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A B S T R A C T   

Myocardial infarction (MI) and its associated poor prognosis pose significant risks to human health. Nano-
materials hold great potential for the treatment of MI due to their targeted and controlled release properties, 
particularly biomimetic nanomaterials. The utilization of biomimetic strategies based on extracellular vesicles 
(EVs) and cell membranes will serve as the guiding principle for the development of nanomaterial therapy in the 
future. In this review, we present an overview of research progress on various exosomes derived from mesen-
chymal stem cells, cardiomyocytes, or induced pluripotent stem cells in the context of myocardial infarction (MI) 
therapy. These exosomes, utilized as cell-free therapies, have demonstrated the ability to enhance the efficacy of 
reducing the size of the infarcted area and preventing ischaemic reperfusion through mechanisms such as 
oxidative stress reduction, polarization modulation, fibrosis inhibition, and angiogenesis promotion. Moreover, 
EVs can exert cardioprotective effects by encapsulating therapeutic agents and can be engineered to specifically 
target the infarcted myocardium. Furthermore, we discuss the use of cell membranes derived from erythrocytes, 
stem cells, immune cells and platelets to encapsulate nanomaterials. This approach allows the nanomaterials to 
camouflage themselves as endogenous substances targeting the region affected by MI, thereby minimizing 
toxicity and improving biocompatibility. In conclusion, biomimetic nano-delivery systems hold promise as a 
potentially beneficial technology for MI treatment. This review serves as a valuable reference for the application 
of biomimetic nanomaterials in MI therapy and aims to expedite the translation of NPs-based MI therapeutic 
strategies into practical clinical applications.   

1. Introduction 

Cardiovascular diseases (CVD) encompass a group of hemorrhagic or 
ischemic conditions affecting the heart, brain and blood vessels of the 
body, posing a significant public health concern due to their escalating 
burden [1]. The World Health Organization reports that CVD is 
responsible for claiming the lives of approximately 18 million in-
dividuals annually [2]. Among CVD, myocardial infarction (MI) stands 
as the most prevalent and leading cause of global mortality [3]. Thus far, 

numerous optimization strategies have been explored, with nano-
materials emerging as a promising avenue for MI treatment [4]. Nano-
materials can be serve as effective drug delivery systems (DDS), offering 
advantages in precise drug targeting and controlled release capabilities 
[5]. Additionally, nanomaterials possess the ability to incorporate 
multiple surface moieties, enabling selective therapeutic effects such as 
anti-inflammatory, anti-apoptotic and immunomodulatory actions [6]. 

In recent years, the application of synthetic conventional nano-
materials, including liposomes, polymers and inorganic/metal 
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Table 1 
Summary of the biomimetic nanomaterials for the treatment of MI.  

Category Sources Model Administration route Mechanism Results Ref. 

Stem cells hESC-MSCs derived EVs Acute I/R 
mice 

Tail vein injection Not mentioned Reduced the size of myocardial 
infarcts and improved repair of 
cardiac function 

[7] 

hESC-MSCs derived EVs Acute I/R 
mice 

Tail vein injection PI3K/Akt, inhibit c-JNK Reduced the infarct size of I/R injured 
mice and reduced inflammatory 
response 

[8] 

BM-MSCs derived EVs MI rats 2 site injections in 
the injured region 

Enhanced autophagy to AMPK/ 
mTOR 

Reduced the extent of infarction [9] 

BM-MSCs derived EVs Acute MI rats 4 site injections in 
the infarct margins 

Enhanced the tube formation of 
HUVEC and inhibited T cell function 

Improved blood flow to stimulate 
vascular neogenesis and reduced 
infarct size 

[10] 

BM-MSCs, ADMSCs and 
UCBMSCs derived EVs 

MI rats 5 site injections in 
the infarct margins 

Increased levels of VEGF, bFGF and 
HGF 

Promoted angiogenesis and inhibited 
the CMs apoptosis 

[11] 

BM-MSCs derived EVs Acute I/R 
mice 

3 site injections in 
the infarct margins 

Delivered miR-182 targeting TLR4 Regulated the polarization state of 
macrophages to reduce myocardial I/ 
R injury 

[12] 

Telomerase Anti 
transcriptase modification 
Immortalized MSCs derived 
EVs 

MI rats 2 site injections in 
the infarct margins 

Enriched miR-4732-3p to reduce 
scar tissue and fibrosis 

Exerted cardioprotective effects under 
hypoxic conditions 

[13] 

MSC with hypoxia in sEVs 
(HP-sEVs) 

MI mice and 
Non-human 
primate (NHP) 

Intramyocardial 
injection 

Suppressed MMP19 cleavage 
signaling to VEGFA through miR- 
486-5p overexpression 

Enhanced angiogenesis and promoted 
cardiac repair 

[14] 

MSC with Atorvastatin 
pretreatment (MSCATV-EV) 

MI rats Intramyocardial 
injection 

Generation of miR-139-3p that 
mediates macrophage polarization 
and upregulated long lncRNA H19 

Improved cardiac function and 
increase the survival of CMs 

[15] 

IONP-NVs MI rats 4 site injections in 
the infarct margins 

Improved the therapeutic efficacy 
by magnetic guidance 

Reduced apoptosis and fibrosis [16] 

CPCs derived EVs Acute I/R 
mice 

Intramyocardial 
injection 

Inhibited caspase 3/7 activation Protected CMs from oxidative stress 
and inhibited apoptosis 

[17] 

CPCs derived EVs MI rats 3 site injections in 
the infarct margins 

Enriched miR-210, miR-132 and 
miR-146a-3p to down-regulated 
specific targets 

Inhibited apoptosis in CMs while 
promoting angiogenesis to increase 
left ventricular ejection fraction 

[18] 

CDCs derived EVs MI mice 2 site injections in 
the infarct margins 

Promoted tubular formation of 
HUVEC due to the enrichment of 
miR-146a 

Inhibited apoptosis and promoted 
angiogenesis 

[19] 

CDCs derived EVs Acute I/R rat 
and pig model 

Intramyocardial 
injection 

Transferred miR-181b from 
extracellular to macrophages and 
regulated macrophage polarization 

Exerted cardioprotective effects [20] 

Mouse ESC derived 
exosomes (mES Ex) 

MI mice 2 site injections in 
the infarct margins 

Delivered microRNA-290 family Reduced cardiac fibrosis by 
improving CMs survival and 
angiogenesis 

[21] 

iPSC derived EVs Acute I/R 
mice 

Intramyocardial 
injection 

Not mentioned Prevented left ventricular from 
remodeling and hypertrophy and 
interstitial fibrosis 

[22] 

hiPSC-CMs, hiPSC-ECs and 
hiPSC-SMC derived EVs 

MI swine 5 site injections in 
the infarct margins 

Promoted EC tube formation and 
microvessel sprouting, maintaining 
intracellular calcium homeostasis, 
and increasing ATP 

Protected hiPSC-CMs by reducing 
apoptosis 

[23] 

Shh-modified CD34+ HSCs 
derived exosomes 

MI mice 2 site injections in 
the infarct margins 

Modified Shh protein Prevented AMI-related ventricular 
dilation and improved cardiac 
function 

[24] 

Cardiac Cells EPCs derived EVs MI mice 3 site injections in 
the infarct margins 

The ability of IL-10 to reduce the 
enrichment of ILK in CMs 

Improves cardiac function and 
reduces scar area 

[25] 

CTs derived EVs MI mice 3 site injections in 
the infarct margins 

Containing miRNA-21-5p can target 
and silence the Cdip1 gene 

Inhibited apoptosis in cardiac 
microvascular ECs 

[26] 

Other cells DEX derived EVs MI mice 5 site injections in 
the infarct margins 

Upregulating miR-494-3p to 
promote tubular formation 

Improved cardiac function [27] 

M2 macrophage-derived 
EVs 

MI mice Tail vein injection Carrying miR-1271-5p to down- 
regulate SOX6 expression 

Protected CMs from hypoxia-induced 
apoptosis 

[28] 

Platelets 
membrame 

PNV-CSCs MI rats and 
porcine 

Intracoronary 
injection 

Increased CSCs retention Reduced infarct size [29] 

CsA@PPTK MI mice Tail vein injection Scavenged ROS and regulated the 
protein expression of MMP-9 as well 
as Cx43 

Reversed left ventricular remodeling 
and improved cardiac function 

[30] 

PINCs I/R mice Intravenous 
injection 

Combined PGE2-modified platelet 
membranes and factors secreted by 
cardiac stromal cells target damaged 
hearts 

Achieved targeting of I/R-injured 
myocardium and participated in 
myocardial tissue repair and pro- 
angiogenesis 

[31] 

Macrophage 
membrane 

MMNPs loaded with miR- 
199a-3p 

MI mice Tail vein injection Binding to IL-1β, IL-6 and TNF-α 
inflammatory factors and their 
receptors 

Improved left ventricular remodeling 
and protected the heart by inhibiting 
inflammatory responses and 
myocardial fibrosis 

[32] 

(continued on next page) 
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nanoparticles (NPs), has demonstrated success in the treatment of CVD 
[54,55]. However, it should be noted that synthetic NPs have limitations 
in replicating the full functionality of biological systems and encounter 
challenges in terms of biocompatibility and biosafety [56]. For example, 
polyethylene glycol (PEG) has been widely employed as a surface 
modification for nano-delivery systems because of its advantage of 
evading immune recognition and clearance [57]. However, it has been 
also reported that the immune system response to polymers lead to the 
production of anti-PEG antibodies in vivo, potentially leading to toxic 
effects or compromising long-term efficacy [58,59]. In addition, tradi-
tional passive and active targeting approaches using NPs also face 
several obstacles in the treatment of MI, such as off-targeting effects 
arising from biomarker expression in normal tissue or reduced binding 
because of limited ligand modifications [60,61]. 

In recent years, an increasing number of researchers have embraced 
bionic strategies as a guiding principle for the design of next-generation 
nanoplatforms [62]. The utilization of bionics-based DDS holds signifi-
cant promise for the treatment of MI due to their notable biocompati-
bility, immunogenicity, and low toxicity [63]. Biomimetic nanomaterials 
primarily consist of bionic substances and nanomaterials. The biomimetic 
substances encompass cells, cellular components (such as cell mem-
branes, lipoproteins, etc.) as well as exosomes [64]. Among these, bio-
mimetic strategies based on cell membranes and extracellular vesicles 

(EVs) are particularly prevalent in biomimetic approaches [65]. Nano-
materials derived from biomimetic strategies can act as natural carriers, 
resembling EVs, or cell membranes in living organisms. These materials 
can be further combined with synthetic NPs to develop nanoparticles 
encapsulated within cell membranes. This approach enables the drug 
carrier to mimic endogenous substances, allowing it to directly evade the 
immune system in the body [66]. 

EVs have demonstrated their role as significant mediators of car-
dioprotection by facilitating intercellular signaling. Various types of 
stem cell-derived EVs and cardiac cell-derived EVs have been shown to 
reduce myocardial infarct zones through diverse mechanisms [67]. 
Moreover, stem cell-derived EVs exhibit favorable characteristics as 
vehicles for delivering therapeutic drugs and nucleic acids to the heart 
[68]. To enhance bioavailability and improve cardioprotective efficacy, 
cardiac homing or targeting peptides can be engineered onto the EVs, 
allowing for specific targeting to the ischemic heart. Notably, some re-
searchers have outlined distinct strategies for engineering EVs and their 
application in CVD [69], while others have focused on the isolation of 
EVs and their diagnostic applications in MI [70]. In addition, the 
development of biofilm-coated NPs as biomimetic delivery systems, 
which combine various cell membrane characteristics through engi-
neering strategies, has garnered attention in the field of disease treat-
ment [71,72]. Consequently, this review aims to provide an overview of 

Fig. 1. Main ideas for treating MI with EVs. (A) As cell-free treatment strategy. (B) As good delivery vehicles for therapeutics. (C) Engineering EVs to target the heart. 
Created with BioRender.com. 

Table 1 (continued ) 

Category Sources Model Administration route Mechanism Results Ref. 

Neutrophil 
membrane 

NM-NPIL-5 MI mice Intravenous 
injection 

Promoted post-MI EOS 
accumulation and angiogenesis 

Protected CMs from excessive 
inflammation-induced apoptosis, 
thereby inhibiting unfavorable 
cardiac remodeling 

[33] 

Monocyte 
membrane 

Monocyte mimics through 
membrane fusion 

MI/RI mice Intravenous 
injection 

By imitating the interaction between 
adhesion molecules on monocyte 
mimics and endothelium after MI 

Enhanced targeting efficiency to 
injured myocardium 

[34] 

Stem cell 
membrane 

nanocomposite for stem 
cell membrane camouflage 

MI mice Tail vein injection Achieved targeted delivery of 
miRNA and inhibited the translation 
of apoptosis-related proteins 

Promoted CMs proliferation [35]  
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the latest advancements in bionanomaterials for therapeutic MI, with a 
particular focus on the application of cell membrane and extracellular 
vesicle-based bionanocarriers in myocardial infarction therapy. The 
following two aspects will dicuss two main aspects: (1) endogenous 
bionanomaterials, specifically cell-derived extracellular vesicles that act 
as direct therapeutic agents by mediating signal transduction through 
paracrine action or can be artificially modified and loaded with thera-
peutic agents to serve as carriers or target directly damaged myocar-
dium; (2) biomimetic nanodrug delivery systems prepared using cell 
membranes, which encapsulate the therapeutic agents or nanoparticles, 
and are designed to mimic endogenous substances for targeted to the 
damaged myocardium (see Table 1). 

2. Cell-derived extracellular vehicles 

In recent years, extracellular vehicles (EVs), which were once 
considered as cellular fragments, are receiving increasing attention as 
new mediators of intercellular signaling. EVs are naturally occurring 
vesicles with a lipid bilayer structure secreted by cells, released by most 
cell types and found in body fluids including blood, urine and saliva 
[73]. They are classified according to biogenesis and molecular size into 
exosomes (30–100 nm), microvesicles (100–1000 nm) and apoptotic 
vesicles (>800 nm), but there is no strict consensus on the exact cut-off 
point for these classfications [74]. Of particularly interest are exosomes, 
which are enriched with biomolecules such as proteins, nucleic acids 
and lipids, especially miRNAs [75]. The presence of numerous key 
proteins and miRNAs within EVs derived from cardiac tissue has been 
closely linked to the development of MI [67]. Additionally, some surface 
proteins have been identified that are exclusive to certain cell types [76, 
77]. CMs can readily utilize exosomes to transport the above-mentioned 
bioactive molecules to regulate the function of neighboring cells. In 
particular, they can be released into body fluids where they play a vital 
role in facilitating intercellular communication between proximal and 
distal cells [78]. Studies have also shown that exosomes released from 
cardiac tissue exhibit targeted properties, allowing for targeted therapy 
delivery to the infarcted area by leveraging the differences in type, 

quantity and functionality of exosomes produced by infarcted and 
normal myocardium [79]. 

EVs, particularly exosomes, have garnered significant interest as 
potential cardioprotective mediators following MI [80]. They have 
emerged as promising candidates for cell-free strategies for the treat-
ment of CVD or as good carriers for the delivery of therapeutics [81]. 
This is attributed to their advantageous characteristics, such as high 
cargo capacity, low immunogenicity, good biocompatibility and ability 
to traverse biological barriers. As a result, the primary concepts driving 
the utilization of EVs for promoting myocardial repair include: (1) the 
direct use of endocardial or stem cell-derived EVs as therapeutic agents; 
(2) employing EVs as DDS by loading exogenous bioactive molecules, 
including drugs; and (3) engineered modifications to facilitate targeted 
delivery to the heart. The main ideas is as shown in Fig. 1. 

2.1. EVs as cell-free therapy for MI 

2.1.1. Exosomes derived from stem cells 
Although stem cell therapy for the treatment of AMI shows promise, 

current research is shifting focus towards investigating the paracrine 
effects mediated by exosomes secreted from stem cells. In recent years, 
compelling evidence has emerged indicating that exosome derived from 
ESCs, CPCs and MSCs have the ability to induce CMs proliferation, 
promote angiogenesis, reduce apoptosis and inhibit fibrosis for 
myocardial protection [82] (see Fig. 2). 

Amongst the various stem cell types used in post-MI cell therapy, 
mesenchymal stromal cells (MSCs) have gained attention due to their 
cardioprotective effects mediated by their secretion [83]. In 2010, Lai 
et al. provided the first demonstration that MSC-derived EVs could 
reduce myocardial infarct sizes after 24 h in acute I/R mice model, 
confirming the improved repair effect of exosomes on cardiac function 
[7]. Furthermore, an early meta-analysis supported the beneficial effect 
of MSC-derived exosomes in improving cardiac function in I/R injury 
[84]. 

The improvement in CMs survival mediated by MSC-derived EVs is 
primarily attributed to the regulation of autophagy, activation of the 

Fig. 2. Overview diagram of EVs as cell-free therapy for MI. Created with BioRender.com.  
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phosphoinositide 3-kinase/protein kinase B (PI3K/Akt) signaling 
pathway, and inhibition of c-Jun N-terminal kinase (c-JNK). In-vivo 
experiments by Arslan et al. validated the above mechanism, with 
exosome reducing the infarct size of I/R-injured mice by 45 % and 
significantly reducing the local and systemic inflammatory response 
compared to saline treatment [8]. Exosomes derived from MSCs exert a 
protective effect on cell damage through the delivery of specific miR-
NAs. For instance, miR-144 delivered by exosomes regulates the 
PI3K/AKT pathway, reducing apoptosis in CMs. It was shown that 
miR-144 mimics prevented apoptosis in cardiomyocytes under hypoxic 
conditions, while its inhibitors had the opposite effect [85]. Similarly, 
miR-25-3p present in MSC-derived exosomes directly targets 
pro-apoptotic proteins and EZH2, thereby exerting a cardioprotective 
effect [86]. Liu et al. conducted experiments in rats wherein exosomes 
generated from MSCs were injected into areas of myocardial infarction 
(MI). It was found that these exosomes enhanced autophagy through the 
AMPK/mTOR and Akt/mTOR pathways, ultimately reducing the extent 
of infarction and improve cardiac function [9]. 

Exosomes could enhance angiogenesis by activating the vascular 
endothelial growth factor receptor (VEGFR2) to promote the prolifera-
tion of human umbilical vein endothelial cells (HUVECs) [87]. Teng 
et al. found that MSC-derived exosomes exert an anti-inflammatory role 
by improving MI microenvironment, stimulating vascular neogenesis 
and inhibiting T cell function, thus improving the blood flow of MI rats 
[10]. This pro-angiogenic effect is mainly mediated through the release 
of the extracellular matrix metalloproteinase inducer (EMMPRIN) con-
tained within the exosomes [88]. Platelet-derived growth factor (PDGF) 
and epidermal growth factor (EGF) signaling are also key mediators in 
the induction of angiogenesis. In comparison, Xu et al. observed that 
exosomes derived from adipose tissue mesenchymal stem cells 
(ADMSCs), bone marrow mesenchymal stem cells (BMMSCs) and um-
bilical cord blood mesenchymal stem cells (UCBMSCs) were all able to 
promote angiogenesis at the infarct site by increasing levels of rat VEGF, 
basic fibroblast growth factor and other factors associated with pro-
moting angiogenesis at the heart attack site [11]. 

EVs can also modulate the inflammatory response by influencing 
immune cell polarization and reducing monocyte recruitment, thereby 
leading to a decrease in the secretion of pro-inflammatory cytokines 
[89]. Zhao et al. found that MSC-derived EVs regulated the polarization 
state of macrophages by delivering miR-182, which targeted Toll-like 
receptor 4 (TLR4). This modulation resulted in a reduction of myocar-
dial I/R injury in mice [12]. In addition, EVs derived from MSCs have 
been shown to inhibit fibroblast (FBs) proliferation by inhibiting 
transforming growth factor (TGF-β), thereby reducing fibrosis and 

inhibiting adverse ventricular remodeling [90]. For example, 
miR-4732-3p, enriched in MSC-EVs, has been found to protect the heart 
under hypoxic conditions by reducing scar tissue and fibrosis in areas of 
MI [13]. 

By treating MSC with stimulants such as hypoxia, we can obtain EVs 
containing nucleic acids that promote myocardial repair. The anti- 
apoptotic effect of miR-22 is achieved through its direct targeting of 
methyl CpG-binding protein 2 (Mecp2). The delivery of miR-22- 
enriched exosomes obtained after ischemic preconditioning (Exo(IPC)) 
has been shown to reduce cardiac fibrosis [91]. There is also 
miR-125b-5p which attenuates the expression of pro-apoptotic genes in 
CMs (Fig. 3A and B) and miR-210 that increases the expression of neutral 
sphingomyelinase 2 (nSMase2) to mediate cardioprotective effects [92, 
93]. Li et al. observed that pretreatment of MSC with 
hypoxia-preconditioned (HP) mesenchymal stem cells (HP-sEVs) resul-
ted in upregulation of miR-486-5p expression, while overexpression of 
miR-486-5p inhibited MMP19 cleavage signaling to VEGFA [14]. Thus, 
in a non-human primate (NHP) model of MI, HP-sEVs safely and effec-
tively enhanced angiogenesis and promoted cardiac repair. Similarly, 
treatment with atorvastatin (ATV) resulted in bone marrow mesen-
chymal stem cell-derived extracellular vesicles (MSCATV-EV) that 
improved cardiac function and reduced infarct size by producing 
miR-139-3p (Fig. 3C) [15]. MiR-139-3p is a heart repair factor that 
mediates macrophage polarization. Thus, MSCATV-EV significantly 
decreased the expression of M1 markers and upregulated the expression 
of M2 markers in macrophages. In addition, MSCATV-EV has also been 
shown to promote endothelial cell function and enhance the survival of 
CMs through the upregulation of long chain non-coding RNA (lncRNA 
H19) in MSCs [94]. 

The combination of magnetic nanoparticles and custom magnets 
have been shown to significantly enhance cardiomyocyte implantation. 
Li et al. utilized iron oxide nanoparticles (IONPs) in conjunction with 
MSCs (IONP-MSCs) to obtain IONPs-containing exosome-mimicking 
extracellular nanovesicles (IONP-NVs) [16]. Through magnetic guid-
ance, the injection of IONP-NVs into the infarcted heart to reduce 
apoptosis and fibrosis and improved the therapeutic efficacy of 
MSC-derived exosomes. 

Cardiac progenitor cells(CPCs), being the stem cells specific to the 
heart, offer potential advantages for cardiac cell therapy through their 
derived EVs. The increased expression of pregnancy-associated plasma 
protein A (PAPP-A) in CPC-derived exosomes contributes to their 
enhanced cardioprotective effects, as PAPP-A promotes the release of 
IGF-1 with immunomodulatory properties [95]. Cheng et al. were the 
first to show that CPC-derived exosomes isolated from mouse hearts 

Fig. 3. MSC-derived EVs for the treatment of MI. (A) Schematic diagram of Hypoxia-elicited MSC-derived EVs (Hypo-Exo) mediated miR-125b for cardiac repair. (B) 
Enhanced cardiac function post-MI mice model transplanted with Hypo-Exo. Reproduced with permission [92]. Copyright 2018, Ivyspring Inernational Publisher. (C) 
EVs derived from MSCs pretreated with atorvastatin (MSCATV-EV) regulated macrophage polarization and promoted cardiac repair via targeting 
microRNA-139-3p/Stat1 pathway. Reproduced with permission [15]. Copyright 2023, Ning, Y et al. 
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protected CMs from oxidative stress and inhibiting apoptosis in an acute 
mouse I/R model [17]. Subsequent studies have further investigated the 
underlying mechanism, mainly primarily focusing on microRNAs 
enriched in CPC-secreted EVs. Notably, miR-210, miR-132 and 
miR-146a-3p have been found to down-regulated their specific targets to 
inhibit apoptosis of CMs while promoting angiogenesis [18]. Further-
more, injection of these EVs into the peri-infarct zone of the rat AMI 
model 60 min after ligation validated the above mechanism and 
increased left ventricular ejection fraction. Hypoxia-treated CPC exo-
somes and EVs released from human embryonic stem cell-derived car-
diovascular progenitor cells (hESC-Pg) have both shown improvement 
in heart function [96,97]. Similarly, MSC-derived exosomes pretreated 
with CPCs can also promote its survival and proliferation [98]. These 
examples all provide new insights into the potential use of 
cardiac-derived stem or progenitor cell-derived EVs to treat MI. 

Cardiosphere-derived cells (CDCs) are a type of precursor cell found 
in the heart that can be obtained through cardiac biopsy specimens. The 
CADUCEUS Phase 1 and ALLSTAR Phase 2 clinical trials of CDCs 
demonstrated the safety of intracoronary administration of allogeneic 
CDCs and their efficacy in reducing infarct size in patients who have 
experienced a MI [99,100]. In experiments conducted on mice with 
induced heart injuries, it was observed that injecting CDC-derived exo-
somes into the infarcted region inhibited apoptosis and stimulated the 
growth of human umbilic vein endothelial cells (HUVEC), thereby pro-
moting angiogenesis and protecting cardiac function [101]. These 
benefits effects of CDC exosomes appear to be primarily attributed to the 
presence of miR-146a, which is associated with the down-regulation of 
interleukin 1 receptor-associated kinase 1 (IRAK1) and tumour necrosis 
factor receptor-associated factor 6 (TRAF6), and also inhibits oxidative 
stress through the downregulation of NADPH oxidase 4 (NOX-4) [19]. 
Exosomes produced by CDC can also improve cardiac function by 
regulating macrophage polarization [20]. Couto et al. found that CDCs 
transferred miR-181b from extracellular to macrophages, influencing 
their polarization and ultimately exerting a cardioprotective effect when 
exosomes were injected intramyocardially into the infarcted region in a 
rat and pig AMI model [20]. It has also been suggested that the car-
dioprotective effect of CDCs-derived EVs may be related to the Y RNA 
fragment, which regulates the expression and secretion of IL-10 [102]. 

Embryonic stem cells (ESCs) are a type of pluripotent cell that 
originates from the inner cell mass of the blastocyst. These cells have the 
remarkable ability to continuously self-renew and differentiate into 
various cell types. When considering their application, it has been 
observed that EVs derived from ESCs carry a lower risk of embryonic 
tumors compared to the application of intact ESCs [103]. Limited 
research findings suggested that mouse ESC-derived exosomes (mES Ex) 
reduced cardiac fibrosis by improving CMs survival and angiogenesis. 
Additionally, these mES Ex have been shown to enhance the survival and 
proliferation of CPCs in vivo [21]. These beneficial effects are mainly 
achieved through the delivery of the microRNA-290 family. However, 
ethical considerations surrounding the use of embryonic stem cells have 
limited further exploration in this area. 

Induced pluripotent stem cells (iPSCs) are reprogrammed cells with 
the potential to differentiate into CMs and endothelial cells as well as 
avoid ethical issues [67]. In the study conducted by Adamiak et al., 
iPSC-derived EVs were identified as a safer alternative for potential 
therapeutic applications in patients with myocardial injury [22]. In mice 
MI model, these EVs demonstrated improvements in overall left ven-
tricular function and prevented left ventricular from remodeling, hy-
pertrophy and interstitial fibrosis compared to controls. It has also been 
shown that iPSC-derived exosomes can inhibit the apoptosis of H9C2 
CMs by inhibiting caspase 3/7 activation under H2O2-induced oxidative 
stress [104]. These therapeutic effects may be associated with the 
enrichment of miR-21 and miR-210. Gao et al. also investigated the 
administration of EVs from CMs, endothelial cells and smooth muscle 
cells derived from human-induced iPSC (hiPSC) in swines model 
following MI [23]. The results showed that HiPSC-derived cells-secreted 

exosomes effectively reduced CM apoptosis and promoted ATP genera-
tion, while improving myocardial recovery. Ikeda et al. also found that 
HiPSCs-differentiated CM-secreted EVs could facilitate the transfer of 
functional mitochondria and their associated energy sources, thereby 
enhancing cardiomyocyte bioenergetics and improving cardiac function 
[105]. This is a novel therapy holds promise for the treatment of 
mitochondria-related diseases. 

Sahoo et al. verified that EVs from human CD34+ haematopoietic 
stem cells (HSCs) promoted angiogenesis both in vitro and in vivo, and 
that it may be a key paracrine factor in the induction of neo-
vascularization [106]. To enhance the angiogenic potential of CD34+

stem cells, Mackie and colleagues genetically modified them to express 
the sonichedgehog (Shh) protein [24]. This modification resulted in the 
production of exosomes from Shh-modified CD34+ cells (CD34(Shh)) 
that demonstrated promising outcomes in prevented ventricular dilation 
associated with AMI and improving cardiac function when tested in 
mouse models. 

2.1.2. Exosomes secreted from cardiac cells 
In addition to the EVs from MSCs, ESCs and iPSCs mentioned above, 

it has been observed that cardiac cells are also capable of producing EVs 
that can be utilized for myocardial infarction (MI) treatment. 

Despite not being considered secretory cells, cardiomyocytes are 
capable of releasing exosomes. Furthermore, CMs release exosomes that 
are enriched with proteins, DNA and RNA, which can modulate various 
biological processes in target cells. For instance, they can alter signal 
transduction and gene expression through their cargo [107]. For the first 
time, Gupta et al. made a significant discovery by identifying exosomes 
released from CMs of adult rats that were loaded with cardiac heat shock 
protein (HSP) 60 [108]. The presence of extracellular HSP60 was found 
to induce apoptosis in CMs through activation of the TLR4 pathway. 
Additionally, the secretion capacity of exosomes was observed to be 
influenced by stimulation from reactive oxygen species (ROS) and 
ethanol [109]. Studies have shown that hypoxic ischemia is also an 
effective substance in promoting the secretion of CMs-derived exosomes. 
Under hypoxic conditions, Yu et al. observed that hypoxia-inducible 
factor (HIF)-1α induced CMs-derived exosome mediated TNF-α expres-
sion, whereas excessive TNF-α expression is known to be detrimental to 
MI [110]. Another study found that HIF-1α induced upregulation of 
miR-30a expression in CM-derived exosomes, which inhibited exosomes 
secretion through paracrine effects and contributed to the maintenance 
of autophagy after hypoxia [111]. Similarly, CMs exhibited higher levels 
of secreted exosomal MMP under ischemic conditions and improved 
cardiac neovascularization through the in vitro transfer of miR-222 and 
miR-143 [112]. Furthermore, when cultured HL-1 cells were stimulated 
with different growth factors, variations in the mRNA content of the 
exosomes they released [113]. Another study conducted on type 2 dia-
betic rats showing that their CMs-derived EVs have an inhibitory effect 
on angiogenesis, which may be achieved by transporting miR-320 to 
endothelial cells [114]. However, the current researches on CM-derived 
EVs is predominantly limited to cellular-level investigations and lacks 
extensive validation in animal models, suggesting the need more 
promising avenues of future research. 

It has also been found that endothelial progenitor cell-derived exo-
somes (EPCs) have a positive impact on cardiac function and scar 
reduction in mice model of heart attack [25]. These therapeutic effects 
are associated with the ability of IL-10 to mitigate excessive enrichment 
of integrin-linked kinase (ILK) in CMs. ILK has deleterious effects such as 
pro-cardiomyocyte fibrosis and pro-inflammation. Another study 
showed that ECs-derived EVs stimulated receptor cells migration and 
angiogenesis via miR-214, which controls endothelial cell function and 
angiogenesis as a core element in exosome-mediated signaling between 
ECs [115]. 

In addition to CMs and ECs, several other types of cardiac cells such 
as cardiac fibroblasts (CFs) and cardiac distal cells, have been identified 
as potential sources of exosomes that could provide valuable insights 
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into MI therapy. CFs-secreted exosomes enrich in astrocytic miRNAs. 
MiR-21-3p derived from exosomes induces CM hypertrophy through 
paracrine action, make it a potential therapeutic target [116]. Angio-
tensin (Ang) II stimulates the release of exosomes from CFs, thereby 
exacerbating the hypertrophy of CMs. Therefore, specifically targeting 
the release of CFs-derived exosomes induced by Ang II may be a new 
approach to treat adverse ventricular remodeling after MI (Fig. 4A) 
[117]. A new type of mesenchymal cell called Cardiac telocytes (CTs) 
has also been implicated in post-MI angiogenesis within the myocar-
dium [26]. Subsequent studies have found that exosomes derived from 
CTs contain miRNA-21-5p, which can target and silence the cell 
death-inducing P53 target 1 (Cdip1) gene. This silencing effect inhibits 
apoptosis in cardiac microvascular endothelial cells and serve as a mean 
to promote angiogenesis after MI and achieve more efficient myocardial 
regeneration [118]. 

2.1.3. EVs originated from other cells 
The dendritic cell-derived exosome (DEX) has been shown to 

improve wound healing post-MI by mediating CD4+ T cells [119]. And 
subsequent studies have also found that DEX improves cardiac function 
by upregulating miR-494-3p to promote tubular formation and angio-
genesis in post-MI mouse macrophages (Fig. 4B) [27]. Furthermore, M2 
macrophage-derived EVs have shown a protective effect on CMs against 
hypoxia-induced apoptosis by carrying miR-1271-5p to downregulate 
SOX6 expression [28]. 

2.1.4. Circulating EVs 
EVs are not only released by different types of cells, but be presented 

in most body fluids, suggesting their potential involvement in car-
dioprotective mechanisms [120]. For example, myocardial damage 
following acute myocardial infarction (AMI) leads to the release of 

Fig. 4. Other cells derived EVs for the treatment of MI. (A) Angiotensin II (Ang II) enhances pro-hypertrophic signalling in CMs by increasing CFs-secreted exosomes. 
Reproduced with permission [117]. Copyright 2015, Elsevier. (B) Flowchart of dendritic cell-derived exosomes (DEXs) to promote angiogenesis post-MI. Reproduced 
with permission [27]. Copyright 2021, Liu et al. 

Fig. 5. Overview diagram of EVs as therapeutic delivery system. Created with BioRender.com.  
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Table 2 
Summary of EVs loading therapeutics for the treatment of MI.  

Category Therapeutics Model Administration route Results Ref. 

Loading drugs Curcumin and 
miRNA-144-3p 

MI 
mice 

Intravenous injection Increases both active targeting and cardioprotection of the heart [36] 

Loading 
proteins 

Akt overexpressing MI rats Tail vein injection Promoted the proliferation and migration of vascular ECs [37] 
SDF-1 overexpressing MI 

mice 
Myocardial injection Inhibited apoptosis and autophagy in CMs and promoted tubular formation in ECs 

by activating the PI3K signaling pathway 
[38] 

TIMP2 overexpressing MI rats 3 site injections in the infarct 
margins 

Reduced collagen deposition by attenuating MI-induced oxidative stress and 
inhibited ECM remodeling 

[39] 

N1ICD overexpressing MI 
mice 

Injections in the infarct 
margins 

Showed a strong pro-angiogenic effect and reduced fibrosis to improve cardiac 
function 

[40] 

GATA4 
overexpressing 

MI rats Intramyocardial injection Restored cardiac contractile function and reduced infarct size [41] 

MIF overexpressing MI rats Intramuscular injection in the 
infarct margins 

Enhanced heart function, less CMs mitochondrial fragmentation and reduced cell 
apoptosis 

[42] 

HIF1 overexpressing MI 
mice 

Injections in the infarct 
margins 

Improved survival of transplanted CPCs and increased tolerance of CPCs to 
hypoxic environments due to enrichment of miR-126 and miR-210 

[43] 

Loading 
nucleic acids 

miR-21 MI 
mice 

Intramyocardial injection Promoted miR-21 expression and inhibited CMs apoptosis by reducing PDCD4 [44] 

miR-126 MI rats Tail vein injection Reduced areas of myocardial injury by reducing the expression of inflammatory 
factors, inhibiting fibrosis and promoting angiogenesis 

[45] 

miR-93-5p MI rats Intravenous injection Targeted the autophagy-related proteins ATG7 and TLR4 inhibited hypoxia- 
induced autophagy and indirectly attenuated the inflammatory response 

[46] 

miR-101a MI 
mice 

Tail vein injection Reduced infarct size by targeting the expression of transforming growth factor β 
and type I collagen α1 to inhibit fibrosis 

[47] 

miR-138-5p MI rats Injection Reduced apoptosis and delayed the progression of MI by regulating the expression 
of the deacetylase Sirtuin 1 

[48]  

Fig. 6. Overview diagram of Engineered EVs targeting the infarcted heart. Created with BioRender.com.  

Table 3 
Summary of Engineered EVs targeting the infarcted heart.  

Category Modified method Model Administration route Targeted effects Ref. 

Exosomes Conjugated with CHP I/R rats Intravenous 
administration 

Targeting exosomes to the infarcted heart reduced fibrosis and 
promoted cell proliferation 

[49] 

MSCs-derived 
exosomes 

Lamp2b fused with CSTSMLKAC 
(IMTP) 

MI mice Tail vein injection Specially targeted ischemic myocardium and enhanced therapeutic 
effects 

[50] 

CDCs-derived 
exosomes 

Lamp2b fused to CMP Normal 
mice 

Intramyocardial 
injection 

Increased uptake by CMs, decreased CMs apoptosis, and higher 
cardiac retention 

[51] 

CPCs-derived 
exosomes 

Overexpressing exosomal 
CXCR4 

I/R rats Intravenous injection targeted infarct size and increased the cardiac uptake and protection 
of CPC-derived exosomes 

[52] 

MSCs-derived 
exosomes 

Overexpressing CD47 I/R mice Intravenous injection Escaped the clearance of immune cells and preferentially 
accumulated in the heart 

[53]  
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miR-1 and miR-133a, which serve as biomarkers for the diagnosis of 
CVD [121]. There is also evidence that long non-coding RNAs (lncRNAs) 
have an effect on myocardial fibrosis and may become novel biomarkers 
of MI [122]. It has also been shown that plasma exosomes from human 
volunteers protect against I/R-induced apoptosis by activating the 
TLR-4 and HSP27 pathways in CMs [123]. Giricz et al. showed that ef-
fects such as reduction of infarcted heart size by distal ischaemic pre-
conditioning (IPC) may be mediated through circulating exosomes 
[124]. 

2.2. EVs as therapeutic delivery system 

EVs themselves can serve as nanomaterials for loading therapeutic 
drugs, proteins or nucleic acids, and other bioactive substances [125]. 
As delivery vehicles for therapeutic agents, EVs are biocompatible, have 
a high ability to traverse cellular barriers and exhibit relatively stable in 
circulation, as well as provide protection to carrier agents against 
degradation [126] (see Fig. 5 and Table 2). 

2.2.1. EVs loading drugs 
The utilization of extracellular vesicles (EVs) to carry therapeutic 

agents, such as curcumin for anti-inflammatory purposes and chemo-
therapeutic agents like paclitaxel to enhance efficacy and reduce tox-
icities, has been extensively studied. However, there is limited research 
on the use of EVs carrying therapeutic agents specifically for myocardial 
infarction (MI) treatment [127,128]. Currently, NPs loaded with pio-
glitazone are being investigated to target circulating monocytes or 
macrophages in the IR heart, aiming to attenuate IR injury [129]. Kang 
developed cardiac-targeting EVs (CTP-EVs) and loaded curcumin onto 
these CTP-EVs (CTP-EVs-CUR) to enhance its bioavailability. They 
demonstrated that the protective effect of curcumin was mediated by 
miR-144-3p carried by the EVs [36]. Next, simultaneous loading of 
curcumin and miR-144-3p into CTP-EVs resulted in enhanced cardiac 
targeting and cardioprotection, offering a potentially effective strategy 
for delivering therapeutic molecules for MI treatment. 

2.2.2. EVs loading proteins 
Previous studies on exosomes as delivery vehicles for protein mac-

romolecules have primarily focused on their ability to cross the blood- 
brain barrier. However, this study specifically investigates the use of 
exosomes overexpressing certain cytokines to improve cardiac function 
[130]. As is known to all that activation of the PI3K/Akt signaling 
pathway has been implicated in the regulation of autophagy and 

cardioprotection induced by stem cells such as MSC. MA et al. synthe-
sized Akt-Exo, an exosome released from MSCs overexpressing Akt, and 
platelet-derived growth factor D (PDGF-D) expression was significantly 
upregulated in Akt-Exo [37]. Akt-Exo significantly promoted the pro-
liferation and migration of vascular ECs, while its treatment signifi-
cantly improved cardiac function in rats with MI as assessed by 
echocardiography. Exo-SDF1, derived from MSCs overexpressing 
stromal-derived factor 1 (SDF1), inhibited apoptosis and autophagy in 
CMs and promoted tubular formation in ECs by activating the PI3K 
signaling pathway [38]. Study had shown that Exo-SDF1 protected 
cardiac function and inhibited myocardial tissue injury in MI mice. 
Exosomes overexpressing tissue matrix metalloproteinase inhibitor 2 
(TIMP2) obtained from human umbilical cord mesenchymal stem cells 
(huc-exoTIMP2) not only reduced the secretion of MMP2 and MMP9, 
but also increased the expression of the anti-apoptotic gene Bcl2 and 
decreased the expression of the pro-apoptotic genes Bax and caspase-9 
[39]. It reduced collagen deposition by attenuating MI-induced oxida-
tive stress and inhibiting extracellular matrix (ECM) remodeling. 

Inhibition of myocardial repair expression worsens myocardial 
injury in ischamic states, and notch signaling plays a role in cardiac 
repair after myocardial injury. Xuan et al. synthesized EVs from cardiac 
mesenchymal stem cells (C-MSCs) overexpressing the notch1 intracel-
lular domain (N1ICD) and injected C-MSCsN1ICD-EVs into the infarct 
marginal zone of MI mice for treatment [40]. For example, MSCs over-
expressing GATA4 secreted exosomes inhibited apoptosis and reduced 
the area of MI by delivering anti-apoptotic microRNAs and activating 
multiple signaling pathways involved in cell survival [41]. Moreover, 
bone marrow mesenchymal stem cells (BM-MSCs) derived exosomes 
overexpressing macrophage inhibitory factor (MIF), when injected into 
a rat model of myocardial infarction, protected cardiac function by 
reducing mitochondrial division in cardiomyocytes (CMs) [42]. The 
results showed a strong pro-angiogenic effect and superior efficacy 
compared to treatment with C-MSC-derived EVs solely in reducing 
fibrosis and improving cardiac function. Hypoxia-inducible factor-1 
(HIF-1), a transcription factor involved in the adaptive response to 
hypoxic environments, was co-delivered with CPCs using a non-viral 
small circle plasmid carrying HIF1 (MC-HIF1) into the myocardium 
after MI [43]. It was found that exosomes from CPCs overexpressing 
HIF1 were enriched in miR-126 and miR-210, resulting in improving the 
survival of transplanted CPCs and increasing the tolerance of CPCs to 
hypoxic environment. 

Fig. 7. Lipid insertion for EVs targeting the infarcted heart. (A) Schematic of combining ischemic myocardium-targeting peptide (IMT) with Hypo-EXO. (B) 
Schematic representation of targeting Hypo-Exo injection in a MI mouse model. Reproduced with permission [92]. Copyright 2018, Ivyspring International Publisher. 
(C) Schematic diagram of fabricating myocardium-targeting exosomes by using cardiac homing peptide. Reproduced with permission [133]. Copyright 2018, Ivy-
spring International Publisher. 
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2.2.3. EVs loading nucleic acids 
EVs have been recognized for their ability to naturally transport 

various types of RNAs, indicating their potential as therapeutic carriers 
for delivering nucleic acids [125]. Song et al. obtained EVs enriched 
with miR-21 and targeted CMs by incorporating programmed cell death 
4 (PDCD4) using a human embryonic kidney cell line [44]. In vitro and 
in vivo experiments showed that miR-21-EVS greatly promoted miR-21 
expression and inhibited cardiomyocyte apoptosis by reducing PDCD4 
levels. 

Studies have shown that miR-126 overexpression in adipose-derived 
stromal cells (ADSCs) reduced areas of myocardial injury by down-
regulating the expression of inflammatory factors, inhibiting fibrosis 
and promoting angiogenesis [45]. Moreover, miR-93-5p overexpressing 
in ADSCs-derived exosomes significantly inhibited autophagy and in-
flammatory factor expression in CMs by targeting Atg7 and TLR4, 
respectively, thereby further enhancing the protective effect against MI 
[46]. Also, MSC-EVS loaded with miR-101a significantly reduced infarct 
size by targeting the expression of transforming growth factor β and type 
I collagen α1 to inhibit fibrosis [47]. Mao et al. injected exosomes of 
lncRNA KLF3-AS1 overexpressed hMSCs into MI rat models or incubated 

them with hypoxic cardiomyocytes [48]. Both cellular and animal ex-
periments demonstrated that overexpression of KLF3-AS1 in exosomes 
resulted in reducing apoptosis and delaying the progression of MI. This 
therapeutic effect was attributed to the competitive binding of 
miR-138-5p by KLF3-AS1, which regulates the expression of the 
deacetylase Sirtuin 1 (Sirt1). 

2.3. Engineered EVs targeting the infarcted heart 

Although stem cell-derived EVs have good therapeutic effects in 
cardioprotection, their translation into clinical therapies is hindered by 
limitations such as poor bioavailability, off-target effects and retention 
in the liver, spleen and lungs followed by rapid clearance after admin-
istration [131]. Therefore, there is a need to construct engineered exo-
somes or hybridize with other materials to develop novel exosome 
carriers. Engineered exosomes can be created using methods such as 
lipid insertion, membrane fusion, genetic editing and nanoparticle 
encapsulation [69]. Among them, membrane fusion and nanoparticle 
encapsulation both involve the utilization of cell membranes, which will 
be further discussed in the section on cell membranes (see Fig. 6 and 

Fig. 8. Genetic editing for EVs targeting the infarcted heart. (A) Schematic diagram of exosomes exhibited with myocardium-targeting peptide CSTSMLKAC fused 
with Lamp2b. (B) Schematic diagram of administration of Lamp2b protein. Reproduced with permission [50]. Copyright 2018, American Heart Association. (C) 
Schematic illustration of MI treatment by EVs blocking mononuclear phagocyte system with CD47 modified on membrane surface. Reproduced with permission [53]. 
Copyright 2021, Elsevier. 
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Table 3). 
Lipid insertion involves the attachment of functional ligands to 

membranes through the use of lipid anchors [132]. One example is the 
specific binding of EVs to cardiac homing peptides to target ischemic 
myocardial tissue, such as the CSTSMLKAC peptide sequence [49]. 
Vangergriff et al. incorporated CSTSMLKAC (referred to as CHP peptide 
exosomes) into exosomal membranes and demonstrated in vitro exper-
iments that it increased exosome uptake and reduced apoptosis (Fig. 7C) 
[133]. In rats model of I/R, intravenous administration of CHP peptide 
exosomes targeting ischemic myocardium could reduce fibrosis and 
promote cell proliferation. Similarly, the studies described above have 
indicated that combining an ischemic myocardium-targeting peptide 
(IMTP) with Hypo-EXO also improves the specificity for targeting the 
ischemic myocardium (Fig. 7A and B) [92]. 

Wang et al. used molecular cloning and lentiviral packaging tech-
niques to insert the CSTSMLKAC peptide into the Lamp2b gene 
sequence, a transmembrane protein commonly enriched on the surface 
of exosomes (referred to as IMTP-exosomes) (Fig. 8A and B) [50]. In 
mice model of MI, IMTP-exosomes exhibited increased accumulation in 
the ischemic region compared to blank exosomes. At the same time, 
MSC-derived IMTP-exosomes reduced inflammation and apoptosis, 
decreased fibrosis and improved cardiac function. Similarly, Mentkow-
ski also expressed Lamp2b in cardiosphere derived cell (CDC)-secreted 
exosomes and fused them with cardiomyocyte-specific peptides (CMP), 
resulting in modified CDCs that displayed enhanced centripetal prop-
erties and exerted better cardioprotective effects [51]. 

In addition, overexpression of CXCR4 in CPC-derived exosomes tar-
geted the infarcted myocardium and increased their cardiac uptake ca-
pacity following systemic administration by regulating the Akt signaling 
pathway post-infarction [52]. Wei and colleagues modified the trans-
membrane protein CD47 on the surface of MSCs, which allowed EVs to 
evade clearance by immune cells through the binding of CD47 and 
signal-regulated protein α (Fig. 8C) [53]. Compared with unmodified 
EVs, overexpressing CD47 of EVs still exhibited enrichment at the 
infarcted myocardium at 8 hours post-injection. Using similar ap-
proaches, additional engineered exosomes with cardiac targeting 

peptides have been designed and modified. However, further in-
vestigations are required to determine whether intravenously adminis-
tered targeted exosomes can safely and effectively improve cardiac 
function, thereby reducing the need for invasive intracardiac injections. 

3. Biomimetic nanomaterials based on cell membranes 

In recent years, there has been a growing interest in the study of cell 
membrane-based bionic nanodrug carriers, which are composed of bi-
onic substances and NPs [62,135]. Cell membrane biomimetic nano-
materials are new nanomaterials that involves physically coating cell 
membranes onto the surface of NPs or fusing them with EVs extracted 
from specific cells by extrusion or ultrasound methods [136]. The main 
cell membranes currently used are red blood cell membranes, immune 
cell membranes, platelet membranes and so on. Compared to traditional 
DDS, cell membrane-encapsulated bionanotechnology not only retains 
the biological characteristics of natural cells, but also offers improved 
safety and biocompatibility and active targeting of lesions, as well as the 
structure and function of multifunctional core nanocarriers [71]. 
Currently, research on cell membrane-based bionanomaterials primarily 
focuses on their potential application in treating atherosclerosis [137, 
138], with therapeutic applications in MI still being investigated (see 
Fig. 9). 

3.1. Red blood cell membrane 

Red blood cells (RBCs) have a half-life of approximately 120 days 
and are the most abundant type of cell in the blood, to their abundance 
and longevity RBC membranes have been utilized as the first choice for 
encapsulate NPs [139]. In addition, the surface of the RBC membrane is 
enriched with protein receptors such as CD47, which allows for immune 
system evasion [140]. Therefore, the use of RBC membranes to prepare 
bionanomaterials can enhance NPs circulation within the blood system 
and enable ’invisible’ functions [141]. The absence of a nucleus and 
various organelles in mature red blood cells simplifies their extraction 
and purification process. With an average of 500 million red blood cells 

Fig. 9. Overview diagram of biomimetic nanomaterials based on cell membranes. Reproduced with permission [29,34,35,134].  
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per millilitre of human blood, a substantial number of drug carriers can 
be encapsulated and functionalized [136]. Classical examples of eryth-
rocyte membrane bionanotechnology in atherosclerosis applications are 
already available, such as erythrocyte membrane-encapsulated PLGA 
nano drugs loaded with rapamycin, nanomicelles with reactive oxygen 
responsive prednisolone prodrugs, among others [134,142]. However, 
in the field of cardiac repair, it is currently only used to provide a po-
tential sustained release system of H2S. Hydrogen sulphide (H2S) is 
considered to be a gaseous transmitter that plays a key role in the ho-
meostasis of the cardiovascular system and is particularly protective 
against myocardial I/R, but the lack of ideal donors has hindered the 
clinical use of H2S. Huang et al. addressed this challenge by utilizing 
RBC membranes loaded with diallyl trisulfides (DATS) carrying meso-
porous iron oxide nanoparticles (MIONs) (RBC-DATS-MIONs). The re-
sults showed that RBC-DATS-MIONs exhibited better protection against 
I/R damage and controlled release of H2S [143]. 

3.2. Platelet membrane 

Platelets act as circulating sentinels for detecting vascular injury and 
aggressive microorganisms. Due to the inherent properties of platelets, 
such as having a natural targeting of the site of vascular injury [144]. 
Therefore, platelet membranes can be applied to functionalize nano-
particles, with specific membrane proteins on the platelet membrane 
recognizing the site of injury and enabling targeted drug delivery [144]. 
Their application in anticoagulation and thrombolysis may be more 
widespread [145], but they have also been studied in the treatment of 
MI. 

Tang and colleagues demonstrated that platelets can enhance the 
targeted delivery of cardiac stem cells (CSCs) to the site of MI injury 
through their natural myocardial infarction homing capacity 
(Fig. 10A–C) [29]. They developed PNV-CSCs decorated with platelet 
nanovesicles (PNV) on the surface of CSCs, and in rat and swine models 
of AMI, the modified CSCs increased retention and reduced infarct size. 
CsA@PPTK, a bionanophore, was created by utilizing platelet mem-
branes as a shell to camouflage regulatory T cells (Tregs), could imitate a 
series of functions of Tregs. It significantly scavenges ROS and regulates 
macrophage polarization in the ischemic myocardium of MI mice. In 
addition, it attenuated left ventricular remodeling in MI mice by regu-
lating the protein expression of MMP-9 as well as Cx43 in the ischemic 
myocardium (Fig. 10 D) [30]. Su et al. developed platelet-initiated nano 
cells (PINC) with CSC core and outer layers made from platelet mem-
branes modified with prostaglandin E2 (PGE2) and cardiac stromal cell 
secretory factors [31]. By leveraging the natural homing ability of 
platelet membranes and using PGE2 as a signaling molecule to promote 
endogenous repair processes, PINC demonstrated targeted delivery to 
I/R-injured myocardium and participated in myocardial tissue repair 
and pro-angiogenesis processes. 

3.3. Immune cell membrane 

White blood cells (WBCs) exert evitable immune function in diseases 
like cancer, infection and inflammatory diseases [146]. 
Membrane-encapsulated WBC-NPs with multifunction were designed by 
combining the plasma membranes of WBCs such as macrophages, neu-
trophils, T cells and natural killer cells with synthetic NPs. Compared to 

Fig. 10. Platelets membrane coated NPs for the treatment of MI. (A) The overview of characterization and treatment of PNV-CSCs. (B) Schematic showing of PNV 
decoration to promote vascular binding of CSC to the rat aorta. (C) The administration of PNV-CSCs in rats with MI. Reproduced with permission [29]. Copyright 
2018, Nature portfolio. (D) Schematic view of CsA@PPTK and treatment of MI/RI mouse by mimicking the ROS elimination, inflammation and apoptosis inhibition 
of Tregs. Reproduced with permission [30]. Copyright 2022, Li, F et al. 
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red blood cells and platelets, immune cells have more complex struc-
tures and function as well as offer greater advantages in terms of long 
circulation and biocompatibility [136]. Therefore, WBC-NPs inherit 
antigens from all cell membrane surfaces of origin and mimic their wide 
range of biological capabilities as "decoys", presenting attractive thera-
peutic potential. 

Macrophages are important cells of natural immunity, characterized 
by their phagocytic activity, antigen-presenting ability and flexible 
phenotype. Due to their inherent affinity for sites of inflammation, 
macrophage membrane-encapsulated nanoparticles are likely to accu-
mulate at sites of chronic inflammation. This not only contributes to the 
accumulation of inflammatory sites (Fig. 11B) [147], but also effectively 
neutralize inflammatory cytokines. Xue et al. prepared macrophage 
membrane-encapsulated nanoparticles (MMNPs) loaded with 
miR-199a-3p and found that MMNPs could bind to IL-1β, IL-6 and TNF-α 
inflammatory factors and their receptors. Thus, MMNPs could prevent 
left ventricular remodeling and protect the heart by inhibiting inflam-
matory responses and myocardial fibrosis in MI mice [32]. Other re-
searchers synthesized neutrophil membrane camouflaged nanoparticles 
(NM-NPIL-5) by camouflaging IL-5 nanoparticles in neutrophil mem-
branes [33]. Targeted delivery of NM-NPIL-5 promoted post-infarction 
eosinophil (EOS) accumulation and angiogenesis while safeguarding 
CMs from excessive inflammation-induced apoptosis, thereby inhibiting 
adverse cardiac remodeling after AMI. In addition, Zhang et al. 
mimicked the recruitment of inflammatory factors by monocytes after 
MI using monocyte membrane-encapsulated MSCs-derived EVs to 
enhance the targeting of EVs to injured myocardium (Fig. 11A) [34]. 

3.4. Stem cell membrane 

The NPs exhibit excellent homing ability and tend to localize at sites 
of injury or stimulation when bound to the stem cell membrane [148]. 
Similar to the above, stem cells encapsulated by membranes with 

nanoparticles not only provide selective targeting, but also enhance 
cellular uptake. Yao et al. constructed a nanocomposite for stem cell 
membrane camouflage by self-assembling mesenchymal stem cell 
membranes onto the surface of mesoporous silica nanoparticles loaded 
with miRNA (Fig. 12) [35]. This approach facilitated targeted delivery 
of miRNA and inhibit the translation of apoptosis-related proteins to 
promote cardiomyocyte proliferation. The exosome-mimetic nano-
complex effectively enhanced cardiac function in mice model of 
myocardial infarction. Bionic adipose stem cell ADSC-derived nano-
vesicles (ADSC NVs) were also prepared as a cell-free treatment for MI. 
These ADSC NVs were loaded with melatonin (Mel), which possesses 
antioxidant effects, resulting in the formation of Mel@NVs [149]. The 
results showed that under ischemic conditions, MEL@NVS mitigated 
excessive production of ROS, which further alleviated mitochondrial 
dysfunction and eventually led to myocardial repair. 

4. Challenge and prospectives 

The process of cardiac injury is complex and irreversible, necessi-
tating the development of new treatments for MI to enhance CMs sur-
vival and prevent progression to heart failure. In recent years, NP-based 
therapeutic applications for the treatment of MI have been promising. 
Ideal nanodrug carriers should possess attributes such as prolonged in 
vivo circulation, immune escape, targeted delivery and controlled 
release in a targeted manner [150]. Therefore, bionanomaterials offer 
greater advantages in these aspects than conventional nanomaterials. 
This review systematically examines the use of EVs, artificially modified 
EVs, and biofilm-coated biomimetic nanomaterials in the treatment of 
myocardial infarction, and many biomimetic delivery vehicles have 
been developed to transport therapeutic agents and deliver them to the 
injury site. In short, biomimetic delivery systems are expected to be a 
potentially beneficial technology for MI treatment, amplifying the value 
of nanomedicine in CVD treatment. However, each of these three 

Fig. 11. Immunocytes membrane coated NPs for the treatment of MI. (A) Preparation of Monocyte membrane-encapsulated MSCs exosomes (Mon-EXOs). Repro-
duced with permission [34]. Copyright 2020, Elsevier. (B) Schematic diagram of engineered macrophages membrane-encapsulated NPs loading miR199a-3p. 
Reproduced with permission [147]. Copyright 2020, Xue et al. 
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approaches has its own set of advantages and disadvantages, which are 
summarized in a comparative table below (see Table 4). 

Unfortunately, NPs still present significant challenges in translating 
into clinical practice [151]. Firstly, scalable isolation and purification 
processes for exosomes, a type of NP, are lacking. Intensive research is 
ongoing to address this issue and explore methods for mass production 
while maintaining the integrity and potency of active ingredients [152]. 
There is currently no consensus on guidelines or standards for NP pro-
duction and management, with the exception of Good Manufacturing 
Practice (GMP) guidelines for mesenchymal stem cell-sourced extra-
cellular vesicles [153]. Secondly, the loading efficiency of therapeutic 
agents into NPs, including both extracellular vesicles (EVs) and bionic 
cell membranes, remains limited and poses a challenge [125]. Moreover, 
bionic biomaterials are recommended to be stored at − 70 ◦C, which 

leads to high costs associated with storage and transportation [154]. In 
addition, concerns regarding the biosafety of biomimetic nanomaterials 
persist. Although animal studies and some clinical trials have confirmed 
their safety [155], it should be noted that animal models often differ 
significantly from humans. Therefore, caution must be exercised when 
extrapolating results from animal studies to human applications. The 
clinical translation of NPs still has a long way to go. 

In recent years, condition-responsive NPs have also attracted atten-
tion for DDS. These smart nanoparticles have been developed to respond 
to various endogenous and exogenous stimuli, including changes in pH, 
reactive oxygen species (ROS), magnetic fields, and ultrasound [156, 
157]. For instance, Lin et al. prepared a biointelligent nanoparticle 
(MTSNP) with microenvironment targeting and adaptability for the 
treatment of myocardial ischemia [158]. Also, inorganic iron oxide NPs 
are commonly used in imaging techniques such as magnetic resonance 
imaging (MRI) and computed tomography (CT) due to their magnetic 
properties [159]. In conclusion, future researches will also focus on 
integration of traditional NPs with novel bionanotechnology strategies, 
engineering exosomes, developing smart nanomaterials that respond to 
optical, electrical or magnetic signals, and enhancing the specific tar-
geting capabilities of nanomaterials. These efforts aim to accelerate the 
translation of NPs-based MI therapeutic strategies into practical clinical 
applications. 

CRediT authorship contribution statement 

Tingting Yu: Writing – review & editing, Writing – original draft. 
Qiaxin Xu: Writing – review & editing, Writing – original draft. Xu 
Chen: Writing – review & editing, Writing – original draft. Xiujiao 
Deng: Visualization, Data curation. Nenghua Chen: Visualization, Data 

Fig. 12. Stem Cells membrane coated NPs for the treatment of MI. (A) Synthetics of stem cell membrane-camouflaged mimicking nanocomplex. (B) CM-miR-MSN 
targeted to injured CMs and mediated repair of MI damage via miRNA. Reproduced with permission [35]. Copyright 2020, Elsevier. 

Table 4 
Comparison of the advantages and limitations of the three approaches.  

Approach Advantage Shortcoming 

EVs Have their own potential for 
myocardial repair, high 
circulatory stability, simpler 
and easier technique 

Suffer from off-target effects, 
low bioavailability, 
difficulties in scalable 
production 

Artificially 
modified EVs 

More actively targeted, 
improve the bioavailability of 
therapeutic agents 

More difficult to genetically 
engineer for modification, 
have potential safety issues 

Biofilm-coated 
nanocarriers 

Better immune escape, longer 
circulation times, retention of 
the intrinsic properties of the 
cell membrane 

More technically demanding, 
difficult to ensure the 
structural integrity of the cell 
membrane and the functional 
activity of surface biokines  

T. Yu et al.                                                                                                                                                                                                                                       



Materials Today Bio 25 (2024) 100957

15

curation. Man Teng Kou: Visualization, Data curation. Yanyu Huang: 
Visualization, Data curation. Jun Guo: Supervision, Funding acquisi-
tion, Conceptualization. Zeyu Xiao: Supervision, Funding acquisition, 
Conceptualization. Jinghao Wang: Supervision, Funding acquisition, 
Conceptualization. 

Declaration of generative AI and AI-assisted technologies in the 
writing process 

During the preparation of this work the author(s) used Chat GPT in 
order to check the terminology of this manuscript to ensure that it is as 
scientific and objective as possible. After using this tool/service, the 
author(s) reviewed and edited the content as needed and take(s) full 
responsibility for the content of the publication. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

No data was used for the research described in the article. 

Acknowledgements 

This work was supported by the National Natural Science Foundation 
of China (82003743), the Guangdong Basic and Applied Basic Research 
Foundation (2023A1515011896), the Science and Technology Planning 
Project of Guangzhou (2023A03J0566, 202201020042 and 
2023A03J1039), the Clinical Frontier Technology Program of the First 
Affiliated Hospital of Jinan University, China (JNU1AF-CFTP-2022- 
a01213). 

Abbreviations 

MI myocardial infarction 
CVD cardiovascular disease 
WHO World Health Organization 
CM cardiomyocyte 
PCI percutaneous coronary intervention 
GABA coronary artery bypass grafting 
I/R ischemia-reperfusion 
DDS drug delivery systems 
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EVs extracellular vesicles 
ESCs embryonic stem cells 
CPCs cardiac progenitor cells 
MSCs mesenchymal stromal cells 
PI3K phosphoinositide 3-kinase 
Akt protein kinase B 
c-JNK c-Jun N-terminal kinase 
E2H2 enhancer of zest homologue 2 
AMPK Adenosine 5′-monophosphate (AMP)-activated protein kinase 
mTOR mammalian target of rapamycin 
VEGFR2 vascular endothelial growth factor receptor 2 
EMMPRIN extracellular matrix metalloproteinase inducer 
PDGF platelet-derived growth factor 
EGF epidermal growth factor 
ADMSCs adipose tissue mesenchymal stem cells 
BMMSCs bone marrow mesenchymal stem cells 
UCBMSCs umbilical cord blood mesenchymal stem cells 
VEGF vascular endothelial growth factor 
TLR4 toll-like receptor 4 

FBs fibroblast 
TGF-β transforming growth factor β 
Mecp2 methyl CpG-binding protein 2 
nSMase2 neutral sphingomyelinase 2 
HP-sEVs hypoxia-preconditioned mesenchymal stem cells 
MMP19 matrix metalloproteinase 19 
NHP non-human primate 
GATA4 Globulinum Antihaemophiliae Humanum 4 
MIF macrophage inhibitory factor 
IONPs iron oxide nanoparticles 
PAPP-A pregnancy-associated plasma protein A 
IGF-1 Insulin-like growth factor 1 
hESC-Pg human embryonic stem cell-derived cardiovascular 

progenitor cells 
CDCs cardiosphere-derived cells 
HUVEC human umbilic vein endothelial cells 
IRPAK1 interleukin 1 receptor-associated kinase 1 
TRAF6 tumour necrosis factor receptor-associated factor 6 
NOX-4 nicotinamide adenine dinucleotide phosphate (NADPH) 

oxidase 4 
AMI acute myocardial infarction 
IL-10 Interleukin 10 
mES-Ex ESC-derived exosomes 
iPSCs induced pluripotent stem cells 
ADSCs adipose-derived stromal cells 
ATG7 autophagy related 7 gene 
HSCs haematopoietic stem cells 
Shh sonichedgehog 
HSP heat shock protein 
ROS reactive oxygen species 
HIF hypoxia-inducible factor 
TNF-α tumor necrosis factor α 
HL-1, ECPs/ECs endothelial progenitor cell-derived exosomes 
ILK integrin-linkes kinase 
CFs cardiac fibroblasts 
Ang II Angiotensin II 
CTs cadiac telocytes 
Cdip1 cell death inducing P53 target 1 
DEX dendritic cell-derived exosome 
IPC ischaemic preconditioning 
SDF1 stromal-derived factor 1 
TIMP2 tissue matrix metalloproteinase inhibitor 2 
ECM extracellular matrix 
C-MSCs cardiac mesenchymal stem cells 
N1ICD notch1 intracellular domain 
PDCD4 programmed cell death 4 gene 
ATV atorvastatin 
Sirt1 sirtuin 1 
IMTP ischemic myocardium-targeting peptide 
CXCR4 C-X-C motif chemokine receptor 4 
RBCs Red blood cells 
H2S Hydrogen sulphide 
PLGA poly (lactic-co-glycolic acid) 
DATS diallyl trisulfides 
MIONs mesoporous iron oxide nanoparticles 
PNV platelet nanovesicles 
CSCs cardiac stem cells 
Tregs regulatory T cells 
Cx43 connexin 43 
PINC platelet-initiated nano cells 
PGE2 prostaglandin E2 
WBCs white blood cells 
MMNPs macrophage membrane-encapsulated nanoparticles 
EOS eosinophil 
Mel melatonin 
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