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ABSTRACT: Ferroptosis plays a significant role in ischemic heart disease by exacerbating
myocardial injury through oxidative stress, iron metabolism disorder, and inflammation.
Herein, we develop an injectable hydrogel (HSD/DFO@GMs) with antiferroptosis and
antioxidant properties for cardiac repair. The hydrogel is composed of dopamine-grafted
oxidized hyaluronic acid, adipic acid dihydrazide grafted hyaluronic acid, and
deferoxamine loaded gelatin microsphere, connected via a dynamic Schiff base bond.
This hydrogel exhibits a favorable injectability and stable mechanical properties. It
effectively chelates Fe2+ and scavenges the reactive oxygen species (ROS), creating a
conducive microenvironment for cardiac repair. The dynamic Schiff base bond and gelatin
matrix respond to the weakly acidic and MMP-2-rich microenvironment postinjury,
enabling on-demand release of DFO in the injured myocardium. In vitro experiments
indicate that the hydrogel significantly inhibits the ferroptosis and oxidative stress damage
in H9C2 cardiomyocytes under a hypoxia/reoxygenation microenvironment. In an in vivo
ischemia−reperfusion model, the HSD/DFO@GMs hydrogel reduces oxidative stress, modulates intracellular labile iron pool levels,
and promotes revascularization, ultimately improving cardiac function. Overall, the HSD/DFO@GMs hydrogel provides a new
strategy to improve cardiac repair by inhibiting ferroptosis and mitigating oxidative stress damage.
KEYWORDS: ferroptosis, injectable hydrogels, iron ions chelating and ROS scavenging, responsive release,
myocardial ischemia−reperfusion injury

1. INTRODUCTION
Ischemic heart disease is recognized as the foremost global
cause of mortality.1 Ischemia−reperfusion injury (I/R) is a
primary driver of cardiac damage.2,3 I/R injury is characterized
by the generation of substantial reactive oxygen species (ROS),
leading to significant oxidative stress damage in cardiomyo-
cytes. Moreover, it leads to multiple forms of programmed cell
death, including apoptosis, pyroptosis, and ferroptosis,4,5 which
ultimately result in adverse outcomes such as malignant
ventricular remodeling and heart failure. Among these,
ferroptosis, an emerging paradigm of regulated cell death, is
fundamentally an iron-dependent phenomenon catalyzed by
lipid peroxidation. This distinctive form of cell demise is
typified by the buildup of lipid peroxides and ROS.6−8

Ferroptosis has garnered significant attention for its crucial
role in the pathophysiology of I/R injury.9,10 Therefore, there
is a pressing need to develop biomaterials capable of inhibiting
ferroptosis and mitigating oxidative stress damage, while
ferroptosis has garnered significant interest in cancer therapy
due to its potential for inducing tumor cell death.11 However,
the development of biomaterials, such as hydrogels, to inhibit
ferroptosis in I/R-injured cardiac tissues is still in its infancy.12

This gap in research highlights the need for further

investigation into antiferroptosis biomaterials to enhance
cardiac repair.
The occurrence of ferroptosis following I/R injury can be

attributed to the dysregulation of cellular iron homeostasis and
the failure of the defense mechanisms. The free iron content in
the infarcted area is upregulated and subsequently endocytosed
by cardiomyocytes for storage in a labile iron pool (LIP).13,14

This process leads to the upregulation of iron-containing
lipoxygenases and produces hydroxyl radicals (•OH) via the
Fenton reaction, which in turn produces lipid peroxides
(LPOs) and exacerbates ferroptosis.15 Additionally, the
overproduction of ROS in the I/R-injured area creates a
vicious cycle involving inflammation and mitochondrial
dysfunction.16,17 Therefore, the concurrent removal of excess
iron and ROS from the infarcted area is a crucial strategy to
inhibit ferroptosis and oxidative stress damage, thereby
attenuating I/R injury. Hydrogels possess the remarkable
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ability to effectively chelate iron ions through metal
coordination interactions between their functional groups
(such as carboxyl, hydroxyl, and amino groups) with Fe2+/Fe3+
ions. Additionally, the chelation of iron ions can also be
facilitated through dynamic covalent or noncovalent bonds
with the hydrogel network, including hydrogen bonds and
hydrophobic interactions. For example, Chekini et al. prepared
a cellulose nanocrystals and gelatin-based hydrogel with a high
absorption capacity for iron ions, which can act as an
antibacterial wound dressing for repairing injured skin.18

Chen et al. prepared a hydrogel using polyether F127
diacrylate and tannin, which is capable of adsorbing exogenous
iron and remodeling the iron metabolism of cells.19 Hyaluronic
acid (HA) is a naturally occurring anionic polysaccharide that
had been widely used in cardiac tissue engineering because it
exhibits exceptional biocompatibility and minimal risk of
triggering immune responses or tissue rejection.20,21 Moreover,
the large number of carboxyl groups in HA can chelate iron
ions,22 which provided the possibility to remodeling the
ferroptosis process. However, it is difficult to modulate the
ROS microenvironment, owing to low antioxidant activity.
Dopamine (DA) molecules contain catechol groups and amino
groups, which can react with free radicals to neutralize ROS
and reduce oxidative stress.23 Moreover, they can regulate
intracellular iron metabolism by chelating iron ions and further
suppress ferroptosis. For example, Zhang et al., suggested that
the polydopamine nanoparticles can efficiently reduce Fe2+
accumulation, suppress LPO, and rejuvenate mitochondrial
function in PC12 cells.24 Therefore, the development of
hydrogels based on HA and DA holds promise for regulating
ferroptosis in I/R-injured myocardium.
To improve the effect of hydrogel on inhibiting ferroptosis,

some ferroptosis inhibitors and iron chelators have the

potential to be used to incorporated into the hydrogel
network, such as ferrostatin-1, liproxstatin-1, adriamycin,
vitamin A, and deferoxamine (DFO), etc.14,25−27 Among
them, the FDA-approved iron chelator DFO has been shown
to reduce the risk of ferroptosis in the model of cardiac I/R
injury.28,29 In addition, DFO can inhibit prolyl hydroxylase by
chelating intracellular Fe2+ to promote hypoxia-inducible factor
1α (HIF-1α) activity, which stimulates the activation of a
range of pro-angiogenic genes including vascular endothelial
growth factor (VEGF).30,31 Currently, the treatment of various
diseases caused by iron overload is often administered with
DFO in high doses for long periods of time by means of
subcutaneous injections.32,33 Previous studies suggested that
DFO demonstrates cytotoxicity toward human umbilical vein
endothelial cells (HUVECs), macrophages, and other cells in a
concentration-dependent manner.34,35 Moreover, DFO faces
challenges in effectively accumulating in the infarcted area and
susceptibility to systemic toxicity.36 Additionally, the applica-
tion of DFO is severely limited by a very short half-life in
plasma (20 min).37 Consequently, the local delivery of DFO
has emerged as a promising strategy to enhance therapeutic
efficacy while minimizing systemic toxicity. Injectable hydro-
gels offer an effective approach to delivery of DFO directly to
the I/R-injured area, enabling controlled release and thereby
mitigating cytotoxicity that may arise from excessive local
concentrations. Notably, the post-I/R cardiac microenviron-
ment, characterized by its weakly acidity38,39 and the presence
of matrix metalloprotein protease-2 (MMP-2),40,41 provides a
unique opportunity to design DFO delivery systems that are
responsive to the I/R damage microenvironment. Therefore,
the development of a DFO-controlled release hydrogel system
that is responsive to the acidic and MMP-2-rich microenviron-

Figure 1. Schematic illustration of HSD/DFO@GMs hydrogel with antiferroptosis and antioxidant properties for treatments of myocardial I/R
injury.
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ment holds significant potential for cardiac applications by
inhibiting ferroptosis and oxidative stress damage.
In this study, an injectable hydrogel based on HA derivative

and DFO-loaded gelatin microspheres (DFO@GMs) was
developed, featuring antiferroptosis properties and synergistic
antioxidant capabilities, for the purpose of cardiac repair
(Figure 1). First, dopamine-grafted oxidized hyaluronic acid
(OHD) and adipic acid dihydrazide grafted HA (HAD) were
synthesized. Meanwhile, DFO@GMs were constructed via
emulsion cross-linking technology. Finally, the HA derivative-
based hydrogel loaded with DFO@GMs (HSD/DFO@GMs)
formed via the dynamic Schiff base bond between the aldehyde
group in the OHD and amino groups in the HAD and DFO@
GMs surface. The Schiff base bond and GMs can respond to
the weakly acidic and MMP-2-rich microenvironments,
respectively, thereby enabling the on-demand release of DFO
in I/R-injured myocardium and reducing its cytotoxicity.
Consequently, the HSD/DFO@GMs system is expected to
exert comprehensive effects in inhibiting ferroptosis and
oxidative stress damage owing to its unique composition and
structure. Within this system, the HA main chain, DA side
group, and released DFO can collectively chelate iron ions,
thereby blocking the Fenton reaction and decreasing the LIP
accumulation, which further inhibits the ferroptosis in
cardiomyocyte. Additionally, the DA side group can also
mitigate oxidative stress damage by scavenging ROS. These
effects improve cardiac repair. To validate these scientific

hypotheses, the formation of the injectable HSD/DFO@GMs
hydrogel was investigated and the regulation law of
composition on its physical and chemical properties was
systematically explored, such as mechanical and injectable
property, iron ion chelating ability, antioxidant activity, and
degradation behaviors. Moreover, the release profiles of DFO
from GMs and HSD/DFO@GMs were investigated under
different pH values and a MMP-2-rich microenvironment.
Building on these findings, the effects of HSD/DFO@GMs on
ferroptosis and oxidant stress damage in H9C2 cells were
subjected to hypoxia−reoxygenation (H/R) injury in vitro.
Furthermore, the HSD/DFO@GMs hydrogel was injected
into the I/R model rat to evaluate its microenvironment-
regulation capability and repair effect on the damaged
myocardium in vivo.

2. RESULTS AND DISCUSSION
2.1. Formation and Properties of Injectable Hydro-

gels with Ferroptosis Resistance and Antioxidant
Capabilities. In this study, an injectable hydrogel that
possesses antiferroptosis and antioxidant properties was
designed and prepared. To control the release of DFO, gelatin
microspheres loaded with DFO (DFO@GMs) were first
prepared by using glutaraldehyde cross-linking. The resulting
DFO@GMs displayed well-defined and closed structures, with
an average size of 14.16 μm (Supporting Information Figure
S1). The hydrophilic DFO was effectively encapsulated within

Figure 2. Formation and properties of HSD/DFO@GMs. (a) Structural formulas of HAD and the properties of ODH. (b) 1H NMR spectra of
HA, HAD, and ODH. (c) FT-IR spectra of HA, HAD, ODH, and HSD hydrogel. (d) SEM images of HSD and HSD/GMs hydrogel. (e)
Rheological behaviors of HSD/GMs hydrogels with different GMs contents over 0−300 s at a constant frequency of 1 Hz and a strain of 20%. (f)
Gelation time of HSD/GMs hydrogels with different GMs contents (n = 3). (g) Rheological behaviors of different hyaluronic acid derivatives
content over a strain of 1−1000% at a constant frequency of 1 Hz. (h) Rheological behaviors of HSD/GMs hydrogels with different GMs contents
over 0.1−10 rad·s−1. (i) Injection force of HSD/GMs hydrogels with different hyaluronic acid derivatives contents. (j) Injection force of the HS/
GMs, HSD/GMs, and HSD/DFO@GMs hydrogels (n = 3).
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the GMs, and the encapsulation rate and drug loading rate of
DFO in GMs depended on the DFO feed ratio. The Fe3+−
DFO standard curve was established to investigate DFO
loading (Figure S2). As shown in Table S1, DFO@GMs
exhibited high encapsulation efficiency (>63.72%), and the
DFO loading rate in GMs increased from 0.979 ± 0.07% to
3.399 ± 0.09% when the DFO/GMs ratio was increased from
1.33% to 5.33%.
To improve the delivery efficiency and release behaviors of

DFO, an injectable hydrogel based on HA was designed and
prepared. First, OHD and HAD were synthesized (Figure 2a).
The injectable HA-based hydrogel (HSD) was formed through
the Schiff base bond between the aldehyde group in OHD and
the amino group in HAD. The DA moieties were anticipated
to enhance antioxidant performance. Furthermore, the DFO@
GMs were incorporated into the HSD hydrogel to enhance the
antioxidant activity and impart ferroptosis-inhibiting capabil-
ities. FT-IR and 1H NMR spectra were employed to confirm
the chemical structures of ODH and HAD. As shown in Figure
2b, the characteristic chemical shifts of hydrazide methylene
(1.53 ppm) were evident in the 1H NMR spectrum of HAD,
suggesting the successful synthesis of HAD with a 27%
substitution degree of adipic acid dihydrazide in HA chain.
Additionally, the N−H stretching vibration of sec-amide at
1581 cm−1 was observed in HAD compared to HA. In
addition, the OHD spectrum exhibited characteristic adsorp-
tion bands, including a C�O stretching vibration at 1730
cm−1 and an amide III band at 1288 cm−1. While the blue shift
of the C�O stretching vibration at 1730 cm−1 to 1742 cm−1

indicates the incorporation of gelatin components in HSD/
GMs (Figure S3). The characteristic chemical shifts ranging
from 6.70 ppm to 6.90 ppm were attributed to the protons of

the benzene ring in the dopamine side group. Meanwhile, the
chemical shifts at 5.15 ppm and 5.6 ppm were assigned to the
protons on the hemiacetals. These findings confirmed the
successful synthesis of OHD, with the substitution degree of
aldehyde and dopamine was measured as 44% and 30.5%,
respectively, using hydroxylamine hydrochloride titration and
UV spectrophotometry (Figure S4). When the HAD and
ODH solution was mixed, HSD hydrogel was formed via the
Schiff base reaction between the aldehyde groups in ODH and
the amino groups in HAD. As shown in Figure 2c, the C�O
stretching vibration of the aldehyde groups at 1730 cm−1 was
attenuated in HSD hydrogel, while the C�N vibration at 1646
cm−1 was intensified compared to those in ODH. Macro-
scopically, the fluidity of two hydrogel precursors gradually
decreased after mixing, eventually transitioning into a non-
flowable hydrogel state (Figure S5). Moreover, the incorpo-
ration of DFO@GMs did not interfere with the gelation
formation, and these DFO@GMs can uniformly disperse
within the hydrogel (Figure 2d).
Rheological performance results showed that the storage

modulus (G′) of the HSD hydrogel was consistently higher
than its loss modulus (G″) throughout the testing time frame
(Figure 2e). The contents of GMs within the hydrogel can
modulate both the gelation time and the mechanical property
of the HSD hydrogel. As shown in Figure 2f, the gelatin time of
HSD hydrogel was 0.17 ± 0.07 s. The introduction of GMs
increased the gelatin time, which gradually increased from 1.9
± 0.11 min to 6.35 ± 0.12 min as the GMs contents increased
from 0.5% to 2.0%. Additionally, the incorporation of GMs can
significantly enhance the mechanical property. The G′ of HSD
was 185.72 ± 12.35 Pa, and it increased to 755.57 ± 15.25 Pa
when the GMs contents increased to 2%. This improvement is

Figure 3. Iron ions scavenging and antioxidant effects of HSD/DFO@GMs. (a) Schematic illustration of iron ion chelation and ROS scavenging
mechanism. (b) Degraded rate of the HSD/DFO@GMs in pH 7.4 and 6.5 solution (n = 3). (c) DFO released from GMs or hydrogels under
different microenvironments (pH 7.4/6.5 and with/without MMP-2) (n = 3). (d) UV−vis absorbance spectra of remaining content of Fe2+ (left)
and methylene blue oxidize (right) with different concentrations of DFO. (e) •OH and Fe2+ scavenging effects of DFO with different
concentration. (f) Pseudo-second-order kinetic fitting curves for Fe2+ and Fe3+ by HSD/GMs hydrogel (n = 3). (g) Comparison of pseudo-first-
order and pseudo-second-order fits for the kinetic adsorption of Fe2+ by the HSD/GMs hydrogel. Scavenging effect of hydrogels against (h) ABTS·
and (i) •OH (n = 3; n.s., no significant difference; *p < 0.05; **p < 0.01; ***p < 0.001).
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attributed to the increased overall solid content of the
hydrogel. Additionally, the residual amino groups on the
GMs surface could be the cross-linked site with the OHD,
ultimately increasing the degree of cross-linking. In addition,
the mechanical property increased with the solid contents in
the hydrogel, as shown in Figure S6, the G′ of HSD/GMs
gradually increased to 219.42 ± 6.93 Pa from 1521.93 ± 16.00
Pa when the concentration of HSD increased 3% to 7%. The
hydrogel maintains stable G′ when the strain is less than 20%
regardless of the solid contents (Figure 2g), indicating that the
hydrogel can withstand the diastolic and systolic behavior of
the heart (20%).42

Due to the dynamic nature of the Schiff base cross-linking
structure, the prepared HSD/DFO@GMs hydrogel showed
good injectable behaviors. The viscosity of the hydrogel rapidly
decreased with the increasing shear rate (Figure 2h),
decreasing by 2 orders of magnitude as the shear rate
increased from 0.1 rad·s−1 to 10 rad·s−1 when its GMs content
was 2%. Consequently, the hydrogel could be injected by a 1
mL needle after mixing using a double pass (Figure S7). When
the hydrogel is extruded at a rate of 20 mm/min, the injection
force gradually increased and reached a plateau period, which
was defined as the injection force (Figure 2i). The injection
force increased with the increase in the concentration of HA
derivatives. Specifically, it was 4.45 and 10.52 N when the
concentration of HA derivatives was 3% and 5%, respectively.
These values facilitated easier manual handling and minimized
the risk of surgical damage.43 However, when the HA
derivative concentration reached 7%, the injection force
exceeded 20 N, making it less suitable for clinical operations.
The addition of GMs and DFO@GMs did not significantly
affect the injection forces. At a 5% solid content, the injection
force remained approximately 10 N, regardless of the GMs
content ranging from 0.5% to 2% (Figure S8a). Three kinds of
hydrogels, HS/GMs, HSD/GMs, and HSD/DFO@GMs, were
prepared at a ratio of 5% HA derivatives and 2% GMs, and all
of their injection forces were less than 12 N (Figure 2j and
Figure S8b).

2.2. Iron Ion Scavenging Effect and Antioxidant
Properties. In the early stages of I/R injury, the loss or
dysfunction of ferritin leads to an accumulation of excess LIP,
which subsequently triggers ferroptosis. Additionally, these
excess LIP ions can react with H2O2 through the Fenton
reaction, generating a significant amount of ROS. It is expected
that the HSD/DFO@GMs hydrogel can reduce LIP by
controllably releasing DFO and leveraging the iron ion capture
capability of the HSD network under an I/R injury
microenvironment (Figure 3a). After I/R injury, the intratissue
pH changed from 7.4 to a weakly acidic 6.5, accompanied by
an increase in MMP-2 levels.40,41 This microenvironment can
modulate the degradation behaviors of the prepared HSD
hydrogel and GMs, thereby controlling the release of DFO
from the hydrogel. As shown in Figure 3b, HSD/DFO@GMs
exhibited a higher degradation rate at pH 6.5 compared to pH
7.4, as Schiff base bonds are more unstable in weakly acidic
microenvironments. For example, its degraded rate was 80.3 ±
1.04% at pH 6.5 on day 2, which was significantly higher than
that at pH 7.4 (56.9 ± 3.87%). This provides a basis for
modulating the release behaviors of DFO. To investigate DFO
release behavior in the I/R injury microenvironment, experi-
ments were conducted at pH 6.5 and 7.4, both with/without
MMP-2. As shown in Figure 3c, the release of DFO from GMs
was relatively low, with only 46.84 ± 2.07% released within 7

days. However, when DFO@GMs were immersed in an MMP-
2 solution, the release rate significantly increased, with 51.50 ±
4.11% DFO released within the first 24 h and reaching 95.53 ±
0.76% by day 7. Direct incorporation of DFO into the HSD
hydrogel resulted in burst release (63.54 ± 2.10% at pH 7.4 for
24 h and 66.97 ± 2.42% at pH 6.5) due to the degradation of
HSD hydrogel. This burst release harms cardiomyocyte
viability and impairs the hydrogel’s therapeutic efficacy. The
HSD/DFO@GMs system provided a dual-responsive release
mechanism under an I/R injury microenvironment, achieving
35.60 ± 1.88% release at 24 h and 95.60 ± 3.62% by 7 days,
thus preventing early burst release and late-stage incomplete
release. The released DFO has the capability to rapidly chelate
Fe2+, thereby slowing down the rate of •OH production. As
shown in Figure 3d, the left panel demonstrates that in the
absence of an oxidation reaction the scavenging rate of Fe2+
increases with higher concentrations of added DFO. In
contrast, the right panel shows that, after introducing H2O2
to trigger oxidation, the oxidation of MB decreases as the DFO
concentration increases. This phenomenon highlights DFO’s
primary mechanism for preventing ferroptosis: by blocking the
iron required for the Fenton reaction, it reduces lipid peroxide
production. As shown in Figure 3e, the scavenging effect of
Fe2+ exhibited a trend similar to that of •OH as the
concentration of DFO was increased. Consequently, the
deceleration of the reaction rate resulted in a higher scavenging
effect of •OH compared to that of Fe2+ at the same
concentration. Additionally, the prepared HSD hydrogel can
also bind to Fe2+ and Fe3+ due to its abundance of carboxyl
groups and o-phenol structure. A certain volume of HSD/GMs
was immersed in a 30 mg/L solution of Fe2+ or Fe3+, and the
residual concentration of Fe2+ or Fe3+ was determined at
different times. Kinetic fitting was then conducted based on
solid-state adsorption. As shown in Figure 3f,g and Figure S9,
the adsorption of Fe2+ or Fe3+ by HSD/GMs approached
equilibrium within approximately 4 h, and the pseudo-second-
order model provided a better fit for both ions. This indicates
that HSD/GMs can rapidly capture Fe2+ and Fe3+. According
to the fitting results of the pseudo-second-order model (Tables
S3 and S4), the theoretical equilibrium adsorptions of HSD/
GMs for Fe2+ and Fe3+ were 9.732 mg/g and 13.34 mg/g,
respectively. Figure S10 illustrates the Fe2+/Fe3+ chelating
capacities of GMs, HS/GMs, and HSD/GMs. The adsorption
amounts at 2 h and 4 h remained nearly constant, indicating
equilibrium adsorption was achieved. HS/GMs exhibited
significantly weaker Fe2+/Fe3+ chelation compared to HSD/
GMs. This suggests that while the anionic polysaccharide-
based HS/GMs possess some iron-chelating ability, the
dopamine (DA) component in HSD/GMs plays a dominant
role in Fe2+/Fe3+ chelation. These findings suggested that the
HSD/GMs can serve to alleviate iron loading, thereby
synergistically lowering the concentration of LIP in the cytosol.
The combined chelating effect of DFO and the hydrogel

network on Fe2+ results in a reduction in the accumulation of
the LIP, which subsequently leads to decreased production of
ROS. To substantiate this effect, the scavenging capacities
against 2,2-diphenyl-1-picrylhydrazyl radical (DPPH•), •OH,
and 2,2′-azinobis (3-ethylbenzthiazoline-6-sulfonic acid) radi-
cal ion (ABTS•) free radicals were examined. As shown in
Figure 3h,i and Figure S11, the HS/GMs hydrogel showed low
antioxidant activity against the three types of ROS. The
introduction of dopamine side group significantly improved
the ROS scavenging effect, with the scavenging efficiencies of
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HSD/GMs reaching 68.40 ± 0.42% for DPPH•, 93.28 ±
0.17% for ABTS•, and 42.37 ± 1.93% for •OH. In addition, the
HSD/DFO@GMs did not show significant differences with
the HSD/GMs in the scavenging effects for DPPH• and
ABST•. However, the introduction of DFO obviously
improved the •OH scavenging capacity, further increasing it
to 69.75 ± 1.99% for HSD/DFO@GMs, which was
significantly higher than that of pure DFO (Figure 3i). We
believe that the reason for this appearance is that •OH is
generated by the Fenton reaction between Fe2+ and H2O2, and
this Fenton reaction involving Fe2+ is the primary cause of
oxidative stress damage due to iron imbalance in the cell.14

2.3. Inhibition of Ferroptosis and Oxidative Stress
Damage of Cardiomyocyte In Vitro. The biocompatibility
of the HSD/DFO@GMs hydrogel is a prerequisite for its
successful in vivo application. As is well-known, DFO exhibits a
certain cytotoxicity that depends on its concentration. As
shown in Figure S12a,b and S13a,b, DFO did not have
cytotoxicity toward H9C2 cells after 24 h of culture, regardless
of the concentration. However, cell viability dropped below
80% at 48 h in the 200 μM DFO group. In contrast, when
DFO was loaded into the HSD hydrogel, the H9C2 cells still
demonstrated high cell viability in the HSD/DFO@GMs
group (114.66 ± 9.61%) even with a DFO loading capacity of
1000 μM. This is primarily attributed to the controllable
release behavior, which results in a lower local DFO
concentration, thereby providing conditions for the long-
term use of high-dose DFO. Additionally, due to the excellent
biocompatibility of polysaccharide-based hydrogels, their
extracts can promote cell proliferation and tend to exhibit
higher cell viability than the control group. Furthermore, to
evaluate the in vivo toxicity, the status of vital organs in rats
was assessed 28 days after the hydrogel was injected into the
damaged myocardium in I/R model rats. As shown in Figure
S14, H&E staining revealed no pathological changes in the
liver, spleen, lungs, or kidneys in any of the groups. Therefore,

the prepared HSD/DFO@GMs hydrogel demonstrated
excellent cellular and tissue compatibility.
Under H/R microenvironments, the viability of cardiomyo-

cytes is significantly diminished as a result of ferroptosis and
oxidative stress-induced damage. To investigate the inhibitory
effects of the prepared HSD/DFO@GMs on ferroptosis and
oxidative stress damage in cardiomyocytes, H9C2 cells were
exposed to hypoxic (H) microenvironment (1% O2) for 2 h
followed by reoxygenation (R) for 12 h. In this H/R model,
H9C2 cells exhibited unfavorable changes such as increased
ROS and LPO content, upregulation of intracellular LIP, and
mitochondrial membrane potential dysregulation. Compared
to the control, the survival rate of H9C2 cells significantly
reduced to 29.50 ± 2.19%. The introduction of HS/GMs did
not change this damage, showing no statistical differences from
the H/R group. As excepted, the cell survival rate significantly
increased in HSD/GMs and HSD/GM@DFO group
compared to the H/R group (p < 0.001), and the HSD/
DFO@GMs group was able to recover the survival rate to
63.44 ± 5.10% (Figure S15). The H/R microenvironments
also induced mitochondrial dysfunction; as shown in Figure
4a; a strong red fluorescence from JC-1 polymers was observed
in normal H9C2 cells. In contrast, in the H/R and HS/GMs
groups, this red fluorescence was replaced by green
fluorescence, indicating the onset of cell apoptosis. However,
the HSD/GMs group exhibited a significantly higher JC-1
polymer/monomer fluorescence ratio compared to H/R and
HS/GMs groups (p < 0.001). Furthermore, the HSD/DFO@
GMs group demonstrated the highest JC-1 polymer/monomer
fluorescence ratio (p < 0.001 or p < 0.05) (Figure 4d).
Consequently, a substantial amount of lactate dehydrogenase
(LDH) was released from H9C2 cells under the H/R
microenvironment. Notably, the HSD/DFO@GMs treatment
significantly reduced the LDH release level (Figure 4e, p <
0.001), suggesting that the HSD/DFO@GMs hydrogel
effectively decreased the H/R damage to H9C2 cells. This

Figure 4. Inhibition of ferroptosis of cardiomyocytes in vitro. Fluorescence images of H9C2 cells stained by (a) JC-1 (polymer, red; monomer,
green), (b) Ferro Orange (red) and (c) C11-Biodipy (green) undergoing H/R and different treatments. (d) Quantification of ratio of red to green
fluorescence intensity represents the high and low mitochondrial membrane potentials (n = 3). (e) Quantification of LDH levels (n = 5). (f) Fe2+
concentration detected by Ferro Orange and (g) LPO level detected by C11-Biodipy (n = 3).
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effect can be primarily attributed to its combined anti-
ferroptosis and antioxidant properties.
To further elucidate the antiferroptosis effects, intracellular

LIP levels were assessed by Ferro Orange staining. As shown in
Figure 4b,f, a pronounced red Ferro Orange fluorescence was

observed in H9C2 cells exposed to the H/R microenviron-
ment, significantly exceeding that of the control group (p <
0.001). Notably, the HS/GMs treatment did not exert any
discernible effects. Consistent with expectations, the most
substantial decrease in LIP expression was evident in the

Figure 5. Inhibition of oxidative stress damage of cardiomyocyte in vitro. (a) Intracellular superoxide anion radical activity (DHE, red) and (b)
total intracellular ROS (DCFH-DA, green). Quantification of ROS level detected by (c) DHE and (d) DCFH-DA (n = 3). Expression levels of (e)
MDA and (f) SOD (n = 4). (*p < 0.05; **p < 0.01; ***p < 0.001).

Figure 6. Inhibition of ferroptosis in vivo after I/R injury. (a) Schematic illustration of the therapeutic effect of hydrogels on I/R-injured hearts.
Representative stained images of (b) Fe3+ and (c) GPX4 immunohistochemistry infarcted zone on day 1 after surgery. Quantitative analysis of (d)
Fe3+ and (e) GPX4 area occupied. (n = 4; **p < 0.01; ***p < 0.001).
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HSD/DFO@GMs group compared to the H/R injury group.
Disorders in LIP content can exacerbate in the intracellular
Fenton reaction, leading to further oxidization to produce a
large amount of LPO, thereby inducing ferroptosis. As shown
in Figure 4c,g, ferroptosis probe C11-Biodpy, used as a marker
of the cellular LPO, appeared around the nucleus of H9C2
cells in both H/R and HS/GMs groups. The DHS/DFO@
GMs hydrogel can effectively inhibit the accumulation of LPO
by reducing oxides and free iron ions, therefore resulting in
significantly lower fluorescence intensity compared to other
groups (p < 0.001 or p < 0.01). DFO promotes the activity and
stability of HIF-1α by scavenging intracellular Fe2+, thereby
triggering the activation of a series of pro-angiogenic genes,
including VEGFA. The H/R HUVECs cells were used to
assess the expression levels of HIF-1α and VEGFA. As shown
in Figure S16a,c, hypoxia treatment activated the cell’s own
antioxidant defense capacity, leading to upregulated levels of
HIF-1α in the H/R group. Notably, the HSD/DFO@GMs
group exhibited significantly higher expression levels of these
markers compared to the other groups (p < 0.001), consistent
with our measurements of intracellular LIP levels. Similarly, the
HSD/DFO@GMs group improved the VEGFA expression
(Figure S16b,d). These results suggest that HSD/DFO@GMs
hydrogel promoted the expression of pro-angiogenic genes by
HUVECs.
To elucidate the antioxidant effects, the expression of

various ROS in the cytoplasm were determined using
dihydroethidium (DHE) and 2′,7′-dichlorofluorescein
(DCFH-DA) staining. As shown in Figure 5a,b, a significant
decrease in fluorescence intensity in the HSD/GMs and HSD/
DFO@GMs groups could be observed compared to the H/R
control group (p < 0.001). As expected, differences were also
noted between the DHS/DFO@GMs and HSD/DFO@GMs
groups, particularly a significant difference in the fluorescence

intensity of DHE, which reflects the overall ROS level (Figure
5c, p < 0.05), and a difference in the fluorescence intensity of
DCFH-DA (Figure 5d, p < 0.001). In addition, the prepared
HSD/DFO@GMs hydrogel can modulate the expression levels
of malondialdehyde (MDA) and superoxide dismutase (SOD)
in H9C2 after H/R damage. As shown in Figure 5e, compared
with the control, the MDA expression level in the H/R group
was higher than that of the control (p < 0.001). The addition
of HSD/DFO@GMs attenuated this effect (p < 0.001).
Similarly, the HSD/DFO@GMs stimulated SOD production,
although it still was less than that in the control group,
suggesting that HSD/DFO@GMs can effectively scavenge
ROS and decrease the oxidative stress damage in H9C2 under
the H/R microenvironment (Figure 5f).

2.4. Inhibition of Ferroptosis and Oxidative Stress
Damage In Vivo after I/R Injury. Myocardial I/R injury is
accompanied by the dysregulation of iron homeostasis and the
generation of ROS, which culminate in ferroptosis by
catalyzing the oxidation of phospholipids in various cellular
membranes. It is anticipated that the prepared HSD/DFO@
GMs hydrogel can effectively suppress ferroptosis and
oxidative stress damage after I/R injury (Figure 6a). First,
the Fe3+ deposition in cardiac tissue at the early stage of I/R
injury was investigated, serving as an indicator of the total
intracellular iron ions content. As shown in Figure 6b,d, a
significant amount of Fe3+ was observed in the I/R group on
day 1 postsurgery. However, the Fe3+ area was markedly
reduced after treatment with HSD/GMs (p < 0.001).
Furthermore, HSD/DFO@GMs led to an even greater
decrease in Fe3+ deposition (p < 0.01), attributed to the
synergistic Fe3+ scavenging action of the HSD network and
DFO, which was consistent with the results of cellular
experiments. In addition, the initiation of myocardial I/R
injury is frequently associated with the downregulation of

Figure 7. Inhibition of oxidative stress damage in vivo after I/R injury. (a) Representative fluorescent images of Mito Tracker at the infarcted zone
on day 1 after surgery. (b) Representative fluorescent staining images of TUNEL at the infarcted zone on day 3 after surgery. (c) Relative
fluorescent intensity of Mito Tracker standing at the infarcted zone. (d) Quantitative analysis of the apoptotic cell rate. (n = 4; ***p < 0.001).
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glutathione peroxidase 4 (GPX4), suggesting a breakdown in
the intracellular ferroptosis defense mechanisms.44 As shown in
Figure 6c,e, the expression level of GPX4 markedly increased
following I/R injury compared to the Sham group (p < 0.001).
As expected, the HSD/DFO@GMs hydrogel group showed
the highest GPX4 expression (p < 0.001). As shown in Figure
S17a,c ASCL4, a negative regulator of ferroptosis, exhibited
inverse trends compared to GPX4. Notably, the expression of
ASCL4 was significantly downregulated in the HSD/DFO@
GMs hydrogel group, reaching its lowest level (p < 0.001), in
stark contrast to the elevated levels observed post-I/R injury.
Furthermore, the concentration of the lipid peroxidation
marker 4-HNE (Figure S17b,d) was markedly reduced in the
HSD/DFO@GMs hydrogel group compared to other groups
(p < 0.001), suggesting a considerable decrease in lipid
peroxide accumulation. These findings suggest that HSD/
DFO@GMs may mitigate regional iron deposition in
myocardial tissues by modulating the expression of cellular
ferroptosis-related proteins, thereby lowering the risk of
ferroptosis in the I/R region. This finding suggested that
HSD/DFO@GMs can reduce the risk of ferroptosis in I/R
area by modulating the expression levels of cellular ferroptosis
inhibitory proteins positively and by reducing regional iron
deposition in myocardial tissue.
The HSD/DFO@GMs hydrogel demonstrates a significant

capacity to mitigate oxidative stress damage following I/R
injury by modulating the ROS microenvironment. As shown in
Figure S18a−d, the fluorescence intensity of DHE and DCFH-
DA in the HSD/DFO@GMs group was markedly reduced,
substantially lower than that observed in another group (p <
0.001 or p < 0.05), suggesting hydrogel’s efficacy in scavenging

ROS in vivo post-I/R injury. Therefore, this action alleviates
mitochondrial damage caused by ROS. As shown in Figure 7a,
the fluorescence signal of Mito Tracker was nearly an
undetectable post-I/R injury compared with that of the
Sham group. However, treatments with HSD/GMs and
HSD/DFO@GMs preserved mitochondrial integrity. Notably,
the HSD/DFO@GMs group exhibited a significantly higher
relative fluorescence intensity than other groups (p < 0.001),
although it remained lower than that of the Sham group
(Figure 7c). The serum levels of MDA and SOD were
investigated in each group of rats. As shown in Figure S19a,b,
the addition of HSD/DFO@GMs reduced the expression level
of MDA compared to the I/R group (p < 0.001). Similarly,
SOD production was stimulated, indicating that HSD/DFO@
GMs effectively scavenged ROS and reduced oxidative stress
damage in the microenvironment after I/R.
The degree of apoptosis, distinct from ferroptosis, within the

I/R injury infarcted area was also assessed. TUNEL staining
revealed that 26.2 ± 2.59% of cardiomyocytes underwent
apoptosis due to the dysregulation of the microenvironment
following I/R injury (Figure 7b,d). In contrast, the rate of
apoptosis-positive cardiomyocytes was significantly reduced to
5.48% and 2.17% after treatment with HSD/GMs and HSD/
DFO@GMs hydrogels, respectively. In addition, HSD/DFO@
GMs treatment significantly reduced serum LDH levels
(Figure S20, p < 0.001), suggesting that HSD/DFO@GMs
effectively prevented the massive apoptosis of cardiomyocytes
after I/R. Therefore, the HSD/DFO@GMs alleviates oxidative
stress and reduces both apoptosis and ferroptosis in the early
stages of I/R injury through the synergistic antioxidative of

Figure 8.Modulation effects of HSD/DFO@GMs hydrogels on the morphology of the myocardium. (a) H&E and Masson’s trichrome staining for
muscle (red) and collagen (blue) in cardiac morphology. (b) Infarcted area fraction of LV. (c) Quantitative analysis of the myocyte size. (d)
Representative fluorescent staining images of WGA at the border zone on day 28 after surgery. (n = 4; ***p < 0.001).
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dopamine moiety and DFO, providing recovery of cardiac
function in the maturation phase.

2.5. Therapeutic Efficacy of the HSD/DFO@GMs
Hydrogel on Cardiac I/R Injury in Rats. Due to the
mitigated effects of ferroptosis and oxidative stress damage, we
hypothesized that the prepared HSD/DFO@GMs hydrogel

could effectively decrease myocardial infarction area in the I/
R-injured region. To verify this effect, LV remodeling was
assessed by H&E and Masson’s trichrome staining on day 28
postsurgery. As shown in Figure 8a, the Sham group exhibited
normal red myocardial tissue, while the I/R group displayed
LV dilatation and a significant number of blue-stained

Figure 9. Modulation effects of HSD/DFO@GMs hydrogels on the function of the myocardium. (a) Representative immunofluorescence staining
images of cTnT (green), α-SMA (red), and DAPI (blue) at the infarcted zone on day 28 after surgery. (b) Representative images of VEGF
immunohistochemistry. Quantitative analysis of the (c) cTnT area fraction and (d) blood vessel density. (e) Quantitative analysis of the VEGF
areas occupied. (n = 4; **p < 0.01; ***p < 0.001).

Figure 10. Cardiac electrophysiology and systolic function. (a) Representative ECGs for rats in different groups at 1, 7, and 28 days
postoperatively. (b) QRS interval duration. (c) Echocardiography imaging of rats in different groups after 28 days. (d) EF, (e) FS, (f) LVDd, and
(g) LVDs on 28 days after surgery (n = 4; n.s., no significant difference; *p < 0.05; **p < 0.01; ***p < 0.001).
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fibroblasts and collagen deposits. The collagen deposition
significantly decreased in all of the hydrogel treatment groups.
In addition, Figure 8b showed that the infarct area in the HS/
GMs group was significantly lower than that of the I/R group
(p < 0.001), which may be attributed to the fact that the HA
has an extracellular matrix-like composition,45 as well as the
fact that the hydrogel provided mechanical support in place of
dead cardiomyocytes.46 HSD/GMs and HSD/DFO@GMs
hydrogel reduced the infarct area to 9.66 ± 1.06% and 5.15 ±
1.20% compared to HS/GMs due to antiferroptosis and
suppression effects of oxidative stress damage. Meanwhile, the
HSD/DFO@GMs hydrogel can also reduce the compensatory
hypertrophy of cardiomyocytes. Wheat germ agglutinin
(WGA) staining suggested that the cardiomyocytes surround-
ing the infarcted area were significantly enlarged in the I/R
group compared to those in the Sham group, with evidence of
cell membrane damage. All hydrogel treatment groups
inhibited cardiomyocyte hypertrophy, showing significantly
smaller myocyte sizes than the I/R group (p < 0.001). The
HSD/DFO@GMs group demonstrated the greatest inhibitory
effect, attributed to the preservation of more intact myocardial
tissue (Figure 8c, 8d).
I/R induced a significant decrease in cardiac troponin T

(cTnT) expression in cardiomyocyte, making it difficult to
observe green cTnT positive cells in the I/R group (Figure
9a,c). All hydrogel treatments increased the percentage of
cTnT-positive cells. The HSD/DFO@GMs group exhibited
the highest cTnT expression level (p < 0.001) compared with
other groups, with more regular alignment of cardiomyocytes,
suggesting higher survival rates of cardiomyocytes in the I/R-
injured area. Restoration of the vascular network in the I/R-
injured area is a crucial factor for recovering cardiac function at
maturity.47 Vessel formation in the infarcted region was
assessed using α-smooth muscle actin (α-SMA) staining
(Figure 9a,d). The vessel density was higher in the I/R and
HS/GMs groups compared with the Sham group, which was
attributed to spontaneous recruitment of endothelial cells in
the infarcted region. The HSD/GMs group showed increased
vessel density, likely due to reduced oxidative stress in the early
stage. The HSD/DFO@GMs group exhibited the highest
vessel density, which can be attributed to pro-angiogenic
effects of released DFO. DFO inhibits prolyl hydroxylase and
promotes the activity and stability of HIF-1α by chelating
intracellular Fe2+ and stimulates activation of a range of pro-
angiogenic genes, including vascular endothelial growth
factor.30,31 The expression levels of HIF-1α and VEGF were
measured at 7 d postprocedure (Figure 9b, 9e, S21a-b), with
the HSD/DFO@GMs group showing significantly higher
levels compared to other groups. These results suggested
that the sustained slow release of DFO facilitates restoration of
vascular network in the infarcted area.
The cardiac electrophysiological responses were monitored

through the acquisition of electrocardiograms (ECGs) on
postoperative days 1, 7, and 28. As shown in Figure 10a,b, the
ECGs from all groups subjected to I/R injury exhibited a
significant ST-segment elevation on day 1, which is indicative
of acute myocardial injury. On days 7 and 28 after surgery, the
proliferation of fibrotic tissue led to characteristic changes in
the ECGs of the I/R and HS/GMs groups, such as deepening
of the Q wave, inversion of the T wave, and prolongation of
the QRS interval. These alterations suggested a progressive
impairment of electrophysiological conduction with cardiac
tissues. In contrast, the early removal of ROS and excess irons

in thHSD/DFO@GMs group preserved a substantial number
of viable cardiomyocytes. Consequently, this group demon-
strated reduced QRS intervals and mitigated electrical
decoupling and arrhythmia in the infarcted area, which was
significantly lower compared to other groups (p < 0.001 vs I/R
and HS/GMs, p < 0.05 vs HSD/GMs), although it was still
slightly higher than that in the Sham group (p < 0.01).
Echocardiography was used to evaluate cardiac diastolic and

systolic function, as well as the degree of ventricular dilatation
after 28 days postsurgery. As shown in Figure 10c, in
comparison to the Sham group, both the I/R and HS/GMs
groups exhibited LV thinning and diminished systolic activity,
because of malignant remodeling of the ventricles. Treatment
with HSD/DFO@GMs restored heart function to levels
comparable to those the Sham group. The ejection fraction
(EF) and fractional shortening (FS) values significantly
decreased in the I/R group to 60.74 ± 6.69% and 33.60 ±
5.06%, respectively, from 90.35 ± 4.71% and 62.40 ± 7.78% in
the Sham group (Figure 10d,e). All hydrogels improved
ventricular dilatation by mechanical support, with both EF and
FS increasing the injection of HS/GMs, HSD/GMs, and
HSD/DFO@GMs hydrogel. Benefiting from its antioxidant
and antiferroptosis effects, the HSD/DFO@GMs group
achieved the highest values (EF, 79.47 ± 4.75%; FS, 48.76 ±
5.44%). Furthermore, various parameters of the LV further
elucidate these effects (Figure 10f,g and Figure S22a,b),
including LV end-systolic diameter (LVDs), LV end-diastolic
diameter (LVDd), LV end-systolic volume (LVS), and LV
end-diastolic volume (LVD). I/R injury increased the LVDd
(6.88 mm) and LVDs (4.56 mm) compared to the Sham
group. However, the injection of HSD/DFO@GMs decreased
this trend, reducing LVDd to 4.99 mm, with no statistically
significant difference compared to the Sham group.

3. CONCLUSIONS
In this study, an injectable HSD/DFO@GMs hydrogel
antiferroptosis and antioxidant properties for cardiac repair
was design and prepared. This hydrogel effectively chelated
Fe2+ after I/R injury through its HA network and the release of
DFO. Additionally, it can effectively scavenge the ROS via DA
side groups and released DFO, thereby providing a suitable
microenvironment for the repair of the damaged myocardium.
Results suggested that the prepared HSD/DFO@GMs hydro-
gel favorable injectability due the Schiff base dynamic covalent
cross-linking structure between aldehyde group in ODH and
amino in HAD and GMs. Additionally, the HSD/DFO@GMs
showed stable mechanical property and the mechanical
strength can be modulated by ODH/HAD concentration
and GMs contents. Moreover, the cross-linked structure and
gelatin matrix can respond to the weak acid microenvironment
and MMP-2 after I/R injury, achieving controlled release of
DFO. Therefore, the prepared hydrogel can effectively inhibit
the ferroptosis and oxidative stress damage of H9C2
cardiomyocyte under H/R microenvironment. When the
HSD/DFO@GMs hydrogel was injected into the I/R-injured
myocardium, it synergistically attenuated oxidative stress in the
infarcted region, adjusted intracellular LIP content and
ferroptosis regulator levels, and facilitated promotes revascula-
rization, ultimately leading to the restoration of cardiac beat
function. Overall, this work provides a possible approach for
the treatment of I/R myocardial tissue injury by inhibiting
ferroptosis and oxidative stress damage in cardiomyocyte.
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4. EXPERIMENTAL SECTION
4.1. Materials. Gelatin (Type A from Porcine, 250 Bloom),

hyaluronic acid (HA, 9−10 kDa), adipic acid dihydrazide (ADH,
99%), 1-hydroxybenzotriazole (HOBT, 98%), dopamine hydro-
chloride (DA-HCl, 98%), N-(3-(dimethylamino)propyl)-N′-ethyl-
carbodiimide hydrochloride (EDC, 97%), and N-hydroxy succinimide
(NHS, 98%) were purchased from Aladdin (Shanghai, China).
Deferoxamine mesylate (DFO, 98%) and sodium periodate (99%)
were purchased from Meryer (Shanghai, China). Collagenase II,
Recombinant Human MMP-2 and CCK-8, LDH, ABTS, MDA, and
SOD free radical scavenging kits were purchased from Solarbio
(Shanghai, China). Hoechst 33342, C11-Biodipy, and JC-1 kits were
purchased from Beyotime (Shanghai, China). Ferrous Ion Detection
Kit (Ferro Orange) was purchased from Maokang Bio (Wuhan,
China).

4.2. Synthesis of DFO-Loaded Gelatin Microspheres. DFO-
loaded gelatin microspheres (DFO@GMs) were prepared by
employing an emulsion cross-linking method. Briefly, a 15 wt %
gelatin solution was dropped into the oil phase, which consisted of 60
mL of liquid paraffin and 1 g of SP-80, utilizing a device designed for
constant velocity injection. The mixed solution was emulsified at 60
°C under stirring, followed by cooling in an ice bath. Subsequently,
1.5 mL of glutaraldehyde solution (25% (v/v)) was added to the
emulsion, and the reaction was carried out under stirring for 1 h. The
reaction mixture was then dehydrated by the addition of 80 mL of
acetone and stirring for 30 min. After filtration, the GMs were
obtained and washed alternately with anhydrous ether and acetone to
remove the oil phase. The GMs were placed in a vacuum drying oven
for 24 h. Finally, the GMs were redispersed in aqueous solution and
dropped into NaBH4 aqueous (4 wt %). The GMs were filtered,
washed three times with deionized water, dehydrated by adding
anhydrous ethanol, and finally placed in a vacuum drying oven for
another 24 h. To load DFO, varying amounts of DFO (20 mg, 50 mg,
and 80 mg) were incorporated into the gelatin solution and the
DFO@GMs were prepared using the same method. The morphology
was observed by SEM (Regulus 8100, HITACHI, Japan), and the size
was counted.

4.3. Characterizations of DFO-Loaded Gelatin Micro-
spheres. In order to determine the amount of DFO loading, a
DFO-Fe3+ standard curve was established. Then, 5 mg of DFO@GMs
was suspended in a collagenase II solution (0.6 mg/mL) at 40 °C for
30 min. The supernatant was added to a 96-well plate with a drop of 3
mM FeCl3 solution, the absorbance was measured after 5 min of
standing time, with GMs used as a control, and the eqs 1 and (2) were
used to calculate the loading and encapsulation rates.48

= ×

DFO loading capacitiy
weight of DFO in DFO@GMs

weight of DFO@GMs
100%

(1)

= ×

encapsulation efficiency
weight of DFO in DFO@GMs

weight of DFO fed initially
100%

(2)

4.4. Preparation of Injectable HSD/DFO@GMs Hydrogel.
First, dopamine-grafted oxidized hyaluronic acid (OHD) was
synthesized. Briefly, 3 g of HA was dissolved in 100 mL of deionized
water, and 2.4 g of sodium periodate was added and stirred in the
dark. After 2 h, the reaction was terminated by the addition of 5 mL of
ethylene glycol for 2 h, dialyzed against deionized water (MWCO
8000−14000) for 3 days, and freeze-dried to obtain oxidized
hyaluronic acid (OHA). Then, 1 g of the prepared OHA was
dissolved in 100 mL of MES buffer (0.1 M), and 1 g of EDC-HCl and
0.3 g of NHS were added under stirring for 30 min. A 0.5 g amount of
DA-HCl was added under N2 atmosphere to adjust the pH to about
4.7. After 10 h, the product was sequentially treated with 1 M NaCl
solution, HCl solution (pH 5.0), and deionized water, followed by
freeze-drying to yield OHD. For the synthesis of adipic acid

dihydrazide grafted HA (HAD), 1 g of HA was completely dissolved
in 100 mL of MES buffer (0.1 M) and then 1.36 g of HOBT and 1.15
g of EDC-HCl were added to the HA solution; the pH value was
adjusted to 6.0 using 0.1 M NaOH. After 1 h. 4.36 g of ADH was
added. The reaction was carried out for 48 h. The reaction solution
was dialyzed against deionized water for 5 days and then was freeze-
dried to obtain HAD. The chemical structures of OHD and HAD
were determined by 1H NMR spectroscopy (AVANCE IIITM HD
400 MHz, Bruker, Germany), FI-TR (iS50), and titration with
hydroxylamine hydrochloride.43

The prepared HAD and ODH were dissolved in deionized water to
form a final concentration of 5 wt %, respectively. Then, the obtained
HAD and ODH aqueous solutions were mixed at 1:2 volume ratios to
prepare the HSD hydrogel. GMs or DFO@GMs were dispersed in
HAD solution to prepare HSD/GMs or HSD/DFO@GMs hydrogel
with a final concentration of 2 wt % GMs. Using the same method,
the HS/GMs, HSD/GMs, and HSD/DFO@GMs with different GMs
contents and HA contents were prepared; the detail prepared
parameters were list in Table S2.

4.5. Characteristics of HSD/DFO@GMs Hydrogel. The
morphology and microstructure of the HSD and HSD/DFO@GMs
hydrogels were investigated by SEM (Apreo S LoVac). The chemical
structures and physical interactions of HSD/DFO@GMs were
investigated by FI-TR (iS50).

The rheological properties of the HSD/DFO@GMs hydrogels
were evaluated at a physiological temperature of 37 °C by using a
rheometer (MCR302, Anton Paar) equipped with 25 mm parallel
plates. The storage modulus (G′) and loss modulus (G″) of the
stabilized HSD/DFO@GMs hydrogel were determined through a
time sweep ranging from 0 to 300 s at a frequency of 1 Hz and a
constant strain of 20%. The gelation time was ascertained via time
sweep and vial inversion; the gelatin time is defined as the point at G′
= G″. The shear thinning behaviors of the prepared hydrogels were
evaluated by increasing the shear rate from 0.1 rad/s by 10 rad/s. To
ascertain the yield strain of the prepared hydrogel, strain sweeps were
conducted from 0 to 1000% at a constant frequency of 1 Hz.

The injectability of the HSD/DFO@GMs hydrogel was assessed
by using a universal electromechanical tester equipped with a 50 N
load cell (WDW-05, Si Pai, Inc., China). A 1 mL syringe filled with
HSD/DFO@GMs hydrogel precursor solution with different solid
contents (3%, 5%, and 7%) and DFO@GMs (0.5%, 1.0%, and 2%)
was fixed to the tester. The hydrogel was injected through an 18G
needle at a controlled rate of 20 mm/min. The force−displacement
curves were meticulously recorded with the mean value of the plateau
region being designated as the representative injection force for the
hydrogel.

4.6. Measurement of Antioxidant Efficiency. The antioxidant
efficiency of the HSD/DFO@GMs hydrogels was evaluated by
determining the scavenging efficiency against free radicals of DPPH•,
the hydroxyl radical •OH, and ABTS•. All of the DFO was directly
added into the HSD hydrogel. For the DPPH• assay, 200 μL of
hydrogel was incubated with 2 mL of DPPH• ethanol solution (0.4
mM) in a shaker at 37 °C for 30 min, 60 min, 90 min, and 120 min.
An equal amount of deionized water was used instead of the hydrogel
as a control. The absorbance of the supernatant was measured at 517
nm by using an enzyme marker (Infinite 200pro, TECAN,
Switzerland). The DPPH• scavenging effect was calculated by the
eq 3, where Acontrol and Asample are the absorbances at 517 nm of the
supernatant of the hydrogel and control groups, respectively.

= ×• A A

A
DPPH scavenging effect (%) 100

control sample

control (3)

The scavenging effect of •OH radicals was evaluated by using the
Fenton reaction and the colorimetric change of methylene blue (MB).
Briefly, 200 μL of HSD/DFO@GMs hydrogel or DFO solution was
added into a mixture containing 400 μL of FeSO4 (1.8 mM) and
H2O2 (1.5 mM) solution, to which 400 μL of methylene blue solution
was added. The resulting mixture was incubated at 37 °C for 30 min.
Equal amounts of deionized water were used instead of the hydrogel
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as the blank group, and deionized water was used in place of both the
FeSO4 solution and the hydrogel as the control. The absorbance of
the supernatant at 662 nm was then measured using an enzyme
marker.48 The •OH scavenging effect was calculated according to eq
4, where Asample, Ablank, and Acontrol were the absorbances of the
supernatant in hydrogel, blank, and control group, respectively.

= ×• A A

A A
OH scavenging effect (%) 100

sample blank

control blank (4)

In addition, the ability of the hydrogel to clear ABTS• was
determined by referring to the method provided in the kit. Briefly, 150
μL of HSD/DFO@GMs hydrogel was taken and its absorbance of the
supernatant at 405 nm was determined. The ABTS• scavenging effect
was calculated according to the eq 5, where Asample, Ablank, and Acontrol
are the absorbances of the supernatant in hydrogel sample, blank, and
control group, respectively.

= ×• A A

A
ABTS scavenging effect (%) 100

control sample

control (5)

4.7. Detection of Scavenging Effect for Divalent Iron Ions.
In order to determine the scavenging effects of DFO for Fe2+, 1,10-
phenanthroline solution was added to a mixed solution of DFO and
FeSO4 and the absorbance of the supernatant at 510 nm was
measured using an enzyme marker according to a previous report.49

The DFO solution was replaced by an equal amount of deionized
water or 1,10-phenanthroline solution as the control group and blank
group, respectively. The Fe2+ scavenging effect was calculated using
the eq 6, where Asample, Ablank, and Acontrol are the absorbance at 510
nm of the supernatant of the hydrogel sample, blank, and control
group, respectively.

= ×+ A A

A A
Fe scavenging effect (%) 1002 control sample

control blank (6)

4.8. Degradation Property Test. The HSD/DFO@GMs
hydrogels were subjected to lyophilization to obtain a dry state.
Approximately 20 mg (denoted as w0) of the lyophilized hydrogel was
then immersed into 2 mL of deionized water, adjusted to either pH
6.5 or pH 7.4. These hydrogel samples were incubated in a shaker (37
°C, 80 rpm) for a predetermined duration. Following incubation, the
weight of the hydrogel (wt) was ascertained postlyophilization. The
degradation rate was calculated according to eq 7:

= ×
w w

w
degradation rate (%) 100t0

0 (7)

4.9. Determination of DFO Release Behaviors. To assess the
release kinetics of DFO under different conditions, a 3 mM FeCl3
solution was introduced into a DFO solution of different
concentrations. The resulting standard curve was constructed by
measuring the absorbance at 446 nm with an enzyme marker after 30
min. Subsequently, 5 mg of DFO@GMs was added into 8 mL of
deionized water, either with or without the addition of MMP-2 (20
nM). These samples were incubated in a shaker at 37 °C and 100 rpm
for 7 days. At regular intervals, 100 μL of supernatant was collected
and the concentration of DFO was determined using the
aforementioned method, with an equal volume of the corresponding
solution being replenished to maintain the system’s integrity.
Similarly, HSD/DFO and HSD/DFO@GMs were added into 8 mL
of deionized water (pH = 6.5 or 7.4) and the DFO concentration was
determined by the above method. According to a previous report,50

the cumulative release rate (Er) of DFO was calculated according to
eq 8, where Ve is the volume of supernatant removed at each interval;
V0 is the total volume of the solvent; Ci is the concentration of the
DFO extracted at the Ith interval; and mDFO is the total mass of DFO.

=
+

×=E
V C V C

m
100i

n
i n

r
e 1

1
0

DFO (8)

4.10. Fe2+ and Fe3+ Adsorption Kinetics Experiments. First,
FeSO4 and FeCl3 solutions with different Fe2+ or Fe3+ concentrations
(5 mg/L, 10 mg/L, 20 mg/L, 30 mg/L, 50 mg/L, and 100 mg/L)
were prepared and mixed with 1,10-phenanthroline and KSCN
solutions, respectively. The absorbances at 510 nm and 480 nm were
measured using an enzyme marker to construct the standard curves.
Subsequently, about 10 mg of HSD/GMs was added into 10 mL of
FeSO4 solution and incubated in a shaker at 37 °C for different
durations (10 min, 30 min, 45 min, 60 min, 90 min, 120 min, and 240
min). The immediate adsorptions of Fe2+/Fe3+ by HS/GMs hydrogels
and GMs at 2 h and 4 h were measured using the same method. The
Fe2+ concentration was then measured by using the above method.
Fe3+ kinetic adsorption was determined by using the aforementioned
method. The theoretical equilibrium adsorption amount (Qe) was
determined using variation equ 9. The process was fitted with a
pseudo-first-order model (Lagergren eq 10) based on solid-phase
adsorption capacity. Then, a pseudo-second-order model (Ho eq 11)
was applied, referencing the results from the pseudo-first-order fit,51

where Qt is the adsorbed amounts (mg/g) at time t and k1 and k2 are
the rate constants.

=Q Q k t(1 exp( ))t e 1 (9)

=Q Q Q k tlog( ) logte e 1 (10)

= +t
Q k Q

t
Q

1

t 2 e
2

e (11)

4.11. Cytotoxicity Assay. The cytocompatibilities of HSD/
DFO@GMs and DFO were assessed by Acridine Orange (AO)
staining and the CCK-8 assay (CA1210, Solarbio) using H9C2 mouse
cardiomyocytes. ODH, HAD, and DFO@GMs were sterilized via UV
irradiation, and the hydrogel extracts were prepared by immersing 1
mL of the HSD/DFO@GMs hydrogel in 10 mL of complete medium
at 37 °C for 48 h. H9C2 cells were seeded in 96-well tissue culture
plates at a density of 1 × 104 cells/well and incubated for 12 h. The
medium was then replaced with 200 μL of hydrogel extract and
incubated for another 24 h and 48 h. Cells cultured in complete
medium served as the control. The cell morphology of H9C2 was
observed by fluorescence microscopy (ECLIPSE Ts2, Nikon, Japan)
after AO staining. Cell viability was investigated using the CCK-8
assay, with absorbance measured at 450 nm using a microplate reader
(Infinite M Nano+, Tecan, Austria). Similarly, the cytocompatibility
of various concentrations of DFO was also evaluated. The cell viability
was calculated using eq 12, where Asample and Acontrol represent the
absorbances of CCK-8 solution in hydrogel sample and control group,
respectively, Ablank represents the absorbance of CCK-8 solution in the
absence cell culture.

= ×
A A

A A
cell viability (%) 100

sample blank

control blank (12)

4.12. Evaluating the Effects of Hydrogel on Cardiomyocyte
Viability under Hypoxia/Reoxygenation Conditions. The
hypoxic medium was employed to create the cardiomyocyte
hypoxia−reoxygenation (H/R) model according to a previous
report.52 H9C2 cells were seeded in 48-well tissue culture plates at
a density of 5 × 104 cells/well and incubated for 12 h. The medium
was then removed, and 400 μL of hypoxic medium was added to each
well. The cells were incubated in an anoxic chamber with 1% aqueous
O2 and 5% aqueous CO2 for 2 h. After discarding the hypoxic
medium, 60 μL of HS/GMs, HSD/GMs, and HSD/DFO@GMs
hydrogel and 500 μL of fresh medium containing 0.5 μg/mL MMP-2
were added, and the cells were incubated for another 12 h under
normal condition. Cell viability was determined by CCK-8 assay.
Cells that were maintained in the normal incubator throughout the
entire incubation period with regular medium changes served as the
control group, while cells with the hydrogel replaced by PBS were
used as the H/R group.

To evaluate the effect of the prepared HSD/DFO@GMs hydrogel
on oxidative stress damage in cardiomyocytes, the cells subjected to
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the aforementioned H/R model were stained with dihydroethidium
(DHE) and 2′,7′-dichlorofluorescein (DCFH-DA) for 30 min,
respectively, followed by staining with 4′,6-diamidino-2-phenylindole
(DAPI) for 10 min to investigate the intracellular ROS levels. The
lactate dehydrogenase (LDH) level in the cell supernatant was
detected by using an LDH kit. Additionally, expression levels of
malondialdehyde (MDA) and superoxide dismutase (SOD) in the
supernatant of lysed cells were investigated by using the
corresponding reagent kit.

To investigate the effects of HSD/DFO@GMs hydrogel on the
ferroptosis, H9C2 H/R model cells were stained with Ferro Orange
and JC-1 for 20 min at 37 °C for 20 min, respectively, followed by the
observation of intracellular Fe2+ content and mitochondrial
membrane potential using fluorescence microscopy. Additionally,
the H/R model cells were incubated with C11- BODIPY for 30 min at
37 °C and then stained with Hoechst 33342 for 5 min to observe the
intracellular lipid peroxide content by microscopy. To assess the effect
of prepared HSD/DFO@GMs hydrogels on the expression of pro-
angiogenic genes, HUVECs were treated with the same method and
subjected to immunofluorescence staining for HIF-1α and VEGFA.

4.13. Myocardial Ischemia−Reperfusion Model Construc-
tion and Hydrogel Injection. All animal experiments were
approved by the Institutional Animal Care and Use Committee of
North China University of Science and Technology (Approval SCXK
(Beijing) 2020-0004). A myocardial I/R model was established in
male Sprague-Dawley (SD) rats (7−8 weeks old, body weight 250 ±
20 g) following previously published protocols.52 The rats were
anesthetized and intubated, and an open thoracotomy was performed
at the fourth intercostal space to expose the heart. The left anterior
descending (LAD) artery was ligated with a 6−0 suture 2−3 mm
distal to the junction between the left auricle and the arterial cone.
After ischemia was induced for 30 min, the suture was removed to
initiate reperfusion to obtain the myocardial I/R model rats. The I/R
rats were randomly assigned into 5 groups: Sham, I/R, HS/GMs,
HSD/GMs, and HSD/DFO@GMs. In the Sham group, the rats
underwent a thoracotomy without ligation. For the hydrogel-treated
group, the hydrogel pre-solution was mixed aseptically using a double
pass and 100 μL hydrogels were injected into multiple points in the
infarcted area 5 min before removal of the ligature. The wound was
then closed with a 3−0 suture to complete the procedure.

4.14. In Vivo ROS Level Measurements. One day after surgery,
orbital blood sampling was performed on rats and serum was obtained
by centrifugation at 1200 rpm for 20 min after the blood samples had
coagulated. LDH, MDA, and SOD kits were used to measure the
expression level of the corresponding substances in rat serum.
Meanwhile, freshly obtained heart tissues were fixed with OCT and
frozen at −80 °C. Cryosections of 4 μm were cut and incubated with
DHE, DCFH-DA, and Mito Tracker solution in the dark for 30 min,
followed by washing with PBS. DAPI staining was then applied to seal
the sections. The sections were examined under a high-speed confocal
platform (Andor Dragonfly, Oxford Instruments, U.K.), and the
relative fluorescence intensities of DCFH-DA, DHE, and Mito
Tracker were analyzed by ImageJ software.

4.15. Immunofluorescence and Histological Staining. At 3
days, 7 days, and 28 days postsurgery, rat hearts were harvested and
fixed with 4 wt % paraformaldehyde, dehydrated, paraffin-embedded,
and sectioned into 4 μm thick slices. The histological features of the
hearts in each group were assessed using Masson (DC0032, Leagene
Biotechnology) and H&E staining. The infarct area was quantified by
calculating the ratio of fibrotic area (blue) to total area using ImageJ
software. Cardiomyocyte ferroptosis was evaluated using antibodies
against GPX4 (DF6701, Affinity), ASCL4 (DF12141, Affinity), 4-
HNE (HY-P81208, MCE), and Fe3+ (G1428, Solarbio). The
expression levels of pro-vascular factor levels were evaluated using
antibodies against VEGF (A17877, Abcam), HIF-1α (B3301,
Biodragon), and α-SMA (904601, Biolegend). TUNEL (AC12L055,
LIVE-iLAB) staining was used to evaluate cardiomyocyte apoptosis.
Cell membrane staining was performed with WGA (RL1022,
VECTOR) staining. cTnT (ET1610-51 HUABIO) staining was
selected to investigate the expression level of myocardial-specific

proteins. Cell nuclei were stained with DAPI (8961S, Cell Signaling
Technology). AF568 antimouse (A10037, Invitrogen) and AF488
antirabbit (A-21026, Invitrogen) were used as the fluorescent
secondary antibodies. Images were captured using a high-speed
confocal platform (Andor Dragonfly, Oxford Instruments, U.K.) and a
fluorescence microscope (BX63, Olympus, Japan). The percentage of
apoptosis, expression levels of VEGF, GPX4, ASCL4, and 4-HNE,
iron ion content, cardiomyocyte size, and vascular density were
analyzed by calculating the fluorescence area and intensity using
ImageJ software.

4.16. Echocardiography and Electrocardiogram. On days 1,
7, and 28 postsurgeries, a biosignal processing system (PowerLab
System, AD Instruments, Australia) was used to investigate the
electrocardiographs (ECGs) of each rat. Briefly, three needle
electrodes were inserted subcutaneously into each of the two upper
limbs and the right lower limbs. The ECGs of SD rats were recorded
at a tracking speed of 50 mm·s−1, and the QRS interval durations were
analyzed using LabChart software.

Transthoracic echocardiography was conducted on day 28
postsurgery using a Vevo 3100 LT imaging system (Visual Sonics,
Canada). Two-dimensional guided M-mode measurements were
taken to obtain a parasternal long-axis view with the cutting plane
positioned at the midpoint of the papillary muscle. Measurements of
end-systolic diameter (LVDs), end-diastolic diameter (LVDd),
ejection fraction (EF), shortening fraction (FS), end-systolic volume
(LVSv), and end-diastolic volume (LVDv) were performed to assess
the cardiac geometry and function in each group.

4.17. Physiological Toxicity Assay. After 28 days following the
implantation of hydrogel into the I/R-injured area, the liver, spleen,
lungs,and kidneys of each group of rats were excised and stained with
H&E to assess the systemic toxicity of each hydrogel group. Images
were captured using a fluorescence microscope (BX63, Olympus,
Japan).

4.18. Statistical Analysis. All data were presented as the mean ±
standard deviation, derived from at least three independent runs for
each sample. Data analysis was performed using Origin 2024b
software and Microsoft Excel 2016, employing one-way ANOVA with
Tukey’s post hoc test. In all cases, a p-value of less than 0.05 was
considered statistically significant. n.s. indicates no significant
difference at p > 0.05.
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