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Abstract

Homogeneous vascularization of implanted tissue constructs can extend to 5 weeks, during which
cell death can occur due to inadequate availability of oxygen. Researchers are engineering
biomaterials that generate and release oxygen in a regulated manner, in an effort to overcome

this hurdle. A main limitation with the existing oxygen-generating biomaterials is the uncontrolled
release of oxygen, which is ultimately detrimental to the cells. This study demonstrates the
incorporation of calcium peroxide (CaO,) within a hydrophobic polymer, polycaprolactone
(PCL), to yield composite scaffolds with controlled oxygen release kinetics sustained over 5
weeks. Oxygen-generating microparticles co-encapsulated with cardiomyocytes in a gelatin-based
hydrogel matrix can serve as model systems for cardiac tissue engineering. Specifically, the results
reveal that the oxygen-generating microspheres significantly improve the scaffold mechanical
strength ranging from 5 ka to 35 kPa, have an average scaffold pore size of 50-100 um, swelling
ratios of 33.3-29.8%, and degradation with 10-49 % remaining mass at the end of 48 hour
accelerated enzymatic degradation. The oxygen-generating scaffolds demonstrate improvement

in cell viability, proliferation, and metabolic activity compared to the negative control group

when cultured under hypoxia. Additionally, the optimized oxygen-generating constructs display
no cytotoxicity or apoptosis. These oxygen-generating scaffolds can possibly assist the in vivo
translation of cardiac tissue constructs.
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In this work, functional oxygen-generating scaffolds are developed, wherein microparticles
containing CaO, within PCL are co-encapsulated with cardiac cells in gelatin-based hydrogels.
These scaffolds support the viability and metabolic function of cardiac cells under hypoxia for 5
weeks. This unique long-term oxygen generation and release capability of these scaffolds makes
them ideal for engineering large scale 3D cardiac tissue constructs.
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1. Introduction

17.9 million lives are claimed annually by cardiovascular diseases alone, amounting to

31% of deaths worldwide.12 Over 20 million patients suffer from tissue loss associated
with cardiovascular ailments. Specifically, chronic heart conditions such as cardiomyopathy,
advanced heart failure, arrhythmias, congenital heart disease, coronary artery disease,

and heart valve disease significantly contribute to high mortality with scarcely available
treatment options.2~ For such cardiovascular disorders, tissue engineering approaches can
provide an effective solution by reducing the dependency on organ donors.!

Current therapies for chronic heart conditions delay the progression of the disease,

and commonly involve the use of immunosuppressive drugs following highly invasive
surgical procedures. In many cases, the alternative is cardiac transplantation, predominantly
dependent

on organ donor availability and compatibility.> The long-term clinical success of organ
transplantation is dependent on the patient’s acceptance of the donor’s organ.® Therefore,
tissue engineering strategies are increasingly being explored and developed in an effort

to engineer organ-scale cardiac tissue constructs, decreasing dependency on cardiac
transplants. Approaches to engineering cardiac tissue constructs utilize biodegradable
polymers to fabricate 7 vitro scaffolds for delivery of cardiac cells for tissue regeneration.’
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While existing studies have explored a vast array of biomaterials, they are restricted in their
functional capabilities to sustain long-term cell viability and metabolic activity.8-10

Maintaining high cell viability within artificial constructs proves to be an obstacle for
developing 3D organ scale tissue constructs due to diffusion limitations for oxygen and
nutrients beyond the 300 pum range.11-13 Notably, the cardiac tissue is a high oxygen
demanding tissue, consuming up to 70 mL O,/min/100 g oxygen during strenuous activity.14
Therefore, oxygen availability in cardiac tissue regeneration is vital to facilitating optimum
growth and function, and preventing hypoxia-induced necrosis.1>-16 The host’s blood is
the primary source of oxygen and nutrients to the encapsulated cells in engineered tissue
constructs.11: 16-17 Upon /n vivo implantation, a tissue-engineered construct can take up

to 4 or 5 weeks to effectively integrate with the host’s vasculature.18-21 In recognition of
the long integration period, researchers are increasingly seeking to develop approaches to
improve vascularization of tissue constructs.22-24 Nevertheless, attempts solely to improve
vascularization do not address the lack of immediate oxygen required for maintaining cell
viability and function to ensure the clinical success of the tissue-engineered constructs.25~
28 Consequently, there have been efforts to develop biomaterials with immediate oxygen
provision and release within the cellular microenvironment as a potential solution for the
high oxygen demand of the surrounding tissues until optimum vascularization can occur.11:
29 The encapsulation of cells within such oxygen-generating biomaterial scaffolds has
garnered a significant scientific incentive.17. 30-32

Using oxygen-generating materials enables continuous oxygen availability to encapsulated
cells in conventional tissue engineering approaches. In doing so, this strategy permits

high cell viability and sustained metabolic activity until complete vascularization can
occur.33 Over the past decade, studies have demonstrated how solid peroxides can be
incorporated into 3D scaffolds to generate oxygen by undergoing hydrolytic degradation
with the water available in the surroundings or tissue matrices.11: 31, 34 The recurring
obstacle in oxygenation approaches is the burst oxygen release due to rapid hydrolysis

of solid peroxides, often yielding reactive oxygen species that could be deleterious to

the cells.3 35-36 This outburst of oxygen release can be detrimental to cell viability,
metabolic activity, and function, all of which are needed for the clinical success of the
tissue-engineered constructs.3 11 Controlling the hydrolysis reaction rate is a vital element
for oxygen-generating materials as it ultimately controls the rate of oxygen release.3” In an
effort to slow down the rate at which water undergoes hydrolytic degradation, utilization
of hydrophobic polymers (e.g., poly dimethyl siloxane (PDMS), poly lactic co-glycolic
acid (PLGA), and poly vinyl pyrrolidone (PVP)) to encapsulate solid peroxides proves to
be an effective approach to regulate the rate of oxygen release. This strategy can prevent
the burst release of oxygen from solid peroxides and allow for the prolonged release of
oxygen, ultimately supporting cell viability and proliferation under hypoxic conditions until
homogeneous vascularization can occur.

Existing approaches have demonstrated limited capability of oxygen-generating biomaterials
to release oxygen for only a period of 2—3 weeks.1! This study demonstrates a novel
oxygen-releasing biomaterial for improved viability, growth, and metabolic activity of

H9c2 cardiac cells that surpasses the oxygen-releasing capabilities of currently available
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oxygen-generating biomaterials. Our biomaterial displayed controlled and sustained oxygen
release for up to 4 weeks and lasting oxygen levels up to 5 weeks. Oxygen-generating
microspheres were fabricated by encapsulation of calcium peroxide (CaO5), an oxygen-
generating compound, within polycaprolactone (PCL), a hydrophobic polymer, using an
emulsification technique. The CaO,-PCL composite microparticles were co-encapsulated
with H9c2 cardiomyocytes within a gelatin methacrylate (GelMA) matrix, which formed
the oxygen-generating scaffolds. These scaffolds were then subsequently cultured under
hypoxia. Assessment of the cellular response to oxygen-generating scaffolds was performed
through various bioassays, after a culture period of 5 weeks under hypoxic and normoxic
conditions. Herein, we discuss the physical, chemical, and biological properties of these
novel oxygen-generating scaffolds and their implications in supporting cardiac tissue
engineering efforts /n vitro.

2. Materials and methods

2.1. Materials

Polycaprolactone (PCL) pellets (Mw 55,000 GPC) were purchased from Scientific Polymer
Products Inc. (Ontario, NY). Calcium peroxide (CaO5), methacrylic anhydride, and porcine
skin gelatin were commercially obtained from Sigma-Aldrich (St. Louis, MO). Dulbecco’s
Modified Eagle’s Medium (DMEM-low glucose), fetal bovine serum (FBS), Dulbecco’s
phosphate buffered saline (DPBS), trypsin-ethylenediaminetetraacetic acid (EDTA) 0.25%,
and penicillin/streptomycin (P/S) were procured from Gibco (Thermo Fisher Scientific, Inc.,
Waltham, MA). Alamar Blue reagent and lactate dehydrogenase (LDH) activity kit were
purchased from Invitrogen (Grand Island, NY). Caspase glo 3/7 assay kit was acquired from
Promega (Madison, WI). The photoinitiator 2-hydroxy-1-[4-(hydroxyethoxy) phenyl]-2-
methyl-1propanone (Irgacure 2959) was purchased from BASF Corporation (Florham Park,
NJ). NeoFox oxygen sensing probe was obtained from Ocean Optics Inc (Dunedin, FL). The
hypoxia chamber was obtained from StemCell Technologies (Vancouver, CA). The oxygen
sensing probe was NeoFox by Ocean Optics Inc. (Largo, FL). All reagents were used as
received without further purification.

2.2. Synthesis of GelMA

The hydrogel precursor comprised of 5% w/v porcine skin gelatin derived gelatin
methacrylate (GelMA) and 0.5 % w/v Irgacure 2959 (photoinitiator). The GeIMA hydrogel
was synthesized using our previously published protocols.37-39 To synthesize the GelMA
hydrogel precursor, 10 g of porcine skin gelatin Type A was dissolved in 100 mL of DPBS
under constant magnetic stirring at 50 °C. To the gelatin solution, 8 mL of methacrylic
anhydride (MAA) was added dropwise under constant magnetic stirring. The dissolved
gelatin mixture with MAA was then allowed to react for 4 hours under constant stirring at
200 rpm at 50 °C. After four hours, the mixture was then diluted with 300 mL of DPBS to
stop the methacrylation. Subsequently, the gelatin mixture was dialyzed using nitrocellulose
membranes submerged in distilled water for one week under constant magnetic stirring,
180 rpm, at 40 °C. Furthermore, the dialyzed solution was frozen overnight at —80 °C

and then lyophilized for one week to obtain the GelMA foam, which was later utilized to
make the prepolymer solutions in the photoinitiator solutions. The photoinitiator solutions
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were prepared by adding 0.5% w/v Irgacure 2959 in DPBS. Subsequently, the prepolymer
solutions were prepared by adding 5% w/v of the GeIMA prepolymer foam and dissolving
it in the prepared photoinitiator solution. This mixture was then used to fabricate the UV
crosslinked oxygen-generating scaffolds.

2.3. Synthesis of oxygen-generating microparticles

Oxygen releasing microparticles were prepared using calcium peroxide (CaO5), the oxygen-
generating compound, encapsulated in a hydrophobic phase made of polycaprolactone
(PCL). To synthesize our oxygen-generating microparticles, 13.5% w/v PCL was dissolved
in chloroform under constant magnetic stirring at room temperature. CaO, was added

to the 13.5% w/v PCL solution in varied concentrations of 0, 20, 40, 60, 80 and 100
mg/mL. Successively, upon encapsulation within the GelMA hydrogel matrix, the net CaO,
concentration amounted to 0, 2.7, 5.4, 8.1, 10.8, and 13.5 mg (Table 1). These scaffold
compositions were labeled as OGMO0, OGM1, OGM2, OGM3, OGM4, OGMS5 respectively.
The PCL-CaO, solution was magnetically stirred at room temperature to form a viscous
complex, serving as the first viscous phase solution. Subsequently, a second aqueous phase
solution was prepared by adding 0.5% w/v low molecular weight PVA, which was dissolved
in DI water at 80°C. Thus, a two-phase system was formed, wherein the PCL-CaO,
solution served as the viscous phase, and the PVA solution served as the aqueous phase.
Subsequently, the PCL solution was added dropwise to the PVA solution under constant
magnetic stirring to synthesize oxygen-generating microparticles. The microparticles were
centrifuged at 200 rpm to remove the excess PVA solution and washed three times with
chloroform. The microparticles were dried in a vacuum desiccator until the chloroform had
evaporated. Subsequently, the PCL-CaO, microparticles were homogeneously resuspended
within the GelMA prepolymer and UV crosslinked within 96 well plates to form our
oxygen-generating scaffolds.

2.4. Engineering oxygen-generating scaffolds

To develop the oxygen-generating scaffolds, 13.5% wi/v of oxygen-generating microparticles
were homogeneously mixed with 5% w/v GelMA prepolymer by pipetting resuspension.
Next, this prepolymer solution containing the oxygen-generating microparticles were
pipetted into a 96 well plate with or without cells, followed by UV crosslinking to create the
oxygen-generating scaffolds. The scaffolds were crosslinked with UV light (320-500 nm)
at an intensity of 4 mW/cm? and the cell density across all scaffold groups was maintained
a 5x106 cells/mL. The scaffolds were cultured with 150 uL of media supplemented with 1
mg/mL catalase under induced hypoxia for five weeks. The oxygen release kinetics were
monitored by measuring changes in the partial pressure of oxygen within the supernatant
media used to culture these samples. By measuring the daily changes in partial pressure

of oxygen over the 35-day culture period, the oxygen-release kinetics were mapped with
time for different scaffold compositions. A complete analysis of the scaffolds’ physical

and biological properties of the scaffolds was performed simultaneously. The mechanical
characterization of these oxygen-generating scaffolds was performed and assessed as a

bulk material property. To perform mechanical analysis, scaled-up scaffolds were prepared
by adding 13.5% w/v oxygen-generating microparticles to 100 uL of GelMA prepolymer,
which were then UV crosslinked. The pristine GeIMA, OGMO0, OGM1, OGM2, OGM3,
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OGM4 and OGMS5 scaffolds took 20 sec, 30 sec, 60 sec, 70 sec, 90 sec and 140 sec to
crosslink respectively. The resulting gels were stored in DPBS and evaluated for swelling,
degradation, compression tests, and Scanning Electron Microscopy (SEM) imaging.

2.5. Swelling and Degradation Analysis

The mechanical properties of the oxygen-generating scaffolds were characterized as bulk
properties of the material and were therefore performed on larger scaffold volumes. For
swelling analysis, the samples were prepared by crosslinking 100 pL of GelMA prepolymer
solution with 13.5% w/v oxygen-generating microparticles. Subsequently, the prepolymer
solution was UV crosslinked using an Omnicure S2000 (EXFO Photonic Solutions Inc.,
Ontario, Canada). UV crosslinking time for each gel condition was optimized to be within
20 -140 sec range for the oxygen generating scaffolds. The hydrogels were then submerged
in DPBS in petri dishes for 48 hours, wherein the hydrogels reached swelling equilibrium.
Swelling analysis was performed in four replicates for each gel composition. Upon reaching
swelling equilibrium, the wet weight of each gel was recorded in a pre-weighed empty
eppendorf tube, and excess liquid was removed with a Kimwipe. Subsequently, the hydrogel
was frozen and lyophilized in eppendorf tubes for 24 hours. After this step, the eppendorf
tube was weighed again to obtain the dry weight. Wet weights of the hydrogels were
calculated by subtracting the weight of the eppendorf and hydrogel, before lyophilization,
from their corresponding empty eppendorf tube. This process was repeated for each replicate
to obtain the dry weights of the hydrogels after lyophilization. To determine the swelling
ratios, the wet weight of the hydrogels for each condition was divided by the corresponding
dry weight, and this ratio was converted into a percentage value.

For degradation analysis, the hydrogel samples were prepared as previously described.

Four replicates were performed for each hydrogel composition. After swelling equilibrium,
the gels were transferred into pre-weighed eppendorf tubes. These samples were frozen
overnight at —80 °C and lyophilized for 24 hours. The initial dry weights were recorded by
subtracting the weight of empty eppendorf tubes from the weight of the lyophilized tubes.
Subsequently, 1 mL of DPBS was added to the eppendorf tubes to rehydrate the lyophilized
gels for 24 hours. After rehydration of the lyophilized gel, the DPBS solution was removed
and replaced with 1 mL of 3 U/mL of collagenase type IV in DPBS. The hydrogel samples
were incubated at 37 °C on a shaker to facilitate enzymatic degradation. The remaining mass
of each hydrogel was measured at different time points (i.e., 3, 6, 12, 18, 24, 36, and 48
hours). The samples were washed with DPBS solution three times to ensure the enzyme
solution was completely removed at each time interval. Subsequently, the gels were stored at
-80 °C overnight before lyophilization, and the remaining dry weight of the gel sample was
recorded after enzymatic degradation. The percent remaining mass after degradation was
quantified by the initial and remaining weights of the scaffolds.

2.6. Mechanical testing

For mechanical analysis, the PCL-CaO, microparticle reinforced GelMA hydrogels were
prepared using the same process as previously described. As mentioned before, the
hydrogels were allowed to incubate in DPBS solution for 48 hours, allowing for swelling
equilibrium. Prior to performing the compression test, the samples were shaped using an 8
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mm biopsy punch, and any residual DPBS solution was removed gently using Kimwipes.
Subsequently, the samples were loaded between compression plates and serially exposed

to an increasing compressive force. The compression test was performed under certain
conditions, which comprised of a preload force of 0.0010 N at an isothermal temperature of
23 °C, force ramp rate of 0.1 N/min, and upper force limit of 2 N. The compressive modulus
of each sample was determined by obtaining the slope in the linear region of the stress-strain
curve.

2.7. Scanning electron microscopy (SEM) analysis

Using a field emission scanning electron microscope (SEM) (JEOL 5200 SEM),

the hydrogel samples were characterized. The SEM images provided morphological
characterization of the PCL-CaO, microparticle encapsulated oxygen-generating scaffolds.
The gel samples were flash-frozen in liquid nitrogen, freeze-dried, mounted on an aluminum
stub with double-sided carbon tape, and gold-coated under an argon atmosphere. The sample
cross-sections were then hand broken and imaged. Subsequently, the SEM images were
acquired to visually observe the porosity and pore size for the pristine GelMA, OGMO,
OGM1, OGM2, OGM3, OGM4, and OGMS5 scaffolds.

2.8. Oxygen release kinetics

2.9. Three-

To study the oxygen release kinetics, all scaffolds were cultured under induced hypoxia
condition (2% dissolved oxygen) in a StemCell Technologies hypoxia chamber. Under
hypoxia, the only available source of oxygen for the cells is the oxygen release from the
oxygen-generating microparticles co-encapsulated within the scaffold matrix. We observed
lower dissolved oxygen levels throughout the 5-week culture period in samples with cells,
under hypoxia conditions, than without cells. Lower dissolved oxygen levels are likely due
to cellular consumption of the oxygen released by the oxygen-generating scaffolds.

Furthermore, oxygen levels were observed in the presence and absence of catalase. Catalase
is a known enzyme that increase the conversion efficiency of hydrogen peroxide (H, O,),

a reaction intermediate during the hydrolytic degradation of CaO,, to water and oxygen.38-
39 Therefore, 1 mg/mL catalase was added to the culture media to investigate significant
changes in release kinetics; the resulting oxygen release profile was measured.

dimensional (3D) cell encapsulation in oxygen-generating hydrogels

For cytocompatibility studies, H9c2 rat cardiomyocytes were encapsulated in the hydrogel
precursor solution for pristine GelIMA, OGMO0, OGM1, OGM2, OGM3, OGM4, and OGM5
at a cell seeding density of 5x106 cells/mL. As previously mentioned, the hydrogel precursor
solutions were prepared using 5% w/v GelMA for each composition. Subsequently, 13.5%
wi/v oxygen-generating microparticles was incorporated to the hydrogel precursor. In
preparation for 3D encapsulation of the H9c2 rat cardiomyocytes, the cells were trypsinized
from the flask, transferred into a conical tube, and centrifuged to obtain a pellet. The

cell count was obtained from the cell pellet to determine the appropriate number of cells

for homogenous resuspension in the different prepolymer solutions. Subsequently, the cell
pellet was resuspended in hydrogel prepolymer solutions containing the oxygen-generating
microparticles. Furthermore, the prepolymer solution containing homogeneously dispersed
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cells and oxygen-generating microparticles was pipetted into a 96 well plate. This allowed
the formation of a stable disc laden with cells and oxygen-generating microspheres within
the gel matrix. The hydrogels were then photocrosslinked using the UV light at 4 mW/cm?
intensity (Figure 1). The cell laden hydrogels with oxygen-generating microparticles were
then cultured under hypoxia condition for five weeks. Hydrogel samples were analyzed
for their oxygen content, mechanical properties, viability, proliferation, cytotoxicity, and
apoptosis to evaluate their effects on the encapsulated cardiomyocytes /n vitro.

2.10. Cellular response to oxygen-generating scaffolds

To evaluate cellular response to oxygen-generating scaffolds, the cells were resuspended in
5% w/v GelMA prepolymer with 0, 20, 40, 60, 80, and 100 mg/mL CaO, in PCL at 13.5
wi/v concentration in GelMA. The cell-laden GeIMA PCL-CaO, scaffolds were cultured

in DMEM medium supplemented with 10% v/v fetal bovine serum (FBS) and 5% v/v
penicillin/streptomycin. The H9c2 rat cardiomyocyte cultures were maintained in a 37 °C
incubator under hypoxia condition (i.e., 2% oxygen (O,)). The media was changed every
two to three days.

The metabolic activity of the cells was measured by performing an Alamar Blue assay
using the standard manufacturer’s protocol.20-41 Alamar Blue solution was prepared by
combining one-part Alamar Blue dye and nine parts DMEM media. This solution was
incubated with the cell laden scaffolds for 4 hours. The fluorometric results were read
using a microplate reader in the fluorescence detection mode. The fluorescence values
of the resulting supernatant solutions were recorded at 560nm/590nm (Ex/Em). A lactate
dehydrogenase (LDH) cytotoxicity assay was performed to evaluate the cytotoxic effects
of the oxygen-generating scaffold. LDH assay was performed according to the standard
manufacturer’s protocol.#2~42 To perform an LDH assay, 50 L of the sample was pipetted
into a 96 well plate and 50 pL of the reaction analyte was added to the solution and
allowed to react for 30 minutes, followed by incorporation of a stop solution to the
mixture. Absorbance was recorded using a spectrophotometer at 490 nm. This procedure
was repeated four times for each scaffold composition.

Cellular apoptosis of H9c2 cardiomyocytes in response to the oxygen-generating scaffold
was analyzed by performing a Caspase Glo 3/7 assay using a Caspase Glo 3/7 apoptosis
kit (Promega). The reaction substrate was added to the samples in a 1:1 ratio and allowed
to react for 45 minutes shielded from light. Following a 45 minutes reaction time, a stop
solution was added, and the luminescence of the resulting reacted analyte was recorded,
indicative of cellular apoptosis over the culture period.

To analyze the pH change with the incorporation of oxygen-generating microparticles in the
scaffold, pH strips were used. To measure the pH of the sample, 20 uL of the supernatant
culture media was pipetted on pH strips and observed for resultant color change. The

pH measurements were recorded by recoding the color change of the pH strips upon
contact with the media that was used to feed the cells encapsulated in different scaffold
compositions.
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Lastly, the net oxygen consumption per scaffold throughout the 5-week period was assessed
by comparing the dissolved oxygen levels in scaffolds with and without cells under hypoxia.
Similarly, the oxygen consumption rate of H9c2 cardiomyocytes per scaffold of each day
was measured by comparing the dissolved oxygen levels with and without cells under
hypoxia. Difference in measured oxygen levels of scaffolds with and without cells were
calculated for each day. The net percent dissolved oxygen consumption over 5 weeks in each
scaffold was recorded, and the area under the curve was quantified and compared. Moreover,
the oxygen consumption rate of the encapsulated H9c2 cardiomyocytes was evaluated within
each scaffold composition.

2.11. Statistical analysis

All statistical analyses were performed using GraphPad Prism 6.0 (La Jolla, CA, USA).
Results were analyzed by performing a two-way ANOVA. The statistically significant
differences were analyzed by performing tukey post hoc tests. In all analyses shown, p-value
< 0.05 was considered to be a statistically significant difference. All values are represented
as averages * standard deviation (*p < 0.05, **p < 0.005, ***p < 0.005, and ****p <
0.0005).

3. Results

The oxygen-generating scaffolds were developed by adding CaO, as an oxygen source

at varying concentrations into a PCL solution. PCL functions as a hydrophobic barrier

that can regulate how the rate of water, from the surrounding matrix, reacts with the
encapsulated CaO,. This allows the ability to control the rate of hydrolytic degradation of
Ca0, and consequently the oxygen release kinetics of our novel engineered scaffolds. This
section summarizes the results from the analyses performed to characterize the physical
and biological properties of these oxygen-generating scaffolds and their effects on the
encapsulated H9c2 cardiomyocytes.

3.1 Synthesis and characterization of physical properties of oxygen-generating scaffolds

Oxygen-generating microparticles were synthesized utilizing the protocol mentioned in

the previous sections with different concentrations of CaO, as described in Table 1.

After synthesis, the physical appearance, size, and distribution of these oxygen-generating
scaffolds were characterized using scanning electron microscopy (SEM). Figure 1 displays
the phase contrast image (Figure 1a), SEM image (Figure 1b), and the scaffold cross-
sections (Figure 1c). (Figure 1d) demonstrates the size distribution of the oxygen-generating
microparticles obtained per batch of the microparticles synthesized. The protocol was
optimized to yield composite microparticles with a diameter of 100 um average size.
Subsequently, the microparticles were collected through centrifugation. The magnetic
stirrer speed can be optimized to yield 50-250 um size microparticles, depending on the
scalability of the desired application. Using an inverted Zeiss microscope (Maple Grove,
MN), we obtained phase-contrast images of the oxygen-generating microparticles after
washing them with chloroform and vacuum-drying as displayed in Figure 1a. To synthesize
3D encapsulated oxygen-generating constructs, the oxygen-generating microparticles were
weighed out in eppendorf tubes at 13.5 % wi/v concentration in the GelMA prepolymer.
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Subsequently, this solution was added to the eppendorf, the microparticles were resuspended
to ensure homogeneous dispersion, and the resulting solutions were crosslinked with

an Omnicure UV lamp S2000 (Ontario, CA). This yielded the 3D encapsulated oxygen-
generating hydrogel scaffolds which are displayed in Figure 1. The particle size distribution
was obtained by measuring the average diameter of 100 oxygen-generating microparticles
for one batch of the PCL-CaO5 solution, using ImageJ version 1.51. The particle size
distribution is provided in Figure 1d.

SEM imaging was performed for the particles using a Field Emission Scanning Electron
Microscope (JEOL JSM 7401F) to characterize the physical appearance of the oxygen-
generating microparticles. As depicted in Figure 1b. and 1c., the SEM images revealed

that the oxygen-generating particles were uniformly embedded within the GeMA matrix.
The mechanical properties of the oxygen-generating microparticles were characterized using
the DMA compression tests. Our results indicate that the compressive modulus of the
scaffolds with oxygen-generating microparticles encapsulated within the GelMA matrix

and concentration of CaO5 encapsulated in the PCL have a linear relationship. As the
concentration of CaO5 encapsulated in the PCL microparticles increases, the compressive
modulus of the scaffold also increases. The recorded compressive moduli were 5.0 kPa, 5.9
kPa+ 0.9, 10 kPa+ 1.6, 15.7 kPa + 3.8, 20.2 kPa + 3.5, 25 kPa + 5.0, 35 kPa + 5.0 for the
pristine GelMA, OGMO0, OGM1, OGM2, OGM3, OGM4, and OGMS5 scaffolds, respectively
(Figure 1e). Furthermore, characterization of the swelling and degradation properties of the
oxygen-generating scaffolds was carried out. The scaffolds showed a decrease in swelling
ratios as the concentration of CaO5 in PCL increased. The swelling ratios were 33.3 %, 28.6
%, 28.1 %, 27.9 %, 26.3 %, 22.2 %, and 21.8 % for the pristine GelIMA, OGMO0, OGML1,
OGM2, OGM3, OGM4, and OGMS5 scaffolds, respectively (Figure 1f). The degradation
results revealed that the scaffolds with the highest CaO, concentration in PCL had the
highest remaining mass at the end of the degradation period. The percent mass remaining by
the end of the degradation experiment was 0 %, 10.2 %, 20.3 %, 35.33 %, 38.2 %, 44.0%,
and 49.2 % for the pristine GeIMA, OGM0, OGM1, OGM2, OGM3, OGM4, and OGM5
conditions, respectively (Figure 1g).

3.2. Characterization of cellular response

To examine the cellular response of H9c2 cardiomyocytes on the oxygen-generating
microparticles, cells were microencapsulated at a cell seeding density of 5 x 108 cells/mL
within the hydrogel prepolymer incorporated with 13.5% w/v PCL-CaO, microparticle
concentration. To examine the oxygen release kinetics, all samples were cultured under
hypoxia in a StemCell Technologies Hypoxia Chamber. In this condition, the only source of
oxygen for the cells was the co-encapsulated oxygen-generating microparticles. We tested
the samples from the pristine GeIMA, OGMO0, OGM1, OGM2, OGM3, OGM4, and OGM5
scaffold compositions Over 35 days, all scaffold composition were cultured under normoxic
or hypoxic conditions, and with or without the catalase enzyme in the culture media.

Dissolved oxygen levels were evaluated during the 35-day culture period. CaO, undergoes
hydrolytic degradation within the hydrogel matrix and first forms Ca(OH), and H,0,. H,0,
has a short natural shelf life and tends to slowly decompose over time into oxygen and
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water#3. However, with the aid of enzymes such as catalase, H,O, degrades into oxygen and
water enzymatically at a faster rate3”. Therefore, the culture media was supplemented with 1
mg/mL catalase. For /n vivo applications, the scaffolds can be engineered to contain catalase
within the hydrogel to ensure continuous availability of catalase and prevent H,O, build up.

The dissolved oxygen levels were observed to be low for the cells that were cultured under
induced hypoxia. Due to the oxygen consumption by the cells, dissolved oxygen levels were
lower in the experimental conditions that contained cells compared to that of the conditions
that were devoid of cells. The dissolved oxygen levels increased steadily for all scaffold
compositions reaching a peak at different time points and subsequently decayed then on, as
shown in Figure 2.

For the groups of pristine GeIMA, OGM0, OGM1, OGM2, OGM3, OGM4, and OGM5, a
peak dissolved oxygen release of 4.9 %, 4.8% between days 1 through 14, 22.0% on day

9, 29.9% on day 16, 35.7% on day 21, 36.2% on day 21, 39.0 on day 21 was observed,
respectively, under normoxia condition without catalase in the culture media (Figure 2a). In
the presence of catalase under normoxia, peak dissolved oxygen was observed at 8.0% on
day 0 through day 14, 7.0% day 0 to day 14, 25.2% on day 11, 31.2% on day 14, 36.8%

on day 21, 39.8% on day 21, and 40.4% on day 21 for the previously mentioned scaffold
compositions, respectively (Figure 2b).

To study the isolated effects of the oxygen-generating microspheres on the encapsulated
cells, the scaffolds were cultured under hypoxia both with and without catalase. The
scaffolds cultured under hypoxia without catalase showed peak dissolved oxygen of 5.0% on
day 0 with a steady decline to 0.2% on day 35, 5.0% on day 0 with a steady decline to 0.5%
on day 35, 16.2% on day 11, 17.2 on day 12, 20.1 on day 22, 24.2% on day 19, and 26.2%
on day 20 for the previously mentioned scaffold compositions, respectively (Figure 2c).

The scaffolds cultured under hypoxia with catalase exhibited peak dissolved oxygen level at
5.0% on day 0 with a steady decline to 1.5% on day 35, 5.0% on day 0 with a steady decline
to 1.2% on day 35, 14.2% on day 15, 20.2% on day 17, 23.8% on day 17, 29.6% on day

18, and 20.0% on day 18 for the previously mentioned scaffold compositions, respectively
(Figure 2d).

The results from our experiments demonstrates that there is a threshold for the dissolved
oxygen which is critical for cells to maintain healthy function. This optimal range is
expected to vary depending on the cell type, oxygen consumption rate, the cell seeding
density, and the volume of the scaffold. These factors could be altered and controlled
depending on the specifics of the cardiac tissue to be engineered. We developed highly
tunable oxygen-generating scaffolds with varying oxygen release kinetics by regulating

the amount of CaO» in the oxygen-generating microparticles, concentration of PCL, w/v
ratio of CaO,-PCL microspheres in the hydrogel matrix and seeding density of the cells.
The oxygen measurements are highly sensitive to diffusion dynamics of oxygen within the
scaffold. To ensure homogeneous diffusion of oxygen throughout the scaffold, the scaffolds
were engineered to contain uniform interconnected pores throughout their microstructure.
Additionally, a homogeneous distribution of oxygen-generating microparticles was provided
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throughout the scaffold thickness. To measure the dissolved oxygen in these scaffolds, an
oxygen-sensing probe was used. Since the media diffused throughout the thickness and
pores of the scaffold, measuring the changes in the pO, of the supernatant media provided a
reliable estimate of the net oxygen released by the scaffolds over time.

3.3. Characterization of metabolic activity of the encapsulated H9c2 cardiomyocytes in
the oxygen-generating scaffolds

Alamar Blue assay was utilized to assess the effects of the oxygen-generating scaffolds on
the metabolic activity of the H9c2 cardiomyocytes. The oxygen-generating scaffolds with
microencapsulated H9c2 cardiomyocytes were cultured under normoxia conditions with and
without catalase in media. In parallel, oxygen-generating scaffold microencapsulated with
H9c2 was cultured under hypoxia condition with and without catalase in media. Alamar
Blue assay allowed the assessment of the metabolic activity of the cells by quantification

of fluorescence at EX/Em (560/590). Across all experimental groups, OGM3 scaffold
composition demonstrated the highest metabolic activity (Figure 3).

The samples cultured under normoxia without catalase displayed increased metabolic
activity up to day 14 and subsequently decreased. As expected, OGM1, OGM2 and OGM3
groups displayed higher metabolic activity compared to the pristine GelMA and OGMO
groups. The OGM4 and OGMS5 scaffold composition groups revealed a significant decrease
in the cell metabolic activity, indicating that excess oxygen disrupts cell function and growth
(Figure 3a).

While the standard normoxic culture condition is 21% partial pressure of oxygen (pO,)
under ambient conditions, the scaffolds under normoxic culture conditions encounter
diffusion limitations due to their substantial thickness, scaffold diffusivity which depends
on pore size, microparticle loading, and cell density as well as diffusivity of the media. The
net pO, measured by the oxygen sensing probe is the byproduct of the oxygen present in the
media after overcoming the oxygen consumption by the encapsulated cells and diffusivity
barriers.

For the scaffolds cultured under normoxic conditions, with catalase in media, OGM3
scaffolds presented the highest metabolic activity across all groups. The metabolic activity
showed a similar trend for the scaffolds cultured under normoxia without catalase. The
scaffolds under this condition demonstrated an increased metabolic activity up to day 14 and
subsequently decreased. Similarly, OGM1, OGM2 and OGM3 scaffolds supported higher
metabolic activities at the corresponding time points than the pristine GelMA and OGMO
groups, as expected. The OGM3 scaffold composition displayed the highest metabolic
activity amongst the scaffold groups. The OGM4 and OGMS5 scaffolds showed a steady
decline in the metabolic activity after day 14, indicative of oxidative damage due to excess
oxygen (Figure 3b).

Likewise, the OGM3 group showed the highest metabolic activity across all time points
in all of the scaffolds cultured under hypoxia without catalase. The OGM4 and OGM5
scaffolds exhibited a decrease in the metabolic activity. Similar to the previous experimental
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conditions, the OGM1, OGM2, and OGM3 scaffolds revealed a higher metabolic activity
than the pristine GelMA and OGMO groups (Figure 3c).

For the scaffolds cultured under hypoxia condition with catalase, the highest metabolic
activity was observed across all scaffold compositions for the OGM3 condition. As seen

in the previous scaffolds, the OGM1, OGM2, and OGM3 scaffolds demonstrated higher
metabolic activities than that of the pristine GelMA and OGMO conditions. As expected, the
OGM4 and OGM5 scaffolds caused a decrease in cell metabolic activity even under hypoxia
condition (Figure 3d). High metabolic activity in OGM3 and decreased metabolic activity
seen in OGM4 and OGMS5 conditions indicate that there is an optimum range of dissolved
oxygen which supports cell metabolic activity.

It has been reported that the oxygen level to maintain a stable level of ATP increases linearly
with the speed a which ATP is consumed.#® Basic energy requirements for non-beating
cardiomyocytes could be met a an extracellular O, concentration of less than 0.007 mM?#6.
However, this requirement depends largely upon the cell density, metabolic activity, and the
physiological state of the cells.*” The results obtained from our experiments account for
optimal dissolved oxygen levels for a constant cell seeding density of 5x106 cells/mL. Our
in vitro scaffolds serve as a baseline model to predict an optimal range for oxygen.

3.4. Cytotoxicity analysis within oxygen-generating scaffolds via lactate dehydrogenase

(LDH)

Lactate dehydrogenase (LDH) cytotoxicity assay was performed to analyze the cellular
response of microencapsulated H9c2 cardiomyocytes to the oxygen-generating scaffolds
LDH is an enzyme released by cells when the cell membrane suffers damage and is
indicative of cell death or cytotoxicity.#8 An increase of LDH activity was observed in
OGM4 and OGMS5 scaffolds, further supporting that a threshold of dissolved oxygen
must be met for optimum cell growth and function. The OGM3 scaffolds exhibited the
least amount of LDH activity, indicating that OGM3 may be the most suitable scaffold
composition for the H9c2 cardiomyocytes.

The LDH activity showed a sharp increase from day 1 to 35 for the pristine GelMA,
OGMO0, OGM4, and OGMS5 scaffolds that were cultured under normoxia condition without
catalase. The LDH levels remained constant for the OGM3 scaffolds indicating minimum
cytotoxicity in this experimental group. Similarly, an increased LDH activity was seen in
the pristine GelMA, OGMO0, OGM1, and OGM2 scaffolds. Increased LDH activity is an
indicative of increased cytotoxicity, likely due to the absence of sufficient oxygen, within
these scaffolds. Similarly, an increased LDH activity was observed in OGM4 and OGM5
scaffolds, indicating increased cytotoxicity due to excess amount of oxygen (Figure 4a).

In comparison, scaffolds cultured under normoxia with catalase revealed higher cytotoxicity
than the without catalase group. This could be attributed to the presence of excess dissolved
oxygen in the culture media. As foreseen, the OGM3 scaffolds elicited the least amount of
increase in the LDH activity. The pristine GeIMA, OGMO0, OGM1, OGM2 groups triggered
a steady increase in LDH activities over the 35 day culture period. The OGM4 and OGM5
groups revealed a sharp increase in the LDH activity, indicative of cell damage (Figure 4b).
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For the scaffolds cultured under hypoxia conditions, without catalase, the OGM3 group
revealed the least increase in the LDH activity, remaining constant throughout the culture
period. The LDH activity showed a significant increase for the pristine GelMA, OGMO,
OGML1, and OGM2 scaffolds, due to the lack of sufficient oxygen. Similarly, the OGM4 and
OGMS5 conditions showed a sharp increase in the LDH activity, likely due to excess oxygen
release resulting in oxidative damage (Figure 4c).

The scaffolds cultured under hypoxia condition with catalase in the media, presented the
slightest increase in the LDH activity across all experimental conditions. The addition of
catalase to the culture medium under hypoxia increases the conversion efficiency of H,0,
to oxygen and water. This prevents excessive buildup of extracellular H,O, while increasing
the net oxygen release. There is a range of oxygen concentrations which proves to be
beneficial to cellular metabolic health. However, excessive oxygen a rapid rates can be
detrimental to cell health*’: 49, Therefore, in the presence of catalase, we see higher LDH
levels for the OGM4 and OGM5 groups due to excess oxygen formation in the culture
media.

As observed in the previous results, the OGM3 group caused no significant increase in

the LDH activity. Similarly, the pristine GelIMA, OGM0, OGM1, and OGM2 demonstrated
a steady increase in the LDH activity by day 35. The OGM4 and OGM5 exhibited a
significant increase in the LDH activity from day 1 through day 35. LDH is an enzyme
that is released when there is a damage to the cell membrane as experienced during
cytotoxicity.#449 Higher levels of LDH are indicative of higher amount of damage to the
cell membrane which occurs when the cells experience cytotoxicity. Therefore, decreased
LDH levels indicated by low absorbance readings are indicate of lower cytotoxicity. When
cells are metabolically healthy, the LDH activity is expected to be low, which is shown by
the lowest LDH levels for the OGM3 scaffolds corresponding to highest metabolic activity,
as expected.

3.5. Characterization of apoptosis within oxygen-generating scaffolds

Further evaluation of the cellular response of encapsulated H9c2 cardiomyocytes towards
the oxygen-generating scaffolds was done by performing Caspase Glo 3/7 assays. Caspase
Glo 3/7 assay emits a luminescence proportional to the amount of apoptosis, allowing for
quantification. The cellular metabolic activity despite their high oxygen content, indicating
excessive oxygen concentrations decrease the cellular metabolic activity.

The results revealed that the scaffolds cultured under normoxia without catalase, indicated

a slight increase in apoptosis. The pristine GelMA, OGMO0, OGM1, OGM4, and

OGMS5 groups demonstrated a significant increase in apoptosis from day 1 to day 35.
Comparatively, the OGM2 and OGM3 scaffolds showed no significant increase in apoptosis.
This result can be attributed to the low oxygen levels observed in the pristine GelMA,
OGMO, and OGM1 scaffolds and the contrastingly high dissolved oxygen levels recorded

in the media used to culture the OGM4 and OGMS5 scaffolds which could be a cause for
oxidative damage to the cardiomyocytes (Figure 5a).
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The results for the scaffolds cultured under normoxia condition with catalase, presented a
minor increase in apoptosis for the pristine GelMA, OGMO0, OGM1, OGM2, and OGM3
groups between days 1 to 35. Similarly, this finding was significantly lower compared to the
apoptosis observed for the OGM4 and OGMS5 groups (Figure 5b). The scaffolds cultured
under hypoxia condition without catalase elicited a significant increase in apoptosis from
day 1 to 35. Specifically, the pristine GeIMA, OGMO0, OGM1, and OGM2 had insufficient
oxygen supply under hypoxia. However, this increase in apoptosis was lower than that of
the OGM4 and OGMS5 groups, which was due to unnaturally high dissolved oxygen levels
recorded within the media used to culture these scaffold groups. The scaffolds cultured
under hypoxia with catalase displayed improved apoptosis response in the presence of
catalase. The OGM3 group had the lowest increase in apoptosis from day 1 to 35. The
pristine GelMA, OGMO0, OGM1, and OGM2 scaffolds revealed a significant increase in
cellular apoptosis during the entire culture period.

Nevertheless, it was still significantly lower compared to the apoptosis response from the
OGM4 and OGM5 groups, which showed the highest cellular apoptosis across all time
intervals.

3.6. Characterization of change in pH within oxygen-generating scaffolds

The pH of the media was monitored across all groups using pH strips. 20 uL of supernatant
media was added on the surface of the pH strips and the color change was compared against
a calibrated pH indicator. It was observed that for the scaffolds cultured under normoxia
without catalase, the pH remained constant between 8 to 8.5 for the pristine GelMA and
negative control group scaffolds with respect to the scaffolds with higher concentrations of
Ca0,. There was no significant increase in the pH values observed across all groups.

A pH of 9 was observed across all scaffold groups that were cultured under normoxia with
catalase in the culture media. Simultaneously, the scaffolds cultured under hypoxia without
catalase, presented a pH values of 8, 8, 8.5, 8.5. 8.5, 8.5, 8.5 for thepristine GeIMA, OGMO,
OGM1, OGM2, OGM3, OGM4, and OGMS5 groups, respectively.

Similarly, the scaffolds cultured under hypoxia condition with catalase, exhibited pH values
of 8.5-9 across all scaffold groups. Collectively, the results revealed no significant change
in the pH of the supernatant media in the presence of the oxygen-generating microspheres
over the 35-day culture period. Therefore, it was evident that these scaffolds did not elicit
pH-induced cell damage.

3.7. Evaluation of the oxygen consumption behavior and oxygen consumption rate of the
encapsulated cardiomyocytes

The rate of oxygen consumption by the encapsulated H9c2 cardiomyocytes was evaluated
by measuring the dissolved oxygen content within the supernatant media used to culture
the cell laden scaffolds over the 35-day culture period. The daily peak dissolved oxygen
measurements were recorded within the supernatant media used to culture scaffolds

laden with cells and scaffolds devoid of cells. By calculating the difference between the
oxygen readings recorded for scaffolds without cells and scaffolds with cells, the oxygen
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consumption capacity and rate of the cells were quantified. The calculated net oxygen
consumption trend was plotted in Figure 6a.

The oxygen consumption kinetics were depicted and compared by evaluating the area

under the curve for the oxygen measurements recorded for each scaffold composition
(Figure 6b). The comparative analyses revealed that the OGM3 scaffolds showed the
highest oxygen consumption capacity under hypoxia. Furthermore, the oxygen consumption
profiles were consistent with the metabolic activity results. The OGM3 scaffolds showed the
highest metabolic activity which correspondingly showed highest net oxygen consumption.
Additionally, % oxygen consumed per day was calculated for each scaffold composition
(Figure 6c). The average oxygen consumption rate was 1.4%, 2.4%, 3.6%, 4.3%, 3.8%,

and 3.9% per scaffold each day for OGMO0, OGM1, OGM2, OGM3, OGM4, and OGM5
scaffolds, respectively (Figure 6d).

The statistical analysis of the data revealed that the OGM3 scaffolds have a significantly
higher oxygen consumption rate as compared to the other scaffold groups. OGM2

and OGM4 showed comparable average oxygen consumption rates. OGMO0 and OGM1
understandably had the lowest consumption rates considering their lowest oxygen content
which was insufficient to alleviate the hypoxia-induced cell death as corroborated by the
Alamar Blue, LDH, and caspase assays.

4. Discussion

Oxygen-generating biomaterials have promising potential to facilitate the development of
clinically relevant 3D cardiac tissue constructs. However, various challenges remain to be
Addressed to engineer oxygen-generating scaffolds that can provide controlled and sustained
oxygen release over extended periods of time.32 The problems associated with uncontrolled
burst release of oxygen, poor control over oxygen release kinetics, and low oxygen release
capacity, affected the efficiency of these materials.>%-51 In this study, we developed novel
oxygen-generating scaffolds that can release oxygen in a controlled and sustained manner
over a period of 5 weeks. To engineer these scaffolds, oxygen-generating microspheres were
developed using an emulsification technique. Calcium peroxide (CaO,) was encapsulated
within polycaprolactone (PCL), then co-encapsulated with H9¢c2 cardiomyocytes in a gelatin
methacrylate (GelMA) matrix to form the oxygen-generating scaffolds.

The concentrations of calcium peroxide were chosen and optimized with respect to the
crosslinking limit of the scaffold. It is important to crosslink the scaffolds rapidly and
minimize the UV exposure times to avoid potential damage to the cells. Therefore, the
highest amount of CaO5, loading was chosen and optimized based on the UV exposure

time necessary to fully crosslink these scaffolds and subsequently tested for biocompatibility
in vitro. Additional factors such as the oxygen release potential of these scaffolds was

also assessed by monitoring the oxygen release rate for each CaO, concentration, starting
with the highest concentration. The concentration which provided the most optimal UV
crosslinking time, cytocompatibility response, and controlled and sustained oxygen release
up to 5 weeks, was chosen as the highest CaO, loading concentration. The lower

ACS Biomater Sci Eng. Author manuscript; available in PMC 2024 September 22.



1duosnuely Joyiny aduel|ly yoreasay yiesH

1duosnuey Joyiny aduel|ly yoseasay yiesH

Suvarnapathaki et al.

Page 17

concentrations were spaced out evenly to better understand the effects of lower CaO»
concentrations on release kinetics, physical properties, and cellular response over time.

Various characterization techniques were utilized to understand the physical and mechanical
properties of these composite scaffolds. The results confirmed that the physical properties
(i.e., compressive modulus, swelling, and degradation) of our novel oxygen-generating
scaffolds can be altered by varying the CaO, concentration in PCL. This allows the
development of highly tunable scaffolds which could enable the advancement of cardiac
tissue constructs of varying sizes and dimensions.

Swelling analysis revealed an inverse relationship between the swelling ratio and oxygen-
generating microparticle content in the hydrogel matrix. This swelling behavior was as
attributed to the fact that increasing the CaO, concentration within the composite scaffolds
led to an increase in the non-hydrophilic content in the constructs, ultimately resulting in
the reduction of the hydrophilic content. Consequently, the scaffolds held lower amounts of
water with lower swelling ratios.

The degradation study was performed under accelerated enzymatic conditions, explicitly
targeting the degradation of the gelatin component of the oxygen-generating scaffolds using
collagenase Type IV. Hence, the scaffolds with higher calcium peroxide content had a higher
percent remaining mass after accelerated degradation. Utilizing collagenase for accelerated
degradation allowed the oxygen-generating PCL-CaO, microparticles to remain intact
within the scaffold. Therefore, scaffolds with increased microparticle content presented less
degradation. However, in /n vivo applications, it is expected that both the gelatin component
and the oxygen-generating microparticles would degrade. The degradation rate can be easily
regulated by modifying the concentration of GelMA, the amount of microparticles, gel
volume, and crosslinking density. Moreover, these PCL-CaO, microparticle systems can
also act as controlled release systems allowing for modifications and controlled release of
degradation enzymes, growth factors, and biomolecules to facilitate tissue development. This
feature can be used effectively to further control the degradation rate of the scaffolds.

Furthermore, the mechanical properties of the oxygen-generating scaffolds were analyzed by
conducting a dynamic compression test. The compression test revealed that the addition of
PCL-CaO, microparticles mechanically reinforced the scaffolds.

While the w/v concentration of the oxygen-generating microparticles in each scaffold
composition was maintained constant, increasing concentrations of CaO, led to an
increasing trend in the compressive strength. The addition of higher concentrations of CaO,
mechanically reinforced the scaffolds and consequently increased the compressive strength
of the scaffolds. Therefore, the compressive strength can be easily regulated depending on
the mechanical properties of the target tissue.

The SEM imaging of the scaffolds revealed the porous structure and distribution of

the oxygen-generating microparticles within the scaffolds. A homogeneous distribution
of interconnected pores were observed in the scaffolds which can allow improved

oxygen and nutrient diffusion and cellular interactions.52 The healthy cellular metabolic
activity observed from Alamar Blue results validated this observation. The interconnected
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pores also closely mimic the biomechanical cues experienced by the cells within their
microenvironment. The porous structures also enable better diffusion of the generated
oxygen within the scaffolds while allowing for enhanced cell-cell interaction.

After evaluation of the physical properties of the oxygen-generating scaffolds, the oxygen
release kinetics of the scaffolds were characterized by measuring the dissolved oxygen levels
under hypoxia and normoxia in the presence and absence of cells. The dissolved oxygen
levels revealed that the peak percentage dissolved oxygen levels increased proportionally

as the concentrations of the CaO, in the scaffolds augmented. The oxygen release in the
scaffolds, occurs as a by product of the hydrolytic degradation of CaO».

(Calcium peroxide) CaO,(s) + 2H,0 — Ca(OH),(s) + H,O,

2H,0, — O, + 2H,0

11

Consequently, an increase in the CaO, loading resulted in an increased oxygen generation.
The PCL component being a hydrophobic co-polymer, slowed down the rate at which

the water from the surrounding GelMA hydrogel could diffuse and degrade the CaO,.
Therefore, the addition of PCL, regulated the rate of hydrolysis of CaO,, which thereby

led to controlled release of oxygen. Additionally, the culture media was supplemented with
catalase at a concentration of 1 mg/mL which further ensured conversion of the intermediate
H»0, to oxygen while avoiding any H,O, related cellular damage.

The oxygen measurement results also revealed that as the concentration of CaO5 in the
oxygen-generating microparticles increased, the corresponding peak dissolved oxygen in the
media increased. Similarly, the peak oxygen release was observed at later time points within
the 35-day culture period for the conditions with higher CaO5 loading. This was indicative
of prolonged release potential with slower release rates. For instance, for the OGM3,
OGM4, and OGMS5 groups, peak release was attained at later time points when compared

to the OGMO0, OGM1, and OGM2 scaffolds. Dissolved oxygen levels were recorded from
the supernatant media which was used to culture the oxygen-generating scaffolds under
normoxia or hypoxia, with or without catalase. The comparison between different scaffold
conditions demonstrates a highly tunable oxygen release can be achieved using our novel
oxygen-generating scaffolds.

Additionally, the biological compatibility of the oxygen-generating scaffolds was evaluated
to understand their ability to support the viability and proliferation of the cardiac

cells exposed to the oxygen-generating scaffolds. To analyze the biocompatibility, H9c2
cardiomyocytes were microencapsulated at a cell density of 5 million cells/mL within

the oxygen-generating scaffolds. Subsequently, a series of biological assays (i.e., Alamar
Blue, LDH, and Caspase Glo 3/7) were performed to assess the cardiac cell response to

the oxygen-generating scaffolds under hypoxia and normoxia. These assays collectively
revealed that the OGM3 scaffolds elicited the most favorable cellular metabolic activity, and
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reduced cytotoxicity and apoptosis. In comparison, the OGM4 and OGMS5 scaffolds induced
the opposite effect for the 3D encapsulated cardiomyocytes. This result indicates that there is
an optimum range of oxygen-generating microparticle compositions that are most favorable
to support cardiomyocytes. If this range is exceeded, the amount of released oxygen can

be detrimental to cardiomyocytes. This range was also heavily dependent on the amount of
Ca0, loaded within the PCL, provided the PCL concentration was kept constant. We would
expect that changes in the PCL concentration, w/v ratio of the microparticles within GelMA,
cell seeding density, and the w/v concentration of GelMA itself would also act as variables
which can significantly be tuned to obtain the desired oxygen-release kinetics.

Furthermore, we investigated whether the presence of catalase in the media would
significantly influence the release kinetics of oxygen. The experiments were performed by
incorporating 1 mg/mL catalase in the media. Catalase is an enzyme that is produced by the
liver and increases the conversion efficiency of hydrogen peroxide to water and oxygen.11:
54-55 Therefore, the addition of catalase is expected to increase the release potential and
accelerate the oxygen release kinetics. Our results indicated that the presence of 1 mg/mL
catalase in media improved the conversion efficiency of the hydrogen peroxide to oxygen
and water, ultimately displaying higher oxygen levels compared to the absence of catalase
in the media. Additionally, the presence of catalase for the cell-laden oxygen-generating
scaffolds resulted in lower dissolved oxygen levels, as the cells consume the released oxygen
over time. The addition of catalase also is known to prevent the build up of H,O, and

any reactive oxygen species which can be harmful to the cells. This could offer additional
advantages to using catalase in the oxygen-generating scaffold cultures.>5-56

Finally, the pH of the supernatant media was measured across all scaffold compositions
showed no significant increase over the 35-day culture period. This result demonstrated no
drastic pH changes occurred in the media due to reaction intermediates formed during the
hydrolytic degradation of CaO, Furthermore, our Alamar Blue, LDH, and apoptosis assays
demonstrated that CaO, is biocompatible and not detrimental to cells during prolonged
exposure under hypoxia. Similar results about the biocompatibility and biodegradation
behavior of CaO, were found in the previous literature studies.>’—60

The ability of our scaffolds to provide sustained oxygen release over 5 weeks, is a
remarkable improvement over existing oxygen-generating biomaterials. Our novel scaffolds
overcome the oxygen diffusion limitations which can significantly enhance the long-term
viability and /n vivo success of organ scale tissue constructs. When paired with efforts to
improve vascularization, these oxygen-generating materials could serve as a critical link to
bringing organ scale cardiac tissue constructs closer to translation.

5. Conclusion

In this work, novel oxygen-generating scaffolds with unique sustained oxygen release
capabilities were developed. The interaction of these scaffolds with cardiac muscle cells
as a tissue engineering model was thoroughly investigated. Overall, the results revealed
that the PCL-CaO, composite oxygen-generating microparticles, encapsulated within
GelMA hydrogels with cardiac cells, helped to improve cell proliferation, and metabolic
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activity under hypoxic conditions. The oxygen-generating scaffolds exhibited high degree
of tunability in their physical properties such as swelling behavior, degradation rate,
porosity, and mechanical strength which helped the development of compatible scaffolds.
Furthermore, in vitro assessment of these scaffolds proved that these oxygen- generating
scaffolds exhibit biodegradability and cytocompatibility. Our novel oxygen-generating
scaffold provided sufficient oxygen generation which was regulated over 5 weeks. In
addition to the oxygen release, the scaffolds were able to provide prolonged dissolved
oxygen levels under hypoxic conditions over 5 weeks. Overall, the results revealed that

the OGM3 scaffolds provided the most favorable cellular response when cultured under
hypoxia condition with catalase in media. This release potential depended largely on the
CaO, loading, and presence of catalase in the media, since other parameters such as PCL
concentration, GeMA concentration, and cell density were maintained constant throughout
all the release kinetics, metabolic activity, and oxygen consumption kinetics collectively
revealed a range of CaO, concentrations within PCL that offer the most favorable cellular
response. Overall, the OGM3 scaffold composition demonstrated the most favorable cellular
response under all culture conditions. Conversely, despite providing high dissolved oxygen
content to the encapsulated cells, the OGM4 and OGM5 scaffolds elicited increased
cytotoxicity and apoptosis, which was indicative that excess oxygen was detrimental to
normal cell function. This finding signifies that there is a threshold for the dissolved oxygen
which is critical for cells to maintain healthy function. This optimal range is expected

to vary depending on the cell type, oxygen consumption rate, the cell seeding density,

and the volume of the scaffold. These factors could be altered and controlled depending

on the specifics of the cardiac tissue to be engineered. We developed highly tunable
oxygen-generating scaffolds with varying oxygen release kinetics by regulating the amount
of Ca0O, in the oxygen-generating microparticles, concentration of PCL, w/v ratio of CaO,-
PCL microspheres in the hydrogel matrix, and seeding density of the cells. These oxygen-
generating scaffolds can prevent burst release of oxygen, help cells overcome hypoxia-
induced necrosis, and allow integration with the cellular microenvironment. Furthermore,
the effect of CaO, on the pH was examined and revealed that the extracellular pH is

not significantly impacted. The scaffolds showed compatible oxygen release capabilities
sufficient for satisfying the oxygen demand of the encapsulated H9c2 cardiomyocytes.
consistent with high net oxygen release capacity and net oxygen consumption rate recorded.
This study successfully demonstrated the cytocompatibility and biodegradability of the
oxygen-generating scaffolds /n vitro for the H9c2 cardiomyocytes. Furthermore, our novel
oxygen-generating biomaterials can serve as an excellent platform to assess their use with
different cell types in the future. These scaffolds can be useful for a range of metabolically
active and high oxygen demanding tissues. Utilizing oxygen-generating scaffolds could
ultimately pave way for successful /n7 vivo translation of cardiac tissue constructs.
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Characterization of the physical properties of the oxygen-generating microspheres. a. Phase
contrast imaging, b. SEM analysis ¢c. SEM imaging to demonstrate the microparticles within
the hydrogel matrix, d. Analysis of average particle diameter and size distribution, e. DMA
compression test, f. Swelling and g. Degradation analyses. The assessment of the physical
properties revealed correlations between different scaffold compositions. Particularly the
CaO, concentrations within PCL and their tunable effects on the material properties of the
resulting composite scaffolds were evaluated. The results showed that with an increase in
the CaO, concentration within PCL, the swelling ratios of the composite scaffold decreased,
the degradation rate decreased, and the mechanical strength of the scaffolds increased, as

expected.
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Oxygen release kinetics of different scaffold compositions with microencapsulated H9c2
cardiomyocytes evaluated using the NeoFox oxygen sensing probe a. Without catalase under
normoxia, b. With catalase under normoxia, c. Without catalase under the hypoxic condition,
and d. With 1 mg/mL catalase under induced hypoxia. The oxygen probe measured the
partial pressure of oxygen within the supernatant media used to culture these scaffolds,
which is read out proportionally as percent dissolved oxygen. The dissolved oxygen levels
in the supernatant increased in proportion to the CaO, concentration within the scaffolds.
The OGM4 and OGMS5 scaffolds thereby showed the highest peak percentage dissolved
oxygen levels and highest dissolved oxygen percent by Day 35 compared to the pristine
GelMA, OGMO0, OGM1, OGM2 and OGM3 groups. The peak % dissolved oxygen levels
were compared for each scaffold composition when cultured e. Without catalase with cells
under normoxia, f. With catalase with cells under normoxia, g. Without catalase with cells
under hypoxia, and h. With catalase with cells under hypoxia.
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42

Cellular metabolic activity of encapsulated H9c2 cardiomyocytes evaluated using Alamar
Blue assay a. Under normoxia without catalase, b. Under normoxia with catalase, c. Under
hypoxia without catalase, and d. Under hypoxia with catalase; e. The OGM3 scaffolds
displayed the highest metabolic activity over 35 days across all culture conditions. The
comparative analysis of the metabolic activity within the OGM3 scaffolds was performed
under all culture conditions. The OGM4 and OGMS5 scaffolds caused a decline in the
cellular metabolic activity despite their high oxygen content, indicating excessive oxygen
concentrations decrease the cellular metabolic activity.
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Lactate Dehydrogenase assay for ing the cy of cardiomyocytes
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Figure 4.

Cytotoxicity evaluation for the oxygen-generating scaffolds using lactate dehydrogenase
(LDH) assay for the samples that were cultured a. Under normoxia without catalase, b.
Under normoxia with catalase, ¢. Under hypoxia without catalase, and d. Under hypoxia
with catalase. E. The comparative LDH activity analyses within the OGM3 scaffolds under
all culture conditions showed no increase in the LDH levels over the 35-day culture period.
The OGM3 scaffolds therefore indicated no cytotoxicity whereas the pristine GelMA,
OGMO0, OGM4, and OGMS5 scaffolds showed an increasing LDH levels in comparison.
The OGM3 scaffolds demonstrated the most favorable cellular response and did not elicit
cytotoxicity under all of the culture conditions.
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Caspase glo 3/7 assay for measuring the apoptosis response of cardiomyocytes

a Normoxia Without Catalase b Normoxia With Catalase
20 20
218 mDay1 ®mDay4 @mDay7 w#Day 14 » 18 | WDay1 mDay4 mDay7 wODay14
S16 mDay 21 ODay 28 @mDay 35 g 16 mDay 21 OoDay 28 mDay 35
514 e 514 e
5 12 oawk | wwk § 12 .
Y40 h Al © 10 i f
o o ™ *ax - o f [
c 8 - il g
g 6 g 8
2 i 2
£4 ‘ -
E 2 €
3 o Lt oRTT bRV oMY o 3
Pristine OGMO OGM1 OGM2 OGM3 OGM4 OGM5 Riisting-OGMO; OGM1. (0GM2/0GM3; OGM4; OGMS
GelMA GelMA
€ 55 Hypoxia Without Catalase d - Hypoxia With Catalase
£1g |mDay1 mDay4 mDay7 ODay 14 .‘_é’ 18 | mDay1 mDay4 wmDay7 wmDay 14
516 mDay 21 ODay 28 mDay 35 S 16 | ®Day 21 ODay 28 oODay 35
>
£14 = | 51u4
£ 12 -
[ TERH o
§ 6 f i
3 2
Pristine OGMO OGM1 OGM2 OGM3 OGM4 OGM5 9 Pristine OGMO OGM1 OGM2 OGM3 OGM4 OGMS5
GelMA GelMA

e

Caspase glo 3/7 assay results for cardiomyocytes in OGM3 scaffolds

10

8 —— OGM3 UNWC — OGM3 UHW/OC OGM3 UNW/OC — OGM3 UNW/OC

3 UHWC  :Under Hypoxia With Catalase
UNWC  :Under Normoxia With Catalase

2 / UHWI/OC :Under Hypoxia Without Catalase

UNWI/OC :Under Normoxia Without Catalase

Normalized luminescence, arbitrary units
(6]}

0 1 4 7 14 21 28 35 42
Time (Days)

Figure5.
Apoptosis response to oxygen-generating scaffolds was evaluated using the Caspase Glo

3/7 assay a. Under normoxia without catalase, b. Under normoxia with catalase, ¢. Under
hypoxia without catalase, and d. Under hypoxia with catalase. The comparative normalized
luminescence is shown in e. The OGM3 scaffolds showed no significant increase in the
caspase activity over 35 days under all culture conditions. The pristine GelMA, OGMO,
OGM1, OGM2, OGM4, and OGMS5 scaffolds revealed a gradual increase in the caspase
activity compared to the OGM3 scaffolds. The OGM3 scaffolds demonstrated the most
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favorable cellular response and did not elicit increasing apoptosis within the encapsulated
cardiomyocytes.
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Figure®6.
Evaluation of the net oxygen consumption and the oxygen consumption rates of the

encapsulated H9¢2 cardiomyocytes within the oxygen-generating scaffolds. A. The net
oxygen consumption within each scaffold composition was monitored and recorded over
35 days, b. The area under the curve for each scaffold was quantified and compared. The
OGM3 scaffolds had a significantly higher net oxygen consumption compared to the other
scaffold groups. C. The oxygen consumption rate per day was calculated. The OGM3
scaffolds exhibited the fastest oxygen consumption rate over 35 days. The quantification of
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the oxygen release capacity and net oxygen consumption revealed a positive correlation with
cellular response. The OGM3 scaffolds presented optimized cellular response.
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Nomenclature for the oxygen-generating scaffolds that were synthesized in 13.5% w/v PCL and encapsulated
in 5% w/v GelMA.

Scaffold nomenclature  Calcium peroxide (mg/mL) in PCL

Calcium peroxide (mg/mL) in GElMA

OGMO 0 0
OGM1 20 2.7
OoGM2 40 5.4
OGM3 60 8.1
OGM4 80 10.8
OGM5 100 13.5
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