highlights the influence of
the microfluidic environment on cellular organization. Shear
stress induced by laminar flow and the rectangular geometry
of the microchambers likely contributed to this alignment,
promoting a more physiologically relevant tissue architecture.
Similar observations have been made by other researchers,
demonstrating that shear stress and microenvironmental
cues enhance engineered cardiac tissues' structural and
functional maturation.”®®* For instance, Carlos-Oliveira
et al.>® showed that shear stress and mechanical stimulation
improve cardiomyocyte alignment and functionality. Vivas
et al.®® and Liu et al.®" also found that controlled shear stress
in microfluidic systems promotes cardiomyocyte alignment
and maturation, enhancing tissue functionality.

The integration of nanofibrous mats composed of
polyurethane with embedded magnetic Fe;O, nanoparticles
provided both structural support and mechanical stimulation.
Mechanical stimulation has been shown to promote
cardiomyocyte maturation, enhance sarcomere organization,
and improve contractile function.®”*> The use of magnetic
nanoparticles allowed for controlled mechanical stretching,
simulating the dynamic mechanical environment of the native
myocardium. Studies by Ruan et al.®® and Shi et al.*®* support
this approach, demonstrating that mechanical conditioning
improves the maturation and functionality of cardiomyocytes
in vitro.

These findings reinforce the effectiveness of mechanical
stimulation in promoting cardiomyocyte maturation,
validating the design of our microsystem. Our microsystem
offers several advantages for cardiac tissue engineering and
disease modeling. The ability to induce localized hypoxia
allows for the study of ischemia-related cellular responses in
a controlled setting, which is crucial for understanding the
pathophysiology of myocardial infarction. Additionally, the
combination of hypoxia with mechanical stimulation
provides a more comprehensive simulation of the in vivo
cardiac environment, potentially leading to more predictive
models for drug testing and therapeutic development.
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While our device effectively models hypoxic conditions and
allows for mechanical stimulation, there are limitations to
consider. The study focused on short-term hypoxic exposure;
thus, the long-term effects of hypoxia and potential reperfusion
injury upon reoxygenation were not assessed. Future studies
should investigate the cellular responses during more extended
hypoxic periods and upon reoxygenation to better mimic
ischemia-reperfusion injury, a critical aspect of myocardial
infarction.®®®® Moreover, while we assessed metabolic function
and viability, additional functional analyses such as contractility
measurements, electrophysiological assessments, and gene
expression profiling would provide deeper insights into the
impact of hypoxia and mechanical stimulation on cardiomyocyte
function and maturation. Studies by Gaitas et al,” Qian et al,”
and Marsano et al.”* have shown that these analyses are crucial
for evaluating cardiomyocyte maturation and functionality. Our
results indicate that co-culturing iPSCs with hypoxia-damaged
iPSC-CMs may stimulate the differentiation of iPSCs into
cardiomyocyte-like cells, as evidenced by the expression of cardiac
troponin T in the co-cultured iPSCs (Fig. 5). The observed
differences may be attributed to molecular pathways specifically
activated under hypoxic stress. Stabilization of HIF-1a. in hypoxic
cardiomyocytes can alter their secretome, increasing the release
of paracrine factors such as VEGF, IGF-1, and HGF, which have
been shown to promote cardiac lineage commitment of stem
cells through PI3K/Akt and MAPK signaling.”>”* Moreover,
hypoxia has been reported to directly prime stem cells toward
cardiomyogenic differentiation by upregulating transcription
factors including NKX2-5 and GATA4.”*” These mechanisms
could underlie the more pronounced cTnT expression we
observed in iPSCs co-cultured with hypoxic cardiomyocytes
compared with normoxic conditions, suggesting that the hypoxic
microenvironment provides stronger cues for initiating
cardiomyocyte-like differentiation. This suggests that hypoxic
cardiomyocytes may release paracrine factors that promote
cardiomyogenic differentiation of neighboring stem cells. Similar
findings have been reported in previous studies, where the
microenvironment created by damaged cardiomyocytes enhances
stem cell differentiation and cardiac repair.”®’” For instance,
Menasché et al.”® demonstrated that transplantation of human
embryonic stem cell-derived cardiovascular progenitors improved
cardiac function in patients with severe ischemic heart disease.
Laflamme et al”® showed that human embryonic stem cell-
derived cardiomyocytes enhanced the function of infarcted rat
hearts when combined with pro-survival factors. Additionally,
Matsa et al.® reviewed the potential of human stem cells in
modeling heart disease and their role in regenerative therapies.
Our findings align with these studies, suggesting that co-
culturing iPSCs with hypoxia-injured cardiomyocytes may be a
promising strategy for promoting cardiac regeneration.

Conclusions

We have developed a novel heart-on-a-chip system that
enables the study of cardiomyocyte responses to hypoxia and
mechanical stimulation in a controlled microenvironment.
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The device effectively simulates ischemic conditions and
provides structural and mechanical cues that promote
cellular alignment and maturation. Our findings demonstrate
that short-term hypoxia induces significant metabolic stress
in iPSC-CMs without immediate cell death, underscoring the
importance of timely therapeutic intervention in ischemic
heart disease. Importantly, we observed that co-culturing
iPSCs with hypoxia-damaged iPSC-CMs may stimulate the
differentiation of iPSCs into cardiomyocyte-like cells, as
evidenced by the expression of cardiac troponin T in the co-
cultured iPSCs. This suggests that hypoxic cardiomyocytes
may release paracrine factors promoting cardiomyogenic
differentiation of neighboring stem cells, highlighting a
potential cardiac repair and regeneration mechanism. This
platform holds significant potential for advancing cardiac
tissue engineering, disease modeling, and the development
of new treatments for cardiac ischemia and related
conditions. By providing a versatile tool to study the complex
interactions between hypoxia, mechanical stimulation, and
stem cell differentiation, our microsystem could contribute
to the development of novel regenerative therapies for
ischemic heart disease.
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