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Reprogramming the myocardial infarction
microenvironment with melanin-based
composite nanomedicines in mice

Yamei Liu 1,2,8, Shuya Wang3,4,8, Jiaxiong Zhang 1,2, Quan Sun1,2, Yi Xiao1,2,
Jing Chen1, Meilian Yao1, Guogang Zhang1,2,5, Qun Huang 6, Tianjiao Zhao3,4,
Qiong Huang2,7, Xiaojing Shi2,7, Can Feng3, Kelong Ai 3,4 &
Yongping Bai 1,2

Myocardial infarction (MI) has a 5-year mortality rate of more than 50% due to
the lack of effective treatments. Interactions between cardiomyocytes and the
MI microenvironment (MIM) can determine the progression and fate of
infarcted myocardial tissue. Here, a specially designed Melanin-based com-
posite nanomedicines (MCN) is developed to effectively treat MI by repro-
gramming theMIM.MCN is a nanocomposite composed of polydopamine (P),
Prussian blue (PB) and cerium oxide (CexOy) with a Mayuan-like structure,
which reprogramming the MIM by the efficient conversion of detrimental
substances (H+, reactive oxygen species, andhypoxia) into beneficial status (O2

andH2O). In coronary artery ligation and ischemia reperfusionmodels ofmale
mice, intravenously injecting MCN specifically targets the damaged area,
resulting in restoration of cardiac function. With its promising therapeutic
effects, MCN constitutes a new agent for MI treatment and demonstrates
potential for clinical application.

Myocardial infarction (MI) is the most emergent manifestation of
cardiovascular disease. Cardiovascular diseases account for 1/3 of the
annual global death toll1. Despite the substantial progress in the pre-
vention of cardiovascular diseases in the past few decades, 50 million
patients worldwide still experience MI each year2. Reperfusion is the
only effective clinical approach to resolve ischemic injury, but upon
reperfusion, myocardial tissue is replaced by fibrotic scars, leading to
cardiac dysfunction and life-threatening complications3. MI frequently
progresses to chronic heart failure (HF), resulting in a 5-year mortality
rate greater than 50% after MI4. Various therapeutic approaches, such
as cell transplantation, exosome treatment, and cardiac patch therapy,

have been used for MI, with varying degrees of success5. However,
therapeutic options to prevent, slow and reverse MI progression
remain extremely limited. Therefore, effective approaches to treat MI
and prevent its progression to HF are unmet but urgent needs.

The MI microenvironment (MIM) plays a crucial role in deter-
mining the fate of the affected myocardial tissue. The effective treat-
ment and the prevention of its progression toHF depend onmanaging
the complex interactions between cardiomyocytes and the MIM.
Options for MI treatment and prevention remain limited, but ongoing
research is aimed at improving outcomes for patients worldwide.
Previous study has generally focused on manipulating biological
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factors such as inflammatory factors and key proteins in the MIM to
treat MI6. The treatment of MI can be challenging due to the complex
nature of the MIM. The MIM is composed of various components and
factors that work together to establish a challenging environment in
which to implement effective therapies. Moreover, it is important to
consider the intricate connections among the various components and
factors to effectively treat MI. Targeting a single biological factor may
result in only limited and transient efficacy.

The MIM is formed due to the effects of physical and chemical
parameters within the MI site, after which the infiltration of inflam-
matory cells and the secretion of various inflammatory mediators and
profibrotic factorsoccur. ThepH,O2 concentration, and redoxbalance
are crucial considerations in the treatment of MI. These three para-
meters are important contributors to the complexity of the MIM and
greatly decrease the efficacy of therapeutic interventions. In addition,
focusing on a single biological factor may be insufficient for the long-
term treatment of MI; thus, a comprehensive approach is essential.
Moreover, the MIM can change over time, and the presence of
inflammatory cells and mediators can further complicate treatment7.
Importantly, pH can significantly impact the functions of proteins.
Even a small shift in pH can cause amajor change in the surface charge
of proteins, which can affect their function. This phenomenon is
especially important in normalmyocardial tissue, inwhich intracellular
pH values must remain within a narrow range for the efficient activity
of many cardiac signaling pathway. The ideal myocardial pH range is
~7.1–7.28. However, hypoxia at the MI site drives a shift from fatty acid
metabolism to anaerobic glycolysis, resulting in substantial produc-
tion of lactic acid. This metabolic reprogramming, in turn, decreases
the pH at the MI site, resulting in levels as low as 6.5–6.89. Indeed, MI
has a detrimental effect on cardiomyocyte mitochondria due to
hypoxia within the myocardium. This hypoxic condition can cause
excessive reactive oxygen species (ROS) production, which leads to a
rapid change in the redox environment within the infarcted myo-
cardial tissue. Ultimately, this change can result in the activation of
apoptosis or other forms of cell death in cardiomyocytes10. Currently,
there is considerable interest in adoptingnanomedicines tomodify the
MIM, mostly by supplying O2

11 or removing excess ROS12. However,
thorough three-dimensional (pH, hypoxia, and ROS) studies on the
MIM are lacking, although tripartite modification of the MIM may be
themost promising therapeutic approach for improving the prognosis
of MI patients. The main cause of this therapeutic bottleneck is the
extreme difficulty of simultaneously reversing the adverse changes in
pH, ROS, and oxygen content in situ.

In this work, we proposed and constructed a Melanin-based
composite nanomedicines (MCN) that can efficiently convert harmful
factors ((i.e., detrimental substances: H+, ROS, and hypoxia) in theMIM
into beneficial substances (i.e., beneficial elements: O2 andH2O), which
may result in reprogramming of the MIM. MCN contains three com-
ponents, namely, polydopamine nanospheres (P), Prussian blue (PB),
and cerium oxide (CexOy), which form a mutually cooperative system
at the nanoscale. MCN can subtly convert O2

•–, •OH, and H+ into O2 and
H2O in the MIM through three enzyme-catalyzed cascade reactions.
Through a noninvasive intravenous injection route, MCN can be tar-
geted to infarcted myocardial tissue with high specificity and
demonstrate excellent myocardial repair effects by reprogramming
theMIM. Due to its nanoscale size, MCN exhibits high specificity and is
targeted toward the infarcted area upon administration via invasive
intravenous injection. MCN reprograms theMIM and reverseMIM and
reverses its dysregulation to restore homoeostasis, resulting in a
reduction in cardiomyocyte apoptosis, the suppression of inflamma-
tory factor releases and the promotion of M2 macrophage polariza-
tion. MCN has superior myocardial repair function and HF resistance
due to this comprehensive effect.

Here, we synthesized MCN nanomedicine for converting key
detrimental substances into beneficial status in the MIM. MCN

specifically enriched in infarcted myocardial tissues and in the mito-
chondria of cardiomyocytes, restored homeostasis in the MIM,
reduced mitochondrial ROS levels to protect the mitochondrial
integrity and function, significantly inhibited cardiomyocyte apopto-
sis, and greatly reduced inflammation and fibrosis in infarcted myo-
cardial tissues. In addition, MCN is composed of P (an endogenous
substance in the body), PB (an agent that has been approved by the
FDA for clinical treatment for decades)13, and CexOy

14 at very low
concentrations.Consistentwith its composition,MCNdoes not exhibit
any toxic side effects at therapeutic doses. Therefore, MCN has great
clinical application prospects for MI and constitutes a paradigm for
efficient targeted treatment of MI via remodeling of the MIM.

Results and discussion
Synthesis and characteristics of MCN
MCNwaspreparedby sequentially growing PB andCexOy on PNPs and
then modifying the NPs with polyethylene glycol (PEG) (Fig. 1a).
Compared with P NPs (Fig. S1a), MCN had a unique structure similar to
Mayuan (a traditional Chinese delicacy, Fig. 1b inset) attributed to the
in situ growth of PB and CexOy (Fig. 1b). The successful preparation of
MCN was confirmed through systematic characterization (“Char-
acteristics” section in the Supplemental Information (SI), Figs. S1–S5).
Given the short transport distances (10−9 m) of the highly reactive ROS
(such as O2

•– and •OH), the proximity of the three key components (P,
PB, and CexOy) in MCN at the nanoscale was important for the mutual
synergy among the three cascade reactions (Fig. 1c). In our previous
study15, we revealed that P converts O2

•– toH2O2 andOH– through SOD-
like enzymatic activity, after which OH– and H+ react to produce H2O
(Step 1). PB has two enzyme-like properties. On the one hand, PB
converts H2O2 into H2O and O2 through its CAT-like enzymatic
activity16. However, PB also has peroxidase (POD)-like enzymatic
activity, through which it converts H2O2 into the more toxic •OH17.
More importantly, these two enzymatic activities of PB are pH
dependent, and its POD activity was increased in the acidic MIM (Step
2)18. Most importantly, CexOy on MCN converted •OH to O2 and H2O
through a two-step synergistic reaction (Step 3)19. Through these three
closely coordinated cascade reactions,MCN efficiently converted ROS
and H+ into O2 and H2O. As shown in Fig. 1d and Figs. S6–S8, MCN had
strong SOD-like enzymatic activity, similar to P and to PB grown
separately on polydopamine nanoparticles (hereafter referred to as
PP), as shownby the nitroblue tetrazolium assay, indicating that the PB
and CexOy modifications did not impair the SOD-like enzymatic
activity of P. We examined the O2

•– metabolites and found that O2
•–

reacted readily with NO to produce the cytotoxic molecule ONOO−20.
The ONOO− scavenging ability of MCN was investigated with a pyr-
ogallol assay. As shown in Figs. S9–S10, MCN had a strong ability to
scavenge ONOO−. •OH production mediated by PP NPs and MCN was
further evaluated with 3,3’,5,5’-tetramethylbenzidine (TMB) at pH 4
(similar to the lysosomal pH), pH6.5 (similar to theMIMpH) andpH7.4
(normal physiological pH). PP NPs catalyzed •OH production even at
neutral pH, and •OHproduction increasedwith decreasing pH (Fig. 1e).
As shown in Fig. 1f, MCN efficiently scavenged up to 63.94% of the •OH
content at pH 6.5. Moreover, the •OH scavenging capacities of MCN at
pH 4 (Fig. S11) and pH 7.4 (Fig. S12) were approximately 42.31% and
64.29%, respectively, indicating that MCN can effectively convert •OH
to O2 under different pH conditions because of the CexOy on its sur-
face. This ability is highly promising for the conversion of toxic H2O2

and •OH into O2, an event that can not only reduce ROS-mediated
damage but also spontaneously generate O2. As shown in Fig. 1g, h and
Figs. S13, S14, MCN produced far more O2 bubbles in the presence of
H2O2, than did PP NP.

MI targeting ability and therapeutic effect of MCN
It was crucial to determine whether MCN can accumulate in the
ischemic region. To facilitate this observation,MCNwasmodifiedwith
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fluorescein isothiocyanate (generating MCN-FITC) to trace MCN
accumulation. By transmission electron microscopy (TEM), we
observed vascular destruction of the infarcted myocardial tissue;
specifically, the vascular gap was aswide as 1.2 µmwith a peakwidth of
approximately 370 nm (Fig. 2a and Fig. S15)21. This feature made it
possible for MCN to target the infarcted myocardial tissue. By energy-
dispersive X-ray spectroscopy (EDS), we verified that MCN was enri-
ched in the infarcted myocardial tissue (Fig. 2b). After intravenous
injection of MCN-FITC, the fluorescence signal was stronger in the
infarcted area than in the other organs in both the non-MI group and
the MI group on Day 1 (Fig. 2c, d). MCN-FITC accumulated in the
infarcted region with significant specificity of organ distribution
(Fig. 2e and Fig. S16). Moreover, the concentration of cerium was
349.2 ± 48.32 ng/g in the MI tissues but 30.45 ± 14.07 ng/g in the

healthy myocardium, indicating more than 10-fold enrichment, as
determined by inductively coupled plasma mass spectrometry (ICP‒
MS) (Fig. S17). This finding was consistent with the results of ourMCN-
FITC uptake assay. More specifically, MCN-FITC was effectively taken
up by cardiac endothelial cells, cardiac fibroblasts, cardiac macro-
phages, and cardiomyocytes under hypoxic conditions (Fig. S18).
Moreover, MCN specifically targeted the infarcted area within ten
minutes of administration (Fig. S19), and the fluorescence intensity
and the amount of cerium exhibited the same trend, i.e., peaking the
Day 1 after injection and then decreasing by approximately 1/2 of the
initial values on Day 3 and by ~4/5 of the initial values on Day 7
(Fig. S20). These data indicate that the half-life of MCN is ~2.8 days
(~3 days). Considering that the main damage caused by MI occurs
during the first 7 days and considering the half-life of MCN, we

Fig. 1 | Characterization of MCN. a Diagram illustrating the synthesis process of
MCN.bTransmission electronmicroscopy (TEM) visualizations ofMCNwith a scale
bar representing 100nm. The data were replicated across three distinct experi-
ments. c Diagrammatic representation emphasizing the role of MCN in ameliorat-
ing hypoxic conditions. d O2

•– scavenging activities in the presence of P, PP, or
MCN. e •OH production trends of PP NPs across pH values of 4, 6.5, and 7.4. f •OH

scavenging capacities of P, PP, orMCN, specifically at pH 6.5. g Augmented oxygen
bubble formation (indicated by yellow arrows) in MCN at pH 6.5. h O2 production
profiles for H2O2, P, PP, or MCN. All presented data stems from mean± SD, repli-
cated across three distinct experiments. Three-or-more-group statistical sig-
nificance was calculated by one-way ANOVA followed by Bonferroni post hoc
correction. ns P >0.05.
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Fig. 2 | Distribution of MCN in vivo and the recovery of cardiac function after
MCN treatment in MI and I/R injury model. a Representative TEM images of
healthy vessels and infarcted vessels on day 1 after MI. b High-angle annular dark
field (HAADF) STEM reveals the MCN localized on myocardial mitochondria of the
infarct area (carbon, nitrogen, oxygen, iron, and cerium are abbreviated as C, N, O,
Fe, and Ce separately). BF-S bright field-STEM. c Representative images of mice
hearts of TTC staining and MCN-FITC NPs injection on day 1 after MI (the yellow
triangle points to the LAD ligation site). dQuantitative fluorescence intensity data.
e Fluorescence and bright field of mouse heart, lungs, liver, spleen, and kidneys
post tail vein injection of NPs in healthy or MI mice (n = 3 mice per group).
f Schematic image showing the MCN treatment of mouse heart after MI or
ischemia-reperfusion injury (i.v. intravenous injection). g Characteristic

echocardiography image after treatment with PB (positive control), P, PP, andMCN
on day 28 after MI and quantitative analysis of LVEF (h) (n = 6 mice per group).
i Representative images of HE’s staining on day 28 after MI. j Characteristic echo-
cardiography image after treatment with PB (positive control), P, PP, and MCN on
day 28 after I/R injury and quantitative analysis of LVEF (k) (n = 6 mice per group).
l Representative images of HE’s staining on day 28 after I/R injury. Scale bar: 1mm
(n = 6 animals per group). All data were presented as the mean ± SD. Two-group
statistical significance was calculated by unpaired two-tailed Student’s t-test, and
three-or-more-group statistical significance was calculated by one-way ANOVA
followed by Bonferroni post hoc correction. Some of the drawing materials for
Fig. 2f were downloaded from BioRender.com and are released under a Creative
Commons Attribution-NonCommercial-NoDerivs 4.0 International license.
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designed multiple injection plans (Fig. S21) and specific the dose
(Fig. S22) ofMCN, andfinally choseMCN injectionwith day by next day
and 7.5mg/Kg as our subsequent dosage (Fig. 2f). Echocardiography is
the gold standard for assessing cardiac function based on the left
ventricular ejection fraction (LVEF)22,23. As shown in Fig. 2g–h, the LVEF
was decreased to 22.74 ± 1.865% in the MI group. Neither P NP treat-
ment nor PP NP treatment significantly reversed the decrease in the
LVEF. Thus, we inferred that the PB in PP may produce toxic •OH (with
POD-like properties), which damages the heart. Interestingly, normal
function of the post-MI heart was restored after MCN treatment, with
an LVEF of 60.7 ± 5.013%, which was significantly higher than that in
either the P or PP NP group and greater than that in tissue treated with
awidely used positive control, PB NPs. The potent efficacy ofMCNNPs
was further confirmed by measurement of the left ventricular frac-
tional shortening (LVFS), end-diastolic volume (EDV), end-systolic
volume (ESV), left ventricular internal diameter end diastole (LVIDd)
and left ventricular internal diameter end-systole (LVIDs) (Fig. S23). In
addition, cardiac function in the MCN group progressively improved
with increasing treatment time (Fig. S24). On Day 28 after MI, hema-
toxylin and eosin (HE) staining (Fig. 3i and Fig. S25) showed that the
infarcted myocardial tissues contained cardiomyocytes with dis-
ordered, shrunken, and pyknotic nuclei in the ischemic-area, and that
some of the cardiomyocytes were replaced by collagenous fibrous
tissue. MCN, followed by P and PP, had the greatest protective effect
on myocardial remodeling, and PB exerted the least protective effect,
consistent with our echocardiography results. These comprehensive
effects demonstrated significant therapeutic benefits in a mouse
model ofMI. To improve the clinical relevance of our study, we further
examined the effects of MCN using a mouse model of ischemia-
reperfusion (IR) injury. In the IR mode, mice treated with MCN
exhibited significant heart function recovery with 64.39 ± 2.799% LVEF
MCN (Fig. 3j and Fig. S26). The increase in the recovery of cardiac
function was consistent with the findings in our MI model, and HE
staining indicated a reduction in the infarcted area (Fig. 3i and
Fig. S27). These data reveal that the three constituents of MCN (P, PB,
and CexOy) can operate at the nanoscale, manifesting a tripartite
effect, and that this nanomedicine effectively mitigates the short-
comings of traditional antioxidant nanomedicines and demonstrates
excellent therapeutic efficacy. Indeed, the therapeutic effect of MCN
on MI was much better than that of P, PP, and PB NPs.

MCN-mediated reprogramming of the MIM
The ischemia tissues (at day 3 after MI) treated with or without MCN
were collected and RNA was isolated for RNA-seq analysis. The two
groups had markedly different mRNA expression profiles, as deter-
mined by principal component analysis. There were 457 differentially
expressed genes (DEGs) between theMI group and theMCN treatment
group, including 256 upregulated mRNAs and 201 downregulated
mRNAs (Fig. S28). Based on this difference, Gene Ontology (GO) ana-
lysis was performed to determine the biological functions of the pro-
teins encoded by the differentially expressed mRNAs (Fig. 3a). The
DEGs between the two groups exhibited enrichment mainly in biolo-
gical processes, including hypoxia (GO:0001666), ROS metabolism
(GO:0072593), apoptosis (GO:2001233), inflammation (GO:0050727),
cardiac remodeling (extracellular matrix organization, GO:0030198),
and mitochondrial energy metabolism (ATP metabolic process,
GO:0046034) (Fig. S29 and Supplementary Tables 6–11). The top eight
pathways related to the DEGs were further identified by the Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment analysis. As
shown in Fig. 3b, the DEGs in the MCN treatment group compared to
the MI group exhibited enrichment in mitochondrial damage-related
pathways, including the apoptosis pathway, hypoxia-inducible factor-
1α (HIF-1α) signaling pathway, and p53 signaling pathway. In addition,
several genes involved in inflammation-related pathways, such as the
tumor necrosis factor (TNF) signaling pathway, mitogen-activated

protein kinase (MAPK) signaling pathway, leukocyte transendothelial
migrationpathwayand transforminggrowth factor-β (TGF-β) signaling
pathway, were identified. Gene set enrichment analysis (GSEA) indi-
cated that HIF-1 (NES = 1.77, FDR =0.0094), p53 (NES = 1.68, FDR =
0.0166), andMAPK (NES = 1.80, FDR =0.0078) (Figs. S30–S32)were all
negatively enriched in the MCN group, suggesting that MCN inhibited
the activation of the HIF-1α, p53, and MAPK signaling pathways.

Three key factors—hypoxia, ROS, and H+—mediate cardiomyocyte
death in the MIM through HIF-1, p53, and Bcl-2/adenovirus E1B inter-
acting protein 3 (BNIP3)24 (Fig. 3c). As shown in Fig. 3d and Fig. S33, the
protein levels of the key molecules in infarcted myocardial were con-
sistent with our hypotheses, indicating thatMCN significantly reduced
p-Histone H2AX (a DNA damage-associated protein), BNIP3 (closely
related to pH in the MIM), and P53 (a cell death-related protein that
induces pathological progression of MI), compared with those in the
sham group. As shown in Fig. 3e, the infarcted myocardial tissues
contained an abundance of ROS, and the ROS content was significantly
reduced in MCN-treated infarcted myocardial tissues, as measured
with a dihydroethidium (DHE) probe. Similarly,MCN treatment greatly
reduced the content of ROS in hypoxic primary mouse cardiomyo-
cytes (Fig. S34). This evidence fully proved that MCN effectively
eliminated ROS in the MIM. MCN effectively increased the pH in
infarctedmyocardial tissue, as determined through staining with a pH-
specific fluorescent probe (pHrodo)25. As an indicator of the O2 con-
centration, the expression level of HIF-1α is closely related to the
extent of hypoxia inMI26. As shown in Fig. 3g and Figs. S35, S36, HIF-1α
was significantly upregulated in the infarcted myocardial tissues, and
MCN treatment significantly reduced the expressionofHIF-1α (Fig. 5g),
indicating that MCN had a much stronger ability to relieve MIM
hypoxia in the MIM than did P or PP. MCN also increased the con-
centration of O2, as determined by evaluation with the [Ru(dpp)3]Cl2
probe (Fig. S37) in primary cardiomyocytes under hypoxic
conditions27. The above evidence fully verified that MCN effectively
reprogrammed the MIM by decreasing ROS levels, regulating the pH,
and generating O2. Hypoxia is the fundamental cause of the patholo-
gical progression of MI. We believe that the ability to convert ROS into
O2 is one of the important mechanisms underlying the potent efficacy
of MCN for MI treatment. Overall, O2 generation and ROS scavenging
areboth important, and the ability ofMCN to accomplishboth allows it
to effectively treat MI.

MCN protects mitochondrial function and reduces cardiomyo-
cyte apoptosis
The myocardial fluid comprises mainly extracellular tissue fluid and
intracellular fluid28. In addition to extracellular myocardial tissue fluid,
the MIM contains an abundance of cardiomyocytes, macrophages,
fibroblasts, and endothelial cells, which contain cellular fluids that
determine cell fate29. Based on our previous data, MCN was widely
distributed in infarcted myocardial tissues, and could alleviate the
acidic pH, hypoxia, and high levels of ROS in infarcted myocardial
tissues. Moreover, MCN could be efficiently taken up by cardiomyo-
cytes and macrophages under hypoxic conditions. Therefore, we
focused on examining the effects of MCN on cardiomyocytes and
macrophages, which play a leading role in the pathological progres-
sion of MI. Cardiomyocytes possess a notably high mitochondrial
density due to their high energy demands30. However, the MIM not
only promotes the loss of mitochondrial function to generate a ROS
burst, but also induces cardiomyocyte death through mitochondrial
damage. TEM revealed that MCN accumulated in mitochondria in
infarcted myocardial tissues and that these mitochondria still pre-
sented a normal morphology despite the presence of MCN (Fig. 4c).
However, mitochondrial swelling and rupture and loss of cristae in the
inner mitochondrial membrane were observed in the infarcted myo-
cardial tissues without MCN treatment. The colocalization of mito-
chondria and MCN was investigated in primary cardiomyocytes by
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Fig. 3 | RNA-Seq analysis of mice and protective effect of MCN in the hypoxic
microenvironment. a Chord diagram showing enriched GO terms of mice with
MI treated with or without MCN. b Heatmap visualization of the DEGs between
the MI NPs group and the MI +MCN group within pathways identified by KEGG
enrichment analysis. All data were presented as the mean ± SD. Two-group sta-
tistical significance was calculated by unpaired two-tailed Student’s t-test.
c Schematic showing that MCN restored the homeostasis of the MIM. d Western
blot analysis of apoptosis-related proteins (p-Histone H2AX, BNIP3, and p53) in

heart tissues from mice subjected to the different treatments on day 1 post-MI.
Representative fluorescence images of ROS activity (DHE) (e), pH (pHrodo) (f),
and hypoxia levels (HIF-1α) (g) after the different treatments on day 1 post-MI.
Scale bar: 50μm. Replicated across three distinct experiments or n = 6 animals
per group. Some of the drawing materials for Fig. 3c were downloaded from
BioRender.com and are released under a Creative Commons Attribution-
NonCommercial-NoDerivs 4.0 International license.
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Mitotracker and MCN-FITC labeling. As shown in Fig. 4d and Fig. S38,
MCN efficiently entered cardiomyocytes and colocalized with red-
labeledmitochondria, with amaximumPearson correlation coefficient

for colocalization of 0.67 ±0.04583. Hypoxia leads to depolarization
of the mitochondrial membrane potential in cardiomyocytes, which is
the earliest manifestation of oxidative stress damage31. As shown in

Fig. 4 | Protective effect of MCN on apoptosis via ROS scavenging and O2

generation. a, b Schematic illustration showing that MCN reduced cardiomyocyte
apoptosis. c Ultrastructural examination of cardiac tissue via TEM reveals the
presence of MCN (indicated by yellow arrows) localized on myocardial mito-
chondria. Scale bar: 2μm. After MCN treatment, the mitochondria maintain their
structural integrity on the right panel, while the middle panel shows notable
mitochondrial swelling (highlighted by purple arrows) and fiber dissolution (blue
arrows) in the MI group. d Representative images and colocalization analysis of
MCN-FITC and mitochondria and Pearson coefficient analysis. Scale bar: 10μm.
e Variations in mitochondrial membrane potential post-diverse treatments in both

normoxic and hypoxic environments are determined using JC-1 staining. Scale bar:
20μm. f The cardiac cells that received P/PP/MCN treatments were tested using
mitoSOX staining, which is shown in red. Scale bar: 50 μm. gWestern blot analysis
of apoptosis-related proteins, including cleaved caspase 8, cleaved caspase 3, Bax,
Bcl-2, and Cyt C, in the infarct area on day 3 after MI. h TUNEL staining of cardiac
sections on day 3 after MI and quantitative analysis of the TUNEL results. Scale
bar:100μm. Replicated across three distinct experiments or n = 6 animals per
group. Some of the drawing materials for Fig. 4a, b were downloaded from BioR-
ender.com and are released under a Creative Commons Attribution-
NonCommercial-NoDerivs 4.0 International license.
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Fig. 4e and Fig. S39, MCN treatment effectively restored the mito-
chondrial membrane potential in cardiomyocytes under hypoxic
conditions, as determined by staining with the JC-1 probe. Moreover,
the effect of MCN was much stronger than that of P or PP. Given its
strong mitochondrial targeting ability, MCN efficiently protected
mitochondria by eliminating mitochondria-generated ROS, which
were detected using a mitochondrial ROS-specific superoxide indi-
cator (MitoSOX)32. As shown in Fig. 4f and Fig. S40, the relative fluor-
escence intensity was 8.469 ±0.9636 in the hypoxia group,
4.381 ± 0.276 in the P group, 6.178 ±0.7168 in the PP group, and
2.341 ± 0.197 in the MCN group. The mitochondrial DNA copy number
(mtDNA)33, an index of the mitochondrial genome count, is also a
sensitive indicator of mitochondrial function. The mtDNA copy num-
ber in the hypoxia group was only 10.56% of that in the control group,
while the mtDNA copy number in the MCN group was 63.006% of that
in the control group (Fig. S41). MCN also effectively reversed the
hypoxia-induced reduction in ATP production (Fig. S42). The above
experimental evidence and transcriptomic data revealed that MCN
effectively protected mitochondria against ROS-mediated damage,
and significantly restored mitochondrial function.

Damage to mitochondria can directly induce apoptosis in
cardiomyocytes34. Apoptosis is mediated through two main path-
ways: the intrinsic (mitochondrial) pathway and the extrinsic
(inflammatory) pathway (Fig. 4a, b)30. We hypothesized that MCN
could decrease the occurrence of cardiomyocyte apoptosis by
reducing the activation of both the mitochondrial and inflammatory
apoptotic pathways. The protein levels of cleaved caspase 8, cleaved
caspase 3, Bax, and cytosolic cyt C weremuch greater in theMI group
than in the sham group, and the expression level of the antiapoptotic
protein Bcl-2 was decreased. However, MCN treatment significantly
reversed these effects (Fig. 4g and Fig. S43). As shown in Fig. 4h
and Fig. S44, the MI group exhibited a high apoptosis rate
(47.21 ± 2.568%), according to the TdT-mediated dUTP nick end
labeling (TUNEL) assay, while the MCN group exhibited the lowest
apoptosis rate (22.57 ± 5.835%). The MCN group also showed a sig-
nificantly reduced infarct area of 29.07 ± 3.584% with TTC staining at
day 3, as determined by 2,3,5-triphenyltetrazolium (TTC) staining,
indicating the effectiveness of MCN in reducing the infarct area
(Fig. S45). These findings suggested that both the intrinsic and
extrinsic apoptotic pathways were inhibited by MCN via its protec-
tive effects on mitochondria protection and inhibitory effects on
apoptotic proteins.

MCN reduces inflammation and fibrosis
Disruption of the MIM leads to a massive and rapid increase in the
production of ROS, which not only directly damage cardiomyocytes but
also trigger the production of damage-associated molecular patterns
(DAMPs)35. These DAMPs further cause a shift in the polarization of the
recruited macrophages towards the M1 phenotype, thus increasing the
release of proinflammatory cytokines and fibroblast growth factors and
eventually leading to myocardial fibrosis36. First, primary mouse bone
marrow-derived macrophages (BMDMs) were extracted, and the dif-
ferentiation of BMDMs into M1 macrophages was then induced by
treatmentwith lipopolysaccharide. Notably,M1macrophages produced
an abundance of ROS after polarization towards theM1 phenotype, and
MCN effectively reduced the ROS content in these M1 macrophages
because of its excellent ability to scavenge ROS (Fig. S46). Consistent
with our hypothesis, MCN significantly promoted M2 macrophage
polarization, and this effect was significantly greater than that in the PP
and P groups (Fig. S47).We observed similar effects ofMCN in infarcted
myocardial tissue. As shown in Fig. 5a, b, after MCN treatment, a sig-
nificantly increased number of CD206+ cells (M2 macrophages) cells
were detected in the infarcted myocardial tissues. Moreover, the effect
ofMCNwas far better than that of either P NPs or PPNPs.Moreover, the
mRNA expression of IL-6, IL-1β, iNOS, and TNF-α was significantly

decreased in infarcted myocardial tissues after MCN treatment, as
determined by qPCR (Fig. 5c–f). We observed consistent effects in
BMDMs (Fig. S48). In addition, MCN treatment reduced the phosphor-
ylation of p38 MAPK (Fig. 5g–j), suggesting that the reduction in
inflammation was related to the inhibition of the p38 MAPK signaling
pathway37. Myocardial fibrosis is key to myocardial remodeling after MI
and is strongly associatedwithpoorprognosis38. TGF-β is involved in the
progression of fibrosis after MI and directly affects p38 MAPK
phosphorylation39. As shown in Fig. 5g, i, the expression of TGF-β was
decreased in the infarcted myocardial tissues after MCN treatment. MI
hearts were larger in size, had a thinner ventricle wall, and exhibited
collagen deposition in the left ventricle, as indicated byMasson staining
(blue), suggesting thepresenceof severefibrosis in the left ventricle (the
fibrotic area accounted for 33.85 ± 1.343% of the total area) (Fig. 5k). In
strong contrast, in the MCN group, the degree of cardiac fibrosis was
decreased (17.28 ± 1.463%) (Fig. 5l) and the thickness of the left ventricle
was significantly increased (Fig. 5m). Notably, the area of myocardial
fibrosis was greater in the PP group (30.08± 1.506%) compared than
that in the P group (24.98 ± 1.172%) (Fig. 5l) because the toxic •OH pro-
ducedby thePB inPPNPsmayaggravatemyocardialfibrosis in infarcted
myocardial tissues. Sirius red staining was also used to evaluate cardiac
fibrosis and collagen deposition, and the lowest degree of left ven-
tricularfibrosis was observed afterMCN treatment (Fig. S49). The above
evidence indicated that MCN reduced myocardial fibrosis by inhibiting
the p38 MAPK and TGF-β signaling pathways.

Biocompatibility of MCN
MCN is composed of P, PB, PEG, andCexOy. Among these components,
P is the main component of human melanin, and its biocompatibility
has been fully verified40. PB and PEG are an FDA-approved drug and
excipients, respectively, and their biological safety has also been
carefully determined. To date, CexOy-based nanomedicines have been
widely used to treat different diseases and can maintain excellent
biocompatibility at specific doses41. Notably, the content of Ce in MCN
(only 0.08%) is much lower than that in previous CexOy

nanomedicines42. Therefore, MCN should exhibit excellent bio-
compatibility. Under normoxic conditions, MCN did not affect the via-
bility of cardiomyocytes even at ultrahigh concentrations (40μg/mL).
In comparison, the viability of cardiomyocytes was significantly
improved under hypoxic conditions upon treatment with 1μg/mLMCN
(Fig. S50 a, b). The in vivo toxicity of MCN was further evaluated by
assessment of the hemolysis rate, routine blood examination, liver and
kidney function tests, and HE staining. MCN did not cause hemolysis
even at high concentrations (Fig. S51). The blood routine test results
(Fig. S52) and liver and kidney functionwere normal in theMCN-treated
mice comparedwith the controlmice (Fig. S53). Themorphology of the
lungs, liver, spleen, and kidneyswas normal in theMCN-treatedmice, as
determined by HE staining (Fig. S54). The above results indicated that
MCN exhibited favorable biological safety, providing a basis for its
further clinical application.

Methods
Experimental animals
Male C57BL/6J mice (8–12 weeks, 20–25 g) were purchased from the
Animal Center of Central South University. All animal studies were
performed in accordance with guidelines and protocols approved by
the Ethics Committee of Xiangya Hospital (No. 2022020390). The
animals were maintained under standard laboratory conditions:
25 ± 1 °C, 50% relative humidity, and a 12 h/12 h dark/light cycle, with
free access to food and water.

Synthesis of P NPs
Dopamine hydrochloride (0.75 g) was dissolved in 10mL water, fol-
lowed by the sequential addition of 50mL ethanol, 110mL deionized
water, and 3mLammonia. Themixturewas heated to 30 °C and stirred
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for 24 h. Post reaction, the product was centrifuged at 1355 × g for
10min, washed 8–10 times, and P NPs was obtained.

Synthesis of PP NPs
P NPs (40mg) were dissolved in 50mL of deionized water, form-
ing solution A. Separately, FeCl3 (50mg) and K3Fe[CN]6 (57.69mg)

were dissolved in 10mL of deionized water, creating solution B.
Then, 1 mL of solution B was diluted with 49mL water and gra-
dually added to solution A over 30min using a micro syringe
pump at 25 °C. The mixture was stirred for 6 h, centrifuged at
1355 × g for 10min, washed five to eight times, and PP NPs was
obtained.

Fig. 5 | Effect of MCN on inflammation in the myocardial cells of MI mice.
a Representative images of heart CD68 (macrophage marker, green) and CD206
(M2macrophagemarker, red) immunostaining on day 3 after MI. Scale bar: 50μm.
bQuantitation analysis of the CD206+/CD68+ cells. c–f RT‒PCR of proinflammatory
markers: IL6, IL1β, TNFα, and iNOS on day 3 after MI. g Western blot of TGF-β
signaling pathway protein levels of TGF-β, p-p38 MAPK, and p38 MAPK in the
infarct area on day 3 after MI. Quantitative analyses of protein levels: p-p38 MAPK

(h), p38 MAPK (i), and TGF-β (j). k Representative images of Masson’s staining on
day 28 afterMI. Scar bar:100μm. Quantitation analysis of the fibrotic region (l) and
thickness of the infarcted wall (m). Replicated across three distinct experiments or
n = 6 animals per group. All data were presented as mean± SD. Two-group statis-
tical significance was calculated by unpaired two-tailed Student’s t-test, and three-
or-more-group statistical significance was calculated by one-way ANOVA followed
by Bonferroni post hoc correction.
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Synthesis of MCN
PP NPs (30mg) and Ce(NO3)3 (0.174 g) were dissolved into 50mL of
deionized water and stirred at 25 °C for 15min. Then, 1mL of 0.12M
hydrochloric acid was added to the mixture and reacted at 95 °C for
10min, and defined as solution C. After cooling, the solution C was
washed three to five times (1355 × g/10min) to remove the precipitate.
Solution C (10mg) andNH2-PEG-NH2 (12.5mg)weredissolved in 10mL
of pH 8.5 tris solution at 25 °C for 24h. Washing three to five times
(1355 × g/10min) and MCN was obtained.

Synthesis of MCN-FITC NPs
First, MCN (10mg) was added to 8mL of deionized water, and FITC
(2mg) was dissolved into 2mL of DMSO. Then, the twomixtures were
reacted at 25 °C for 6 h in the dark to obtain FITC-MCN. Finally, FITC-
MCN was purified after dialysis for 24 h.

Synthesis of PB NPs
About 20mL0.1mmolK4[Fe(CN)6] aqueous solutionwas slowly added
into 80mL mixed solution containing 0.1mmol FeCl3 and 10mmol
PVP within 30min with a micro-scale injection pump, and was
vigorously stirred at 60 °C for 6 h. After washing five to eight times
(1355 × g/10min), PB NPs was obtained.

Characterization
The structures of the nanoparticles were observed by a TECNAI G2
high-resolution transmission electron microscope. XPS was measured
by a VG ESCALAB MKII spectrometer. XPSPEAK software (version 4.1)
was used to deconvolute the narrow-scan XPS spectra of the C1s, N1s,
O1s, Fe2p, and Ce3d of MCN. Fourier transform infrared (FTIR) spec-
troscopy was recorded by a Bruker Vertex 70 spectrometer (2 cm–1).
The ultraviolet-visible (UV-vis) spectra were acquired by a VARIAN
CARY 50 UV/Vis spectrophotometer. Inductively coupled plasma‒
mass spectrometry (ICP‒MS) was measured by a thermo/Jarrell ash
advantage atomscan inductively coupled argon plasma spectrometer.

Superoxide anion scavenging assay
In vitro. O2

•– scavenging ability was analyzed by the tetrazolium blue
(NBT) method40. Briefly, 390μL methionine, 6μL riboflavin, 22.5μL
NBT, 1.5mL PBS (pH 7.4), and different concentrations of P/PP/MCN
(0, 2.5, 5, 10, and 20μg/mL) were added, and fully dissolved in 3mL
water. The cuvette was exposed to UV light, and 5min later, the
absorbance was detected at 560 nm. Then the inhibition of NBT pho-
tochemical reduction was used to determine the O2

•– scavenging
abilities.

Hydroxyl radical generation
The typical TMB method was used to detect the •OH. Briefly, 2910μl
PBS (0.01M, pH 4/pH 6.5/pH 7.4) and P/PP/MCN (10μL, 5.5mg/mL),
30μL TMB (25mM), and 60μL H2O2 (0.1M) were sequentially added
into the Eppendorf tube andmixed. After being reacted for 10min, the
absorbance changes of the TMB oxidized form at λmax = 652nm
(ε = 39,000M−1·cm−1) were recorded, and the •OH content was calcu-
lated through TMB catalyzes oxidation reactions.

ONOO− scavenging assessment
Pyrogallol red was used to detect the scavenging ability of ONOO−43.
Pyrogallol red has a specific absorptionpeak at 540 nm, andONOO− can
quench pyrogallol red and reduce its specific absorption peak. Briefly,
10μL pyrogallol red (5mM), 9μL ONOO−(1.73mM), and MCN with dif-
ferent concentrations (0, 2.5, 5, and 10μg/mL) or P/PP (10μg/mL) were
mixed. The pyrogallol red solution and pyrogallol red containing
ONOO− were set as control. After being reacted for 15min, the absor-
bance of pyrogallol red at 540nm was recorded by UV-vis spectro-
photometry, and the ONOO− scavenging ability was calculated.

O2 generation assay
H2O2 (1.2MH2O2) andP/PP/MCN (3mg)weremixed, andPBS (pH4/pH
6.5/pH 7.4) was added to 50mL in anoxygen-free environment. TheO2

concentration was measured by a dissolved oxygen meter (SMART
SENSOR, AR8406) for 30min. The O2 bubbles were observed in an
Eppendorf tube. H2O2 (1.2M) and 240 µg of P/PP/MCN were mixed in
4mL of PBS in an oxygen-free environment, and O2 bubbles were
recorded in different groups.

MI model
Under approval from the Medical Ethics Committee of Xiangya Hos-
pital, Centre South University, male C57BL/6J mice (8–12 weeks,
20–25 g) were anesthetized with isoflurane12. After intubation and
ventilation, a 1 cm incision wasmade between the left third and fourth
intercostal spaces to expose the heart. The left anterior descending
artery (LAD) was ligated 2mm below the left auricle by using a 10-0
suture needle with thread. Sham animals underwent similar proce-
dures minus the LAD ligation. Post-operatively, buprenorphine
(0.1mg/kg) and cefazolin (100mg/kg) were administered twice daily
for 2 days.

Echocardiography
After anesthesia with isoflurane, mice were positioned on a heated
platform. Echocardiographic assessments of left ventricular function
using a 20MHz sensor (ZS3 Exp, Mindray, Nanjing, China) were con-
ducted on days 1, 3, 7, 14, and 28 post-surgeries. Parameters including
LVEF, LVFS, EDV, ESV, LVIDd, and LVIDs were determined from
M-Mode echocardiography. Ventricular diameter (D) was noted, and
LVEDV and LVESV were calculated using Vol = 7:0×D3=ð2:4+DÞ.LVEF
was computed as LVEFð%Þ= ðLVEDV� LVESVÞ=LVEDV× 100% . LVIDd
and LVIDs represented ventricular diameters at diastole and systole
ends, respectively. LVFS was derived as LVFSð%Þ= ðLVIDd�
LVIDsÞ=LVIDd× 100%: All data analyses were conducted by a blinded
investigator to treatment groups.

HE staining, Masson staining, and Sirius red staining
Animal organswere collectedonday 28 after surgery andfixedwith 4%
PFA for 24 h. After dehydration, the samples were embedded into
paraffin blocks and cut into 4-μm sections. Place the sections
sequentially in xylene, ethanol, and distilledwater for hydrated. For HE
staining, the sections were stained in Harris hematoxylin for 3min,
washed with tap water, differentiated with 1% hydrochloric acid alco-
hol for a few seconds, rinsed with tap water, blue in 0.6% ammonia
water, and rinsed with running water. Then stain the sections in eosin
solution for 1min for staining of cytoplasm. After that, the sections
were sequentially placed in ethanol and xylene to dehydrate and
mounted with neutral resin. Additionally, the sections were stained
with a Masson’s trichrome stain kit (Servicebio, G1006). Briefly, the
sections were sequentially treated with potassium dichromate over-
night and stained with iron hematoxylin, picric acid fuchsin, phos-
phomolybdic acid, and aniline blue, followed by dehydration and
mounting. For Sirius red staining, staining was performed using Sirius
red dye after hydration, followed by dehydration and mounting. After
staining, the sections were observed and imaged under a light micro-
scope (Leica DM3000 LED).

TEM
Myocardial tissues harvested at day 1 post-surgery, were cut into
blocks <1mm³. These were fixed in a TEM fixation solution for 2 h and
subsequently in a 1% osmium acid mixture for 2–3 h. Following gra-
dient dehydration, tissues were embedded and solidified. Sections of
60–80nm thickness were prepared using an ultratome and double-
stained with 3% uranyl acetate-lead citrate. Imaging was performed
with a Jeol 1200EX transmission electron microscope.
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ROS scavenging assessment
The DHE staining of tissue used a Frozen section ROS detection kit
(BioRab Technology, China, HR9069). Freshly harvested hearts
(within 2 h after section) were harvested on day 1 post-MI surgery.
Add 200μL of wash solution to cover the entire surface of the sec-
tion and let it sit for 3–5min at room temperature. Carefully remove
the wash solution, add 200μL of staining solution (1:1000), and
incubate in a 37 °C incubator in the dark for 30min. These sections
were stained with DHE as per the manufacturer’s instructions and
visualized under a Zeiss LSM900 confocal microscope (Germany).
For each section, a minimum of three random imaging fields within
the infarcted area were chosen for fluorescence intensity quantifi-
cation using ImageJ.

Cardiomyocyte ROS levels were determined using the DHE assay
kit (Beyotime, S0063). To further measure intracellular ROS levels,
Cardiomyocyteswere seeded at 1 × 105/well in a 6-cmdish and cultured
for 12 h. Post incubation with P, PP, or MCN under hypoxia for 12 h,
cells were stained with a 5μM DHE assay kit (Beyotime, S0063) for
30min at 37 °C in the dark. The cellswerewashed three timeswith PBS
and analyzed by flow cytometry (Cytek, DxpAthena, 01-DXPSF13-01).

Fluorogenic pH sensing of mouse MI area
To measure pH in the ischemic region, pHrodo Red (Thermo Fisher,
P35372) was utilized. Freshly harvested hearts, 1 day post-surgery,
were incubated with pHrodo Red (1:500) for 5 h at 37 °C. After
incubation, the samples were embedded in OCT and quickly frozen-
sectioned. Fluorescence from pHrodo Red was directly visualized
using a Zeiss LSM900 confocal microscope (Germany). For each
section, fluorescence intensity from at least three randomly
selected imaging fields within the infarcted area was quantified using
ImageJ.

TTC staining
On the fourth day after MI surgery, hearts were harvested, frozen at
−20 °C for anhour, the heartwas sectioned, and incubatedwith 1%TTC
solution (Sigma, T8877) at 37 °C for 15min in darkness. Post-staining,
sections were fixed in 4% PFA, and images were captured using a light
Leica M205 microscope (Germany).

TUNEL staining
Apoptosis was assessed using the TUNEL assay kit (Beyotime Bio-
technology, C1088). Fresh frozen heart sections, 3 days post-surgery,
were fixed cells with 4% paraformaldehyde for 60min. The sections
were washed with PBS two times, then PBS with 0.5% Triton X-100 was
added and incubated at room temperature for 5min. TUNEL detection
solution was prepared as per the manufacturer’s instructions. Add
100μL of TUNEL detection solution to the sample and incubate at
37 °C away from light for 60min. Wash with PBS three times and
subsequently stain with DAPI. Images were captured using a Zeiss
LSM900 confocal microscope (Germany).

Immunofluorescence staining
Evaluation of HIF-1α staining was carried out on hearts harvested 1 day
post-surgery. CD68 and CD206 staining were performed on hearts
harvested 3days post-surgery. Postfixation, dehydration, and clearing,
heart sections of 4-μm thickness were prepared. The sections under-
went rehydration in increasing ethanol concentrations, citrate buffer
exposure for 10min atmicrowavehigh temperature, 0.5%TritonX-100
permeabilization for 10min, and blocking in 5% goat serum for 30min.
These sections were incubated overnight at 4 °C with primary anti-
bodies (detailed in Supplementary Table 1). Following PBS washes,
sections were incubated with secondary antibodies (Supplementary
Table 1) for an hour at room temperature, protected from light. DAPI
wasused for nuclei counterstaining, and visualizationwasdone using a
Zeiss LSM900 confocal microscope (Germany).

Protein extraction and western blot
Samples were lysed using RIPA buffer (Beyotime, China) and cen-
trifuged at 1623 × g for 15min at 4 °C. Protein concentration was
determined using the BCA kit (Beyotime, China). Following SDS-PAGE,
proteins were transferred to membranes which were subsequently
blocked. Membranes were then incubated with primary antibodies
(Supplementary Table 2), followed by the appropriate secondary
antibodies (Supplementary Table 2). Visualization was achieved using
a chemiluminescent imaging system (Bio-Rad), and band intensities
were quantified using ImageJ software.

RNA isolation and quantitative real-time PCR
Total RNA was isolated by Trizol method. cDNA was synthesized by
PrimeScript RT Reagent Kit (Takara, Japan). qPCR reaction was per-
formedusingTBGreen Premix ExTaq (Takara, Japan). The resultswere
calculated and normalized to GAPDH by the 2–ΔΔCt method.

Neonatal cardiomyocyte isolation and culture
Neonatal cardiomyocytes are isolated from hearts using the Miltenyi
Neonatal Heart Dissociation Kit (130-098-373)44. After harvesting
hearts from postnatal day 1 C57BL/6J pup and washing with PBS twice,
the hearts are enzymatically digested and dissociated with the gen-
tleMACS dissociator. The cell mixture is filtered through a 70-μm
strainer, centrifuged at 600 × g for 5min, and the resulting cardio-
myocytes are resuspended in high-glucose DMEM supplemented with
10% FBS for culture.

BMDMs isolation and culture
To isolate BMDMs from C57BL/6J mice (8–12 weeks old, male), the
mice are euthanized, and the hind limbs are harvested45. The femurs
are exposed by removing muscle tissue, both ends are snipped, and
bonemarrow is flushed into DMEMwith 10% FBS using a syringe. After
centrifugation (300 × g, 5min), the cells are cultured in DMEM with
10% FBS, 1% penicillin/streptomycin, and 20 ng/mL M-CSF for 7 days.
Post-differentiation, BMDMs are ready for further experiments.

Cell viability assay
The cell proliferation was evaluated with a Cell Counting Kit-8 (CCK-8,
Dojindo, Kumamoto, Japan) by following the manufacturer’s instruc-
tions. Briefly, cardiomyocyteswere seeded in96-well plates (1 × 104/well)
and cultured overnight in high-glucose DMEM with 10% FBS. Following
normoxia (21% O2, 5% CO2, 37 °C), they were treated under hypoxia
(1% O2, 5% CO2, 94% N2, 37 °C) with PBS or NPs for 12 h. Cells were
incubated with CCK-8 reagent (10:1) for 4 h at 37 °C post-treatment.
Absorbance was then assessed using a BioTek plate reader.

O2 probe detection
Cardiomyocytes, seeded at 3 × 104/well on coverslips in 24-well plates,
were cultured overnight. Post incubation with MCN for 12 h under 1%
oxygen, and theywerewashedwith PBSone time. [Ru(dpp)3] Cl2 probe
(Bestbio, China, BB-48216) was used to determine the intracellular
oxygen content. Use a complete medium to dilute [Ru(dpp)3] Cl2
probe (1:100) and incubate cells for 60min at 37 °C. Wash with med-
ium three times. Stainwith Hoechst for 10min and capture fluorescent
images using a Zeiss LSM900 confocal microscope (Germany).

Subcellular localization
The subcellular localization of MCN was imaged by the confocal
microscopy. Cardiomyocytes, seeded at 3 × 104/well on coverslips in
24-well plates, were cultured overnight and then treated with MCN-
FITC for 2 h. Cells were stained with MitoTracker Red (Beyotime,
China, C1049B) for 30min and Hoechst for 10min, both at 37 °C. The
images were acquired with a confocal laser scanning microscope
(Zeiss, LSM900, Germany) and analyzed by ImageJ software
(NIH, MD, USA).
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Intracellular mitochondrial superoxide (mitoSOX) levels
measurement
To further measure intracellular mitoSOX level, Cardiomyocytes were
seeded at 1 × 105/well in a 6-cm dish and cultured for 12 h. Post incu-
bation with P, PP, or MCN under hypoxia for 12 h, cells were stained
with 5μM mitoSOX (M36008, Thermo Fisher Scientific) for 10min at
37 °C in the dark. Then, cells were stained with Hoechst for 10min.
Afterwashingwith PBS two times, cell round coverslipswere visualized
under a Zeiss LSM900 confocal microscope (Germany). For each
round coverslip, a minimumof three random imaging fields within the
infarcted area were chosen for fluorescence intensity quantification
using ImageJ.

Mitochondrial membrane potential measurement
Mitochondrialmembrane potential wasmeasured by the assay kit with
JC-1 (Beyotime, China, C2005). Cardiomyocytes cultured on coverslips
in 24-well plates with a density of 3 × 104/well were incubated with P,
PP, or MCN, respectively, and cultured with DMEM under hypoxia
conditions (1% O2) for 12 h. Post incubation with P, PP, or MCN under
hypoxia for 12 h, cell round coverslips were washed with PBS one time.
JC-1 working solution was prepared as per the manufacturer’s
instructions. Add0.5mL JC-1 working solution and incubate for 20min
at 37 °C in the dark. Then, cell round coverslips were washed with
staining buffer (1:5) two times. Stain with Hoechst for 10min and wash
with PBS three times. The images were acquired with a confocal laser
scanning microscope (Zeiss, LSM900, Germany) and analyzed by
ImageJ software (NIH,MD,USA). The ratio of red and greenfluorescent
intensities indicated changes in the mitochondrial membrane
potential.

Detection of ATP generation
The ATP detection kit (Beyotime, China, S0027) was used to detect
ATP generation. Cardiomyocytes were seeded in 96-well plates
(1 × 104/well) and cultured overnight in high-glucose DMEM with 10%
FBS. Post incubation under normoxia or with P, PP, or MCN under
hypoxia for 12 h, cells were lysed with 200μL lysis solution and cen-
trifuged at 12,000 × g for 5min at 4 °C. The supernatant was mixed
with 100μL ATP detection working solution by following the manu-
facturer's instructions. The concentration of ATP was measured with a
plate reader (Luminometer, BioTek, America).

Mitochondrial DNA copy number
MtDNA copy number was quantified using quantitative real-time PCR.
DNeasy Blood and Tissue Kit (Qiagen, Hilten, Germany, 69504) was
used to extract DNA from the cells. Mitochondrially encoded Cyto-
chromeCOxidase II (MT-CO2) and β-actin (ACTB)werequantifiedwith
the primers, respectively. The quantitative real-time PCR was under-
taken by following the manufacturer's manuals. The results were cal-
culated with ΔΔCt value and normalized to ACTB.

Hemolysis assay
Under anesthesia, animal blood was drawn from the retro-orbital
plexus, mixed with 5mL PBS, and centrifuged at 1008 × g. The
supernatant was removed, and the erythrocytes were diluted to 2%
using PBS. MCN were prepared at concentrations of 1, 5, 25, 125, 500,
1000, and 2000μg/mL in PBS. These were mixed with the 2% ery-
throcyte solution, incubated, then centrifuged. The OD of the super-
natant was measured at 570 nm.

Bulk RNA sequencing
Three days post-MI surgery, the ischemic regions of dissected hearts
were isolated. RNAwas extracted via the Trizol method. Libraries were
sequenced on the BGI platform. Raw data were aligned to the mm10
mouse genome using Bowtie2.

Analysis of DEGs
After data normalization using the “limma” R package, PCA was done
with “factoextra”. DEGswere identified based on log2 (FoldChange) ≥1
and P <0.05. “ggplot2” generated the volcano and heatmap plots,
while significant genes were visualized with “ComplexHeatmap”.

Statistical analysis
All data were presented as the mean ± SD. Comparisons between two
groups were performed with an unpaired two-tailed Student’s t-test.
Multiple comparisons were performed by using one-way ANOVA.
Statistical significance was considered when P <0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Data supporting thefindings of this study are available in the article, its
Supplementary information, the source data file and from the corre-
sponding author upon request. Bulk RNA-sequencing data can be
accessed from SRA website [https://www.ncbi.nlm.nih.gov/sra/] with
the accession number: SRR29489947, SRR29489948, SRR29489949,
SRR29489950, SRR29489951, SRR29489952, SRR29489953,
SRR29489954, and SRR29489955. Source data are provided with
this paper.
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