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Targeted neutrophil‑mimetic liposomes 
promote cardiac repair by adsorbing 
proinflammatory cytokines and regulating 
the immune microenvironment
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Abstract 

Acute myocardial infarction (MI) induces a sterile inflammatory response that may result in poor cardiac remodeling 
and dysfunction. Despite the progress in anti-cytokine biologics, anti-inflammation therapy of MI remains unsatisfac-
tory, due largely to the lack of targeting and the complexity of cytokine interactions. Based on the nature of inflam-
matory chemotaxis and the cytokine-binding properties of neutrophils, we fabricated biomimetic nanoparticles for 
targeted and broad-spectrum anti-inflammation therapy of MI. By fusing neutrophil membranes with conventional 
liposomes, we fabricated biomimetic liposomes (Neu-LPs) that inherited the surface antigens of the source cells, mak-
ing them ideal decoys of neutrophil-targeted biological molecules. Based on their abundant chemokine and cytokine 
membrane receptors, Neu-LPs targeted infarcted hearts, neutralized proinflammatory cytokines, and thus suppressed 
intense inflammation and regulated the immune microenvironment. Consequently, Neu-LPs showed significant 
therapeutic efficacy by providing cardiac protection and promoting angiogenesis in a mouse model of myocardial 
ischemia–reperfusion. Therefore, Neu-LPs have high clinical translation potential and could be developed as an anti-
inflammatory agent to remove broad-spectrum inflammatory cytokines during MI and other neutrophil-involved 
diseases.
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Introduction
Myocardial infarction (MI) is a major cause of morbid-
ity and mortality worldwide [1, 2]. Though reperfusion 
therapy has significantly reduced the acute mortality 
of MI, patients who survive the acute event remain at 
risk of developing heart failure. At the onset of MI, an 
intense inflammatory response is triggered that clears 
dead cells and matrix debris from infarcted hearts 
[3–5]. Though early inflammatory activation is a nec-
essary event for cardiac repair, excessive, prolonged, 
and dysregulated inflammation has been implicated in 
the pathogenesis of complications and may be involved 

in the development of heart failure following infarc-
tion [6–9], making it a potential therapeutic target for 
improving clinical outcomes in patients with MI.

A variety of proinflammatory cytokines, such as tumor 
necrosis factor alpha (TNFα), interleukin 1 beta (IL1β), 
and interleukin 6 (IL6), are upregulated and secreted 
early after MI and play an important role in the post-
infarction inflammatory response. These cytokines 
may produce cytotoxic effects and further contribute 
to myocardial injury, suggesting that they are potential 
targets for the development of anti-inflammation thera-
pies [10–12]. However, despite promising results shown 
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in animal models, clinical studies of therapies targeting 
inflammatory cytokines as a strategy for cardioprotec-
tion have produced mixed results. The reasons for the 
many failures are unclear but may be related to the limi-
tations of using a single-target approach directed to the 
proinflammatory proponent of acute MI. Pathological 
inflammation after MI is orchestrated by a large number 
of molecules, and inhibition of one or a few may not be 
sufficient to halt or reverse disease progression owing 
to the multiplicity of cytokine targets and the complex-
ity of cytokine interactions. Additionally, the toxicity of 
cytokine inhibitors remains highly unpredictable and 
may increase the risk of fatal infections due to their lack 
of targeting capacity, which blunts the body’s local and 
systemic inflammatory response to infection. Therefore, 
alternative targeted and broad-spectrum approaches 
that enhance drug accumulation in the site of disease 
and overcome the complexity and heterogeneity of the 
inflammatory network are highly desirable for the treat-
ment of inflammation after MI.

Recently, cell-mimetic nanoparticles have been 
explored as a promising strategy for detoxing [13] and 
neutralizing inflammatory cytokines [14, 15]. Because of 
their natural cell membrane coatings, these nanoparti-
cles possess a similar surface protein profile as the source 
cells and could neutralize inflammatory cytokines that 
rely on abundant cytokine receptors on the cell surface 
[16]. The advancement of biomimetic nanoparticles for 
the neutralization of broad-spectrum cytokines further 
promises an anti-inflammatory strategy to address the 
challenges of cardiac repair [17].

As the first immune cell subset to respond to cardiac 
injury, neutrophils play an important role in the acute 
inflammatory response after MI [18, 19]. Neutrophils are 
immediately activated and recruited into infarcted myo-
cardium, peaking at 3 days and continuing to accumulate 
over 7–14 days after MI onset [20]. Once recruited to the 
ischemic area, their rapid degradation and degranulation 
propagates the acute inflammatory response to neigh-
boring areas of the myocardium (so-called ‘neutrophil-
induced injury’) and triggers infiltration of inflammatory 
cells into the ischemic tissue, representing an important 
step in the local amplification of the initial inflammatory 
response [11]. Various proinflammatory cytokines and 
chemokines have been identified in damaged myocar-
dium, which play important roles in neutrophil migra-
tion and self-amplification [21, 22]. Moreover, treatment 
strategies that reduce the accumulation or inhibit the 
activity of neutrophils have been shown to reduce early 
and late myocardial infarct size following MI [23].

Inspired by these findings, we developed a neutro-
phil-mimetic liposome (Neu-LP) as a broad-spectrum 
anti-inflammatory agent for MI. By fusing liposomes 

(LPs) with neutrophil membrane vesicles (NMVs), we 
generated Neu-LPs that inherited abundant cytokine 
and chemokine receptors from the source cells. We 
hypothesized that, by taking advantage of the infarct-
homing ability of neutrophils, Neu-LPs would transport 
into the damaged myocardium and concurrently neu-
tralize inflammatory cytokines, modulate inflamma-
tory responses in the cardiac microenvironment, and 
thus improve MI healing. In this study, we examined 
the targeting ability of Neu-LPs in vitro and in vivo, and 
we verified their broad-spectrum cytokine neutraliza-
tion capacity and inflammation modulation function 
by measuring the cytokine profile and surface marker 
expressions. The effects of Neu-LP injection on cardiac 
protection and angiogenesis were examined in a mouse 
model of acute myocardial ischemia–reperfusion (MI/R).

Results and discussion
Preparation and characterization of Neu‑LPs
To synthesize Neu-LPs, LPs were prepared by thin-
film hydration and then fused with NMVs by extru-
sion. As shown in Fig.  1A–C, the hydrodynamic size 
of Neu-LPs was 143.6 ± 2.1  nm and their zeta potential 
was −  20.2 ± 0.8  mV. Dynamic light scattering (DLS) 
results illustrate that the diameter of the unmodified 
LPs increased by 23 nm and their surface zeta potential 
became less negative after fusion with NMVs. Both Neu-
LPs and LPs displayed a narrow size distribution (Addi-
tional file 1: Fig. S1A). Transmission electron microscopy 
(TEM) revealed that Neu-LPs exhibited a spherical shape 
commonly observed for conventional liposomes (Fig. 1D 
and Additional file 1: Fig. S1B). Also, we investigated the 
stability of Neu-LPs by suspended them in water. The 
results demonstrated that Neu-LP had a similar stability 
as LP, as the sizes of Neu-LP remained stable throughout 
7 days (Additional file 1: Fig. S2). Confocal fluorescence 
microscopy was then used to examine the fusion of LPs 
and NMVs. LPs were labeled with a red fluorescent dye 
and fused with NMVs labeled with a green fluorescent 
dye. After extrusion, Neu-LPs showed obvious dye colo-
calization, while a physical mixture of LPs and NMVs dis-
played distinct green and red fluorescent puncta (Fig. 1E).

Protein composition analysis of Neu‑LPs
The protein composition of Neu-LPs was determined 
by sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis (SDS-PAGE). The protein profile of NMVs was 
mostly preserved in Neu-LPs (Fig.  2A). Moreover, the 
presence of critical receptor proteins responsible for 
cytokine binding, including TNFα receptor (TNFαR), 
IL1β receptor (IL1βR), IL6 receptor (IL6R), lympho-
cyte function-associated antigen receptor (LFA-R), and 
C-X-C motif chemokine receptor (CXCR2), on Neu-LPs 
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was confirmed by western blot analysis (Fig.  2B). These 
results confirmed the successful transfer of neutrophil 
membrane proteins into Neu-LPs.

Inflammatory cytokine‑binding ability of Neu‑LPs
Next, we tested the inflammatory cytokine- or 
chemokine-binding ability of Neu-LPs. The proinflam-
matory cytokines TNFα, IL1β, IL6, and CXCL2 are the 
cytokines most commonly associated with the remod-
eling process post-MI [20, 24]. These representative 
cytokines and chemokines were incubated with vari-
ous doses of Neu-LPs, and the dose-dependent seques-
tration profiles of Neu-LPs were observed (Fig.  3A). 
Neu-LPs had a half maximal inhibitory concentration 
(IC50) value of 2115 μg/mL for TNFα binding, 615.8 μg/
mL for IL1β binding, 1624 μg/mL for IL6 binding, and 

Fig. 1  Fabrication of Neu-LPs. A–C DLS measurements of Neu-LP size (A), zeta potential (B), and polydispersity index (C) (n = 3). D Representative 
TEM image of Neu-LPs stained with uranyl acetate. Scale bars, 50 nm. E Confocal fluorescence microscopy images and co-localization analysis of 
Neu-LPs (top) and a physical mixture of LPs and NMVs (bottom). Green, NMVs; red, LPs; scale bars, 500 nm. Statistical analysis was performed using 
Student’s t-test. Data are presented as mean ± SD

Fig. 2  Membrane protein composition of Neu-LPs. A SDS-PAGE 
analysis of neutrophils, NMVs, and Neu-LPs. B Western blotting 
analysis of characteristic protein bands (TNFαR, IL1βR, IL6R, LFA-R, 
and CXCR2) in NMVs and Neu-LPs. NLWNM: Neutrophil lysate without 
neutrophil membrane protein
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831.5  μg/mL for CXCL2 binding (Fig.  3B). Benefit-
ing from their abundant cytokine receptors, Neu-LPs 
could absorb those proinflammatory cytokines with 
the concentration increased, and no such results were 
observed when incubated with LPs. LPs demonstrated 
no specific naturalization ability and binding capacity 
of cytokines even with highest concentration (Addi-
tional file  1: Fig. S3). These results demonstrate that 
Neu-LPs may sequester proinflammatory cytokines and 
chemokines, leading to effective inhibition of activated 
inflammatory states. While this study involves the rep-
resentative factors TNFα, IL1β, IL6, and CXCL2, the 
cytokine neutralization capability of Neu-LPs is also 
applicable to many other types of cytokines due to the 
abundant cytokine receptors on their membranes.

Ischemia leads to death of cardiomyocytes and stimu-
lation of inflammatory cells, triggering activation of 
an intense inflammatory reaction [8, 20]. In this study, 
we used an in  vitro myocardial inflammation model 
to mimic the ischemia/reperfusion- induced inflam-
matory state (Fig.  3C). In this model, cardiomyocytes 
(H9C2 cells) and macrophages (RAW 264.7 cells) were 
co-cultured under hypoxia-reoxygenation (H/R) con-
ditions. This led to a significant increase in the levels of 
inflammatory cytokines (TNFα, IL1β, IL6, and CXCL2), 
confirming activation of inflammatory responses in this 
model. Next, we tested the cytokine binding perfor-
mance of Neu-LPs by incubating them with conditioned 
medium from the H/R co-culture model (H/R-CM). We 
found that the levels of TNFα, IL1β, IL6, and CXCL2 

Fig. 3  Inflammatory cytokine binding ability of Neu-LPs in vitro. A Neutralization dose response of proinflammatory factors (TNFα, IL1β, IL6, and 
CXCL2) by Neu-LPs. *P < 0.05 and ***P < 0.001 compared with the 0 mg/ml group. B Binding capacity of Neu-LPs to inflammatory cytokines (TNFα, 
IL1β, IL6, and CXCL2). IC50 values were derived from the variable slope model using GraphPad Prism 7. C Schematic illustration of a direct co-culture 
of macrophages and cardiomyocytes. D Expression levels of proinflammatory cytokines (TNFα, IL1β, IL6, and CXCL2) in the in vitro myocardial 
inflammation model with or without Neu-LP treatment. Statistical analysis was performed using one-way ANOVA. Data are presented as mean ± SD. 
**P < 0.01 and ***P < 0.001 compared with the NC group
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Fig. 4  Cardioprotective and immunoregulatory effects of Neu-LPs in vitro. A Representative TUNEL staining of inflammation-stimulated 
cardiomyocytes treated with or without Neu-LPs. B Quantitative PCR analysis of apoptosis genes in cardiomyocytes after treatment with Neu-LPs 
(n = 3). C, D Microscopy images (C) and quantitative analysis (D) of neutrophil chemotaxis after treatment with Neu-LPs (n = 3). E Expression levels 
of M1 and M2 macrophage markers following treatment with Neu-LPs. F, G Representative flow cytometry graphs (F) and quantitative analysis (G) 
of macrophage polarization after treatment with Neu-LPs (n = 3). H Representative fluorescence images and quantitative analysis of an EdU assay 
for endothelial cell proliferation rate (n = 3). Scale bars, 50 μm. I Quantitative PCR of proliferation genes in HUVECs after treatment with Neu-LPs 
(n = 3). J Representative fluorescence images and quantitative analysis of tube formation by HUVECs after treatment with Neu-LPs (n = 4). Scale 
bars, 100 μm. Statistical analysis was performed using one-way ANOVA. Data are presented as mean ± SD. NC, negative control group which is 
treated with PBS. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the NC group
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were significantly decreased in H/R-CM after treatment 
with Neu-LPs (Fig. 3D). This result suggests that Neu-LPs 
could effectively neutralize cytokines and thus ameliorate 
inflammation in this in  vitro myocardial inflammation 
model.

Cardioprotective effect of Neu‑LPs in vitro
To evaluate the protective effect of Neu-LPs on cardio-
myocytes from binding inflammatory cytokines, H9C2 
cells were seeded in supplemented media mixed with 
H/R-CM in a 1:1 ratio and incubated with PBS, LPs, 
or Neu-LPs. TUNEL assay results show that Neu-LP 
treatment effectively inhibited apoptosis of the car-
diomyocytes in the inflammatory medium (Fig.  4A). 
Additionally, the expressions of apoptotic genes were sig-
nificantly decreased in the Neu-LPs group (Fig. 4B). All 
these results suggest that Neu-LPs could protect cardio-
myocytes against H/R inflammatory injury by adsorbing 
cytokines.

Effect of Neu‑LPs on neutrophil chemotaxis in vitro
Cytokines and chemokines often have the unique ability 
to self-amplify by directing the recruitment of inflam-
matory cells to the injury site, which in turn provide 
an additional source of local cytokine production and 
amplification of the local inflammatory response [25]. 
Excessive inflammatory cell infiltration may exacer-
bate myocardial injury by prolonging the proinflamma-
tory response. To further examine the effect of Neu-LPs 
on inflammatory cell infiltration, a transwell model was 
employed. Neutrophils were seeded in the upper cham-
ber while H/R-CM was added to the lower chamber with 
PBS, LPs, or Neu-LPs. Compared with the LPs group, 
Neu-LPs reduced inflammatory cell migration, which 
might be due to the chemokine neutralization (Fig.  4C 
and D).

Effect of Neu‑LPs on macrophage polarization
Monocytes play an important role in the inflammatory 
response and reparative phase following MI [26]. After 
MI, monocytes are recruited to the injured myocardium 
where they differentiate into M1 macrophages during 
the initial proinflammatory phase and then switch their 
phenotype to anti-inflammatory M2 macrophages in the 
reparative phase [27, 28]. The prolonged presence of M1 
macrophages can extend the proinflammatory phase and 
cause expansion of the infarcted area, thereby delaying 
the reparative phase and formation of scar tissue medi-
ated by M2 macrophages and exacerbating adverse left 
ventricular remodeling. Meanwhile, macrophage polari-
zation can be influenced by cytokines and chemokines 

in the microenvironment. To evaluate the effect of 
Neu-LPs on macrophage polarization, RAW 264.7 cells 
maintained in an unpolarized state were seeded in sup-
plemented media mixed with H/R-CM in a 1:1 ratio and 
incubated with PBS, LPs, or Neu-LPs. Then, the gene 
expressions of M1 and M2 markers were investigated 
using polymerase chain reaction (PCR) assays (Fig.  4E). 
After Neu-LP treatment, the expressions of M1 markers 
[inducible nitric oxide synthase (iNOS) and IL6] were 
significantly decreased, while the expressions of M2 
markers [arginase 1 (Arg1) and IL10] were increased, 
indicating that Neu-LPs inhibited M1-like macrophage 
activity and allowed a switch to an M2 phenotype. By 
contrast, LPs did not affect the macrophage state and the 
macrophages maintained their proinflammatory pheno-
type induced by H/R-CM. Fluorescence-activated cell 
sorting analyses also showed a similar result (Fig. 4F and 
G). The macrophage phenotype changed from proinflam-
matory to anti-inflammatory, as judged by the decrease 
in CD86 expression (a surface marker for proinflamma-
tory macrophages). These findings validate the immu-
nomodulatory capacity of Neu-LPs on macrophages: 
Neu-LPs regulated macrophage polarization and induced 
a switch to an anti-inflammatory and reparative state.

Macrophages have been widely proven to participate 
in both the processes of repair and angiogenesis. There-
fore, we evaluated the angiogenesis promotion effect of 
Neu-LPs caused by their modulation of macrophage phe-
notype in  vitro. Human umbilical vein endothelial cells 
(HUVECs) and RAW 264.7 cells were co-cultured using 
a transwell system. HUVECs were seeded in the bottom 
chamber of the transwell, while RAW 264.7 cells were 
added to the upper chamber in supplemented media 
mixed with H/R-CM in a 1:1 ratio and incubated with 
LPs or Neu-LPs. Treatment with Neu-LPs significantly 
promoted HUVEC proliferation and angiogenesis, as 
revealed by EdU (Fig. 4H), PCR (Fig. 4I), and tube forma-
tion (Fig. 4J) assays. These results confirm the angiogen-
esis promotion effect of Neu-LPs by immunomodulation.

In vitro migratory ability of Neu‑LPs
The migratory ability of Neu-LPs towards the inflam-
matory site in vitro was tested in a HUVECs and H9C2 
cells coculture transwell system (Fig. 5A). After hypoxia 
stimulation for 6  h, DiD-labeled Neu-LPs or LPs were 
added to the upper chamber for 3 h. Particle distribution 
was evaluated in three compartments: free particles in 
the upper chamber, entrapped particles in the endothe-
lial monolayer, and transported particles in the lower 
chamber. As shown in Fig. 5B, the proportion of Neu-LPs 
recovered from the bottom chamber was 47.3%, which 
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was 1.4-fold higher than that of LPs. A relative decrease 
in the proportion of Neu-LPs found in the upper cham-
ber accompanied this difference. Meanwhile, Neu-LP 
binding to inflamed endothelial cells was also higher 
than that of LPs. This result shows that, under inflamma-
tory conditions, neutrophil membrane decoration could 
increase particle transport through an endothelium mon-
olayer, thereby increasing the targeting ability of Neu-LPs 
towards ischemic myocardium compared with LPs.

In vivo targeting ability of Neu‑LPs
Next, the in  vivo targeting ability of Neu-LPs was 
explored in an MI/R model using ex  vivo imaging. 
Successful acute MI/R was confirmed by ST-segment-
characterized echocardiograph (Additional file  1: Fig. 
S4). One day post reperfusion, mice were intrave-
nously injected with PBS, LPs, or Neu-LPs. As shown in 
Fig. 5C and D compared with the LPs group, the fluo-
rescence intensity in the infarcted area of the Neu-LPs 

Fig. 5  Biodistribution of Neu-LPs in vitro and in vivo. A Schematic illustration of the in vitro transmembrane model to evaluate the penetration and 
transport of Neu-LPs across a monolayer of HUVECs. B Quantification of Neu-LP distribution in the transwell system (n = 3). C, D Ex vivo fluorescence 
images (C) and quantification (D) of hearts from MI/R mice after treatment with Neu-LPs, LPs, or PBS at various timepoints (3 h, 1 day, and 3 days) 
(n = 6). *P < 0.05 and ***P < 0.001 compared with the PBS group. E Fluorescence microscopy images of Neu-LP distribution in infarcted areas. Scale 
bars, 100 μm. F Quantitative analysis of the fluorescence intensity of Neu-LPs (n = 6). ***P < 0.001 compared with the LPs group. G, H Representative 
fluorescence images (G) and quantitative analysis of fluorescence intensity (H) in major organs after intravenous injection of Neu-LPs (n = 6). 
*P < 0.05 and **P < 0.01 compared with the PBS group. Comparisons between two groups were performed with Student’s t-test. One-way analysis of 
variance (ANOVA) was employed for comparisons among more than two groups. Data are presented as mean ± SD
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group was significantly higher at all timepoints post 
administration, which ranged from 3  h to 3  days 
(P < 0.05, n = 6), suggesting that Neu-LPs could iden-
tify chemotactic signals and recruit into the infarcted 
area. Histological sections were then taken to evalu-
ate the homing efficiency of Neu-LPs and obtain more 
details on their targeting to infarcted regions in  vivo. 
As shown in Fig. 5E and F; Additional file 1: Fig. S5, the 
homing ability of Neu-LPs to ischemic myocardium 

was significantly higher than that of LPs, and Neu-
LPs specifically distributed in damaged myocardium 
rather than normal myocardial tissue. In contrast to 
this enhanced accumulation in injured myocardium, 
lower accumulation of Neu-LPs was noted in the liver 
(Fig. 5G and H), which might be due to the presence of 
self-tolerance proteins and the good immune evasion of 
NMVs, as was previously reported [29].

Fig. 6  In vivo immunoregulation ability of Neu-LPs. A Concentration profiles of inflammatory cytokines (TNFα, IL1βand IL6) and chemokine 
(CXCL2) in ischemic hearts at various timepoints (1, 3, and 7 days) following injection of Neu-LPs (n = 3). B Infiltration of neutrophils in the infarcted 
area three days after Neu-LP treatment detected by myeloperoxidase (MPO) (n = 3). Scale bars, 100 μm. C Quantitative analysis of MPO-positive 
cells. D, E Fluorescence images (D) and quantitation (E) of macrophages (F4/80, red) and M2 macrophages (CD206, green) in heart tissue (n = 3) 
three days after Neu-LP treatment. Scale bars, 100 μm. Statistical analysis was performed using one-way ANOVA. Data are presented as mean ± SD. 
*P < 0.05 and **P < 0.01 compared with the PBS group
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Cytokine neutralization and immunomodulatory effects 
of Neu‑LPs in vivo
The in  vivo cytokine neutralization and immunomodu-
latory effects of Neu-LPs were further evaluated in the 
mouse model of MI/R. Enzyme-linked immunosorbent 
assay (ELISA) analysis confirmed a significant decrease in 
the expression levels of proinflammatory factors (TNFα, 
IL1β, and IL6) and chemokine (CXCL2) in ischemic 
regions at various time points (1, 3, and 7  days) after 
Neu-LP administration (Fig.  6A). Histological analysis 
also illustrated a reduction in immune cell infiltration in 
mice who received Neu-LPs. Three days after treatment, 
the Neu-LPs group displayed decreased infiltration of 
neutrophils in the peri-infarct region compared to other 
groups (Fig.  6B and C). Meanwhile, Neu-LPs promoted 
a shift in macrophage phenotype to an anti-inflamma-
tory subtype (M2) at 3 days post administration, and the 
number of M2 cells in the peri-infarct region increased 
significantly compared to other groups (Fig.  6D and E). 
Meanwhile, we detected the macrophage recruitment 

by flow cytometry at day 3 after treatment. We found 
that the macrophage recruitment in Neu-LPs group was 
52.6%, which was decreased by 27.3% and 23.3% com-
pared with that of the PBS and LP groups (P < 0.01). And 
M2 in the Neu-LPs group was increased to 46.0%, which 
was much higher than that in PBS group (20.0%) and LP 
group (24.0%) (P < 0.01) (Additional file 1: Fig. S6). These 
results suggest that Neu-LPs could neutralize cytokine 
release from injured myocardium, alleviate inflammation, 
and shift the balance towards the reparative process.

Repair promotion and cardiac protection ability of Neu‑LPs
Next, we assessed the therapeutic efficiency of Neu-LPs. 
The histology of injured heart was evaluated by hemotox-
ylin-eosin (HE) and Masson trichrome staining at day 3 
after Neu-LP treatment. The results illustrated that Neu-
LPs decreased the infiltration of inflammatory cell and 
reduced myocardial fibrosis at early time points (Addi-
tional file  1: Fig. S7). Masson trichrome staining after 
4  weeks results displayed apparent heart morphology 

Fig. 7  Cardiac repair effects of Neu-LPs in vivo. A Representative Masson’s trichrome staining of the base, mid-left ventricular (LV), and apical 
regions of an infarcted heart 4 weeks after treatment with Neu-LPs. Scale bars, 2.5 mm. B LVEF, FS, LVEDV, and LVESV values measured by 
echocardiography at 4 weeks (n = 6 animals per group). C Representative TUNEL staining images and quantification of TUNEL-positive apoptotic 
cells in infarcted regions 7 days after MI (n = 3). Scale bars, 100 μm. D Representative confocal images and quantitative analysis of PH3-positive 
nuclei in the peri-infarct region 4 weeks after treatment with Neu-LPs (n = 3). Scale bars, 100 μm. E Representative images and quantification of 
Ki67-positive cells at 7 days post-treatment with Neu-LPs (n = 3). Scale bars, 100 μm. F Representative micrographs of CD31-positive blood vessels 
and quantification of capillary density in hearts 4 weeks after treatment with Neu-LPs (n = 3). Scale bars, 100 μm. Statistical analysis was performed 
using one-way ANOVA. Data are presented as mean ± SD. *P < 0.05 and **P < 0.01 compared with the PBS group
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protection with the highest amount of viable myocar-
dium in the Neu-LPs group compared with the LPs and 
PBS groups (Fig. 7A). As indicators of cardiac function, 
left ventricular ejection fraction (LVEF) and fractional 
shortening (FS) were also measured at baseline (4 h post 
reperfusion), post-treatment 1, 10 and 28  days (Addi-
tional file 1: Fig. S8) There was no significant difference 
of LVEF or FS among the three groups, and the values of 
LVEF and FS were significantly decreased at day 1. How-
ever, the LVEF was increased in the mice treated with 
Neu-LPs compared with PBS group and LP group at 
day 10. The FS showed a similar trend as LVEF. With the 
time developed, the LVEF and FS of Neu-LP group were 
higher than PBS group or LP group at day 28. The cardiac 
function remained at low level post MI/R injury in the 
PBS and LP treated groups within 4 weeks. In addition, 
Neu-LP treatment led to a reduction in left ventricular 
end-diastolic volume (LVEDV) and end-systolic volume 
(LVESV) (Fig.  7B). These compounding results demon-
strate the therapeutic benefits of Neu-LPs in acute MI.

We also found that TUNEL-positive cells were signifi-
cantly reduced in the infarct region of the Neu-LPs group 
compared with other groups (Fig. 7C). Additionally, the 

number of phospho-histone H3 (PH3)-positive cells 
and Ki67-positive cells in the peri-infarct region of the 
Neu-LPs group were significantly higher than those of 
other groups (Fig.  7D and E). Furthermore, treatment 
with Neu-LPs increased the regeneration of CD31-pos-
itive vasculature in the infarcted myocardium (Fig.  7F). 
Taken together, these results indicate that Neu-LPs could 
reduce cell apoptosis, promote cell proliferation, and pro-
mote angiogenesis in infarcted hearts, which might con-
tribute to their enhanced cardiac reparative ability.

Safety evaluation of Neu‑LPs
To evaluate the safety of Neu-LPs, healthy ICR mice were 
intravenously injected with Neu-LPs, LPs, or PBS at a 
dose of 20  mg/kg every other day for one week (n = 6). 
Hematoxylin and eosin (H&E) staining of the major 
organs (including the heart, liver, spleen, lung, kidney, 
and brain) revealed no pathological changes in the Neu-
LPs and LPs groups relative to the PBS group (Fig. 8A). 
Liver and kidney function assays were also performed 
1 day after the final injection. There were no significant 
changes in serum levels of liver (ALT, AST, and ALP) and 
kidney (UREA and CREA) function markers between the 

Fig. 8  Safety evaluation of Neu-LPs. A H&E staining of the major organs (n = 6). Scale bars, 50 μm. B, C Quantitative analysis of blood biochemistry 
results indicating liver (B) and kidney (C) function from peripheral blood samples. Statistical analysis was performed using one-way ANOVA. Data are 
presented as mean ± SD
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Neu-LPs or LPs and PBS groups (Fig. 8B and C). To fur-
ther assess the immunogenicity of Neu-LP, we detected 
the expression level of IgM in the serum after injection 
of Neu-LPs. The results showed that serum levels of 
IgM had no significant differences among three groups 
and Neu-LPs do not cause significant acute immune 
responses in C57 mice (Additional file  1: Fig. S9).These 
results indicate that Neu-LPs possess a good safety pro-
file, suggesting their potential use in treating cardiovas-
cular diseases.

Conclusion
In this study, we generated neutrophil-mimetic 
liposomes, Neu-LPs, and demonstrated their potential as 
a broad-spectrum anti-inflammatory agent for MI man-
agement. Neu-LPs contained their parent cell properties 
and inherited inflammation-targeting and cytokine-bind-
ing capacities. Due to their abundant chemokine and 
cytokine receptors, Neu-LPs accumulated in infarcted 
hearts in response to inflammatory signals and efficiently 
neutralized inflammatory cytokines, such as TNFα, 
IL1β, IL6, and CXCL2. In a mouse model of MI/R, Neu-
LPs inhibited the intense inflammation, regulated the 
immune microenvironment to a reparative phenotype, 
and induced therapeutic cardiac repair by suppress-
ing cardiac injury and promoting angiogenesis. Unlike 
existing anti-cytokine agents that inhibit single targets, 
Neu-LPs provided an inflammation-targeted and broad-
spectrum blockade that restrained the inflammation 
cascade during MI. Many other diseases, such as myocar-
ditis, ischemia–reperfusion injury of the brain and kid-
ney, are also marked by inflammatory responses that can 
damage host tissue and cause organ dysfunction. Neu-
LPs present a promising anti-inflammatory strategy for 
treatment of these diseases that could eventually improve 
clinical outcomes in patients. Neu-LPs also exhibit high 
downstream translation potential for developing person-
alized nanomedicines through the use of established lipo-
some technologies and natural cell membranes. Finally, 
this membrane fusion approach could be extended to 
other immune cells and could be combined with other 
agents to develop targeted and synergistic therapies for 
MI and various inflammation-related diseases.

Experimental section
Materials
1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) was 
purchased from Avanti Polar Lipids Pharmaceutical 
Co., Ltd (Shanghai, China). 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-[maleimide(polyethylene 
glycol)] (DSPE-PEG-Mal, 3400  Da) was purchased 
from Xi’an Ruixi Biotech Co., Ltd (Xian, China). 
1 ,19-Dioctadec yl-3 ,3 ,39,39- tetramethyl indodi-

carbocyanine perchlorate (DiD) was supplied by 
Sigma-Aldrich (Carlsbad, CA, USA). 1,1′-Dioctadecyl-
3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI) 
was obtained from Invitrogen (Carlsbad, CA, USA). 
4′,6-Diamidino-2-phenylindole (DAPI, C1002) was 
obtained from Beyotime Biotechnology Co., Ltd (Nan-
tong, China). Accustain Trichrome Stain (Masson) kit 
and Percoll were obtained from Sigma-Aldrich. Matrigel 
was obtained from Corning (Corning, NY, USA). Recom-
binant human TNFα (ab259410) and ELISA kits for 
TNFα (ab208348), IL1β (ab197742), IL6 (ab222503), and 
CXCL2 (ab184862) were purchased from Abcam (Cam-
bridge, MA, USA). BCA Protein Assay Kit (P0010) was 
purchased from Beyotime Biotechnology. TRIzol reagent 
and RT-PCR Kit were obtained from Invitrogen. Anti-
CD34 antibody (sc-53511) was purchased from Santa 
Cruz Biotechnology (Santa Cruz, CA, USA). Anti-TNFα 
antibody (ab183218), anti-IL1R antibody (ab106278), 
anti-IL6R antibody (ab222101), anti-LFA1 antibody 
(ab13219), and anti-CXCR2 antibody (ab225732) were 
purchased from Abcam. Anti-β-actin antibody (AA128), 
HRP-labeled goat/anti-mouse IgG (H + L, A0216) and 
HRP-labeled goat/anti-rabbit IgG (H + L, A0208) were 
obtained from Beyotime Biotechnology. Anti-PH3 
antibody (ab321073), anti-Ki67 antibody (ab16667), 
anti-CD31 antibody (ab222783), anti-F4/80 antibody 
(ab6640), anti-CD206 antibody (ab125028), and anti-
cardiac troponin T antibody (ab8295) were all obtained 
from Abcam.

Animal
Male C57BL/6 mice (aged 8–12  weeks, 20–25  g in 
weight) and male ICR mice (aged 8–12  weeks, 30–35  g 
in weight) were purchased from Shanghai SLAC Labo-
ratory Animal Ltd. All animal experimental procedures 
were approved by the Animal Care and Use Commit-
tee of Zhongshan Hospital, Shanghai, People’s Republic 
of China and were in compliance with the Guide for the 
Care and Use of Laboratory Animals published by the 
National Research Council (US) Institute for Laboratory 
Animal Research.

Neutrophil collection
Fresh human peripheral blood neutrophils were obtained 
from Zhongshan Hospital. Neutrophil isolation was 
performed according to previous studies with some 
modifications [30]. Briefly, neutrophils were purified by 
density gradient centrifugation. Leukocyte-rich plasma 
was placed over a three-layer Percoll gradient of 78%, 
69%, and 52% and centrifuged at 1000×g for 30 min. The 
interface containing neutrophils was between the 69% 
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and 78% gradient layers and the upper part of the 78% 
layer. The isolated neutrophils were rinsed with PBS, 
suspended in serum-free RPMI media, and then stimu-
lated with recombinant human TNFα (50 ng/mL) for 2 h 
at 37 °C. Next, the stimulated cells were resuspended in 
serum-free RPMI and cryopreservation medium and 
stored at − 80 °C.

Neutrophil membrane derivation
First, neutrophils were suspended in lysing buffer con-
taining 225  mM d-mannitol, 75  mM sucrose, 30  mM 
Tris–HCl (pH 7.5), 0.2  mM EGTA, and a protease and 
phosphatase inhibitor cocktail. Then, the cells were dis-
rupted using a Dounce homogenizer with a tight-fitting 
pestle (20 passes). Next, the homogenized solution was 
centrifuged at 20,000×g for 30  min at 4  °C. Then, the 
supernatant was collected and centrifuged at 100,000×g 
for 40  min at 4  °C. Subsequently, membranes were col-
lected as sedimentation at the bottom of the centrifuge 
tube. Membrane content was quantified using a BCA kit. 
Approximately 100–200 million neutrophils generated 
1  mg of membrane protein. Neutrophil membrane was 
suspended in 0.2  mM EDTA to a protein concentration 
of 2 mg/mL and stored at − 80 °C for subsequent studies.

Synthesis of nanoparticles
Neu-LPs were synthesized via a lipid film rehydra-
tion process [14]. Briefly, 9  mg of DOPC and 1  mg of 
DSPE-PEG-Mal were dissolved in 10  mL of chloro-
form and dried in a flask by rotary evaporation for 1 h. 
Then, the thin lipid film was hydrated with 10  mL of 
distilled water at 37  °C for 15  min and sonicated at a 
frequency of 52 kHz and a power of 100 W for 30 min. 
For membrane coating, the neutrophil membrane was 
mixed with the liposome cores at a weight ratio of 30:1 
(polymer-to-membrane protein). The mixture was then 
sonicated with a bath sonicator for 10  min. The par-
ticles were then extruded through membranes with 
pore sizes of 400, 200, and 100  nm using an extruder. 
Fluorescent dye-labeled Neu-LPs were prepared by the 
same method as Neu-LPs except 25  μg of DiD (Neu-
LPs-DiD) were added to the lipid solution. Then free 
unlabeled fluorescence DiD was separated by cen-
trifugation at 100,000g for 30  min and determined by 
using a microplate reader (SpectraMax® M5, Molecular 
Devices). The fluorescence label efficiency was calcu-
lated as follows:

Label efficiency =

Total amount − The amount in supernatant

Total amount
× 100%

The DiD label efficiency of Neu-LP was 91.2 ± 1.4%.

Nanoparticle characterization
The hydrodynamic diameters and zeta potentials of Neu-
LPs were measured by DLS (Zetasizer Nano ZS, Malvern 
Instruments, Malvern, UK). The morphology of Neu-LPs 
was visualized by TEM (H-600, Hitachi, Tokyo, Japan). 
To evaluate the stability of Neu-LP, LP or Neu-LP were 
suspended in water at a concentration of 1 mg/mL. At set 
timepoints over the course of 7 days, the sizes of the sam-
ples were measured by DLS to test for aggregation.

Membrane colocalization assay
A membrane colocalization study was performed 
as previously described with some modification 
[14]. NMVs were labeled with DiI (excitation/emis-
sion = 549/565 nm), and LPs were labeled with DiD (exci-
tation/emission = 644/665 nm). Free dyes were removed 
by centrifugation at 100,000g for 30 min and the fluores-
cence label efficiency was calculated as mentioned above. 
The DiI label efficiency of NMV was 92.5 ± 2.2% and DiD 
label efficiency of LP was 93.2 ± 1.8%. Then, samples were 
prepared by extrusion or simple pipetting and thereaf-
ter were visualized under a confocal microscope (Leica 
Microsystems, Wetzlar, Germany).

Cell culture
HUVECs, cardiomyocytes (H9C2), and macrophages 
(RAW 264.7) were purchased from American Type 
Culture Collection. HUVECs were cultured in human 
endothelial cell growth medium (ECM), while H9C2 
cells and RAW 264.7 cells were cultured in high glucose 
culture medium. Cells were maintained at 37 °C in a 5% 
CO2 environment. All media were supplemented with 
10% (v/v) FBS as well as penicillin and streptomycin 
(100 U/mL).

Inflammatory factors neutralization assay
Proinflammatory factors (TNFα, I1β, IL-6, and CXCL2) 
were mixed with Neu-LPs to final concentrations of 
0–4  mg/mL. The mixtures were incubated for 6  h at 
37  °C and then centrifuged at 15,000×g for 20  min to 
remove the Neu-LPs. The cytokine concentrations in 
the supernatant were quantified by ELISA kits. Linear 
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fitting of the proinflammatory factor curves were per-
formed in GraphPad Prism 7.

In vitro myocardial inflammation model
Macrophages (5 × 104 cells) were seeded in the outer 
edges of a glass-bottom dish, while H9C2 cells (1 × 105 
cells) were seeded in the center region of the dish. 
Then, the culture chamber was continuously flushed 
with (5% CO2 and 95% N2) for 6  h at 37  °C to obtain 
an anoxic solution. The co-culture was then replaced 
in a CO2 incubator (5% CO2, 95% air, 37 °C) for reoxy-
genation. After this process, the levels of inflammatory 
cytokines in the hypoxia-reoxygenation conditioned 
medium (H/R-CM) were significantly increased [31]. 
The co-cultured cells were treated with supplemented 
media mixed with H/R-CM in a 1:1 ratio and incubated 
with PBS, LPs, or Neu-LPs for another 6 h. Changes in 
inflammatory cytokine (TNFα, IL1β, IL6, and CXCL2) 
levels were detected by ELISA assays.

The TUNEL assay
H9C2 cells were seeded in 12-well plates (5 × 104 cells 
per well) at 37  °C to permit cell adhesion and reach 
80–90% confluence. The culture medium was replaced 
with supplemented RPMI media mixed with H/R-CM 
in a 1:1 ratio and the cells were incubated with PBS, 
LPs, or Neu-LPs. After 6 h of treatment, cardiomyocyte 

apoptosis rates were measured using a TUNEL Apop-
tosis Assay Kit and the cells were observed using an 
inverted fluorescence microscope (ZEISS Group)..

Real‑time PCR analysis
Changes in gene expression levels were determined 
by real-time PCR (RT-PCR). RNA was isolated from 
mouse cardiomyocytes, macrophages, endothelial cells, 
or ischemic myocardium tissue by TRIzol and reverse-
transcribed into cDNA using the First-Strand Synthesis 
System for RT-PCR Kit. SYBR Green-based quantitative 
RT-PCR was performed using the Mx3000 Multiplex 
Quantitative PCR System. The relative expression was 
calculated using the comparative CT method (2−ΔΔCt). 
Triplicate samples were used for each experimental con-
dition to determine relative expression levels. Primer 
sequences used are listed in Table 1.

Neutrophil chemotaxis assay
Neutrophils (1 × 104 cells/well) were seeded in the upper 
chamber of a transwell system, while supplemented 
media mixed with H/R-CM in a 1:1 ratio and PBS, LPs, or 
Neu-LPs were added to the lower chamber. After incuba-
tion for 6 h, the chambers were removed. The cells were 
fixed with 4% paraformaldehyde and stained with 0.25% 
crystal violet for 10 min. After three rinses with PBS and 
air drying, the chambers were inverted on a glass slide 
and the number of chemotaxis-migrated neutrophils was 
counted under a microscope.

Flow cytometric analysis
Cell suspensions of macrophages were stained with 
FITC-conjugated anti-F4/80 antibodies and PE-conju-
gated anti-CD86 antibodies (1:100 dilution) for 40 min 
at 4  °C. Flow cytometric analysis was performed on 
a FACSCalibur (BD Biosciences) and analyzed with 
FlowJo software (TreeStar, Inc., San Carlos, CA).

Cell proliferation assay
EdU assays were performed to investigate cell prolif-
eration. Briefly, HUVECs were seeded into the lower 
chamber of a transwell system, while RAW 264.7 cells 
were added to the upper chamber in supplemented 
media mixed with H/R-CM in a 1:1 ratio and incubated 
with PBS, LPs, or Neu-LPs. After 6  h of treatment, 
HUVECs were stained with anti-CD31 antibody and 
EdU-488 kit according to the manufacturer’s proto-
col and then observed under an inverted fluorescence 
microscope. The number of positive cells was analyzed 
by ImageJ (US National Institutes of Health).

Table 1  Primer sequences used for PCR analysis

Gene Primer sequences

Actin F: TCA​CCA​TGG​ATG​ATG​ATA​TCGC​

R: ATA​GGA​ATC​CTT​CTG​ACC​CATGC​

TGF-β F: CCA​CCT​GCA​AGA​CCA​TCG​AC

R: CTG​GCG​AGC​CTT​AGT​TTG​GAC​

VEGF-A F:AGG​GCA​GAA​TCA​TCA​CGA​AGT​

R: AGG​GTC​TCG​ATT​GGA​TGG​CA

VEGF-2 F: CAA​GTG​GCT​AAG​GGC​ATG​GA

R: ATT​TCA​AAG​GGA​GGC​GAG​CA

Ang-1 F: AAC​CGG​ATT​CAA​CAT​GGG​CA

R: TCT​CAC​GAC​AGT​TGC​CAT​CG

Ang-2 F: CTG​TTG​AAC​CAA​ACA​GCG​GAG​

R: TCG​AGA​GGG​AGT​GTT​CCA​AGA​

Bcl-2 F: CTT​TGA​GTT​CGG​TGG​GGT​CA

R: GGG​CCG​TAC​AGT​TCC​ACA​AA

Bax-2 F: CAT​GGG​CTG​GAC​ATT​GGA​CT

R: AAA​GTA​GGA​GAG​GAG​GCC​GT

Casp-3 F: GGC​GCT​CTG​GTT​TTC​GTT​AAT​

R: CCG​AGA​TGT​CAT​TCC​AGT​GCT​

IL-10 F: AGC​CTT​ATC​GGA​AAT​GAT​CCAGT​

R: GGC​CTT​GTA​GAC​ACC​TTG​GT
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Endothelial tube formation assay
An endothelial tube formation assay was performed 
as previously described with some modification [32]. 
Matrigel (200 μL) was first added to each well of a 
48-well plate to evenly cover the bottom, and then the 
plate was placed in an incubator at 37  °C for 2 h until 
the Matrigel solidified. HUVECs (2 × 104 cells/well) 
were seeded in the prepared 48-well plates and incu-
bated at 37  °C for 4  h. Tube formation was observed 
under an inverted fluorescence microscope and capil-
lary length was analyzed using ImageJ.

Assay for chemotactic migration across a vascular barrier
An in  vitro vascular intimal barrier model was con-
structed with HUVECs using a transwell cell culture 
system. Briefly, HUVECs (1 × 105 cells/well) were 
seeded in the upper chamber and H9C2 cells (1 × 105 
cells/well) were added to the bottom chamber and cul-
tured in medium containing 10% (v/v) FBS. After 6 h of 
hypoxia, DiD-labeled LPs (0.5 mg/mL, 200 μL) or DiD-
labeled Neu-LPs (0.5  mg/mL, 200  μL) were added to 
the upper chamber and incubated for 3 h. The fluores-
cence intensities of Neu-LPs in the supernatant, intra-
cellular, and filtered compartments were determined 
using a microplate reader (SpectraMax® M5, Molecular 
Devices).

Mouse model of MI/R
Male C57 mice were subjected to transient ligation of 
the left anterior descending coronary artery for 60 min 
followed by reperfusion. Successful acute MI/R injury 
was confirmed by visual inspection of the left ventri-
cle color and changes in the electrocardiogram. One 
day post ischemia–reperfusion, animals were rand-
omized into three treatment groups (n = 6 mice per 
group): intravenous injection of: (1) 200  μL PBS, (2) 
LPs (0.5 mg/mL, 200 μL), or (3) Neu-LPs (0.5 mg/mL, 
200 μL).

ELISA assay
To investigate the in  vivo neutralizing effects of Neu-
LPs, the expression levels of inflammatory factors 
(TNFα, IL1β, and IL6) in ischemic hearts were meas-
ured by ELISA assays according to the manufacturer’s 
instructions.

Assessment of Neu‑LP targeting and biodistribution
The biodistribution of Neu-LPs was assessed accord-
ing to a previous article [33]. One day after reperfusion, 
PBS, LPs, or Neu-LPs (0.5 mg/mL, 200 μL) were intrave-
nously injected into MI/R model mice. At predetermined 
intervals (3 h, 1 day, and 3 days), the mice were sacrificed. 
Their hearts and other organs were harvested and imaged 

using an in vivo imaging system (IVIS, PerkinElmer). The 
fluorescence intensity of DiD was analyzed using Living 
Image Software. After imaging, all hearts were cryosec-
tioned (5 μm) and imaged using a confocal microscope.

Cardiac function assessment
The left ventricular function of MI/R model mice with 
various treatments (PBS, LPs, or Neu-LPs) were ana-
lyzed by echocardiography (Vevo 770, Visual Sonics, 
Toronto, ON, Canada) 4 h post reperfusion and 4 weeks 
after treatment. The model mice were anesthetized with 
low-dose isoflurane for echocardiographic examination. 
Two-dimensional targeted M-mode traces were obtained 
at the level of papillary muscle. LVEF, FS, LVEDV, and 
LVESV were measured in at least three consecutive car-
diac cycles.

Histochemical and immunohistochemical assessments
At various timepoints (3, 7, 14, and 28 d) after systemic 
administration of PBS, LPs, or Neu-LPs, heart tissues 
were harvested and cut into 5-μm paraffin-embedded 
sections or cryosections. Fibrous heart tissue was iden-
tified by staining sections with Masson’s Trichrome 
reagent according to the manufacturer’s instructions. 
Fibrosis was imaged under an inverted fluorescence 
microscope. Apoptotic cells were identified by staining 
sections with TUNEL staining kits. Cardiomyocytes were 
stained with mouse anti-cardiac troponin T primary 
antibodies. Transcriptional regulation was identified by 
staining sections with rabbit anti-PH3 primary antibody. 
Cell proliferation was identified by staining sections with 
rabbit anti-Ki67 primary antibody. Vasculogenesis was 
identified by staining sections with rabbit anti-CD31 pri-
mary antibodies. To examine macrophage polarization, 
mouse anti-F4/80 and rabbit anti-CD206 primary anti-
bodies were used. Neutrophils were identified by rabbit 
anti-MPO primary antibodies. FITC (488 nm) or Texas-
Red (594 nm) secondary antibodies were conjoined with 
the related primary antibodies. DAPI was utilized to vis-
ualize cell nuclei in the sections. Images were taken with 
a confocal microscope and quantified using ImageJ. Flow 
cytometry was also employed to detect the macrophage 
polarization. Experimental procedures are the same as 
previously described and PE-anti-779 F4/80 (565410), 
PE-Cy7-anti-CD86 (25-0862-82), APC-anti-CD206 (17-
2062-82) were used to perform Flow cytometry.

Safety evaluation
To evaluate the safety of Neu-LPs, healthy ICR mice 
aged 6  weeks were intravenously injected with PBS 
(200 μL), LPs (0.5 mg/mL, 200 μL), or Neu-LPs (0.5 mg/
mL, 200 μL) every other day for one week (n = 6). Blood 
samples were collected from the mice and biochemical 
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indexes tests were performed. ELISA were adopted to 
detect the concentration of IgM in MI/R mice after PBS, 
LPs or Neu-LPs treatment according to the manufac-
turer’s instruction. For histological analyses, the major 
organs (heart, liver, spleen, lung, and kidney) were 
embedded in paraffin and stained with H&E.

Statistical analysis
All results are expressed as mean ± standard deviation 
(SD). Comparisons between two groups were performed 
with Student’s t-test. One-way analysis of variance 
(ANOVA) was employed for comparisons among more 
than two groups. P-values less than 0.05 were considered 
statistically significant.
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Additional file 1: Figure S1. Size distribution and Transmission electron 
microscopy images. A Representative size distribution of LP and Neu-
LPs. B Representative transmission electron microscopy images of LP 
and Neu-LP negatively stained with uranyl acetate. Scale bars, 50 nm. 
Figure S2. The stability of Neu-LP.  Long-term stability of Neu-LP in water, 
monitored over 7 days (n = 3). Figure S3. The neutralization response 
and binding ability. A Neutralization dose response of proinflammatory 
factors (TNFα, IL1β, IL6, and CXCL2) by Neu LPs and LPs. *P < 0.05 and 
***P < 0.001 compared with the 0mg/ml group. B the binding capacity of 
Neu LPs and LPs to inflammatory cytokines (TNFα, IL1β, IL6, and CXCL2). 
Figure S4. The evaluation of mouse MI/R model. Representative images 
of echocardiographic analysis of Sham mice or MI/R mice. Figure S5. Neu-
LPs distribution in heart. Representative fluorescence imaging of Neu-LPs 
biodistribution in heart. Scale bars, 200 μm (yellow) and 50 μm (white). 
Figure S6. Macrophage recruitment in injured hearts. The quantitation of 
macrophage recruitment at day 3 post MI/R injury (n = 3). ***P < 0.001 
compared with the PBS group. Figure S7. Heart histology at day 3. Repre-
sentative A HE stain and B masson trichrome stain of the infarcted heart 
3 days after treatment. Scale bars, 200 μm (red) and 1 mm (black). Figure 
S8. Cardiac function assessment. Left ventricular ejection fractions (LVEF) 
and fractional shortening (FS) were measured by echocardiography at 
different time points (baseline, 1 day, 10 days and 4 weeks) (n = 6 animals 
per group). *P < 0.05 and **P < 0.01 compared with the PBS group. Figure 
S9. The expression level of IgM. The expression level of IgM in the MI/R 
model mice following Neu-LPs injection (n = 3).
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