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A B S T R A C T   

Inflammatory response plays a critical role in myocardial infarction (MI) repair. The neutrophil apoptosis and 
subsequent macrophage ingestion can result in inflammation resolution and initiate regeneration, while the 
therapeutic strategy that simulates and enhances this natural process has not been established. Here, we con
structed engineered neutrophil apoptotic bodies (eNABs) to simulate natural neutrophil apoptosis, which 
regulated inflammation response and enhanced MI repair. The eNABs were fabricated by combining natural 
neutrophil apoptotic body membrane which has excellent inflammation-tropism and immunoregulatory prop
erties, and mesoporous silica nanoparticles loaded with hexyl 5-aminolevulinate hydrochloride (HAL). The 
eNABs actively targeted to macrophages and the encapsulated HAL simultaneously initiated the biosynthesis 
pathway of heme to produce anti-inflammatory bilirubin after intracellular release, thereby further enhancing 
the anti-inflammation effects. In in vivo studies, the eNABs efficiently modulated inflammation responses in the 
infarcted region to ameliorate cardiac function. This study demonstrates an effective biomimetic construction 
strategy to regulate macrophage functions for MI repair.   

1. Introduction 

Myocardial infarction (MI) is a worldwide leading cause of death and 
disability which still requires efficient therapy [1]. Following MI, 
tremendous neutrophils, monocytes and macrophages are recruited to 
the injured myocardium to induce inflammation response [2,3]. The 
persistent infiltration of these inflammatory cells led to delayed 
inflammation resolution and hindered tissue repair, which further 
resulted in adverse remodeling and impaired cardiac function [4]. 
Natural resolution is initiated when neutrophils underwent apoptosis 

and subsequently were ingested by macrophages in the inflammatory 
zone [5]. The efferocytosis switched the macrophage phenotype and 
elevated the secretion of anti-inflammatory factors to promote tissue 
homeostasis, resulting in inflammation resolution [6,7]. Simulta
neously, apoptotic neutrophils secreted mediators like annexin A1 and 
lactoferrin that inhibited further neutrophil recruitment [8–10]. Thus, 
the precise modulation and induction of endogenous neutrophil 
apoptosis could be potentially beneficial to promote regeneration [11, 
12]. However, the intrinsic survival/apoptosis balance in neutrophils is 
monitored by an intricate network of signaling factors, and treatment 
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that induces neutrophil apoptosis may disturb the innate immune 
response [13]. Moreover, it is difficult to precisely realize the induction 
of neutrophils apoptosis in situ. Consequently, alternative therapeutic 
approaches that supply apoptotic neutrophils to overcome complicated 
inflammatory microenvironment seem attractive for effective myocar
dial infarction treatment. 

Although the supply of apoptotic neutrophils opened a window for 
MI treatment, direct engraftment of exogenous apoptotic cells may be 
associated with inflammation owing to the accompanying cell debris or 
inflammatory products. Apoptotic cells can also facilitate intercellular 
communication through the release of extracellular vesicles (EVs) such 
as apoptotic bodies (ABs), which inherit surface signal molecules from 
their source cells and can initiate macrophage polarization and inflam
mation resolution. Therefore, ABs have stoked great interest as thera
peutic vehicles to coordinate important stages of the immune response 
[14]. Moreover, the large-scale production, appropriately stability, 
smaller size, and readily accessibility endow ABs distinct advantages in 
treatment from a clinical standpoint compared with cell-based therapy 
[15]. Our previous studies have demonstrated the regeneration capacity 
of ABs in maintaining tissue homeostasis and modulating inflammation 
[16–18]. Nevertheless, several challenges need to be addressed before 
clinical translation, including the inherent heterogeneity of ABs, com
plex content and the whole-body distribution after systemic adminis
tration. Naïve EVs can effectively overcome these bottlenecks through 
engineering modification to improve their tissue-specific targeting and 
functional specialization, ultimately achieving definite therapeutic ef
fects especially for cardiac regenerative medicine [19–21]. 

In the present study, we have developed engineered neutrophil 
apoptotic bodies (denoted ‘eNABs’) to mimic the role of apoptotic 
neutrophils to reprogram macrophages and resolve inflammation after 
MI (Scheme 1). The eNABs were constructed by fusing the natural 
membrane of neutrophil apoptotic bodies with hexyl 5-aminolevulinate 
hydrochloride (HAL) preloaded mesoporous silica nanoparticles 
(MSNHAL), which inherited the proteomics of apoptotic neutrophil 
membrane with the inflammation-tropism and immunoregulatory ef
fects. Moreover, the original heterogenous contents of ABs were 
replaced with MSNHAL. The encapsulated HAL would initiate the 

biosynthesis pathway of heme to generate extra anti-inflammatory 
bilirubin to enhance the immunoregulatory effect after intracellular 
release [22], which was achieved by the introduction of an 
esterase-degradable polyester cap on the surface of MSNs. The resulting 
eNABs could effectively reprogram macrophages function in the 
infarcted zone to modulate the inflammation for tissue regeneration, 
which demonstrated a high therapeutic efficacy in rat MI models. 

2. Materials and methods 

2.1. Animals 

All rats used in this study were purchased from Animal Center of the 
Fourth Military Medical University. All experimental procedures were 
approved by the Fourth Military Medical University and were performed 
according to the Guidelines of Intramural Animal Use and Care Com
mittee of the Fourth Military Medical University. 

2.2. Cell culture 

Bone marrow-derived neutrophils were obtained by the commercial 
kit (TBD2013NR, TBD, China). Briefly, the rats were euthanized and the 
femurs and tibias were dissected from the rats. The bone marrow was 
rinsed with the rinsing buffer and filtered through a 70-μm cell strainer 
to generate the single-cell suspension. The neutrophils were isolated 
from the suspension by the density gradient centrifugation. Neutrophils 
were maintained in the RPMI-1640 medium supplemented with 10% 
fetal bovine serum (FBS). 

Bone marrow-derived macrophages were maintained in DMEM 
(High glucose) supplemented with 10% FBS. The femurs and tibias were 
dissected from the rats and the bone marrow was rinsed with cold PBS to 
generate the single-cell suspension. Followed by erythrocyte lysis, the 
cells were concentrated and resuspended in complete media with M-CSF 
(20 ng/ml) to induce the maturation of macrophages for 7 days. 

Rat myocardial cell line H9C2 was obtained from American Type 
Culture Collection and maintained in DMEM (High glucose) supple
mented with 10% FBS. All cells were incubated in a humidified 

Scheme 1. Schematic of engineered neutrophil apoptotic bodies (eNABs) for MI treatment. (A) Scheme of the eNABs fabrication. (B) Illustration of eNABs 
therapy for inflammatory regulation in a rat MI model. 
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atmosphere with 5% CO2 at 37 ◦C (Thermo Fisher Scientific). The media 
were refreshed every third day, and the cells were passaged once they 
reached 70–80% confluence. 

The Neutrophils and BMDMs were collected by centrifugation at 800 
rpm for 5 min, and then the cells were characterized by flow cytometry 
(Beckman Coulter, USA) and fluorescence staining. 

2.3. Neutrophil derived apoptotic bodies collection and characterization 

Neutrophils were treated with staurosporine at 0.5 μM for 3 h to 
induce apoptosis in vitro. The culture media were collected to isolate the 
Neu-ABs. Briefly, the media were centrifuged at 50 g for 5 min to remove 
the cells and debris for twice. Then, the supernatant was further 
centrifuged at 1000 g for 10 min to pellet the ABs. The concentrated ABs 
were resuspended in PBS and quantified by the BCA protein assay kit. 

The morphology and size of ABs were detected by SEM (Hitachi, 
Japan) and DLS analysis (Malvern, UK). Fluorescence staining and flow 
cytometry analysis of ABs was conducted using an Annexin V-FITC 
apoptosis assay kit (A005-2, 7 Sea Biotech, China) and anti-C1q antibody 
(CL7501F, CEDARLANE). Western blotting was performed to charac
terize the protein constitution of the ABs. 

2.4. Preparation and characterization of MSNs 

MSN was prepared by the classic CTAB template, base-catalyzed sol- 
gel method according to previous work [23]. Firstly, the pH of 1000 ml 
of deionized water was adjusted to approximately 11 using 52.8 ml of 
ammonium hydroxide (25–28 wt% NH3⋅H2O). Then, the temperature 
was increased to 323 K. 1.12 g of CTAB was added and completely 
dissolved. After that, 5.8 ml of tetraethyl orthosilicate (TEOS) is added 
dropwise with stirring rapidly. After 2 h stirring, the mixture was 
incubated overnight, centrifuged, and washed thoroughly with distilled 
water and ethanol. The synthesized silica nanoparticles were dispersed 
in ethanol for 30 min by ultrasonic treatment, and then a 1:1 (v/v) 
mixture of 20 ml of water and 1,3,5-trimethylbenzene was added. The 
mixture was placed in an autoclave and kept at 140 ◦C for 4 days without 
stirring. The resulting white powder was washed five times with ethanol 
and water, respectively. Then, the surfactant template was removed by 
extraction with acidic methanol (9 ml HCl/400 ml methanol, 36 h) at 
70 ◦C. The resulting MSNs were centrifuged, washed with ethanol 
several times, and dried under vacuum for 20 h. 

2.5. Fabrication, characterization and in vitro drug release of MSNHAL 

Firstly, 10 mg MSN, 1 mg hexyl 5-aminolevulinate hydrochloride 
(HAL) and 10 μl glycerol dimethacrylate (GDMA) were completely 
dispersed in 50 μl water by ultrasonic treatment for 20 min (100 W). The 
mixture was placed in a vacuum oven and repeat vacuum (− 1 bar) 3 
times for 10 min each to generate HAL and GDMA co-loaded MSNHAL. At 
the same time, 24 mg APS was dissolved in 3 ml water and deoxidized 
for 20 min under nitrogen, 80 μl TEMED was dissolved in 800 μl water. 
After that, 2500 μl of APS solution and 440 μl of TEMED solution were 
mixed with HAL and GDMA co-loaded MSNHAL. The free radical poly
merization was performed at room temperature under nitrogen to form 
polymerized glyceryl dimethacrylate (PGDMA) cap to prevent HAL from 
leaking. The solution was stirred at room temperature under nitrogen for 
1 h to complete polymerization. The resulting nanoparticles were 
washed with water and dried in a vacuum oven at 37 ◦C overnight. The 
loading efficiency of MSN to HAL was calculated as follows. 

Loading efficiency=
Weight of drug in MSNs

Initial weight of drug 

The MSN and MSNs-polyester before and after degradation by 
esterase were observed by TEM. Quantitative analysis (TGA) of these 
samples (STA449F5, NETZSCH) was also performed. The pore size of 
these samples was measured by a surface area and porosity analyzer (V- 

Sorb 4800, Gold APP). The in vitro drug release process was determined 
by the fluorescence intensity change of the solution against incubation 
time, which was detected by a fluorescence spectrophotometer 
(Guangdong F-280, China). The rhodamine (RhB) was selected as a 
model drug to replace HAL in this experiment due to its strong fluo
rescence for easy detection. Specifically, 10 mg of MSNsRhB was 
dispersed in 10 ml of two different phosphate buffer solutions (a: PBS 
with esterase; b: PBS without esterase) under shaking at 37 ◦C. Then the 
supernatant was collected by centrifugation at different timepoints. The 
fluorescence intensity of the supernatant was tested to monitor the in 
vitro drug release. 

2.6. Fabrication and characterization of engineered neutrophil apoptotic 
bodies 

Firstly, the neutrophils apoptotic body membrane was collected by 
removal of the vesicle components of ABs through hypotonic treatment 
and sonication. The ABs were resuspended in 0.25 × PBS at 4 ◦C for 2 h, 
followed by sonication for 5 s (VCX 130 PB, Sonics, USA). After washing 
with the double distilled water (ddH2O) for twice, the membrane was 
concentrated by centrifugation at 5000g for 10 min. Then, the mem
brane suspensions were subjected to 10-circle extrusion through 400 nm 
polycarbonate membranes to product the final NABM. Finally, the 
mixture of NABM and MSNs were co-extruded through the 200 nm 
polycarbonate membranes for at least 10 cycles. The resulted eNABs 
were obtained by centrifugation at 5000g for 10 min. The size and 
morphology of eNABs were detected by TEM (TECNAI Spirit, FEI) and 
DLS analysis (Malvern, UK). The membrane protein retention of the 
eNABs was confirmed by the Coomassie blue staining (P0017, Beyotime) 
and Western blotting. The membrane coating percentage was quantified 
by the detection of the fluorescence intensity. PKH67-labeled NABM 
were mixed with MSNs, followed by co-extrusion to generate eNABs. 
The fluorescence intensity in the NABM suspensions in the beginning 
and in the supernatant after eNABs concentration was detected using a 
multimode plate reader (HH3400, PerkinElmer) (excitation = 496 nm/ 
emission = 520 nm). To assess the storage stability, MSNs and eNABs 
were resuspended in water and PBS, respectively for total 7 days to 
measure the size change by DLS. To evaluate the serum stability, eNABs 
and MSNs were resuspended in 100% serum for 4 h and the absorbance 
at 560 nm was measured using the multiplate reader (Epoch, BioTek, 
USA), water as the control. 

The blood biocompatibility test was conducted to test the hemolysis 
index. Briefly, different concentrations of eNABs were added to the RBC 
suspensions in the final of 0.5 ml PBS solution. After incubation for 24 h, 
the samples were centrifugated at 4000 rpm for 5 min. The supernatants 
were collected to perform the UV–Vis analysis. The equal amounts of 
RBCs resuspended in 0.5 ml of PBS or water was used as negative control 
or positive control, respectively. 

To monitor the pharmacokinetics of nanoparticles, DiR-labeled 
eNABs (2 mg particles per kg body weight) were injected into rats via 
the tail vein. At pre-determined time points (n = 3), whole blood sam
ples were collected, and centrifuged at 3000 rpm for 10 min to remove 
the blood cells. The fluorescence intensities of the samples were 
measured for a quantitative analysis of eNABs in blood. 

2.7. Western blot analysis 

At first, the cell or tissue protein were extracted using the RIPA lysis 
buffer (P0013B, Beyotime). The protein concentration was determined 
by the BCA protein assay kit. All samples were prepared at a final con
centration of 1 μg/μl in loading buffer (CW0027S, CwBio). Protein 
samples (20 μg) were loaded into a 10–15% SDS-polyacrylamide gel in 
the Bio-Rad Electrophoresis System to separate the proteins with 
different molecular weight. Then, the proteins in the gel were trans
ferred to polyvinylidene difluoride (PVDF) membranes. After blocking 
in 5% bovine serum albumin (BSA) solution, the membranes were 
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incubated with primary antibodies (Integrin-αL, ab186873, Abcam; 
Integrin-β2, ab131044, Abcam; C1q, ab71940, Abcam; Integrin-β3, 
ab75872, Abcam; CD11b, ab133357, Abcam; CD45, ab10558, Abcam; 
cleaved caspase-3, #9661s, Cell signaling technology; CD44, ab189524, 
Abcam; HO-1, ab68477, Abcam; β-tubulin, CW0098, CwBio; iNOS, 
ab15323, Abcam; CD206, ab125028, Abcam; Arginase-1, 93668s, Cell 
signaling technology; Histone H3, #9715, Cell signaling technology; 
GM130, 610,822, BD Biosciences) at 4 ◦C overnight. After incubation 
with the corresponding secondary antibodies, the PVDF membranes 
were imaged using Western chemiluminescent horseradish peroxidase 
(HRP) substrate (Millipore) with an imaging system (Tanon 4600, 
Shanghai). 

2.8. Immunocytochemistry 

The cells were cultured on slides or glass bottom cell culture dish. 
After different treatments, the cells were fixed with 4% PFA at 4 ◦C 
overnight, and permeated with 0.1% Triton X-100 for 15 min. After 
blocking with normal goat serum (37 ◦C, 1 h), the cells were stained with 
the primary antibodies (CD68, sc-9139, Santa Cruz Biotechnology; 
His48, ab33760, Abcam; CD11 b/c, ab1211, Abcam; F4/80, ab16911, 
Abcam; P-selectin, 3633 R, BioVision; ICAM-1, ab171123, Abcam; HO- 
1, ab68477, Abcam; iNOS, ab15323, Abcam; CD206, ab125028, 
Abcam; cardiac troponin T, ab8295, Abcam) at 4 ◦C overnight. After 
washing with PBS for three times, the cells were incubated with the 
appropriate fluorescence conjugated antibody at 37 ◦C for 1 h. Finally, 
the cells were counterstained with Hoechst 33,342 and imaged by the 
confocal microscope (Nikon, Japan). Intracellular reactive oxygen spe
cies was detected by the DCFH-DA probe (S0033S, Beyotime). 

2.9. ELISA 

In the in vitro immunoregulatory experiments, macrophages were 
treated with different formulations (25 μg/ml) for 24 h after pre- 
stimulation with LPS (1 μg/ml). The immune factors (TNF-α, IL-6, 
TGF-β, and IL-10) secreted by the macrophages from different groups 
were detected by the enzyme-linked immunosorbent assay kit according 
to the manufacturer’s recommended protocol (NeoBioscience, China). 

2.10. Rat model of myocardial infarction 

Sprague Dawley female rats (10 weeks old) were subjected to a 
permanent ligation of the left anterior descending artery to induce MI, as 
previously described [24]. Briefly, rats were anesthetized and ventilated 
with a rodent respirator ventilator. The chest cavity and pericardium 
were opened to expose the heart, the left anterior descending (LAD) was 
ligated with a 7-0 silk suture, the chest was closed and the respirator was 
kept on to ventilate until the rats woke up. 

The rat cardiac function was evaluated using a high-resolution 
echocardiography imaging system (VINNO X10-23 L, VINNO Technol
ogy). Two-dimensionally echocardiographic views of the long axis were 
obtained at the level of the papillary muscle. The left ventricular ejection 
fraction (LVEF) and fractional shortening (LVFS) were measured at the 
designated time points. 

2.11. Targeting ability of eNABs in vivo 

In a rat MI model, the near-infrared dye 1,1′-dioctadecyl-3,3,3′,3′- 
tetramethylindotricarbocyanine iodide (DiR) were used for in vivo 
tracking. DiR-labeled MSNHAL or eNABHAL (2 mg particles per kg body 
weight in 500 μl PBS) were intravenously infused through the tail veins. 
Rats treated with saline were used as controls. The rats were then 
euthanized 3, 12, 24 h after injection, the major organs were excised and 
monitored by an IVIS imaging system (Xenogen). To further quantify the 
targeting efficiency, hearts were harvested at 3,12 or 24 h post injection, 
weighed and homogenized, and fluorescence of the samples was 

measured. All tissue fluorescence values were normalized on the fluo
rescence intensity of the total injection dose. To further confirm the 
distribution of eNABHAL, the heart cryosections were stained with 
Hoechst 33,342. Images were taken using a confocal microscope 
(Olympus, FV1000s). 

2.12. Therapeutic evaluation in MI model rats 

In a rat MI model, PBS, eNABnull, MSNHAL or eNABHAL (2 mg per kg 
body weight in 500 μl PBS) was intravenously infused through the tail 
veins. After the echocardiography session at 4 weeks, animals were 
euthanized and the hearts were collected for histological studies. Ex
periments related to the collection of heart sections and echocardiog
raphy data were performed blinded to the preparation of the rats for the 
experiments. 

2.13. Toxicity evaluation 

Rats were intravenously administered with eNABnull, MSNHAL or 
eNABHAL (2 mg per kg body weight in 500 μl PBS), rats treated with 
saline were used as controls. After 4 weeks, the blood was collected and 
centrifuged at 3000 rpm for 10 min. Finally, the rats were euthanized. 
Major organs, including the heart, liver, spleen, lung and kidney were 
excised and used for hematoxylin and eosin (H&E) staining. Clinical 
serum biochemistry analysis was also analyzed by automated Chemistry 
analyzer (Chemray 800, Rayto Life and Analytical Sciences Co., Ltd.). 
The in vitro cytotoxicity evaluation was performed by incubation of 
macrophages with different concentrations of eNABs for 24 h. Then the 
cell viability was detected by CCK8 kit (40203ES60, Yeasen). 

2.14. Histology and immunofluorescence in vivo 

The rat hearts were fixed in 4% PFA for a minimum of 24 h. The fixed 
tissues were embedded in paraffin and sectioned for H&E and Masson’s 
trichrome staining. Masson’s trichrome staining was performed to 
evaluate fibrotic tissue formation after infarction according to the 
manufacturer’s instructions (BA4079A, Baso diagnostics). Images were 
captured using a microscope, the percentage of macrophages infiltrated 
area in the border zone and infarct size was quantified using Image J. 

For immunofluorescence, OCT-embedded tissue sections were fixed 
with 4% PFA and stained with primary antibodies for confocal micro
scopy (CD11 b/c, ab1211, Abcam; CD68, sc-9139, Santa Cruz Biotech
nology; His48, ab33760, Abcam; CD3, sc-20047, Santa Cruz 
Biotechnology; iNOS, ab15323, Abcam; CD206, ab125028, Abcam; 
CD31, ab119339, Abcam) at 4 ◦C overnight, followed by treatment with 
the appropriate secondary antibody (Alexa Fluor 488 AffiniPure goat 
anti-mouse IgG (H + L), 33206ES60, Yeasen; Cy™3 AffiniPure Goat 
Anti-Rabbit IgG (H + L), 33108ES60, Yeasen; Fluorescein (FITC) Affi
niPure Goat Anti-Rabbit IgG (H + L), 33107ES60, Yeasen) for 2 h at 
room temperature. Finally, cell nuclei were counterstained with Hoechst 
33,342 (Sigma-Aldrich). Images were obtained using Olympus laser- 
scanning confocal microscope and quantified using Image J. 

2.15. Statistical analysis 

All data were expressed as means ± standard deviation (SD). Sta
tistical comparisons between data sets were made with analysis of 
normality and variance, followed by a two-tailed unpaired Student’s t- 
test for comparing differences between two groups, and one-way 
ANOVA test for multiple groups. Tukey or Dunnett’s T3 correction 
was used when multiple comparisons were performed. All statistical 
analysis was completed using the SPSS 19.0 software (Chicago, IL). 
Differences were considered statistically significant when P < 0.05. 
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3. Results 

3.1. Construction and characterization of Neu-ABs and eNABs 

To fabricate the engineered neutrophil apoptotic bodies, which are 
able to simulate the apoptosis of neutrophils and the ensuing biological 
function in vivo, we first isolated and purified the neutrophils derived 
from bone marrow by the gradient separation method (Fig. S1A). 
Fluorescence images and flow cytometry analysis demonstrated high 
CD45 and His48 expression levels in neutrophils (Figs. S1B–C). The 
Wright’s staining was further performed to identify neutrophils 
(Fig. S1D). As shown in Fig. 1A, neutrophils derived apoptotic bodies 
(Neu-ABs) were isolated from apoptotic neutrophils as previously 
described [18], and neutrophil derived apoptotic body membranes 
(NABM) were then processed for eNABs preparation. The abbreviations 
of other nanoparticles or engineered nanovesicles mentioned in this 
paper were also listed in Table 1. The final engineered nanovesicles 
(eNABs) were prepared by fusing NABM with MSNHAL cores via 
co-extrusion through 200 nm polycarbonate membrane. Scanning 
electron microscope (SEM) imaging (Fig. 1B) and dynamic light scat
tering (DLS, Fig. S2A) presented the morphology and size distribution of 
Neu-ABs. The expression of Annexin V and C1q were further detected by 
fluorescence staining and flow cytometry analysis (Fig. 1C and Fig. S2B). 
Western blotting analysis were performed on a series of membrane and 
intracellular protein markers (Fig. 1D). Neu-ABs exhibited similar ex
pressions of lymphocyte function-associated antigen-1 (LFA-1, 
αLβ2-integrin) [25], CD11b and CD45 compared with neutrophil, and 
notably higher expression of cleaved caspase-3, which indicated the 
successful apoptosis induction. 

The vesicle components should be removed adequately for the 
preparation of NABM. After hypotonic treatment and sonication, the 
components were hardly found in the PKH67-NABM indicated by the 
Hoechst staining (Fig. S2C). Besides, there is no obvious expression of 
Histone H3 (the protein component of chromatin), and GM130 (the 
matrix protein of cis-Golgi apparatus) in the final NABM (Fig. S2D). The 
successful membrane coating of NABM on MSN was visualized using 
transmission electron microscopy (TEM) (Fig. 1E). As can be seen from 
this figure, the final eNABs exhibited a spherical morphology with 
obvious organic membrane surrounding MSN cores. More information 
was provided by dynamic light scattering (DLS) (Fig. 1F–G) and zeta 
potential measurements (Fig. 1H), which demonstrated 20 nm size in
crease and surface charge change to the approximate level of NABM 
after membrane coating. These results clearly indicated the shielding of 
MSN cores with NABM. Fluorescent imaging showed an overlap of 
PKH67 (green) and RhB (red) fluorescence, further confirming the 
successful NABM coating on MSNs (Fig. 1I). Incorporation of the 
intrinsic membrane proteins within the outer membrane bilayers of 
eNABs was then examined by sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) and Western blotting. As shown in 
Fig. 1J–K, eNABs exhibited similar total protein profile compared with 
NABM, and the expressions of main surface antigens, including LFA-1 
(αLβ2-integrin), C1q, Integrin-β3, CD11b and CD45, were also 
confirmed. These results demonstrated that eNABs inherited the surface 
antigen expressions of NABM, which will own the comparable biological 
functions with apoptotic neutrophils. 

The membrane coating efficiency was determined to be approxi
mately 96% (Fig. S2E) according to the fluorescence signal change of 
free NABM before and after coating process. The storage stability of 
eNABs in various dispersion medium was also investigated, which dis
played a constant size in either water or phosphate buffered saline (PBS) 
over 7 days. However, MSNs immediately aggregated right after 
dispersing in PBS and showed a significant increase in size during 
storage (Fig. 1L). In addition, serum stability (Fig. 1M) and blood 
compatibility (Fig. S2F) were also detected to evaluate the in vivo per
formance of eNABs. The much lower absorbance change of eNABs in 
serum than that of MSNs indicated the high serum stability of eNABs, 

and no visible hemolysis even with high concentration of eNABs up to 
1000 μg/ml indicated the high blood compatibility of eNABs. Further
more, the stability of eNABs in circulation following injection (Fig. S2G) 
showed that the blood elimination half-life (t1/2) of eNABs is about 2 h, 
and this circulation time is sufficient for the targeted enrichment of 
eNABs to the MI region. Moreover, eNABs have no significant cytotox
icity on macrophages (Fig. S2H). These characterization results indi
cated that the engineered ABs were successfully generated with well- 
defined size, similar proteomic profile of Neu-ABs and excellent bio
logical performance. 

3.2. Specific inflammation targeting and selective cellular uptake 

The membrane proteins on neutrophils, including CD44, CD11b and 
LFA-1 (αLβ2-integrin), were closely associated with the recognition of 
inflamed endothelium during leukocyte migration, adhesion and hom
ing [26]. High expression of these surface receptors in membrane would 
enhance the homing affinities to the inflamed tissues. Western blotting 
confirmed the markedly enhanced expression of these adhesion mole
cules in LPS-stimulated neutrophils and Neu-ABs compared to untreated 
groups (Fig. 2A). The presence and enrichment of adhesion molecules on 
eNABs were further examined, confirming the successful transfer of 
surface proteins to the shell of eNABs (Fig. 2B). To investigate the spe
cific adhesion of eNABs to inflamed tissues in vitro, human umbilical 
vascular endothelial cells (HUVECs) were treated with TNF-α to simu
late the inflamed endothelium. The activation of HUVECs were vali
dated by the enhanced fluorescence intensity of P-selectin and ICAM-1 
(green), which is responsive for the leukocyte recruitment and adhesion. 
At the same time, significant red fluorescence was observed in cells 
incubated with eNABs, but not in those incubated with MSNs 
(Fig. 2C–D), demonstrating the inflammation-targeting ability of eNABs 
due to the NABM-mediated adhesive interactions. Therefore, the bind
ing affinity of eNABs to inflamed endothelium is speculatively conferred 
by the considerable levels of existing adhesion molecules on the 
neutrophil membrane. 

To determine the selective cellular targeting ability, the intracellular 
uptake of eNABs by macrophages (target cells) and cardiomyocytes 
(control cells) was firstly studied. Expression of CD68, CD11b and F4/80 
in bone marrow derived macrophages (BMDMs) were confirmed by 
fluorescence images and flow cytometry analysis (Figs. S1E–F). The 
fluorescent images in Fig. 2E showed that RhB-eNABs were extensively 
internalized by macrophages (white), whereas negligible nanoparticles 
were observed in cocultured cardiomyocytes (green), indicating the 
specific uptake of eNABs by macrophages under the simulated cardiac 
microenvironment in vitro. The results were also confirmed via incu
bating eNABs with macrophages or H9C2 respectively, implying the 
preferred uptake of eNABs by macrophages (Figs. S3A–B). In addition, Z- 
stack fluorescence imaging visualized the red signals of eNABs within 
the cytoplasma, indicating the intracellular uptake of eNABs by mac
rophages (Fig. 2F). Moreover, the time-dependent and concentration- 
dependent uptake of eNABs by macrophages were detected by fluores
cence images (Figs. S3C–D) and flow cytometry analysis (Figs. S3E–F), 
demonstrating the autonomous engulfment of eNABs by macrophages. 
Furthermore, we added the different agents to the macrophages to 
confirm the specific uptake (Fig. 2G). NABM and eNABs showed similar 
high red fluorescence intensity in macrophages compared to MSNs 
group, revealing that the remarkably enhanced cellular uptake of eNABs 
by macrophages owing to the apoptotic membrane on the outer shell. 
Altogether, these results suggested the excellent targeted capacity of 
eNABs to inflamed tissues and the specific uptake by macrophages as we 
have designed it. Considering the inflammatory microenvironment in 
the injured myocardial area after MI, eNABs should be reasonably 
applied to the targeted therapy for MI. 
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Fig. 1. Preparation and characterization of Neu-ABs and eNABs. (A) Schematic shows the purification of Neu-ABs through apoptosis induction and serial centri
fugations, as well as the generation of eNABs. The latter process was conducted using a liposome extruder and followed two steps: (i) NABM was generated by 
repeated extrusion through the first filter (pore diameter: 400 nm); (ii) eNABs were generated through repeated extrusion of the mixed suspension (NABM and MSNs) 
through a smaller filter (pore diameter: 200 nm). (B) Representative SEM image of ABs derived from neutrophils. Scale bars, 1 μm. (C) The Annexin V and C1q 
staining of Neu-ABs. Scale bars, 5 μm. (D) Western blotting analysis of neutrophil and Neu-ABs. (E) Representative TEM images of MSNs and eNABs. Scale bars, 50 
nm. (F) Size distribution of NABM, MSNs, and eNABs measured by DLS. Average diameter (G) and surface zeta potential (H) of NABM, MSNs, and eNABs (n = 3). (I) 
Representative images of the fluorescence colocalization of PKH67-labeled NABM and rhodamine-labeled MSNs in eNABs. The pure rhodamine-labeled MSNs were 
used as a control. Scale bars, 10 μm. (J) SDS-PAGE protein analysis of NABM, MSNs, and eNABs with Coomassie Blue staining. (K) Western blot analysis for 
membrane-specific protein markers. The storage stability (L) and the serum stability (M) of eNABs (n = 3). Data are presented as means ± SD. Statistical analysis 
between two groups was performed using unpaired two-tailed t-tests for M (**P < 0.01). 
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3.3. Immunomodulatory effect generated from efferocytosis 

The previous studies and our work have shown that ABs could elicit a 
considerable immunomodulatory effect on macrophages [18]. Except 
for the effect exerted by the content of ABs on the target cell, part of the 
effect is attributed to the efferocytosis process [5,17]. Therefore, we first 
comparatively evaluated the anti-inflammation effects of NABM, MSNs 
and eNABs. LPS-stimulated BMDMs were used to mimic the inflamma
tory cells in vitro, which exhibited the enhanced iNOS expression and 
elevated secretion of pro-inflammatory factors (Figs. S4A–C). After 
administration of NABM or eNABs, the population of iNOS-positive 
pro-inflammatory macrophages were notably reduced and 
CD206-positive anti-inflammatory macrophages were obviously 
increased indicated by fluorescent images (Fig. S4A). When the in
flammatory macrophages switch to the anti-inflammatory phenotype, 
the activity of arginase-1 (Arg1) will increase obviously [27]. Western 
blotting analysis showed that the protein expression levels of iNOS, 
CD206 are in accordance with the fluorescence data, and intriguingly 
the Arg1 level was significantly increased after NABM and eNABs 
treatment (Fig. S4B). Inflammatory factors are the critical link in the 
homeostasis of microenvironment. Furthermore, as we expected, NABM 
and eNABs treatment notably decreased the secretion of 
pro-inflammatory cytokines (TNF-α, IL-6) by inflammatory macro
phages, and promoted the secretion of anti-inflammatory cytokines 
(TGF-β, IL-10) (Fig. S4C). Taken together, these data suggest that eNABs 
could generate the anti-inflammatory effects caused by efferocytosis 
inherited from the Neu-ABs. 

3.4. Construction and characterization of the intracellular drug delivery 
system 

To further enhance the immunoregulatory ability of eNABs, we 
encapsulate hexyl 5-aminolevulinate hydrochloride (HAL) in these 
nanovesicles. The HAL is a therapeutic molecule approved by FDA, 
which initiated the biosynthesis and metabolism pathway of heme in 
vivo to generate the final anti-inflammatory products (CO and bilirubin). 
As to achieve precise treatment, the esterase-degradable polyester was 
employed as a cap to prevent the pre-release before internalization by 
target cells to realize the intracellular delivery [18,28]. The schematic 
design of HAL loading was summarized in Fig. 3A. After our calculation 
(Table S1), the drug-loading efficiency of MSNs reaches to 60.70% when 
the ratio of HAL to MSNs is 0.1/1, which demonstrates the excellent 
drug loading capacity of MSNs. Firstly, the morphology of MSNs as well 
as polyester-capped MSNs before and after esterase treatment was 
visualized using TEM (Fig. 3B). The obvious organic layer around MSNs 
can be observed after polymerization, which rapidly disappeared after 
co-incubation with esterase, indicating the formation and degradability 
of polyester cap as design. The formation and esterase-dependent 
degradation of polyester cap were further quantitatively investigated 
by thermogravimetric analysis (TGA) (Fig. 3C). As can be seen from this 
figure, approximately 4.94 wt% of polyester conjugated with MSNs, 
which could be majorly removed by esterase ending with a residual 
percentage about 0%. The esterase-triggered degradation of polyester 
cap re-opened the pores of MSNs (Fig. 3D), resulting in on-demand HAL 
release only in the presence of esterase (intracellular microenvironment 

of target cells) for precise treatment (Fig. 3E). Moreover, the HAL 
loading and polyester cap formation did not perform visible change of 
the morphology, size, surface charge and membrane coating percentage 
of eNABs (Figs. S5A–D), which demonstrated the successful introduction 
of additional intelligence drug delivery system without influence of the 
original functions of eNABs. 

3.5. Enhanced anti-inflammation ability of eNABHAL in vitro 

After determination of the successful construction of the drug 
loading and release system, the anti-inflammation ability of eNABs 
encapsulated with HAL by promoting macrophage polarization to the 
anti-inflammatory state in vitro was studied with LPS-stimulated 
BMDMs. The intracellular delivery capability and detailed mechanism 
of eNABHAL to enhance anti-inflammation effect was first tested, as 
shown in the schematic diagram (Fig. 4A). Once eNABHAL were inter
nalized by macrophages, the degradation of polyester by esterase will 
trigger the release of HAL, followed by subsequent synthesis of inter
mediate products protoporphyrin X (PpIX) with spontaneous fluores
cence to permit the intracellular delivery. Then, biosynthesis and 
metabolism pathway of heme were initiated to produce anti- 
inflammatory bilirubin with the assistance of the heme oxygenase-1 
(HO-1) (Fig. S6) [22]. Fluorescence imaging showed extensive red sig
nals in inflammatory cells treated with eNABHAL (Fig. 4B), indicating the 
successfully delivery of HAL in cells and the subsequent biosynthesis of 
PpIX. And the stronger red fluorescence intensity in eNABHAL group than 
those in free HAL and MSNHAL group demonstrated the specific delivery 
of HAL by eNABs to macrophages. The requisite enzyme HO-1 was 
detected by fluorescent images and western blots (Fig. 4C–D), the results 
revealed obvious HO-1 expression in HAL, MSNHAL and eNABHAL-
treated groups. To further confirm the production of the final catabolic 
metabolites, the synthesis level of bilirubin was measured by ELISA 
assay, eNABHAL-treated inflammatory cells secreted the most amounts of 
bilirubin (Fig. 4E). Altogether, these results demonstrated eNABs could 
facilitate the intracellular delivery of HAL to macrophages specifically. 

Next, whether the intracellular HAL transferred by eNABHAL 

enhanced the anti-inflammation ability was further validated in BMDMs 
stimulated by LPS. In general, the level of reactive oxygen species (ROS) 
in macrophages will be obviously increased under the inflammation 
state [29]. The generation of ROS was evaluated by the fluorescence 
probe DCFH-DA, and the results demonstrated obviously reduced ROS in 
eNABnull, HAL, MSNHAL and eNABHAL treated groups (Fig. 4F). But the 
treatment of eNABHAL displayed the best efficacy. Moreover, the 
macrophage subpopulation distribution and the secretion levels of 
typical cytokines were evaluated. As shown in Fig. 4G, benefiting from 
the combinatorial anti-inflammatory effect of NABM and HAL, the 
administration of eNABHAL realized the most evidently reduced 
iNOS-positive population and elevated CD206-positive population. 
Importantly, the Western blot analysis emphasized the similar results 
(Fig. 4H). In the inflammation status, macrophages secreted a large 
number of pro-inflammatory factors, which would cause tissue damage 
and delay repair. After the treatment of eNABHAL, the secretion of 
pro-inflammatory factors was attenuated and the production of 
anti-inflammatory factors was enhanced, which is in favor of tissue 
repair and regeneration (Fig. 4I). However, compared with eNABHAL, 
the eNABnull group exhibited a mild effect on macrophages phenotype 
regulation to a much less extent. Collectively, these data suggested the 
enhanced anti-inflammatory effects of eNABHAL compared with eNABnull 

attributed to the intracellular transport of HAL. 

3.6. In vivo targeting and anti-inflammatory ability of eNABHAL 

To investigate the immunoregulatory effect of eNABHAL in vivo, the 
rat MI model was established by left anterior descending artery ligation 
to induce MI as previously reported [24]. Immunohistochemistry of 
acute inflammation were observed from infarcted heart sections 3 days, 

Table 1 
Abbreviation and composition used in this study.  

Abbreviation Composition Loading cargos 

Neu-ABs Neutrophil derived apoptotic bodies None 
NABM Neutrophil derived apoptotic body membranes None 
MSN Mesoporous silica nanoparticle None 
MSNHAL HAL 
eNABnull Engineered neutrophil apoptotic bodies None 
eNABHAL HAL  
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7 days post ligation by confocal microscopy (Fig. S7A). It’s obvious that 
a shift in macrophage subtype from a major CD206+ population in the 
normal state to a markedly increased numbers of iNOS+ population at 3 
days post MI, until 7 days CD206+ macrophages began to expand in 
heart along with tremendous iNOS+ macrophages. These results 
consistent with recent reports demonstrated that there are just slight 

resident macrophages in the normal heart, which are mainly CD206high 

expression. When myocardial infarction occurred, plenty of macro
phages migrated and infiltrated in the infarcted zone and 
pro-inflammatory macrophages dominated in the early inflammatory 
state at days 1–3 post-MI, which followed by a resolution phase, during 
which macrophages are gradually polarized toward an 

Fig. 2. Inflammation-targeting ability and cell-specific uptake of eNABs. (A) The expression of adhesion molecules increased in neutrophils and Neu-ABs after LPS 
pretreatment. (B) The retainment of adhesion molecules in eNABs inherited from Neu-ABs. (C) Representative fluorescence images showed eNABs adhered to the 
inflamed endothelium in vitro. Scale bars, 50 μm. (D) Quantitative analysis of the fluorescence intensity of P-selectin/ICAM-1 and MSNs/eNABs in each group (n = 3). 
(E) Representative images of eNABs (red) engulfed by macrophages (white)/cardiomyocytes (green) in a coculture pattern. The white arrows indicate eNABs 
engulfed by macrophages, and the right panel shows the high magnification of the representative images. Scale bar, 50 μm. (F) Intracellular uptake of eNABs by 
macrophages. Scale bar, 10 μm. (G) Cell-specific uptake of eNABs by macrophages. Representative fluorescence images of macrophages after different treatments. 
Scale bar, 20 μm. Data are presented as means ± SD. Statistical analysis was performed using one-way analysis of variance (ANOVA) for D (*P < 0.05; **P < 0.01; 
***P < 0.001). 
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anti-inflammatory state at days 4–7 [2,30]. Hence, agents were injected 
at 3 days post MI in the in vivo studies. 

Although the location of the infarcted myocardium in MI is difficult 
to achieve local application, the advantages of eNABs enable systemic 
treatment of the inflammatory lesion in the inaccessible region. To 
investigate the inflammation-targeted ability of eNABHAL in vivo, we 
detected the biodistribution and fate of administered eNABHAL in MI rat 
model. Ex vivo fluorescence imaging revealed significant accumulation 
of eNABHAL in infarcted zone of hearts (Fig. 5A), especially compared 
with PBS and MSNHAL groups. It was also worthwhile to note that strong 
signals were observed in the lungs of MSNHAL-treated animals, sug
gesting that nanoparticles failed to bypass the small lung vasculature 
bed owing to aggregation caused by low stability. These results were 
further validated by microscopy. The tissue fluorescence results showed 
increased accumulation of eNABHAL in the hearts, rather than MSNHAL 

(Fig. 5B). Furthermore, we extended the time point to 12 h and 24 h to 
evaluate the in vivo targeting ability of eNABHAL. The results (Fig. S7B) 
showed that the accumulation of eNABHAL reached a peak at 12 h in 
heart after injection, and gradually decreased at 24 h. The targeting 
efficiency (Fig. S7C) calculated as the percentage of eNABHAL in heart to 
the total injection dose (ID) showed that the highest heart-targeting 
efficiency was about 8% ID. The fluorescence results (Fig. S7D) also 
showed that the accumulation of eNABHAL in heart was increased at 12 h 
compared with that at 3 h, and decreased at 24 h, which were consistent 
with ex vivo fluorescence results. Moreover, immunostaining revealed 
eNABHAL were mainly taken up by CD11b+ and CD68+CD11b+ macro
phages in vivo (Fig. 5C, Fig. S7E), but not His48+ neutrophils (Fig. S7F). 
To explore whether engulfment of engineered neutrophil apoptotic 
bodies could promote the polarization of macrophages, the expression of 
iNOS, CD206 and Arg1 were detected by Western blot. As shown in 

Fig. 5D, eNABHAL-treated rats decreased iNOS expression while 
increased CD206 and Arg1 expression, indicating that eNABHAL pro
moted the growing anti-inflammatory subpopulation and suppressed the 
pro-inflammatory subpopulation effectively. Furthermore, eNABHAL 

treatment markedly decreased the number of pro-inflammatory iNOS+

macrophages, and promoted that of anti-inflammatory CD206+ macro
phages as shown by confocal analysis (Fig. 5E). The infiltration of 
macrophages in the border zone was further evaluated by hematoxylin 
and eosin (H&E) staining 2 weeks after treatment. As shown in Fig. 5F, 
cross sections of hearts demonstrated notably reduced inflammatory cell 
population at the border zone in the eNABHAL group. In addition, we also 
explored if the eNABs could change the infiltration of other immune 
cells. From the results (Fig. S8), administration of eNABHAL reduced the 
infiltration of neutrophils, but have little effect on T cell infiltration. 
Overall, these data indicated that attributable to the enhanced macro
phage uptake, eNABHAL could facilitate effective transition of the in
flammatory phase to the reparative phase and arrest the infiltration of 
inflammatory cells for better cardiac repair. 

3.7. Administration of eNABHAL improved cardiac function after MI 

To determine whether increased eNABHAL accumulation and subse
quent macrophage polarization to the anti-inflammatory phenotype 
could further ameliorate myocardial remodeling and improve cardiac 
function, infarcted rats were randomly subjected to intravenous in
fusions of either PBS, eNABnull, MSNHAL or eNABHAL at 3 days after MI 
(Fig. 6A). At 4 weeks after treatment, Masson’s trichrome staining were 
performed to assess the area of collagen-containing fibrous tissue, the 
results showed that eNABs-treated heart exhibited heart protection to 
some extent compared with PBS group. MSNHAL did not confer any 

Fig. 3. Construction and characterization of HAL-loaded and polyester-capped MSNs as intelligence core for intracellular drug delivery. (A) Diagram of 
MSN functionalization and drug loading procedure. (B) Representative TEM images of MSN (a), MSN-polyester (b) and MSN-polyester after esterase treatment (c). 
Scale bars, 50 nm. The thermal gravity analysis (C) and pore-size distribution (D) of bare MSN, MSN-polyester, and MSN-polyester after esterase treatment. (E) The 
release curve of HAL from MSNs in different groups (n = 3). 0 h refers to esterase was added to MSN-HAL-polyester at the beginning, and the arrow represents 
esterase was added after 12 h incubation of MSN-HAL-polyester in PBS. Data are presented as means ± SD. 
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Fig. 4. Intracellular delivery of HAL and synergetic anti-inflammatory effects of eNABHAL. (A) Schematic illustration of the intracellular delivery of HAL and the 
metabolism of HAL to the anti-inflammatory products in the cytoplasma. (B) Representative fluorescence images of PpIX in cells after different treatments. Scale bar, 
50 μm. (C) Representative fluorescence images of HO-1 expression in cells after different treatments. Scale bar, 50 μm. (D) Western blotting analysis of HO-1 
expression in cells. (E) The secretion level of bilirubin in cells after different treatments (n = 3). (F) The ROS level in inflammatory macrophages after different 
treatments. Scale bar, 50 μm. (G) Representative fluorescence images of the macrophage phenotypes and the percentage of the iNOS/CD206-positive population (n =
3). Scale bars, 50 μm. (H) Western blotting analysis of the phenotype markers of macrophages. (I) Detection of the levels of immune factors in the supernatants (n =
3). Data are presented as means ± SD. Statistical analysis was performed using one-way ANOVA (ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001). 
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therapeutic benefits, and injection of eNABHAL generated the most sig
nificant reduction of infarct size (Fig. 6B), which confirmed the targeted 
efficacy and the synergistic effect of NABM and HAL. Echocardiography 
studies were performed at baseline (24 h post-infarction) and endpoint 

(4 weeks post-injection) as an indicator of cardiac function (Fig. 6C–F). 
Left ventricular ejection fractions (LVEF) and left ventricular fractional 
shortening (LVFS) in PBS and MSNHAL group deteriorated continuously, 
application of eNABnull kept cardiac function from further deterioration. 

Fig. 5. In vivo accumulation, uptake and anti-inflammation effect of eNABHAL in MI rat model. (A) Ex vivo fluorescence imaging of the major organs 3 h after injection 
of DiR-labeled eNABHAL compared with PBS and MSNHAL (n = 3). Quantification of average fluorescence units in organs. H, Lu, Li, S and K indicate heart, lung, liver, 
spleen, and kidney, respectively. The color scale corresponds to radiant efficiency [(p/sec/cm2/sr)/(μW/cm2)]. (B) Accumulation of RhB-labeled eNABHAL in heart 
section (n = 3). Scale bars, 100 μm. (C) Immunostaining revealed RhB-labeled eNABHAL could be engulfed by CD11b+ macrophages in vivo at 3 h after injection (n =
3). The right panel (scale bar, 10 μm) represented the corresponding magnified boxed area from left panel (scale bar, 20 μm). (D) Western blot analysis of the 
phenotype markers in heart tissues from rats treated with PBS, eNABnull, MSNHAL or eNABHAL. (E) Representative fluorescence images of iNOS+ and CD206+

macrophages in heart from rats treated with PBS, eNABnull, MSNHAL or eNABHAL (n = 6). Scale bars, 50 μm. (F) H&E staining of the heart cross-sections and the 
quantitative analysis of inflammation infiltration 2 weeks after the treatment (n = 6). Data are presented as means ± SD. Statistical analysis was performed using one- 
way ANOVA (ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001). 
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However, only the eNABHAL-treated rats exhibited significantly 
improved LVEFs and LVFSs. Similarly, ΔLVEFs was calculated to clarify 
the effects of different treatments, and the findings are clear to show the 
improvement of cardiac function by eNABHAL (Fig. 6F). Neo
vascularization is indispensable for tissue repair and regeneration, and 
insufficient angiogenesis will accelerate myocardial fibrosis. Thus, 
regulation of cardiac remodeling was further assessed on the extent of 
angiogenesis, the heart sections were stained for the expression of 
vascular endothelial cells (CD31). Treatment of eNABHAL increased the 
number of CD31-positive vasculatures in the post-MI heart, especially 
compared with PBS groups (Fig. 6G). This may be attributed to the 
uptake of engineered neutrophil apoptotic bodies by macrophages and 
the anti-inflammatory transformation on macrophages as previously 
reported, which created a stable microenvironment conducive to 
regeneration [31]. Toxicity evaluation was also conducted in normal 

rats with the administration of eNABnull, MSNHAL or eNABHAL. Histo
logical evaluation revealed no apparent acute organ damage in all 
treated groups (Fig. S9A). Serum biochemistry analyses demonstrated 
no significant difference in levels of alanine aminotransferase (ALT) and 
aspartate aminotransferase (AST) tested for hepatic function, urea ni
trogen (BUN) and creatinine (Crea) for renal function, and creatine ki
nase (CK) for heart function among the groups (Fig. S9B). Collectively, 
these data suggested that eNABHAL with the enhanced immunoregula
tory efficacy can be used as a safe formulation for MI therapy effectively 
to promote tissue regeneration. 

4. Discussion 

The administration of apoptotic cells as therapeutic intervention to 
promote tissue regeneration by immunomodulation for a wide range of 

Fig. 6. Administration of eNABHAL improved cardiac function and promoted vascularization in a rat model of MI. (A) Treatment protocol within a MI rat model. Two 
echocardiography studies were performed 1 day after ligation of the left anterior descending artery (E1) and 4 weeks post treatment (E2). (B) Representative images 
of Masson’s trichrome staining on heart sections from rats treated with PBS, eNABnull, MSNHAL or eNABHAL, the panels below showed the high magnification of the 
representative images. Fibrosis of infarct size was quantified. (C) Left ventricular ejection fraction (LVEF) in MI models at 4 weeks after treatments. (D) Left ven
tricular fractional shortening (LVFS) in MI models at 4 weeks after treatments. (E) Representative echocardiographic images for various groups after 4 weeks. 
Distance between yellow arrows indicates left ventricular internal end diastolic dimension (LVIDd) and left ventricular internal end systolic dimension (LVIDs), 
respectively. (F) Ejection fraction expressed as differences between E1 and E2 per group. (G) Confocal microscopic images showing eNABHAL injection boosted 
angiogenesis in infarction border zone at 4 weeks after treatment. Scale bars, 200 μm. Data are presented as means ± SD (n = 6). Statistical analysis was performed 
using unpaired two-tailed t-tests for C and D, and one-way ANOVA for B, F and G (ns, not significant; **P < 0.01; ***P < 0.001). 
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diseases has been developed for decades. The recognition and uptake of 
donor apoptotic cells by phagocytes within an inflammatory milieu 
could induce immune tolerance which in turn promote tissue regener
ation [32–35]. In addition, strategies that induce apoptotic cells in situ in 
inflammatory disorders have shown potential [12,36]. However, 
phagocytosis of apoptotic cell debris (e.g., intracellular pathogen or 
inflammasome) has been shown to likely result in the subsequent 
infection of macrophages [37]. Moreover, the repeated administration 
of apoptotic cells can increase risk of autoimmunity [38]. Apoptotic 
bodies, a type of EVs secreted by cells undergoing apoptosis, which 
inherited the most properties of apoptotic cells and mediated different 
biological functions, have been increasingly explored as potential ther
apeutics [39]. We previously showed that MSC-derived ABs were pro
tective in models of myocardial ischemia injury by maintaining tissue 
homeostasis [17], and modular designed chimeric ABs exhibited rein
forced therapeutic potential for inflammation modulation [18]. We have 
now shown that the engineered neutrophil ABs recapitulate immuno
modulatory activities of their parent cells by inheritance of the adhesion 
molecules and apoptosis-related signaling molecules. Moreover, ABs 
offer appealing features for therapeutic application, including stability 
in circulation or storage, biocompatibility and low toxicity, which 
highlights the superiority of cell-free therapy. 

Natural EVs derived from different sources provide therapeutic 
benefit for the management of some intractable disorders in preclinical 
studies and have achieved success particularly in tissue regeneration 
[40,41]. Choosing an appropriate cell source for EV production ac
cording to the intended therapeutic application is of utmost importance. 
However, the heterogeneity and complex compositions represent major 
barriers for translation of naturally secreted EVs to the clinic [19]. 
Moreover, after systemic administration, the whole-body bio
distribution profiles of EVs influences the therapeutic efficacy and 
toxicity. EVs secreted by most cells show limited tropism to a specific 
cell type [42]. Through previous exploration, we found that ABs 
secreted by special cells could be modified to achieve targeted functional 
regulation of specific immune cells at inflammatory sites [18]. At the 
same time, replacement of the heterogeneous contents by on-demand 
designed nanoparticles loaded with approved drugs is capable to 
circumvent the barriers to enhance the potential of EVs. What’s more, 
the protective shield of the preloaded therapeutics supported by ABs 
against enzymatic degradation and immune clearance during circulation 
effectively enhances the lifetime and promotes the treatment efficiency, 
which realizes the safe and effective delivery to targeted tissue/cells. 
Therefore, the individual designed EVs could be widely used in treat
ment by change and modification of drugs, core structure and EVs type 
to implement modularization. 

It is widely acknowledged that the adult mammalian heart has 
limited capacity for regeneration following injury [43]. Consequently, 
the reduction of myocardial damage after acute injury and early pres
ervation of cardiac function remains one of the main clinical challenges 
currently. At 1–2 weeks after MI, the damaged area is mainly in the 
inflammatory microenvironment, and tissues undergo apoptosis and 
gradually develop fibrosis, which is in the critical period of inflamma
tion and remodeling [44]. The persisted apoptotic levels until 4 weeks 
[45] and the high levels of inflammatory cytokines suggested a height
ened state of inflammation status in the chronically ischemic heart, 
which hampered the repair capacity of myocardium [46]. Subsequently, 
in the absence of treatment, local apoptosis and inflammation continued 
to occur in infarcted myocardium, and the fibrosis lesions continued to 
expand, leading to infarct expansion, decreased LV thickness and dete
riorated myocardial function in a time-dependent manner over the 
4-week period [47,48], which is consistent with our results in PBS group 
(Fig. 6C, D, F). There is growing evidence that cardiac regenerative 
potential following MI closely correlates with the immune response and 
consequent inflammatory modulation has become a key focus of ther
apeutic strategy [4,49]. Recent studies which aimed at inducing reso
lution of inflammation have demonstrated the definite effect in 

improving cardiac function and promoting angiogenesis [29,50,51]. 
Furthermore, recent studies on EVs/engineered EVs in the treatment of 
MI also ascribed the therapeutic effect to the systemic modulation of 
inflammation and/or direct site-specific effects [15]. Therefore, it is of 
scientific significance and feasible to adopt immunoregulatory therapy 
for myocardial infarction in the early stage (within 2 weeks post-MI). 
Macrophages are a kind of important immune cells, which are plastic 
and heterogeneous according to the microenvironment. Previous studies 
demonstrated that pro-inflammatory macrophages dominated in the 
early inflammatory state (peak at day 3–4 post-MI). Followed by a res
olution phase (peak at day 7 post-MI), anti-inflammatory macrophages 
represented the predominant subset to promote tissue repair [30]. 
Herein, we established a novel engineered strategy to simulate the 
natural repair process after acute inflammation by transient mass neu
trophils apoptosis, which potentiated the impact on macrophage 
reprogramming to achieve an enhanced therapeutic efficacy. The good 
physicochemical, biological properties and outstanding immunoregu
latory ability of eNABs efficiently attenuated left ventricle remodeling 
and promoted cardiac function recovery, which expand the known 
therapy strategy of cardiac regeneration using the EVs. However, the 
extensive application and clinical popularization of engineered vesicles 
will need further validation in large animal experiments, complicated 
disease models and larger sample sizes. 

5. Conclusions 

In summary, this study demonstrated the construction of engineered 
neutrophil apoptotic bodies via combining natural apoptotic body 
membrane and a drug carrier module to simulate the natural apoptosis 
and repair process after acute inflammation. The eNABs inherited the 
inflammation-tropism and macrophage-specific targeting ability from 
the natural membrane, which enhanced the accumulation of these 
nanovesicles in infarcted heart and the subsequent efferocytosis by 
macrophages in situ after systemic administration. The preloaded HAL 
was triggered to release intracellularly to further promote the macro
phages reprogramming and enhance anti-inflammatory effects, which 
finally elicited an impressive effect on inflammatory resolution and 
cardiac function improvement. Taken together, the eNABs not only 
provide a promising alternative for the treatment of myocardial infarc
tion, but also opens up a new avenue for engineered extracellular 
vesicles. 
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