
Article
Injectable hydrogel with m
iR-222-engineered
extracellular vesicles ameliorates myocardial
ischemic reperfusion injury via
mechanotransduction
Graphical abstract
Highlights
d Targeting miR-222-engineered EVs are incorporated in

mechanical GEL hydrogels

d GEL-TeEVs are administered into the pericardial cavity by

minimally invasive injection

d Mechanical GEL-TeEV patches attenuate cardiac IRI

remodeling

d Improvements are linked to adhesion, force, and

mechanotransduction preservation
Wang et al., 2025, Cell Reports Medicine 6, 101987
March 18, 2025 ª 2025 The Authors. Published by Elsevier Inc.
https://doi.org/10.1016/j.xcrm.2025.101987
Authors

Yongtao Wang, Danni Meng,

Xiaohui Shi, ..., Dragos Cretoiu,

Qiulian Zhou, Junjie Xiao

Correspondence
zhouqiulian@shu.edu.cn (Q.Z.),
junjiexiao@shu.edu.cn (J.X.)

In brief

Wang et al. construct injectable

pericardial hydrogels with targeting miR-

222-engineered extracellular vesicles

(TeEVs) as biofunctional cardiac patches

to ameliorate acute myocardial ischemic

reperfusion injury (IRI) and mitigate

cardiac remodeling post IRI. Meanwhile,

the improvements of cardiac functions

are related to focal adhesion activation,

cytoskeleton force enhancement, and

nuclear force-sensing preservation.
ll

mailto:zhouqiulian@shu.edu.cn
mailto:junjiexiao@shu.edu.cn
https://doi.org/10.1016/j.xcrm.2025.101987
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrm.2025.101987&domain=pdf


OPEN ACCESS

ll
Article

Injectable hydrogel with miR-222-engineered
extracellular vesicles ameliorates myocardial
ischemic reperfusion injury via mechanotransduction
Yongtao Wang,1,2,8 Danni Meng,1,2,8 Xiaohui Shi,1,2,8 Yan Hou,1 Shihui Zang,1 Lei Chen,3,4 Michail Spanos,5 Guoping Li,5

Dragos Cretoiu,6,7 Qiulian Zhou,1,2,* and Junjie Xiao1,2,9,*
1Cardiac Regeneration and Ageing Lab, Institute of Geriatrics (Shanghai University), Affiliated Nantong Hospital of Shanghai University (The

Sixth People’s Hospital of Nantong) and School of Life Science, Shanghai University, Nantong 226011, China
2Institute of Cardiovascular Sciences, Shanghai Engineering Research Center of Organ Repair, Joint International Research Laboratory of
Biomaterials and Biotechnology in Organ Repair (Ministry of Education), School of Life Science, Shanghai University, Shanghai 200444, China
3Department of Spine Surgery, Tongji Hospital, School of Medicine, Tongji University, Shanghai 200065, China
4Key Laboratory of Spine and Spinal Cord Injury Repair and Regeneration, Ministry of Education, Department of Spine Surgery, Tongji

Hospital, School of Medicine, Tongji University, Shanghai 200065, China
5Cardiovascular Division of the Massachusetts General Hospital and Harvard Medical School, Boston, MA 02114, USA
6Department of Medical Genetics, Carol Davila University of Medicine and Pharmacy, 020031 Bucharest, Romania
7Materno-Fetal Assistance Excellence Unit, Alessandrescu-Rusescu National Institute for Mother and Child Health, 011062 Bucharest,

Romania
8These authors contributed equally
9Lead contact

*Correspondence: zhouqiulian@shu.edu.cn (Q.Z.), junjiexiao@shu.edu.cn (J.X.)
https://doi.org/10.1016/j.xcrm.2025.101987
SUMMARY
Cardiac ischemic reperfusion injury (IRI) significantly exacerbates cardiac dysfunction and heart failure,
causing high mortality. Despite the severity of IRI, effective therapeutic strategies remain elusive. Acellular
cardiac patches have shown considerable efficacy in delivering therapeutics directly to cardiac tissues.
Herein, we develop injectable GelMA (GEL) hydrogels with controlled mechanical properties. Targeting
miR-222-engineered extracellular vesicles (TeEVs), tailored with cardiac-ischemia-targeting peptides
(CTPs), are developed as ischemic TeEV therapeutics. These TeEVs are encapsulated within mechanical hy-
drogels to create injectable TeEV-loaded cardiac patches, enabling minimal invasiveness to attenuate IRI.
The injectable patches facilitate the precise targeting of TeEVs for the efficient rescue of damaged cells.
Persistent delivery of TeEVs into the infarcted region alleviates acute IRI and mitigated remodeling post
IRI. This is linked to focal adhesion activation, cytoskeleton force enhancement, and nuclear force-sensing
preservation. These findings may pave the way for force-sensing approaches to cardiac therapy using bio-
engineered therapeutic patches.
INTRODUCTION

Cardiovascular diseases (CVDs) remain the leading cause of fa-

tality worldwide.1 Even though patients with CVD may achieve

remission through temporary conservative and surgical thera-

pies, the re-hospitalization and mortality rates remain high.2,3

Various heart diseases, including acute myocardial infarction

(MI) andheart failure (HF), continue toposeasignificant risk to hu-

man lives, becoming a major public health concern globally.4–6

Regenerative heart therapy,which employs biocompatiblemate-

rials and biological textures in combination with nucleic acids,

proteins, and live cells, is considered as a promising approach

to provide personalized precision therapy for severe cardiac

ischemic reperfusion injury (IRI) and HF.7,8 Mechanical hydro-

gel-based acellular patches are created to passively suppress

ischemic infarction regions of the myocardium under force-
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sensing mechanotransduction, reducing myocardial wall stress

and preventing left ventricular dysfunction remodeling.9 Fluid-

like waxy starch hydrogels near the gel point, designed as gel-

point adhesion patches, offer appropriate force protection for

cardiac injury.10 Although biofunctional hydrogels are widely im-

plemented for cardiac regeneration and repair, minimal manipu-

lation by injectable hydrogels holds potential for treating CVDs

through force-sensing mechanical protection.

Ischemia and hypoxia of the coronary arteries cause the loss of

cardiomyocytes, finally leading to MI development.11 Clinically,

thrombolysis, percutaneous coronary intervention, and grafting

can restore ischemic perfusion of the coronary artery.12 Howev-

er, once perfusion occurs, pressure overload (Piezo1-related

calcium influx) and high reactive oxygen species cause second-

ary damage to cardiomyocytes due to the loss of mechanical

protection in the cardiac microenvironment.13–15 Notably, IRI is
arch 18, 2025 ª 2025 The Authors. Published by Elsevier Inc. 1
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closely associated with the cardiomyocyte microenvironment

and extracellular matrix (ECM) assembly, particularly in ECM

remodeling.16,17 When cardiomyocytes attach to the ECM

microenvironment, they produce integrin adhesion-coupling re-

ceptors, exhibit various morphological characteristics, alter

nanomechanical interactions based on cytoskeleton-mediated

reorganization, and transmit these mechanical signals into the

nucleus in response to IRI. This process is crucial for maintaining

cardiomyocyte metabolism and survival.18,19 The alteration of

geometric topology in cardiomyocytes promotes the reconstruc-

tion of cytoskeleton structures (sarcomere), thus affecting

cardiac remodeling after IRI.20 The dynamic homeostasis of

cytoskeletal mechanics is disrupted in cardiac IRI.21,22 Protein-

encoding genes in the sarcomere, such as MYBPC3, which en-

codes myosin-binding protein C (cMyBP-C) in cardiomyocytes

and is involved in regulating sarcomere contraction, can mutate

and lead to cardiac diseases.23 Importantly, cMyBP-C offers a

different molecular mechanism to explain how mechanical ho-

meostasis is maintained in cardiomyocytes. The expression of

force-sensing proteins acts as a mechanical biotransducer,

monitoring cardiovascular functions and cardiac diseases.24,25

Extracellular vesicles (EVs) secreted from mesenchymal stem

cells (MSCs) are nanoscale vesicles approximately 100 nm in

diameter, containing proteins, lipids, and RNAs (including micro-

RNAs [miRNAs], long non-coding RNAs [lncRNAs], and circular

RNAs [circRNAs]) for cardiac repair.19,26–29 Platelet membrane-

fused circulating EVs enhance targeting uptake ability in human

umbilical vein endothelial cells (HUVECs) and inhibit apoptosis in

HUVECs and neonatal rat cardiomyocytes (NRCMs), protecting

against acute IRI (AIRI) and improvingcardiacdysfunction3weeks

post IRI remodeling.30 Moreover, MSC-derived EVs are loaded

intohydrogels via injection-freespraymethods for efficient cardiac

disease therapeutics.31 We previously reported that miR-222 is

profiled to promote cardiomyocyte growth and proliferation in ex-

ercise model and protect mammalian heart against pathological

remodeling.32 Therefore, understanding the molecular mecha-

nismsofcardiomyocytenanomechanics in IRI remodeling induced

by miR-222-overexpressed EV-loaded cardiac patches is crucial

for elucidating the interaction of IRI mechanics and biomaterial-

based force therapy. In this study, we synthesized injectable

gelatin methacryloyl (GelMA) hydrogels (GEL) by controlling the

grafting ratio of methacryloyl groups and established targeting

miR-222-engineered EVs (TeEVs) as therapeutics. TeEVs were

loaded intohydrogels to construct an injectableTeEV-loadedperi-

cardial hydrogelpatch.GEL-TeEVhydrogelswere injected into the

pericardial cavity via a minimally invasive method to alleviate

myocardial IRI through the protection of force-sensing mechano-

transduction. This study not only provides insights into delivering

targeting-engineered EVs in cardiac IRI tissues with minimal inva-

siveness but also offers a deep understanding of cell nanome-

chanics and mechanotransduction in IRI repair.

RESULTS

Generation and feasibility of TeEV-loaded hydrogel
patches
Injectable pericardial GEL hydrogel patches, loaded with TeEVs,

were constructed through photosensitive curing to achieve mini-
2 Cell Reports Medicine 6, 101987, March 18, 2025
mally invasive delivery for myocardial IRI rescue via force-

sensing mechanotransduction (Figure S1A). The viscoelastic hy-

drogel was initially synthesized by introducing methacryloyl

groups into gelatin chains. The grafting percentage of methacry-

loyl groups was controlled by varying methacrylic anhydride

(MAA) concentrations to produce an adjustable mechanical

GEL hydrogel precursor (Figure S1B). The grafting conjugation

of methacryloyl groups was verified via 1H-NMR analysis (Fig-

ure S1C), which showed an increase in the d values of proton

peaks of methacrylate vinyl groups at 5.4 and 5.7 ppm, while

the proton peaks of methylene lysine at 2.9 ppm declined for

the synthesized GEL precursor. This indicates an increased

modification of MAA in the gelatin chains. Fourier transform

infrared spectra of gelatin and GEL precursor were also applied

to analyze the synthesized GEL (Figure S1D). The GEL spectrum

exhibited characteristic peaks of gelatin chains at 3,292 cm�1 for

O–H and N–H stretching vibrations, at 1,544 cm�1 for N–H

stretching and C–H bending peaks, and at 1,237 cm�1 for C–N

stretching and N–H bending peaks. Notably, the characteristic

peak at about 1,631 cm�1 in the GEL spectrum was identified

as the C=C stretching peak of themethacrylate group, indicating

successful synthesis of the GEL precursor. Additionally, a photo-

sensitive reagent was incorporated into the synthesized GEL

precursor to establish the mechanical hydrogel platform under

UV exposure, used in this study (Figure S1E). The formation

of GEL hydrogel was confirmed by SEM, which presented

a uniform porous topography (Figure S1F) with interconnected

pores averaging approximately 100 mm in diameter. The

rheology of gelatin and GEL was evaluated by oscillatory dy-

namic shearing measurement to assess gelatinization ability

(Figure S1G), where the storage modulus (G0) and loss modulus

(G00) demonstrated that GEL presented excellent gel stability un-

der varied shear rates. These results indicate that MAA was

impeccably integrated into the gelatin chains to manufacture

injectable, mechanical, and biocompatible GEL hydrogels.

Human umbilical cord MSC-derived EVs (HUC-MSC-derived

EVs) were isolated by ultracentrifugation, engineered to overex-

press miR-222 by electroporation, and targeted using a car-

diac-ischemia-targeting Cys-Ser-Thr-Ser-Met-Leu-Lys-Ala-Cys

(CSTSMLKAC) polypeptide to form cardiac TeEVs (Figure S1H).

The miR-222-engineered EVs exhibited an overexpression of

miR-222 as compared to control EVs (Figure S1I). The creation

of distinct EVs was also corroborated by typical EV markers

CD63, CD9, Tsg101, and Alix in engineered EVs (Figure S1J).

Moreover, Transmission electron microscopy (TEM) was applied

to investigate the nanospherical-shaped configuration and size

of miR-222-engineered EV and TeEV nanoparticles (Figure 1A).

Nanoparticle tracking analysis (NTA) was performed to calculate

the physical sizes and average particle sizes of miR-222-engi-

neered EVs and TeEVs, ranging approximately 80–130 nm

(Figure 1B). Therefore, these results present that TeEVs were

successfully designed by introducing the cardiac-ischemia-tar-

geting polypeptide into miR-222-engineered EVs.

Subsequently, the TeEVs were loaded into GEL hydrogels to

assess the mechanical properties, release profile, and biocom-

patibility ofGEL-TeEVhydrogels. Initially, themechanical proper-

ties ofGELandGEL-TeEVhydrogelsweremeasured using force-

distance curves obtained by atomic force microscope (AFM)



Figure 1. Generation and characterization of targeting miR-222-engineered EVs, mechanical hydrogels (GEL), and TeEV-loaded hydrogel

patches (GEL-TeEV)

(A) Representative TEM images of EVsmodified bymiR-222-engineered and cardiac-ischemia targeting peptides (CTsP) as miR-222-engineered EVs (eEVs) and

targeting miR-222-engineered EVs (TeEVs) in both Mus musculus (mmu) and Rattus norvegicus (rno).

(B) Nanoparticle size distribution of engineered EVs by NTA analysis.

(C) Force-distance curves by AFM measurement.

(D) Young’s modulus of GEL and GEL-TeEV.

(E) Adhesive force of GEL and GEL-TeEV.

(F) TeEV release rate in GEL at different time points.

(G) Absorption ratio of mechanical hydrogels.

(H) Degradability evaluated by weight loss of hydrogels.

(I) Cell viability by PBS, GEL, TeEV, and GEL-TeEV treatment.

Data present mean ± SD; n = 3 (F) or n = 6 per group. Unpaired Student’s t test (D–H) and one-way ANOVA test followed by Bonferroni test (I) were used for

statistical analysis. ***p < 0.001. See also Figure S1.
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nanoindentation (Figure 1C). The average Young’s modulus of

GEL-TeEV samples was calculated to be approximately 14–

18 kPa, consistent with GEL samples, indicating that the addition

of TeEVsdidnot affect thecrosslinkedGELhydrogels (Figure1D).

Interestingly, the adhesion force ofGEL-TeEVsamples increased

compared to GEL samples (Figure 1E), suggesting that the

elevated adhesion force may provide a strong cardiac binding

force in heart patch formation. The slow-release performance

of TeEVs in GEL was monitored by measuring the TeEV content

in the supernatant (Figure 1F). TeEV releaseprofilewasenhanced

with increasing release time, with approximately 40% of TeEVs

released and diluted in supernatant PBS within 6 h, revealing a

rapid initial release. Subsequently, TeEV release amount accu-

mulated to 70%within 72 h. The TeEV release profile was closely

associatedwith the absorption ability anddegradability of the hy-

drogel. The absorption assay in PBS and degradability assay in

collagenase showed little significant difference in equilibrium ab-

sorption ratio (Figure 1G) and weight loss (Figure 1H) of GEL hy-

drogels with or without TeEV incorporation. In addition, the

biocompatibility of the crosslinked hydrogels was evaluated by

analyzing cell survival ability in synthesized hydrogels. Cardio-

myocytes cultured under hydrogel scenarios with or without

TeEVs exhibited no significant difference in cell viability across

all groups (Figure 1I), indicating the good biocompatibility of hy-

drogels. Moreover, miR-222 was down-regulated in oxygen-

glucose deprivation reperfusion (OGDR)-stressed NRCMs, AIRI

myocardium, and ischemic reperfusion injury (IRI) post 3 weeks

myocardium (Figure S1K). Notably, the expression levels of the

miR-222 under the GEL-TeEV treatment were measured to be

over 109 times in OGDR-stressed NRCMs (Figure S1L), almost

45 times in AIRI myocardium (Figure S1M) and near 14 times in

IRI post 3 weeks myocardium (Figure S1N). Based on adjustable

mechanics, controlled release rates, and biocompatible cell sur-

vival, the mechanical hydrogels loaded with TeEVs were gener-

ated to serve as injectable heart patches in the pericardial cavity.

GEL-TeEVs enhanced cell internalization and rescued
apoptosis in OGDR-stressed NRCMs
It has been previously established that CSTSMLKAC cardiac-

ischemia-targeting peptide (CTP) can enhance cellular internali-

zation when bonded to EVs.33 In this study, the targeting uptake

ability of TeEVs in NRCMs was evaluated using a fluorescence-

labeling assay. The results showed increased red fluorescence

in the TeEV group compared to both PBS and miR-222-engi-

neered EV group (Figure 2A), indicating superior uptake ability.

The normalized fluorescence intensity corroborated these find-

ings, showingsimilar results to thefluorescent images (Figure2B).

Further evaluation of targeting internalization was performed us-

ing flowcytometry, and the fluorescent curves revealed amarked

increase in uptake tendency in the TeEV group (Figure 2C). The

quantitatively normalized fluorescence intensity also demon-

strated a stronger uptake ability in TeEV cells in OGDR condition

(Figure 2D). These internalization results suggested that higher

uptake levels of TeEVs could be observed in both control and

OGDR-stressed cells, potentially facilitating targeted repair of

cardiomyocytes in post-ischemia conditions.

To substantiate the hypothesis regarding the targeting repair

ability of TeEV in impaired NRCMs, Tunel staining was employed
4 Cell Reports Medicine 6, 101987, March 18, 2025
to monitor apoptosis rescue capabilities in OGDR-stressed

NRCMs (Figure 2E). The number of Tunel-positive cells was

noticeably reduced following treatment with TeEV and GEL-

TeEV, compared to the PBS control in OGDR-stressed condi-

tions. Moreover, the quantitative analysis calculated the propor-

tion of Tunel-positive cells, indicating a decrease in apoptosis

levels and revealing efficient OGDR rescue ability for damaged

NRCMs (Figure 2F). Furthermore, the expression of apoptosis-

related proteins such as Bax, Bcl2, cleaved caspase-3, and

caspase-3 was analyzed by western blot (WB) to demonstrate

modulation at the protein level (Figure 2G). The WB results indi-

cated that both TeEVs andGEL-TeEVs reduced the Bax/Bcl2 ra-

tio and cleaved caspase-3/caspase-3 ratio in OGDR-stressed

NRCMs, illustrating their potent anti-apoptotic effects (Fig-

ure 2H). Moreover, the expression levels of the downstream

target genes (homeobox containing 1 [Hmbox1], homeodomain

interacting protein kinase 1 [HIPK1], and HIPK2) were evaluated.

TeEV and GEL-TeEV could decrease the expression levels of

Hmbox1 and HIPK2 in OGDR-stressed cells by qPCR analysis

(Figure S2A). Furthermore, both Hmbox1 and HIPK2 were also

assessed to show the repressive expression levels in TeEV

and GEL-TeEV cells by WB analysis (Figure S2B). Nevertheless,

HIPK1 was not regulated among these groups (Figure S2C).

Thus, these findings support that TeEVs could be specifically

targeted and internalized into impaired NRCMs, effectuating

high uptake ability and strong anti-apoptosis effects in OGDR-

stressed NRCMs.

Myocardial targeting delivery and retention of TeEVs via
pericardial hydrogel injection in vivo

Given the heart’s deep-embedded location within the thoracic

cavity, cardiac hydrogel patches represent a promising thera-

peutic approach for cardiac repair, circumventing the low car-

diac targeting and retention associated with intravenous injec-

tion.34–36 Notably, some studies have explored utilizing the

pericardium to prevent infection and provide a lubricated cham-

ber for heart protection.37,38 The pericardial cavity, situated be-

tween the serous and fibrous pericardium, is considered an

ideal site for hydrogel injection, enabling the construction of hy-

drogel patches in impaired cardiac tissues.39,40 Inspired by this

conceptualization, we designed an injectable TeEV-loaded peri-

cardial hydrogel patch to enhance myocardial IRI rescue via

force-sensing mechanotransduction, delivered in a minimally

invasive manner (Figure 3A). After injectable implantation of

DiD-labeled miR-222-engineered EV and TeEV with or without

hydrogels for 24 h post IRI treatment, mouse hearts were

analyzed ex vivo using an in vivo imaging system spectrum

computed tomography imaging system. Fluorescent results

indicated that CTP-targeting engineered EVs exhibited stronger

fluorescence intensity than non-targeting engineered EVs,

regardless of hydrogel usage (Figure 3B). Total radiant effi-

ciency of DiD-labeled fluorescence in CTP-targeting groups

(TeEVs and GEL-TeEVs) was measured to be twice as high as

that in non-targeting groups (eEVs and GEL-eEVs) (Figure 3C),

suggesting that the incorporation of injectable hydrogels did

not alter the targeting delivery capability of TeEVs in vivo. In

addition to cardiac targeting experiment, other organs (liver,

spleen, lung, kidney, and brain) were also evaluated to expatiate



Figure 2. Targeting cell internalization and

anti-apoptosis ability of GEL-TeEVs in

OGDR-stressed NRCMs

(A) Representative fluorescence images of PBS,

miR-222-engineered EV (eEV), and targeting miR-

222-engineered EV (TeEV) with or without OGDR-

stressed overload. a-actinin: green; DiD: red;

nuclei: blue. Scale bar: 50 mm.

(B) Targeting uptake ability calculated by normal-

ized fluorescence intensity.

(C) Flow cytometry evaluation of PBS, eEV, and

TeEV with or without OGDR-stressed overload.

(D) Normalized fluorescence quantification by flow

cytometry analysis.

(E) Representative fluorescence images of Tunel

staining in OGDR-stressed NRCMs. Tunel: green;

a-actinin: red; nuclei: blue. The white arrows point

to Tunel-positive cells. Scale bar: 100 mm.

(F) Percentage of Tunel-positive cardiomyocytes.

(G) WB estimation for apoptosis-related marker

analysis of Bax, Bcl2, cleaved caspase-3, and

caspase-3 in OGDR-stressed NRCMs.

(H) Bax/Bcl2 and cleaved caspase-3/caspase-3

ratios from WB analysis in OGDR-stressed

NRCMs.

Data present mean ± SD; n = 6 per group. Two-

way ANOVA test followed by Tukey post hoc test

(B, D) and one-way ANOVA test followed by

Bonferroni test (F, H) were used for statistical

analysis. *p < 0.05; **p < 0.01; ***p < 0.001. See

also Figure S2.
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myocardial targeting ability and metabolic way in vivo. It was

obvious that strong fluorescence intensity was observed in the

liver, independently of other organs (including brain, spleen, kid-

ney, and lung) (Figure S3). To assess the internalization level of

targeting engineered EVs in cardiac tissues, we observed that

TeEVs accumulated and maintained long-term retention in the

base, mid, and apex regions of IRI mouse hearts (Figure 3D).

Further evaluation of targeting delivery and retention in cardiac

tissues was conducted through cryogenic heart section stain-

ing, which revealed increased red DiD-labeled fluorescence in

CTP-targeting engineered EVs (TeEVs and GEL-TeEVs)

compared to non-targeting engineered EV groups (Figure 3E).

Normalized immunofluorescence (IF) efficiency was calculated,
Cell Reports
and the results demonstrated that the

efficiency of CTP-targeting engineered

EVs was nearly twice than that of non-

targeting engineered EVs (Figure 3F),

indicating enhanced cardiac targeting

ability, increased internalization efficacy,

and deep-tissue retention preference.

The biocompatible hydrogels were in-

jected into the pericardial cavity to solidify

a heart-protecting patch in situ, and TeEV

therapeutics were loaded into hydrogel

patches to facilitate slow release for

long-term repair of chronic heart diseases.

In a mouse IRI model, we conducted an

in vivo imaging assay of CTP-targeting en-
gineered EVs with or without hydrogels over 3 weeks (Figure 3G).

The imaging results suggested that total radiant efficiency

decreased in both TeEV and GEL-TeEV groups; however, the

release rate of TeEVs was faster than that of GEL-TeEVs, indi-

cating the slow-release functionality of the hydrogel patches (Fig-

ure 3H). The normalized area under the curves of total radiant effi-

ciency was assessed, and the area of GEL-TeEVs was calculated

to be approximately 3 times higher than that for TeEVs, revealing

strong cardiac targeting uptake ability and long-term retention

in situ after IRI treatment (Figure 3I). Collectively, the injectable

TeEV-loaded pericardial hydrogel patch could enhance myocar-

dial targeting delivery and retention of TeEVs andmay offer signif-

icant therapeutic potential for myocardial IRI rescue.
Medicine 6, 101987, March 18, 2025 5



Figure 3. Myocardial targeting delivery and retention of TeEVs via pericardial hydrogel injection in vivo

(A) Illustration of minimally invasive injection in pericardial cavity as a natural mold to form cardiac hydrogel patches in situ.

(B) Fluorescent images of CTP-targeting engineered EVs (TeEVs) in DiD-labeled hearts.

(C) Total radiant efficiency of DiD-labeled fluorescence in hearts.

(D) Fluorescent images of the cross-sections of IRI hearts from base and mid to apex in vitro.

(E) Representative fluorescence images of DiD-labeled eEVs and TeEVs with or without hydrogel patches to detect targeting delivery and retention ability of

therapeutics in cardiac tissues. DiD: red; a-actinin: green; nuclei: blue. Scale bar: 50 mm.

(F) Normalized IF efficiency of eEVs and TeEVs to detect internalization efficacy in vivo.

(G) Representative in vivo fluorescence images of DiD-labeled TeEVs with or without hydrogel patches in mice at 24 h, 3 days, 7 days, 14 days, and 21 days

(H) Total radiant efficiency of quantitative fluorescence intensity in TeEVs and GEL-TeEVs.

(I) Normalized area under the radiant curves of total radiant efficiency.

Data present mean ± SD; n = 6 (C–F) or n = 5 (H and I) per group. One-way ANOVA test followed by Bonferroni test (C, F) and unpaired Student’s t test (H, I) were

used for statistical analysis. **p < 0.01; ***p < 0.001. See also Figure S3.
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GEL-TeEV patch alleviated acute myocardial IRI
Targeting cardiac ischemia with CTP-ischemia polypeptide-inte-

grated miR-222-engineered EVs represents an efficient thera-

peutic strategy to attenuate AIRI. These TeEVs were embedded

in hydrogels to enhance therapeutic efficiency through mechan-

ical hydrogels. An IRI model was established following 30 min of

ischemia, and GEL-TeEV was pericardially injected to form a
6 Cell Reports Medicine 6, 101987, March 18, 2025
hydrogel patch within the natural cardiac mold during a 24-h

reperfusion period (Figure 4A). To evaluate the therapeutic effec-

tiveness of GEL-TeEV in vivo, cardiac 2,3,5-triphenyl tetrazolium

chloride (TTC) staining was performed to assess the infarction

area post treatment in the IRI model (Figure 4B). The results

indicated a significant reduction in the ratio of infarction area to

area at risk (INF/AAR) in the GEL-TeEV group, demonstrating



(legend on next page)
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decreased infarct size in AIRI (Figure 4C). Notably, a similar INF/

AAR ratio was observed between the TeEV and GEL-TeEV

groups, suggesting a rapid release of TeEVs from GEL within

the first 24 h, which aligns well with the requirements for AIRI

treatment. The TTC staining results highlighted a marked

decrease in the infarction area due to GEL-TeEV interventional

therapy post IRI.

Additionally, apoptosis in cardiomyocytes within myocardial

tissues was assessed by Tunel staining, with fluorescent im-

ages revealing fewer green Tunel-positive cells evaluated in

the GEL-TeEV group compared to the PBS control (Figure 4D).

Quantitative analysis of Tunel-positive cells demonstrated a

strong apoptosis-inhibiting effect following GEL-TeEV treat-

ment (Figure 4E), with apoptosis similarly reduced in both

TeEV and GEL-TeEV groups, indicating sufficient TeEV release

from the GEL for AIRI repair. WB analysis was conducted to

evaluate the expression levels of apoptosis-related proteins,

including Bax, Bcl2, cleaved caspase-3, and caspase-3 (Fig-

ure 4F). Consistent with the Tunel results, the ratios of Bax/

Bcl2 and cleaved caspase-3/caspase-3 exhibited a decreasing

trend in both the TeEV and GEL-TeEV groups (Figure 4G), re-

flecting significant alleviation of myocardial AIRI. Lactate dehy-

drogenase (LDH) levels were measured to detect glycolysis-

related myocardial injury (Figure 4H), with LDH levels in the

GEL-TeEV group dramatically reduced compared to the PBS

control, thereby indicating effective AIRI rescue. Moreover,

relative expression levels of inflammatory factors such as inter-

leukin (IL)-1b, tumor necrosis factor alpha (TNF-a), and IL-6

were notably elevated in AIRI mice compared to the sham

group (Figure 4I). However, TeEV and GEL-TeEV injection

effectively down-regulated these pro-inflammatory factors.

Besides, the downstream target genes were explored to eluci-

date that TeEV and GEL-TeEV could down-regulate the

expression levels of Hmbox1 and HIPK2 in AIRI mice by

qPCR analysis (Figure S4A). Hmbox1 and HIPK2 were further

confirmed to be decreased by TeEV and GEL-TeEV treatment

by WB analysis (Figure S4B). Meanwhile, HIPK1 was not regu-

lated among these groups (Figure S4C). Hematoxylin & eosin

(H&E) immunohistochemical staining confirmed that the struc-

tural characteristics of major organs (liver, spleen, lung, and

kidney) remained unchanged, suggesting minimal systemic

toxicity from biocompatible GEL incorporation (Figure S4D).

In conclusion, the GEL-TeEV patch formed by in situ pericardial

injection could precisely target the ischemic region to alle-

viate AIRI.
Figure 4. GEL-TeEV patches alleviated myocardial acute IRI

(A) Establishment of AIRI model after 30-min ischemia and then protected by GE

(B) Cardiac 2,3,5-triphenyl tetrazolium chloride (TTC) staining.

(C) Detection of the infarction area/area at risk (INF/AAR) ratio and the area at ris

(D) Representative fluorescence images of Tunel staining in myocardial tissues. Tu

cells. Scale bar: 100 mm.

(E) Percentage of Tunel-positive cells.

(F) WB estimation for apoptosis-related marker analysis of Bax, Bcl2, cleaved ca

(G) Bax/Bcl2 and cleaved caspase-3/caspase-3 ratios from WB analysis.

(H) Lactate dehydrogenase (LDH) expression level.

(I) Relative expression levels of inflammatory factors, including IL-1b, TNF-a, and

Data presentmean ±SD; n = 6 per group. One-way ANOVA test followed byBonfe

also Figure S4.
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GEL-TeEV patch ameliorated cardiac dysfunction in
cardiac IRI remodeling
The targeting-engineered EVswere encapsulated in GEL to facil-

itate slow release for chronic IRI rescue via a minimally invasive

injection method. To validate the hypothesis that GEL-TeEV

patch mitigates cardiac IRI dysfunction, an IRI model was

induced with 30 min of ischemia followed by 3 weeks of reperfu-

sion, treated with GEL-TeEV injection (Figure 5A). Echocardiog-

raphy was performed to assess heart function (Figure 5B). Left

ventricular ejection fraction (Figure 5C) and fractional shortening

(Figure 5D) in the GEL-TeEV group showed significant improve-

ments compared to the IRI control, ameliorating cardiac IRI re-

modeling. Masson’s trichrome staining was utilized to evaluate

the level of cardiac fibrosis after the treatment with GEL-TeEV

therapeutics (Figure 5E). The fibrosis area (18.61% ± 2.83%) in

the IRI model was reduced to 6.77% ± 1.40% in the GEL-

TeEV-treated group (Figure 5F). Furthermore, the expression of

fibrosis-related protein alpha-smooth muscle actin (a-SMA)

was explored byWB analysis (Figure 5G). There was an elevated

expression of a-SMA in the IRI model, whereas these proteins

showed a decreasing trend in the GEL-TeEV group. Quantitative

results confirmed that a-SMA was up-regulated following IRI in-

duction (Figure 5H), and their expression was mitigated by GEL-

TeEV treatment, delaying fibrosis-related protein expression to

improve cardiac dysfunction. The expressions of two additional

fibrosis-related genes, collagen type I alpha 1 chain (Col1a1, Fig-

ure 5I) and collagen type III alpha 1 chain (Col3a1, Figure 5J),

were also quantified using qPCR analysis, showing reduced

expression in the GEL-TeEV group, consistent with the WB re-

sults for a-SMA. Pathological cardiac genes such as atrial natri-

uretic peptide (ANP), brain natriuretic peptide (BNP), and beta-

myosin heavy chain (b-MHC) were significantly increased in the

IRI model, but their expression was suppressed by GEL-TeEV

therapeutics, demonstrating the amelioration of cardiac IRI re-

modeling (Figure 5K). Meanwhile, the downstream target genes

of miR-222 were also proved to reveal the long-term depressant

expressions of Hmbox1 and HIPK2 in cardiac IRI remodeling un-

der GEL-TeEV treatment by qPCR analysis (Figure S5A). WB

analysis of Hmbox1 and HIPK2 displayed that the expression

levels of both key downstream genes were persistently

repressed under GEL-TeEV treatment (Figure S5B). Neverthe-

less, HIPK1 was not affected among these groups (Figure S5C).

Additionally, H&E staining revealed that the evolution of patho-

logically enlarged myocardial cells induced by IRI remodeling

was mitigated in the GEL-TeEV-treated mice, preventing the
L-TeEV patches followed by 24-h reperfusion in vivo.

k/left ventricle weight (AAR/LV) ratio after AIRI.

nel: green; a-actinin: red; nuclei: blue. The white arrows point to Tunel-positive

spase-3, and caspase-3.

IL-6.

rroni test was used for statistical analysis. *p < 0.05; **p < 0.01; ***p< 0.001. See



Figure 5. GEL-TeEV patches ameliorated cardiac dysfunction in cardiac IRI remodeling

(A) Establishment of IRI remodeling model after 30-min ischemia and then protected by GEL-TeEV patches followed by 3-week reperfusion in vivo.

(B) Representative echocardiography images of sham, IRI+PBS, IRI+GEL, IRI+TeEV, and IRI+GEL-TeEV groups.

(C) Left ventricle ejection fraction (EF).

(legend continued on next page)
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progression of cardiac hypertrophy (Figure S5D). Collectively,

these results demonstrate that GEL-TeEV patches, implanted

via in situ minimally invasive injection, could inhibit the progres-

sion of cardiac fibrosis and protect against cardiac pathological

remodeling.

GEL-TeEV patches activated intracellular
mechanotransduction in the heart
Force-sensing biophysical stimuli play a vital role in regulating

cardiac morphogenesis and cytoskeletal distribution of myocar-

dial cells.41 Beyond immediate cell-cell interactions, myocardial

cells are capable of discerning various extracellular mechanical

cues such as stretching mechanics, fluidic hemodynamics, and

ECMsubstrate rigidity, which enable them to respond adaptively

to environmental changes.42 When mechanical forces overload

myocardial cells, integrin-adhesion-coupling receptors (IACRs)

are activated, influencing cellular features and behaviors, such

as morphology, division, migration, and internalization.43–45 In-

tegrin expression was analyzed to assess IACR formation in a

3-week IRI mouse model (Figure 6A). Quantitative fluorescence

intensity, in both total integrin and per-cell measurements (Fig-

ure S6A), indicated enhanced IACR accumulation on lipid raft

microdomains. IACRs were observed interacting with focal ad-

hesions (FAs) under force-driven mechanical stimuli from GEL

patches. Vinculin, a primary component of FA, was assessed

via WB analysis to evaluate its assembly in GEL-TeEV-treated

mice (Figure 6B). The results revealed that vinculin expression

declined during IRI remodeling, while GEL-TeEV patches

restored vinculin assembly (Figure 6C), promoting intracellular

cytoskeletal organization in cardiomyocytes. Talin-1, another

FA structural protein, anchors connections in the plasma

membrane to interact with IACRs and sense extracellular me-

chanical tension induced by GEL-TeEV patches. Fluorescent

imaging of talin-1 (Figure 6D) showed the increasing intensity

following GEL-TeEV treatment, with the lowest intensity

observed in the IRI control (Figure S6B). Magnification images

revealed increased aggregation of talin-1 proteins in the hearts

of GEL-TeEV mice (Figure S6C), suggesting that GEL-TeEV

patches could enhance the expression of adhesion coupling re-

ceptors such as integrin, vinculin, and talin-1, thereby promoting

intracellular cytoskeleton formation.

Myosin, amotor cytoskeletal protein linked to actin or actinin, is

activatedbyadhesionproteins. It providesdriving force fromGEL

patches for efficient TeEV internalization in myocardial cells.

Fluorescent imaging of myosin demonstrated increased myosin

intensity in GEL-TeEV mice (Figures 6E and S6D). The heteroge-

neous distribution of adhesion proteins and the cytoskeleton led

cells to openmechanical cationic channels (Piezo1), causing cal-
(D) Fractional shortening (FS).

(E) Masson staining. Scale bar: 100 mm.

(F) Cardiac fibrosis detected by Masson staining.

(G) WB analysis of fibrosis-related protein (a-SMA).

(H) Quantitative protein expression level of a-SMA.

(I) Col1a1 gene expression level quantified by qPCR analysis.

(J) Col3a1 gene expression level quantified by qPCR analysis.

(K) Relative expression level of pathological cardiac genes, including ANP, BNP,

Data presentmean ±SD; n = 6 per group. One-way ANOVA test followed byBonfe

also Figure S5.
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cium influx due to the overloaded tension in IRI remodeling.

Enhanced Piezo1 expression was noted in IRI remodeling under

hemodynamic stress, while the force-protecting GEL patch and

TeEV release therapeutics alleviated the IRI-overloaded me-

chanics (Figures 6F and S6E). Moreover, the Young’s modulus

of cardiac tissues was measured to analyze heart stiffness in

different groups (Figure 6G). Conversely, adhesion force in car-

diac tissueswas enhancedbyGEL-TeEV treatment, ameliorating

adhesion function of the myocardium (Figure 6H). The results

indicated a significant increase in Young’s modulus in IRI hearts

due to elevated fibrosis levels, whereas stiffness in GEL-TeEV

cardiac tissues decreased, reflectingmechanical and synergistic

protection. These mechanical results suggest that myocardial

cells could undergo stress overload homeostasis during IRI,

while GEL-TeEVs acted asmechanical preservers and therapeu-

tics, rescuing abnormalmotormyosin assembly, pressure-sensi-

tive Piezo1 expression, fibrosis-related rigid expansion, and

adhesion force decline in the IRI model.

Yes-associated protein (YAP) has been studied for its role in

transmitting biomechanical changes from the cytoplasm to the

nucleus via the Hippo signaling pathway.46,47 YAP expression

was analyzed to regulate intracellular mechanotransduction in

myocardial cells (Figure 6I). In IRImice, YAP expressionwas sup-

presseddue to damaged cytoskeletal structures,which impeded

excitation-contraction (E-C) coupling in cells (Figure 6J). GEL-

TeEV patches, serving asmechanical and gene protectors, reha-

bilitated E-C coupling formation and enhanced YAP-related me-

chanotransduction. This mechanical contractility was further

transmitted into the nucleus, affecting nuclear skeleton distribu-

tion. LaminA/C was evaluated by WB to analyze nuclear import

and recruitment influenced by cytoskeletal stiffening and YAP-

induced mechanotransduction (Figure 6K). The quantitative re-

sults showed increased laminA and laminC expression levels in

GEL-TeEV mice, providing resistance to nuclear deformation

and enhancing chromatin activity (Figure 6L). These results indi-

cate that GEL-TeEVs could enhance force-sensing mechano-

transduction through YAP modulation, improving nuclear lam-

inA/C structural integrity for effective IRI repair.

Furthermore, TeEV and patches could also arousemechanical

protein expression inAIRImice.WBanalysis showed that vinculin

expression was decreased in AIRI mice (Figure S6F). After the

treatment of GEL-TeEV patches, the expression level of vinculin

was enhanced to induce intracellular cytoskeletal assembly in

cardiomyocytes. Talin-1 was stained to reveal the interaction of

FAs and IACRs in AIRI model. Fluorescent imaging of talin-1 (Fig-

ure S6G) presented the enhanced fluorescence intensity under

GEL-TeEV treatment, while the lowest intensity was observed

in the AIRI group (Figure S6H). These FA proteins could affect
and b-MHC.

rroni test was used for statistical analysis. *p < 0.05; **p < 0.01; ***p< 0.001. See



Figure 6. Activation of GEL-TeEV patches on intracellular adhesion-cytoskeleton-nucleus mechanotransduction of myocardial cells in vivo

(A) Representative fluorescence images of integrin (green). a-actinin: red; nuclei: blue. Scale bar: 100 mm.

(B) WB analysis of vinculin to detect focal adhesion formation.

(C) Quantitative vinculin expression level by WB analysis.

(D) Representative fluorescence images of talin-1 (green). Scale bar: 100 mm. Magnified talin-1 images were shown in the second row. Scale bar: 50 mm.

(E) Normalized myosin immunofluorescence (IF) intensity per cell.

(F) Normalized Piezo1 IF intensity per cell.

(G) Young’s modulus of cardiac tissues measured by AFM.

(H) Adhesion force of cardiac tissues.

(I) WB analysis of YAP.

(legend continued on next page)
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intracellular cytoskeletal distribution and motor protein forma-

tion. Fluorescent imaging of myosin (Figure S6I) showed the

increased fluorescence intensity under GEL-TeEV treatment

(Figure S6J). The overload stress of AIRI induced mechanical

cationic Piezo1 channel to cause calcium influx. Fluorescent im-

aging of Piezo1 (Figure S6K) indicated that increasing Piezo1

expression was observed in AIRI mice. After the patch and

TeEV treatment, AIRI-induced stress overload was relieved by

reducing Piezo1 expression (Figure S6L). YAP-related Hippo

pathway was also evaluated to explain the enhanced YAP me-

chanotransduction by WB analysis (Figure S6M). Nuclear skel-

eton structures were further controlled by mechanical E-C

coupling stimulation. LaminA/C was explored to present the

increasing expression levels after the treatment of GEL patches

and TeEV therapeutics (Figure S6N). Thus, the data present

thatGELpatches andTeEV therapeutics couldpromoteYAPme-

chanotransduction and increase nuclear laminA/C expression by

FA formation and cytoskeleton distribution to ameliorate cardiac

function.

Underlying mechanism of GEL-TeEV patches for
enhanced nanomechanics in NRCMs
To elucidate the underlyingmechanisms behind the observed IRI

rescue via cytoskeleton remodeling and nuclear mechanotrans-

duction, we investigated the coordinated actions of mechanical

signaling activation pathways in NRCMs. Cells were cultured un-

der conditions of medium alone, GEL, TeEV, and GEL-TeEV to

evaluate FA formation by vinculin staining (Figure 7A). Fluores-

cent imaging demonstrated enhanced FA formation in cells

treatedwithGEL-TeEV. Both normalized total vinculin IF intensity

(Figure S7A) and average IF intensity per cell (Figure 7B) were

elevated under GEL-TeEV therapy, indicative of GEL protection

and targeted TeEV repair. Cytoskeleton structures were well

organized, as shown by motor protein myosin staining (Fig-

ure S7B). The normalized myosin IF intensity displayed an

increased trend under GEL-TeEV treatment (Figures 7C and

S7C), mirroring the results observedwith FA assembly. Stiffening

of cell culture plates (CCPs) was found to provoke an inflamma-

tory response, promoting pressure-stress overload in NRCMs.

Mechanical cationic channel Piezo1 was overexpressed in CCP

control, while its excess was restrained by GEL-TeEV incorpora-

tion (Figures 7D, S7D, and S7E). Differences in FA, cytoskeleton,

and force-sensing channels could contribute to intracellular

nanomechanics. AFM was utilized to measure force-distance

curves, evaluating the nanomechanics of NRCMs (Figure S7F).

Cells progressively stiffened under GEL-TeEV treatment due to

well-organized cytoskeletal structures, contrasted bya reduction

in stiffness without GEL or TeEVs (Figure 7E). The adhesion force

against silicon nitride nanoparticles on the AFM probe was

reduced with GEL-TeEV incorporation (Figure 7F). Further, YAP

results also revealed nuclear translocation by nucleus/cytoplasm

ratio in the control group, while YAP signals were enriched in the
(J) Quantitative YAP expression level.

(K) WB analysis of laminA/C to detect nuclear skeleton structures.

(L) Quantitative laminA/C expression level.

Data presentmean ±SD; n = 6 per group. One-way ANOVA test followed byBonfe

also Figure S6.
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cytoplasm by GEL-TeEV treatment (Figure 7G). The quantitative

analysis of nuclear YAP showed a decreasing trend in the GEL-

TeEV group (Figure 7H). These results demonstrated that GEL-

TeEV patches could modulate cellular nanomechanics through

cytoskeletal repair and YAP nuclear-cytoplasmic translocation,

activating force-related signaling pathways to enhance the up-

take of TeEV therapeutics (Figure 7I). The mechanism by which

GEL-TeEV patches rescue IRI involvesGEL hydrogels enhancing

cardiac ECM functions to activate E-C coupling, establishes

contractile myosin, and promotes ultrastructural remodeling.

This improves metabolic or mitochondrial function, facilitating

the effective internalization of TeEVs. Collectively, TeEVs are

released slowly from mechanical hydrogels and internalized

into myocardial cells, improving IRI and cardiac remodeling

through the regulation of mechanical signal activation, adhesion

protein assembly, cytoskeleton-mediated formation, force-

sensing channel opening, and nuclear mechanotransduction.

DISCUSSION

Cardiovascular tissue engineering offers a promising approach to

mitigating myocardial injury by promoting cardiac repair.48–53 Hy-

drogel patches have emerged as effective tools in this strategy.

They can protect against disease-induced stress overload by

influencing mechanotransduction pathways, shielding the heart

from excessive mechanical stress, and serving as carriers for

drugs that counteract cardiac pathological remodeling.54 Current

implantation of cardiac patches necessitates open-chest surgery,

a highly invasive procedure. Recently, minimally invasive injection

techniques have been proposed for delivering cardiac patches in

situ.40,55–57 However, this method often relies on shape-memory

biomaterials, which may disrupt the pericardium, a crucial struc-

ture for maintaining heart stability after injury. In situ injectable hy-

drogel patches offer a solution. This approach holds significant

promise for achieving minimal invasiveness in cardiac regenera-

tion and repair.58,59 Viscoelastic heart patches made from adhe-

sive epicardial hydrogels can improve outcomes in MI by

enhancing the mechanical integrity of left ventricular tissues.60,61

Acellular epicardial patches formed through ionic crosslinking

have demonstrated efficacy in reversing both acute and subacute

MI due to their low dynamic modulus, which optimizes the bal-

ancebetween the fluid and solid properties (gel point) of hydrogels

during left ventricular remodeling.10

Cardiac IRI exacerbates pathological hypertrophy and car-

diac fibrosis, ultimately leading to HF.62 Cardiomyocytes initially

respond to biomechanical stimuli (physiological or pathological),

by expanding their surface area (hypertrophy). However, pro-

longed excessive tension can lead to irreversible heart decom-

pensation and various cardiac dysfunctions.63–66 Mechano-

transduction, the process by which mechanical forces are

converted into cellular signals, is considered a critical factor in

heart diseases triggered by mechanical stresses like shear
rroni test was used for statistical analysis. *p < 0.05; **p < 0.01; ***p< 0.001. See



Figure 7. Enhanced nanomechanics by GEL-TeEV patches in NRCMs to induce cell focal adhesion formation and well-organized cyto-

skeleton structures for force-activated uptake of TeEVs

(A) Representative fluorescence images of vinculin (green). Scale bar: 100 mm.

(B) Normalized vinculin IF intensity per cell.

(C) Normalized myosin IF intensity per cell.

(D) Normalized Piezo1 IF intensity per cell.

(E) Young’s modulus of NRCMs measured by AFM.

(F) Adhesion force of NRCMs.

(G) Representative fluorescence images of YAP (green). Nuclei: blue. Scale bar: 100 mm.

(H) YAP nucleus/cytoplasm ratio of NRCMs.

(legend continued on next page)

Cell Reports Medicine 6, 101987, March 18, 2025 13

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
stress, stretching tension, and hemodynamic overload.67 To

protect cardiac mechanotransduction against IRI, injectable

GEL hydrogels were developed. These hydrogels are injected

into the pericardial cavity to reinforce IRI-induced cardiac repair.

An alternative approach utilizes miR-222-engineered EVs de-

signed using the ischemic CSTSMLKAC polypeptide. These

EVs function as gene-mediated therapeutic nanoparticles and

are loaded into mechanical hydrogels to alleviate heart dysfunc-

tion after IRI. Compared to stem cell therapy, EVs or exosomes

derived from stem cell-free sources offer advantages by avoid-

ing ethical concerns and immune rejection issues while still

improving outcomes in IRI. These targeted EVs have been

shown to enhance post-IRI repair by delivering therapeutic com-

ponents to mitochondria.68 The combination of CSTSMLKAC

polypeptide (PEP) and triphenylphosphonium cations (TPP+)

effectively binds to the mitochondria, forming a PEP-TPP-mito-

chondria complex that facilitates efficient uptake by cardiomyo-

cytes during IRI repair. These complexes promote cardiac func-

tion by enhancing energy production, strengthening mechanical

contraction, reducing cell apoptosis, and mitigating inflamma-

tory responses.

Force-sensing mechanotransduction may be considered as

an underlying mechanism for IRI repair in the cardiovascular

system.69 Cardiomyocytes are embedded within the ECM of

myocardial tissue, where they sense mechanical cues that

direct ECM remodeling, adhesion-dependent receptor activa-

tion, cytoskeletal reorganization, and nuclear mechanotrans-

duction.70 Firstly, integrins serve as initial anchors, tethering

cells to the ECM and forming clustered FAs, which function as

multiprotein signaling hubs.71–73 FA kinase and steroid receptor

coactivator (SRC) are key downstream effectors that orches-

trate various cellular functions.74 FAs mediate morphological

changes in cells through actin polymerization-driven expansion

and myosin-dependent contraction, thereby enhancing the

internalization of EVs by cardiomyocytes.75 These evidences

show that the cardiac GEL-TeEV patches could alleviate early

IRI and activate adhesion-cytoskeleton-related mechanical sig-

nals to further promote TeEV uptake in IRI hearts. More TeEVs

were internalized into cardiac cells to release protective miR-

222 for IRI rescue. As the positive feedback, due to the success-

ful protection of TeEVs to the damaged hearts, force-related

signals were further stimulated to produce more FA, reorganize

cytoskeleton structures, and activate nuclear mechanotrans-

duction for improving the functions of myocardial cells. Poly-

merization of F-actin filaments (F-actin) reduces the availability

of G-actin, leading to decreased association with myocardin-

related transcription factor A (MRTFA). Consequently, MRTFA

translocates to the nucleus, where it interacts with serum

response factor to regulate gene transcription, critical for meta-

bolic reprogramming, proliferation, and cellular responses to

mechanical stimuli.76 Secondly, in addition to integrin signaling,

transient receptor potential vanilloid type 4 and Piezo1 cation

channels are stimulated by mechanical forces exerted on the
(I) Mechanical hydrogel patches were used to induce FA-coupling receptor fo

mechanical signaling activation and to promote TeEV uptake for IRI repair.

Data presentmean ±SD; n = 6 per group. One-way ANOVA test followed byBonfe

also Figure S7.
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plasmamembrane.77 Their changes affect calcium (Ca2+) influx,

which influences numerous transcription factors, mechanical

signaling pathways, and cytoskeletal reorganization, ultimately

contributing to force-sensing protection against heart diseases.

Thirdly, mechanical force induces the inhibition of the classical

Hippo pathway, leading to nucleus-cytoplasm translocation

of YAP to promote gene expression for enhanced cellular func-

tions.78 These genes are involved in cellular metabolic reprog-

ramming, proliferation, and responsiveness to mechanical

stimuli through interaction with the transcriptional enhanced

associate (TEA) domain transcription factor family in cardiac tis-

sues. Mechanotransduction is also directly propagated from

the cytoskeleton to the nuclear envelope via laminA/C and linker

of nucleoskeleton and cytoskeleton (LINC), comprising trans-

membrane proteins SUN and nesprin.79 The LINC complexes

play a role in mediating nuclear morphology, chromatin organi-

zation, gene regulation, and nuclear pore permeability. This

function facilitates the nucleus-cytoplasm translocation of

YAP and MRTFA during IRI remodeling. Therefore, force-

sensing mechanics and tension are considered as the crucial

factors for cardiovascular regeneration and repair.

Under the protection of GEL-TeEV hydrogel patches, the

porous GEL structures facilitated the rapid release of more than

half of the TeEVs from the hydrogel network within the first

3 days. The released TeEVs were delivered into myocardial cells,

promoting their uptake through the activation of a cytoskeleton-

induced cationic signaling pathway triggered by mechanical

stimuli. Engineered EVs have been shown to have therapeutic ef-

fects, including alleviating myocardial IRI.80,81 The overexpres-

sion of RNAs (mRNA, lncRNA, and miRNA) and functional pro-

teins within these EVs can modulate cell-to-cell communication

and stimulate cell migration, thereby promoting angiogenesis in

cardiac tissue.82 In this study, TeEVs were employed to reduce

cardiac apoptosis. In this process, GEL-TeEVpatches could pro-

mote cytoskeleton formation of cardiomyocytes to increase cell

stiffness (Young’s modulus), and the increased nanomechanics

could provide driving force for TeEV internalization. More

TeEVs alleviated cardiac fibrosis in IRI remodeling post 3 weeks,

thus reducing cardiac mechanics. These effects were achieved

through minimally invasive surgical delivery using a mechanical

hydrogel. Overall, the study demonstrates that targeted, engi-

neered TeEVs released frommechanical hydrogel patches could

be delivered intomyocardial cells to improve AIRI and cardiac re-

modeling by regulating mechanical signaling activation, adhe-

sion-related protein assembly, cytoskeleton force channel open-

ing, and nuclear mechanotransduction.

In brief, injectable pericardial hydrogel patches loaded with

TeEVs were constructed to alleviate myocardial IRI. Grafting of

the methacryloyl group into gelatin was successfully confirmed

by chemical analysis and gelatinization. HUC-MSC-derived

EVs were engineered to overexpress miR-222. These TeEV ther-

apeutics were achieved through ischemic CTP modification.

TeEVs demonstrated high uptake in NRCMs and myocardial
rmation, cytoskeletal nanomechanics, and nuclear mechanotransduction for

rroni test was used for statistical analysis. *p < 0.05; **p < 0.01; ***p< 0.001. See
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tissues in vivo. The GEL-TeEV cardiac patches were injected into

the pericardial cavity using a minimally invasive approach to

rescue IRI. The rapid release of TeEVs from the hydrogels within

the first 24 h enhanced the rescue of AIRI. Furthermore, the slow

release of controlled TeEVs at 3 weeks alleviated heart dysfunc-

tion post IRI remodeling. TeEVs reduced myocardial apoptosis,

cardiac fibrosis, and the immune inflammatory response. Tar-

geted and engineered TeEVs were controllably released from

the mechanical hydrogel patches and delivered precisely into

cardiomyocytes to ameliorate ischemic myocardial diseases.

This was achieved by regulating mechanical signaling activation,

adhesion-related protein assembly, cytoskeleton force channel

opening, and nuclear mechanotransduction. This study has the

potential to expand our understanding of therapeutic-loaded

cardiac patches and force-sensing mechanotransduction in

heart tissue repair.

Limitations of the study
GEL-TeEVcardiacpatches have some limitations. Thesepatches

were examined to evaluate the rescue ability of damaged cells

in vitro and to reveal the therapeutic effect of cardiac patches

in the male C57BL/6 mouse model in vivo. Nevertheless, the

non-human primates were not performed in this study, due to

resource, technology, and time restrictions. Long-term TeEV

retention effect (over three weeks) is not executed due to the de-

gradability of mechanical hydrogel model. Moreover, the poten-

tial off-targeting effects of TeEVs may partially occur in non-car-

diac cells, such as fibroblasts and endothelial cells.
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B Myocardial apoptosis evaluation
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Bax Rabbit pAb ABclonal Cat#A19684, RRID: AB_2862733

Bcl-2 Rabbit pAb Affinity Biosciences Cat # AF6139, RRID: AB_2835021

[KO Validated] Caspase3 Rabbit pAb ABclonal Cat #A2156, RRID: AB_2862975

COL1A2 (S3) Polyclonal Antibody Bioworld Cat #BS1530, RRID: AB_1662101

a-Smooth Muscle Actin (ACTA2) Rabbit mAb ABclonal Cat #A17910, RRID: AB_2861755

CD63 Rabbit pAb ABclonal Cat # A5271, RRID: AB_2766092

TSG101/VPS23 Rabbit pAb ABclonal Cat # A1692, RRID: AB_2763744

Alix (1A12) Antibody Santa Cruz Biotechnology Cat # sc-53540, RRID: AB_673819

CD9 Rabbit mAb ABclonal Cat # A19027, RRID: AB_2862519

b-actin Rabbit mAb ABclonal Cat #AC004, RRID: AB_2737399

Monoclonal Anti-alpha-Actinin (Sarcomeric)

Antibody produced in mouse

Sigma-Aldrich Cat #A7811, RRID: AB_476766)

Cy3-AffiniPure Donkey Anti-Mouse IgG (H + L) Jackson ImmunoResearch Labs Cat #715-165-151, RRID: AB_2315777

Alexa Fluor 488-AffiniPure

Goat Anti-Mouse IgG (H + L)

Jackson ImmunoResearch Labs Cat #115-545-003, RRID: AB_2338840

Integrin-b1/CD29 Rabbit mAb ABclonal Cat #A2217, AB_2764232

Vinculin Rabbit mAb ABclonal Cat #A2752, RRID: AB_2863020

TLN1 Rabbit pAb ABclonal Cat #A4158, RRID: AB_2765532

FAM38A/PIEZO1 Rabbit mAb ABclonal Cat #A23380, RRID: AB_3095404

MYH9 Polyclonal Antibody Proteintech Cat # 11128-1-AP, RRID: AB_2147294

YAP1 Rabbit mAb ABclonal Cat #A19134, RRID: AB_2862627

HMBOX1 Polyclonal Antibody Proteintech Cat #16123-1-AP, RRID: AB_10794445

HIPK1 Polyclonal Antibody Thermo Fisher Scientific Cat# PA5-115358, RRID:AB_2899994

HIPK2 Polyclonal Antibody Abcam Cat #ab108543, RRID: AB_10860868

Chemicals, peptides, and recombinant proteins

Hoechst 33342 KeyGEN BioTECH Cat #KGA212-1

DiD (1,10-Dioctadecyl-3,3,30,30-
Tetramethylindodicarbocyanine,

4-Chlorobenzenesulfonate Salt)

Beyotime Cat #C1039

A-Type Gelatin Powder Sigma Aldrich Cat #9000-70-8

Methacrylic Anhydride (MAA) Sigma Aldrich Cat #760-93-0

Ischemia-Targeting Polypeptide QYAOBIO N/A

Critical commercial assays

Western Blot Lysis Buffer KeyGEN BioTECH Cat #KGP701-100

TaKaRa BCA Protein Assay Kit Takara Cat #T9300A

Masson’s Trichrome Staining Kit Solarbio Cat #G1340

H&E Staining Kit KeyGEN BioTECH Cat #KGA224

TUNEL FITC Apoptosis Detection Kit Vazyme Cat #A111-03

TanonTM High-sig ECL Western Blotting Substrate Tanon Cat #180-501

Cell Counting Kit-8 Dojindo Cat #CK04

Cytotoxicity Detection KitPLUS Roche Cat#11644793001

RevertAid First Strand cDNA Synthesis Kit Thermo Fisher Scientific Cat#K1622

TaKaRa SYBR Premix Ex Taq (Tli RBaseH Plus) Takara Cat#RR420A

(Continued on next page)

Cell Reports Medicine 6, 101987, March 18, 2025 e1



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data
1H-NMR data Protein DataBank Gelatin BMRB ID: 26354

GelMA BMRB ID: 26355

Experimental models: Organisms/strains

C57BL/6 Aged Mice (SPF) Zhejiang Weitong Lihua Experimental

Animal Technology Co., Ltd.

N/A

Oligonucleotides

rno-miR-222 mimics

sequence: AGCUACAUCUGGCUACUGGGU

RIBOBIO N/A

mmu-miR-222 mimics

sequence: AGCUACAUCUGGCUACUGGGUCU

RIBOBIO N/A

Software and algorithms

ImageJ ImageJ https://imagej.nih.gov/ij/

GraphPad Prism 8.0 Software GraphPad https://www.graphpad.com/scientific-

software/prism/www.graphpad.com/

scientific-software/prism/

Origin 9.0 Origin https://www.originlab.com/
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Male C57BL/6mice (8 weeks old, sourced from ZhejiangWeitong Lihua Experimental Animal Technology Co., Ltd., China) were used

to establish myocardial IRI by ligating the left anterior descending (LAD) coronary artery for 0.5 h.83–85 Subsequently, the LAD-ligated

mice underwent reperfusion for either 24 h or 3 weeks, to model acute or chronic IRI, respectively. To mitigate cardiac reperfusion

damage, mice were randomly allocated into four groups: PBS control, GelMA in PBS (GEL), targeting miR-222-engineered EVs

(TeEV), and TeEV-loaded GEL (GEL-TeEV). Each mouse received a 20 mL intrapericardial injection of PBS or GEL hydrogel, with

or without 13109 therapeutics (eEVs or TeEVs), followed by exposure to 405 nm light for 30 s. The concentration of the therapeutics

(eEVs or TeEVs) was fixed to be 531010 particles/mL. Additionally, 20 mL of PBS solution was injected in a similar manner into the

sham group. All animal experiments were approved by the Committee of Animal Ethics at Shanghai University.

METHOD DETAILS

Chemical synthesis of viscoelastic GEL precursors
Viscoelastic GEL precursors were designed and synthesized by introducing methacryloyl groups into gelatin chains. In brief, 10 g

A-type gelatin powder (Sigma Aldrich, USA) was completely dissolved in 90 mL phosphate buffered saline (PBS, pH = 7.6 by 1 N so-

dium hydroxide solution) and stirred under 400 rpm at 50�C to obtain a homogeneous gelatin aqueous solution. Afterward, 2 mL of

methacrylic anhydride (MAA, Sigma-Aldrich, USA) was slowly added to the gelatin solution at a dropping rate of 0.5 mL/min under

400 rpm, stirring at 50�C to synthesize GEL precursors. The reaction mixture was stirred in the dark for 3 h and then diluted in

5-folds with PBS at 50�C. The diluted solution was dialyzed against ultrapure water for 5 days using dialysis tubing with a cellulose

membrane (14 kD molecular weight cut-off, Spectrum Laboratories, USA). The ultrapure water was replaced three times per day to

remove residual MA monomers. The GEL precursor solution was filtered with 0.22 mm filters for sterilization and then lyophilized for

3 days to obtain porous GEL sponges, which were stored at �20�C for further use.

1H nuclear magnetic resonance (1H-NMR) analysis
1H-NMR spectroscopy was used to quantify the content of methacryloyl groups in gelatin chains. The 1H-NMR spectra were ob-

tained using 300 MHz single-axis gradient inverse probe on an NMR AL300 spectrometer (JEOL, Japan). Fifteen milligrams of

GEL precursors were dissolved in 0.5 mL of deuterium oxide (D2O), containing 0.05 wt % 3-(trimethylsilyl)propionic-2,2,3,3-d4

acid sodium salt for calibration (Sigma-Aldrich, USA). Non-functionalized gelatin was also measured and analyzed for comparison.

Cell culture and targeting miR-222-engineered EV construction
Human umbilical cord mesenchymal stem cells (HUC-MSCs) were cultured in Hyclone MEM Alpha Modification (SH30265.01, Hy-

clone, USA) with EV-removed UltraGRO GMP grade (HPCPLCGL50, Helios Bioscience, USA) in a 37�C and 5% CO2 incubator. The

supernatant of HUC-MSCs was collected to obtain the EVs by a 4-step differential centrifugation enrichment method in an Optima

XPN-100 Ultracentrifuge (BECKMANCOULTER): (1) Centrifugation at 300g at 4�C for 10min to collect supernatant; (2) centrifugation
e2 Cell Reports Medicine 6, 101987, March 18, 2025
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at 2,000 g at 4�C for 10min to collect supernatant; (3) centrifugation at 10,000 g at 4�C for 30min to collect supernatant; and (4) centri-

fugation at 100,000 g at 4�C for 70 min to collect the deposition. The deposited EVs were obtained for further experiments. The

miR-222mimics (RiboBio, China) were transformed into HUC-MSC-derived EVs to establish miR-222-engineered EVs (eEV) by elec-

troporation method. In addition, the ischemia-targeting polypeptide (coded with a sequence of Cys-Ser-Thr-Ser-Met-Leu-Lys-Ala-

Cys) (QYAOBIO, China) was bonded to miR-222-engineered EVs to form ischemia-targeting miR-222-engineered EVs (TeEV). The

sequence of miR-222 mimics are as follows: mmu-miR-222-AGCUACAUCUGGCUACUGGGUCU [Mus musculus (mmu)], rno-

miR-222-AGCUACAUCUGGCUACUGGGU [Rattus norvegicus (rno)].

Transmission electron microscope (TEM)
The targeting engineered EVs (43109 particles/mL) were characterized by TEM (TECNAI G2 F20, USA) to observe their geometrical

morphology. 10 mL of EV suspension was dropped onto 200-mesh copper grids with carbon-based modification. After 5-min incu-

bation, excessive liquid was removed by filter paper and EVs were stained with uranium dioxide acetate and then dried to capture

images by TEM. The targeting engineered EVs (83107 particles/mL) were measured by nanoparticle tracking analysis (NTA,

ZetaView, Particle Metrix, Germany) to calculate the physical sizes and average particle sizes of eEVs and TeEVs.

GEL-based hydrogel fabrication
GEL hydrogel was fabricated through photo-crosslinking by incorporating GEL precursor and photoinitiator. Specifically, 10 wt %

GEL precursor and 0.5% photoinitiator (LAP 405 nm) were homogenously dissolved in sterilized PBS, with or without TeEVs. GEL

with TeEV was defined as GEL-TeEV. A 20 mL aliquot of hydrogel solution, loaded with 13109 TeEVs, was injected into the impaired

cardiac region and crosslinked under 405 nm UV light for 20 s to form a cardiac TeEV-loaded patch.

Observation of hydrogel morphology
The morphology of GEL hydrogel samples, with or without TeEVs, was observed using a scanning electron microscope (SEM,

GeminiSEM 300 ZEISS, Germany). The hydrogels were immediately immersed in liquid nitrogen, freeze-dried, and then imaged by

SEMtoexamine theGELmicrostructures. Toprevent electron aggregation on thehydrogel surface, the samplesunderwent gold sput-

tering. The acceleration voltage was set at 5 kV.

Mechanical measurement of stiffness and adhesive force
The Mechanical properties of GEL, cardiac tissues, and cells were assessed using an atomic force microscope (MFP-3D-Bio AFM,

Asylum Research, USA) within a nanoindentation system. GEL hydrogels, with or without TeEVs, were maintained in PBS for 24 h.

Prior to AFM analysis, a self-contained optical microscope was used to define the localization of the AFM probe. A Si3N4 cantilever

(Novascan Technologies Inc., USA) with a 600 nm glass ball and a nominal spring constant of 0.06 N/m was employed in our exper-

iments. Spring constants were verified through a thermal noise protocol. Measurements were taken at an indentation speed of 4 mm/s

and a trigger force of 2 nN. Force-distance curves were obtained to evaluate the hydrogel’s stiffness and adhesive force. For cell

experiments, cardiomyocytes cultured on cell culture plates were measured within 2 h to ensure viability. A linear fitting operation

adjusted the baseline for each curve according to a Hertz contact model.

Equilibrium absorption ratio
The water absorption and infiltration capabilities of GEL hydrogels were assessed through the equilibrium absorption ratio. Hydro-

gels, with or without TeEVs, were shaped into 8 mm diameter and 2 mm height discs, then immersed in PBS within a 37�C and 5%

CO2 incubator for 24 h. The wet weight (Wwet) was determined post immersion and drying on filter paper, and compared to the dry

weight (Wdry) after freeze-drying. The absorption ratio was calculated using the equation: Wwet/Wdry3100%.

Weight loss of hydrogel by enzymatic degradation
The stability of GEL hydrogels, with or without TeEVs, was evaluated under enzymatic degradation conditions. The hydrogel samples

were cut into discs with a diameter of 8 mm and a height of 2 mm, and then swollen in PBS for 24 h to reach absorption equilibrium.

Subsequently, these discs were immersed in 2 mL of PBS supplemented with 10 units/mL collagenase (Clostridium Hhistolyticum,

USA) and agitated at 60 rpmwithin a 37�C and 5%CO2 incubator. At specific intervals (1, 2, 4, 8, 16, and 32 h), the hydrogel samples

were retrieved, the residual buffer was removed with filter paper, and they were weighed. The degree of degradation (hD) was calcu-

lated using the equation: hD=(1- Wresidual/Winitial)3100%, where Winitial and Wresidual are the initial and residual wet weights,

respectively.

TeEV release profile in GEL
GEL precursors with or without TeEVs (531010 particles/mL), were placed in cell plates and cured using 405 nm light. After curing,

PBS was added to each well to commence the EV release experiment. Over various time points (0, 6, 12, 24, 48, and 72 h) PBS was

collected to measure the released TeEV amounts using NTA. The release capacity was quantified by the ratio of released TeEV

amount to the total TeEVs in the GEL.
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Cellular internalization of TeEVs in neonatal rat cardiomyocytes
Prior to cellular internalization, an oxygen-glucose deprivation reperfusion (OGDR) model was established in NRCMs. The cells were

cultured in DMEM medium supplemented with 10% horse serum and 5% FBS. NRCMs were initially cultured in glucose-free and

serum-free DMEMunder anoxic conditions at 37�C for 8 h, followed by 12 h in a normoxic environment with glucose and serum. Sub-

sequently, the OGDR-treated NRCMs were incubated in 8-well microslides (Ibidi GmbH, Germany) with 13104 cells per well. DiD-

labeled eEVs and TeEVs were added to the wells to study cellular uptake over 4 h. The cells were then fixed with 4% cold parafor-

maldehyde (PFA) for 10min. Fixed cells were incubated with a-actinin primary antibody at 4�C overnight, followed by Alexa Fluor 488

secondary antibody. After washing with PBS, nuclei were stained with Hoechst 33342. Cellular uptake of DiD-labeled EVs was

observed using a laser confocal scanningmicroscope (FV3000, Olympus, Japan) and further quantified by flow cytometry. Both con-

trol and OGDR-stressed NRCMs were cultured in 12-well plates (2.53104 cells/cm2) and incubated with either PBS, DiD-labeled

eEVs, or DiD-labeled TeEVs for 4 h. The normalized fluorescence density was examined and quantified by CytoFlex (Beckman

Coulter, China).

Cell viability assay
Cell viability was assessed using a Cell Counting Kit-8 (CK04, Dojindo, Japan). NRCMs were seeded in 96-well plates with different

conditions: PBS, GEL, TeEV, GEL-TeEV. The cells were cultured for 24, 48, and 72 h. NRCMs were cultured atop GEL and GEL-

TeEVs to simulate in vitro interaction between GEL hydrogels and cardiomyocytes.

Tunel staining and apoptosis analysis of NRCMs
Prior to cell seeding, 12-well plates were coated with gel and GEL-TeEV and cured under UV light. Post-curing, NRCMs with or

without OGDR treatment were cultured in the coated plates in a 37�C and 5% CO2 incubator for 12 h. Cells were fixed with 4%

cold PFA for 10 min and permeabilized with 1% Triton X-100 for 10 min. Tunel staining was performed using a FITC detection kit

(A111-03, Vazyme) following the manufacturer’s protocols to assess apoptosis. Western Blot (WB) assays were conducted to eval-

uate the expression of apoptosis-related proteins using Bax Rabbit pAb (Abclonal, A19684), Bcl2 Rabbit pAb (Affinity Biosciences,

AF6139), with b-Actin (AC004, Abclonal) as a loading control.

Intrapericardial injection
Themicewere anesthetizedwith 2% isoflurane. The animals were placed on a heating pad tomaintain body temperature at 37�Cwith

a supine position and a ventilator was used to acquire passive respiration. After 0.5-h myocardial ischemia, the therapeutic was in-

jected into the pericardial cavity with a micro-syringe and GEL was instantly cured under UV crosslinking. After intrapericardial in-

jection, the surgical incision was sutured and the animals were fed for IRI repair assay.

2,3,5-Triphenyl tetrazolium chloride (TTC) staining
Post 24-h reperfusion, under the acute IRI model, TTC staining was performed to evaluate cardiac infarct size and area. 1% Evans

blue in PBS was injected into the left ventricle (LV) of the injured heart, followed by sectioning the hearts into 1 mm thick slices, which

were then stained with TTC reagent. The area at risk relative to LV weight (AAR/LV) was examined to confirm the successful induction

of the IRI model. Infarct size was quantified using the ratio of infarct size to AAR (INF/AAR).

Myocardial apoptosis evaluation
Frozen heart slices, 10-mm-thick, were fixed with 4% cold PFA for 10 min and washed thrice with PBS. The samples were then

stained using G3250 DeadEnd Fluorometric Tunel System following the manufacturer’s protocols. Cardiomyocytes were incubated

overnight with a-actinin primary antibody and subsequently stained with Cy3 dye for 1 h. Nuclei were counterstained with Hoechst

33342 for 10 min in the dark. Stained cells were visualized using a laser confocal microscope (Olympus, FV3000) to capture fluo-

rescent images. WB assays quantified the expression levels of apoptosis-related proteins (Bax, Bcl2, Caspase3, and cleaved

Caspase3).

Lactate dehydrogenase (LDH) assay
Serum LDH levels were measured using a Cytotoxicity Detection KitPLUS (11644793001, Roche, Switzerland). Absorbance at

492 nmwas recorded using an ELISA reader (SpectraMax iD3, Molecular Devices) to compare LDH levels across different treatment

groups.

Hematoxylin & eosin (H&E) and masson’s trichrome staining
Post-collection, tissues (heart, liver, spleen, lung, and kidney) were fixed in 4% neutral buffered formalin, dehydrated and embedded

in paraffin. Tissue sections of 5-mm thickness were cut for histological analysis. For H&E staining, sections were deparaffinized and

stained using KeyGEN BioTECH’s kit (KGA224, China). Masson’s trichrome staining was performed with Solarbio’s kit (G1340) to

assess cardiac fibrosis. Stained sections were imaged using an optical microscope and analyzed with ImageJ software.
e4 Cell Reports Medicine 6, 101987, March 18, 2025
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Heart function analysis
Mice were treated with intrapericardial injections of 20 mL of PBS, GEL, TeEV, or GEL-TeEV post-IRI. After 3 weeks in the chronic IRI

model, cardiac function was assessed using a Vevo2100 echocardiometer (FUJIFILM Visual Sonics) to measure left ventricle short-

ening fraction (FS) and ejection fraction (EF).

Real-time quantitative PCR (RT-qPCR)
Total RNA was extracted from mouse heart tissues using the TRIzoI RNA Plus Kit (Takara, Japan). Total RNA from EVs was isolated

by miRNeasy Mini Kit (HB-1277, QIAGEN, Germany). RNA was reverse transcribed to complementary DNA (cDNA) using the

RevertAid First Strand cDNA Synthesis Kit (K1622, Thermo Fisher Scientific., USA). mRNA expression levels were quantitatively

analyzed using the Roche LightCycleer480 PCR system and a Takara SYBR Premix Ex Taq (Tli RBaseH Plus). The internal control

was 18S rRNA. The primers were used for qPCR in Table S1. For the measurement of miR-222 levels, the reverse transcription

primers and the RT-qPCR primers of miR-222 and U6 (internal control) were purchased from RiboBio, China.

Mechanical signaling analysis of adhesion proteins, cytoskeleton and YAP
Frozen heart tissue slices, 10 mm in thickness, were fixed with 4% cold PFA for 10 min. Blocking was performed with BSA for 1 h,

followed by three PBSwashes. Samples were incubated overnight with primary antibodies against Integrin (Integrin-b1/CD29 Rabbit

mAb, A2217, ABclonal, China), vinculin (Vinculin Rabbit mAb, A2752, ABclonal, China), Talin-1 (TLN1 Rabbit pAb, A4158, ABclonal,

China), Piezo1 (FAM38A/PIEZO1 Rabbit mAb, A23380, ABclonal, China), Myosin (MYH9 Polyclonal Antibody, 11128-1-AP, Protein-

tech, China), YAP (YAP1 Rabbit mAb, A19134, ABclonal, China). Following primary antibody incubation, appropriate secondary

antibodies were applied for immunofluorescence (IF) staining. The same primary antibodies were utilized for WB analysis to further

evaluate protein expression levels.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were expressed as mean ± standard deviation (SD). The significance of differences between two groups was assessed using

the unpaired Student’s t test, while comparisons among four or more groups were performed using one-way ANOVA test followed by

Bonferroni test via GraphPad 8.0 (GraphPad, USA). two-way ANOVA test followed by Tukey post hoc test was used to analyze two

variables. A p-value of less than 0.05 was considered statistically significant.
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