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A B S T R A C T   

Ischemia-reperfusion (IR) injury represents a major cause of myocardial dysfunction after infarction and 
thrombolytic therapy, and it is closely related to the free radical explosion and overwhelming inflammatory 
responses. Herein, macrophage-targeting nanocomplexes (NCs) are developed to mediate efficient co-delivery of 
siRNA against MOF (siMOF) and microRNA-21 (miR21) into myocardial macrophages, cooperatively orches-
trating the myocardial microenvironment against IR injury. Bioreducible, branched poly(β-amino ester) (BPAE- 
SS) is designed to co-condense siMOF and miR21 into NCs in a multivalency-reinforced approach, and they are 
surface-decorated with carboxylated mannan (Man-COOH) to shield the positive surface charges and enhance the 
serum stability. The final MBSsm NCs are efficiently internalized by myocardial macrophages after systemic 
administration, wherein BPAE-SS is degraded into small segments by intracellular glutathione to promote the 
siMOF/miR21 release, finally provoking efficient gene silencing. Thus, cardiomyocyte protection and macro-
phage modulation are realized via the combined effects of ROS scavenging, inflammation inhibition, and 
autophagy attenuation, which ameliorates the myocardial microenvironment and restores the cardiac function 
via positive cellular crosstalk. This study renders promising solutions to address the multiple systemic barriers 
against in vivo nucleic acid delivery, and it also offers new options for IR injury by manipulating multiple 
reciprocal bio-reactions.   

1. Introduction 

Myocardial infarction (MI) is a major cause of death worldwide, and 
timely reperfusion therapy is an effective strategy to reduce acute 
myocardial ischemic injury [1]. Currently, thrombolytic therapy and 
primary percutaneous coronary intervention are commonly used ther-
apeutic paradigms that alleviate infarction by restoring blood flow [2]. 
Although blood flow restoration to the ischemic heart is important to 
avoid irreversible cell damage, it will simultaneously cause reperfusion 

injury such as cardiomyocyte death and myocardial dysfunction, finally 
leading to heart failure [3]. Free radical explosion and inflammatory 
responses in IR-injured myocardium have been demonstrated to be the 
major causes of ischemia-reperfusion (IR) injury [4–6]. Therefore, 
anti-oxidant and anti-inflammation therapies are considered as prom-
ising treatment modalities for IR injury [7,8]. 

Reactive oxygen species (ROS), the main type of free radicals, 
mediate myocardial reperfusion injury by inducing the opening of 
mitochondrial permeability transition pore, acting as a neutrophil 
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chemoattractant, and mediating dysfunction of sarcoplasmic reticulum 
[9–11]. It leads to lipid peroxidation on cardiomyocyte membrane, 
intracellular Ca2+ overload, enzyme denaturation, and oxidative dam-
age to DNA, which ultimately causes apoptosis of cardiomyocytes [12]. 
In the IR-injured myocardium, recruited and activated macrophages 
serve as the reservoir to produce large amount of ROS and release them 
into the microenvironment, provoking direct cytotoxicity to car-
diomyocytes [13,14]. Moreover, during the reperfusion stage, the heavy 
ROS burden leads to excessive autophagy of cardiomyocytes, which 
causes detrimental effect to cardiomyocytes [15–17]. Therefore, scav-
enging the excessive ROS in the myocardial microenvironment holds 
great potentials for IR treatment. Excessive production of ROS was 
closely associated with increased histone acetylation. Particularly, his-
tone acetyltransferase KAT8 (also known as MOF) promotes the trans-
activation of NADPH oxidase (NOX), a ROS-synthesizing enzyme, in 
IR-challenged macrophages, ultimately leading to the over-production 
and accumulation of ROS [18–20]. Therefore, knockdown of MOF in 
macrophages may serve to efficiently inhibit ROS generation from the 
upstream. 

Macrophages in the injured heart not only produce excessive ROS, 
but also play critical roles during the inflammation cascade by contin-
uously secreting pro-inflammatory cytokines to recruit macrophages 
and other inflammatory cells from circulation [21–24]. Tumor necrosis 
factor-α (TNF-α) and interleukin-6 (IL-6), two kinds of typical 
pro-inflammatory factors secreted by macrophages, can in turn activate 
macrophages and cellular MAPK and NF-κB signaling, resulting in pro-
duction of more inflammatory cytokines and alteration of the macro-
phage phenotype from the anti-inflammatory M2-type to the 
pro-inflammatory M1-type [23,25–27]. In recent years, micro-RNA 
(miRNA) has revealed promising utilities for the treatment of various 
diseases, wherein miRNA-21 (miR21) has been uncovered with 
anti-inflammatory properties against cardiovascular diseases [28–30]. 
Upon IR injury, miR21 can reduce inflammatory responses in myocar-
dial macrophages by silencing KBTBD7 upstream of TNF-α and IL-6, 
thereby reducing the myocardial infarct size and restoring the cardiac 
function. 

Based on these understandings, we hypothesize that the targeted co- 
delivery of siRNA against MOF (siMOF) and miR21 into myocardial 
macrophages would serve to orchestrate the myocardial microenviron-
ment remodeling and impart cooperative efficacy against IR injury. To 
fulfill the in vivo performance of siMOF and miR21, a potent delivery 
system is highly demanded. Polycations represent a major category of 
siRNA/miRNA delivery materials which can bind and condense siRNA/ 
miRNA into nanocomplexes (NCs) via electrostatic interaction [31–33]. 
To enable the co-delivery of multiple siRNA/miRNA cargoes, the poly-
cation needs to be engineered with sufficiently strong siRNA/miRNA 
binding affinities to enable efficient cellular internalization [34–36]. On 
the other hand, such strong binding affinity needs to be eliminated 
intracellularly, allowing the cytoplasmic cargo release and potentiating 
the gene silencing efficiency [37–39]. When systemically administered, 
the positively charged NCs tend to dissociate/aggregate upon contact 
with serum [40,41]. Therefore, serum-resistant NCs with myocardial 
macrophage-targeting capability are highly imperative toward the suc-
cess of genetic manipulation of myocardial microenvironment. 

Keeping these requirements in mind, we herein developed redox- 
degradable, branched poly(β-amino ester) with built-in disulfide bonds 
in the backbone (BPAE-SS) to enable highly efficient condensation and 
intracellular co-delivery of siMOF and miR21. Linear poly(β-amino 
ester)s (LPAEs) represent an important category of commercialized gene 
transfection reagents [42–44]. However, LPAEs possess low binding 
affinity with siRNA/miRNA which are linear and short with rigid 
structure, and thus excessively high polymer/siRNA (or miRNA) weight 
ratio up to over 100 is required to fully condense and deliver siRNA/-
miRNA [45]. Herein, the designed BPAE-SS afforded multivalent 
structure and higher cationic charge density, and we thus reason that it 
would exhibit stronger siRNA/miRNA condensation and intracellular 

delivery efficiency. In the cytosol, the disulfide bonds could be cleaved 
by intracellular glutathione (GSH), leading to polymer degradation into 
small segments [46–48]. As a consequence, cytosolic release of siMOF 
and miR21 could be accelerated to elevate the gene knockdown effi-
ciency, and the cytotoxicity of materials could be diminished at the 
post-transfection state. With regards to in vivo utility, carboxylated 
mannan (Man-COOH) was further designed to coat the BPAE-SS/siMOF 
+ miR21 (BSsm) NCs, which served to enhance the serum stability of 
NCs via shielding of surface cationic charges and to facilitate the inter-
nalization of NCs by the mannose receptor-expressing macrophages [49, 
50]. Thus, the Man-COOH/BPAE-SS/siMOF + miR21 (MBSsm) NCs 
could inhibit the over-production of ROS by macrophages, alleviating 
the oxidative stress on cardiomyocytes. In addition, it could reduce the 
production of pro-inflammatory factors by macrophages to inhibit the 
inflammatory cascade. As such, the MBSsm NCs could realize combined 
anti-oxidant and anti-inflammation gene therapy as an innovative 
paradigm for the treatment of myocardial IR injury (Scheme 1). 

2. Experimental section 

2.1. Materials 

Lipopolysaccharide (LPS, catalog no. S11060) was purchased from 
Yuanye Bio-Technology (Shanghai, China). siMOF, miR21, negative 
control siRNA with scrambled sequence (siScr), FAM-labeled siRNA 
(FAM-siRNA), Cy5-labeled siRNA (Cy5-siRNA), and primers of MOF, 
miR21, KBTBD7, TNF-α, IL-6, arginase 1 (Arg-1), interleukin 10 (IL-10), 
and GAPDH were purchased from GenePharma. Sequences of all the 
siRNA and primers mentioned above were shown in Tables S1 and S2. 

2.2. Synthesis of BPAE and LPAE 

2, 2′-Disulfanediylbis(ethane-2, 1-diyl) (SSDA) was synthesized as 
described previously [44]. To synthesize BPAE-SS, 4-amino-1-butanol 
(AB, 178 mg, 2 mmol), trimethylolpropane triacrylate (TMPTA, 148 
mg, 0.5 mmol), and SSDA (434 mg, 1.66 mmol) were mixed and stirred 
at 50 ◦C for 15.5 h to allow polymerization. Addition of dichloro-
methane (DCM, 1.5 mL) into the mixture terminated the polymerization, 
and 1-(3-aminopropyl)-4-methylpiperazine (MPZ, 314 mg, 2 mmol) was 
further added and stirred overnight at room temperature (RT) to 
end-cap the polymer. The mixture was precipitated in iced diethyl ether, 
and the final product BPAE-SS was yielded after evaporation of the 
solvent. The mean-square radius of gyration (Rg) as well as molecular 
weight (MW) of BPAE-SS was determined by gel permeation chroma-
tography (GPC) with N,N-dimethylformamide (DMF) used as the 
solvent. 

BPAE-CC was similarly synthesized, except that SSDA was replaced 
with 1,6-hexanediol diacrylate (HD, 187 mg, 0.83 mmol). LPAE was 
similarly synthesized from AB (89 mg, 1 mmol) and SSDA (315 mg, 1.2 
mmol) via reaction at 50 ◦C for 48 h. 

BPAE-SS (or BPAE-CC, 10 mg) and rhodamine B isothiocyanate (2 
mg) were dissolved in DCM (1 mL) followed by stirring at RT overnight. 
Then, the solution was dialyzed against deionized (DI) water and 
lyophilized to obtain rhodamine B-labeled BPAE-SS or BPAE-CC (RhB- 
BPAE-SS or RhB-BPAE-CC). 

2.3. Synthesis of Man-COOH 

Mannan (100 mg) was alkalized in NaOH solution (3 M, 1 mL) for 10 
min before addition of chloroacetic acid (16%, 1.2 mL), and the mixture 
was stirred at 55 ◦C for 7 h. The solution pH was adjusted to 2~3 with 
HCl (1 M), followed by dialysis against DI water for 3 d. The final 
product Man-COOH was obtained after lyophilization (yield 72%). 
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2.4. Preparation and characterization of NCs 

siRNA and miRNA are structurally similar. Thus, siMOF was used to 
prepare and characterize the NCs. BPAE-SS solution (5 mg mL− 1 in ac-
etate buffer, pH 5.2) was added to siRNA solution (0.1 mg mL− 1) at pre- 
determined BPAE-SS/siMOF weight ratios (5, 10, 15, 20, 25, and 30) 
followed by 30-min incubation at RT to form the BPAE-SS/siMOF (BSs) 
NCs. Man-COOH (1 mg mL− 1) was then added to the BSs NCs at various 
Man-COOH/siMOF weight ratios followed by 30-min incubation at RT 
to form the Man-COOH/BPAE-SS/siMOF (MBSs) NCs. NCs based on 
miR21 or BPAE-CC were prepared by the same method, and their no-
menclatures were listed in Table S3. The freshly prepared NCs (400 ng 
siRNA) were subjected to electrophoresis (90 V, 20 min) in 2% agarose 
gel to evaluate the siRNA condensation. 

The hydrodynamic diameter and zeta potential of the as-prepared 
NCs were monitored using Malvern Zetasizer Nano ZS. Additionally, 
the morphology of MBSs NCs was visualized by transmission electron 
microscopy (TEM). The size alteration of BSs NCs and MBSs NCs after 
incubation with 20% fetal bovine serum (FBS)-containing cell culture 
medium for different time was measured to evaluate the colloidal sta-
bility against serum. Moreover, the siRNA integrity after serum treat-
ment was explored by electrophoresis as described in the Supporting 
Information. 

2.5. Reduction-responsive polymer degradation, NCs dissociation, and 
siRNA release 

BPAE-SS and BPAE-CC were treated with dithiothreitol (DTT, 5 ×
10− 3 M) for 1 h at RT prior to determination of the MWs by GPC. 

To probe the alteration of the siRNA condensation capability of 
BPAE-SS or BPAE-CC, heparin at various final concentrations was 
incubated with NCs with or without GSH pre-treatment (5 × 10− 3 M, 1 
h) at 37 ◦C for 1 h. Then, the mixture was subjected to electrophoresis as 
described above. 

To study the GSH-responsive siRNA release, the freshly prepared BSs 
NCs or BCs NCs were treated with GSH (5 × 10− 3 M) for 1 h, followed by 
electrophoresis as described above. Additionally, sizes of BSs NCs or BCs 
NCs before and after GSH treatment (5 × 10− 3 M, 1 h) were evaluated by 
dynamic laser scattering (DLS). 

2.6. In vitro cellular uptake in macrophages 

RAW 264.7 cells (mouse monocyte macrophages) were cultured in 
10% FBS-containing DMEM. They were seeded on 12-well plates (1.5 ×
105 cells/well) and cultured overnight to reach 60% confluence. Various 
NCs containing FAM-siRNA (1 μg FAM-siRNA/well) were added and 
allowed to incubate with cells for 4 h at 37 ◦C. Cells were rinsed with 
cold PBS supplemented with heparin (20 U mL− 1) prior to analysis by 
flow cytometry. Un-treated cells were incorporated as the blank control. 

To verify the targeting ability mediated by Man-COOH, RAW 264.7 
cells (with high expression level of mannose receptors) or H9C2 cells (rat 
myocardial cell with low expression level of mannose receptors) were 
seeded on 96-well plates (1 × 104 cells/well) before reaching 60% 
confluence. Free mannose was added at various final concentrations (0, 
100, 300, 600 and 1000 μM), and then MBSs NCs or BSs NCs containing 
FAM-siRNA (0.1 μg FAM-siRNA/well) were added to cells followed by 4- 
h incubation. The cellular internalization level was determined by 
spectrofluorimetry as described above. 

2.7. Endosomal escape 

RAW 264.7 cells were seeded on a culture dish (4 × 104 cells/dish) 
and cultured overnight to reach 30% confluence. MBSs NCs containing 
FAM-siRNA (1 μg FAM-siRNA/well) were added and incubated with 
cells for 4 h. Then, the cells were rinsed with PBS supplemented with 
heparin and stained with Lysotracker Red (0.2 μM, 1 h). Cells nuclei 
were further stained with Hoechst 33258 (5 μg mL− 1, 10 min) before 
confocal laser scanning microscopy (CLSM) observation. 

2.8. Intracellular siRNA release 

NCs consisting of FAM-siRNA and RhB-BPAE-SS (or RhB-BPAE-CC) 
were used to explore the cytosolic siRNA release. RAW 264.7 cells on 
coverslips in a 24-well plate (30% confluence) were incubated with 
Man-COOH/RhB-BPAE-SS/FAM-siRNA NCs or Man-COOH/RhB-BPAE- 
CC/FAM-siRNA NCs (1 μg FAM-siRNA/well) for 4 h as described 
above. The cells were rinsed with PBS supplemented with heparin and 
fixed with 4% paraformaldehyde. After staining with DAPI (5 μg mL− 1, 
10 min), cells were subjected to CLSM observation, and the Image J 

Scheme 1. Schematic illustration of the 
macrophage-targeting NCs for siMOF and 
miR21 co-delivery toward anti- 
inflammatory treatment against myocardial 
IR injury. The redox-degradable, disulfide- 
containing BPAE-SS was developed to 
encapsulate siMOF and miR21 and further 
coated with Man-COOH. After i.v. injection 
to mice experiencing IR injury, MBSsm NCs 
could be efficiently delivered into the mac-
rophages due to the binding affinity with 
mannose receptors on cell surfaces. 
Following effective internalization, GSH 
triggered cytoplasmic siRNA release due to 
BPAE-SS degradation, provoking effective 
MOF and KBTBD7 knockdown. Thus, siMOF 
and miR21 cooperated to inhibit the over- 
production of ROS and pro-inflammatory 
factors by macrophages, alleviating the 
oxidative burden on cardiomyocytes and 
attenuating cardiomyocyte autophagy. The 
combined effects of ROS scavenging, 
inflammation inhibition, and autophagy 
attenuation ameliorated the myocardial 
microenvironment and recovered the car-
diac function via positive cellular crosstalk.   
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software was used to calculate the co-localization ratios between FAM- 
siRNA and RhB-BPAE. 

2.9. Cytotoxicity of NCs in macrophages and myocardial cells 

RAW 264.7 cells were seeded on 96-well plates (1.5 × 104 cells/well) 
and cultured overnight to reach 60% confluence. BSs NCs or BCs NCs 
(0.1 μg siRNA/well) were added at pre-determined polymer/siRNA 
weight ratios and incubated with cells for 4 h. Then, the NCs-containing 
medium was refreshed with 10% FBS-containing medium, and cells 
were cultured for another 20 h. The cell viability was then monitored by 
the MTT assay. 

The cytotoxicity of MBSs NCs in RAW 264.7 cells or H9C2 cells was 
further studied. RAW 264.7 cells were similarly treated with MBSs NCs 
at various Man-COOH/siRNA weight ratios or at various siRNA con-
centrations before viability assessment. H9C2 cells were similarly 
treated with MBSs NCs at various siRNA concentrations before viability 
assessment. 

2.10. In vitro gene silencing efficiency in macrophages 

RAW 264.7 cells were seeded on 6-well plates before reaching 60% 
confluence. Various NCs (siMOF, 2 μg; miR21, 2 μg; siMOF + miR21, 1 
μg + 1 μg) were added and incubated with cells for 4 h. Then, the NCs- 
containing medium was refreshed with 10% FBS-containing cell culture 
medium, and cells were further cultured for 20 h followed by LPS (300 
ng mL− 1) stimulation for another 6 h. The relative mRNA levels of MOF 
and KBTBD7 in RAW 264.7 cells were determined by real-time PCR. 
Cells stimulated with LPS but without NCs treatment served as the 
control. 

2.11. Intracellular ROS detection 

RAW 264.7 cells on coverslips in 24-well plate (30% confluence) 
were treated with MBSs NCs (0.5 μg siMOF/well), MBSm NCs (0.5 μg 
miR21/well), or MBSsm NCs (0.25 μg siMOF/well + 0.25 μg miR21/ 
well) for 4 h as described above. Then, the NCs-containing medium was 
refreshed with 10% FBS-containing cell culture medium, and cells were 
further cultured for 20 h followed by LPS (300 ng mL− 1) stimulation for 
another 6 h. Then, DCFH-DA (10 mM) was added and incubated with 
cells for 30 min followed by CLSM observation. Cells treated with PBS 
and stimulated by LPS served as the control. In a parallel study, cells 
were similarly treated with NCs, stained with DCFH-DA, and analyzed 
by flow cytometry. 

2.12. In vitro macrophage polarization 

To observe the polarization of RAW 264.7 cells after treatment with 
various NCs, cells were seeded on a culture dish and similarly treated 
with various NCs as described above. After 6-h stimulation of LPS (300 
ng mL− 1), the cells were stained with Alexa Fluor488-anti-CCR7 (1:100, 
for M1-type macrophages) and PE-anti-CD206 (1:100, for M2-type 
macrophages) on ice for 1 h, and rinsed with PBS before CLSM 
observation. 

RAW 264.7 cells were seeded on 6-well plates (2 × 105 cells/well) 
and similarly treated with various NCs as described above. After 6-h 
stimulation with LPS (300 ng mL− 1), the relative mRNA levels of TNF- 
α, IL-6, Arg-1, and IL-10 in cells were determined by real-time PCR as 
described above. In parallel, cells after NCs treatment were stained with 
Alexa Fluor488-anti-CCR7 (1:100, for M1-type macrophages) and PE- 
anti-CD206 (1:100, for M2-type macrophages) diluted in 1% bovine 
serum albumin (BSA)-containing PBS on ice for 20 min and washed with 
PBS before being analyzed by flow cytometry. 

2.13. In vitro cardiomyocyte autophagy 

H9C2 cells were seeded on 24-well plate (5 × 104 cells/well) and 
cultured overnight to reach 60% confluence. RAW 264.7 cells were 
seeded on transwells (0.33 cm2, pore size of 3.0 μm) and transfected 
with MBSs NCs (0.5 μg siMOF/well), MBSm NCs (0.5 μg miR21/well), or 
MBSsm NCs (0.25 μg siMOF/well + 0.25 μg miR21/well) as described 
above. After 24 h, cells were treated with LPS (300 ng mL− 1) for 6 h, and 
the cell culture medium was refreshed with 10% FBS-containing me-
dium. The transwells were put into the 24-well plate seeded with H9C2 
cells (Fig. S1). After 24-h co-incubation, H9C2 cells were immuno-
stained for LC3 and observed under CLSM. Furthermore, the expression 
levels of autophagy-associated proteins, LC3 and p62, in the H9C2 cells 
after co-incubation with NCs-treated RAW 264.7 cells, were determined 
by Western blot. 

2.14. Establishment of myocardial IR injury model in mice and NCs 
administration 

Male C57BL/6 mice (18–20 g, 8–10 weeks) were purchased from 
Shanghai Slaccas Experimental Animal Co., Ltd. and housed in a clean 
room at 25 ◦C with 12:12 h light/dark cycle. All animal experimental 
protocols were approved by the Institutional Animal Care and Use 
Committee, Soochow University. 

Myocardial IR injury model was established as described previously 
[47,51] and the detailed procedures were described in the Supporting 
Information. All mice were weighed preoperatively and anesthetized via 
intraperitoneal injection of 1% pentobarbital sodium at 40 mg kg− 1 

followed by continuous isoflurane gas anesthesia (98% O2, 0.2 Ipm) on a 
small animal anesthesia machine (RWD, China). The heart was exposed 
by bluntly separating the intercostal space, and the left coronary artery 
was ligated by a slipknot. The heart was placed back into the thoracic 
cavity followed by skin closing. After 30 min, the slipknot was with-
drawn to allow reperfusion. At 10 min post reperfusion, mice were i.v. 
injected with various NCs at 200 μg kg− 1 siMOF, 200 μg kg− 1 miR21, or 
100 μg kg− 1 siMOF +100 μg kg− 1 miR21, including MBSs NCs (Man--
COOH/BPAE-SS/siMOF, w/w/w = 20/30/1), MBSm NCs (Man--
COOH/BPAE-SS/miR21, w/w/w = 20/30/1), BSsm NCs 
(BPAE-SS/siMOF + miR21, w/w = 30/0.5 + 0.5), MBSsm NCs (Man--
COOH/BPAE-SS/siMOF + miR21, w/w/w = 20/30/0.5 + 0.5), and 
MBSc NCs (Man-COOH/BPAE-SS/siScr, w/w/w = 20/30/1). Mice 
without IR injury served as the normal control. Captopril, an angiotensin 
converting enzyme inhibitor for the clinical treatment of myocardial IR 
injury, was incorporated as a control drug in the in vivo efficacy study. 
Captopril was i.p. injected to IR mice at 15 mg kg− 1 at 10 min post 
reperfusion. 

2.15. Pharmacokinetics, biodistribution, and biocompatibility evaluation 

For the pharmacokinetics study, healthy C57BL/6 mice were i.v. 
injected with naked Cy5-siRNA, Cy5-siRNA-containing BSs NCs, or Cy5- 
siRNA-containing MBSs NCs (200 μg siRNA kg− 1). At predetermined 
time points, blood (20 μL) was collected from the orbit and dissolved in 
the lysis buffer (0.25 M sucrose, 40 mM tris-acetate, 10 mM EDTA, 100 
μL) followed by sonication. After centrifugation at 12,000 rpm for 10 
min, the Cy5-siRNA content in the supernatant was determined by 
spectrofluorimetry (λex = 649 nm, λem = 670 nm) and the circulation 
half-life (t1/2) was calculated. 

Biodistribution of Cy5-siRNA-containing BSs NCs or Cy5-siRNA- 
containing MBSs NCs was studied in IR mice by i.v. injection with 
Cy5-siRNA-containing BSs NCs or Cy5-siRNA-containing MBSs NCs at 
200 μg Cy5-siRNA kg− 1. At 6 h post injection, mice were sacrificed. 
Major organs (heart, liver, spleen, lung, and kidney) were harvested and 
imaged using the In Vivo Imaging System (IVIS® Lumina III, 
PerkinElmer). 

To evaluate the systemic toxicity of MBSsm NCs, healthy C57BL/6 
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mice were i.v. injected with PBS (150 μL) or MBSsm NCs (100 μg kg− 1 

siMOF + 100 μg kg− 1 miR21). The blood and spleen were collected at 24 
h post i.v. injection. Hematological parameters (white blood cell, WBC; 
lymphocyte, LYM; monocyte, MNC; neutrophil, NEU) were analyzed on 
a Cobas501 automatic hematology analyzer (Roche, USA). Representa-
tive serum biomarkers indicative of renal function (creatinine, CR; urea, 
UR) and hepatic function (aspartate aminotransferase, AST; alanine 
aminotransferase, ALT) were determined on a BC-5380 automatic 
chemistry analyzer (Mindray, China). In a parallel study, the proportion 
of immune cells in the mouse spleen was further evaluated. In brief, 
spleens were grinded on a strainer with the plunger of 1-mL syringe and 
the strainer was rinsed with PBS to wash down cells until no red clumps 
were left over. Cells were collected by centrifugation (4 ◦C, 700 g, 10 
min) and the cell pellet was resuspended in the ACK lysis buffer to 
remove red blood cells (RBCs). The cells were then collected via 
centrifugation (4 ◦C, 700 g, 10 min), resuspended in 1% BSA-containing 
PBS, and then stained with APC-anti-mouse CD45 (1:100), Percp-Cy5.5- 
anti-mouse F4/80 (1:100), FITC-anti-mouse CD3 (1:100), and PE-anti- 
mouse CD4 (1:100) on ice for 20 min. Cells were then washed with 
PBS and subjected to flow cytometric analysis. Furthermore, the effect of 
MBSsm NCs on cardiac function of sham mice was evaluated by echo-
cardiographic analysis on day 3 post MBSsm NCs administration (100 
μg kg− 1 siMOF + 100 μg kg− 1 miR21). 

2.16. Myocardial distribution and macrophage targeting of NCs in IR 
mice 

To probe the distribution of NCs in myocardium, IR mice were i.v. 
injected with free Cy5-siRNA or Cy5-siRNA-containing NCs (BSs or 
MBSs, 200 μg kg− 1 siRNA) at 10 min post IR injury. At different time 
points (2, 4, 6, and 8 h) post i.v. injection, hearts were harvested and 
observed by the IVIS optical imaging system. Fluorescence intensity in 
the heart was calculated with the IVIS system. 

The internalization of NCs in the myocardial macrophages was 
investigated by flow cytometry. Macrophages were separated from the 
injured cardiac tissues at 6 h post NCs administration and stained with 
PE-anti-F4/80 before being subjected to flow cytometric analysis. 
Furthermore, the internalization of NCs by the M1-or M2-type macro-
phages in the injured cardiac tissues was evaluated by flow cytometric 
analysis. The detailed procedure for isolating cardiac macrophages and 
cell staining was described in the Supporting Information. 

2.17. In vivo gene silencing efficiency and anti-inflammatory efficacy 

IR mice were sacrificed at 24 h post i.v. injection of NCs and the 
hearts were harvested. The protein and mRNA levels of MOF and 
KBTBD7 in the ischemic myocardium were monitored by Western blot 
and real-time PCR, respectively. Relative TNF-α, IL-6, Arg-1, and IL-10 
mRNA levels in the ischemic myocardium were also determined. The 
polarization of macrophages in the ischemic myocardium of IR mice 
after MBSsm NCs treatment was evaluated by flow cytometry. Briefly, 
single cell suspension was obtained from the injured cardiac tissue as 
described above and then stained with APC-anti-CD45 (1:100), FITC- 
anti-CD11b (1:100), Percp-Cy5.5-anti-F4/80 (1:100), and PE-CD86 
(1:100) in cold 1% BSA-containing PBS on ice for 20 min. In parallel, 
the collected cells were stained with APC-anti-CD45 (1:100), FITC-anti- 
CD11b (1:100), Percp-Cy5.5-anti-F4/80 (1:100), and PE-CD206 (1:100) 
in cold 1% BSA-containing PBS on ice for 20 min. Cells were washed 
with PBS before being subjected to flow cytometric analysis. 

2.18. Analysis of infarct size 

To measure the myocardial infarction size, the hearts were collected 
on day 3 post NCs administration, sectioned into slices, and stained with 
2,3,5-triphenyl-2H-tetrazolium chloride (TTC) as described previously 
[47,51]. The infarcted area (white) was distinguished from the normal 

area (red) by visualization with a digital scanner. The infarct size was 
calculated as the weight of infarct tissues normalized by that of the total 
left ventricle. 

2.19. Histological analysis 

On day 7 post NCs administration, the hearts were harvested, fixed 
with 10% formalin, and sectioned. The tissue sections were individually 
stained with hematoxylin & eosin (H&E), Masson’s trichrome (MT), or 
using the colorimetric TUNEL apoptosis assay kit to evaluate the cardiac 
fibrosis and cardiomyocyte apoptosis as reported previously [47,51]. 

2.20. Echocardiography 

On day 3 post NCs administration, mice were weighed preopera-
tively and anesthetized via intraperitoneal injection of 1% pentobarbital 
sodium at 40 mg kg− 1. Mice with reduced respiratory rate and relaxed 
abdominal muscles were considered to be effectively anesthetized. 
Then, the cardiac function of mice was evaluated by echocardiographic 
analysis on a Philips high-resolution ultrasound system by an experi-
enced technician blinded to the experimental groups. Ejection fraction 
(EF, %) and fractional shortening (FS, %), two critical indicators for the 
cardiac function, were calculated based on the average over three 
consecutive cardiac cycles. 

2.21. Statistical analysis 

Statistical analysis was performed using Student’s t-test and differ-
ences were assessed to be significant at *p < 0.05 and very significant at 
**p < 0.01 and ***p < 0.001. 

3. Results and discussion 

3.1. Characterization and reduction-triggered degradation of BPAE-SS 

BPAE-SS with branched topology was polymerized from the 
disulfide-containing monomer A2, branching monomer B3, and amine- 
containing monomer C2, followed by end-capping with MPZ (Scheme 
S1 and Fig. S2). BPAE-CC, the non-responsive analogue of BPAE-SS, was 
similarly synthesized, except that HD was used as A2. Moreover, LPAE 
with linear structure was polymerized from A2 and C2 but without B3. 

The Mw of BPAE-SS was determined to be 21,200 Da by GPC 
(Table S4). The branched structure of BPAE was confirmed via estab-
lishment of a conformation plot of the relationship between molecular 
size (Rg) and Mw. The slopes of synthesized BPAE-SS and BPAE-CC were 
around 0.2, much lower than that of LPAE (1.0), demonstrating the 
branched structure of BPAE (Fig. 1A). After treatment with DTT (5 ×
10− 3 M, 1 h), MW of the responsive BPAE-SS dramatically decreased, 
showing almost no signals in the GPC traces (Fig. 1B). In comparison, the 
MW of BPAE-CC did not change after DTT treatment. Such discrepancy 
demonstrated the reduction-responsive degradation of BPAE-SS into 
small segments. 

3.2. siRNA condensation and reduction-triggered siRNA unpackaging 

siRNA and miRNA are structurally similar. Thus, siMOF was first 
used to prepare and characterize the NCs. Agarose gel electrophoresis 
results revealed that the branched BPAE-SS could completely condense 
siRNA at the polymer/siMOF weight ratio ≥20, while the linear LPAE 
could not condense siMOF even at high weight ratio of 100 (Fig. 1C). 
Such discrepancy demonstrated that the branched architecture could 
allow the multivalent display of cationic groups, increasing the charge 
density and thus endowing the polymer with enhanced siRNA conden-
sation capability. DLS results also showed that BPAE-SS could condense 
siMOF to form binary BPAE-SS/siMOF (BSs) NCs with particle size of 
~140 nm and zeta potential of ~25 mV at the polymer/siMOF weight 
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ratios of 25–30 (Fig. S3). Similar trend was noted for BPAE-CC/siMOF 
(BCs) NCs (Fig. S4). 

The reduction sensitivity of BPAE-SS was evaluated in terms of 
siRNA condensation. After treatment with GSH (5 × 10− 3 M, 1 h), the 
siMOF condensation capacity of BPAE-SS was greatly weakened, which 
failed to condense siMOF at the weight ratios up to 30 (Fig. 1D). DLS 
measurement also revealed that size of the BSs NCs increased from 143.5 
to 582.7 nm after GSH treatment (Fig. 1E), indicating dissociation of the 
NCs. As the non-responsive control, BPAE-CC showed unaltered siRNA 
condensation capability upon GSH treatment, and the hydrodynamic 
diameter of the BCs NCs did not change. Such discrepancy thus 
demonstrated the diminished siRNA binding affinity of BPAE-SS upon 
GSH treatment, mainly as a consequence of the reductive cleavage of 
disulfide bonds and degradation of the polymer into small segments. The 
heparin replacement assay revealed similar results, wherein sodium 
heparin was added as a competing molecule to induce siRNA release 
from NCs. As shown in Fig. S5, after GSH treatment (5 × 10− 3 M, 1 h), 
the concentration of heparin required to release siRNA from the BSs NCs 
but not the BCs NCs was dramatically decreased from 0.05 to 0.001 mg 
mL− 1. Collectively, these findings indicated that the branched, 

bioreducible BAPE-SS can not only enhance the siRNA binding ability, 
but also achieve “on-demand” siRNA release upon reduction-responsive 
degradation. 

3.3. Preparation, characterization, and serum stability of Man-COOH/ 
BPAE-SS/siMOF (MBSs) NCs 

Man-COOH was synthesized via nucleophilic substitution reaction 
between mannan and chloroacetic acid. Man-COOH was then coated 
onto the surface of the binary BSs NCs (BPAE-SS/siMOF = 30/1, w/w) 
via electrostatic interaction to form the ternary NCs. When the Man- 
COOH/siRNA weight ratio was gradually increased from 5 to 20, par-
ticle size of the NCs slightly increased while the zeta potential notably 
decreased, which was owing to the neutralization of the positive surface 
charges by the negatively charged Man-COOH (Fig. 1F). Further incre-
ment of the Man-COOH/siRNA weight ratio led to appreciable increase 
of the particle size. Thus, the optimal Man-COOH/siRNA weight ratio of 
20/1 was identified. The ternary MBSs NCs (Man-COOH/BPAE-SS/ 
siMOF = 20/30/1, w/w/w) possessed hydrodynamic diameter of ~170 
nm and slightly positive zeta potential of ~6 mV (Fig. 1F), and TEM 

Fig. 1. Branching-assisted siRNA condensation by BPAE-SS and GSH-responsive siRNA release. A) Conformation plots of BPAE-SS, BPAE-CC, and LPAE. B) GPC 
traces of polymers before and after DTT treatment (5 × 10− 3 M, 1 h). C) siRNA condensation by BPAE-SS and LPAE at various polymer/siRNA weight ratios as 
evaluated by the gel retardation assay. N represents naked siRNA. D) siRNA release from BSs NCs and BCs NCs at various polymer/siRNA weight ratios with or 
without GSH treatment (5 × 10− 3 M, 1 h). N represents naked siRNA. E) Sizes of BSs NCs and BCs NCs before and after GSH treatment (5 × 10− 3 M, 1 h). F) Size and 
zeta potential of MBSs NCs at various Man-COOH/siRNA weight ratios (BPAE-SS/siRNA = 30, w/w). G) TEM image of MBSs NCs. H) Size of MBSs NCs or BSs NCs 
after incubation with DMEM containing 20% FBS for different time. 
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observation revealed the spherical morphology of the NCs (Fig. 1G). 
Moreover, agarose gel electrophoresis revealed that the incorporation of 
Man-COOH did not compromise the siRNA condensation (Fig. S6). The 
abbreviations of various NCs were summarized in Table S3. For the bi-
nary NCs, the BPAE-SS (or BPAE-CC)/siMOF weight ratio was 30/1 
unless otherwise specified. For the ternary NCs, the Man-COOH/BPAE- 
SS/siMOF weight ratio was 20/30/1 unless otherwise specified. MBSs 
NCs remained stable after incubation in 20% FBS for up to 4 h while BSs 
NCs became unstable after 4-h incubation (Fig. 1H), suggesting that 
Man-COOH coating greatly enhanced the serum stability of NCs, mainly 
due to the shielding of positive surface charges. 

The hydrolytic stability of siRNA against serum was further explored 
by gel electrophoresis. As shown in Fig. S7, after 4-h incubation with 
serum, naked siRNA was largely degraded, while the band intensity of 
siRNA released from serum-treated MBSs NCs was almost unchanged, 
which suggested that the NCs could effectively protect siRNA from 
serum degradation. 

3.4. In vitro cell uptake and intracellular kinetics in RAW 264.7 cells 

FAM-siRNA was used to construct the NCs, and the uptake levels of 
NCs in RAW 264.7 cells following 4-h incubation were determined by 
flow cytometry and spectrofluorimetry. BSs NCs and BCs NCs showed 
notable and comparable cellular internalization levels, outperforming 
PEI 25k/FAM-siRNA NCs (w/w = 5) as a commercial control (Fig. 2A). 
MBSs NCs exhibited significantly higher uptake level than BSs NCs, 
mainly due to the Man–COOH–mediated binding affinity with over- 
expressed mannose receptors on macrophage cell membranes. To 
further study the Man–COOH–mediated macrophage targeting capa-
bility, the cellular uptake study was performed in RAW 264.7 cells with 
over-expressed mannose receptors and in H9C2 cells with minimally- 
expressed mannose receptors in the presence of free mannose. In RAW 
264.7 cells, free mannose at increased concentrations remarkably 
decreased the uptake level of MBSs NCs but not BSs NCs (Fig. 2B), 
because free mannose could competitively occupy the mannose 

Fig. 2. Cellular internalization of NCs and 
reduction-responsive intracellular siRNA 
release. A) Cellular uptake levels of FAM- 
siRNA-containing NCs in RAW 264.7 cells 
after 4-h incubation as analyzed by flow 
cytometry. The mean fluorescence intensity 
(MFI) was quantified (n = 3). Internalization 
levels of FAM-siRNA-containing MBSs NCs 
and BSs NCs in RAW 264.7 cells (B) and 
H9C2 cells (C) in the presence of mannose at 
various concentrations (n = 3). D) CLSM 
images of RAW 264.7 cells following 4-h 
incubation with MBSs NCs or MBCs NCs 
composed of RhB-BPAE and FAM-siRNA. 
Cell nuclei were stained with DAPI (bar =
10 μm). The co-localization ratios between 
FAM-siRNA and RhB-BPAE were listed (n =
10). Differences were assessed to be signifi-
cant at *p < 0.05 and very significant at **p 
< 0.01 and ***p < 0.001.   
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receptors on cell membranes to deplete the targeting ability of MBSs 
NCs. In comparison, free mannose did not impart appreciable effect on 
the uptake levels of MBSs NCs and BSs NCs in H9C2 cells (Fig. 2C). These 
results thus substantiated that Man-COOH coating could enhance the 
interactions between NCs and macrophage cell membranes to facilitate 
targeted internalization. CLSM observation further revealed the efficient 
internalization of MBSs NCs in RAW 264.7 cells (Fig. S8), and the NCs 
could effectively avoid endolysosomal entrapment, as evidenced by the 
obvious separation of green fluorescence (FAM-siRNA) from red fluo-
rescence (Lysotracker Red-stained endolysosomes). 

The intracellular siRNA release from NCs was further explored by 
CLSM. As shown in Fig. 2D, after RAW 264.7 cells were incubated for 4 h 
with MBSs NCs consisting of FAM-siRNA and RhB-BPAE-SS, notable 
separation between the two fluorescence signals was noted, conferring a 
co-localization ratio of 15.2%. Comparatively, significantly lower 

fluorescence separation was noted for the non-responsive MBCs NCs, 
affording the co-localization ratio of 64.7% between FAM-siRNA and 
RhB-BPAE-CC. Such different siRNA release performance between 
BPAE-SS and BPAE-CC clearly verified that the reduction-responsiveness 
of BPAE-SS could allow effective siRNA release in the cytosol to 
potentially enhance the gene knockdown efficiency. 

3.5. Cytotoxicity of NCs 

MTT assay was used to evaluate the cytotoxicity of various NCs in 
RAW 264.7 cells. As shown in Fig. S9A, when the polymer/siRNA weight 
ratio increased from 10 to 40, BSs NCs showed negligible cytotoxicity, 
while BCs NCs showed appreciable and dose-dependent cytotoxicity. 
Considering the similar chemical structure, MW, and cationic charge 
density of BPAE-SS and BPAE-CC, the lower cytotoxicity of BSs NCs 

Fig. 3. NCs mediated efficient gene knock-
down in macrophages and cardio protection 
via ROS scavenging, macrophage polariza-
tion, and autophagy reduction in car-
diomyocytes. A) Relative MOF and KBTBD7 
mRNA levels in RAW 264.7 cells (n = 3). B) 
CLSM image of RAW 264.7 cells stained with 
DCFH-DA as the ROS probe (bar = 25 μm). 
C) Immunostaining of RAW 264.7 cells with 
CCR7 (M1 phenotype marker) and CD206 
(M2 phenotype marker) (bar = 25 μm). D) 
Relative mRNA levels of M1 phenotype 
markers (TNF-α and IL-6) and M2 phenotype 
markers (IL-10 and Arg-1) in RAW 264.7 
cells (n = 3). E) Immunostaining images of 
autophagy-associated protein LC3 in H9C2 
cells (blue, DAPI staining for nucleus; red, 
LC3 staining for autophagosomes) (bar = 10 
μm). F) Western blot of autophagy- 
associated protein expression in H9C2 cells. 
G) Schematic illustration of the cardio pro-
tection mechanisms mediated by MBSsm 
NCs. In (A-D), RAW 264.7 cells were treated 
with various NCs for 4 h, incubated in fresh 
medium for another 20 h, and challenged 
with LPS (300 ng mL− 1) for 6 h before each 
individual assay. In (E-F), RAW 264.7 cells 
on transwells were similarly treated and 
then co-cultured with H9C2 cells on 24-well 
plates for another 24 h before each assay. 
Differences were assessed to be significant at 
*p < 0.05 and very significant at **p < 0.01 
and ***p < 0.001. (For interpretation of the 
references to colour in this figure legend, the 
reader is referred to the Web version of this 
article.)   
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could be attributed to the degradation of BPAE-SS into low-MW frag-
ments under the stimulation of intracellular GSH. Introduction of Man- 
COOH coating onto BSs NCs did not bring about additional cytotoxicity 
(Fig. S9B), and the ternary MBSs NCs led to cell viability higher than 
90% at increased siRNA concentration up to 10 μg mL− 1 (Fig. S9C), 
indicating desired cyto-compatibility of the MBSs NCs. Furthermore, the 
cytotoxicity of MBSs NCs was studied in H9C2 cells. As shown in 
Fig. S10, the viability of H9C2 cells treated with MBSs NCs at all siRNA 
concentrations was higher than 90%, indicating the low cytotoxicity of 
MBSs NCs to H9C2 cells. 

3.6. In vitro gene (MOF and KBTBD7) silencing efficiency in 
macrophages 

First, three siMOF sequences were screened, and the one (1617) with 
the highest silencing efficiency (67.9%) was selected for subsequent 
experiments (Fig. S11). RAW 264.7 cells were treated with NCs for 4 h, 
incubated for another 20 h, and stimulated with LPS (300 ng mL− 1) for 6 
h before determination of MOF mRNA levels by real-time PCR. BSs NCs 
provoked the highest knockdown efficiency (65.4%) when the BPAE-SS/ 
siMOF weight ratio reached up to 30 (Fig. S12), significantly out-
performing the BCs NCs (41.1%, Fig. 3A). Such a higher gene silencing 
efficiency of BSs NCs accorded with their capability to promote 
reduction-responsive intracellular siRNA release. In addition, MBSs NCs 
showed significantly higher MOF silencing efficiency (85.6%) than BSs 
NCs and PEI/siMOF (Ps) NCs as the commercial control (Fig. 3A), in 
consistence with their higher cellular uptake level mediated by the Man- 
COOH coating. KBTBD7 is a target gene of miR21, and therefore the 
gene silencing efficiency of miR21 was determined by measuring the 
mRNA level of KBTBD7. Similar trend was noted (Fig. 3A), wherein the 
KBTBD7 silencing efficiencies were represented in the order of MBSm 
NCs (82.3%) > BSm NCs (59.4%) > BCm NCs (44.5%) > PEI/miR21 
(Pm) NCs (34.0%). 

3.7. NCs-mediated ROS depletion, macrophage polarization, and 
autophagy reduction 

The intracellular ROS level was determined using the fluorescent 
probe DCFH-DA. Both CLSM images and flow cytometry analysis 
revealed that the LPS-induced ROS production in RAW 264.7 cells could 
be alleviated by MBSs NCs (Figs. 3B and S13), mainly because trans-
fected siMOF could block NOX transactivation and dampen ROS accu-
mulation [18,52]. MBSm NCs also inhibited ROS production, because 
miR21 could hinder the inflammatory cascade to inhibit ROS generation 
[53,54]. Therefore, compared with MBSs NCs and MBSm NCs, MBSsm 
NCs that co-delivered siMOF and miR21 led to significantly lower 
intracellular ROS levels, indicating the combined effect between siMOF 
and miR21 toward ROS scavenging. 

To explore the macrophage modulation effect of NCs, RAW 264.7 
cells were immunofluorescence-stained with CCR7 (M1 marker) and 
CD206 (M2 marker). As shown in Figs. 3C and S14, both MBSs NCs and 
MBSm NCs polarized macrophages toward the anti-inflammatory M2 
phenotype, as evidenced by the increased CD206/CCR7 ratios, indi-
cating that reduction of ROS and inhibition of inflammatory cascades 
could contribute to the macrophage polarization from the pro- 
inflammatory M1 type to the anti-inflammatory M2 type. In compari-
son, MBSsm NCs provoked even stronger capability in shifting the 
macrophage phenotype from M1 to M2, conferring significantly 
increased CD206/CCR7 ratio. Consistent results were obtained from 
flow cytometric analysis, wherein MBSsm NCs significantly out-
performed MBSs NCs and MBSm NCs to shift the macrophage phenotype 
from M1 to M2, as evidenced by the notably decreased CCR7/CD206 
ratio (Fig. S15). Such a combined effect between siMOF and miR21 
could be explained by the self-cycled interplay between ROS scavenging 
and macrophage polarization, wherein ROS scavenging caused macro-
phage polarization to the anti-inflammatory M2 type which in turn, 

produced less ROS to self-accelerate the polarization reaction [27,55]. 
Similar results were also noted at the mRNA levels of pro-inflammatory 
(TNF-α and IL-6) and anti-inflammatory (IL-10 and Arg-1) markers in 
RAW 264.7 cells after treatment with MBSsm NCs (Fig. 3D). 

In the myocardial microenvironment, the crosstalk between macro-
phages and cardiomyocytes imparts significant contribution to the 
pathogenesis of IR injury. It has been reported that during the reperfu-
sion stage, excessive autophagy of myocardial cells caused by oxidative 
stress aggravates myocardial injury [56]. Thus, to simulate the in vivo 
condition, a co-culture model of RAW 264.7 and H9C2 (cardiomyocyte) 
cells was adopted to evaluate whether myocardial autophagy was 
decreased after NCs treatment (Fig. S1). RAW 264.7 cells in transwells 
were transfected with various NCs and challenged with LPS, followed by 
co-incubation with H9C2 cells. After H9C2 cells were co-cultured with 
LPS-challenged RAW 264.7 cells, immunostaining of LC3 (autophago-
some marker) revealed aggregation of green dots indicative of auto-
phagosomes (Fig. 3E), which demonstrated that ROS production in the 
microenvironment induced autophagy of cardiomyocytes. However, a 
decrease of autophagosomes was observed after incubation with 
NCs-treated RAW 264.7 cells, which was represented by the permeation 
of green fluorescence. Protein levels of p62 and LC3, two classic auto-
phagic substrates, were also detected by Western blot to further sub-
stantiate the reduced autophagic flux after NCs-mediated inhibition of 
ROS production (Fig. 3F). Again, MBSsm NCs outperformed MBSs NCs 
and MBSm NCs in inhibiting cardiomyocyte autophagy, which might be 
attributed to their stronger ROS scavenging capability to reduce the 
oxidative stress on cardiomyocytes, since ROS have been reported to 
enhance autophagic flux in the reperfusion stage [56]. 

Taken together, the mechanisms of NCs in orchestrating the 
remodeling of myocardial microenvironment were summarized in 
Fig. 3G. Under the oxidative and inflammatory milieu of reperfused 
myocardium, MBSsm NCs could effectively transfect macrophages with 
siMOF and miR21, thus actively inhibiting ROS generation by macro-
phages, dampening ROS accumulation in the microenvironment, and 
attenuating the inflammatory cascade via macrophage polarization. The 
diminished ROS further inhibited autophagy of cardiomyocytes via the 
crosstalk between macrophages and cardiomyocytes. Based on these 
reciprocal reactions, a virtuous circle could develop within the 
myocardial microenvironment to eventually reduce inflammatory 
damage to cardiomyocytes and salvage myocardium injury. 

3.8. Pharmacokinetics, biodistribution, and biocompatibility of MBSs NCs 

Prior to the evaluation of the in vivo therapeutic performance of NCs, 
the pharmacokinetics of Cy5-siRNA-containg NCs was studied in healthy 
mice after i.v. injection. As shown in Fig. S16, the t1/2 of Cy5-siRNA- 
containg MBSs NCs was longer than that of naked Cy5-siRNA and 
Cy5-siRNA-containg BSs NCs, which was attributed to the enhanced 
stability of siRNA after condensation and the decreased positive zeta 
potential after Man-COOH coating. 

The biodistribution of Cy5-siRNA-containing NCs in major organs 
were further studied in IR-injured mice at 6 h post i.v. injection. As 
shown in Fig. S17, MBSs NCs and BSs NCs accumulated in the liver and 
spleen, which was attributed to the entrapment by the mononuclear 
phagocyte system in the liver and spleen. In comparison, obvious 
accumulation of NCs in the heart and kidney was also noted, indicating 
effective transport of the NCs to the injured site and effective renal 
clearance from the body. 

Hematological and biochemical analyses were performed to probe 
the systemic toxicity of i.v. injected MBSsm NCs in healthy mice. As 
shown in Fig. S18, negligible abnormalities were found in terms of the 
representative serum biomarkers indicative of renal function (creati-
nine, CR; urea, UR) and hepatic function (aspartate aminotransferase, 
AST; alanine aminotransferase, ALT). Also, there was not significant 
change in the hematological parameters (white blood cell, WBC; 
lymphocyte, LYM; monocyte, MNC; neutrophil, NEU) of mice after i.v. 
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injection of MBSsm NCs, indicating that the NCs did not influence the 
immune function. Moreover, the proportion of immune cells in the 
spleen, including CD45+ cells (leucocytes), CD3+CD45+ cells (T cells), 
CD4+CD3+CD45+ cells (CD4+ T cells), and F4/80+CD45+ cells (mac-
rophages), was unchanged after i.v. injection of MBSsm NCs (Fig. S19), 
suggesting that NCs did not lead to immune dysfunction. 

The cardiac function of sham mice and sham mice receiving MBSsm 
NCs treatment was evaluated by echocardiographic analysis on day 3 
post NCs administration. As shown in Fig. S20, MBSsm NCs treatment 
did not lead to appreciable alteration of ejection fraction (EF) and 
fraction shortening (FS) of sham mice, which evidenced that MBSsm NCs 
did not impair the cardiac functions. All the above results therefore 
collectively indicated the minimal systemic toxicity of MBSsm NCs. 

3.9. Myocardial distribution and macrophage targeting in vivo 

The myocardial distribution and macrophage internalization of i.v. 
injected NCs containing Cy5-siRNA were then determined in IR-injured 
mice (Fig. 4A). Firstly, the biodistribution of Cy5-siRNA-containing 

MBSs NCs or BSs NCs in the ischemic hearts of mice at different time 
points (2, 4, 6, and 8 h) post i.v. injection were examined. As shown in 
Fig. S21, MBSs NCs accumulated more in the ischemic heart than BSs 
NCs, and the fluorescence intensity in the heart peaked at 6 h post i.v. 
injection. At this time point, MBSs NCs showed a ~3-fold higher dis-
tribution level than BSs NCs in the ischemic heart tissue, and free Cy5- 
siRNA was negligibly distributed in the heart, which was attributed to 
its fast clearance from systemic circulation (Figs. 4B and S22). During 
inflammation, impaired endothelial cells increase the permeability of 
the vessel wall so that NCs can passively cross the vessel wall to reach 
the inflamed tissue [57]. MBSs NCs with slightly positive zeta potential 
(+6 mV) featured better serum stability than BSs NCs with higher pos-
itive charge density (+25 mV), which would potentially contribute to 
the prolonged circulation in the blood and facilitate the passive target-
ing to inflamed tissues. 

The in vivo macrophage targeting of Cy5-siRNA-containing NCs was 
further explored via flow cytometry. In the early stage of reperfusion 
(several hours to several days after IR), pro-inflammatory M1-type 
macrophages occupy a greatly larger proportion than anti-inflammatory 

Fig. 4. NCs-mediated gene silencing and myocardial microenvironment remodeling in vivo. A) Time line of the in vivo study. B) Ex vivo imaging of hearts from IR- 
injured mice at 6 h post i.v. injection of free Cy5-siRNA or Cy5-siRNA-containing NCs. C) Representative flow cytometric plots of M1-type macrophages (CD86+F4/ 
80+CD11b+) and M2-type macrophages (CD206+F4/80+CD11b+) in the total macrophages (F4/80+CD11b+) from the ischemic myocardium at 6 h post i.v. injection 
of Cy5-siRNA-containing BSs NCs and MBSs NCs. Relative MOF and KBTBD7 mRNA levels (D) and protein levels (E) in ischemic heart tissues after treatment with 
various NCs (siMOF, 100 μg kg− 1; miR21, 100 μg kg− 1) (n = 6). Relative mRNA levels of M1 phenotype markers TNF-α and IL-6 (F) and M2 phenotype markers IL-10 
and Arg-1 (G) in the ischemic heart tissues (n = 6). Differences were assessed to be significant at *p < 0.05 and very significant at **p < 0.01 and ***p < 0.001. 
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M2-type macrophages in the injured myocardium [58–61]. Thus, the 
proportion of M1-or M2-type macrophages in the injured heart and the 
internalization of Cy5-siRNA-containing NCs in them were monitored. 
As shown in Fig. 4C, M1-type macrophages (CD86+CD11b+F4/80+

cells) occupied ~80% of total macrophages (CD11b+F4/80+ cells) and 
~40% of these M1-type macrophages were Cy5-positive after MBSs NCs 
treatment, significantly higher than that after BSs NCs treatment 
(Fig. S23A). M2-type macrophages (CD206+CD11b+F4/80+ cells) 
occupied only 20% of total macrophages, while ~80% of them were 
Cy5-positive after MBSs NCs treatment (Fig. S23B). Such result therefore 
demonstrated the enhanced uptake of NCs by both M1-and M2-type 
macrophages after Man-COOH coating, and the higher uptake level in 
M2-type macrophages could be attributed to the higher expression level 
of mannose receptors on M2-type macrophages than on M1-type 
macrophages. 

3.10. In vivo gene (MOF and KBTBD7) knockdown efficiency 

In consistence with their efficient accumulation in myocardial 
macrophages in vivo, MBSs NCs led to significant down-regulation of the 
MOF mRNA level in injured heart tissues by 79.8% after i.v. injection 
(Fig. 4D). Similarly, MBSm NCs also led to KBTBD7 down-regulation by 
78.6%. The relatively lower silencing efficiencies of MBSsm NCs against 
MOF and KBTBD7 were because the individual doses of siMOF and 
miR21 were only half of those in MBSs NCs and MBSm NCs. Western blot 
analysis further confirmed the down-regulation of MOF and KBTBD7 by 
NCs (Fig. 4E), in similar trend to the mRNA levels. 

As a result of the efficient silencing of MOF and KBTBD7, NCs led to 
decreased mRNA levels of pro-inflammatory M1 phenotype markers 

(TNF-α and IL-6) and increased mRNA levels of anti-inflammatory M2 
phenotype markers (Arg-1 and IL-10) in the ischemic heart tissues 
(Fig. 4F and G), wherein MBSsm NCs co-delivering siMOF and miR21 
significantly outperformed the MBSs NC and MBSm NCs. Similar trend 
was also noted for the TNF-α and IL-6 levels as determined by Western 
blot analysis (Fig. S24). Furthermore, the proportions of M1-and M2- 
type macrophages in the heart of IR mice treated with PBS or MBSsm 
NCs were analyzed by flow cytometry. As shown in Fig. S25, MBSsm NCs 
effectively reduced the proportion of M1-type macrophages (CD86+F4/ 
80+CD11b+) while increased the proportion of M2-type macrophages 
(CD206+F4/80+CD11b+), which demonstrated that MBSsm NCs could 
drive the macrophage polarization to an anti-inflammatory phenotype, 
thus attenuating inflammatory damage during reperfusion. These find-
ings thus collectively demonstrated the combined effect of siMOF and 
miR21 in inhibiting the inflammatory cascade and promoting macro-
phage polarization to the anti-inflammatory M2 phenotype after 
myocardial IR injury. 

3.11. NCs-mediated cardioprotection from IR injury 

The cardioprotection effect of NCs against myocardial IR injury was 
first probed via determination of the infarct size by TTC staining. As 
shown in Fig. 5A and D, the macrophage-targeting MBSsm NCs that co- 
delivered miR21 and siMOF remarkably reduced the infarcted area by 
81.5% after IR injury, significantly outperforming the non-targeting 
BSsm NCs (14.0%) and NCs individually delivering miR21 (MBSm 
NCs, 41.7%) or siMOF (MBSs NCs, 44.3%). 

Acute myocardial IR injury will lead to cardiomyocyte apoptosis/ 
death, deposition of collagen in the extracellular spaces, and fibrosis of 

Fig. 5. NCs-mediated cardioprotection from myocardial IR injury. A) TTC-stained myocardium sections showing the infarct size. Mice without IR injury served as the 
normal control. B) TUNEL-stained ischemic myocardium sections showing cardiomyocyte apoptosis (bar = 100 μm). C) MT-stained ischemic myocardium sections 
showing myocardial fibrosis (bar = 100 μm). D) The infarct size calculated from (A) (n = 6). E) The apoptosis ratio of cardiomyocytes calculated from (B) (n = 6). F) 
The fibrotic area calculated from (C) (n = 6). G) Echocardiographs of the left ventricle. Ejection fraction (EF, H) and fraction shortening (FS, I) of the left ventricle as 
determined by echocardiographic analysis (n = 6). Differences were assessed to be significant at *p < 0.05 and very significant at **p < 0.01 and ***p < 0.001. 
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the myocardium [62]. Thus, H&E staining was first used to study 
myocardial tissue damage. As shown in Fig. S26, cardiomyocytes were 
intact and compact in normal heart tissues, while they became disor-
dered and deformed after IR injury. Moreover, in IR-injured heart tis-
sues, the horizontal stripes of myocardium were blurred or disappeared, 
and the muscle fibers were obviously disordered, indicating massive 
muscle degeneration in the ischemic tissue. In contrast, after treatment 
with MBSsm NCs, the injured myocardium was notably protected from 
degeneration. In addition, TUNEL staining (Fig. 5B and E) and MT 
staining (Fig. 5C and F) of ischemic heart tissues respectively revealed 
that cardiomyocyte apoptosis and myocardial fibrosis were tremen-
dously inhibited after i.v. injection of MBSsm NCs. In all these studies, 
the macrophage-targeting MBSsm NCs co-delivering miR21 and siMOF 
showed the highest efficiencies, significantly outperforming the BSsm 
NCs, MBSs NCs, or MBSm NCs. These findings collectively substantiated 
the potency of MBSsm NCs in mitigating myocardial IR injury by 
orchestrating the microenvironment remodeling, achieved upon the 
synergistic effect of siMOF-mediated oxidative stress attenuation and 
miR21-mediated inhibition of inflammatory cascades. 

Finally, the recovery of cardiac ejection function was monitored by 
echocardiography. Compared with IR-injured mice receiving i.v. injec-
tion of PBS, mice treated with MBSsm NCs showed notably smaller 
expansion of chamber dimensions (Fig. 5G). Similarly, the values of EF 
and FS of mouse hearts treated with MBSsm NCs were obviously higher 
than those of mice treated with BSsm NCs, MBSs NCs, or MBSm NCs, 
which almost recovered to the normal values of healthy mice (Fig. 5H 
and I). It thus indicated that systemic administration of MBSsm NCs post 
IR injury could effectively attenuate the post-reperfusion inflammatory 
response and hamper the transition to heart failure, which finally 
facilitated the recovery of cardiac ejection function. In addition, 
captopril, an angiotensin converting enzyme inhibitor for the clinical 
treatment of myocardial IR injury, was incorporated as a control drug in 
the in vivo efficacy study. As shown in Fig. S27, captopril showed certain 
efficacy in restoring the cardiac function, as indicated by the increased 
EF and FS in the echocardiographical analysis, while the efficacy was 
significantly lower than that of MBSsm NCs. Similar results were ob-
tained from TTC staining assay, wherein MBSsm NCs outperformed 
captopril in decreasing the infarct size (Fig. S28). 

4. Discussion and conclusion 

siRNA has been widely utilized for the treatment of myocardial IR 
injury in previous studies, while most of them target cardiomyocytes, 
aiming to reduce inflammation and apoptosis of cardiomyocytes. In the 
early reperfusion stage, macrophages (especially M1-type) are the 
important contributor to the inflammatory cascade. Thus, inhibition of 
the inflammatory response of macrophages can more effectively reduce 
the inflammatory damage to cardiac tissues. Herein, siMOF and miR21 
were co-delivered to enable efficient and synergistic gene silencing in 
macrophages, which propelled macrophage polarization from M1 to M2 
type and reduced the production of ROS as well as inflammatory factors, 
ultimately alleviating the inflammation post IR injury. Moreover, pro-
tection of cardiomyocytes and functional modulation of macrophages 
were concurrently achieved by the combined effects of ROS scavenging, 
inflammation inhibition, and autophagy attenuation, thus ameliorating 
the myocardial microenvironment and restoring the cardiac function via 
positive cellular crosstalk. Such a macrophage-modulating approach 
may also find promising utilities for the treatment of other 
inflammation-related diseases, such as atherosclerosis, inflammatory 
bowel disease, stroke, and etc. 

To realize the efficient co-delivery of siMOF and miR21 into mac-
rophages in the IR-injured myocardium, macrophage-targeting and 
redox-degradable NCs based on branched, bioreducible BPAE-SS and 
Man-COOH were developed. Such a rationally designed nucleic acid 
delivery system incorporated multiple features including multivalency- 
reinforced siRNA condensation, on-demand intracellular siRNA 

delivery, desired serum stability upon systemic administration, and in 
vivo macrophage targeting, which served to cooperatively overcome the 
various physiological barriers to achieve potent gene silencing against 
IR injury. Comprised of the biodegradable BPAE-SS and natural 
polymer-derived Man-COOH, the NCs featured desired biosafety that 
may benefit their potential translation. 

In summary, this study provides a useful approach to realize highly 
efficient gene delivery in vivo, and it renders promising additions to the 
current treatment concepts against IR injury by integrally targeting 
multiple events during disease cascades. Further explorations could be 
made to avoid the non-targeted accumulation of MBSsm NCs in the 
reticuloendothelial tissues (such as liver and spleen) via structural 
optimization. Although Man-COOH coating enhanced the uptake of 
MBSsm NCs by pro-inflammatory M1-type macrophages, they could also 
be delivered into M2-type macrophages with even higher efficiency, 
because both macrophages express mannose receptors and M2-type 
macrophages have higher expression level. Therefore, future efforts 
could be devoted to selectively targeting M1-type macrophages by using 
alternative targeting ligands. 

CRediT authorship contribution statement 

Yao Wang: Conceptualization, Investigation, Experiments, Data 
curation, Writing – original draft. Mengying Hou: Methodology, Data 
curation, Experiments, Writing – original draft. Shanzhou Duan: 
Methodology, Investigation, Supervision. Ziyin Zhao: Experiments, 
Software. Xuejie Wu: Methodology. Yongbing Chen: Writing – review 
& editing, Supervision, Funding acquisition. Lichen Yin: Writing – re-
view & editing, Resources, Supervision, Funding acquisition. 

Declaration of competing interest 

The authors declare no conflict of interest. 

Acknowledgment 

This work was supported by the National Natural Science Foundation 
of China (82172076, 51873142, and 52033006) , Jiangsu Key Research 
and Development Plan (Social Development) Project (BE2020653 and 
BE2021642), Suzhou Science and Technology Development Project 
(SYS2019072), Collaborative Innovation Center of Suzhou Nano Science 
& Technology, the 111 project, Suzhou Key Laboratory of Nanotech-
nology and Biomedicine, and Joint International Research Laboratory of 
Carbon-Based Functional Materials and Devices. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bioactmat.2022.01.026. 

References 

[1] G.W. Reed, J.E. Rossi, C.P. Cannon, Acute myocardial infarction, Lancet 389 
(2017) 197–210, https://doi.org/10.1016/S0140-6736(16)30677-8. 

[2] H. Thiele, I. Akin, M. Sandri, G. Fuernau, S. De Waha, R.M. Saraei, P. Nordbeck, 
T. Geisler, U. Landmesser, C. Skurk, A. Fach, H. Lapp, J.J. Piek, M. Noc, T. Goslar, 
S.B. Felix, L.S. Maier, J. Stepinska, K. Oldroyd, P. Serpytis, G. Montalescot, 
O. Barthelemy, K. Huber, S. Windecker, S. Savonitto, P. Torremante, C. Vrints, 
S. Schneider, PCI strategies in patients with acute myocardial infarction and 
cardiogenic shock, N. Engl. J. Med. 377 (2017) 2419–2432, https://doi.org/ 
10.1056/NEJMoa1710261. 

[3] G. Heusch, B.J. Gersh, The pathophysiology of acute myocardial infarction and 
strategies of protection beyond reperfusion : a continual challenge, Eur. Heart J. 38 
(2017) 774–784, https://doi.org/10.1093/eurheartj/ehw224. 

[4] D.M. Yellon, D.J. Hausenloy, Myocardial reperfusion injury, N. Engl. J. Med. 357 
(2007) 1121–1135. 

[5] A.T. Turer, J.A. Hill, Pathogenesis of myocardial ischemia-reperfusion injury and 
rationale for therapy, Am. J. Cardiol. 106 (2010) 360–368, https://doi.org/ 
10.1016/j.amjcard.2010.03.032. 

Y. Wang et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/j.bioactmat.2022.01.026
https://doi.org/10.1016/j.bioactmat.2022.01.026
https://doi.org/10.1016/S0140-6736(16)30677-8
https://doi.org/10.1056/NEJMoa1710261
https://doi.org/10.1056/NEJMoa1710261
https://doi.org/10.1093/eurheartj/ehw224
http://refhub.elsevier.com/S2452-199X(22)00034-2/sref4
http://refhub.elsevier.com/S2452-199X(22)00034-2/sref4
https://doi.org/10.1016/j.amjcard.2010.03.032
https://doi.org/10.1016/j.amjcard.2010.03.032


Bioactive Materials 17 (2022) 320–333

332

[6] M. Wallert, M. Ziegler, X. Wang, A. Maluenda, X. Xu, M.L. Yap, R. Witt, C. Giles, 
S. Kluge, M. Hortmann, J. Zhang, P. Meikle, S. Lorkowski, K. Peter, α-Tocopherol 
preserves cardiac function by reducing oxidative stress and inflammation in 
ischemia/reperfusion injury, Redox Biol. 26 (2019) 101292, https://doi.org/ 
10.1016/j.redox.2019.101292. 

[7] Y. Liu, K. Ai, X. Ji, D. Askhatova, R. Du, L. Lu, J. Shi, Comprehensive insights into 
the multi-antioxidative mechanisms of melanin nanoparticles and their application 
to protect brain from injury in ischemic stroke, J. Am. Chem. Soc. 139 (2017) 
856–862, https://doi.org/10.1021/Jacs.6b11013. 

[8] S.M. Davidson, P. Ferdinandy, I. Andreadou, H.E. Bøtker, G. Heusch, B. Ibáñez, 
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