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Abstract
Acute myocardial infarction (AMI) destroys heart cells by disrupting the oxygen supply. Improving oxygen delivery 
to the injured area may avoid cell death and regenerate the heart. We present the creation of oxygen-producing 
injectable bio-macromolecular hydrogels using catalase (CAT) loaded alginate (Alg) and fibrin (Fib) incorporated 
with the Mesenchymal stem cells (MSCs) derived exosomes (Exo). The composite hydrogel additionally incorporates 
electrical stimulating qualities from gold nanoparticles (AuNPs). In vitro experiments showed that this composite 
hydrogel (Exo/Hydro/AuNPs/CAT) exhibits electrical conductivity similar to an actual heart and effectively releases 
CAT. The O2−generating hydrogel released oxygen for almost 5 days under hypoxia conditions. We showed that 
after 7 days of in vitro cell culture, produces the same paracrine factors as rat neonatal cardiomyocytes (RNCs), rat 
cardiac fibroblasts (RCFs), and Human Umbilical Vein Endothelial Cells (HUVECs), imitating capillary architecture and 
function. Our work demonstrated that the injectable conductive hydrogel loaded with CAT and AuNPs reduced left 
ventricular remodeling and myocardial dysfunction in rats after MI. Exo/Hydro/AuNPs/CAT boosted infarct margin 
angiogenesis, decreased cell apoptosis, and necrosis, and elevated Connexm43 (Cx43) expression. The therapeutic 
benefits and the ease of production of oxygen make this bioactive injectable conductive hydrogel an effective 
therapeutic agent for MI.
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Introduction
Cardiovascular diseases including coronary artery dis-
ease, acute myocardial infarction (AMI), and heart fail-
ure are a leading cause of death worldwide [1, 2]. Most 
cardiovascular illnesses lead to heart failure, and myo-
cardial infarction is a leading cause [3, 4]. Endothelial 
cells cardiomyocytes, cardiac fibroblasts, and may die 
greatly after an AMI. The absence of oxygen in infarcted 
tissue is a leading cause of death [5]. In addition to car-
diac failure, AMI induces severe pathogenic inflamma-
tion. The treatment protects cardiac cells and heals the 
heart. Clinical reperfusion treatments can achieve these 
goals by recurring oxygen to the infarcted heart [6, 7]. 
However, this kind of therapy might not be effective for 
everyone. While endogenous and exogenous cells can be 
employed for cardiac healing, they might not survive in 
the low oxygen atmosphere caused by damaged myocar-
dium. With or without growth factors, biomaterial ther-
apy could encourage myocardial repair by mechanically 
strengthening cardiac tissue and affecting angiogenesis 
and inflammation. In the early phases of tissue injury, 
they cannot give oxygenate metabolically demanding 
heart cells, limiting their efficacy [8, 9]. Direct oxygen 
delivery in the infarcted area must be done without harm 
to protect cardiac cells. However, current oxygen therapy 
approaches cannot achieve this [10].

Post-AMI tissue microenvironments are inflammatory, 
with oxidative stress and hypoxia. The pathogenic pro-
cess, especially acute AMI inflammation, is significantly 
linked to elevated ROS [11, 12]. Superoxide dismutase, 
catalase, and small molecular antioxidants monitor ROS 
production and removal. Elevated ROS levels in the car-
diac microenvironment cause myocardial damage. The 
most frequent ROS following MI is superoxide (O2

−) and 
hydrogen peroxide (H2O2) [13, 14]. Additionally, abnor-
mal ROS formation will worsen MI tissue inflammation 

produced by the hypoxic microenvironment. Immune 
cells, especially macrophages, also shape this microenvi-
ronment. Typically, macrophages move from proinflam-
matory M1 to repair-promoting M2 phenotypes during 
healing. Nevertheless, high M1 to M2 ratios can aggra-
vate inflammation [6]. Hence, tissue inflammation results 
from hypoxia, ROS, and inflammatory chemicals such 
as interleukin-8 (IL-8), interleukin-6 (IL-6), and TNF-α, 
primarily generated by M1 macrophages. Cell death and 
tissue damage from chronic inflammation limit infarcted 
heart repair. In addition to the demand for oxygen in 
the infarcted region, scarring after MI causes abnormal 
cardiac electrical transmission [15]. Gold nanoparticles 
(GNPs) loaded hydrogels could increase cardiomyocyte 
migration and proliferation and improve post-ischemic 
function [16].

Stem cells and regeneration biomaterials have 
improved AMI treatment in the past decade. Stem cells 
possess numerous limitations, including poor cell pres-
ervation, delayed cell preparation, and allogeneic immu-
nological responses. However, regenerative biomaterials 
like particles, scaffolds, hydrogels, and patches can be 
used to customize therapeutic performance [17–19]. 
Direct injection of injectable hydrogels into the infarcted 
area can treat AMI and restore cardiac function without 
surgery [20–22]. Hydrogels like calcium alginate, col-
lagen, fibrin, gelatin, etc., inhibit ventricular remodeling 
and treat myocardial infarction by mechanically support-
ing the ventricular wall [23, 24]. Growth factors, proteins, 
drugs, and DNA are applied to biodegradable hydrogels 
for therapy. Hydrogels are increasingly used to treat MI, 
but few can change inflammatory microenvironments, 
which significantly impact treatment outcomes [25]. 
The blood flow will reduce after AMI and will lead to 
hypoxic, providing oxygen to the region is the common 
therapeutic method. Even with inadequate blood supply, 
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the infarcted area may be able to raise oxygen levels to 
protect cardiac cells [26, 27]. Thus, heart function may 
improve. Researchers showed that 100% oxygen-fed dogs 
had smaller infarcts and better ejection fractions.

Animal models of infarction showed enhanced car-
diac cell survival with hyperbaric oxygen. In clinical tri-
als, hyperbaric oxygen therapy enhances cardiac output 
by 10% and decreases end-systolic volume by 20%. Some 
treatment trials were less successful [28]. Intracoronary 
injections of oxygen-rich blood from the artery are a 
novel method for increasing oxygen concentration in 
the infarcted area. Numerous clinical trials suggest that 
patients with significant damage had improved heart 
function after 30 days. Animal studies investigated how 
post-MI oxygen carrier blood transfusions affect oxygen 
saturation [8, 29]. These results show reduced infarct 
size and improved cardiomyocyte survival. However, this 
strategy lacks clinical evidence, which is problematic. 
Focusing on systemic oxygen supply limits MI oxygen 
therapy [30].

To overcome oxygen delivery limits in MI treatment, 
we developed an oxygen-generating injectable hydrogel 
that provides oxygen gradually. We inject a hydrogel into 
the heart to release oxygen and improve cardiac tissue 
electrical communication during early myocardial infarc-
tion. They also devised a new oxygen delivery method 
that targets the infarcted area, protecting cardiac tissue 
and sustaining oxygen supply to metabolically active car-
diac cells.

Materials and methods
Materials
Separation of exosomes (EXO)
The Adipose-Derived Mesenchymal Stem Cells (AD-
MSCs) culture was procured from the ScienCell 
Research Laboratory and was developed by the Basel 
medium obtained from STEM Cell Technologies. Cells 
from the pellet were grown at 37  °C with 5% CO2 in a 
medium containing 1% penicillin and 1% streptomycin 
from Beyotime Biotech in Haimen, China, and 10% FBS 
from Sigma-Aldrich in St. Louis, MO, USA [31]. Adipo-
genic, osteogenic, and chondrogenic multilineage differ-
entiation and ADSCs-Exo surface markers (CD 9, CD63, 
and TSG101) were studied. Western blotting, TEM, and 
nanoparticle tracking analysis (NTA) also revealed the 
derivation of exosomes.

Preparation of exo/hydrogel
The sodium salt of alginic acid was used to prepare a 5% 
alginate solution in sterile calcium-free PBS. The solu-
tion was sterilized for 20  min by incubating at 70  °C 
and cooling to normal conditions. Slowly swirling the 
solution until completely dispersed produced a viscous 
solution. A 10% w/v fibrinogen solution was prepared 

by dissolving the powder in PBS and filtering through a 
0.22 μm filter. Stirring rapidly until homogenous, fibrino-
gen, alginate, and Exosome were mixed in a 10:10:1 ratio. 
The homogeneous gel was then treated for 15 min in 1 U/
mL thrombin solution produced by dissolving thrombin 
powder in PBS containing 0.1% FBS to polymerize fibrin-
ogen into fibrin before use, thrombin and CaCl2 were fil-
tered through a 0.22 μm filter. The same procedure was 
performed without exosome to produce Hydrogel alone.

Preparation of Au nanoparticles loaded hydrogel (Exo/
Hydro/Au NPs)
The 1.0  g of Exo-Hydro hydrogel was dispersed in the 
40 mL of Dichloromethane (DCM) using sonication 
to obtain a clear solution. The AuCl4 solution with 10% 
wt, for the Exo-Hydro, was mixed to the dispersion and 
stirred vigorously until the homogeneous solution. Add 
20 mL of 0.1 M NaBH4 aqueous solution to the mixture 
and stir for 4 h at 60 °C. While the reaction continued in 
the dual phase, unwanted impurities or ions remained in 
the aqueous layer. The organic phase with gold nanopar-
ticles in the Exo-hydrogel matrix was carefully recovered.

Preparation of catalase-loaded hydrogels
DMSO (360 µL) was administered sequentially to Exo/
Hydro/Au NPs (40  mg), and 1.0 µL CAT (40  mg/mL) 
under dark circumstances. The final solution contained 
10% Exo/Hydro/Au NPs (w/v) and CAT 100 (µg/mL). 
The combined solution was exposed to UV light for 3s to 
create Exo/Hydro/Au NPs/CAT hydrogels that scavenge 
ROS and generate O2. The same CAT loading procedure 
was followed on the hydrogel without Au Nanoparticles 
loading was denoted as Exo/Hydro/CAT.

CAT dispersion in the hydrogel
Crosslinked hydrogel samples were stained with Aliza-
rin red S to ensure equal CAT integration into Hydrogel. 
The homogeneous gel was then treated for 15 min in 1 U/
mL thrombin solution produced by dissolving thrombin 
powder in PBS containing 0.1% FBS to polymerize fibrin-
ogen into fibrin before use, thrombin and CaCl2 were fil-
tered through a 0.22 μm filter.

Structural observation of hydrogel using a microscope
The hydrogels’ microstructures were examined using 
scanning electron microscopy (SEM), after the following 
procedures. Hydrogel samples were allowed to be cross-
linked, for three days kept in liquid nitrogen to freeze, 
freeze-dried, and gold-coated.

Evaluation of oxygen-generating kinetics of hydrogel
A ruthenium complex oxygen sensor (Ocean Optics) 
was utilized to investigate the oxygen release kinetics of 
hydrogels under hypoxia. 3 mL of medium and 100 U/mL 
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of catalase loaded with hydrogel were taken in each well 
of 12 well plates. The plate was then kept in a 1% oxygen 
incubator.

Evaluation of mechanical properties
The viscoelasticity of the hydrogels with varied pro-
portions was studied using a rheometer (Anton Paar 
MCR102) with a CP50–1 cone. Time-sweep tests were 
used to investigate the impact of UV irradiation (6  W 
UV lamp) at 37◦C and 1% strain on hydrogels in terms 
of storage (G′) and loss moduli (G″). Due to rapid gela-
tion, the test points were fixed as 0.3 s with a frequency 
of 50 Hz. Additionally, CAT-loaded Hydrogels were sub-
jected to steady and intermittent UV irradiation for 3 s.

Degradation nature of hydrogels
To measure swelling, hydrogels were soaked in PBS for 
12  h and weighed electronically. Hydrogels hydrolyzed 
and had ROS-responsive breakdown in PBS and 250 mM 
H2O2/PBS at 37◦C. Daily culture media replacement and 
hydrogel dry weight (mw) measurement. Degradation 
was assessed using the mw/me 100% × measure.

In vitro studies
We procured RNCs, HUVECs, and RCFs from the China 
General Microbiological Culture Collection Center. The 
obtained cells were grown in Dulbecco’s Modified Eagle 
Medium (DMEM) with 10% fetal bovine serum (FBS) and 
1% penicillin-streptomycin. The cultures were incubated 
with 95% oxygen, and 5% carbon dioxide, with a tem-
perature of 37◦C. To cultivate these cells, the Endothelial 
Cell Growth Kit (Sigma Aldrich, USA) and EGM growth 
media were mixed to use. Cells from passages 4–7 were 
studied. High-glucose DMEM media with 1% penicillin-
streptomycin with 10% foetal bovine serum were used to 
grow rat neonatal cardiomyocytes (RNCs).

Cellular uptake assay
For 2  h, 10  mg/mL O2-generating hydrogels were 
immersed in 96-well plates with cells to investigate cellu-
lar absorption. Cells were stained with Abcam Factin and 
Sigma 4′,6-diamidino-2-phenylindole (DAPI) after wash-
ing, fixing, and blocking. The photos were taken with an 
Olympus CKX53 fluorescent microscope. The uptake 
ratio was calculated based on the number of cells that 
absorbed hydrogel. The cell viability was assessed after 
absorption. The MTT test (n ≥ 4) was used to assess RNC 
viability with the hydrogel group after 2 h of incubation 
without oxygen release.

Measurement of cellular oxygen
Intracellular oxygen levels were measured after 2  h of 
lithium phthalocyanine (LiPc) incubation in rat cardiac 
fibroblasts to increase absorption. The residual LiPc 

samples were washed three times in DPBS medium. After 
trypsinization, cells were plated on collagen-coated EPR 
tubes with or without hydrogels (10 mg/mL) (n = 3). After 
4 h in a hypoxic incubator (1% O2, 37◦C), EPR tube gas 
balance was assessed. The tubes were incubated at 1% O2 
for 24  h. EPR spectrum was collected using an X-band 
Bruker EPR device. By measuring spectrum line width, 
oxygen % was estimated.

Measurement of cellular ROS content
To assess intracellular ROS, rat cardiac fibroblasts were 
grown in media with or without CAT hydrogel groups 
(10  mg/mL; n = 3) after pre-staining with H2DCF-DA 
The photos were taken with an Olympus CKX53 fluores-
cent microscope. H2DCF-DA positive cell density was 
compared to normoxia culture conditions for quantifica-
tion and normalization.

In vitro HUVECs cell migration assay
A 6-well plate contained 90–95% confluent seeded with 
HUVECs (n = 3). The hydrogel groups (10 mg/mL) were 
added to a medium and scraped the cell monolayer 
with a pipette tip. At 12 and 24 h, AO-stained cells were 
observed under an Olympus CKX53 optical microscope. 
The following equation was used to measure the cell 
migration ratio (%) with the help of Image J.

(interval at 0 h) − (interval at 24 h).

Migration ratio (%) = ------------------ X 100

interval at 0 h.

In vitro tube formation assay of HUVECs cell
HUVECs with a cell density of 8 × 105 cells/mL were 
grown for 3D collagen gel. Hydrogel groups (10 mg/mL) 
were added to serum-free media of three cell seeding 
groups in 1% oxygen. The cells were stained with DAPI 
and phalloidin 488 after 12 and 24 h and fixed in 4% para-
formaldehyde for 45  min. Each group’s lumen density 
was compared to the hydrogel-free control group after 
phalloidin staining. using a fluorescence microscope.

In vitro gene expression analysis
To produce a 3D culture, rat cardiac fibroblasts were 
plated at a density of 5 × 105 cells/mL in a collagen gel. 
Cells were cultured in a medium with or without hydro-
gel groups at 10  mg/mL under 1% O2 (n = 3). Follow-
ing the manufacturer’s instructions, TRIzol was used to 
isolate RNA from rat cardiac fibroblasts to assess gene 
expression. High-capacity cDNA reverse transcription kit 
synthesized cDNA. The expression of Col1a1, Asma, and 
Ctgf, genes was evaluated by RT-PCR using SYBR green 
(Invitrogen) and appropriate primer pairs (Table 1). The 
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Actb was used as the housekeeping gene. The data was 
analyzed using the ΔΔCt method (n = 4).

In vivo hydrogel injection into an acute MI model
The study protocol was approved by the Institutional 
Review Board (or Ethics Com-262 mittee) of Guang-
dong Provincial People’s Hospital (Protocol code Ky-Z-
2021-570-01). Lab of Animal Breeding Co., Ltd., China, 
supplied the male SD rats (8-week-old; 200–250  g). In 
summary, SD rats were anesthetized for 30  min after 
receiving 1% sodium pentobarbital (5mL/kg) intraperi-
toneally. After shaving their upper chests and placing 
ventilator-connected endotracheal intubation, SD rats 
got thoracotomies to expose their hearts. The left ante-
rior descending (LAD) coronary artery was ligated with 
a 6 − 0 silk suture to establish the acute ischemia-induced 
left ventricular (LV) infarction. Loss of luster and pallid 
LV myocardium showed the AMI model’s success. Using 
a 30G insulin needle, 50 µL of hydrogel was immediately 
injected into the damaged myocardial after proper AMI 
modeling. Both healthy hearts having chest surgery and 
those with myocardial infarction injected with 50 µL of 
saline were referred to as the Sham and control groups. 
Iodine was used to disinfect the experimental sites after 
chest suturing, and SD rats’ oral secretions were treated 
rapidly to avoid airway obstruction.

Histopathological studies
Rat hearts were taken out on the 28th day, washed with 
PBS, and stored in formalin (10%) for one whole day 
before analysis. Through graded alcohol and xylene, par-
affin-rooted hearts were sectioned at 3 mm and dewaxed. 
In PBS, mouse antirat-smooth muscle cell actin was 

diluted 1:25 to stain mural cells. To detect the primary 
antibody, goat anti-mouse secondary antibody diluted 
1:250 conjugated with an AlexaFluor 488 nm was utilized.

Echocardiography analysis
Multiple groups’ cardiac function was examined 28 days 
following surgery using VisualSonics ultrasonography. 
When the rats were sedated with isoflurane, 2D transtho-
racic echocardiography (TEE) in M-mode was conducted 
to assess their heart function. We measured the rat left 
ventricle (LV), end-systolic volume (ESV), end-diastolic 
volume (EDV), fractional shortening (FS), and ejection 
fraction (EF), to characterize its systolic function and 
remodelling.

Statistical analysis
Statistics were performed using GraphPad Prism 8.0 
(CA, USA). The statistical significance of group differ-
ences was assessed using one-way ANOVA. Asterisks 
(***p, **p, *p) denote statistical significance at p < 0.001, 
< 0.01, and < 0.05. All results are shown as mean ± SD. At 
least four biological replicates were used in each study.

Results
Synthesis and characterization of hydrogels
We have synthesized an Exosome/alginate/fibrin hydro-
gel with AuNPs to improve implanted cell survival and 
prevent hypoxia-related cell death. This hydrogel was 
modified by adding catalase from the bovine liver (CAT), 
creating an oxygen-generating Exo/Hydro/AuNPs/CAT 
(Fig. 1A). The AuNPs were seeded on the hydrogel matrix 
to increase the conductivity of the composite. The bio-
degradability, cytocompatibility, and conductivity of 
the Exo/Hydro/AuNPs/CAT hydrogels were found. The 
successful intercalation of EXO and CAT on hydrogel 
was confirmed using Fourier Transform Infrared Spec-
troscopy (FTIR) analysis. Figure  1B has the FTIR spec-
tra of Exo, CAT, Exo-Hydro, and Exo/Hydro/CAT. The 
functional group responses such as amide I, amide II, 
and amide III of exosome proteins were observed in the 
FTIR spectrum as follows. The peaks at 3331 cm − 1 and 
2898 cm − 1 are due to the N-H stretching, 1664 cm − 1 is 
because of the C-N peptide bond, the peaks at 1561 cm 
− 1 and 1297 cm − 1 are due to the N-H stretching vibra-
tions of amide II, and amide III respectively. The FTIR 
spectrum of Exo/Hydro has all the peaks responsible for 
the Exosome in addition to the peaks accountable for the 
hydrogels at 2940 cm − 1 for OH stretching, 1715 cm − 1 is 
due to the C = O stretching, near 1400 cm − 1 is because 
of the OH bending and 1136  cm − 1 is for the presence 
of C-O stretching of the molecules Fibrin and Alginate 
present in the hydrogel. The FTIR spectrum of CAT has 
a peak around 3477  cm − 1, 3629  cm − 1, and 2957  cm 
− 1 due to the stretching vibration of the OH group and 

Table 1  Primer sequences used for real-time PCR
mRNA (rat) Sequence
GAPDH Forward 5′ TCTCTGCTCCTCCCTGTTCT 3′

Reverse 5′ TACGGCCAAATCCGTTCACA 3′
Caspase3 Forward 5′ GGAGCAGTTTTGTGTGTGTGA 3′

Reverse 5′ AGTTTTCGGCTTTCCAGTCAG 3′
Bax Forward 5′ GCGATGAACTGGACAACAAC 3′

Reverse 5′ GCAAAGTAGAAAAGGGCAACC 3′
Bcl2 Forward 5′ GGTGGACAACATCGCTCTG 3′

Reverse 5′ ACAGCCAGGAGAAATCAAACA 3′
CX43 Forward 5′ CTCACGTCCCACGGAGAAAA 3′

Reverse 5′ CGCGATCCTTAACGCCTTTG 3′
VEGF Forward 5′ GGGAGCAGAAAGCCCATGAA 3′

Reverse 5′ GCTGGCTTTGGTGAGGTTTG 3′
Ang-1 Forward 5′ TTCTTCGCTGCCATTCTGACTCAC 3′

Reverse 5′ GTTGTACTGCTCTGTCGCACTCTC 3′
Collage 1 Forward 5′ TGGATTGCTGGATGAACTT 3’

Reverse 5′ CTGATGGACCTGACTGAAG 3′
Collage 3 Forward 5′ ACTTGGTTGGCTTGTGA 3′

Reverse 5′ GTATTATGGTCTGTTCCTGTAG 3′
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a peak around 1374  cm − 1 due to OH group bending, 
respectively. The peaks around 1706  cm − 1, 1204  cm − 1, 
1161 cm − 1, and 790 cm − 1, are due to the C = O stretch-
ing, C-O stretching, C-N stretching, and C = C bending 
vibrations respectively. The Exo/Hydro/CAT composite 
has the combined peaks responsible for the Exo, CAT, 
and the hydrogels observed in the earlier spectra, which 
infers the successful formation of the composite with 
Exo, Hydro, and CAT. The hydrogel’s morphology was 
validated by SEM. Figure  1C shows the homogenous 
porosity hydrogel. Figure  1D shows HR-TEM analysis 
confirming the homogeneous dispersion of Au nanopar-
ticles on the hydrogel. The average particle size of the 
AuNPs was measured as 25 nm (Fig. 1D) and the elemen-
tal presence of Au was confirmed using EDAX analysis 

(Fig.  1E). The TEM image shows the Exo derived from 
the AD-MSCs has a nearly spherical morphology, and the 
average diameter of the Exo was detected as 130 nm by 
Flow Nano Analyzer (Figure SI 1A, C). Exosomes retain 
the lipid and protein content of the parent cells in addi-
tion to their distinct membrane characteristics. Some of 
the protein markers found in exosomes are thought to be 
peculiar to exosomes, such as CD63, TSG 101, and CD9 
[32]. Consequently, western blot analysis was carried out 
to validate the existence of these exosome markers. Exo-
somes isolated from AD-MSC lines and whole cell lysate 
both included the CD63, TSG 101, and CD9 proteins, as 
shown in Figure SI 1B.

The gelation efficiency is one of the important param-
eters of an effective hydrogel. The gelation time of the 

Fig. 1  Schematic representation of the synthesis of Exo/Hydro/AuNPs/CAT injectable hydrogel and their therapeutic procedure for acute myocardial 
infarction (A). Physicochemical characterization of hydrogel composites; (B) FT-IR spectrum of Exo, CAT, Exo/Hydro, and Exo/Hydro/CAT; (C) SEM images 
of Exo/Hydro/AuNPs/CAT with different magnifications; (D) HR-TEM images of Exo/Hydro/AuNPs/CAT with different magnifications; (E) EDAX result of 
Exo/Hydro/AuNPs/CAT
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hydrogel was studied using a rheometer as depicted 
in Fig.  2A. The gelation time of the Exo/Hydro was 
observed around 200 s and the same was reduced a little 
bit for Exo/Hydro/CAT and Exo/Hydro/AuNPs/CAT. 
The rheometer graph also shows a parallel upregula-
tion pattern with CAT and AuNPs, which were used to 
calculate the mechanical strength of the materials. Fig-
ure 2B demonstrates that the gelation process took about 
4 min, forming the Exo/Hydrogel in 226 ± 3  s. The gela-
tion response was faster such as 185 ± 3  s and 180 ± 4  s, 

when CAT and AuNP were introduced (Fig.  2B). The 
hydrogels’ mechanical strength was measured with a 
rheometer as described in the materials and method 
section. Figure  2C shows the modulus of Exo/Hydro, 
Exo/Hydro/CAT, and Exo/Hydro/AuNPs/CAT hydro-
gels, which shows that the mechanical strength was 
observed with an increasing trend after the introduction 
of AuNPs and CAT. Figure  2D shows that all hydrogels 
have stable curves between 1.1 and 100 rad/s. It is famil-
iar that, AuNPs could improve the conductivity of the 

Fig. 2  Mechanical and therapeutic properties of hydrogel composites; (A) Gelation time of various hydrogel composites; (B) Rheological behaviour of 
the hydrogels; (C) Modulus of various hydrogels; (D) The frequency-scan curves of the hydrogels; (E) Degradation properties of various hydrogels in PBS 
and H2O2/PBS medium; (F) DPPH clearance analysis of developed hydrogel groups in 100 μm H2O2/1 m KI solution and time prolongation; (G) The O2 
generation properties of Exo/Hydro/AuNPs/CAT in PBS and H2O2/PBS conditions; (H) Oxygen release kinetics under anoxic condition of prepared various 
hydrogels; (I) swelling ratio of different hydrogels. *p < 0.05, **p < 0.01
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nanocomposites due to their electronic structure [33]. In 
this work, we have also identified that the hydrogel com-
posite’s electrical conductivity was increased after being 
loaded with AuNPs (Table  2). The Exo/Hydro/AuNPs/
CAT hydrogel has a conductivity of 8.51 × 10− 4 S/cm that 
is similar to the natural myocardial range of 5 × 10− 5 to 
1.6 × 10− 3 S/cm, hence the as-synthesized hydrogel could 
be employed to treat myocardial infarction.

Degradation property and therapeutic efficiency of 
hydrogels
The degradation properties of the Exo/Hydro and Exo/
Hydro/AuNPs/CAT hydrogels were studied from the 
change in the weight in 250 mM of H2O2/PBS and PBS 
solutions. The mass of Exo/Hydro and Exo/Hydro/
AuNPs/CAT hydrogels were reduced significantly in both 
solutions compared to the original solution (Fig.  2E). 
When exposed to 250 mM H2O2/PBS and PBS, the Exo/
Hydro and Exo/Hydro/AuNPs/CAT hydrogels lost 70% 
and 30% of their weight, respectively. The noticed reduc-
tion in PBS is due to hydrolysis affecting β-amino ester 
bonds. The Exo/Hydro/CAT and Exo/Hydro/AuNPs/
CAT hydrogels showed a 75% reduction in DPPH in 
90 min, as shown in Fig. 2F. Conversely, the Exo/Hydro 
hydrogel did not successfully eliminate DPPH, except 
that the other two hydrogels effectively eliminated H2O2 
(Fig.  2F). The Exo/Hydro/CAT hydrogel’s efficiency in 
producing O2 was displayed through its immersion in 
50 mM H2O2/PBS and PBS (Fig.  2G). Only the H2O2/
PBS solution had gas bubbles, not PBS. Figure 2H shows 
that the 50 mM H2O2/PBS solution’s oxygen (O2) content 
increased gradually over 800 s. On the other hand, PBS 
solution hypoxia remained steady. The CAT in the Exo/
Hydro/CAT and Exo/Hydro/AuNPs/CAT hydrogels con-
verted extra hydrogen peroxide (H2O2) into oxygen (O2) 
without losing its efficiency. This particular trait is useful 
in inflammatory tissue milieus like myocardial infarction.

This work shows that Exo/Hydro scavenges ROS and 
CAT converts H2O2 into oxygen in the hydrogel, and the 
AuNPs increase the electrical conductivity of the hydro-
gel composite. These effects regulate cardiac micro-
environments with high ROS and hypoxia, improving 
myocardial infarction treatment. To study oxygen release 
kinetics in an Exo/Hydro, Exo/Hydro/CAT, and Exo/
Hydro/AuNPs/CAT hydrogel were separately added to a 
12-well. An oxygen sensor measured the media with dis-
solved oxygen for five days. A sealed container built for 
hypoxic environments to conduct experiments in con-
trolled parameters with low oxygen levels. Purging the 
container with N2 gas maintained a hypoxic environ-
ment. As expected, the hydrogels without CAT sustained 
an oxygen content of roughly 0% throughout the experi-
ment (Fig.  2H). The dissolved oxygen content of the 
hydrogels with CAT-functionalized hydrogels was found 

very less during the initial state. Also, it is observed that 
the Exo/Hydro alone cannot produce oxygen. Hydrogels 
with CAT can release oxygen continuously for five days. 
Once encapsulated in the hydrogel’s aqueous environ-
ment, oxygen content increased significantly, reaching 
100%.

Despite the fast and extensive release, Exo/Hydro/CAT, 
and Exo/Hydro/AuNPs/CAT could raise oxygen ten-
sion to 16% in one day, 14% in three days, and 7% in five 
days. CAT’s high response rate leads to a rapid decrease 
in oxygen generation, causing the observed release curve 
to fall. The Exo/Hydro/CAT, and Exo/Hydro/AuNPs/
CAT hydrogels created an oxygen-rich microenviron-
ment for at least five days. The swelling behavior of the 
various hydrogels was studied as per the procedure given 
in the material and method section. The swelling ratio of 
the hydrogels with CAT was found higher than the one 
without CAT (Exo/Hydro). The swelling ratios of Exo/
Hydro, Exo/Hydro/CAT, and Exo/Hydro/AuNPs/CAT 
are as follows; 19 ± 0.3, 24 ± 0.4, and 29 ± 0.5 (Fig. 2I). The 
results match expectations since CAT increases water 
permeability and cross-linking density controls hydrogel 
swelling.

Evaluation of in vitro activities of hydrogels
Hypoxia in infarcted hearts causes widespread cardiac 
cell death as given in Fig.  3A. We incubated human 
umbilical vein endothelial cells (HUVECs), rat cardiac 
fibroblasts (RCFs), and rat neonatal cardiomyocytes 
(RNCs) with Exo/Hydro, Exo/Hydro/CAT, and Exo/
Hydro/AuNPs/CAT in serum-free media under 1% oxy-
gen for five days to determine their potential to enhance 
cell viability. Endothelial, cardiomyocyte, and cardiac 
fibroblast cells are vital to repair heart damage. The Exo/
Hydro hydrogel without oxygen-generating capacity was 
used to compare the activity of the hydrogel incorporated 
with CAT. Double-stranded DNA (dsDNA) was mea-
sured to determine cell count. After five days in cultiva-
tion without oxygen, all three cell types died significantly 
(Fig. 3B, C & D). Interestingly, Exo/Hydro/CAT, and Exo/
Hydro/AuNPs/CAT hydrogel groups release oxygen, 
boosting cell survival.

To study the internalization of the Exo/Hydro/AuNPs/
CAT hydrogel by endothelial cells, cardiomyocytes, and 
macrophages, the hydrogel was incubated with macro-
phages, HUVECs, and RNCs. After a 2-hr incubation, 

Table 2  The conductivity of Exo/Hydro; Exo/Hydro/CAT, Exo/
Hydro/AuNPs/CAT hydrogel and Native myocardium tissue
Samples Conductivity (S/cm)
Exo/Hydro/AuNPs/CAT 8.51 ± 0.18 × 10− 4

Exo/Hydro/CAT 9.53 ± 0.41 × 10− 5

Exo/Hydro 8.78 ± 0.18 × 10− 5

Native myocardium tissue ≈10− 4
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34% of RNCs, 15% of HUVECs, and 24% of macrophages 
internalized the Exo/Hydro/AuNPs/CAT hydrogel 
(Fig. 4A). The Figure shows that the Exo/Hydro/AuNPs/
CAT hydrogel did not affect mitochondrial viability in 
RNCs. We used electron paramagnetic resonance (EPR) 
to measure intracellular oxygen content. The cellular oxy-
gen content of cardiac fibroblasts grown in a medium 
depleted of oxygen and added with hydrogels was 4.9% 
after 24  h of incubation at a 1% oxygen environment. 
As seen in Fig.  4B, Exo/Hydro/AuNPs/CAT hydrogel 
increased cellular oxygen to 13.4%. To survive in hypoxic 
conditions, cells need oxygen to produce ATP. Figure 4C 
shows an ATP test to measure HUVECs’ cellular ATP 
levels under hypoxic conditions, which inferred that the 
introduction of oxygen increased ATP levels in HUVECs. 
The excessive production of reactive oxygen species 
(ROS) during oxygen delivery to cells might cause cellular 
death. We measured cellular ROS levels after administer-
ing three hydrogels to cardiac fibroblasts under hypoxic 
circumstances for 5 days to evaluate if released oxygen 
could cause excessive ROS formation. Incubation with 
hydrogels increased cellular ROS compared to hypoxia-
only. Nevertheless, this spike was not significantly dif-
ferent related to normoxia-cultured cells (Fig. 4F). These 
findings imply that released oxygen had no significant 
impact on ROS generation.

Vascularization helps heart tissue recover from myo-
cardial infarction. Our idea was that increased oxygen 
levels in cells would increase their survival under hypoxic 
conditions. Two processes regulate hypoxia-induced car-
diac cell death: apoptosis or necrosis. In general, though 
apoptosis is unfavorable, necrosis is worse since it dam-
ages nearby cells and tissues. Flow cytometry revealed 
that the Exo/Hydro group with no oxygen generation had 
double the mortality rate due to necrosis (24.9 ± 6.5%) as 
compared to apoptosis (8.1 ± 4.2%) (Fig.  4G). The intro-
duction of Exo/Hydro/CAT and Exo/Hydro/AuNPs/
CAT groups significantly reduces necrosis and apopto-
sis, increasing cell viability. The decrease in O2-induced 
necrotic cells correlated with an increase in surviving 
cardiac cells. We measured cardiac cell lactate dehy-
drogenase (LDH) excretion to confirm the unexpected 
decrease in necrosis from O2 production (Fig. 4E).

We used HUVECs to undertake an in vitro endothe-
lial tube creation assay, and cell migration test to see if 
oxygen produced under hypoxic circumstances may 
drive vasculogenesis. HUVEC migration increased sig-
nificantly with Exo/Hydro/CAT and Exo/Hydro/AuNPs/
CAT groups, as given in Fig.  5(A & B). The migration 
ratio of HUVECs in the Exo/Hydro/CAT and Exo/Hydro/
AuNPs/CAT groups was roughly twofold higher after 
24  h of culture than in the Exo/Hydro group. Similarly, 

Fig. 3  In vitro cell compatibility behaviors of synthesized various hydrogels on HUVECs, RCF cells, and RNC cells. (A) Morphological observation of cells 
treated with various hydrogel composites under fluorescence microscopy (Calcein-AM staining. Scale bar = 100 μm); (B, C, D) In vitro quantitative mea-
surements of relative dsDNA content of HUVECs, RCFs, and RNCs treated with hydrogel groups for 5 days culture. *p < 0.05, **p < 0.01
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Exo/Hydro/AuNPs/CAT hydrogel treatment increased 
endothelial lumen development. This rise was 2.5 times 
greater than in the control group (Fig.  5C). Oxygen 
release by the CAT-incorporated hydrogels accelerates 
endothelial tube development (Fig. 5(C & D)) in infarcted 
hearts under the situation of very low oxygen and nutri-
ent availability. Improved cell survival and migration may 
be the cause for this enhancement. We cultured cardiac 
fibroblasts in a three-dimensional collagen gel with 1% 
oxygen to analyse if oxygen release could inhibit myo-
fibroblast development [8]. After treating the culture 
media with TGFβ1, two groups were created: one with an 
oxygen-releasing (CAT) hydrogel and the other without 
CAT. As shown in Fig.  5E and Figure SI 2, CAT-incor-
porated hydrogels such as Exo/Hydro/CAT and Exo/
Hydro/AuNPs/CAT used treatment decreased the num-
ber of cardiac fibroblasts that differentiated into myofi-
broblasts. The Exo/Hydro/CAT and Exo/Hydro/AuNPs/
CAT hydrogel groups had significantly lower mRNA lev-
els of myofibroblast markers like Asma, Ctgf, and Col1a1 

(Fig. 5F). The study found that oxygen-releasing nanopar-
ticles successfully reduced myofibroblast growth in a 
hypoxic environment.

Evaluation of heart function after hydrogel injection
We examined heart function at various periods after 
hydrogel injection using hemodynamic testing or echo-
cardiography at the end of the research. After 4 weeks of 
myocardial infarction, rats showed delayed left ventricu-
lar segmental wall movement poor myocardial contractil-
ity, reduced wall thickness, and expanded left ventricular 
cavity in an M-type mode. Direct injection of hydrogels 
to some extent repaired these defects. In particular, the 
Exo/Hydro/CAT and Exo/Hydro/AuNPs/CAT groups 
had nearly normal cardiac function (Fig.  6). After left 
coronary artery ligation, long-axis images showed that 
LVAWs and LVPWs gradually decreased, LVIDs and 
LV Vols increased, and LVEF and LVFS considerably 
decreased (Fig. 6A to F). Hydrogel injection improved all 
these cardiac dysfunctions, but the one loaded with CAT 

Fig. 4  In vitro qualitative and quantitative analysis of various hydrogels. (A) Cellular uptake ratio of hydrogel with different cell types (RNCs & HUVECs & 
Macrophages); (B) intracellular oxygen content in RCFs; (C) intracellular ATP content with various hydrogel groups in HUVECs; (D) quantitative analysis of 
ROS content in RCFs (DCF-DA staining); (E) LDH activity of various hydrogels; (F) Qualitative analysis of ROS content in RCFs under normoxia and hypoxia 
environments treated with various hydrogel groups under fluorescence microscope (scale bar = 100 µM) (G) In vitro cell apoptosis analysis on RNCs under 
normoxia and hypoxia microenvironments using flow cytometry method (FITC and PI staining).*p < 0.05, **p < 0.01, ***p < 0.001
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and AuNPs had the most benefit. After 2 weeks of treat-
ment, LVIDs and LV Vols in the Exo/Hydro/AuNPs/CAT, 
and Exo/Hydro/CAT groups were significantly lower than 
those in the AMI group (3.21 ± 0.72 vs. 4.16 ± 0.1272 vs. 
4.94 ± 0.16; 159.21 ± 6.17 vs. 184.5 ± 5.18 vs. 245.1 ± 3.21), 
while LVAWs, EF, and FS were significantly higher 
(2.12 ± 0.61 vs. 1.89 ± 0.13 vs. 1.05 ± 0.12; 50.92 ± 0.42 
vs. 35.84 ± 0.45 vs. 25.89 ± 0.41). Doppler was used to 
assess AV peak Vel, E/A, and cardiac output (CO) four 
weeks after surgery (Fig.  7A-C). Both the CAT-loaded 
hydrogels, Exo/Hydro/CAT (964.48 ± 35.41; 0.03 ± 0.14; 
59.84 ± 0.56) and Exo/Hydro/AuNPs/CAT (933.57 ± 3.41; 
1.04 ± 0.05; 62.88 ± 0.57) have greater parameters than 
the MI group. However, the Exo/Hydro and MI groups 
show comparable values in these parameters. Treatment 
with Exo/Hydro/AuNPs/CAT resulted in increased E/A 
values for rats compared to the AMI group (1.043 ± 0.03 
vs. 0.64 ± 0.02), as seen in Fig. 7A-C. The hemodynamic 
analysis results are displayed in Fig. 7D-F. In contrast to 
the sham group, MI rats exhibited notable declines in 
load-dependent markers such as LVSP and ± dp/dt max. 
Treatment with Exo/Hydro/AuNPs/CAT or Exo/Hydro/

CAT improved the parameters LVSP and ± dp/dt max 
in rats with MI. However, the Exo/Hydro group showed 
parameters that were comparable to the MI group. Com-
pared to the Exo/Hydro group, the LVSP and + dp/dt max 
of the Exo/Hydro/AuNPs/CAT group were considerably 
higher (98.83 ± 1.56 vs. 70.67 ± 1.63; 5991.63 ± 60.51 vs. 
5006.82 ± 30.12). The data indicate that hydrogels loaded 
with CAT and AuNPs may improve cardiac functions in 
rats with MI more broadly and efficiently.

Evaluation of pathological changes, fibrosis and apoptosis 
in myocardial tissue after hydrogel injection
The MI group changed morphologically. Transverse 
striations were torn, cell-cell interaction was disturbed, 
nuclei were unevenly condensed or disintegrated, and 
inflammatory cell infiltration increased. The heart sec-
tioning images of H&E-stained myocardium show that 
the infarcted regions of AMI were reduced in the Exo/
Hydro, Exo/Hydro/CAT, and Exo/Hydro/AuNPs/CAT 
treated groups as shown in Fig. 8A. The infarcted region 
treated with Exo/Hydro/AuNPs/CAT hydrogel showed 
the greatest improvement in resisting pathological and 

Fig. 5  In vitro evaluation of migration, tube formation, myofibroblast percentage calculation. (A, B) Quantification and qualification of cell migration ratio 
(%) on HUVECs cells using AO staining treated with various hydrogels for 0 and 24 h (scale bar = 100 µM); (C, D) quantification of endothelial cells tube 
formation and fluorescence images for tube formation for 0 and 24 h with various hydrogels under fluorescence microscopic method (scale bar = 100 
µM); (E) quantification of αSMA positive myofibroblast density on RCFs treated with different hydrogel groups and cultured on collagen gels for 24 h; 
(F) relative gene expression analysis of Asma, Ctgf and Col1a1 in RCFs treated with different hydrogel groups for 24 h. *p < 0.05, **p < 0.01, ***p < 0.001
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morphological alterations. After MI, Masson trichrome 
staining showed collagen buildup (blue) at the infarction 
edge (Fig. 8B). The quantitative results indicated that MI 
rats had considerably higher myocardial infarction ratio 
(%), and lower wall thickness, which may be improved 
by several therapies. Compared to the other two treat-
ment groups, rats treated with Exo/Hydro/AuNPs/CAT 
only demonstrated a drift to a reduction in myocar-
dial infarction ratio and increment in the wall thickness 
after 4 weeks post-AMI compared with other groups 
(Fig.  8C, D). We hypothesize that the measuring time 
point may explain the lack of variation in cardiac fibro-
sis area between treatment groups. These results match 
functional data. Hydrogel containing CAT and AuNPs 
reduces fibrosis and improves cardiac function.

Evaluation of apoptosis in myocardial tissue after hydrogel 
injection
Apoptosis controls cardiac damage and left ventricular 
remodeling after MI [34, 35]. The MI group considerably 
increased cell apoptosis, while the sham surgery group 
had essentially little TUNEL-positive signal (Figure SI 
3  A, B). MI-induced myocardial apoptosis in rats was 
reduced by hydrogel. CAT and AuNPs hydrogels inhib-
ited MI-induced cell apoptosis better than Exo/Hydro. 
Apoptosis is a cell death process that involves several sig-
naling channels and genetic regulation (Figure SI 3D-I). 
The study found that following MI, Bcl2 expression 
reduced (0.66 ± 0.01 vs. 0.31 ± 0.02), but Bax expression 

rose (0.54 ± 0.01 vs. 1.24 ± 0.02). Hydrogel alone may 
mitigate this shift. Hydrogel with CAT and AuNPs led 
to enhanced Bcl2 expression (0.75 ± 0.21 vs. 0.31 ± 0.02) 
and decreased Bax protein expression (0.63 ± 0.02 vs. 
1.24 ± 0.02), resulting in a lower Bax/Bcl2 ratio. Protein 
ATP5d is involved in energy metabolism. MI reduced 
ATP5d expression, although Exo/Hydro/AuNPs/CAT or 
Exo/Hydro/CAT restored it. Exo/Hydro did not affect 
ATP5d. The Exo/Hydro/AuNPs/CAT group showed 
considerably increased expression of ATP5d and Bcl2 
compared to the Exo/Hydro (1.03 ± 0.02 vs. 0.76 ± 0.21; 
0.75 ± 0.21 vs. 0.42 ± 0.02), but Bax/Bcl2 was dramati-
cally reduced (0.54 ± 0.01 vs. 1.05 ± 0.02). An important 
apoptotic signalling molecule is caspase 3. Compared to 
the sham group, MI significantly increased Caspase3 and 
cleaved Caspase3 expression (0.54 ± 0.01 vs. 1.22 ± 0.01; 
0.84 ± 0.21 vs. 1.66 ± 0.01), while all treatment groups 
showed a significant downregulation of Caspase3. How-
ever, Exo/Hydro/CAT and Exo/Hydro/AuNPs/CAT 
treatment significantly reduced cleaved Caspase3 levels 
relative to the MI group (Figure SI 3 H and I). The data 
showed that CAT and AuNPs loaded hydrogels reduced 
MI-induced cardiac dysfunction by reducing apoptosis.

Evaluation of neovascularization and transcriptional level 
in myocardial tissue after hydrogel injection
Collateral circulation helps in restoring blood supply 
to injured heart tissues after MI [36]. Cx43 is a crucial 
protein that forms the gap junction channel between 

Fig. 6  Evaluation of cardiac functions in various groups. (A-F) Presented are the time courses of LVID; s, LVAW; s, LVEF, LVFS, LV Vol; s, and LVPW; s versus 
sham group; versus MI group.*p < 0.05, **p < 0.01, ***p < 0.001
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ventricular myocytes. It enhances cardiomyocyte sig-
naling and electric current transmission [37]. Cx43 pro-
motes cell-cell connections via ion channels, ensuring a 
steady ionic conduction rate and direction [38]. Hydro-
gels restored Cx43 expression after MI (Figure SI 4  A 
& B). In particular, Cx43 expression was substantially 
higher in the Exo/Hydro/AuNPs/CAT group than in the 
Exo/Hydro group and it is comparable with the Exo/
Hydro/CAT group (Figure SI 4B). Our findings suggest 
that promoting electrical signal coupling between car-
diomyocytes or between cardiomyocytes and fibroblasts 
may lead to synchronized contraction and improve car-
diac function.

We used RT-PCR to identify MI problematic transcrip-
tion factors after hydrogel therapy. These genes include, 
Bax, Bcl2, and Caspase3 for apoptosis, VEGF and Ang-1 
for angiogenesis, collagen type 1 and 3 for fibrosis, and 
Cx43 for cardiac tissue electrical and mechanical cou-
pling. In the marginal zone of myocardial infarction, col-
lage 1 and 3 mRNA expression were considerably greater 
in the MI group compared to the sham group (1.89 ± 0.45 
vs. 54.38 ± 1.62; 1.63 ± 0.23 vs. 14.74 ± 1.72). After 4 weeks 
of hydrogel injection alone, collage 3 mRNA expression 

was considerably decreased, whereas collage 1 mRNA 
was unaffected (Figure SI 4 C).

Hydrogel-loaded CAT or AuNPs significantly reduced 
collage 1 or 3 transcription levels, with the Exo/Hydro/
AuNPs/CAT group showing the greatest effect, with col-
lage 1 mRNA levels significantly lower in rats’ myocardial 
tissue (12.01 ± 1.72 vs. 33.56 ± 0.75). MI group had the 
lowest VEGF and Ang-1 mRNA levels. The Exo/Hydro/
AuNPs/CAT strongly increases VEGF mRNA and Ang-1 
(Figure SI 4D). Exo/Hydro/AuNPs/CAT significantly 
increase VEGF and Ang-1 mRNA levels, with VEFG 
mRNA levels significantly higher than the Exo/Hydro 
group (0.46 ± 0.01 vs. 0.38 ± 0.01), representing the bet-
ter capacity to encourage neovascularization. The Cx43 
mRNA expression in each group matched that of VEGF, 
confirming the results of immunofluorescence (Figure SI 
4E). In the MI group, the expression of Bax (1.01 ± 0.01 
vs. 1.68 ± 0.01) and Caspase 3 (0.97 ± 0.01 vs. 1.41 ± 0.01) 
increased, while Bcl2 (1.11 ± 0.01 vs. 0.43 ± 0.01) 
decreased (Figure SI 4 F). The hydrogel treatment group 
with the strongest apoptosis inhibitor was Exo/Hydro/
AuNPs/CAT. The results indicate that composite hydro-
gel intramyocardial injection can increase angiogenesis, 

Fig. 7  Evaluation of hemodynamics in various groups. (A-C) Quantitative assessment of cardiac diastolic function based on AV Peak Vel, E/A and CO. (D-F) 
Quantitative assessment of hemodynamics on cardiac function based on LVSP, +dp/dtmax, and − dp/dtmax. *p < 0.05, **p < 0.01, ***p < 0.001
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enhance electrical signal transmission, and block cell 
apoptosis and necrosis, delaying ventricular remodeling 
and restoring cardiac function.

Discussion
The present study designed an oxygen release system 
to save cardiac cells and aid cardiac repair after an MI. 
The persistent oxygen release improved cardiac cell 
survival by oxygenating them continuously. Current 
oxygen delivery technologies, such hyperbaric oxygen 
therapy, cannot manage heart tissue oxygen release. This 
is because tissue oxygen content decreases promptly fol-
lowing therapy. Specifically, the oxygen delivery device 
targeted infarcted tissue [39]. Localized oxygen delivery 
has various advantages over systemic oxygen administra-
tion, including increased tissue oxygen content. Oxygen 
delivery to infarcted hearts relies on blood circulation. 
Cardiac tissue affected with MI has inadequate vascu-
larization. In tissue engineering, optimal oxygen supply 
affects cell viability, growth, and function. Myocardial 
infarction makes it difficult for oxygen availability in the 
tissues [40]. Infarction and ischemia damage heart tissue, 
making transplanted cells undesirable [41]. Our study 
found that producing O2 can reduce cardiac cell necrosis 

from hypoxia. This is accomplished by increasing oxygen 
availability to mimic an infarcted heart. This oxygen defi-
ciency damages tissue and can kill cardiac muscle cells. 
Myocardial infarction treatment typically involves medi-
cation, blood flow restoration, and heart transplantation. 
A new oxygen-generating hydrogel therapy for myocar-
dial infarction shows potential therapeutic effect.

AuNPs’ electrical conductivity and low cytotoxicity 
make them attractive in cardiac tissue engineering [42]. 
Katsuhiro Hosoyama et al. developed biocompatible and 
conductive collagenous-nanometal hybrids for cardiac 
tissue engineering [43]. Dvir T et al. have reported Au 
nanowires in alginate scaffolds bridge resistance holes 
and increase electrical conductivity between cardiomyo-
cytes [44]. Dae et al. developed a framework using con-
ductive Au nanorods to enhance cell retention, diffusion, 
cardiac cell survival, maturation, cell-cell coupling, and 
tissue-level synchronized pulsation [45]. In this study, 
the synergy between CAT and AuNPs created a hydro-
gel with higher conductivity than normal myocardial tis-
sue, leading to increased Cx43 expression in the infarcted 
rat heart and thereby enhancing cell-cell communication 
and electrical coupling. Specifically, CAT is the main 

Fig. 8  Evaluation of morphology of the infarcted area reduction and myocardial function after 28 days of surgery. (A) Heart sectioning images by H&E 
staining of control, AMI, Exo/Hydro, Exo/Hydro/CAT, and Exo/Hydro/AuNPs/CAT at various regions with different magnifications, the infarcted sites have 
been marked with an arrow (green). (B) Representative photomicrographs of Masson -stained myocardium of control, AMI, Exo/Hydro, Exo/Hydro/CAT, 
and Exo/Hydro/AuNPs/CAT with different magnifications, infarcted region with collagen buildup, and the healthy myocardium has been marked with 
black and yellow arrow respectively. (scale bar = 50 µM for 20X, and 20µM for 40X). *p < 0.05, **p < 0.01, ***p < 0.001
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driver of Cx43 expression, while AuNPs further enhance 
its activity, leading to elevated Cx43 levels.

As reported earlier, after injection into the injured 
heart, O2-generating hydrogel releases oxygen to aid tis-
sue healing and regeneration. The hydrogel reduces heart 
tissue damage from ischemia and reperfusion injury by 
supplying localized oxygen. Oxygen-generating hydro-
gels may improve myocardial infarction outcomes and 
cardiac tissue regeneration. This CAT oxygen release 
mechanism has advantages over fluorinated substances, 
H2O2 (without complexing), CaO2, and MgO2 [46–48]. 
A notable benefit of this CAT-loaded oxygen-generating 
technology is extended-release time over a month. The 
aforementioned mechanisms typically release oxygen for 
two weeks or less. However, our system released oxygen 
for four weeks. Additionally, CAT quickly converts H2O2 
into oxygen, making the system safer without causing cell 
damage by H2O2. Oxygen release systems using CaO2, 
MgO2, and H2O2 without complex formation create free 
H2O2 for oxygen production through decomposition. 
Unlike CaO2 and MgO2-based oxygen-generating meth-
ods, our approach does not release Ca2+ or Mg2+ as a by-
product, which might cause irregular ion transients in 
cardiac tissue and make them unsuitable for therapy [49]. 
As reported elsewhere, GelMA hydrogel scaffold with 
cardiomyocytes and CaO2 improved hypoxia cell sur-
vival and function [50]. In another study, GelMA hydro-
gel and CaO2 bio ink were used to print skeletal muscle 
tissues. Oxygen-generating substance increased mouse-
derived C2C12 myoblast metabolic activity, proliferation, 
and viability. This study found that released oxygen can 
cause vasculogenesis in ischemia [51]. After a myocar-
dial infarction (MI), TGF-β expression rises, leading to 
cardiac fibroblast differentiation into myofibroblasts in 
a hypoxic setting and ultimately this process creates scar 
tissues [52].

Adult cardiomyocytes, which contract and pump the 
heart, have limited regeneration ability. After a myo-
cardial infarction, non-contractile scar tissue replaces 
destroyed cardiomyocytes, reducing heart function 
and possibly causing heart failure [53]. Hydrogel may 
improve cardiomyocyte mitotic behavior and stem cell 
treatment. Hydrogel supports stem cell development into 
cardiomyocytes. As previously observed, stem cells on 
hydrogel scaffolds boost cardiomyocyte mitotic behav-
ior, promoting myocardial growth and regeneration. The 
hydrogel may increase cardiomyocyte mitotic behavior 
and regeneration capacity in severely injured myocar-
dium by creating a favorable microenvironment [54]. 
Meanwhile, injectable hydrogels are attractive regenera-
tive medicine tools because they support and increase 
biological processes. Previously, O2-generating hydrogels 
were found to promote cardiomyocyte karyokinesis and 
cytokinesis, crucial for cell division and proliferation. 

Cardiomyocytes can duplicate their genetic material 
and divide into two daughter cells via karyokinesis and 
cytokinesis on hydrogel scaffolds in vitro [55]. These 
mechanisms are essential for heart tissue growth and 
regeneration, making hydrogel scaffolds useful in cardiac 
tissue engineering. This method improves cardiomyocyte 
functioning, viability, and karyokinesis, and cytokinesis. 
The hydrogel scaffold supports and mimics cell-cell and 
cell-ECM interactions, allowing cardiomyocytes to align 
and organize for synchronized contractile performance 
[56]. The macrophage phenotypic change during tissue 
healing is important. The pro-inflammatory M1 macro-
phages that emerge shortly after damage must eventually 
become anti-inflammatory or pro-healing M2 macro-
phages for optimal tissue recovery. This phase of transi-
tion reduces chronic inflammation and fibrosis, making 
it advantageous. Post-myocardial infarction macrophage 
characteristics were examined one week after surgery. At 
this time linked to reduced inflammation and faster tis-
sue healing, assuming normal tissue repair and regen-
eration [2, 52]. Oxygen is crucial for saving cardiac cells 
in infarcted cardiac tissue due to inadequate blood per-
fusion and insufficient oxygen. However, maintaining 
oxygen flow to AMI-affected hearts is difficult. Clinical 
hyperbaric oxygen therapy has poor long-term efficacy in 
oxygenating tissue. Until revascularization is completed, 
vascularization techniques struggle to save cardiac cells 
in infarcted heart tissue. The AMI phase is critical for 
oxygen delivery to heart cell regeneration. Developing a 
non-invasive oxygen supply system that releases oxygen 
regularly would be very feasible and give practical appli-
cation [57].

This work demonstrates the benefits of immediately 
injecting an injectable hydrogel composed of degradable 
Alginate/Fibrin, stem cells derived exosome, O2-gener-
ating CAT, and electrical conductivity enhancer AuNPs 
at the post-MI site. Co-administration of MSCs-derived 
Exosomes proved effective in maintaining cardiac func-
tion, both immediately and one week after MI, with 
comparable results. A treatment window of at least one 
week was found in this study. Rapid therapy after AMI 
is less clinically viable than this time. The combo treat-
ment’s benefits might decrease after 4 weeks after myo-
cardial infarction. However, ventricular remodeling in 
rats is nearly complete within four weeks of AMI, making 
it unlikely [58]. Oxygen availability is increased to repli-
cate myocardial infarction settings. Reducing cell necro-
sis is important because it harms nearby cells and tissues, 
causing a sterile inflammatory reaction and implant fail-
ure. Thus, Exo/Hydro/CAT and Exo/Hydro/AuNPs/CAT 
hydrogel’s oxygen-generating tendencies are likely to 
improve tissue engineering by inhibiting hypoxic stress, 
apoptosis, and necrosis-induced cell and tissue damage 
[41, 59].
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Conclusion
In summary, a novel blended hydrogel with (ADMSCs-
derived exosomes, catalase (CAT), and AuNPs were suc-
cessfully synthesized. This novel formulation efficiently 
removed ROS and produced O2. The hydrogel effectively 
scavenged ROS and produced O2 during hypoxia and 
inflammation. The hydrogel has a suitable electrical con-
ductivity and high availability. Thus, it controlled AMI-
related unhealthy tissue microenvironments. By reducing 
hypoxic stress, an Exo-loaded hydrogel that creates oxy-
gen improves heart cell survival and proliferation. This 
study found that O2-generating hydrogel cohorts reduce 
hypoxia-induced cell death by limiting apoptosis and 
necrosis. In vivo experiments on rats with AMI showed 
that the hydrogel successfully reduced oxygen-related 
free radicals, hypoxia, TNF-α levels, cell apoptosis, and 
increased M2/M1 macrophage ratio. In vivo results 
showed that the hydrogel can restore vital heart func-
tions, reduce infarcted area, and promote angiogenesis. 
Our hydrogel groups provide promising therapeutic 
effects in AMI models due to their appropriate cell com-
patibility in vitro and effective therapeutic impact in vivo. 
It needs more research and demonstration in big animal 
models before therapeutic usage.
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