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Aims The potential of nanoparticles as effective drug delivery tools for treating failing hearts in heart failure remains a challenge. 
Leveraging the rapid infiltration of neutrophils into infarcted hearts after myocardial infarction (MI), we developed a nanoparticle 
platform engineered with neutrophil membrane proteins for the targeted delivery of TAPI-1, a TACE/ADAM17 inhibitor, to the 
inflamed myocardium, aiming to treat cardiac dysfunction and remodelling in rats with MI.

Methods 
and results

Neutrophil-mimic liposomal nanoparticles (Neu-LNPs) were constructed by integrating synthesized liposomal nanoparticles with 
LPS-stimulated neutrophil membrane fragments and then loaded with TAPI-1. MI rats were treated with TAPI-1 delivered via Neu- 
LNPs for 4 weeks. Left ventricular function was assessed by echocardiography and cardiac fibrosis was evaluated post-treatment. 
The novel Neu-LNPs maintained typical nanoparticle features, but with increased biocompatibility. Neu-LNPs demonstrated im
proved targeting ability and cellular internalization, facilitated by LFA1/Mac1/ICAM-1 interaction. Neu-LNPs displayed higher ac
cumulation and cellular uptake by macrophages and cardiomyocytes in infarcted hearts post-MI, with a sustained duration. 
Treatments with TAPI-1-Neu-LNPs demonstrated greater protection against myocardial injury and cardiac dysfunction in MI 
rats compared to untargeted TAPI-1, along with reduced cardiac collagen deposition and expression of fibrosis biomarkers as 
well as altered immune cell compositions within the hearts.

Conclusions Targeted treatment with TACE/ADAM17 inhibitor delivered via biomimetic nanoparticles exhibited pronounced advantages in 
improving left ventricle function, mitigating cardiac remodelling, and reducing inflammatory responses within the infarcted hearts. 
This study underscores the effectiveness of Neu-LNPs as a drug delivery strategy to enhance therapeutic efficacy in clinical settings.
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1. Introduction
Nanotechnology has emerged as a revolutionary approach with immense 
potential to enhance the efficacy and effectiveness of therapeutic interven
tions in the medical field.1,2 Due to their nanoscale size, high surface 
area-to-volume ratio, and unique physicochemical properties, nanoparti
cles can traverse biological membranes or blood–brain barriers to facilitate 
drug delivery, offering significant advantages in targeted treatment.3

Furthermore, by optimizing parameters like pH and enzyme activity or sur
face modification with various functional moieties, nanoparticles can 
achieve controllable and targeted biodistribution properties to specifically 
address affected tissues or organs.4,5 Currently, extensive research and de
velopment is underway for various types of nanoparticles catering to differ
ent medical applications.6

To address the concerns about cytotoxicity and limited biocompatibility 
associated with certain polymer materials, ongoing efforts are focused on 
developing cell-mimetic nanoparticles that utilize natural cell mem
branes.7,8 These cell membrane-based nanoparticles offer enhanced 
bio-interfacing capabilities. By incorporating phospholipid bilayer mem
branes, the cell membrane proteins can be readily transported to the na
noparticle surface while preserving their functionality.9,10 Additionally, this 
manipulation results in synthesized biomimetic nanoparticles exhibiting dis
tinctive biological activities and retaining specific targeting properties from 
the source cells. Biomimetic drug carriers, particularly cell membrane- 
coated nanoparticles, have emerged as a promising therapeutic platform 
for the treatment of cardiovascular diseases.11,12

Among the main types of nanoparticles, liposomes have demonstrated 
passive targeting abilities to inflammatory sites through the enhancing 

permeability and retention (EPR) effect.13 Their circulation time can be 
prolonged, especially when PEGylation (polyethylene glycol) is applied 
to hinder phagocytosis by monocyte-macrophages in the blood.14 In 
the context of heart failure (HF)-induced by myocardial infarction (MI), 
characterized by immune activation and heightened inflammation, im
mune cells infiltrate the injured cardiac myocytes to orchestrate inflam
matory responses. Notably, neutrophils (Neu) are among the first 
immune cells to infiltrate the damaged area,15 making their inflammatory 
chemotactic capability a promising approach for enhancing drug targeting 
potentials.

In the present study, using these design strategies, we developed a novel 
formulation of PEG2000-liposomal nanoparticles (LNPs) coated with neu
trophil membrane fragments as a drug delivery tool for a pharmaceutical 
agent TAPI-1, specifically targeting the injured heart in rats with MI. 
TAPI-1 is a potent inhibitor of tumour necrosis factor-α (TNF-α) convert
ing enzyme (TACE/ADAM17), which is involved in the production of in
flammatory soluble TNF-α.16 Previous studies have demonstrated that 
central inhibition of TACE activity exhibits a beneficial role in reducing neu
roinflammation and ameliorating sympathetic activation in HF rats.17,18 The 
main objectives of this work were: (i) to evaluate the enhanced targeting 
potential of neutrophil-mimic liposomal nanoparticles (Neu-LNPs) as a 
drug delivery vehicle specifically targeting inflamed tissues of the injured 
heart in rats with MI; and (ii) to examine the efficacy and effectiveness of 
Neu-LNPs loaded with TAPI-1 (TAPI-1-Neu-LNPs) administered intra
venously as a therapeutic approach for improving cardiac dysfunction 
and remodelling in the treatment of MI-induced HF. Overall, this work pro
vides a comprehensive assessment of biomimetic nanoparticles for tar
geted drug delivery in treating MI rats.
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2. Methods
A detailed description of the methods is provided in the Supplementary 
material online, Methods.

2.1 Animals
The experimental protocols in this study were approved by the University 
of Iowa Institutional Animal Care and Use Committee and conducted in 
accordance with the National Institutes of Health ‘Guide for the Care and 
Use of Laboratory Animals.’ Experiments were carried out on male adult 
Sprague-Dawley rats (300–350) purchased from Envigo/Harlan Sprague 
Dawley (Indianapolis, IN). The animals had ad libitum access to standard 
rat chow and tap water. These rats were housed in a temperature- (23  
± 2°C) and light-controlled (12:12 h light-dark cycle) animal care facility 
on the University of Iowa Health Science Campus. All possible measures 
were taken to minimize both the number of animals used and any potential 
suffering they might experience.

2.1.1 Induction of MI
Rats were anaesthetized (ketamine 90 mg/kg and xylazine 10 mg/kg ip) and 
underwent surgery under aseptic conditions to ligate the left coronary ar
tery to induce MI, or an identical surgical procedure without ligating the left 
coronary artery to produce control (SHAM) rats, as previously 
described.19,20

2.2 Assessments of cardiac function and 
remodelling
2.2.1 Echocardiography
Rats were tranquilized with ketamine (60 mg/kg ip) and underwent two- 
dimensional echocardiography to assess left ventricular (LV) function. 
The ischaemic zone (IZ) as a percentage of LV circumference (% IZ), LV 
ejection fraction (LVEF), LV end-diastolic volume (LVEDV), and LV end- 
systolic volume (LVESV) were calculated from the echocardiographic 
data. Compared with SHAM rats, rats with HF had reduced LVEF and in
creased LVEDV and LVESV.

2.2.2 Cardiac haemodynamic and anatomical 
assessments
Under anaesthetized condition, a Millar Mikro-tip catheter (Millar, 
Houston, TX) was inserted into the right carotid artery and advanced 
retrogradely towards the aorta and then into the LV to measure peak sys
tolic pressure (LVPSP), end-diastolic pressure (LVEDP), and the maximal 
rate of change in LV systolic pressure over time during isovolumetric con
traction (+dP/dtmax) and relaxation (−dP/dtmax).

The heart and wet lung were then collected and weighed. Heart weight 
(HW)-to-body weight (BW) and wet lung weight (LW)-to-BW ratios were 
determined as indicators of cardiac remodelling and pulmonary congestion.

2.2.3 Histological analysis of cardiac fibrosis
Cardiac fibrosis in peri-infarct areas was analysed by slicing frozen heart tis
sue into 7 μm sections, staining with Masson’s trichrome. Fibrosis was 
quantified using ImageJ software, with 12 images from six cross-sections 
per animal used for statistical analysis.

2.3 Experimental protocols
Echocardiography was performed within 24 h after coronary artery liga
tion to induce MI or sham operation procedure, and repeated at the con
clusion of the 4-week protocol. MI rats with a small MI on the initial 
echocardiogram (ischaemic zone ≤30%) or died before the end of the 
protocol were excluded from the study. SHAM and MI rats with ischaemic 
zone > 30% were randomly assigned into treatment groups (n = 6–7 in 
each group) according to the following assignments. The estimated infarct 
zone and LVEF were well matched among the MI groups.

2.3.1 Assessments of LV function and cardiac 
remodelling
(i) SHAM + vehicle (VEH); (ii) MI + VEH; (iii) MI + TAPI-1; (iv) MI +  
Neu-LNPs; (v) MI + TAPI-1-LNPs; and (vi) MI + TAPI-1-Neu-LNPs. 
TAPI-1-loaded biomimetic nanoparticles (3.3 mg, containing 50 µg of 
TAPI-1), TAPI-1 (50 µg) or VEH were systemically administered via tail 
veins every other day for 4 weeks. At the end of the experiments, a second 
echocardiogram was performed to determine treatment effects. These 
rats were anaesthetized with urethane (1.5 g/kg ip) for assessments of car
diac haemodynamics and anatomical changes, and then euthanized by de
capitation to harvest blood, heart, and lung for histological, molecular, and 
flow cytometric analyses. The levels of TNF-α and TACE activity were also 
assessed in some animals.

2.3.2 Targeting and cellular uptake analysis of 
Neu-LNPs
To investigate the targeting mechanisms of Neu-LNPs mediated by neutro
phil membrane proteins, specifically lymphocyte function-associated anti
gen 1 (LFA-1, CD11a/CD18) and macrophage-1 antigen (Mac-1, CD11b/ 
CD18), Dil-labelled Neu-LNPs were injected into rats via tail veins in the 
following experimental groups: (i) SHAM + Dil-labelled Neu-LNPs; (ii) 
MI + Dil-labelled Neu-LNPs; and (iii) MI + Dil-labelled Neu-LNPs + CD18 
antibody. Twenty-four hours after injection, the rats were perfused with 
PBS under anaesthesia, and then euthanized by decapitation to collect 
the heart for fluorescence analysis and immunofluorescent staining.

2.4 Preparation of Neu-LNPs
2.4.1 Synthesis of Neu-LNPs
To synthesize liposomal nanoparticles, a mixture of 1-palmitoyl-2-oleoyl- 
sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3- 
phosphoethanolamine (POPE)-PEG2000, and cholesterol was dissolved in 
100 μL reagent-grade chloroform along with 30 μL of reagent-grade 
methanol, at a ratio of 7:1.5:1.5 (mol/mol/mol). The organic solvent was 
evaporated under a nitrogen flow, leaving behind a thin lipid film in the glass 
vial. The thin lipid film was then hydrated with PBS in a water bath at 55°C 
for 30 min. Subsequently, the nanoparticles were sonicated for 10 min and 
then subjected to probe sonication for an additional 3 min to create lipo
somes and ensure proper size and homogeneity. Neu-LNPs were con
structed by adding LPS-stimulated neutrophil membrane fragments to 
the synthesized liposomal nanoparticles. The mixture was subjected to ul
trasonication for 10 min to facilitate the fusion of neutrophil membrane 
fragments into the lipid membranes.21 The coated-liposomes were then 
centrifuged at 3000 g for 15 min to remove any redundant materials and 
obtain purified Neu-LNPs for further use.

2.4.2 Drug loading
To load TAPI-1 into Neu-LNPs, TAPI-1 was first dissolved in DMSO and 
then diluted with chloroform to a concentration of 1 mg/mL. This 
TAPI-1 solution was then added to the chloroform solution of lipids before 
the evaporation process using a nitrogen flow. The subsequent steps for 
Neu-LNPs preparation remained the same as described above. For drug 
loading analysis, a TAPI-1 standard solution was prepared with PBS, and 
its wavelength was measured using a fluorescence spectrophotometer 
(Molecular Devices, USA) to draw a standard curve. The TAPI-1-loaded 
nanoparticles were demulsified with methanol (at a ratio of 1 mL:1 mL) 
and measured using the same fluorescence spectrophotometer. The 
TAPI-1 loading efficiency was then calculated using the standard curve. 
The Drug Loading (DL) was calculated using the following formula: 
DL(%) = Drug/(Drug + Lipid Materials) × 100%.

2.5 Characterization of Neu-LNPs
2.5.1 Physical characteristics
To characterize the Neu-LNPs, hydrodynamic diameters, zeta potential, 
and polydispersity index (PDI) were measured using dynamic light 
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scattering technology with a Malvern Zetasizer instrument (Nano ZS, 
Malvern). The morphologies of the nanoparticles were observed using 
transmission electron microscopy (TEM).

2.5.2 Isolation and verification of neutrophil 
membrane-associated proteins on Neu-LNPs
Fresh rat neutrophils were isolated from bone marrow and purified using 
density gradient centrifugation. After red blood cell lysis and PBS washing, 
the neutrophils were centrifuged in a gradient buffer and stimulated with 
lipopolysaccharide (LPS). Post-stimulation, cells were lysed, and the super
natant underwent multiple centrifugation steps to remove cellular debris, 
mitochondria, and nuclei. The final pellets were stored for subsequent use, 
with protein concentration measured by BCA assay. Verification of neu
trophil membrane proteins on Neu-LNPs involved freeze-drying nanopar
ticles, FTIR spectroscopy, and western blotting to detect CXCR4 and 
CD11a, ensuring the presence of specific neutrophil proteins.

2.5.3 Cellular uptake and binding analysis of 
Neu-LNPs
H9C2 cells and HUVECs were incubated with LPS and varying ratios of 
Dil-loaded Neu-LNPs. After incubation, the cells were washed, trypsin- 
digested, and subjected to flow cytometry to analyse cellular uptake. For bind
ing analysis, LPS-treated cells were incubated with anti-CD18 antibody and 
Dil-labelled Neu-LNPs. Post-incubation, cells were washed, fixed, and stained 
for ICAM-1. Confocal microscopy was used to observe the results, confirming 
cellular binding and uptake of Neu-LNPs in H9C2 and HUVEC cells.

2.5.4 In vivo imaging of Neu-LNPs biodistribution
Dir-labelled Neu-LNPs or LNPs were administered to observe biodistribu
tion via photoacoustic imaging at various time points. Ex vivo imaging of ma
jor organs was conducted to assess distribution, analysed using the Xenogen 
IVIS 200 system, highlighting targeted delivery and uptake of Neu-LNPs.

2.5.5 In vivo targeting and cellular uptake analysis of 
Neu-LNPs
Dil-labelled Neu-LNPs were injected into MI and SHAM rats via the tail vein. 
To block neutrophil membrane proteins LFA-1 and Mac-1, anti-CD18 anti
body was incubated with Dil-labelled Neu-LNPs before injection into MI 
rats. Twenty-four hours post-injection, hearts were collected, embedded 
in OCT, sectioned into 7 µm slices, and stained with DAPI. Dil-labelled 
Neu-LNPs in the peri-infarct zone of the left ventricular myocardium 
were visualized using confocal microscopy. To assess Neu-LNP uptake by 
macrophages and cardiomyocytes, heart sections from MI rats were stained 
with F4/80 (macrophages) and cardiac troponin T (cardiomyocytes). 
Immunofluorescent images were visualized using confocal microscopy.

2.6. Statistical analysis
Data were presented as mean ± S.E.M. Analyses of the data were con
ducted by investigators who were blinded to the experimental conditions. 
Kolmogorov–Smirnov test and Levene’s test were performed to verify 
normal distributions and equal variances, respectively. Unpaired 
Student’s t-test, one-way or two-way Analysis of Variance (ANOVA) fol
lowed by multiple comparison tests were applied to determine statistical 
significance. P < 0.05 was considered statistically significant.

3. Results
3.1 Preparation of Neu-LNPs
The procedure of Neu-LNPs preparation is depicted in Figure 1A. 
Liposomal nanoparticles were synthesized using a combination of POPC, 
cholesterol, and POPE-PEG2000. TAPI-1 was loaded into the 
PEG2000-liposomes using the thin film hydration method.22 Bone marrow- 
derived neutrophil cells were purified using Ficoll-paque plus gradient cell 

separation solution.23 Flow cytometric analysis revealed that the purity of 
the isolated neutrophils exceeded 80% (see Supplementary material 
online, Figure S1). The isolated neutrophils were further confirmed by dem
onstrating their positivity for the neutrophil marker CD11b, while being 
negative for CD11c (a marker of dendritic cells) and F4/80 (a marker of 
murine macrophages). Neu-LNPs were created by integrating the synthe
sized liposomes with membrane fragments of LPS-stimulated neutrophils. 
The capacity of Neu-LNPs to elicit inflammatory responses was examined 
in cultured H9C2 cells. Our findings indicated that while LPS significantly 
increased the levels of cytokines TNF-α and interleukin-6, the synthesized 
Neu-LNPs did not induce the production of these inflammatory molecules, 
suggesting that Neu-LNPs had a minimal effect in causing inflammation (see 
Supplementary material online, Figure S2).

3.2 Characterization of Neu-LNPs
Considering multiple factors, including their size (Figure 1B), zeta potential 
(Figure 1C), polydispersity index (PDI, Figure 1D), and their potential for cel
lular internalization, a ratio of 0.5:1 of neutrophil fragments to liposomal na
noparticles was selected and employed for subsequent study. Neu-LNPs 
created at this ratio exhibited an increase in diameter (130 ± 1.73 nm vs. 
88 ± 1.77 nm) and a reduction in zeta potential (−5.4 ± 0.5 mV vs. −1.9  
± 0.2 mV) when compared with LNPs, implying the successful integration 
of neutrophil membrane proteins onto the liposomes, while still maintaining 
the characteristics of a standard nanoparticle. The typical images of LNP and 
Neu-LNP by TEM showed a spherical morphology with the sizes at ∼90 and 
∼110 nm, respectively (Figure 1E). Although the size of Neu-LNPs appeared 
larger following fusion with neutrophil fragments than LNPs, neither 
Neu-LNPs nor LNPs exhibited significant size changes over a 14-day period 
(Figure 1F), suggesting their inherent stability.

To validate the successful integration of neutrophil membrane proteins 
onto the liposomal nanoparticles, the vibrational characteristics and chem
ical signatures of the protein profile within Neu-LNPs were assessed 
through FTIR spectroscopy. As illustrated in Figure 1G, while both the amide 
I band, indicative of C=O stretching vibrations (within the range of 1700– 
1600 cm−1) and the amide II band, relevant to N–H bending and C–N 
stretching vibrations (within the range of 1580–1510 cm−1)24 were present 
in all three samples, the distinctive absorption bands associated with glyco
sylated neutrophil membrane proteins (within the range of 1200– 
900 cm−1)25 were exclusively detected in Neu-LNPs but not in LNPs.

3.3 Cytotoxicity of Neu-LNPs
In vitro cytotoxicity assessment of Neu-LNPs was conducted using the 
CCK-8 assay. The viability of cells, serving as an indicator of cytotoxicity 
and biocompatibility, was evaluated in HUVECs and H9C2 (Figure 1H) cells 
following incubation with varying concentrations of Neu-LNPs, ranging 
from 1 ng/mL to 0.2 mg/mL. We found that cell viability remained consist
ently above 80% at both 24 and 48 h following the introduction of 
Neu-LNPs. This robust cell viability underscores the pronounced biocom
patibility and minimal cytotoxicity of Neu-LNPs. In terms of drug loading, 
both Neu-LNPs and LNPs exhibited comparable capability to encapsulate 
TAPI-1, with loading amounts of 0.058 ± 0.002 mg and 0.052 ± 0.004 mg, 
respectively. The drug loading percentages (DL%) were measured at 1.5 ±  
0.06% for Neu-LNPs and 1.89 ± 0.14% for LNPs, demonstrating their po
tential as carriers for therapeutic agents.

3.4 Cellular uptake analysis of Neu-LNPs
To assess the potential for cellular uptake of Neu-LNPs, HUVECs and H9C2 
cells were exposed to Neu-LNPs containing varying proportions of 
Neu-membrane fragments. Compared with LNPs without Neu-fragments, 
all Neu-LNPs containing membrane proteins exhibited a notable increase in 
cellular uptake of proteins. Confocal images indicated that higher protein ra
tios generally correlated with enhanced endocytic activity (see Supplementary 
material online, Figure S3). Remarkably, at a protein-to-LNPs ratio of 0.5:1, the 
internalization process reached a saturation point in both HUVECs (Figure 2A) 
and H9C2 cells (Figure 2D), with negligible changes compared to the 
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protein-to-LNPs ratio at 1:1. This finding was substantiated by flow cytometry 
analysis, which indicated a greater cellular uptake in both HUVECs (Figure 2B 
and C) and H9C2 cells (Figure 2E and F) at the ratio of 0.5:1, as evidenced by an 
increase in fluorescence intensity.

3.5 Targeting and binding analysis of 
Neu-LNPs in vitro
The Transwell model was utilized to assess the permeability of Neu-LNPs 
through endothelial layers towards cardiomyocytes (Figure 3A). The uptake 
of Dil-labelled Neu-LNPs or LNPs within the H9C2 cells was visualized 

through fluorescence images (see Supplementary material online, 
Figure S4). When compared to non-stimulated HUVECs, the cellular up
take of either Neu-LNPs or LNPs displayed no significant disparity in 
LPS-stimulated cells. However, within LPS-stimulated HUVECs, the intern
alization of Neu-LNPs was notably augmented in comparison to LNPs 
(Figure 3B). The heightened uptake of Neu-LNPs was similarly observed 
in H9C2 cells, surpassing the uptake of Neu-LNPs in non-stimulated cells 
and that of LNPs in both stimulated and non-stimulated cells (Figure 3C). 
Neu-LNPs typically enter these cells via endocytosis and are primarily 
transported to endosomes, where they ultimately fuse with lysosomes. 
These findings suggest that, particularly under inflammatory states, the 

A

E

B C

F G

D

H

Figure 1 Fabrication and characterization of Neu-LNPs. (A) Schematic outlining the procedure of Neu-LNPs preparation. The characteristics of Neu-LNPs 
with varying ratios of neutrophil membrane proteins to LNPs were assessed by size (B), zeta potential (C ), and PDI (polymer dispersity index, D). *P < 0.05 vs. 
Neu-Protein, †P < 0.05 vs. Neu-LNPs (0.5:1). (E) Transmission electron microscopy (TEM) images of typical LNPs and Neu-LNPs. Scale bars: 50 nm. 
(F ) Grouped data showing TEM analysis of the density size of LNPs and Neu-LNPs at 0, 7, and 14 days indicate size stabilization within a two-week duration 
despite a difference in diameter between LNPs and Neu-LNPs (*P < 0.05). (G) Fourier-transform infrared (FTIR) spectroscopy analysis of neutrophil mem
brane, LNPs and Neu-LNPs. (H ) Cytotoxicity of Neu-LNPs assessed by cell viability in HUVECs and H9C2 cells. Data set was analysed with one-way ANOVA 
followed by Tukey’s multiple comparisons for B–D and H and with unpaired Student’s t-test for F. n = 5–6 in each group.
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incorporation of neutrophil proteins significantly enhances the transport of 
liposomes across the endothelial monolayer, promoting their passage 
through the endothelial barrier.

CXCR4 and CD11a represent two distinctive proteins associated with 
neutrophils that may possess chemotactic capabilities. Western blot ana
lysis displayed the presence of both proteins in Neu-LNPs (Figure 3D) while 

A

B C

E F

D

Figure 2 Assessment of cellular uptake for Neu-LNPs. (A) Three-dimensional confocal images illustrating the cellular internalization of Neu-LNPs with vary
ing ratios of neutrophil membrane proteins to LNPs in HUVECs. Flow cytometric evaluation of cellular uptake of Neu-LNPs in HUVECs, presented as flow 
cytometry images (B) and grouped data shown as fluorescence intensity (C ). (D) Three-dimensional confocal images illustrating the cellular internalization of 
Neu-LNPs with varying ratios of neutrophil membrane proteins to LNPs in H9C2s. Flow cytometric evaluation of cellular uptake of Neu-LNPs in H9C2s, 
presented as flow cytometry images (E) and grouped data (F ).  Scale bars: 20 µm. n = 5 in each group, *P < 0.05 vs. black, †P < 0.05 vs. Neu-Protein: LNPs 
0.1:1. Data set was analysed with one-way ANOVA followed by Tukey’s multiple comparisons for C and F.
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they were absent in LNPs, confirming the successful fusion of neutrophil 
membrane proteins with liposomes. In another in vitro approach, cultured 
HUVECs or H9C2 cells were stimulated with LPS to induce inflammatory 
responses, simulating an inflamed environment. Following LPS treatment, 

the expression of intercellular adhesion molecule-1 (ICAM-1), the binding 
protein for LFA-1 and Mac-1, was significantly up-regulated in both 
HUVECs and H9C2 cells. Upon introducing Dil-labelled Neu-LNPs, a sig
nificantly heightened endocytosis in LPS-treated HUVECs (Figure 3E) or 

A B

D

E F

C

Figure 3 Targeting and binding analysis of Neu-LNPs in vitro. (A) Schematic representation of the endothelial-inflamed cardiomyocytes Transwell model 
utilized for targeting and binding analysis of Neu-LNPs. (B, C ) Quantitative data depicting the cellular uptake of LNPs/Neu-LNPs by apical HUVECs or baso
lateral H9C2s using flow cytometric analysis, presented as fluorescence mean. (D) Western blot analysis confirming the presence of CXCR4 and CD11a in 
Neu-LNPs. (E, F ) Confocal images showing the up-regulated expression of ICAM-1 and enhanced uptake of Neu-LNPs by LPS-stimulated HUVECs or H9C2s, 
with inhibition of LFA1/Mac-1 by anti-CD18 antibody leading to reduced uptake. ICAM-1, intercellular cell adhesion molecule-1; LFA1, lymphocyte 
function-associated antigen 1; Mac-1, macrophage-1 antigen. Scale bars: 10 µm. n = 5 in each group, *P < 0.05 vs. control, †P < 0.05 vs. LNPs + LPS or 
LNPs. Data set was analysed with one-way ANOVA followed by Tukey’s multiple comparisons for B and C.

766                                                                                                                                                                                                        Q. Chen et al.



H9C2 cells was observed (Figure 3F). Furthermore, when LFA1/CD11a and 
Mac1/CD11b on the Neu-LNPs were obstructed using an anti-CD18 anti
body, the uptake of Neu-LNPs by HUVECs (Figure 3E) or H9C2 cells 
(Figure 3F) was significantly reduced.

3.6 Targeting and cellular uptake analysis of 
Neu-LNPs in vivo
To further elucidate the involvement of neutrophil receptor proteins 
LFA-1 and Mac-1 in enhancing the targeting efficacy of Neu-LNPs towards 
infarcted hearts, we conducted an in vivo study examining the effects of in
hibiting LFA-1 and Mac-1 using anti-CD18 antibody on the distribution of 
Neu-LNPs within the myocardium of MI rats. We found that LV myocar
dium surrounding the infarct zone of MI rats treated with Dil-labelled 
Neu-LNPs exhibited a substantial accumulation of Neu-LNPs compared 
to SHAM rats. However, when LFA-1 and Mac-1 were blocked by 
anti-CD18 antibody, the presence of Neu-LNPs markedly diminished in 
MI rats (Figure 4A). In MI rats, the injected Neu-LNPs primarily accumulated 
in the border region of infarct zone in left ventricular, rather than in the 
right ventricle (see Supplementary material online, Figure S5). The cellular 
uptake of Neu-LNPs in MI hearts was examined through immunofluores
cent staining. Confocal images revealed the presence of Dil-labelled 
Neu-LNPs in both macrophages (Figure 4B) and cardiomyocytes 
(Figure 4C) in the peri-infarct zone of MI rats, both of which are the major 
producing cells for TNF-α in the inflamed heart.26,27 These observations 
collectively support the nation that the interaction between LFA1/Mac1 
and ICAM-1 likely plays a crucial role in facilitating the transport of 
Neu-LNPs to inflammatory sites.

3.7 Biodistribution of Neu-LNPs in vivo
To evaluate the in vivo distribution of liposomal nanoparticles, Dir-labelled 
Neu-LNPs and LNPs were administered intravenously via the tail veins in 
rats, and their distribution was monitored over a 48 h period. As depicted 
in Figure 5A and B, Neu-LNPs were discernible in the heart of MI rats within 
2 h after administration, reaching their peak concentration at 8 h post- 
injection. This presence persisted for at least 48 h and potentially even 
longer. The Dir-labelled Neu-LNPs and LNPs in the heart of MI rats could 
be detectable at 96 h after injection (see Supplementary material online, 
Figure S6). Ex vivo imaging of isolated hearts indicated that Neu-LNPs pre
dominantly accumulate in the infarct zone and surrounding areas, rather 
than being distributed throughout the entire heart (see Supplementary 
material online, Figure S7). Compared with Dir alone, Dir-labelled 
Neu-LNPs displayed an extended circulation profile in the bloodstream 
in MI rats, reinforcing the potential of Neu-LNPs for therapeutic efficacy. 
Additionally, the fluorescence intensity of Dir-labelled Neu-LNPs in the 
hearts of MI rats was approximately 10–20 times higher than that in MI 
rats injected solely with Dir, across all the time points examined. In con
trast, Neu-LNPs scarcely accumulated in the healthy hearts of SHAM 
rats. Furthermore, in comparison to MI rats treated with LNPs, MI rats in
jected with Neu-LNPs also exhibited stronger and more enduring fluores
cence intensity within the heart. These observations underscore the 
enhanced targeting and long-lasting efficacy of Neu-LNPs in homing to 
the infarcted heart of MI rats.

Upon completion of the 48 h monitoring period, the hearts, livers, 
spleens, lungs, and kidneys were harvested for ex vivo tissue imaging. 
Notably, a significant accumulation of Neu-LNPs was observed in the 
hearts of MI rats. The fluorescence intensity of Neu-LNPs was approxi
mately two-fold greater in comparison to LNPs, and three-fold higher 
compared to both vehicle (Dir)-treated MI rats or SHAM rats treated 
with Neu-LNPs (Figure 5C and D). An ex vivo biodistribution analysis of 
Neu-LNPs or LNPs in other organs including livers, spleens, lungs, and kid
neys indicated that most of the nanoparticles were congregated in the liver 
(see Supplementary material online, Figure S8), given its primary function as 
a metabolic organ of the body.

3.8 Effect of TAPI-1-Neu-LNPs on cardiac 
function and haemodynamics
The timeline of experimental procedure and analysis was illustrated in 
Figure 6A. The dose of TAPI-1 loaded into the Neu-LNPs was derived 
from our previous studies17,18 and those of others,28 and optimized based 
on the loading capacity of Neu-LNPs. The efficiency of TAPI-1-Neu-LNPs 
in reducing TACE activity and TNF-α levels was evaluated in this study. 
Compared to SHAM rats, MI rats treated with the vehicle displayed signifi
cantly elevated levels of TACE activity in the border regions of the infarcted 
zones. However, the levels of TACE activity in MI rats treated with 
TAPI-1-Neu-LNPs were significantly reduced (Figure 6B). Additionally, 
treatment with TAPI-1-Neu-LNPs in MI rats resulted in attenuated levels 
of TNF-α in both infarcted heart tissues and blood compared to vehicle- 
treated MI rats (Figure 6C). Echocardiography performed within 24 h after 
MI, prior to any treatments, revealed that IZ, LVEF, LVESV, and LVEDV 
were similar in all five MI groups. At 4 weeks after MI, these variables 
were further compromised with decreased LVEF and ischaemic zone, 
and increased LVESV and LVEDV in MI rats treated with TAPI-1, 
TAPI-1-LNPs, Neu-LNPs, or VEH (Figure 6D). However, the 4-week treat
ment with TAPI-1-Neu-LNPs prevented the reduction of LVEF in the MI 
rats, and lessened the further increment of LVESV and LVEDV when com
pared with the measurements within 24 h after MI. Furthermore, ischae
mic zone size quantified by echocardiography decreased over time in MI 
rats treated with TAPI-1-Neu-LNPs, but not the MI rats in other treatment 
groups. More importantly, at the conclusion of the study protocols, the 
aforementioned indexes for cardiac function were significantly improved 
in MI rats treated with TAPI-1-Neu-LNPs, compared with untargeted 
TAPI-1 or control groups (Figure 6D, Supplementary material online, 
Table S1).

Haemodynamic measurements revealed that heart rate (HR, Figure 6E) 
was comparable across all five HF treatment groups and SHAM rats. 
Systolic blood pressure (SBP, Figure 6E) and LVPSP were significantly de
creased in MI rats treated with vehicle or TAPI-1 alone when compared 
with vehicle-treated SHAM rats. Treatments with Neu-LNPs, 
TAPI-1-LNPs, or TAPI-1-Neu-LNPs ameliorated but did not reverse the 
reduction in SBP and LVPSP in MI rats. LVEDP was elevated in all MI 
rats, compared to SHAM. Treatment with TAPI-1-Neu-LNPs, but not 
with untargeted TAPI-1, ameliorated the increase in LVEDP, compared 
to treatment with vehicle (Figure 6E). Additionally, cardiac contractility in
dicated by LV dP/dtmax was significantly lower in all MI groups compared to 
SHAM (Figure 6E). Although a 4-week treatment with TAPI-1, Neu-LNPs, 
or TAPI-1-LNPs tended to improve LV dP/dtmax, it did not obtain the stat
istical significance. However, MI rats treated with TAPI-1-Neu-LNPs signifi
cantly elevated LV dP/dtmax in systolic (+) or diastolic (−) phase compared 
with MI rats treated with VEH, suggesting an improvement in LV systolic 
and diastolic function.

3.9 Effect of TAPI-1-Neu-LNPs on anatomic 
indicators
The ratios of HW to BW and LW to BW were used to evaluate cardiac 
remodelling and pulmonary congestion, respectively. The typical images 
of the lung and heart taken from each treatment group at the end of the 
experiments were shown in Figure 7A. Although body weight was similar 
among the experimental groups, the ratios of HW to BW and LW to 
BW were substantially higher in VEH-treated MI rats compared with 
VEH-treated SHAM rats. After a 4-week treatment, both ratios were sig
nificantly reduced in TAPI-1-Neu-LNPs treated but not in TAPI-1, 
Neu-LNPs, or TAPI-1-LNPs treated MI rats (Figure 7B and C ), indicating 
an improvement in cardiac remodelling and pulmonary oedema.

Histological analysis by Masson staining showed that the cross-sectional 
area of collagen deposition, an indicator of cardiac fibrosis, was robustly in
creased in the peri-infarcted area of LV in MI rats compared with SHAM 
rats. MI rats treated with TAPI-1-Neu-LNPs had significantly decreased 
collagen deposition in the peri-infarcted area of LV compared with MI 
rats treated with VEH, TAPI-1, Neu-LNPs, or TAPI-1-LNPs (Figure 7D 
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and E). Notably, these observations were accompanied with up-regulated 
mRNA expression of pro-fibrotic markers, collagen-I (Figure 7F), 
collagen-III (Figure 7G), and fibronectin (Figure 7H) 4 weeks after MI. 
Treatments with TAPI-1-Neu-LNPs or TAPI-1-LNPs but not TAP1, 
Neu-LNPs significantly attenuated the mRNA expression of fibronectin, 
collagen-I, and collagen-III in MI rats, with TAPI-1-Neu-LNPs being most 
effective in reducing the levels of these pro-fibrotic markers.

3.10 Effect of TAPI-1-Neu-LNPs on immune 
cell compositions in the heart
To assess the immunomodulation capacity of TAPI-1-Neu-LNPs, we con
ducted a flow cytometric analysis of immune cell compositions 4 weeks 
after MI, including CD4+ and CD8+ T cells, NK cells, neutrophils, and 
two subtypes of monocyte-macrophages (classic CD43low/HIS48high and 
non-classic CD43high/HIS48low) in peri-infarcted area of LV according to 

B

C

A

Figure 4 Targeting and cellular uptake analysis of Neu-LNPs in vivo. (A) Confocal images showing the distribution of Dil-labelled Neu-LNPs in the LV myo
cardium of SHAM and MI rats administered with Neu-LNPs or MI rats administered with Neu-LNPs incubated with anti-CD18 antibody. Scale bars: 50 µm. n =  
3 in each group. (B, C ) Confocal immunostaining images displaying the colocalization of Dil-labelled Neu-LNPs with macrophages (B) and cardiomyocytes (C ) in 
the peri-infarct regions of MI rat hearts. Nuclei were stained with DAPI. Scale bars: 25 µm.
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the gating strategy for assessment of major leucocyte subsets (see 
Supplementary material online, Figure S9). Our findings revealed that 
CD4+ (see Supplementary material online, Figure S10A), CD8+ T cells 
(see Supplementary material online, Figure S10B), NK cells (see 
Supplementary material online, Figure S10C), neutrophils (see 
Supplementary material online, Figure S10D), and CD43low/HIS48high 

monocyte-macrophages (see Supplementary material online, 
Figure S10E) were higher in MI compared to SHAM rats, while there was 
no significant change in CD43high/HIS48low monocyte-macrophages (see 
Supplementary material online, Figure S10F). Despite a trend of reduction 
in the percentage of these immune cells following a 4-week treatment with 
TAPI-1-LNPs or TAPI-1 alone, statistical significance was not attained in 
some cases compared to MI rats treated with the VEH. However, a 
4-week treatment with TAPI-1-Neu-LNPs significantly reduced these im
mune cell populations when compared to MI rats treated with VEH, and in 
most cases, the percentage of these cells in MI rats treated with 
TAPI-1-Neu-LNPs was significantly lower than that in MI groups treated 
with TAPI-1-LNPs, Neu-LNPs, or TAPI-1. In the case of monocytes, treat
ment with TAPI-1 alone did not affect both subtypes of monocyte- 
macrophages in MI rats. On the other hand, HF rats treated with 
TAPI-1-LNPs had significantly reduced classic CD43low/HIS48high M1 
macrophages, but not the non-classic CD43high/HIS48low M2 macrophages. 
However, treatment with TAPI-1-Neu-LNPs significantly reduced both 
subtypes of monocytes in MI rats when compared to MI rats treated 
with the vehicle, TAPI-1, or Neu-LNPs.

4. Discussion
TNF-α is well-documented for its significant role in contributing to cardiac 
remodelling, fibrosis, and dysfunction in the development of HF.29,30

However, clinical trials using TNF-α inhibitors like etanercept and inflixi
mab for HF have shown no clinical benefits.31–33 TNF-α is initially produced 
as a membrane-bound protein and is activated into its soluble form by 
proteolytic cleavage by TACE/ADAM17.34,35 While soluble TNF-α pro
motes inflammation, transmembrane TNF-α may have anti-inflammatory 
effects.36,37 Inhibiting TACE activity, such as with TAPI-1, could reduce sol
uble TNF-α levels while preserving the potentially beneficial effects of 
transmembrane TNF-α, offering additional therapeutic potential for HF 
treatment. In this study, we developed a neutrophil-mimic liposomal nano
particle for the targeted delivery of a TACE inhibitor TAPI-1 specifically to 
the infarcted heart and further evaluated its therapeutic effectiveness in 
rats with MI. Our data revealed that MI rats treated with 
TAPI-1-Neu-LNPs displayed significant improvements on cardiac dynam
ics, cardiac fibrosis, and immune cell compositions of the infarcted heart, 
compared to the treatments with TAPI-1-LNPs, Neu-LNPs, or TAPI-1. 
Moreover, the Neu-LNPs exhibited minimal cytotoxicity, optimal biocom
patibility, and remarkable targeting capability towards the inflamed heart. 
These outcomes highlight the potential of Neu-LNPs as a potent and effi
cient tool for drug delivery to enhance therapeutic efficacy in managing car
diac dysfunction and remodelling, thereby address the interventional 
effectiveness in the treatment of HF.

A B

C D

Figure 5 In vivo biodistribution analysis of Neu-LNPs. (A) In vivo small animal imaging exhibits the biodistribution of Dir-labelled LNPs/Neu-LNPs in MI or 
SHAM rats at different time points within 48 h post-injection. (B) Grouped data illustrating quantified fluorescence intensity of Dir-labelled LNPs/Neu-LNPs in 
the heart at distinct time intervals within the initial 48 h post-injection. (C, D) Ex vivo fluorescence image and quantification of fluorescence intensity of the heart 
at 48 h after LNPs/Neu-LNPs injection. n = 3 in each group, *P < 0.05 vs. MI/Dir, †P < 0.05 vs. SHAM/Neu-LNPs, ‡P < 0.05 vs. MI/LNPs. Data set was analysed 
with two-way ANOVA followed by Sidak’s multiple comparisons for B and with one-way ANOVA followed by Tukey’s multiple comparisons for D.
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Neutrophils are among the initial responders to the sites of infection or tis
sue injury, and play a pivotal role in triggering inflammatory processes.38

Researchers have leveraged the chemotactic nature of neutrophils to enhance 
drug delivery capabilities and achieve more precise targeting.39,40 Drawn by 
migratory signals, neutrophils rapidly accumulate at injured sites, where they 

release active mediators, engage in antibody phagocytosis, and eliminate 
complement-fixed pathogens.41 Harnessing the ability of neutrophils to navi
gate inflammation and traverse physiological barriers for tissue penetration, 
we constructed a nanoparticle platform incorporated with neutrophil mem
brane proteins for interventional agent delivery. In this Neu-LNPs framework, 
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Figure 6 Effect of TAPI-1-Neu-LNPs on the LV function and cardiac dynamics. (A) Schematic outlining the experimental design and measurement protocols. 
(B) TACE activity in LV myocardium in SHAM rats treated with vehicle (VEH) and MI rats treated with VEH, Neu-LNPs, or TAPI-1-Neu-LNPs. (C ) TNF-α levels 
in plasma and LV myocardium in SHAM rats treated with vehicle (VEH) and MI rats treated with VEH, Neu-LNPs, or TAPI-1-Neu-LNPs. (D) Echocardiographic 
evaluation of LVESV, LVEDV, LVEF, and IZ. (E) Analysis of cardiac haemodynamics on HR, SBP, LVEDP, LVPSP, and maximum rates of pressure change during 
isovolumetric contraction (+dP/dtmax) and relaxation (−dP/dtmax) across six experimental groups. LVESV, left ventricular end-systolic volume; LVEDV, LV end- 
diastolic volume; LVEF, left ventricular ejection fraction; IZ, ischaemic zone; HR, heart rate; SBP, systolic blood pressure; LVEDP, left ventricular end-diastolic 
pressure; LVPSP, left ventricular peak systolic pressure. n = 5–7; #P < 0.05, 4 weeks vs. 24 h; *P < 0.05 vs. SHAM/VEH; †P < 0.05, MI/TAPI-1-Neu-LNPs vs. MI/ 
VEH, MI/Neu-LNPs, and/or MI/TAPI-1. Data set was analysed with one-way ANOVA followed by Tukey’s multiple comparisons for B, C, and E and with two- 
way ANOVA followed by Sidak’s multiple comparisons for D.
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neutrophil membrane fragments derived from LPS-stimulated neutrophils 
were fused with synthetically crafted liposomal nanoparticles. The inherent 
stability of the nanoparticle cores, combined with the asymmetrical charge dis
tribution of biological membranes, engenders a core–shell architecture featur
ing energetically favourable membrane orientation.9 This core–shell 
nanostructure retains the primary membrane proteins from neutrophils while 

maintaining nanoparticle characteristics like size, morphology, and zeta poten
tial. Importantly, the incorporation of neutrophil membrane fragments onto 
liposomal surfaces had no significant adverse impact on biocompatibility. 
Furthermore, the bioengineered Neu-LNPs inherit the chemotactic capability 
associated with inflammation, bolstering their potential as efficient drug deliv
ery tools in clinical contexts for treating HF.
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A

Figure 7 Effect of the TAPI-1-Neu-LNPs on cardiac remodelling. (A) Representative images of heart and lung specimens from six experimental groups fol
lowing a 4-week treatment. (B, C ) Anatomic assessments of heart weight-to-body weight ratio and lung weight-to-body weight ratio. (D) Representative 
Masson’s trichrome staining images showing cardiac fibrosis from SHAM or HF rats treated with vehicle (VEH), Neu-LNPs, TAPI-1-LNPs/Neu-LNPs, or 
TAPI-1 alone. (E) Grouped data showing the quantified collagen deposition (%) of the heart. (F–H ) Comparative quantification of mRNA expression of pro- 
fibrotic markers collagen-I (F ), collagen-III (G), and fibronectin (H ) in the peri-infarct regions of the left ventricle across six treatment cohorts. Values are mean  
± S.E.M. (n = 6–7 for each group). *P < 0.05 vs. SHAM/VEH; †P < 0.05 vs. MI/VEH. Data set was analysed with one-way ANOVA followed by Tukey’s multiple 
comparisons for B, C, and E–H.

Targeted delivery of TAPI-1 via Neu-LNPs in treating MI                                                                                                                                           771



The underlying mechanisms driving the active targeting process and per
meability of biomimetic nanoparticles through endothelial layers to reach 
cardiomyocytes were investigated. Both LFA-1 and Mac-1 are the recep
tors primarily found on the surface of neutrophils, exhibiting a high affinity 
for ICAM-1 present on the endothelial cells of inflamed sites.42,43 In the 
context of MI, expression of ICAM-1 was up-regulated in endothelial cells 
of blood vessels in the myocardium of the injured heart.44 ICAM-1 func
tions as a cell adhesion molecule that aids in the migration of Neu-LNPs 
from bloodstream to the inflamed tissues. Once bound to the endothelial 
cells, the Neu-LNPs are internalized by macrophages through receptor- 
mediated endocytosis or phagocytosis.45 This intricate process enables 
the modified nanoparticles to overcome the endothelial barrier and access 
the inflamed tissues. Blocking LFA-1/Mac-1 on Neu-LNPs resulted in a de
crease in cellular uptake in vitro and the absence of Neu-LNPs in myocar
dium of infarcted heart in vivo, highlighting the interplay of LFA1/Mac1/ 
ICAM-1 in directing Neu-LNPs to inflammation sites. Taken together, 
our data indicated that the coordinated interaction between LFA-1/ 
Mac-1 with overexpressed ICAM-1 in peri-infarct zone of the hearts 
with MI, driven by integrin-mediated adhesion mechanisms, enhances the 
targeting ability and the permeation capability of Neu-LNPs across endo
thelial layers, facilitating their access to inflamed cardiomyocytes.

Liposome synthesis represents a robust nanotechnology that has de
monstrated both efficacy and safety, establishing itself as a widely utilized 
formulation of nanoparticles over the past several decades.46 The 
Neu-LNPs platform capitalizes on the advantageous pharmacokinetic char
acteristics of liposomes, coupled with the simplicity of membrane fusion 
for targeted modification of nanoparticles towards to inflammatory sites. 
POPE-PEG2000 is a key constituent in the synthesis of Neu-LNPs. 
PEGylation, a commonly employed technique, involves covalently binding 
PEG chains to the nanoparticle surface, thereby introducing a steric hin
drance that prevents close interactions between particles to enhance the 
stability and accumulation of nanoparticles.14 Additionally, PEGylation 
serves to curtail protein opsonization—an immune system-mediated 
clearance process—by creating a hydrophilic PEG layer on the nanoparti
cle surface. Furthermore, PEGylation extends the circulation half-life of na
noparticles by diminishing their recognition and uptake by the 
reticuloendothelial system. The PEG corona shields the nanoparticles 
from engulfment and clearance by phagocytic cells, facilitating prolonged 
circulation in the bloodstream. This extended circulation half-life signifi
cantly enhances the nanoparticle’s ability to amass at inflamed sites, such 
as the infarcted zone after MI. The protracted blood half-life of 
PEGylated nanoparticles improves their extravasation and accumulation 
at the inflamed sites, especially when capitalizing on the EPR effect 
exploited by PEGylated nanoparticles.

The cardiac targeting potential and blood circulation longevity of the 
biomimetic nanoparticles were assessed using non-invasive in vivo small ani
mal imaging. While Dir-labelled Neu-LNPs injected via tail veins exhibited 
significant accumulation in the infarcted heart in MI rats, they were scarcely 
detected in the heart of SHAM rats. Additionally, in MI rats injected with 
Dir alone, the dye signals were predominantly visualized in the liver rather 
than the heart. These findings imply that the specifically designed 
Neu-LNPs would target primarily the inflammatory sites despite their dis
tribution throughout the body post-injection. Additionally, both 
Neu-LNPs and LNPs were obviously detected within 24 h following injec
tion in either SHAM or MI rats, and remained elevated at 48 h and beyond. 
However, MI rats receiving only Dir exhibited minimal dye signal visibility at 
48 h, with detection primarily limited to the initial 24 h timeframe. These 
observations highlight the capacity of Neu-LNPs to enhance targeted de
livery to the inflamed heart in MI conditions, concurrently with an ex
tended circulation duration.

Notably, both MI and SHAM rats exhibited substantial accumulation of 
Neu-LNPs in the liver, with significantly higher levels in MI rats. The heigh
tened inflammatory response in MI increases immune cell infiltration in the 
heart and raises immune cell levels in the blood. The liver, being a key meta
bolic and innate defense organ, rich in macrophages and Kupffer cells, ac
tively clears excess immune cells and foreign entities such as nanoparticles. 
The specially designed Neu-LNPs display a targeted affinity for immune 

cells that are more abundant in the liver in the condition of MI, making 
Neu-LNPs more likely to be captured in the liver of MI rats. Also, congest
ive hepatopathy, a condition associated with MI, causes blood to back up in 
the liver, further enhancing nanoparticle retention. Despite predominantly 
accumulating in the liver, Neu-LNPs did not significantly affect serum levels 
of alanine aminotransferase or aspartate aminotransferase (see 
Supplementary material online, Table S4), nor did they alter the liver tissue 
architecture as observed in H&E staining (see Supplementary material 
online, Figure S11A), indicating an absence of liver dysfunction or hepato
toxicity. Furthermore, tail vein injection of Neu-LNPs did not result in sig
nificant changes in haematological parameters, biochemical markers of 
renal function (see Supplementary material online, Table S4), or glomerular 
and tubular structures observed in kidney H&E staining in rats (see 
Supplementary material online, Figure S11B).

The ectodomain shedding of active soluble TNF-α by TACE is of para
mount importance for TNF-α-driven inflammation in HF and various in
flammatory ailments. The expression of TACE was remarkably elevated 
in the HF patients, with levels increasing in accordance with the severity 
of cardiac compromise.47,48 In this work, we discovered that systemic ad
ministration of TACE inhibitor TAPI-1 encapsulated within the Neu-LNPs 
in MI rats led to an improvement in post-infarct LV dysfunction, pulmonary 
congestion, cardiac contractility, and remodelling processes in the peri- 
infarcted region, surpassing those observations in other treatment groups 
with TAPI-1-LNPs or TAPI-1 alone. MI rats treated solely with Neu-LNPs 
did not demonstrate beneficial effects on cardiac function and remodelling, 
suggesting that suppressing TACE using TAPI-1 delivered via Neu-LNPs 
holds therapeutic potential for ameliorating the cardiac manifestations in 
the clinical setting of HF. Although other treatment groups with TAPI-1 
also exhibited certain degrees of protective effects in MI rats, 
TAPI-1-Neu-LNPs displayed superior efficiency compared to TAPI-1 or 
TAPI-1 delivered via non-modified LNPs.

Furthermore, MI rats treated with TAPI-1-Neu-LNPs displayed a signifi
cant reduction in inflammatory responses, accompanied with a diminished 
immune cell presence within the peri-infarct zone of the heart. The attenu
ation of actively proliferating immune cells within the surrounding area of 
infarcted zone of MI heart is most likely a potential mechanism for the role 
of TAPI-1 in cardiac dynamics and cardiac remodelling. Notably, the in
jected Neu-LNPs were internalized by both macrophages and cardiomyo
cytes, both of which contribute to the production of TNF-α in ischaemic 
myocardium.26,27,49 It should be mentioned that while TAPI-1, as a 
TACE inhibitor, prevents the production of TNF-α from both cell types, 
it also inhibits other metallopeptidases such as ADAM10 produced by car
diomyocytes, potentially offering a beneficial effect on cardiac function 
through this additional mechanism.

4.1 Study limitations
Several limitations need to be addressed for this study. First, although 
Neu-LNP also accumulated in the liver and spleen, the study did not exam
ine whether TAPI-1-Neu-LNPs can reduce inflammation in these organs to 
improve cardiac function and remodelling. Due to the notable absence of 
Neu-LNP accumulation in the lungs, the reduced pulmonary congestion in 
MI rats treated with TAPI-1-Neu-LNPs is likely a result of its action in re
ducing the preload of the heart, rather than directly reducing inflammation 
in this organ. Secondly, the assessments of pro-fibrosis markers or immune 
cell compositions were conducted 4 weeks after MI. It should be aware 
that changes in mRNA levels of these markers or immune cell infiltration 
likely occurred during the early stages of MI and may be more pronounced 
than those observed 4 weeks post-MI at the established stages. 
Additionally, post-MI cardiac remodelling or inflammatory response is a dy
namic process, especially in the border regions of the MI. This process can 
continue progressively for 4–6 weeks until eventual scar formation in the 
infarcted heart.50,51 Thus, discontinuing treatment with TAPI-1-Neu-LNPs 
at this stage could significantly deteriorate cardiac remodelling and 
pulmonary oedema. However, the long-term effects of stopping 
TAPI-1-Neu-LNPs treatment remain uncertain, and we are interested in 
exploring this question in future studies. Lastly, this study exclusively 
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involved male rats for a more targeted investigation into sex-specific effects 
of interventions or treatments, without the potential confounding influ
ence of hormonal fluctuation. Further research with female subjects is war
ranted to assess potential sex differences in enhancing therapeutic 
efficiency using TAPI-1-Neu-LNPs for treating HF.

4.2 Conclusions
Biomimetic drug carriers, particularly those cell membrane-coated nano
particles, are a promising therapeutic framework for addressing the 

delivery effectiveness and the safety. The demonstrated outcomes in MI 
rats treated with TAPI-1-Neu-LNPs provide compelling evidence for the 
use of Neu-LNPs to offer an additional layer of protection, acting as a con
duit for enhancing the precise delivery of therapeutic agents to the targets. 
The insights gleaned from this investigation lay the groundwork for the 
prospective clinical application of Neu-LNPs as an innovative approach 
to amplify the therapeutic impact of interventions in HF, with potential ex
tensions to various pathological conditions characterized by elevated in
flammatory states.

Translational perspective
A nanoparticle platform engineered with neutrophil membrane fragments demonstrated significant targeting capability to the infarcted heart in rats 
with myocardial infarction. Pharmacological interventions aiming to suppress TACE/ADAM17 activity within the inflamed heart, facilitated by biomim
etic nanoparticles, can provide an additional layer of protection to enhance left ventricular function and alleviate cardiac remodelling in the context of 
heart failure induced by myocardial infarction. The demonstrated efficacy of neutrophil-mimic liposomal nanoparticles in this work warrants careful 
consideration for their translation into clinical practice and highlights the potential of nanoparticles as an effective drug delivery strategy in the treat
ments of cardiovascular disorders.
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