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Abstract

Microalgae have emerged as promising photosynthetic microorganisms for biofabricating
advanced tissue constructs, with improved oxygenation and reduced reactive oxygen species (ROS)
production. However, their use in the engineering of human tissues has been limited due to their
intrinsic growth requirements, which are not compatible with human cells. In this study, we first
formulated alginate—gelatin (AlgGel) hydrogels with increasing densities of Chlorella vulgaris.
Then, we characterised their mechanical properties and pore size. Finally, we evaluated their effects
on cardiac spheroid (CS) pathophysiological response under control and ischemia/reperfusion
(I/R) conditions. Our results showed that the addition of Chlorella did not affect AlgGel
mechanical properties, while the mean pore size significantly decreased by 35% in the presence of
the 107 cells ml—! microalgae density. Under normoxic conditions, the addition of 107 Chlorella
cells ml~! significantly reduced CS viability starting from 14 d in. No changes in pore size nor CS
viability were measured for hydrogels containing 10> and 10° Chlorella cells ml~'. In our I/R
model, all Chlorella-enriched hydrogels reduced cardiac cell sensitivity to hypoxic conditions with
a corresponding reduction in ROS production, as well as protected against I/R-induced reduction
in cell viability. Altogether, our results support a promising use of Chlorella-enriched Alg—Gel

hydrogels for cardiovascular tissue engineering.

1. Introduction

Microalgae have emerged as microorganisms that
could be used in a wide range of biomedical applica-
tions, such as drug delivery systems, injectable hydro-
gels, and 3D bioprinted scaffolds [1-4]. Microalgae’s
intrinsic properties to produce oxygen and anti-
oxidants while removing carbon dioxide make them

© 2024 The Author(s). Published by IOP Publishing Ltd

promising candidates to prevent and treat oxygen
deficiency-driven human diseases [5, 6].

However, these photosynthetic microorganisms
require specific growth conditions (e.g., light expos-
ure, nitrogen and phosphorus enriched media, pH
and temperature), and they are very sensitive to con-
taminants, such as fungi and bacteria, whose relation-
ship can be symbiotic or parasitic [7, 8]. Therefore,
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the maintenance of strict aseptic conditions and min-
imising a potential phototoxic effect on mammalian
cells, while avoiding excessive stress for microalgae,
are the main challenges in addressing a cooperative
environment between microalgae and human cells
[2].

Among the wide variety of microalgae, Chlorella
vulgaris is an unicellular green alga abundant in anti-
oxidative, anti-inflammatory, hypolipidaemic and
antihypertensive compounds, such as vitamin C,
lutein, carotenoids, and tocopherol [9, 10]. Their
antioxidative properties have been validated in both
animal models and clinical trials, underlying Chlorella
vulgaris’ potential to effectively protect against oxid-
ative stress in the body [9]. This sturdy strain also
retains a great ability to adapt to a range of tem-
peratures that are closer to the one present in the
human body [11-13]. Despite several in vitro and
in vivo studies have proven the microalgae protect-
ive role in cancer, wound healing, and hypoxic brain
injuries, their potential roles in cardiovascular patho-
physiology remain unexplored [14-18].

Cardiovascular disease including myocardial
infarction (MI) represents a global cause of mor-
bidity and mortality [19]. MI results from coronary
arterial occlusion which leads to ischemic damage of
the myocardial tissue [20]. The ischemic condition
deprives the cardiac muscle of oxygen and nutrients,
resulting in a cascade of molecular events that trig-
ger mitochondrial dysfunction and reactive oxygen
species (ROS) production [21]. As a result, injured
cardiac cells lose their ability to balance ROS produc-
tion, thus the accumulation of these toxic free radic-
als further exacerbates the cellular damage [21]. The
reperfusion following ischemia is necessary to restore
the blood flow to the myocardium [22]. However,
this event leads to a burst in ROS generation, causing
additional cellular injury, prolonged inflammation,
and necrosis [22]. This complex scenario is known as
ischemia/reperfusion (I/R) injury [21, 22]. Adverse
sequelae of MI include compromised cardiac con-
tractility, fibrotic restructuring, heightened suscept-
ibility to arrhythmias, and systemic repercussions [22,
23]. One of the most severe consequences is heart fail-
ure, the chronic condition characterised by the heart’s
reduced ability to efficiently pump blood [24]. While
the pivotal role of ROS during I/R injury in MI is
well-established, the translation of these complex
phenomena into in vitro models is very challenging,
due to the intrinsic complexities of the in vivo human
cardiac microenvironment, which is poorly recapitu-
lated in small animal models [25].

Bioengineering of the cardiac microenvironment
has offered advanced models to protect and treat car-
diovascular disease, including personalised care [26—
28]. In this regard, the development of advanced
hydrogel formulations plays a pivotal role in the
success of the biofabrication of viable and functional
cardiac tissues, based on their tunable mechanical
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properties, ability to exchange oxygen and nutri-
ents and effects on cell viability and function [29-
32]. Among these, our team has bioengineered func-
tional cardiac tissues as cardiac spheroids (CSs) that
better mimic human cardiac pathophysiology com-
pared to other existing models [33-35]. They mimic
the complexity of the native cardiac tissue, creat-
ing a platform for advanced MI research [34, 36].
CSs have been used as in vitro models to elucid-
ate disease mechanisms (i.e., I/R injury) and guide
the development of novel cardioprotective strategies,
with direct translation from the bench to the bedside
[35-37]. We previously demonstrated that alginate—
gelatin (AlgGel) hydrogels containing CSs are suit-
able to recapitulate the cardiac microenvironment
mechanical properties, which positively promote car-
diac cell viability and function in vitro and in vivo
[35, 38, 39].

To date, other approaches have been taken to
provide oxygen delivery and protection against ROS
production in both I/R injury models and 3D bioen-
gineered tissues, such as perfluorocarbon- [40, 41],
haemoglobin-[42, 43], and peroxide-based carriers
[44]. However, the risk of ROS overproduction, the
limited oxygen-carrying capacity and the biocom-
patibility challenges represent the main drawbacks
of these methods [45]. The use of photosynthetic
microorganisms such as microalgae represents a valid
alternative to other methods by providing a con-
tinuous, self-sustaining source of oxygen along with
potent ROS scavenging capabilities, thereby address-
ing the dual need for oxygenation and oxidative
stress reduction in I/R models [2]. In this study,
we investigated for the first time if the addition of
Chlorella vulgaris altered the mechanical properties
of AlgGel hydrogels, as well as their potential to
protect against oxidative stress-induced myocardial
damage using our I/R in vitro model to investigate
their effects on human CSs. Due to their antioxid-
ant activity, we hypothesise that Chlorella vulgaris
may prevent the increase in ROS production follow-
ing I/R conditions and therefore protect against ROS-
mediated myocardial damage in vitro. Here, first, we
formulated hydrogels containing increasing densit-
ies of Chlorella vulgaris. And we characterised their
mechanical properties and morphologies. Then, we
embedded CSs in the Chlorella-enriched hydrogels to
evaluate their effects on cell viability and ratio, as well
as their potential protective role against myocardial
injury in vitro. Alongside investigating the immedi-
ate protective effects of Chlorella-enriched hydrogels
against I/R injury, we also aimed to evaluate the long-
term biocompatibility and functional integration of
CSs within these hydrogels. This approach is cru-
cial for translating our findings from bench to bed-
side, ensuring that the Chlorella-enriched hydrogels
not only provide acute protection but also support
sustained cardiac function and tissue regeneration in
potential clinical applications [39].
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2. Experimental section

2.1. Materials

Alginic acid sodium salt from brown algae (low
viscosity), Gelatin from bovine skin (Type B,
powder, BioReagent, suitable for cell culture), cal-
cium chloride (CaCl,, anhydrous, powder, >97%),
Dulbecco’s phosphate buffered saline (DPBS)
with no calcium chloride nor magnesium chlor-
ide, agarose (BioReagent, for molecular biology),
L-Glutamine solution (200 mM, sterile-filtered,
BioXtra), Dulbecco’s Modified Eagle’s Medium
(DMEM) high glucose, Triton™ X-100, bovine serum
albumin (BSA, heat shock fraction, pH 5.2, >96%)
and formalin solution (neutral buffered, 10% 4%
formaldehyde) were purchased from Sigma Aldrich
(Castle Hill, NSW, Australia). Pen/Strep (Penicillin—
Streptomycin (10000 U ml~!, Gibco) was obtained
from Thermo Fisher Scientific Australia (Scoresby,
VIC, Australia). Purified mouse anti-human CD31
was purchased from BD Life Sciences, Macquarie
Park, NSW, Australia). Secondary donkey anti-mouse
antibody Alexa Fluor® 790-conjugated was pur-
chased from Jackson ImmunoResearch Laboratories
Inc. (West Grove, PA, United States). Troponin T-
C Antibody (CT3) Alexa Fluor® 546-conjugated
(cTNT) was obtained from Santa Cruz Biotechnology
Inc. (Heidelberg, Germany). Alexa Fluor® 488
Anti-Vimentin antibody [V9] was purchased from
Abcam (Melbourne, VIC, Australia). CellROX™
Green Reagent for oxidative stress detection,
NucBlue™ Hoechst 33 342, Image-iT™ Red Hypoxia
Reagent, and LIVE/DEAD™ Viability/Cytotoxicity
Kit (calcein-AM and ethidium homodimer-1 (EthD-
1)) were purchased from Thermo Fisher Scientific
Australia (Scoresby, VIC, Australia).

2.2. Hydrogel preparation and crosslinking
Hydrogels were prepared according to our previously
published protocols [35, 38]. Briefly, alginic sodium
salt (Alg, 4% w/v) and gelatin (Gel, 8% w/v) powders
were sterilised under UV light for 30 min. DMEM
with 1% (v/v) Pen/Strep and 1% (v/v) L-glutamine
200 mM was heated at 50 °C and the Alg and Gel
powders were slowly added until complete solubilisa-
tion under continuous stirring in sterile conditions.
The AlgGel hydrogel was aliquoted, sealed, and then
stored at 4 °C for further use. AlgGel hydrogels were
enriched with increasing densities of microalgae (see
section 2.5 for cell culture details) by slowly mixing
the microalgae pelletin a warm (37 °C) AlgGel hydro-
gel until a homogeneous suspension was achieved.
For the ionic crosslinking of AlgGel hydrogels, a
sterile 2% w/v CaCl, solution was added on top of
cold hydrogels [38].

2.3. Mechanical characterisation of hydrogels
The mechanical properties of the hydrogels were
determined by both Brillouin microspectroscopy and
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rheology as per our previously published protocols
[35] (figure 1(A)).

Briefly, the Brillouin microspectroscopy system
consisted of a laser with approx. 200 mW continuous
wave emission at 660 nm wavelength (Torus, Laser
Quantum, Thebarton, SA, Australia), integrated with
a confocal microscope (CM1, The Table Stable Ltd,
Mettmenstetten, Switzerland), a 3D scanning micro-
scopy stage (SmarAct, Oldenburg, Germany) and a
6-pass scanning tandem Fabry—Perot interferometer
(The Table Stable Ltd, Mettmenstetten, Switzerland).
This system was used to collect the spontaneous
Brillouin scattering spectra, where the backscattered
light was collected by an objective lens (20 x Mitutoyo
Plan Apo infinity corrected objective, NA = 0.42,
WD = 20 mm) and subsequently redirected to the
interferometer for analysis. The analysis was carried
out on hydrogels before and after crosslinking and
after incubation in DMEM (in the incubator at 37 °C,
5% CO,) to avoid hydrogel dehydration. Each sample
was analysed four times by recording the raw spectra
of Stokes and Anti-Stokes Brillouin peaks at arbitrary
points within each hydrogel sample. The collected
raw data were analysed by fitting a Lorentzian model
to every Stokes and Anti-Stokes Brillouin peak, pro-
duced as the result of optoacoustic interaction within
the gel, using Ghost Software vers. 7.00 (The Table
Stable Ltd, Mettmenstetten, Switzerland) to determ-
ine the average value and standard deviation of the
Brillouin frequency shift (BFS, GHz) [46]. Results
from the analyses of Chlorella-enriched hydrogels are
reported as differences in BES (ABES) against AlgGel
hydrogels.

In addition to Brillouin measurements, hydrogels
were also analysed with a dynamic hybrid rheometer
(TA Instruments, New Castle, DE, United States).
The Young’s moduli were calculated through uncon-
fined compression. Each sample was moulded using
8 mm diameter disposable punch biopsies (KAIs
Medical Products, Japan) and placed between the
upper (8.0 mm parallel plate, Peltier plate Stainless
steel, TA Instruments, New Castle, DE, United States)
and lower geometries. The unconfined compression
test was performed at 25 °C with a constant compres-
sion rate of 2 um s~!, by recording the axial force
(N) and gap (um) values as output data. The col-
lected data were processed to obtain a stress versus
strain curve for each replicate (n = 4), and Young’s
modulus (kPa) was calculated from the linear region.
For the shear rheology measurements, an oscillatory
amplitude sweep test was performed with a constant
frequency of 0.159 Hz and strain amplitudes ranging
from 0.2% to 2% within the linear viscoelastic region
[35, 47].

2.4. Scanning electron microscopy and pore size
analysis

The inner microstructure of Alg—Gel hydrogels with
or without Chlorella vulgaris was assessed by scanning
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Figure 1. Schematic representation of the experimental plan. (A) Hydrogels enriched with Chlorella vulgaris cells were prepared in
sterile conditions and fully characterised by Brillouin microspectroscopy, shear rheology, unconfined compression testing, and
scanning electron microscopy. (B) HCAECs, HCFs, and iCMs were first cultured separately, then co-cultured in non-adherent
agarose microwells, and incubated until compact CSs were formed. The CSs were plated in 96-well plates and embedded in
Alg—Gel hydrogels. (C) CSs embedded in Alg—Gel hydrogels cultured in I/R and normoxic conditions before assessing the
potential impact on cardiac cell viability, as well as their ROS scavenging activity. Finally, any effects of Chlorella vulgaris on cell

ratio in CSs were determined by immunostaining analyses.

electron microscopy as previously published [35]
(figure 1(A)). Briefly, each hydrogel was crosslinked,
mounted on stubs covered with double adhesive car-
bon tabs and fully dried in a vacuum oven (100 kPa,
Gallenkamp OVA031.XX1.5, Manchester, United
Kingdom) or in a freeze-dryer (Alpha 2—4 LSCplus,
Martin Christ, Osterode am Harz, Germany) for 24 h.
Then, the samples were coated with gold (10 nm)
using a sputter coater machine (Leica EM ACE600,
Leica Microsystems Pty Ltd, Macquarie Park, NSW,
Australia) and imaged using the Zeiss EVO LS15 scan-
ning electron microscope (Zeiss, Macquarie Park,

NSW, Australia), equipped with a thermionic tung-
sten electron gun, at 10 kV acceleration voltage of
and 10.5 mm working distance. The same settings
were used to image Chlorella cells alone, after fixing
the pellet in 4% paraformaldehyde for 2 h, followed
by a series of dehydration steps of increasing ethanol
concentrations (10%-100%). Algae cells were then
freeze-dried for 24 h before sputtering and imaging.
Images of at least 12 random areas for each sample
were acquired through the Zeiss SmartSEM operating
system and analysed for pore size (area, um?) using
Image] software [35, 48, 49].
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2.5. Microalgae culture and quantum yield
evaluation

Microalgae cells from the freshwater species Chlorella
vulgaris (UTS-LD strain) were kindly provided by the
Climate Change Cluster (University of Technology
Sydney, Sydney, NSW, Australia). Chlorella vulgaris
(or Chlorella) cells were cultured at 20 °C in MLA
medium as previously reported [50]. In order to
expand the number of Chlorella, an aliquot from the
mother culture of Chiorella cells was collected and
diluted in MLA medium (1:100 (v/v)). Then, cells
were counted with a hemocytometer and finally cent-
rifuged at 6000 rpm for 10 min at 20 °C to obtain a
stable pellet [50].

To measure the photosynthetic activity of
Chlorella cells we used an AquaPen-C AP 110-C
device (Photon Systems Instruments, Drdsov, Czech
Republic). Different aliquots of Chlorella cells were
cultured at either 20 °C or 37 °C and within a library
of medium (containing either MLA or DMEM and
a mix of the two) before evaluating their quantum
yield as a measure of their photosystem II (PSII)
efficiency.

2.6. Human cell cultures and CS generation

Human CSs were prepared as previously reported
[33-35]. Briefly, human cardiac fibroblasts (HCFs)
and human coronary artery endothelial cells
(HCAECs) were obtained from Cell Applications
(San Diego, CA, United States) and cultured in
HCFs Medium and MesoEndo Growth Medium
(Cell Applications, Inc, San Diego, CA, United States.
iCell® Cardiomyocytes (iCMs) were obtained from
FujiFilm Cellular Dynamics (Madison, WI, USA).
iCMs were plated in iCell® Plating Medium for one
day and then cultured in iCell® Maintenance Medium
for 2 d (Fujifilm Cellular Dynamics, Inc., Madison,
Wisconsin, USA) according to the manufacturer
protocol.

Human CSs were prepared by co-culturing HCFs,
HCAECs, and iCMs at a ratio of 1:1:2, respect-
ively, in CS medium (HCF medium, MesoEndo
growth medium, and iCell® maintenance medium
at a 1:1:2 ratio) [35, 36]. The cell suspension was
seeded in a non-adherent 2% (w/v) agarose 3D
Petri Dishes®, pre-formed according to the manu-
facturer’s instruction (Microtissues Inc., Providence
RI, USA), and the constructs were incubated at
37 °C, 5% CO, (figure 1(B)). The CS medium was
changed every 2 d until the CSs were formed. For
in vitro studies and imaging the CSs (n > 3) were
plated in bottom glass 96-well plates (Miltenyi Biotec,
Macquarie Park, NSW, Australia) and a warm hydro-
gel (100 pl, 37 °C) was added on top. After gela-
tion, the samples were crosslinked on ice and the CS
medium was added on top before incubation. The
samples were cultured at 37 °C, 5% CO, for up to
28 d, replacing the medium every 2 d (figure 1(C))
[34].

M Tarsitano et al

2.7. In vitro model of I/R damage and ROS
scavenging activity evaluation in CSs

In order to model the I/R damage that human car-
diac tissue experiences during MI, we used our pre-
viously established model using CSs [36]. Briefly, CSs
were cultured at 37 °C with a range of oxygen con-
centrations to simulate normoxic conditions (5% O,
5% CO;) for 24 h, followed by hypoxic conditions
(0% O3, 5% CO,) for 24 h reproducing the ischemic
event, and finally restoring the standard oxygenation
(5% O3, 5% CO;) to mimic the reperfusion phase
for further 24 h. Experiments were carried out by
using a live imaging fluorescence microscope (EVOS
M7000 Imaging System, Thermo Fisher Scientific
Inc., Scoresby, VIC, Australia) equipped with an
incubator stage (EVOS Onstage Incubator, Thermo
Fisher Scientific Inc., Scoresby, VIC, Australia) for
fine control of temperature, gases, and humidity. To
track the intracellular oxygen concentration, a revers-
ible fluorogenic reagent 10 ym Image-iT™ (Thermo
Fisher Scientific Inc., Scoresby, VIC, Australia) was
added to the medium. The CSs were imaged at the
end of normoxia, hypoxia, and reperfusion [51]. Each
hydrogel (with and/or without Chlorella) was con-
sidered an individual group, hence the fluorescence
intensity values during induced hypoxia and reperfu-
sion were normalised against the fluorescence derived
from the normoxic condition.

To detect the oxidative stress level in CSs during
I/R events, 5 um CellROX™ Green Reagent (Thermo
Fisher Scientific Inc., Scoresby, VIC, Australia) was
added to the wells after the reperfusion step was
completed. After 1 h of incubation at 37 °C, 5%
CO,, the samples were washed 3 times with PBS and
imaged with EVOS M7000 Imaging System (Thermo
Fisher Scientific Inc., Scoresby, VIC, Australia) [52,
53]. The collected images were processed in Image] to
measure the fluorescence intensity of Image-iT™ and
CellROX™ [49]. The data collected from the analysis
of CellROX™ fluorescence of CSs after the I/R were
normalised against the fluorescence of CSs cultured
in normoxic conditions for three days.

2.8. Contractile activity and optical mapping
measurements

To measure the contraction frequency (number of
CS contractions per second) and the fractional short-
ening % (FS%), we recorded videos of contracting
CSs using the EVOS M7000 Imaging System (Thermo
Fisher Scientific Inc., Scoresby, VIC, Australia) after
the I/R modelling, and after 3, 14 and 28 d of incuba-
tion in normoxic conditions (37 °C, 5% CO,), as pre-
viously described [54].

To measure the conduction velocity (CV), CSs
were plated in an 8-well chamber and incubated for
14 d at 37 °C, 5% CO,. CS-containing wells were
loaded with 17.7 um Rhod-2 AM (fluorescent Ca**+
indicator, Abcam, Melbourne, VIC, Australia), 0.02%
Pluronic™ F127 (Thermo Fisher Scientific Inc.,
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Scoresby, VIC, Australia), and 50 ym RH237 (Santa
Cruz Biotechnology Inc., Heidelberg, Germany) and
incubated for 2 h at 37 °C, 5% CO,. Each well was
then washed with fresh culture medium three times
and incubated for an additional 30 min with media
prior to the individual transfer of CSs to 60 mm
sterile cell culture plates (Corning). When ready for
imaging, CSs were carefully moved to the OMS-
PCIE-2002 optical mapping chamber (Mapping Lab
Ltd, Manchester, UK) under an upright microscope
equipped with high-speed CMOS cameras. Briefly,
RH237 fluorescence as a function of the action poten-
tial was passed through a long-pass dichroic filter
of 700 nm (FELH700, Thorlabs, Newton, NJ, USA),
while Rhod-2 AM fluorescence as a function of Ca**
was passed through a long-pass dichroic filter of
585 nm (FBH585, Thorlabs, Newton, NJ, USA). Both
fluorescence signals were collected through a long
pass dichroic beamsplitter with a cutoff wavelength
of 638 nm (DMLP638, Thorlabs, Newton, NJ, USA),
then filtered by a 550 nm long pass filter (FELH550,
Thorlabs, Newton, NJ, USA) before voltage signals
were imaged. A spatial resolution maximum of 512-
by-512 pixels was utilized during acquisition, with
a total mapping area of 64 x 64. Temporal resolu-
tion was set to 1000 frames/second at an exposure
time of 0.9 ms over 10 s of recording time. Data
was acquired in real-time using an 8-channel TTL
analog-digital converter and OMapRecord 4.0 soft-
ware (Mapping Lab Ltd, Manchester, UK), then pro-
cessed using OMapScope 5.6.8 (Mapping Lab Ltd,
Manchester, UK). Processing filters were applied to
generate waveforms with low noise-to-signal ratios
including a Gauss convolution of 9 x 9, a zero-phase
filter window of 30, and theta smoothing intensity
of 1.5. Waveform graphs were selected based on a
selected region of interest to display the lowest signal-
to-noise ratio. A single peak representing a single
contraction was used for calculating the CV values
for action potential and calcium signals, per array,
including temporal sequence recordings (slowed to
1/20th of the original speed) to display the propaga-
tion of signals at different regions of the CSs.

2.9. Live/Dead staining and immunostaining of CSs
To evaluate any effects of Chlorella-enriched hydro-
gels on cell viability in embedded CSs, the dead/live
cell ratios were measured up to 28 d, as pre-
viously described [35, 38]. Briefly, LIVE/DEAD™
Viability/Cytotoxicity Kit and NucBlue™ were used
to detect living, dead and total cells by staining them
with calcein-AM, EthD-1, and Hoechst, respectively.
1 pul ml™! Calcein-AM, 1 pl ml~! EthD-1 and
Hoechst were directly added to the medium and CSs
were incubated at 37 °C, 5% CO, for 3 h. After the
incubation, the samples were washed 3 times with
warm DPBS and imaged with a STELLARIS 8 CM1
(Leica Microsystems Pty Ltd, Macquarie Park, NSW,
Australia). After the exposure to I/R, CSs were stained
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with calcein-AM and EthD-1 to evaluate the tox-
icity ratio. Control CSs were cultured under nor-
moxic conditions and stained after three days. The
autofluorescence of chlorophyll allowed the detection
of surrounding Chlorella cells together with live and
dead cells within the spheroids, both in normoxic
conditions and after I/R. The data collected at each
time point were presented as CS toxicity ratios (fluor-
escence of dead cells/fluorescence of live cells) and
normalised against the toxicity ratio of CS embedded
in AlgGel.

For immunostaining analyses, the samples were
first fixed in 4% paraformaldehyde for 3 h at
room temperature, washed in PBSA 0.01% (DPBS
containing 0.01% sodium azide), permeabilised in
0.02% Triton-X/PBSA solution for 1 h, blocked with
3% BSA/PBSA solution, and then incubated with
primary and secondary antibodies at 4 °C for 18 h
[36]. HCAECs were labelled by using primary mouse
anti-human CD31 (6.25 pug ml™!) and secondary
donkey anti-mouse Alexa Fluor® 790-conjugated
antibody (21 pg ml™'). CSs were also stained with
Troponin T-C Antibody (CT3) Alexa Fluor® 546-
conjugated (10 pug ml~!), Alexa Fluor® 488 Anti-
Vimentin antibodies (2 pg ml~!) and NucBlue™
(2 drops ml™!) to stain for iCMs, HCFs and nuclei,
respectively. The collected images were processed in
Image] and Adobe Photoshop 25.3.1 (Adobe Systems,
In., San Jose, CA, USA) [49]. Each staining was meas-
ured individually and data were normalised against
CSs embedded in AlgGel hydrogels.

2.10. Statistical analyses

All the collected data were analysed and plotted
using GraphPad Prism version 8.4.2 for Windows
(GraphPad Software, Boston, MA, USA). To evalu-
ate the effect of Chlorella-enriched hydrogels on intra-
cellular oxygen concentrations of CSs during the I/R
in vitro modelling, ordinary two-way ANOVA fol-
lowed by Tukey’s multiple comparison tests were per-
formed. To evaluate the contractile activity of CSs
embedded in Chlorella-enriched hydrogels, ordin-
ary one-way ANOVA followed by Dunnet’s multiple
comparisons tests were performed. For all the other
analyses, Brown—Forsythe and Welch ANOVA fol-
lowed by Dunnett’s multiple comparisons tests were
employed. All results are expressed as mean =+ stand-
ard error mean (SEM).

3. Results

3.1. The presence of Chlorella cells does not affect
the mechanical properties of AlgGel hydrogels
First, we prepared AlgGel hydrogels with increasing
densities of Chlorella. We decided on three differ-
ent numbers of Chlorella cells per AlgGel hydrogel
based on previous studies including microalgae cell-
containing hydrogels for biomedical applications [14,
55-57]. The composition (number of cells ml~!) and
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Table 1. Chlorella cells densities included in AlgGel to formulate
Chlorella-enriched hydrogels.

Hydrogel abbreviation Cells ml ™!
Chlo5 1x10°
Chlo6 1x 10°
Chlo7 1x 107

abbreviations of hydrogels prepared are summarised
in table 1.

The autofluorescence at 680 nm of the chlorophyll
contained within microalgae cells helped to detect the
presence of Chlorella in AlgGel hydrogels after their
crosslinking with CaCl, without the need for further
staining using a 685/40 emission filter [58].

To evaluate any changes in the mechanical proper-
ties of previously characterised AlgGel hydrogel [35],
these new hydrogels were studied as described below.
Chlo5, Chlo6, and Chlo7 hydrogels were first tested
with Brillouin microspectroscopy to study their vis-
coelastic properties (figures 2(A)—(C)). An AlgGel
hydrogel without any Chlorella cells was prepared
as a negative control. Brillouin microspectroscopy
is a unique contactless and non-destructive tech-
nique that provides an understanding of local mech-
anical properties with microscopic spatial resolu-
tion by examining the interaction between light and
high-frequency acoustic waves (or phonons) within
a material [46, 59, 60]. The change in frequency of
the scattered light due to the light-sound interac-
tion is known as BFS (hereafter abbreviated as fre-
quency shift), whose magnitude is directly related to
the material’s longitudinal elastic modulus [61, 62].

We analysed AlgGel and Chlorella-enriched
hydrogels before crosslinking, after crosslinking,
and after incubation with the cell medium. From
the evaluation of the differences in BFS (ABFS), we
did not measure any statistically significant changes
(p < 0.05) between Chlorella-enriched hydrogels and
AlgGel within each group (figures 2(A)—(C)). Taking
into consideration that all samples were crosslinked
and incubation with cell medium in the same way,
these results indicate that the addition of Chlorella
to AlgGel hydrogel does not affect its mechanical
properties.

To confirm the mechanical behaviour of the
hydrogels measured using Brillouin microscopy, we
performed unconfined compression and oscillat-
ory amplitude sweep testing (figures 2(D) and
(E)). The Young’s moduli of the hydrogels, calcu-
lated by extrapolation from the stress versus strain
curves, confirmed the absence of statistically signific-
ant changes between AlgGel and Chlorella—enriched
hydrogels (figure 2(D)). Indeed, figure 2(D) shows
how Chlorella-enriched hydrogels elastically behaved
similarly to AlgGel alone under the applied force. For
Chlo7 we detected a Young’s modulus after crosslink-
ing 0f24.4 £ 1 kPa compared to 23.7 £ 1.2 kPa of pure
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AlgGel. Taking into account that Young’s modulus
range of a diastolic adult human myocardium is in the
range of 8—15 kPa and the tissue stiffening that takes
place consequent to the early stages of MI, all the for-
mulated hydrogels were considered suitable for fur-
ther in vitro evaluations that include the embedding
of CSs in hydrogels [63]. Furthermore, the oscillat-
ory amplitude sweep test showed a complete overlap-
ping of the curves related to both storage moduli (G)
and loss moduli (G"') of all samples (figure 2(E)). A
similar trend was measured in our Brillouin micro-
spectroscopy analyses, indicating no statistically sig-
nificant changes in the viscoelastic properties across
samples.

3.2. Increasing concentrations of Chlorella cells in
Alg/Gel hydrogels decreases their pore size

To identify any change in the hydrogel morphology,
we performed scanning electron microscopy analyses
to measure their pore size following the addition of
increasing densities of Chlorella cells. Figure 3 indic-
ates the representative scanning electron microscopy
images along with the related analysis of the pore size
of AlgGel and Chlorella-enriched hydrogels. Chlo5
hydrogel presents a pore size of 0.94 & 0.82 ym, com-
parable to AlgGel’s mean value of 0.96 + 0.95. For
Chlo6 and Chlo7 hydrogels, the porosity was found
to be slightly smaller than in AlgGel hydrogels, with
a size trend that was inversely proportional to the
density of microalgae cells. Only Chlo7 had a signific-
ant reduction in pore size (p < 0.001), shrinking the
pores by 35% when compared to AlgGel. Additional
analyses of the pores by freeze-drying the samples
(figure S2) before scanning electron microscopy ima-
ging confirmed a ~50% reduction in pore size for
Chlo7 compared to AlgGel hydrogels.

3.3. Chlorella—enriched hydrogels modulate
oxygen sensitivity and improve the viability of CSs
during I/R

To evaluate the effects of Chlorella-enriched hydrogels
on cardiac cell sensitivity to oxygen deprivation, we
employed our previously established in vitro model
of I/R injury [36]. Our previous studies demonstrated
that CSs finely recapitulate the cardiac microenviron-
ment and they represent an advanced model to study
I/R-driven myocardial damages [33, 36]. Image-iT™
was used to continuously track the intracellular oxy-
gen concentration from the incubation in normoxic
condition (5% O, and 5% CO,), through the hypoxia
(0% O, and 5% CO,) and until the end of the reper-
fusion phase (5% O, and 5% CO,) (figure S1) [51].
The lowest the intracellular oxygen concentration the
highest the intensity of the Image-iT™ fluorescence.
Similar to what was previously reported, when CSs
in AlgGel hydrogels were exposed to 0% O, con-
centration, there was an increase in the fluorescence
intensity of Image-iT™ (figure 4(A)). After restor-
ing the physiological 5% O, concentration, there
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Figure 2. Brillouin microspectroscopy and rheology testing performed on AlgGel and Chlorella-enriched hydrogels. (A)—(C)
Differences in Brillouin frequency shift (ABFS) between Chlorella-enriched and AlgGel hydrogels before cross-linking (A), after
cross-linking (B), and after incubation with the medium (C). (D) Young’s moduli derived from an unconfined compression test,
and (E) shear storage (G’) and loss (G’’) moduli derived from an oscillatory amplitude sweep test, recorded after cross-linking.
Brown—Forsythe and Welch ANOVA test was used to compare the groups. Error bars represent the mean £ SEM, if not visible
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Figure 3. Scanning electron microscopy and pore size analyses of AlgGel and Chlorella-enriched hydrogels. Representative images
from scanning electron microscope of (A) AlgGel, (B) Chlo5, (C) Chlo6, and (D) Chlo7. (E) Statistical analysis of pore size by
using Brown—Forsythe and Welch ANOVA test to compare the groups (*** p < 0.001). Error bars represent the mean + SEM, if
not visible they are within the symbols (n > 12). Scale bars in images are equal to 5 pzm.

was a decrease in fluorescence intensity (figure S1).
However, the presence of microalgae led to a different
outcome (figures 4(A)—(D)).

In fact, in the absence of extracellular O,
(figure 4), microalgae significantly reduced intra-
cellular hypoxia (p < 0.0001) among AlgGel and
Chlorella-enriched hydrogels (figure 4(E)). The

reduction of oxygen probe fluorescence positively
correlated with the Chlorella cell density within
the hydrogels. In particular, Chlo5, Chlo6 and
Chlo7 hydrogels reduced the fluorescence intens-
ity of Image-iT™ in CSs compared to CSs embed-
ded in AlgGel alone, by 32%, 42%, and 54%,
respectively.
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Representative epifluorescent images of Image-iT™ during the hypoxia stage of I/R from CSs embedded in (A) AlgGel, (B) Chlo5,
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Our statistical analysis of CSs stained with dead
and live dyes showed non-significant differences
(p > 0.05) in toxicity ratio for Chlo5, Chlo6, and
Chlo7 compared to CSs embedded in AlgGel after
three days of incubation in normoxic conditions
(figure 5(E)). On the contrary, a reduction in toxicity
ratios was measured in CSs embedded in Chlorella-
enriched hydrogels under I/R conditions (figure 5(])).
Compared to AlgGel, Chlo5, Chlo6, and Chlo7
reduced the toxicity ratio by 15%, 22%, and 29%
(p < 0.01), respectively (figure 5(J)). To evaluate the
long-term effects of Chlorella-enriched hydrogels on
CS viability, we cultured them in normoxic condi-
tions for up to 28 d. Figure S5 shows the represent-
ative confocal images of CSs stained with calcein-
AM (live cells) and ethidium homodimer (dead cells)
after 14 and 28 d in culture, respectively. After 14 d,
CSs appeared still fully surrounded by Chlorella cells
in Chlo5 and Chlo6 hydrogel, while in Chlo7 the
microalgae cells seemed to migrate in the nearest
proximity of CSs, leading to algae aggregates. Our
statistical analyses (figure S5) show that CSs are viable
in Chlo5 and Chlo6 hydrogels up to 28 d, whereas a
significant (p < 0.05) increase in toxicity ratio was

measured when they were cultured in Chlo7 already
after 14 d.

3.4. Chlorella-enriched hydrogels protect against
the reduction in contractile activity in I/R CSs

To evaluate the effects of Chlorella-enriched hydro-
gels on CS functionality, we measured the contrac-
tion frequency (Hz) and the FS% of CSs after 3 d
of incubation in either normoxic conditions or after
our I/R modelling. Chlo5 hydrogels were the only
ones to significantly increase the contraction fre-
quency (p < 0.01) in CSs cultured in normoxic con-
ditions (figure 6(A)), whereas the addition of algae
did not alter the FS% in CSs in normoxic condi-
tions (figure 6(B)). On the contrary, the addition
of algae improved the contractile function after I/R
modelling. In fact, CSs embedded in Chlo5 and
Chlo6 hydrogels exhibited a significant improvement
in contraction frequency (figure 6(C)), while a signi-
ficant increase in FS% was measured for all the tested
hydrogels (figure 6(D)). The significant increase in
contraction frequency (p < 0.05) observed for CSs
embedded in Chlo6 was measured also at 14 d in
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normoxic conditions (figure S6) with no significant
changes in the CV (figure S4).

3.5. Chlorella-enriched hydrogels exhibit ROS
scavenging activity in I/R CSs

To evaluate Chlorella-enriched hydrogels’ role in pre-
venting ROS production, the CSs were incubated with
CellROX™ to detect and quantify ROS generation
immediately after I/R. We kept control CSs embedded
in AlgGel in the incubator in normoxic conditions
for the whole duration of the I/R experiment. The
CSs used as control were incubated with CellROX™
simultaneously with I/R CSs, and finally imaged as
shown in figures 7(A)—(E). The cell-permeant dye
CellROX™ exhibits weak fluorescence in a reduced
state, while it exhibits bright green fluorescence upon
oxidation by ROS production. Our statistical analysis
showed a significant increase (p < 0.05) in CelROX™
fluorescence for I/R CSs embedded in AlgGel com-
pared to control normoxic CSs (figure 7(F)), con-
firming that ROS production increases during the
I/R injury. Similarly, the increase in CellROX™ dye’s
fluorescence measured for CSs embedded in Chlo5
hydrogel was significant (p < 0.05) compared to the
control normoxic CSs. On the contrary, CellROX™
fluorescence in Chlo6 and Chlo7 hydrogels was not
significantly higher (p > 0.05) than control normoxic
CSs, indicating that microalgae prevented an increase
in ROS production during I/R injury.

3.6. The presence of Chlorella in hydrogels does not
affect cardiac cell ratio in CSs

To evaluate if the presence of Chlorella cells in the
AlgGel hydrogels could have affected cell populations
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within CSs, we imaged them after staining them
with markers for cardiac endothelial cells, myocytes
and fibroblasts after 28 d of incubation [33]. All
cells were present either with or without microalgae
(figure 8(A)). To assess if microalgae included in the
hydrogel with different densities could have reduced
or enhanced the cell distribution, we analysed the
fluorescence obtained from each immunolabelling.
Our statistical analysis of the cell presence in each CSs
showed an increase in fibroblasts (Vimentin, green,
figure 8(B)) as the microalgae density was increased.
However, this increase was non-significant (p > 0.05)
compared to CSs embedded in AlgGel alone. iCMs
and HCAECs, labelled with cTNT and CD31, respect-
ively, were not modified in their distribution by the
surrounding Chlorella cells in the hydrogel.

4, Discussion

Here, we described for the first time a novel formu-
lation of AlgGel hydrogels enriched with Chlorella
Vulgaris for cardiac applications. As the presence of
alginate used in hydrogels for cardiac applications
might represent a limitation for cardiac cells’ viabil-
ity and function, it is generally used at a concentration
of 1%-3% (w/v), alone or in combination with other
polymers [64—67]. However, it has been shown that
cardiac cells can adapt and grow while maintaining
their function even at higher concentrations [68-70].
We previously demonstrated that CSs can live without
any changes in their viability for up to 28 d when
cultured in 4% Alg—8% Gel hydrogels [35]. More
recently, we also showed that these hydrogels can be
3D bioprinted and transplanted in a mouse model of
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Collapsed z-stacks of confocal images of representative CSs after 28 d of incubation with AlgGel and Chlorella-enriched hydrogel.
(A) The CSs were stained with antibodies against Vimentin (green) for HCFs, cTNT (red) for iCMs, and CD31 (blue) for
HCAEC:s. (B) Statistical analyses of stained cells fluorescence using Brown—Forsythe and Welch ANOVA test to compare the
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MI for regenerative medicine purposes, ameliorating
the cardiac function after a heart attack [39]. For this
reason, in this study we only compared the addition of
algae cells to 4%Alg—8%Gel hydrogels. We compared
four distinct formulations with increasing Chlorella
densities since the presence of microalgae in hydrogels
could alter the viability of the cardiac human cells [4].
Our mechanical analyses showed that the addition of
Chlorella cells did not alter either Young’s moduli or
the shear storage and loss moduli of AlgGel hydro-
gels (figures 2(D) and (E)), which have been previ-
ously demonstrated suitable for human cardiac tissue
[35]. Young’s moduli measured for all hydrogel for-
mulations (figure 2(D)) demonstrated a greater stiff-
ness and resistance to deformation than many inher-
ently softer and more deformable hydrogels inten-
ded for biomedical applications (with Young’s mod-
ulus ~0.01-10 kPa) [71]. Brillouin microspectro-
scopy is a more sensitive technique than rheology,
which allows to finely assess the viscoelastic prop-
erties of hydrogels by a non-invasive microscopic
laser-based analysis at the microscopic level in 3D
[59]. Our rheological measurements were consist-
ent with Brillouin microspectroscopy analyses since
no statistically significant changes in the BFS were
recorded with the inclusion of increasing densities
of Chlorella (figures 2(A)—(C)). This might suggest
a homogenous inclusion of microalgae during the
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hydrogel formulation with an effective immobilisa-
tion of microalgae cells within the hydrogel polymeric
network. Previous studies demonstrated the import-
ance of a successful immobilisation of microalgae,
which is crucial both to confine them within the
hydrogel matrix and to control their growth and
bioactive compound production [57, 72]. However,
future studies might include Brillouin microspectro-
scopy analyses of Chlorella-enriched hydrogels incub-
ated for 14 and 28 d to identify any potential long
term effects of algae on hydrogel viscoelastic proper-
ties (figures 2(A)—(C)).

Together with their mechanical properties, the
morphology of biomaterials plays an important role
in controlling cell survival and function [73]. The
more porous the material the greater the diffusion
of nutrients, oxygen, and functional biomolecules
across the network and the more favourable the
removal of exhausted metabolic products and tox-
ins from the cells [73]. Pore size and distribution
also influence the facilitation of cell behaviours, such
as adhesion, differentiation, and proliferation [74,
75]. Several studies demonstrated that highly por-
ous scaffolds had positive effects on cardiac cell
adhesion, viability and functionality under normoxic
and disease conditions in vitro and cardiac func-
tion in animal models of MI in vivo [68, 74, 76—
78]. Previous reports also demonstrated that the
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reduction of pore size in CS-embedding hydrogels
caused a significant decrease in cardiac cell viability
[54]. On the other hand, with the increase of poros-
ity, the hydrogel’s ability to withstand mechanical
stress may be weakened, resulting in more fragile
and fast-degradable constructs that poorly mimic the
ECM milieu [79]. Given Chlorella’s spherical shape
and averaging size between 1-10 pm (figure S2),
the addition of these microalgae within the poly-
meric network of AlgGel hydrogels could have implic-
ations for the flux of nutrients to the embedded CSs
and limit the viability and functionality of cardiac
cells [80]. Chlorella-enriched hydrogels which con-
tained 10° and 10° cells ml~! did not affect the mean
pore size of AlgGel hydrogels, while the highest dens-
ity (107 cells ml~!) significantly reduced pore area
(figures 3(E) and S2). The reduction in pore size
could be related to higher production in microalgae
biomass (i.e. proteins and polysaccharides) propor-
tional to the microalgae density [81]. In this con-
text, a previous study demonstrated that high produc-
tion of proteins and polysaccharides from microal-
gae can interfere with the hydrogel’s network forma-
tion and stability [81, 82]. However, considering that
the mechanical analyses demonstrated that the incor-
poration of 107 Chlorella cells ml~!' did not affect
the hydrogel’s mechanical properties (figure 2), an
alternative explanation for the reduction in pore size
could be a physical occlusion of the pores by microal-
gae cells, rather than to the production of Chlorella
biomass.

After generating human CSs in vitro, we embed-
ded them in AlgGel hydrogels (with or without
Chlorella) to evaluate microalgae effects on cardiac
cells during normoxic conditions. Our toxicity ratio
measurements after 3, 14, and 28 d of culture in
normoxic conditions (figures 5 and S5) show that
CSs were able to survive surrounded by Chlo5 and
Chlo6 up to 28 d, without significant increases in tox-
icity ratio compared to AlgGel. However, we meas-
ured a significant increase in toxicity ratio after
14 d of culture Chlo7 hydrogels. This is consist-
ent with the concentration-dependent cytotoxicity of
Chlorella extracts previously demonstrated on differ-
ent mammalian cell lines [83] and it is consistent
with the reduction of pore size for Chlo7 measured
based on our scanning electron microscopy analyses
(figures 3(E) and S2). The reduction in pore size may
have negatively affected the transport of nutrients for
CSs to survive in the 3D microenvironment, as previ-
ously reported [54].

The pathophysiological events that occur dur-
ing MI are closely related to the ischemic condi-
tion experienced by the myocardium. The sudden
loss of blood supply to the cardiac tissue causes
hypoxia, which leads to a depletion of intracellu-
lar ATP reserve, the shift to anaerobic metabol-
ism, acidosis, and the following disruption of cel-
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lular osmotic balance, cellular oedema, and release
of several inflammatory mediators [23, 84]. In addi-
tion, the reperfusion of myocardium leads to ROS
production which nourishes the inflammatory and
cell death pathways, exacerbating the cardiac cell
injury [84, 85]. Therefore, we evaluated Chlorella-
enriched hydrogels’ protective role against myocar-
dial damage in an in vitro model of I/R for the first
time. Our toxicity ratio measurements proportion-
ally increased with the addition of Chiorella cells
after IR (figure 5(J)). During normoxic conditions, all
CSs embedded in Chlo5, Chlo6, and Chlo7 increased
the intracellular oxygen concentration as expected
(measured as a reduction of the oxygen-sensitive dye
used, figure 4). Moreover, while the contractile activ-
ity of CSs embedded in AlgGel hydrogel was abol-
ished, the inclusion within Chlorella-enriched hydro-
gels offered protection from I/R to CSs by signific-
antly increasing their contraction frequency and FS%
(figures 6(C) and (D)). In the presence of Chlorella
cells, the expected reduction in oxygen was preven-
ted, supporting their role in modulating cardiac cells’
sensitivity to hypoxia. This could be due to the oxygen
dissolved from microalgae within the porous hydro-
gel structure [86, 87]. However, when we exposed
Chlorella cells to new temperatures and medium com-
positions, we found that their quantum yield values
were significantly reduced (figure S3). Quantum yield
is a measure of the microorganisms’ PSII efficiency
and photosynthetic activity. The reduced photosyn-
thetic activity could be due to suboptimal growing
conditions or environmental stress [88, 89]. However,
this would not impact the scaveging activity typical
of algae. In fact, by assessing ROS scavenging activ-
ity, the higher the presence of Chlorella in hydro-
gels the lowest the ROS production from cardiac cells
during the I/R (figure 7(F)). These results effect-
ively support the promising protective role played by
Chlorella-enriched hydrogels in modulating the I/R-
driven myocardial damages in vitro, possibly due to
either their scavenging or antioxidative properties,
rather than an active oxygen production. Recently,
Chlorella has gained a GRAS certification issued by
the FDA for its consumption as a dietary supplement,
thanks to its high-value composition rich in polyun-
saturated fatty acids, phenolic compounds, caroten-
oids, vitamins C and E [10, 90, 91]. These bioact-
ive compounds could have been the main players
in exhibiting Chlorella-enriched hydrogels’ protect-
ive role in CSs. Our immunolabelling in CSs for the
three cardiac cell types (myocytes, endothelial cells
and fibroblasts) demonstrated that the addition of
Chlorella cells to AlgGel did not affect their presence
(figure 8), which was comparable with the one of
CSs embedded in AlgGel alone. Given their unique
properties, future studies could aim to 3D bioprint
Chlorella-enriched hydrogels as cardiac patches to
be tested in an in vivo model of MI. Moreover,
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it is critical to further validate whether Chlorella-
enriched hydrogels can rescue changes that under-
pin mechanobiological mechanisms relevant to car-
diovascular pathophysiology. This will pave the way
for a more comprehensive understanding of the role
played by Chlorella-enriched hydrogels to protect
from MI injury.

5. Conclusion

In this study, we demonstrated for the first time that
Chlorella-enriched hydrogels maintained the mech-
anical and structural properties of AlgGel hydro-
gels within a certain range of microalgae densit-
ies (10°-10° cells ml~!), without negatively affect-
ing the cardiac cell viability for up to 28 d of co-
culture. These results described the good compatib-
ility of the Chlorella strain with human cardiac cells
environment and growing conditions. The effects
played by Chlorella vulgaris on hydrogel properties
and cardiac cell viability were mostly dependent on
the microalgae density incorporated within the poly-
meric network. Cho6 (10° Chlorella cells ml~!) signi-
ficantly reduces cardiac cell sensitivity to hypoxic con-
ditions while it exhibits a consistent reduction in ROS
production, without affecting either the mechanical
properties or the pore size compared to the AlgGel
hydrogel. Also, Chlo6 allows the culture of CSs for
up to 28 d, without impacting the long-term viability
of human cardiac cells and maintaining the same cel-
lular presence. More interestingly, Chlorella-enriched
hydrogels are useful to protect against I/R myocar-
dial damage by providing ROS scavenging activity
in bioengineered cardiac tissue. Altogether, our find-
ings support the use of Chlorella-enriched hydrogels
as advanced biomaterials for cardiac applications. We
believe these systems have the potential to be used as
model for facilitating the translation of 3D bioprin-
ted cardiac patches made of microalgae-based hydro-
gels from bench to bedside, in addition to providing
a novel therapeutic option for mitigating I/R injury
through enhanced ROS scavenging activity.
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