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Abstract

Resolvin D1 (RvD1) has been shown to provide effective protection against ischemia—reperfusion injury in multiple
vital organs such as the heart, brain, kidney. However, the clinical translational potential of systemic administration of
RvD1 in the treatment of ischemia-reperfusion injury is greatly limited due to biological instability and lack of target-
ing ability. Combining the natural inflammatory response and reactive oxygen species (ROS) overproduction after
reperfusion injury, we developed a platelet-bionic, ROS-responsive RvD1 delivery platform. The resulting formulation
enables targeted delivery of RvD1 to the injury site by hijacking circulating chemotactic monocytes, while achieving
locally controlled release. In a mouse model of myocardial ischemia repefusuin (MI/R) injury, intravenous injection of
our formula resulted in the enrichment of RvD1 in the injured area, which in turn promotes clearance of dead cells,
production of specialized proresolving mediators (SPMs), and angiogenesis during injury repair, effectively improving
cardiac function. This delivery system integrates drug bio-protection, targeted delivery and controlled release, which
endow it with great clinical translational value.
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Introduction

Myocardial infarction (MI), a clinical manifestation of
coronary heart disease, is the leading cause of cardio-
vascular-related deaths [1]. Timely reperfusion therapy
can effectively reduce myocardial loss and significantly
reduce acute mortality in patients with MI [2]. However,
reperfusion concurrently elicits multiple adverse events,
so that a significant proportion of surviving patients
eventually head to heart failure. These events primar-

Xueyi Weng, Haipeng Tan and Zheyong Huang contributed equally to this
work

*Correspondence: zgpang@fudan.edu.cn; yanan.song@163.com;
Qian.juying@zs-hospital.sh.cn

! Department of Cardiology, Zhongshan Hospital, Shanghai Institute

of Cardiovascular Diseases , Fudan University, 180 Feng Lin Road,
Shanghai 200032, China

3 School of Pharmacy, Key Laboratory of Smart Drug Delivery, Ministry
of Education, Fudan University, 826 Zhangheng Road, Shanghai 201203,
China

Full list of author information is available at the end of the article

B BMC

ily include metabolic alterations, reactive oxygen species
(ROS) overproduction, autophagy dysregulation, and
mitochondrial dysfunction, all of which lead to additional
cardiomyocyte death and an excessive inflammatory
response [3-5]. Efficient removal of dead cells and timely
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resolution of inflammation are exactly the keys to the res-
toration of cardiac function after myocardial ischemia—
reperfusion (MI/R) injury [6—8].

Resolvin D1 (RvD1), a member of specialized prore-
solving mediators (SPMs) that has recently been sug-
gested to lead active resolution of acute inflammation,
has been shown to promote the clearance of apoptotic
and necrotic cells by macrophages [9-12]. Interestingly,
RvD1 can also promote the synthesis of other SPMs,
creating a positive feedback that promotes inflamma-
tion resolution [13, 14]. Furthermore, one recent report
revealed that RvD1 can promote the differentiation of
macrophages to a pro-angiogenic phenotype, thereby
promoting injured tissue repair [15]. All of the above
make RvD1 a potential small molecule drug target-
ing macrophages to promote cardiac repair after MI/R
injury. Correspondingly, RvD1 has been reported to pro-
vide effective protection for multiple vital organs such as
the heart, brain, and kidney during ischemia—reperfu-
sion injury [16-20]. However, the short half-life due to
small molecular weight and rapid enzymatic degradation
in vivo limits the therapeutic potential of this molecule
[10]. In addition, when RvD1 is administered systemi-
cally, the limited target retention determines the need for
higher drug concentrations to maintain efficacy, which
may bring some potential adverse effects. Furthermore,
the release of the drug at the proper time and place is also
one of the determinants of its effectiveness.

Herein, we aimed to develop an RvD1 delivery strategy
that integrates biosafety, piggyback efficiency, targeted
delivery and controlled release. Firstly, considering the
advantages of lipid-based drug delivery systems such as
biodegradability, low toxicity, long circulation time, flex-
ible synthetic methods, content protection, and easy
modification, we adopted liposomes as the backbone of
the RvD1 delivery platform [21-25]. Secondly, the num-
ber of macrophages, as the main effector cells of RvD1,
began to increase and influential only after 2 days and
later, while the enhanced permeability and retention
(EPR) effect was significantly diminished 24 h after MI/R
injury [26, 27]. This mismatch makes targeting mono-
cytes/macrophages challenging after MI/R injury. We
have recently developed a platelet biomimetic targeting
system that can actively target macrophages in damaged
hearts by riding circulating monocytes, independent of
enhanced permeability and retention (EPR) effects [28].
On this basis, we propose a method of platelet membrane
chimerism to modify liposomes to achieve targeted deliv-
ery of RvD1 to cardiac macrophages at the injured site. In
addition, given the large amount of ROS generated upon
MI/R, we modified the liposomes by incorporating ROS-
sensitive diselenide bonds into the lipid components to
achieve localized ROS-responsive release of RvD1 [29].
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Collectively, we designed a platelet-bionic, ROS-
responsive RvD1 (PLP-RvD1) delivery platform, which is
obtained by chimerization of RvD1-loaded ROS-respon-
sive liposomes and platelet membranes (Fig. 1). The
delivery platform inherits the ability of platelets to inter-
act with monocytes so that they can reach the site of car-
diac injury by riding chemotactic circulating monocytes
after intravenous injection. The large amount of ROS at
the injured area disintegrates the delivery platform, ena-
bling rapid release of RvD1. The released RvD1 promotes
the clearance of dead cardiomyocytes, SPM production,
and angiogenesis, which in turn can effectively improve
ventricular remodeling and preserve cardiac function in
MI/R-induced mice.

Materials and methods

Synthesis and characterization of PLP-RvD1

To fabricate PLP-RVDI, liposomes (LPs) were prepared
by the lipid film rehydration process first [30]. Briefly,
9 mg of Soya phosphatidylcholine (SPC) (HY-125853,
Med Chem Express), 1.5 mg of 1,2-distearoyl-sn-glyc-
ero-3-phosphoeth-anolamine-N-SeSe-(polyethylene-
glycol-2000) (DSPE-SeSe-PEG2000) (R-DZP014, Xian
Ruixi Biological Technology) and 1.5 mg cholesterol (HY-
N0322, Med Chem Express) were dissolved in 12 ml of
chloroform and dried in a flask by rotary evaporation for
30 min. Then the thin lipid film was hydrated with 12 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 15 min.
The lipid suspension was extruded 20 times through
1.0 um, 0.4 um and 0.2 um polycarbonate membrane
(Nuclepore Track-Etched Membranes, Whatman) suc-
cessively to assemble a clear suspension of lipid by using
a LiposoFast extruder apparatus (Avestin). The plate-
lets (PLTs) were collected from platelet rich plasma and
platelet membrane fractions were derived by an 80°C
repeated freeze—thaw process as described previously
[30]. The obtained platelet membrane fractions were suc-
cessively extruded 20 times through 1.0 um, 0.4 um and
0.2 um polycarbonate membrane to obtain platelet mem-
brane vesicles (PMVs). After centrifugation at 5000 g for
15 min, the obtained PMVs were resuspended in phos-
phate buffer saline (PBS) for further use. To achieve chi-
merism of PMVs and LPs, PMVs were incubated with
LPs at a mass ratio (total protein: lipid) of 1:500 in an
ultrasonic bath at room temperature for 20 min and then
extruded by the same method.

The obtained PMVs and LPs were hybridized with
through an incubation extrusion method.

Fluorescence dye-labeled or RvD1 loaded LPs (LP-RvD1)
were prepared by using the same method except that
250 pg of 19-dioctadecyl-3,3,39,39tetramethylindodica-
rbocyanine perchlorate (DiD) or 250 pg of RvD1 (R912909,
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Fig. 1 Schematic of PLP-RvD1 fabrication and its targeting treatment for myocardial ischemia-reperfusion injury

MACKLIN) were added in the initial lipid solution. As a
control, non-ROS-responsive liposomes were prepared by
using DSPE-PEG2000 (HY-140741, Med Chem Express)
instead of DSPE-SeSe-PEG2000.

The RvD1 loading efficiency was determined by high
performance liquid chromatography (HPLC). Briefly,
samples containing RvD1 were injected in the RP-C18
column and eluted using a binary gradient of methanol
and water (total flow rate of 0.40 ml/min). The retention
time of RvD1 was 46 min. In the release study, we vali-
dated the RvD1 release properties of PLP-RvD1 in PBS,
20% serum, and 20% serum + pathological concentra-
tions (100 uM) of H,O,. Non-ROS-responsive PLP-RvD1
without diselenide bonds in 20% serum+ H,0O, served
as a control. Prepared PLP-RvD1 were equally divided in
several tubes, and at different time points, the samples
were centrifuged at 100,000 g to obtain the pellets. Then
ethanol was used to extract RvD1 from the pellets and
the extracted RvD1 mimics were analyzed by HPLC.

The morphology and size of nanoparticles were
observed under a transmission electron microscope
(TEM, Tecnai G2 Spirits Twin, FEI) after negative stain-
ing with 2% sodium phosphotungstate solution. The size
distribution and zeta potential were determined by a
dynamic light scattering (DLS) detector (Zetasizer-ZS90,
Malvern Instruments).

To analyze the protein composition in PLP-RvDI,
20 ug protein samples were loaded on 10% SDS-PAGE
gel electrophoresis. The gel was stained by coomassie
brilliant blue R-250 and decolored until the bands were
visualized clearly. We use western blot to verify typi-
cal proteins that mediate the interaction between plate-
lets and macrophages on PLP-RvD1. Briefly, the samples
were separated on 10% SDS polyacrylamide gel (Bio-
Rad), then transferred to polyvinylidene fluoride (PVDF)
membrane, and then detect with specific antibody for
GP IIb/IIIa (sc-21783, Santa Cruz), P-selectin (sc-8419,
Santa Cruz), GP Iba (4067-GP-050, R & D Systems), and
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CD42c (ab96565, Abcam). After stained with horseradish
peroxidase (HRP)-conjugated secondary antibodies (Bio-
tech Well) with corresponding species reactivity, blots
were imaged using a Bio-Rad Chemi DocTM imaging
system.

In view of WGA could selectively bind the N-acetyl-
neuraminic acid residues and N- acetylglucosamine of
glycoproteins, fluorescent WGA was used as a probe to
verify the right orientation of the membrane proteins on
the PLP-RvD1. The fluorescence intensity of each sam-
ple was measured using a Multiplate Reader (Molecular
Devices).

Cell culture

Murine bone marrow-derived macrophages (BMDM:s)
were extracted from 8-week-old male C57BL/6 mice
according to previously reported protocol [31].Cells
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented 10% of fetal bovine serum
(FBS), 1% penicillin/streptomycin (P/S) and 20 ng/ml
recombination murine Macrophage Colony Stimulat-
ing Factor (M-CSF, PeproTech). After 7 days, the mature
macrophages were obtained and the successful extrac-
tion of cells was confirmed by flow cytometry (FCM).
Proinflammatory BMDMs activation was achieved by
stimulating mature BMDMs with 100 ng/ml lipopolysac-
charide (LPS, Sigma) and 20 ng/ml Interferon-Gamma
(IEN-y, PeproTech) for 24 h. Human umbilical vein
endothelial cells (HUVECs, ATCC) were cultured using
Endothelial Cell Medium (ECM, Sciencell). Mouse atrial
myocyte (HL-1, ATCC) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented 10% of
FBS and 1% P/S. Cells were all cultured in a humidified
cell culture incubator (ThermoFisher Scientific) at 37 °C
with 5% carbon dioxide (CO2).

PLP-RvD1 adherence to macrophages in vitro

To examine the binding ability of PLP-RvD1 to BMDMs
in vitro, BMDMs were pro-inflammatory activated by the
previously described method. Inflamed BMDMs were
incubated with 200 ul PBS, DiD (on liposome) labeled
LP-RvD1 or PLP-RvD1, respectively, for 30 min. The
interaction between nanoparticles and cells was ana-
lyzed by immunofluorescence assay. The cell membrane
was stained with cell membrane staining kit (Biotium) to
detect the membrane colocalization relationship. DAPI
(Beyotime) was used as a nuclei indicator. Fluorescence
signals were detected by a confocal laser scanning micro-
scope (CLSM, Olympus).
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Efferocytosis assay in vitro

We used fluorescent tracing to evaluate the effect of PLP-
RvD1 on promoting macrophage efferocytosis in vitro.
First, after 30 min treatment of BMDMs with 200 ul PBS,
LP-RvD1 or PLP-RvD1, a pathological dose (100 uM) of
H202 was administered to induce responsive release of
RvD1, followed by incubation for 6 h. Second, HL-1 car-
diomyocytes were induced to undergo apoptosis with 5
uM Staurosporine (HY-15141, Med Chem Express) after
labeling with IVISense 680 Fluorescent Cell Labeling
Dyes (NEV12000, Perkinelmer). It was then incubated
with Calcein AM (ab141420, Abcam) labeled BMDMs,
and co-localization was observed under a confocal
microscope to assess the efferocytosis of macrophages.
We calculated the percentage of cardiomyocyte-associ-
ated macrophages. DAPI (Beyotime) was used as a nuclei
indicator.

Angiogenesis assay in vitro

Tube formation and migration assays were used to
explore pro-angiogenic effects. To verify the effect of
PLP-RvD1 on angiogenesis by influencing macrophages,
we adapted transwell system to achieve the coculture
of HUVECs and BMDM:s. First, after 30 min treatment
of BMDMs with 200 ul PBS, LP-RvD1 or PLP-RvD1, a
pathological dose (100 uM) of H202 was administered
to induce responsive release of RvD1, followed by incuba-
tion for 6 h. At the same time, HUVECs was subjected
to 6 h of hypoxic conditions (1% O2). Then, BMDMs
treated in various ways were added to the inner chamber,
and HUVEC: after hypoxia were added to the basolateral
chamber, and co-cultured for 12 h. HUVECs cultured
under normoxia were adopted as positive control. After
that, the HUVECs of the lower chamber were collected.
For capillary formation, 48-well cell culture plates were
coated with Growth factor reduced Matrigel (Corn-
ing) and incubated for 30 min at 37 C to promote gela-
tion. The obtained HUVECs were detached using 0.25%
trypsin and subsequently plated at 5 x 10* cells per well
on the Matrigel for 6 h at 37 °C. Capillary tubes were
observed using a light microscope (Leica). For cell migra-
tion assay, HUVECs were seeded on 6-well culture plates,
grown until confluence. After HUVECs undergo the
same treatment as described above, a linear gap was cre-
ated by scratching the surface of the culture plates using
a sterile yellow tip. The cells were rinsed three times with
PBS to thoroughly remove the detached cells. Scratches
were photographed at two time points (0 and 12 h)
and relative migration areas were quantified using the
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following formulation: [(initial cell-free area— cell-free
area at 12 h)/initial cell-free area] x 100%. In the above
two assays, quantitative analysis was performed based on
six random fields of view by using Image] software.

Animals

Male C57 BL/6 mice and male ICR mice were all pur-
chased from Shanghai Jiesijie Laboratory Animal, co.
Ltd. All animal experiments were approved by the Eth-
ics Committee of Zhongshan Hospital, Fudan University,
Shanghai, China and in compliance with the guidance for
the Care and Use of Laboratory Animals published by the
National Research Council (U.S.) Institute for Laboratory
Animal Research.

Mice model of MI/R

The mice model of MI/R was established as follows.
Briefly, mice were anesthetized with ketamine (100 mg/
kg, i.p.) and were positive-pressure ventilated by small
animal respirator after tracheal intubation. The exposed
heart was prepared by opening left thorax and then the
left anterior descending coronary artery was ligated for
60 min with 6-0 silk suture which was then released to
allow coronary reperfusion. Successful acute MI/R was
confirmed by ST-segment characterized electrocardio-
gram and left ventricle color alteration.

Biodistribution and targeting specificity of PLP-RvD1

in vivo

To perform pharmacokinetic and biodistribution study,
male ICR mice randomly assigned to 2 groups were
intravenously administered 200 puL of DiD (on liposome)
labeled LP-RvD1 or PLP-RvD1, respectively. For blood
circulating profile, blood samples were collected at preset
time points (1 min, 5 min, 15 min, 30 min, 1 h, 3 h, 6 h,
12 h, 24 h and 48 h) via cheek pouch puncture, and the
fluorescence intensity of blood samples was determined
by a Multiplate Reader (Molecular Devices, USA).

To analyze the distribution of LP-RvD1 and PLP-RvD1
in main organs (including heart, liver, spleen, lung, kid-
ney and brain), MI/R induced C57 BL/6 mice randomly
assigned to 3 groups were intravenously administered
200 pl of PBS, DiD (on liposome) labeled LP-RvD1 or
PLP-RvD1, respectively (n=6 per group). At 3 h post
administration, major organs were harvested and then
ex vivo imaged by the In vivo spectrum imaging system
(IVIS) (PerkinElmer, Inc., Waltham, MA). The distribu-
tion of nanoparticles in the injured heart was also evalu-
ated by immunofluorescence staining. The injured heart
was harvest and embedded in optimal cutting tempera-
ture compound (OCT, Sakura Finetek), and then frozen
in liquid nitrogen before being cut into 8-um cryosec-
tions. For immunofluorescence staining, the obtained

Page 5 of 16

tissue sections were co-stained with anti-cardiac tro-
ponin T antibody (15,513—-1-AP, ProteinTech) to identify
the infarct area, and a nuclei indicator, DAPI. Then, sec-
tions were visualized under fluorescence microscopy.

To explore the potential mechanism of selective accu-
mulation of PLP-RvD1 in damaged heart, we used flow
cytometry to detect the binding of PLP-RvD1 to circu-
lating monocytes. Thirty minutes after the injection, the
blood of the mice was stained with specific antibodies,
FITC-anti-CD45 (#561,867, eBioscience), PerCP-Cy5.5-
anti-CD11b (#45-0112-82, eBioscience) and PE-Cy7-
anti-Ly6C (#560,593, BD Pharmingen), then treated with
RBC Lysis Buffer (Invitrogen) for 5 min and fluorescence
signals were detected by BD FACS Aria III. To further
explore the pathway of PLP-RvD1 to reach the myocar-
dial infarction area, we performed a colocalization analy-
sis on the nanomaterials and monocytes/macrophages
in the injured area by using immunofluorescence stain-
ing. Rabbit anti-CD11b antibodies (ab128797, Abcam)
and Alexa Fluor 488-anti-Rabbit secondary antibody
(ab150077, Abcam) were used. Fluorescence signals were
detected by CLSM and colocalization analysis of the
images was performed by Image].

Efferocytosis assay in vivo

To directly assess the clearance capacity of macrophages
against apoptotic cardiomyocytes, we employed a previ-
ously established method to quantify efferocytosis in situ
[32]. Similar to our ex vivo analyses, we enumerated the
percentage of cardiomyocyte-associated macrophages
by costaining myocardial sections for cardiomyocyte
Desmin (D1033, Sigma) and macrophage F4/80 (ab6640,
Abcam). The analysis was performed in a blinded fashion
by 2 independent observers.

Pro-angiogenesis efficiency of PLP-RvD1 in vivo

To determine the angiogenesis in injured heart, we
divided MI/R induced mice into 3 groups randomly
(n=6 per group) and were treated with 200 ul PBS, LP-
RvD1 or PLP-RvD1, respectively. 7 days after injection,
the heart was harvest. The obtained tissue sections were
stained for CD31(ab28364, Abcam), a typical mature
endothelial marker, and DAPI. Fluorescence signals were
detected by CLSM.

SPMs quantification in vitro and in vivo

The levels of RvD1, RvD2, RvE], lipoxin B4 in BMDMs
medium (in vitro) and cardiac tissue homogenate (in
vivo) were detected by ELISA assay. Resolvin D1 EIA
Kit (500,380, Cayman), Resolvin D2 ELISA Kit (501,120,
Cayman), Resolvin E1 ELISA Kit (TW10239, TW-Rea-
gent) and Lipoxin A4 ELISA Kit (E-EL-0053c, Elabsci-
ence) were used according to instruction.



Weng et al. Journal of Nanobiotechnology ~ (2022) 20:454

Cardiac protection efficiency of PLP-RvD1

Cardiac function of MI/R mice models was first evalu-
ated by transthoracic echocardiography (Visual Sonics,
Vevo 770) 1 day before and 4 weeks after treatment. Mice
were anesthetized with low-dose isoflurane, left ven-
tricular ejection fraction (LVEF) and fraction shortening
(LVES) were calculated in six consecutive cardiac cycles,
following two-dimensional targeted M-mode traces at
the papillary muscle level. Then, mouse hearts were har-
vested and cut into 5-um sections, fibrosis extension and
infarct size were visualized and measured by a common
histochemical procedure including Masson.

Biosafety analysis of PLP-RvD1

To test the immunoregulation effects of PLP-RvDI,
healthy C57 B/L mice were randomized and treated with
200 pl PLP-RvD1 or PBS (n=6 per group), respectively.
Mice were sacrificed, and serum was obtained at the indi-
cated times. The serum level of inflammatory cytokines
TNF-a, IL-1p and general antibodies immunoglobulin
G (IgG) and IgM were detected by ELISA (BioLegend,
USA). To assess the potential impact of PLP-RvD1 on
coagulation function, whole blood anticoagulated with
sodium citrate was analyzed by activated partial throm-
boplastin time (APTT), prothrombin (PT), and fibrino-
gen levels (Fbg). For organ toxicity, biochemical tests of
liver (aspartate amino-transferase, AST; alanine amino-
transferase, ALT) and renal function (creatinine, CREA;
urea nitrogen, UREA) were performed on the serum of
mice after treated with PBS or PLP-RvD1. Meanwhile,
histopathological changes in major organs were observed
by HE staining.

Statistical analysis

Unless otherwise specified, the data were presented as
mean =+ SD. Comparisons between any two groups were
made using two-tailed unpaired Student’s t test. Multiple
groups were compared by one-way analysis of variance,
and then use the Bonferroni test to analyze the statistical
difference between any two groups. When p<0.05, the
difference was considered statistically significant. Statisti-
cal analysis was performed using graphpad prism 8.0.

Results and discussion

Fabrication and characterization of PLP-RvD1

As shown in Fig. 1, LPs were synthesized by the thin-film
hydration [33]. RvD1 was loaded in the process of lipo-
some preparation to construct LP-RvD1, and the chi-
merizaction of platelet membrane vesicles (PMVs) with
liposomes was achieved by extrusion. During the entire
process of formula construction, the morphology, size
and zeta potential of the nanoparticles were dynamically
monitored. The ultimate morphology of PLP-RvD1 was
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spherical under transmission electron microscope (TEM)
(Fig. 2A). The size and zeta potential of LPs measured by
dynamic laser scattering (DLS) were 120.93+£2.99 nm
and — 24.40+£0.79 mV, respectively. With the load-
ing of RvD1, the size of the nanoplatform increases
to 133.187+1.16 nm, and the negativity of potential
also increased to — 28.97+1.20 mV (Fig. 2B and C).
The embedding of PMVs further increased the size to
153.361£2.83 nm and reduced the potential negativ-
ity to — 21.53+£0.87 mV (Fig. 2B and C). These changes
indicated that LPs achieved RvD1 loading and success-
ful fusion with PMVs. The polydispersity index (PDI)
which indexed the homogeneity in the size distribution
was also texted in this study, nanoparticles at each stage
all have good uniformity (Fig. 2D). The size of PLP-RvD1
was investigated in PBS and PBS containing 20% FBS at
room temperature for 7 days (Additional file 1: Fig. S1).
We observed that the addition of serum did not change
the size of the nanoplatform, suggesting that PLP-RvD1
may be stable in vivo.

The loading efficiency of RvD1 and its release from
PLP-RvD1 were detected by HPLC. The results showed
that the loading efficiency of RvD1 was about 12.19%,
which resulted in a final RvD1 concentration of 2.54 ug/
ml (1 mg liposome/ml) for our nano-formulations. In the
release assay, we observed a gradual release of RvD1 from
PLP-RvD1 in either PBS or 20% serum, reaching 90% at
24 h (Fig. 2E). However, in PBS containing pathological
concentration (100 uM) H,O,, the content of PLP-RvD1
was released explosively, reaching more than 80% within
30 min (Fig. 2E). The non-ROS-responsive control (with-
out diselenide bond) had no burst release effect (Fig. 2E).
The above results show that PLP-RvD1 can achieve the
responsive release of RvD1 in a high ROS environment,
while the addition of 20% serum (simulating the in vivo
environment) does not affect the release of its contents.
Myocardial ischemia—reperfusion injury is accompanied
by a large amount of ROS production [4]. Therefore,
compared with traditional drug delivery strategies, the
embedding of ROS-responsive components in our deliv-
ery platform endows the steric specificity of RvD1 release
and alleviates the safety hazards of non-specific drug
delivery to a certain extent [34].

The retention of platelet membrane proteins is a pre-
requisite for PLP-RvD1 to inherit the ability of platelets
to interact with macrophages. We used sodium dodecyl-
sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
to determined total membrane proteins on PLP-RvD1
first. As shown in Fig. 2F, PLP-RvD1 retained almost
all of the platelet membrane proteins compared with
PMVs. Then, the retention of key proteins that mediate
the interaction of platelets and macrophages (CD42c,
P-selectin, integrin GP IIb/IIla and GP Iba) in PLP-RvD1
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was further confirmed by Western Blot (Fig. 2G) [35]. In
addition, to verify the correct orientation of membrane
proteins in PLP-RvD1, we used Texas Red-X-conjugated
wheat germ agglutinin (WGA) as a probe to detect gly-
cosylation sites in the extracellular segment of membrane
proteins. PLTs, PMVs, and PLP-RvD1, but not LP-RvD1
could be stained with WGA (Fig. 2H), indicating that the
glycoproteins were expressed on the surface of PLP-RvD1
with the right orientation. These results indicate that
PLP-RvD1 retain the same membrane protein composi-
tion and right orientation as PMVs, and therefore has the
potential to interact with macrophages like PLTs.

PLP-RvD1 adherence to macrophages in vitro

To verify whether PLP-RvD1 inherits the ability of plate-
lets to interact with macrophages, we used immunofluo-
rescence staining to test the binding ability of PLP-RvD1
to inflamed murine bone marrow-derived macrophages
(BMDMs) in vitro. Inflamed BMDMs were incubated
with 200 ul DiD (on liposome) labeled LP-RvD1, PLP-
RvD1 or anti-P-selectin blocked PLP-RvD1 for 30 min,
respectively. As shown in Fig. 3A, LP-RvD1 is rapidly
endocytosed by BMDMs, while PLP-RvD1 (anti-P-
selectin blocked or not) is mainly anchored on the mem-
brane surface of BMDMs. The DiD mean fluorescence
intensity (MFI) of PLP-RvD1-treated cells was 2.22-fold
higher than that of LP-RvD1-treated cells (Fig. 3C),
whereas anti-P-selectin blockade significantly reduced
PLP-RvD1 binding to BMDMs (Fig. 3C), suggesting that
PLP-RvD1 inherits the ability of platelets to interact with
macrophages.

PLP-RvD1 promotes efferocytosis of apoptotic
cardiomyocytes by BMDMs in vitro

To verify whether PLP-RvD1 could release RvD1 respon-
sively in a high ROS environment, thereby affecting the
efferocytosis ability of BMDMs, we pretreated BMDMs
with 200 ul PBS, LP-RvD1 or PLP-RvD1 for 30 min,
and then administered a pathological dose (100 uM) of
H202 to induce responsive release of RvD1 followed by
6 h incubation. At the same time, IVISense 680 (red)-
labeled mouse cardiomyocyte HL-1 was induced to
apoptosis by staurosporine. Then IVISense 680 (red)-
labeled apoptotic cardiomyocytes were incubated with
Calcein AM (green)-labeled BMDMs, and the efferocy-
tosis index, the percentage of cardiomyocyte-associated
macrophages, was calculated according to a previously
reported method to evaluate the efferocytosis ability[32].
The results showed that only the PLP-RvD1 group could
significantly enhance the efferocytosis ability of BMDM:s,
but LP-RvD1 could not (Fig. 3B and D). This may be
attributed to the fact that LP-RvD1 is rapidly phagocy-
tosed by BMDMs and RvD1 cannot be released into the
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medium in response to ROS, and then acts on its corre-
sponding receptors on the surface of BMDMs.

PLP-RvD1 induces a pro-angiogenic phenotype in BMDMs
in vitro

In this study, we introduced a transwell system consist-
ing of pretreated BMDMs as mentioned in the previous
section in the upper chamber and HUVECs after hypoxia
stimulation in the lower layer to explore the effect of
PLP-RvD1-treated macrophages on angiogenesis in vitro.
After 12 h of coculture, the HUVECs were collected and
conducted to tube formation and migration test. PLP-
RVD1-treated BMDMs significantly stimulated capillary
formation in HUVECs cultured under hypoxic condi-
tions, whereas LP-RvD1 showed no significant difference
compared to the PBS group (Additional file 1: Fig. 2A,
Fig. 3E). Meanwhile, the migration assay also obtained
similar results. PLP-RvD1-treated BMDMs signifi-
cantly enhanced endothelial cell migration ability, while
LP-RvD1-treated BMDMs did not (Additional file 1:
Fig. 2B, Fig. 3E). HUVECs cultured under normoxia were
adopted as positive control. These data suggest that PLP-
RvD1 promotes the transformation of macrophages into
a pro-angiogenic phenotype.

PLP-RvD1 promotes production of SPMs in vitro

Both RvD1 and efferocytosis have been reported to pro-
mote the production of SPMs [13, 14, 36]. We detected
the concentration of SPMs (RvD1, RvD2, RvEl and
LXA4) in culture medium of efferocytosis assay by
ELISA. We observed that PLP-RvD1 treatment could
significantly upregulate all 4 target molecules, whereas
LP-RvD1 could not (Fig. 3F). Notably, the upregulation of
RvD1 was much higher than that of other SPMs, which
may be partly supplemented by the responsive release of
RvD1 in PLP-RvD1 bound on BMDMs.

Biodistribution and targeting specificity of PLP-RvD1

in vivo

To systematically evaluate the in vivo performance of
PLP-RvD1, the blood circulation profile was investi-
gated first. 200 ul DiD labeled LP-RvD1 or PLP-RvD1
were injected into healthy mice through tail vein injec-
tion. As shown in Additional file 1: Fig. S3, the presence
of platelet membrane components extends the biological
half-life of PLP-RvD1. The distribution of DiD (on lipo-
some) labeled LP-RvD1 or PLP-RvD1 in the major organs
of MI/R induced mice was examined by IVIS (Fig. 4A).
The results showed that the accumulation of PLP-RvD1
in the injured heart was much higher than all other
groups (Fig. 4C). There was no significant difference in
their distribution in other major organs (Fig. 4D). Immu-
nofluorescence staining further confirmed the better
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accumulation of PLP-RvD1 in the heart injury area, and it
was mainly distributed in the infarct border area (Fig. 4B,
E).

To further explore the underlying mechanism of the
selective accumulation of PLP-RvD1 in the injured heart,
we used flow cytometry to verify the ability of DiD (on
liposome) labeled PLP-RvD1 to Ly6C+ monocytes in
mice blood circulation after tail vein injection at 72 h
post-MI/R (Fig. 4F). The proportion of DiD + Ly6C + cells
in PLP-RvD1 group was significantly higher than that of
LP-RvD1 group (Fig. 4H), indicating that the presence
of platelet membrane components effectively enhanced
the binding of PLP-RvD1 with Ly6C+ monocytes. To
verify whether PLP-RvD1 can reach the heart injury area
through carrying of monocytes, we used immunofluores-
cence staining to analyze the co-localization of DiD (on
liposomes) labeled LP-RvD1 or PLP-RvD1 with mono-
cytes/macrophages in injured hearts. The results indi-
cated that compared with LP-RvD1, PLP-RvD1 showed
more pronounced co-localization with monocytes/mac-
rophages in the injured heart (Fig. 4G, I, ]).

Collectively, these results suggest that PLP-RvD1 can
utilize monocyte pathophysiological chemotaxis to
actively target injured hearts by hijacking it in the blood
circulation. Compared with EPR effect-dependent drug
delivery methods, our in vivo hijacking strategy is more
suitable for the time window when the number of mac-
rophages reaches the peak during natural inflammation,
which is helpful for the curative effect [27]. Compared
to cell therapy with a backpack, our hijacking strategy is
more cost-effective and safer [37].

PLP-RvD1 promotes efferocytosis, angiogenesis and SPM
production in vivo

We conducted a series of validations on the in vivo effi-
cacy of PLP-RvD1. Firstly, we employed a previously
reported experimental approach to evaluate the effect of
PLP-RvD1 on macrophage efferocytosis in MI/R mouse
hearts [32]. Compared with the PBS group, the efferocy-
tosis index was significantly increased in the PLP-RvD1
group, while there was no significant difference in the

Page 10 of 16

LP-RvD1 group (Fig. 5A, C). Secondly, the assessment
of angiogenesis in the injured heart also yielded similar
results. The PLP-RvD1 group possess the most microvas-
cular density (MFI of CD31+area), suggesting the best
pro-angiogenesis effect (Fig. 5B, D). Unsurprisingly, the
production of SPMs in the cardiac homogenate of the
PLP-RvD1 group was significantly higher than that of the
PBS and LP-RvD1 groups, with no statistical difference
between the latter two groups (Fig. 5E-H).

Cardiac protection efficiency of PLP-RvD1

To evaluate the therapeutic benefits of PLP-RvD1, cardiac
function of MI/R induced mice was detected by echocar-
diography after 4 weeks of PBS, LP-RvD1 or PLP-RvD1
administered. As shown in Fig. 6A, the LVEF of the PLP-
RVD1 group was preserved the most when compared
with other groups (43.85+£1.57% vs 32.3412.84% vs
29.09+1.32%, PLP-RvD1 vs LP-RvD1 vs Ctrl), while the
LVES increased by 6.19% and 8.07% vs LP-RvD1 and con-
trol group, respectively (21.47£0.89% vs 15.28+1.50%
vs 13.67 £0.71%, PLP-RvD1 vs LP-RvD1 vs Ctrl). Other
echocardiographic parameters including left ventricu-
lar end-systolic volume (LVESV) and left ventricular
end-diastolic volume (LVEDV) showed similar results
(Fig. 6A). Then pathological remodeling was also evalu-
ated by Masson staining. The preserved left ventricular
anterior wall (LVAW) thickness and fibrosis remodeling
in different layers of heart paraffin sections were quan-
tified (Fig. 6B). The cardiac remodeling was improved
greatest in PLP-RvD1 group, which had a thicker
infarcted wall and smaller scar size than any other groups
(Fig. 6B—D). These results indicated that PLP-RvD1 could
effectively improve ventricular remodeling in MI/R mice.

Biosafety assessment of PLP-RvD1

To verify the biosafety of PLP-RvD1, we tested a series
of safety parameters in healthy mice after treatment
with 200 ul PBS or PLP-RvD1. To explore whether
PLP-RvD1 treatment induces acute inflammatory
responses, we quantified the serum levels of TNF-
a, IL-1 by ELISA assay at 3 days, and no significance
was observed among these groups (Fig. 7A, B). Then,

(See figure on next page.)

Fig. 4 Biodistribution and targeting specificity of PLP-RvD1 in vivo. A IVIS images of LP-RvD1 or PLP-RvD1 accumulated in the main organs
after ivinjected in MI/R mice. B CLSM images of heart sections showing the accumulation of LP-RvD1 and PLP-RvD1 in injured heart after
immuno-stained with cardiac troponin T (cTnT). Red, DiD (on liposome) labeled nanoparticles; Green, cTnT. Scalar bar, 50 um. C Quantitative

analysis of the accumulation of LP-RvD1 or PLP-RvD1 in heart and D other major organs of MI/R induced mice based on images in (A) (n=6 per
group). E Statistical analysis of fluorescence images in (B) by ImageJ (n=6 per group). F Flow cytometry analysis of the binding ability of PLP-RvD1
to Ly6C+ monocytes in the blood circulation after intravenous injection at 72 h post-MI/R and (H) was further quantified (n=6 per group). G
CLSM images of heart sections showing the colocalization between monocytes/macrophages and LP-RvD1 or PLP-RvD1 after immuno-stained
with CD11b. Red, DiD (on liposome) labeled nanoparticles; Green, CD11b. Scalar bar, 20 um. 1 The plot profile, J pearson’s correlation and overlap
coefficient were quantified after colocalization analysis of images from G via Image J (n =6 per group). Results are presented as mean = SD.
NSP>0.05,*P<0.05,**P<0.01,***P<0.001.
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Fig. 5 PLP-RvD1 promotes efferocytosis, angiogenesis and the synthesis of SPMs in vivo. A The efferocytosis ability of macrophages to apoptotic
cardiomyocytes in vivo after PBS, LP-RvD1 or PLP-RvD1 treatment was detected by fluorescence microscopy images and C the efferocytosis index
was calculated. (n=6 per group). Red, F4/80; yellow, Desmin, a cardiomyocyte marker. Scalar bar, 20 um. B CLSM images of CD31 + signals in MI/R
injured murine heart sections after PBS, LP-RvD1, or PLP-RvD1 administered and D statistically analyzed by ImageJ (n=6 per group). Red, cTnT;
Green, CD31. Scalar bar, 50 um. E-H Determination of related SPMs molecules (RvD1, RvD2, RvE1, LXA4) in cardiac tissue homogenate by ELISA
after treated with PBS, LP-RvD1 or PLP-RvD1, respectively (n =6 per group). Results are presented as mean = SD. NSP > 0.05, *P < 0.05, **P < 0.01,
***P < 0.001
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Fig. 6 Cardiac protection efficiency of PLP-RvD1. A Cardiac function was assessed by echocardiography at 4 weeks after treatment (n=6 per
group). B Masson staining of MI/R heart paraffin sections at 4 weeks after various treatments. Scalar bar, 1 mm. C LVAW thickness and D fibrosis
remodeling in (B) was quantified by using ImagelJ software (n =6 per group). Results are presented as mean £ SD. NSp > 0,05, *P < 0.05, **P < 0.01,
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the general antibodies, namely, IgG and IgM were
also measured by ELISA assay, and the results sug-
gested no potential immune response after PLP-RvD1
administration (Fig. 7C, D). In addition, coagulation-
related parameters, including levels of APTT, PT, and
Fbg, showed no significant differences between groups
(Fig. 7E). With respect to organ toxicity, biochemis-
try analysis showed that ALT, AST, CREA, and UREA
demonstrated no difference between PLP-RvD1 and

PBS group, indicating the hepatic and kidney functions
were not affected by PLP-RvD1 treatment (Fig. 7F,
G). Meanwhile, compared with PBS group, no histo-
pathological changes were observed in major organs
of heathy mice treated with PLP-RvD1 (Fig. 7H). These
results suggest that PLP-RvD1 has no potential organ
toxicity. Accordingly, the biosafety of PLP-RvD1 was
up to standard, which is essential for its potential clini-
cal application.
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Conclusion

We developed an active targeting system consisting of
platelet membrane chimeric ROS-responsive liposomes
that integrates the targeted delivery and responsive
release of RvD1. After intravenous injection, PLP-RvD1
can reach the site of cardiac injury by riding circulating
monocytes in chemotaxis, and release RvD1 explosively
under the stimulation of local high ROS levels, thereby

promoting efferocytosis, angiogenesis and SPMs pro-
duction. In vivo application of PLP-RvD1 can effec-
tively improve ventricular remodeling and preserve
cardiac function in MI/R induced mice. Our formula-
tion integrates drug biological stability, targeted deliv-
ery and controlled release, which endow it with great
clinical translational value.
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Additional file 1: Figure S1. Stability of nanovesicles in PBS and PBS
with 20% of fetal bovine serum (FBS). Nanovesicle sizes were measured
using dynamic light scattering (n=3 per group). Results are presented as
mean = SD. Figure S2. The promotion of PLP-RvD1 treated macrophages
to angiogenesis. (A) Capillary tube formation and (B) cell migration of
HUVECs after cocultured with PBS, LP-RvD1 or PLP-RvD1 treated BMDM:s.
HUVECs cultured under normoxia were set as controls. Scalar bar, 100 pm
and 200 pm, respectively. Figure S3. Circulation profiles of LP-RvD1 and
PLP-RvD1 in healthy mice after intravenous injection (n=6 per group).
Results are presented as mean = SD.

Acknowledgements

The authors are grateful to Ms. Xiao Guo in the Joint Live Small Animal Imag-
ing Laboratory of Fudan University Shanghai Medical College-PerkinElmer
Company, for her technical support in the use of high-resolution X-ray
microCT scanning.

Author contributions

XW, HT, ZH contributed equally to this work including project build, paper
writing, and every part of the paper. JC, NZ, QW and QL contributed to data
analysis. JG, DS, WY and ZW contributed to data collection. WL and GZ con-
structed the animal models. JG provided experimental platforms. ZP, YS, and

JQ supervised the project. All authors read and approved the final manuscript.

Funding
This study was financially supported by the National Natural Science Founda-
tion of China (82070281, 81870269, 82170254).

Availability of data and materials
The data that support the findings of this study are available from the cor-
responding authors upon reasonable request.

Declarations

Ethics approval and consent to participate

All experimental procedures were conducted in accordance with institutional
guidelines for the care and use of laboratory animals and protocols, which
were approved by the Animal Care and Use Committee of Zhongshan Hospi-
tal, Shanghai, People’s Republic of China.

Consent for publication
We give our consent for the manuscript to be published in Journal of
Nanobiotechnology.

Competing interests
All authors have no conflict of interest to state.

Author details

'Department of Cardiology, Zhongshan Hospital, Shanghai Institute of Car-
diovascular Diseases , Fudan University, 180 Feng Lin Road, Shanghai 200032,
China. ?National Clinical Research Center for Interventional Medicine &
Shanghai Clinical Research Center for Interventional Medicine, 180 Feng Lin
Road, Shanghai 200032, China. *School of Pharmacy, Key Laboratory of Smart
Drug Delivery, Ministry of Education, Fudan University, 826 Zhangheng Road,
Shanghai 201203, China. *Institute of Biomedical Science, Fudan University,
180 Feng Lin Road, Shanghai 200032, China.

Received: 30 August 2022 Accepted: 27 September 2022
Published online: 20 October 2022

Page 150f 16

References

1. ViraniSS, et al. Heart disease and stroke statistics-2021 update: a report
from the American Heart Association. Circulation. 2021;143(8):e254-743.

2. Hausenloy DJ, Yellon DM. Targeting myocardial reperfusion injury-the
search continues. N Engl J Med. 2015;373(11):1073-5.

3. Yellon DM, Hausenloy DJ. Myocardial reperfusion injury. N Engl J Med.
2007;357(11):1121-35.

4. Pell VR, et al. Moving forwards by blocking back-flow: the Yin and Yang
of Ml therapy. Circ Res. 2016;118(5):898-906.

5. Del Re DP, et al. Fundamental mechanisms of regulated cell death and
implications for heart disease. Physiol Rev. 2019;99(4):1765-817.

6. LiY,LiQ Fan GC. Macrophage efferocytosis in cardiac pathophysiology
and repair. Shock. 2021;55(2):177-88.

7. Doran AC, Yurdagul A Jr, Tabas I. Efferocytosis in health and disease. Nat
Rev Immunol. 2020;20(4):254-67.

8. Prabhu SD, Frangogiannis NG. The biological basis for cardiac repair
after myocardial infarction: from inflammation to fibrosis. Circ Res.
2016;119(1):91-112.

9. Serhan CN. Pro-resolving lipid mediators are leads for resolution physi-
ology. Nature. 2014;510(7503):92-101.

10. SunYP, et al. Resolvin D1 and its aspirin-triggered 17R epimer. Stereo-
chemical assignments, anti-inflammatory properties, and enzymatic
inactivation. J Biol Chem. 2007,282(13):9323-34.

11. Krishnamoorthy S, et al. Resolvin D1 binds human phagocytes
with evidence for proresolving receptors. Proc Natl Acad Sci U S A.
2010;107(4):1660-5.

12. Gerlach BD, et al. Resolvin D1 promotes the targeting and clearance of
necroptotic cells. Cell Death Differ. 2020;27(2):525-39.

13. Sansbury BE, Spite M. Resolution of acute inflammation and the role
of resolvins in immunity, thrombosis, and vascular biology. Circ Res.
2016;119(1):113-30.

14. Fredman G, et al. Resolvin D1 limits 5-lipoxygenase nuclear localization
and leukotriene B4 synthesis by inhibiting a calcium-activated kinase
pathway. Proc Natl Acad Sci U S A. 2014;111(40):14530-5.

15. Sansbury BE, et al. Myeloid ALX/FPR2 regulates vascularization follow-
ing tissue injury. Proc Natl Acad Sci U S A. 2020;117(25):14354-64.

16. Gilbert K, et al. Resolvin D1 reduces infarct size through a phosphoi-
nositide 3-kinase/protein kinase B mechanism. J Cardiovasc Pharmacol.
2015;66(1):72-9.

17. Chen W, et al. Resolvin D1 improves post-resuscitation cardiac and
cerebral outcomes in a porcine model of cardiac arrest. Shock.
2020;54(4):548-54.

18. Duffield JS, et al. Resolvin D series and protectin D1 mitigate acute
kidney injury. J Immunol. 2006;177(9):5902-11.

19. Zhao Q, et al. Resolvin D1 mitigates energy metabolism disorder after
ischemia-reperfusion of the rat lung. J Transl Med. 2016;14:81.

20. ZhangT, et al. Resolvin D1 protects against hepatic ischemia/reperfu-
sion injury in rats. Int Immunopharmacol. 2015;28(1):322-7.

21. FouladiF, Steffen KJ, Mallik S. Enzyme-responsive liposomes for the
delivery of anticancer drugs. Bioconjug Chem. 2017;28(4):857-68.

22. Kaldybekov DB, et al. Mucoadhesive maleimide-functionalised
liposomes for drug delivery to urinary bladder. Eur J Pharm Sci.
2018;111:83-90.

23. Liu Z, et al. Cell membrane-camouflaged liposomes for tumor cell-
selective glycans engineering and imaging in vivo. Proc Natl Acad Sci
U S A.2021. https://doi.org/10.1073/pnas.2022769118.

24. Zhang Z, et al. Placing and shaping liposomes with reconfigurable
DNA nanocages. Nat Chem. 2017,9(7):653-9.

25. Large DE, et al. Liposome composition in drug delivery design, syn-
thesis, characterization, and clinical application. Adv Drug Deliv Rev.
2021;176: 113851,

26. Rurik JG, Aghajanian H, Epstein JA. Immune cells and immunotherapy
for cardiac injury and repair. Circ Res. 2021;128(11):1766-79.

27. Nguyen MM, et al. Enzyme-responsive nanoparticles for targeted
accumulation and prolonged retention in heart tissue after myocardial
infarction. Adv Mater. 2015;27(37):5547-52.


https://doi.org/10.1186/s12951-022-01652-x
https://doi.org/10.1186/s12951-022-01652-x
https://doi.org/10.1073/pnas.2022769118

Weng et al. Journal of Nanobiotechnology

28.

29.

30.

31

32.

33.

34

35.

36.

37.

(2022) 20:454

Tan H, et al. Platelet-like fusogenic liposome-mediated targeting
delivery of miR-21 improves myocardial remodeling by reprogram-
ming macrophages post myocardial ischemia-reperfusion injury. Adv
Sci (Weinh). 2021;8:22100787.

Xu H, Cao W, Zhang X. Selenium-containing polymers: promising
biomaterials for controlled release and enzyme mimics. Acc Chem Res.
2013;46(7):1647-58.

Hu CM, et al. Nanoparticle biointerfacing by platelet membrane cloak-
ing. Nature. 2015;526(7571):118-21.

de Couto G, et al. Macrophages mediate cardioprotective cel-

lular postconditioning in acute myocardial infarction. J Clin Invest.
2015;125(8):3147-62.

Wan E, et al. Enhanced efferocytosis of apoptotic cardiomyocytes
through myeloid-epithelial-reproductive tyrosine kinase links acute
inflammation resolution to cardiac repair after infarction. Circ Res.
2013;113(8):1004-12.

Kim B, et al. Immunogene therapy with fusogenic nanoparticles modu-
lates macrophage response to Staphylococcus aureus. Nat Commun.
2018;9(1):1969.

Wang P, et al. Reactive oxygen species (ROS)-responsive prodrugs, probes,
and theranostic prodrugs: applications in the ROS-related diseases. J Med
Chem. 2021,64(1):298-325.

Cheng B, et al. Biomimicking platelet-monocyte interactions as

a novel targeting strategy for heart healing. Adv Healthc Mater.
2016;5(20):2686-97.

Dalli J, Serhan CN. Specific lipid mediator signatures of human phago-
cytes: microparticles stimulate macrophage efferocytosis and pro-resolv-
ing mediators. Blood. 2012;120(15):e60-72.

Shields C, et al. Cellular backpacks for macrophage immunotherapy. Sci
Adv. 2020;6(18):eaaz6579.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 16 of 16

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Targeted delivery and ROS-responsive release of Resolvin D1 by platelet chimeric liposome ameliorates myocardial ischemia–reperfusion injury
	Abstract 
	Introduction
	Materials and methods
	Synthesis and characterization of PLP-RvD1
	Cell culture
	PLP-RvD1 adherence to macrophages in vitro
	Efferocytosis assay in vitro
	Angiogenesis assay in vitro
	Animals
	Mice model of MIR
	Biodistribution and targeting specificity of PLP-RvD1 in vivo
	Efferocytosis assay in vivo
	Pro-angiogenesis efficiency of PLP-RvD1 in vivo
	SPMs quantification in vitro and in vivo
	Cardiac protection efficiency of PLP-RvD1
	Biosafety analysis of PLP-RvD1
	Statistical analysis

	Results and discussion
	Fabrication and characterization of PLP-RvD1
	PLP-RvD1 adherence to macrophages in vitro
	PLP-RvD1 promotes efferocytosis of apoptotic cardiomyocytes by BMDMs in vitro
	PLP-RvD1 induces a pro-angiogenic phenotype in BMDMs in vitro
	PLP-RvD1 promotes production of SPMs in vitro
	Biodistribution and targeting specificity of PLP-RvD1 in vivo
	PLP-RvD1 promotes efferocytosis, angiogenesis and SPM production in vivo
	Cardiac protection efficiency of PLP-RvD1
	Biosafety assessment of PLP-RvD1

	Conclusion
	Acknowledgements
	References




