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ABSTRACT: Oxygen is essential to cell survival and tissue
function. Not surprisingly, ischemia resulting from myocardial
infarction induces cell death and tissue necrosis. Attempts to
regenerate myocardial tissue with cell based therapies exac-
erbate the hypoxic stress by further increasing the metabolic
burden. In consequence, implanted tissue engineered cardiac
tissues suffer from hypoxia-induced cell death. Here, we report
on the generation of oxygen-generating hydrogels composed of
calcium peroxide (CPO) laden gelatin methacryloyl (GelMA).
CPO-GelMA hydrogels released significant amounts of oxygen
for over a period of 5 days under hypoxic conditions (1% O2).
The released oxygen proved sufficient to relieve the metabolic stress of cardiac side population cells that were encapsulated within
CPO-GelMA hydrogels. In particular, incorporation of CPO in GelMA hydrogels strongly enhanced cell viability as compared to
GelMA-only hydrogels. Importantly, CPO-based oxygen generation reduced cell death by limiting hypoxia-induced necrosis. The
current study demonstrates that CPO based oxygen-generating hydrogels could be used to transiently provide oxygen to cardiac
cells under ischemic conditions. Therefore, oxygen generating materials such as CPO-GelMA can improve cell-based therapies
aimed at treatment or regeneration of infarcted myocardial tissue.

KEYWORDS: cell survival, implantation, avascular, tissue engineering, stem cells, controlled release, oxygen evolution, biomaterials

■ INTRODUCTION

Ischemic heart disease occurs when cardiac tissue is deprived of
oxygen, which leads to progressive functional loss and apoptosis
of cardiac cells.1 The permanent loss of function initiates a
cascade of detrimental events, including the formation of a
noncontractile scar, ventricular wall thinning, and subsequent
progressive heart failure. Currently available pharmacotherapies
fail to address the loss of functional cardiomyocytes. Restoring

damaged heart muscle tissue through stem cell based regen-
eration offers potential opportunities to treat heart failure.2,3
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In particular, cardiac side population cells (CSPs), a distinct
subpopulation of endogenous cardiac progenitor cells, have
been shown to differentiate efficiently to all cell types in healthy
myocardium, including functional mature cardiomyocytes.4−6

Thus, CSPs offer tremendous prospect for cell therapy applica-
tions to promote cardiac regeneration post-myocardial injury.
However, in vivo performances of such strategies are limited by
the significant loss of implanted cells.7 Although it is known that
hypoxic oxygen tensions can be beneficial for the function of
implanted cells, the anoxic stresses found in ischemic myocardial
tissue cause massive loss of implanted cells.8−10 In fact, the
implanted cells or tissues are prevascular and thus rely on passive
diffusion of oxygen from an ischemic tissue. This further
increases themetabolic burden on the nutritionally impoverished
tissue. Not surprisingly, implantation of cells into a metabolically
deprived microenvironment leads to suboptimal therapeutic
efficacies in myocardial therapy.11−13

Thus, developing strategies that enable the survival of trans-
planted CSPs in an ischemic microenvironment might represent
a key stepping stone to improve medical outcomes. In particular,
efficiently increasing the tissue’s oxygen tension is expected to
increase the early survival of transplanted CSPs. This would allow
for the differentiation of CSPs into functional cardiomyocytes,
which is expected to ultimately lead to improved cardiac per-
formance of the infarcted heart.
A wide variety of strategies have been explored to improve

the regeneration of myocardial tissue.14 This includes genetic
modification of stem cells,15−17 cell preconditioning before
transplantation,18 biomaterials-based cell delivery approaches,19

e.g., microencapsulation of cells, application of biopolymers,20

nanoscaffolds,21,22 cardiac patches,23 nanowires,20 and bio-
compatible pro-angiogenic hydrogels.24−27 Typically, these
approaches have been reported to achieve initial vascularization
3 to 7 days post-implantation. However, none addressed the
efficient supply of oxygen in the prevascular phase of the implant
and thus are associated with hypoxia-induced cell death.
Designing hydrogels that produce oxygen in a controlled

manner may offer a unique solution to prevent ischemia-induced
death of implanted cells as well as control their cell fate.28,29 Solid
peroxides have been reported to controllably release oxygen in
aqueous environments in amounts that are able to sustain cell
survival under ischemic conditions.30−33 Herein, we hypothe-
sized that the incorporation of solid peroxides into biomaterials
would yield an oxygen-generating three-dimensional (3D) cell
microenvironment that allows CSP survival and minimizes tissue
necrosis under ischemic conditions. To test this, CSPs and
calcium peroxide (CPO) were laden into the photo-cross-linkable
hydrogel gelatin methacryloyl (GelMA) and culturing the
resulting tissue engineered implant under hypoxic conditions.
Our earlier studies have shown the biocompatibility and
biodegradability of GelMA for stem cell delivery and in vivo
myocardial therapy.27,34−37 Moreover, these hydrogels can be
modulated on the microscale to induce stem cell differentiation
into different lineages.38,39 The current study demonstrates, for
the first time, the potential of oxygen-generating GelMA
hydrogels to maintain the survival of CSPs in a 3D microenviron-
ment in vitro under hypoxic conditions to promote CSP-based
myocardial therapy in ischemic conditions.

■ MATERIALS AND METHODS
Materials. Gelatin (Type A, 300 bloom from porcine skin), metha-

crylic anhydride (MA), CPO, catalase (obtained from bovine liver, 2950
units/mg protein), L-glutamine, 3-(trimethoxysilyl) propyl methacrylate

(TMSPMA), Alizarin red S, and dimethyl sulfoxide (DMSO) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). The photo-
initiator 2-hydroxy-1-[4- (hydroxyethoxy) phenyl]-2-methyl-1-propa-
none (Irgacure 2959) was obtained from BASF (Ludwigshafen,
Germany). CSPs were obtained, with informed consent and approval
of the local ethical committee, from Brigham and Women’s Hospital
(Boston, MA, USA). Dulbecco’s phosphate buffered saline (DPBS),
trypsin-EDTA, and penicillin−streptomycin were purchased from
Gibco (USA). Alpha-modified Eagle’s medium (Alpha-MEM) was
supplied by Invitrogen (Grand Island, NY, USA). HyClone Char-
acterized FBS and precleaned microscope slides were obtained from
Fisher Scientific (Waltham, MA, USA). 3-(4,5-Dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium solution
(MTS) was provided from Promega (USA). The live/dead viability/
cytotoxicity kit was obtained from Invitrogen (Grand Island, NY, USA).
Apoptotic/necrotic cell detection kit was purchased from PromoKine
(USA). The UV source (Omnicure model S2000) was provided by
EXPO Photonic Solutions Inc. (Ontario, Canada).

Synthesis of GelMA.GelMA was synthesized as described before.36

First, gelatin was mixed at 10% (w/v) into DPBS at 50 °C. After the
gelatin totally dissolved in DPBS, 8 mL of MA was added dropwise to
this mixture at the same temperature. The reaction was carried out for
3 h at 50 °C. At the end of this process, the reaction mixture was diluted
by DPBS to stop reaction. Then, the mixture was dialyzed using
12−14 kDa cutoff dialysis tubing in distilled water during 1 week at
40 °C to remove salts and unreacted methacrylic anhydride. The
obtained solution was frozen at−80 °C and then freeze-dried for 1 week
to formwhite porousGelMA foam and stored at−80 °Cuntil further use.

Fabrication of Oxygen-Generating CPO-GelMA Hydrogels.
GelMA was first dissolved in DMSO, and then CPO was added as
an oxygen-generating agent at varying concentrations ranging from
0 to 3 wt % and mixed at room temperature by magnetic stirring to
form a homogeneous solution (Table 1). GelMA samples containing
CPO were then frozen at−80 °C and placed in a freeze-dryer for 3 days.
5% (w/v) CPO-GelMA solutions containing 0.1% (w/v) photo-
initiator (Irgacure 2959) and CPO-GelMA were exposed to UV light
(50 s at 2.5 mW/cm2) to form cross-linked hydrogels with a thickness
of 450 μm (Figure 1A).

CPO Distribution in GelMA. To confirm homogeneous incorpo-
ration of CPO in GelMA, the cross-linked hydrogel samples were
stained with Alizarin red S. For this purpose, 2% (w/v) Alizarin Red S
solution was freshly prepared in distilled water and set to pH 4.2. GelMA
was incubated with Alizarin Red S for 20 min, rinsed with DI water until
the washing solution was clear, and microphotographed.

CPO-GelMA Microstructure and Porosity. The microstructures
of CPO-GelMA hydrogels with different CPO concentrations were
characterized by scanning electron microscopy (SEM). For SEM
analyses, hydrogels without cells were cross-linked, immersed in liquid
nitrogen, freeze-dried for 3 days, and gold coated. SEM images were
taken using a SEMmicroscope (Gemini column Zeiss Supra 40VP Field
Emission Scanning Electron Microscope) and analyzed on micro-
structure and porosity using image based analysis using ImageJ software.

Water Uptake of Oxygen-Generating Hydrogels. Hydrogels
without cells were prepared as described previously, weighed, and
immersed into DPBS at 37 °C for 24 h. The weight of the swollen
samples was determined after the excess water on the surface of the gel
was removed. The swelling ratio (SR) of the samples was calculated
according to the equation below:

= −W W WSR ( )/t o o (1)

Table 1. Composition of the Fabricated Oxygen Generating
Hydrogels

hydrogel GelMA
(mg)

calcium peroxide (CPO)
(mg)

DMSO
(mL)

0% CPO-GelMA 200 0 4
1% CPO-GelMA 200 2 4
2% CPO-GelMA 200 4 4
3% CPO-GelMA 200 6 4
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Here, Wt and Wo are the weights of the swollen and dried samples,
respectively.
Oxygen Release Kinetics of CPO-GelMA Hydrogels. Oxygen

release kinetics of CPO-GelMA hydrogels was determined by using
a ruthenium complex oxygen sensor (Ocean Optics, NeoFox System)
under hypoxic conditions. For measurement of dissolved oxygen (DO),
GelMA-only and CPO-GelMA hydrogels including different amounts
of CPO were individually placed into 12-well plates containing 3 mL of
medium with catalase (100U/mL) in each well and placed in a 1% O2
incubator.
Cell Encapsulation within Oxygen-Generating Hydrogels.

CSPs were dispersed into the DPBS solution containing 0.1% (w/v)
photoinitiator (Irgacure 2959) and 5% (w/v)CPO-GelMAwith different
concentrations of CPO (0, 1, 2, and 3 wt % CPO) with a cell density
of 5 × 106 cells/mL. The prepared cell solution (30 μL) was added
dropwise on 3-(trimethoxysilyl)propyl methacrylate coated glass and
cross-linked (Figure 1A−C). Encapsulated CSPs were cultured in
Alpha-MEM containing 25% HyClone Characterized FBS, 500U/mL
penicillin, 500 μg/mL streptomycin, 112,5 mg/L L-glutamine, and
100 U/mL catalase for up to 5 days under hypoxic (1% O2, 5% CO2, and
94% N2) or normoxic conditions (21% O2, 5% CO2, and 74% N2).
Cell Metabolic Activity in Oxygen-Generating Hydrogels.

The effect of oxygen-generating hydrogels on the encapsulated cells’
metabolic activity was determined using a colorimetric MTS assay.
For this assay, MTS solution was prepared by adding 0.2 mL ofMTS per
1 mL of colorless Dulbecco’s modified Eagle’s medium (DMEM, Gibco,
USA). CPO-GelMA containing CSPs were cultured for 3 or 5 days
under hypoxic conditions, washed three times with DPBS, and placed
into new 24-well culture plates. Following this, 400 μL of MTS solution
was added to each sample. After incubation for 4 h at 37 °C under light
free conditions, 100 μL of sodium dodecyl sulfate (10%) was added
to each sample and incubated overnight under the same conditions.
The absorbance value of the solution of 100 μL for each sample was
measured using amicroplate reader at 490 nm. The obtained absorbance
values were normalized to the absorbance values at day 0.
Cell Survival in CPO-GelMA Hydrogels. CSP viability in CPO-

GelMA hydrogels was evaluated by a live/dead assay. Three samples for
each condition were stained with live/dead assay (Invitrogen, USA)
according to the manufacturer’s instructions. Moreover, the presence

of healthy, apoptotic, and necrotic cells cultured within CPO-GelMA
hydrogels under hypoxic conditions were determined using the
apoptotic/necrotic cells detection kit (PromoKine, USA) following the
manufacturer’s instructions. This stained the healthy, apoptotic, and
necrotic cells blue, green, and red, respectively. Stained cells were imaged
using a confocal microscope (Nikon Instruments, Inc. A1/C1 Confocal
Microscope). High-resolution image-stacks were obtained with 10 μm
separations between slices (z-stacks). The images of three different
representative sections for each sample were collected. Stained cells were
quantified using ImageJ software.

Lactate Dehydrogenase (LDH) Release by CSPs in CPO-
GelMA. The cell damaging effects of hypoxic conditions were assessed
by quantifying LDH, which is released by damaged cells. Briefly,
incubation media of CSPs encapsulated within CPO-GelMA hydrogels
was collected after culture and stored at −20 °C until measured. The
LDH quantification was performed according to the manufacturer’s
instructions using a COBAS 6000 immunochemistry analyzer (Roche
Diagnostics, Indianapolis, IN).

Statistical Analyses. Statistical differences between distinct groups
were analyzed using one-way ANOVA. To determine whether there
were significant differences in the data, Bonferroni post-hoc test was
utilized as a comparison test. Statistical significance was set to
P < 0.05, < 0.01, and <0.001 and was indicated with single, double, or
triple asterisks, respectively. All results are presented as the mean ±
standard deviation (SD). All experiments were performed with 5 bio-
logical replicates.

■ RESULTS AND DISCUSSION
Fabrication and Characterization of Oxygen-Generating

Hydrogels. Sufficient oxygen availability is essential for cell
survival, differentiation, and function in tissue engineering
applications.40−44 Specifically, oxygen availability is particularly
challenging in the case of myocardial infarction.45,46 The
infarcted ischemic myocardial tissue presents a hostile micro-
environment for implanted cells. In order to enhance viability
and mitigate hypoxia-induced cell death of implanted cells,
we fabricated an oxygen-generating hydrogel by incorporating
CPO particles, which were aggregates of 2 μm with a standard

Figure 1. Schematic design of the fabrication of CPO-based oxygen-generating GelMA hydrogels. (A) CPO-GelMA is mixed with CSPs and placed in a
geometrically defined mold after which the mixture is cross-linked into a hydrogel construct using UV light. (B) Schematic representation of the
resulting 450 μm high CPO-GelMA hydrogel and (C) its chemical structure.
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deviation of 1.1 μm, into GelMA hydrogels (Figure 1A−C).
GelMA is a cytocompatible and degradable hydrogel that
mimics 3D native tissue constructs and provides a natural and
mechanically protective environment for encapsulated cells.
Hydrogels having such porous structures have been applied
efficiently because of their hydrophilic properties, which aid in
maintaining cardiac cell viability and function of engineered
cardiac tissues.47

To demonstrate that CPO particles were successfully and
homogeneously incorporated into the GelMA structure, all of the
samples containing different amounts of CPO (0, 1, 2, and 3%)
were stained by Alizarin Red S (Figure 2A−D). Alizarin Red S
reacts with calcium via its sulfonic acid and/or its OH groups and
thereby visualizes inorganic calcium as a red stain. The staining
intensity increased with increasing CPO-GelMA concentrations,
confirming that CPO was efficiently incorporated into the
GelMA hydrogel. Moreover, CPO particles were homoge-
neously dispersed throughout the entire GelMA hydrogel, which
is vital for spatiotemporally predictable and controllable oxygen
generation.
Next, we determined the effect of CPO on the swelling GelMA

hydrogels (Figure 2E). The swelling ratio of CPO-based GelMA
hydrogels increased with increasing CPO concentration. The
swelling ratio of GelMA hydrogels increased from ∼17 ± 0.8 up
to∼27± 0.7 upon incorporation of 3%CPO. These results agree
with expectations since (i) the incorporation of solid peroxide
particles increases the water permeability48 and (ii) the cross-
linking density determines the hydrogel’s swelling properties as
well as its porosity.49

Porosity is one of the most important features for biomaterials,
especially in tissue engineering applications as it is related to

the swelling capacity of biomaterials. SEM images were taken to
observe the effect of CPO incorporation on the structure (porosity)
of the hydrogel (Figure 3A−D). SEM analysis demonstrated a
small but significant increase in porosity upon increasing the CPO
concentration in the GelMA hydrogels. This minor increase might
be caused by the light blocking effect of CPO particles during UV
cross-linking. This would decrease the hydrogel’s cross-link density
and thus increased porosity (Figure 3E). Therefore, the change in
porosity might be unique to light curable hydrogels and allow for
even further fine-tuned porosities in this type of biomaterials.

3.2. Oxygen Release Kinetics of CPO-GelMAHydrogels.
Solid peroxides such as CPO are well known for their capability
to controllably generate and release oxygen upon contacting
water. The reaction of CPO with water is given below (eq 2):

+ → +

→ +

CaO 2H O Ca(OH) H O

2H O O 2H O
2 2 2 2 2

2 2 2 2 (2)

To determine the oxygen release kinetics of CPO-GelMA,
hydrogels containing different amounts of CPO (0, 1, 2, or 3%)
were individually placed into a 12-well plate containing 3 mL of
medium and catalase. Subsequently, the media’s dissolved oxygen
was measured using an oxygen sensor for 5 days. Measurements
were performed under hypoxic conditions within a sealed hypoxia
box that was continuously flushed with pure nitrogen gas. As
expected, GelMA without CPO remained at ∼0% O2 throughout
the entire experiment (Figure 4). This confirmed that there
was no significant amount of dissolved oxygen initially present
in both the medium and the hydrogel. Moreover, it underlined
that GelMA by itself could not generate oxygen. In contrast,
CPO containing GelMA hydrogels provided sustained release of

Figure 2. Calcium peroxide distribution within CPO-GelMA hydrogels. Microphotographs of Alizarin Red S stained (A) 0% CPO-GelMA,
(B) 1% CPO-GelMA, (C) 2% CPO-GelMA, or (D) 3% CPO-GelMA. (E) Swelling ratio of the CPO-GelMA hydrogels containing different
concentrations of CPO. Scale bars equal 50 μm.

Figure 3. Effect of CPO on GelMA hydrogels’ porosity. SEM images for cross-section and inner pore structure of GelMA hydrogels containing
(A) 0% CPO, (B) 1% CPO, (C) 2% CPO, or (D) 3% CPO. (E) Semi-quantitation of GelMA hydrogel porosity based on image analysis.
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oxygen for at least 5 days. An immediate bulk release of oxygen
increased the oxygen concentration up to 100% upon encapsula-
tion in the aqueous environment of the hydrogel. Despite the
quick bulk release, 3% of CPO was able to raise the oxygen
tension to ∼17% after 1 day, ∼13% after 3 days, and ∼8% after
5 days. CPO was able to increase the oxygen tension in a dose-
dependent manner; 2% and 1% of CPO raised the oxygen tension
to ∼5% and ∼1.5% after 5 days, respectively. This release curve
can be attributed to the fast paced reaction speed of CPO, which

rapidly decreases the amounts of CPO able to generate oxygen.
Regardless, CPO-GelMA was capable of providing an oxygen
enriched microenvironment for at least 5 days.

Enhanced CSP Viability in Oxygen-Generating Hydrogel
under Hypoxic Conditions. To demonstrate the functionality
of the oxygen-generating hydrogels, CSPs were encapsulated
within CPO-GelMA containing varying concentrations of CPO
ranging from 0 to 3% and cultured for up to 5 days. The meta-
bolic activity of CSPs significantly decreases when cultured under
hypoxia as compared to normoxia (Figure 5). The metabolic
activity of CSPs in CPO-GelMA cultured under hypoxic condi-
tions restored to nonhypoxic levels in a CPO dose-dependent
manner. In fact, by incorporating at least 2% CPO in GelMA, the
metabolic activities of CSPs cultured under 1% O2 conditions
became indistinguishable from those cultured under 21% O2

conditions. This suggested that the detrimental effects of an
ischemic microenvironment can be avoided by incorporating
CPO in GelMA, at least for a period of 5 days. This significantly
widens the time frame in which the implant can remain viable to
allow for vascular invasion.
To determine CPO-GelMA’s oxygen-generating effect on

cell survival, the amount of live or dead cells was visualized
(Figure 6A and Supporting Information, Figure 1) and quantified
(Figure 6B). CSP survival in CPO-GelMA corroborated with

Figure 4. Oxygen release kinetics of 0, 1, 2, or 3% CPO-GelMA
hydrogels under anoxic conditions.

Figure 5. CPO-GelMA increases the metabolic activity of CSPs cultured under hypoxic conditions to near normoxic levels. Obtained values were
normalized to day 0.

Figure 6. CPO-GelMA increases the survival of CSPs by preventing hypoxia induced necrosis. Confocal microphotographs and semi quantification of
(A,B) live (green)/dead (red) and (C,D) healthy (blue), apoptotic (green), and necrotic (red) CSPs cultured under hypoxic conditions in CPO-GelMA
containing 0, 1, 2, or 3% CPO. (E) Extracellular LDH activity of CSP cultured within CPO-GelMA. Scale bar equals 50 μm.
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the metabolic activity as the incorporation of CPO significantly
improved cell survival. CSPs in GelMA under hypoxia underwent
significant amounts of cell death with as little as ∼45% surviving
cells. In remarkable contrast, CPO-GelMA demonstrated cell
survival rates of up to∼80%. It is noteworthy that this remarkable
difference in cell survival was maintained for at least 5 days under
ischemic conditions.
Hypoxia-induced cell death of cardiac cells can be mediated

via either necrosis or apoptosis. Specifically, while apoptosis is
undesirable, necrosis is disastrous due to its inherent capacity to
inflict damage to surrounding cells and tissues. We determined
that CSPs in GelMA without oxygen generation are approx-
imately twice as likely to die of necrosis (53.1 ± 8.7%) than
of apoptosis (25.4 ± 6.7%) (Figure 6C−D and Supporting
Information, Figure 2). Strikingly, the addition of CPO to
GelMA improves CSP survival by strongly reducing the amount
of necrosis but not apoptosis. Specifically, the addition of 3%
CPO to GelMA reduces the necrotic cell fraction to 25.1± 3.6%.
Indeed, the CPO-based decrease in necrotic CSPs was directly
mirrored in the increase in surviving healthy CSPs.
To corroborate our surprising oxygen-generation-based

decrease in necrosis, CSPs’ excretion of lactate dehydrogenase
(LDH) was quantified (Figure 6E). Necrosis is characterized by
plasma membrane rupture, which will increase the extracellular
LDH activity.50−52 Indeed, CSPs encapsulated within CPO-
GelMA demonstrated a CPO-dose-dependent decline in excreted
LDH level with a maximal effect from 2% of CPO onward.
Together, these results suggest that oxygen generation using

CPO reduces the amount of cell death in cell laden hydrogels.
Specifically, we have shown that CPO can reduce hypoxia-induced
necrosis of CSPs by increasing oxygen availability under condi-
tions that mimic an infarcted heart. Reduction of cell necrosis is an
important feat as this form of uncontrolled cell death irrevocably
causes damage to surrounding cells and tissues, which can result
in the formation of a sterile inflammatory response53 and thus
implant failure. Therefore, the oxygen-generating properties of
CPO-GelMA is expected to improve tissue engineered strategies
not only by augmented cell and tissue survival by amelioration of
hypoxic stress but also through reduction of necrosis-induced cell
and tissue damage.

■ CONCLUSIONS
Oxygen-generating hydrogels were fabricated by incorporating
varying concentrations of CPO in GelMA. CPO significantly
increased the survival and growth of CSPs encapsulated in
GelMA hydrogel by alleviating the otherwise occurring hypoxic
stress. The most important finding of this study is that CPO-
based oxygen generation reduced hypoxia-induced cell death by
limiting the necrosis. In short, CPO-based oxygen-generating
hydrogels can potentially improve the viability of cardiac cells
and minimize cell loss in infarcted myocardial tissue. Therefore,
oxygen-generating hydrogels such as CPO-GelMA have the
potential to improve tissue engineering strategies that aim to
regenerate ischemic tissues.
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