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A B S T R A C T

Heart ischemic injury predominately causes mitochondrial dysfunction, leading to the accumulation of ROS and 
lactate. The ROS-associated DNA damage response (DDR) contributes to myocardial cell cycle arrest and the 
inhibition of proliferation, while lactate accumulation is often accompanied by a high risk of acute death. In this 
study, to restore myocardial metabolism and regenerate the heart, we established a biomimetic peroxisome by 
loading the Mn3O4 nanozyme into mesenchymal stem cell-derived extracellular vesicles (MSC-EV (Mn@EV)). 
This setup mimics the peroxidases of peroxisome to catalyze ROS, and inhibit DDR. Next, the Mn@EV was 
immobilized with lactate oxidase (LOX) after encompassed platelet membrane to obtain biomimetic peroxisome 
(Mn@LPEV). This mimics the substrate-oxidizing function to detoxify lactate and prevent death. Supported by its 
biomimetic and lactate-response delivery system, our biomimetic peroxisome effectively targeted deep tissues in 
the hearts of I/R mice, achieving a 4-fold increase in targeting compared with control vesicles. It maintained 
myocardial redox homeostasis by scavenging ROS and lactate, inhibiting DDR pathway, promoting myocardial 
regeneration, reducing acute mortality and fibrosis remodeling, accelerating immunomodulation and angio
genesis, and significantly protecting heart function.

1. Introduction

Myocardial ischemic injury often occurs after coronary artery oc
clusion, leading to adverse outcomes such as permanent cell death and 
heart failure. Mechanistically, mitochondrial dysfunction-induced 
metabolism disorders and oxidative stress play a key role in myocar
dial injury and failure [1,2]. Mitochondrial dysfunction causes harmful 
metabolites to accumulate, leading to extensive damage. Among these 
factors, high lactate levels can intensify chest pain, and are often 

associated with a high risk of mortality during the acute phase [3–5]. 
Notably, ROS-induced DNA damage response (DDR) predominately 
contributes to myocardial cell cycle arrest [6–9], making it crucial to 
target this pathway to reboot the cell cycle and promote proliferation 
[10]. To address these issues, reestablishing redox metabolism that can 
decompose peroxides and catalyze lactate oxidation presents a prom
ising approach to repair and restore the injured heart [11].

The microbody, or peroxisome, is an organelle conserved in almost 
all eukaryotic cells. It is filled with peroxidases and oxidases, and plays a 
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crucial role in cellular metabolism and response to oxidative stress, 
including substrate oxidation and maintaining redox homeostasis [12]. 
However, its biogenesis and cargo sorting are complex and challenging 
to control, making it difficult to translate into the rebuilding of 
myocardial metabolic function after ischemic injury [13,14]. On the 
contrary, artificial enzyme-like materials based on biomedical engi
neering, which possess redox abilities, offer promising strategies for 
biomimetic metabolism [15,16]. Among these, nanozymes have shown 
great potential of antioxidative and oxidative activities and been 
extensively used for therapeutic applications [17,18].

Similar to the structure of peroxisome, MSC-derived extracellular 
vesicles are useful for promoting revascularization after ischemia [19,
20]. However, they are limited by their poor capacity to interfere DDR 
and promote regeneration [20,21]. Enabled by its ROS-catalyzing 
cascade, the Mn3O4 nanozyme can mimic multiple enzymes and pro
tect cells from oxidative stress [22,23], making it attractive to attenuate 
myocardial DDR and reboot proliferation. To address these limitations 
and enhance heart regeneration, we constructed a biomimetic peroxi
some in this study. The Mn3O4 was preloaded into MSC-EV (named 
Mn@EV) to mimic the antioxidant activity of peroxisomes. The vesicle 
surfaces were then immobilized with lactate oxidase (LOX) to catalyze 
the breakdown of accumulated lactate after stress. To target the heart 
with this artificial peroxisome (Mn@LEV), we established a platelet 
biomimetic peroxisome (Mn@LPEV) using a membrane fusion method 
[24–27]. Once cloaked with a platelet membrane, the biomimetic 
peroxisome can specifically target the injured vasculature in the heart.

To demonstrate proof of concept, the biomimetic peroxisome 
(Mn@LPEV) simultaneously reduced cellular ROS and lactate after 
stress and inhibited DDR, showing a synergistic effect in promoting 
cardiomyocyte proliferation. In a mouse myocardial I/R model, the 
Mn@LPEV significantly targeted injured hearts. Interestingly, the 
immobilized LOX not only oxidized lactate but also provided tropism 
towards deeply-wounded tissues. Delivered by the biomimetic and 
lactate-responsive system, our artificial peroxisome successfully rebuilt 
myocardial metabolism that remodeled redox and lactate homeostasis, 
mitigated myocardial DDR, and rebooted cell regeneration. Addition
ally, it promoted angiogenesis, modulated inflammation, and alleviated 
fibrosis remodeling, collectively leading to significant preservation of 
heart function.

2. Results

2.1. Fabrication and characteristics of the biomimetic peroxisome 
Mn@LPEV

To address the metabolic issues following ischemic injury, we 
established an artificial peroxisome with the targeted delivery system. 
First, the Mn3O4 nanozyme was synthesized [23] to mimic the peroxi
dase activity of peroxisomes, and then cultured with mesenchymal stem 
cells (MSC) to isolate Mn3O4-loaded MSC-EVs (Mn@EV). After that, 
Mn@EV was fused with platelet membrane vesicles (PMVs) before 
modifying with LOX, so as to detoxify lactate and facilitate delivery of 
our therapy, resulting in a ROS- and lactate-dual-catalyzing biomimetic 
peroxisome (Mn@LPEV).

The TEM analysis revealed that Mn3O4 nanoparticles have a size of 
approximately 20 nm (Fig. S1a). These nanoparticles demonstrated 
antioxidant properties by markedly reducing mitochondrial ROS 
(mROS) in P1 neonatal cardiomyocytes (P1CMs) under oxidative stress 
(Figs. S1b–d), as well as decreasing total cellular ROS (tROS) (Figs. S1e 
and f). Additionally, Mn3O4 protected key mitochondrial functions, 
including the permeability transition pore (mPTP) and membrane po
tential (MMP), during H2O2 exposure (Figs. S1g–j). As a result, Mn3O4 
preserved the proliferative capacity of P1CMs, which was otherwise 
impaired by H2O2, as evidenced by the expression of proliferation 
markers Ki67 in the late G1-M phase and phosphorylated histone H3 
(pH3) in the G2-M phase (Figs. S1k–n). These findings indicate that 

Mn3O4 can mimic peroxisomes by scavenging ROS, thereby promoting 
cell proliferation.

Once fabricated, the biomimetic peroxisome Mn@LPEV was 
observed under TEM, showing a morphology similar to MSC-EV, and 
encapsulated Mn3O4 nanoparticles (Fig. 1a). Proteins presentation as 
identified by Western Blot (WB) confirmed that typical platelet and EV 
maker proteins were successfully transferred to Mn@LPEV (Fig. 1b). 
Membrane fusion between MSC-EV and PMVs was verified by fluores
cence colocalization under confocal, showing that the two samples 
merged after fabrication process rather than direct mixing (Fig. 1c). To 
confirm the incorporation of LOX and Mn3O4 into Mn@LPEV, Cy3-LOX 
and FITC-Mn3O4 were used to prepare Mn@LPEV, which was then 
applied to H9C2 cells. Cellular uptake was observed and displayed 
colocalization of the two fluorescent signals, demonstrating successful 
drug loading of Mn@LPEV (Fig. 1d). Ultimately, the size and Zeta- 
potential of Mn@LPEV were measured, revealing that incorporation of 
PMVs slightly increased the membrane potential of Mn@EV to a level 
closer to PMVs (Mn@EV vs. Mn@PEV vs. Mn@LPEV, − 25 ± 3.5 mV vs. 
− 19 ± 1.4 mV vs.-19 ± 0.98 mV, Fig. 1e), and suggests that the mem
brane content was substantially altered. The average size of Mn@EV, 
Mn@PEV and Mn@LPEV were 130 ± 3 nm, 120 ± 2 nm and 122 ± 3 
nm, respectively (Fig. 1f).

Finally, these formulations were used to treat H9C2 to determine if 
the biomimetic peroxisome functioned as intended. When exposed to 
H2O2, total cellular (Fig. 1g and h) and mitochondrial ROS (Fig. 1i–k) 
surged but were significantly scavenged by Mn@LPEV. Meanwhile, 
cellular lactate significantly accumulated after stress but was detoxified 
by the LOX-functionalized Mn@LPEV, unlike Mn@EV, highlighting the 
substrate oxidation-mimicking capability of Mn@LPEV (Fig. 1l and m). 
In together, these results demonstrated the peroxidase and oxidase dual- 
mimicking activities of our fabricated biomimetic peroxisome 
Mn@LPEV in this study.

2.2. Mn@LPEV inhibits cardiomyocytes DDR and promotes proliferation

Mitochondrial ROS-induced DDR activation can adversely affect the 
myocardial cell cycle and arrest proliferation. To address this, we 
investigated whether the biomimetic peroxisome Mn@LPEV could 
inhibit myocardial DDR and promote proliferation. Upon treatment with 
Mn@LPEV, a significant reduction in myocardial nuclear ROS was 
observed following hypoxic-reoxygenation injury (H/R) (Fig. 2a and b). 
Consequently, there was a significant alleviation in DNA damage, as was 
indicated by the decrease in 8-hydroxydeoxyguanosine (8-OHdG) after 
Mn@LPEV treatment (Fig. 2c). Following DNA damage, repair mecha
nisms are initiated, during which ATM activation (pATM) plays a critical 
role in controlling the cell cycle [6,8,10]. In this study, Mn@LPEV 
treatment resulted in a significant inhibition of DDR (Fig. 2d and e), and 
demonstrated the essential role of Mn3O4 within the biomimetic 
peroxisome in reducing ROS accumulation and DNA damage after stress. 
Following the DDR pathway, check point kinase1 (CHK1) is activated 
leading to the phosphorylation of Wee1, which negatively regulates the 
cell cycle by inhibiting cyclin-dependent kinase1 (CDK1) [28,29]. 
Western blot analysis demonstrated that the biomimetic peroxisome 
Mn@LPEV inhibited Wee1 activation, and indicated its potential to 
maintain the myocardial cell cycle (Fig. 2f and g).

As a result, we explored cell proliferation following treatments. 
Notably, P1CMs treated with the biomimetic peroxisome Mn@LPEV 
maintained cell cycle progression and proliferation even under stressed 
conditions (Fig. 2h and I; Figs. S2a and b). Additionally, gene expression 
analysis of markers associated with fetal and neonatal stages revealed 
that Mn@EV and Mn@LPEV treatments increased the expression of 
Acta1, Nppa, Nppb, and Myh7 in P7CMs. In contrast, genes associated 
with myocardial maturation and differentiation, including Tnni3, Mylk3, 
Myocd, and Cacna1g were suppressed in Mn@EV and Mn@LPEV-treated 
P7CMs (Fig. 2j). This suppression was further confirmed by the quan
tification of Cyclin E1 protein (Fig. 2k). Under our conditions, the 
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proportion of proliferative P7CMs was also assessed. The number of 
Ki67-, pH3-, and AuroB-positive cardiomyocytes, indicators of mitosis, 
increased in cells treated with Mn@EV and Mn@LPEV-treated cells 
(Fig. 2m and n; Figs. S2c and d). These results demonstrate that our 
biomimetic peroxisome could alleviate DNA damage, inhibit the DDR/ 
Wee1 pathway, and further promote myocardial cell cycle reentry and 
proliferation.

2.3. Mn@LPEV modulates immunity, promotes neovascularization

MSC-EV has been demonstrated to be effective in modulating 

immune and inflammation responses, and promoting angiogenesis in 
heart repair [19]. In this study, the immunoregulatory effects of our 
MSC-EV-based biomimetic peroxisome were investigated by measuring 
macrophage gene expression after treating inflamed RAW264.7 cells. 
The results showed that Mn@LPEV and Mn@EV suppressed the 
expression of inflammatory macrophages (M1)-related genes while 
increasing the expression of anti-inflammatory M2-associated genes 
(Fig. S3a). Consistently, the level of inflammatory cytokines, such as IL-6 
and MCP-1, in the supernatants, decreased when treated with 
Mn@LPEV or Mn@EV (Fig. S3b). The impact of the biomimetic perox
isome Mn@LPEV on endothelial angiogenesis was also explored using 

Fig. 1. Preparation and characteristics of the biomimetic peroxisome Mn@LPEV. a) TEM of MSC-EV (left), Mn@EV (middle) and Mn@LPEV (left). b) Western 
blot analysis verified the presence of typical proteins of platelet membrane (GPIIb/IIIa, GPIbɑ, GPIa/IIa) and EV (Tsg101, Alix, CD63) on Mn@EV, PMV, and 
Mn@LPEV. c) Confocal revealed fluorescence colocalization of Mn@PEV (left) and the direct mixture of Mn@EV and PMV (right). bar = 1 μm. d) Confocal fluo
rescence colocalization confirmed the loading of Mn3O4 and LOX within Mn@LPEV. Green, Mn3O4; Red, LOX. bar = 20 μm. e, f) ζ potential (e) and size (f) analysis of 
Mn@EV, Mn@PEV and Mn@LPEV by the DLS. n = 3. g, h) Total cellular ROS in cardiomyocytes following oxidative stress and respective treatments was indicated 
and quantified by DCFH probe. bar = 10 μm, n = 3. i-k) Mitochondrial ROS in cardiomyocytes following oxidative stress and respective treatments was indicated by 
mitoSOX probe and quantified by flowcytometry. bar = 10 μm, n = 3. l, m) Cardiomyocytes lactate levels under indicated H2O2 were measured (l); and when 
maintained under 50 μM H2O2 with or without respective treatments, lactate accumulation in the medium was also measured (m). n = 3. **p < 0.01, ***p < 0.001, 
N = non-significant.
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Matrigel assay. After treatment with Mn@LPEV or Mn@EV, the tube 
formation of HUVECs (ECs) was observed and quantified, demonstrated 
a significant increase in newly formed microvessels (Figs. S3c and d). 
Altogether, these results demonstrate that along with maintaining 
myocardial redox hemostasis and proliferation, our fabricated bio
mimetic peroxisome Mn@LPEV inherited the immunomodulating and 
pro-neovascularizing effects from MSC-EV.

2.4. Mn@LPEV targets injured tissues after myocardial I/R injury

To enhance drug delivery to deep tissues in damaged hearts, we 
validated the targeting capability of our biomimetic peroxisome de
livery system. Initially, upon exposure to H2O2, an upregulation of 
endothelial (ECs) adhesive molecule von Willebrand factor (vWF) was 

observed. Consistently, the Mn@LPEV, rather than Mn@EV, showed 
significant binding to ECs and colocalization with vWF (Fig. 3a and b), 
indicating that the platelet biomimetic Mn@LPEV possesses the capa
bility to target damaged vascular. Inspired by a previous study [30], we 
further investigated whether Mn@LPEV could respond to lactate and 
exhibit tropism toward deep tissues. We first established a tracking 
system where one side chamber contains lactate medium and the other 
side contains control medium, while the middle chamber was filled with 
Mn@PEV or Mn@LPEV. We observed that LOX-functionalized 
Mn@LPEV exhibited a tropism towards the lactate. In contrast, 
Mn@PEV did not exhibit any direct motion under our conditions (Fig. 3c 
and d). A Transwell assay was then conducted, with HUVECs in the 
upper and H9C2 cells in the lower chamber, both pretreated with H2O2 
(Fig. 3e). When the upper chamber was replenished with these drugs, 

Fig. 2. Mn@LPEV inhibits cardiomyocytes DDR and promotes proliferation. a, b) The P1CM nuclear ROS after stress and treatments was indicated by DCFH 
after excluding cytoplasmic signal. bar = 10 μm, n = 3. c) Cellular DNA damage following stress and treatments was assessed by quantifying 8-OHdG. n = 3. d, e) 
Cardiomyocyte DDR was measured by immunofluorescence staining of pATM protein. Red, pATM. bar = 10 μm, n = 3. f, g) Western blot analysis was employed to 
measure relative expression of Wee1 vs. β-actin. h, i) P1CM proliferation was measured by immunofluorescence staining of Ki67. bar = 10 μm, n = 3. j) Relative gene 
expression associated with myocardial fate in P7CM after treatments was quantified by RT-qPCR. n = 3. k) Expression of cell cycle protein Cyclin E1 in P7CM was 
quantified by WB. n = 2. m, n) Cell proliferation indictor pH3 (m) and Auro B (n) was further measured in P7CM after respective treatments by immunofluorescence 
staining. bar = 10 μm, n = 3. *p < 0.05, **p < 0.01, ***p < 0.001, N = non-significant.
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H9C2 cells internalized Mn@LPEV at a significant higher rate than 
Mn@PEV (Fig. 3f and g). Additionally, the colocalization between 
Mn3O4 and EVs within cells further confirmed the successful delivery of 
these drugs (Fig. 3h). This supports the conclusion that Mn@LPEV could 
bind to activated endothelium and subsequently move as a bioswimmer 
toward subendothelial tissues.

As a proof of concept, these samples were administrated intrave
nously to mice 24h after I/R. In vivo imaging systems (IVIS) and fluo
rescence quantitation demonstrated that both Mn@EV and Mn@LPEV 
accumulated in injured hearts. Notably, the targeting efficiency of bio
mimetic peroxisome Mn@LPEV was significantly higher than that of 
Mn@EV (2.7-fold) (Fig. 3i and j). Tissue sections were further analyzed 

revealing that Mn@LPEV predominately targeted injured zones with a 
4-fold increase compared with Mn@EV (Fig. 3k and l). The distribution 
of vesicles across different organs was then assessed, demonstrating that 
both Mn@EV and Mn@LPEV exhibited similar distribution patterns in 
major organs and blood, but the Mn@LPEV group showed a trend of 
lower accumulation in liver and lung, which is probably attributed to the 
reduced mononuclear phagocyte system (MPS)-related effects caused by 
platelet membrane decoration (Fig. 3m). Additionally, the pharmaco
kinetics of platelet biomimetic Mn@LPEV was further investigated after 
i.v. administrated to mice via the tail vein and blood was collected at 
predetermined timepoints. As shown in Fig. S4, Mn@LPEV presented a 
relatively longer circulation time than unmodified Mn@EV, which 

Fig. 3. Mn@LPEV targets to myocardial injury in vitro and in vivo. a, b) The Mn@EV and Mn@LPEV binds to stressed HUVEC was observed and the Mn@LPEV 
showed colocalizations with vWF. Green, vWF; Red, Mn@EV or Mn@LPEV. bar = 20 μm, n = 3. c) Graphical construction of the tracking system. Black arrow: the 
middle chamber was filled with Mn@PEV or Mn@LPEV. Green arrow: tropism direction of formulations. d) Motion tracking images of Mn@PEV and Mn@LPEV 
under microscope at indicated times. Red arrow: motion direction. bar = 1 μm. e-g) Scheme of the Transwell construction (e), and the internalization of Mn@PEV or 
Mn@LPEV by H9C2 was observed under confocal (f) and quantified (g). h), Colocalization of Mn3O4 and respective vesicles after internalization under confocal. 
Green, Mn3O4; Red, EVs. bar = 20 μm. i, j) Targeted accumulation of Mn@EV and Mn@LPEV in the hearts after I/R was assessed by IVIS (i) and fluorescence 
quantification (j). n = 3. k, l) The distribution of these formulations in heart tissue sections was observed and quantified. Red, EVs; Green, cTnT. bar = 20 μm, n = 3. 
m) Biodistribution of formulations in major organs and blood. n = 3. *p < 0.05, **p < 0.01, ***p < 0.001.
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might be due to the “self-recognition” protein on platelet membranes as 
previously mentioned. Altogether, these results demonstrate that the 
biomimetic peroxisome Mn@LPEV effectively targets deep-injured 
myocardial tissues in a platelet-biomimetic and lactate-responsive 
manner.

2.5. Mn@LPEV alleviates myocardial injury and DDR in the I/R model

To examine the therapeutic effects of our biomimetic peroxisome in 
vivo, we established mice I/R models and administrated Mn@LPEV. We 

first assessed myocardial ROS accumulation in heart tissues 7 days after 
I/R. Results indicated that Mn@EV reduced ROS levels in the heart, 
while the biomimetic peroxisome Mn@LPEV significantly enhanced this 
effect (Fig. 4a and b). Consequently, Mn@LPEV protected mitochondrial 
morphology and increased mitochondrial quantity, showing a higher 
density of mitochondrial cristae (Fig. 4c and d). Cardiomyocyte 
apoptosis was evaluated by the Tunel assay, which showed that cell 
apoptosis was significantly reduced by the biomimetic peroxisome, 
demonstrating the myocardial protection effects of Mn@LPEV (Fig. 4e 
and f). Additionally, DNA damage and DDR were assessed using 8-OHdG 

Fig. 4. Mn@LPEV alleviates myocardial DDR and promotes regeneration after I/R injury. a, b) Myocardial ROS was indicated by DHE probe and quantified 7d 
after I/R and treatments. Green, ROS; Red, α-SA. bar = 20 μm, n = 3. c, d) Mitochondrial damage under TEM (c) and measurement of mitochondrial cristae density 
(d). bar = 0.5 μm, n = 3. e, f) Cardiomyocyte apoptosis was assessed by the Tunel assay. Green, cTnT; Red, Tunel. bar = 20 μm, n = 3. g, h) Myocardial DNA damage 
was measured by immunostaining of 8-OHdG (g) and quantification (h). Green, cTnT; Red, 8-OHdG. bar = 20 μm, n = 3. i, j) 4 weeks after treatments, the ratio of 
heart weight to body weight (i) and heart weight to tibial length (j) were measured respectively. n = 5. k, l) The cellular size of cardiomyocytes was indicated (k) and 
measured (l) by WGA staining. Green, WGA. bar = 50 μm, n = 3. m, n) Myocardial proliferation was identified (m) and quantified (n) by Ki67. Green, Ki67; Red, 
α-SA. bar = 20 μm, n = 5. *p < 0.05, **p < 0.01, ***p < 0.001.
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and pATM (Fig. 4g and h; Figs. S5a and b), and revealed that Mn@LPEV 
effectively attenuated both DNA damage and DDR after I/R. These 
findings indicate that consistent with cellular experiments, Mn@LPEV 
performs effectively in alleviating myocardial oxidative stress and DNA 
damage response in vivo.

2.6. Mn@LPEV promotes heart regeneration after I/R injury

28 days after I/R, we evaluated the ratio of heart weight to body 
weight and heart weight to tibial length. The biomimetic peroxisome 

Mn@LPEV effectively prevented myocardial hypertrophy compared to 
other treatments (Fig. 4i and j). Regarding cell morphology, WGA 
staining was conducted to examine variations in cell size among 
experimental groups. The results demonstrated a significant decrease in 
cell volume following the therapy of Mn@LPEV (Fig. 4k and l). As 
confirmed by immunolocalization (Fig. 4m and n; Figs. S5c and d), there 
was a significant increase in Ki67-and pH3-positive cardiomyocytes in 
Mn@LPEV-treated hearts. This demonstrates that Mn@LPEV facilitate 
cardiomyocyte reentry into the cell cycle and promotes myocardial 
regeneration after I/R. Based on these findings, we have corroborated 

Fig. 5. Mn@LPEV detoxifies lactate, facilitates heart repair and function recovery. a, b) In the first week after I/R and treatments, heart tissue lactate was 
measured (a) and mice death was recorded by survival curve (b). c, d) M1 and M2 macrophages was identified and quantified by iNOS and CD206 respectively 7-day 
after treatments. Red, iNOS; Green, CD206. bar = 10 μm, n = 5. e, f) After i.v injection of fluorescein sodium, mice hearts were directly observed under IVCS to assess 
LVAW microcirculation perfusion 4w after treatments. bar = 1 mm. g, h) Small arterioles and functional neovessels were identified by α-SMA and i.v. injected Lectin, 
and further quantified. Red, α-SMA; Green, Lectin. bar = 50 μm, n = 5. i, j) Fibrosis remodeling of heart tissues was assessed by Masson staining (i), and the LVAW 
thickness (j, left) and fibrosis ratio (j, right) were further measured. bar = 50 μm, n = 5. k-n) Echocardiography (k) was used to assess heart function (l, EF; m, FS; n, 
CO) after treatments. n = 7. *p < 0.05, **p < 0.01, ***p < 0.001, N = non-significant.
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the efficacy of the artificial peroxisome in alleviating myocardial DDR 
and promoting regeneration after I/R. The active delivery system, which 
is platelet biomimetic and lactate-responsive significantly enhanced 
these effects.

2.7. Mn@LPEV detoxifies lactate and facilitates heart repair and function 
recovery

One week after I/R and treatment, we investigated tissue lactate 
level and found that only the artificial peroxisome Mn@LPEV effectively 
detoxified the accumulated lactate, highlighting the substrate-oxidizing 
function of the biomimetic Mn@LPEV (Fig. 5a). During which, mice 
mortality rate was also recorded and demonstrated the mortality- 
reducing effects of lactate-catalyzing Mn@LPEV (Fig. 5b). Together 
with the above results, these findings indicate that our artificial perox
isome Mn@LPEV successfully mimicked peroxisome to maintain cardiac 
redox homeostasis after I/R. We then examined heart sections to 
investigate the inflammatory response. Mn@LPEV significantly 
decreased the population of inflammatory M1 macrophages and 
increased reparative M2 macrophages (Fig. 5c and d), indicating the 
immunomodulation for macrophage polariton by our biomimetic 
peroxisome. To evaluate heart perfusion and microcirculation, we 
observed the heart’s microcirculation using an in vivo confocal system 
(IVCS) and confirmed neovascularization following Mn@LPEV therapy 
(Fig. 5e and f). Additionally, we stained α-SMA after i.v. administrated 
Lectin to indicate microarteries and functional neovessels [20], and 
revealed significant increase both in arterioles density and neovessels as 
for the treatment of MSC-EV-original Mn@LPEV (Fig. 5g and h).

The fibrosis remodeling of myocardium was further investigated 
using Masson’s trichrome staining, which demonstrated that Mn@LPEV 
significantly preserved left ventricular anterior wall (LVAW) thickness 
and reduced fibrosis volume compared to control and Mn@EV therapies 
(Fig. 5i and j). Finally, we assessed mice cardiac function by echocar
diography. As shown in Fig. 5k–n, the biomimetic peroxisome 
Mn@LPEV preserved heart function better than Mn@EV, as indicated by 
ejection fraction (EF) (38.9 % vs. 33.8 % vs. 29.6 % for Mn@LPEV, 
Mn@EV and Ctrl, respectively) and fractional shortening (FS) (19.4 % 
vs. 15.9 % vs. 11.3 % for Mn@LPEV, Mn@EV and Ctrl, respectively) and 
cardiac output (CO) (17.9 mL/min vs. 13.8 mL/min vs. 10.5 mL/min for 
Mn@LPEV, Mn@EV and Ctrl, respectively). Overall, our biomimetic 
peroxisome Mn@LPEV demonstrated therapeutic effects in preventing 
acute death, modulating inflammation, promoting angiogenesis, 
reducing fibrosis, and protecting heart function.

2.8. Biosafety assessment

To assess the biosafety of our biomimetic peroxisome before clinical 
application, we initially performed apoptosis indicator caspase-3 
immunohistochemistry (IHC) staining to investigate histological 
changes in various organs. No apparent toxic damage was observed 
across the different treatment groups (Fig. S6a). In clinical settings, 
heart attacks often follow the formation of microthrombi in the coronary 
arteries. To evaluate the thrombogenic risk of these treatments, we 
performed a platelet aggregation test. When preincubated with 
Mn@LPEV and stimulated by thrombin, platelets reached a maximum 
aggregation of 86 % showing no significant differences compared to the 
control or Mn@EV groups (Figs. S6b and c), suggesting a minimal in
fluence on platelet function. In addition, the blood clotting function test 
confirmed the satisfactory safety regarding thrombus risk (Fig. S6d). 
Finally, we measured biochemistry criteria after treatments and found 
that these treatments did not have a significant impact on these in
dicators (Fig. S6e).

3. Conclusion and discussion

Through Mn3O4 and LOX, we fabricated an MSC-EV-based artificial 

peroxisome to maintain redox homeostasis in the stressed myocardium. 
This artificial peroxisome mimicked both the peroxidase and oxidase 
activities of natural peroxisomes in scavenging ROS and lactate, effec
tively inhibiting the DDR pathway which in turn reactivated the 
myocardial cell cycle and promoted proliferation. Enabled by the 
platelet biomimetic and lactate-responsive delivery strategy, the bio
mimetic peroxisome could actively target heart injuries, and promote 
heart repair and regeneration in I/R mice. This included immunomo
dulation, proangiogenesis, reduction in mortality and fibrosis, as well as 
myocardial regeneration and functional recovery.

Regarding above results of our therapy in promoting heart regener
ation, however, the mechanisms following the DDR should be further 
addressed. For example, latest literatures have revealed that lipid 
metabolism is strongly associate with the myocardial cell cycle and 
proliferation. Fatty acid oxidation is detrimental to myocardial prolif
eration and control cell cycle arrest by an epigenetic modification of 
histones, while sphingolipid metabolism can promote mammalian heart 
regeneration through inhibiting the deacetylation of H3K9/H3K27 and 
increasing transcription levels of ErbB4, MEF2A and MEF2C. However, 
both of above-mentioned lipid substrates are related to mitochondrial 
oxidation and might be strongly linked to the DNA response and cell- 
cycle control. This needs further identification of crosslink between 
DDR and lipid metabolism-associated epigenetic modification of 
histone.

The drug loading by EV have achieve advances but still being chal
lenged by some limitations, particularly the loading efficiency [31]. In 
this study, we loaded nanozymes into MSC-EV by pretreating MSC with 
Mn3O4, and the vesicle membrane can further load drugs by a 
piggy-back strategy, which can be implemented for extend therapeutics. 
Respecting to limitations of this study, however, we have not reached a 
method to address how many drugs were loaded in the EV, which need 
future efforts to explore not only for the nanozymes, but also these un
quantifiable drugs. But, despite all this, we established a strategy to 
mimic the peroxisome and demonstrated a way to target myocardial 
DDR and regenerate the heart.

4. Methods and materials

4.1. Materials preparation and fabrication of biomimetic peroxisome 
Mn@LPEV

The Mn3O4 nanozyme was synthesized using our previous thermal 
decomposition method [23] and is briefly described in the supporting 
information. Rat bone marrow MSCs were maintained under standard 
conditions [20,21], and were cocultured with Mn3O4 (0.1 mg/mL) for 
48 h before collecting culture medium, that was first centrifugated 
(500g*10min) to remove cells and cell debris, and then ultra
centrifugated (100000g*45min) to isolate Mn3O4-loaded MSC-EV 
(Mn@EV) [32,33]. The Mn@EV examples were further ultrafiltrated 
through a Millipore (0.05 μm) to exclude free Mn3O4. Platelet membrane 
vesicles (PMVs) were obtained from freshly collected platelets using a 
freeze-thaw method, and then fused with Mn@EV (1:1, protein wight) 
via sonication and extrusion [21,34] to produce platelet biomimetic 
vesicles (Mn@PEV). Lactate oxidase was stirred with DSPE-PEG-NHS to 
create DSPE-PEG-LOX conjugates. Finally, the biomimetic peroxisome 
Mn@LPEV was fabricated by modifying Mn@PEV with DSPE-PEG-LOX 
conjugates (2 %), via sonication 2 min and following ultrafiltration to 
exclude free LOX [30,35]. These formulations were subsequently char
acterized using Western blot (WB), confocal, TEM and DLS techniques, 
etc.

4.2. The antioxidative and pro-proliferative activity of Mn@LPEV in vitro

Cardiomyocytes extracted from P1, P7 neonatal C57BL/6 mice were 
treated with 100 μM H2O2 or subjected to hypoxia/reoxygenation (H/R) 
to induce oxidative stress. Concurrently, the cells were cultured with 
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Mn3O4, Mn@EV, or Mn@LPEV for 12 h. The antioxidative and mito
chondrial protective effects of these treatments were assessed using 
various probes, including mitoSOX (Invitrogen), DCFH-DA (Beyotime, 
China), Calcein AM (Cal AM, beyotime, China) and TMRM (Invitrogen). 
DNA damage and DDR activation were evaluated by measuring the base 
modification maker 8-OHdG (Invitrogen) and pATM (Invitrogen). Pro
teins involved in the cell cycle, such as Wee1 (Abcam), pH3, (Huabio, 
China) and Ki67 (Invitrogen), were analyzed through WB or IF. Addi
tionally, cell mitosis was quantified by identifying Auro B via IF.

4.3. Active binding and targeting experiments

HUVEC cells were exposed to oxidative stress using 100 μM H2O2 for 
10 h. After washing, the cells were incubated with 5 μg/mL DiD-labeled 
Mn@EV or Mn@LPEV at 4 ◦C for 10 min. A motion tracking system was 
set up with a microscope [21], where one side chamber contained 
lactate medium and the other side contained control medium. The 
middle chamber was filled with Mn@PEV or Mn@LPEV. In the Trans
well assay, HUVECs and H9C2 cells were maintained in the upper and 
lower chambers, respectively under treatment with H2O2. The medium 
in the upper chamber was then refreshed with DiD-labeled Mn@PEV or 
Mn@LPEV. Subsequently, the internalization of these vesicles was 
observed and quantified. In vivo, 24 h after I/R operation, mice were 
intravenously injected with 200 μl of DiR-labeled Mn@EV, Mn@LPEV, 
or PBS. The targeting of these formulations to mouse hearts was inves
tigated 2h post-administration using the IVIS system and immunohis
tochemistry with anti-cTnT (Abcam). Additionally, their distribution in 
major organs, including the liver, spleen, lung, kidney, and brain, was 
also quantified.

4.4. Laboratory animal and treatment assignment

C57BL/6 mice (20 g ± 2 g) were obtained from the Sir Run Shaw 
Hospital Animal Experiment Center, Ltd. All animal experiments were 
conducted with the approval of the Ethics Committee of Sir Run Shaw 
Hospital (SRRSH202302225), Zhejiang University. Myocardial I/R 
injury was induced in mice by ligating the left anterior descending 
coronary artery for 45 min, followed by reperfusion. The mice were then 
randomized into four groups to receive different treatments: sham (mice 
with a sham operation), control (saline), and either Mn@EV or 
Mn@LPEV (i.v, 20 μg/200 μL), administered at 1, 2, and 3 days post- 
operation.

4.5. Cardiomyocyte DDR and proliferation assessment in vivo

One week after treatments, myocardial oxidative stress was evalu
ated by measuring tissue ROS using DHE (Beyotime) and observing 
mitochondrial morphology. Cell apoptosis was assessed using Tunel 
assay (Abcam). DNA damage and the DDR were indicated by the levels 
of 8-OHdG and pATM respectively. Subsequently, heart samples were 
collected 28 days post-treatment to evaluate cardiac proliferation. 
initially, the ratios of heart weight to body weight and heart weight to 
tibia length were measured. WGA staining (Thermo Fisher) was then 
performed to compare cardiomyocyte size and number. Finally, pH3 and 
Ki67 staining were used to assess myocardial proliferation.

4.6. Cardiac repair and function assessment

In the first week following I/R, daily measurements of heart tissue 
lactate were performed on the mice. Mortality was quantified by 
recording survival curves. Seven days after treatments, the presence of 
M2 macrophages was identified using CD206 (Abcam) to evaluate the 
immunomodulatory effects of the therapies. Four weeks after treatment, 
micro-vessel, and microcirculation perfusion were assessed using Lectin, 
α-SMA (Abcam) staining and IVCS (MR-solution, France), respectively. 
Subsequently, hearts were harvested, sectioned, and subjected to 

Masson’s trichrome staining. The collagen area and percentage were 
analyzed using ImageJ software. Finally, transthoracic echocardiogra
phy (Visual Sonics Vevo 770 system) was performed on mice to evaluate 
cardiac function by calculating alterations in left ventricular ejection 
fraction (LVEF), left ventricular fractional shortening (LVFS), and car
diac output (CO) based on M-mode traces from six consecutive cardiac 
cycles.

4.7. Statistical analysis

Data are expressed as the mean ± SD. Statistical analyses were per
formed using GraphPad Prism (version8.0). Two-group comparisons 
were conducted using a two-tailed unpaired Student’s t-test. For com
parisons involving more than two groups, one-way analysis of variance 
(ANOVA) was employed. Statistical significance was defined as p <
0.05.
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