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A B S T R A C T

Fibrotic scarring and impaired myocardial calcium homeostasis serve as the two main factors in the pathology of
heart failure following myocardial infarction (MI), leading to poor prognosis and death in patients. Serca2a is a
target of interest in gene therapy for MI-induced heart failure via the regulation of intracellular calcium ho-
meostasis and, subsequently, enhancing myocardial contractility. A recent study also reported that Serca2a
ameliorates pulmonary fibrosis by blocking nuclear factor kB (NF-kB)/interleukin-6 (IL-6)-induced (SMAD)/TGF-
β signaling activation, while the effect in MI-induced myocardial fibrosis remains to be addressed. Here, we
loaded Serca2a plasmids into type 1 collagen-targeting nanoparticles to synthesize the GKWHCTTKFPHHYCLY-
Serca2a-Liposome (GSL-NPs) for targeted treatment of myocardial infarction. We showed that GSL-NPs were
effectively targeted in the scar area in MI-induced mice within tail-vein delivery for 48 h. Treatment with GSL-
NPs improved cardiac functions and shrank fibrotic scars after MI in mice by up-regulating Serca2a. In cardiac
fibroblasts, GSL-NPs alleviated hypoxia-induced fibrotic progression partly by inhibiting NF-kB activation.
Furthermore, treatment with GSL-NPs protected cardiomyocyte calcium homeostasis and enhanced myocardial
contractility during hypoxia. Together, we demonstrate that type I collagen-targeted liposome delivery of Ser-
ca2a may benefit patients with myocardial infarction by inhibiting fibrotic scarring as well as modulation of
calcium homeostasis.

1. Introduction

Myocardial infarction (MI) induced heart failure serves as the major
causes of human death worldwide [1,2]. A significant proportion of
cardiomyocytes undergo degeneration and necrosis during MI, resulting
in a local deficiency of myocardial contractility in the infarct area [3,4].
In contrast, cardiac fibroblasts secrete large amounts of extracellular
matrix, and collagen fibers gather excessively in the myocardium, which
aggravates left ventricular systolic dysfunction, myocardial
non-contractile scar development, and left ventricular remodeling [5].

Hence, effective restoration of myocardial contractility and ameliora-
tion of myocardial fibrosis can enhance cardiac function and minimize
the likelihood of adverse cardiovascular events, which is highly signif-
icant in treating MI.

The disruption of calcium homeostasis in cardiomyocytes caused by
ischemia is considered to be a significant trigger for the impairment of
myocardial contractility during MI, which was characterized by the
decreased uptake of Ca2+ by the endoplasmic reticulum of car-
diomyocytes and insufficient rate and amplitude of recovery of cyto-
plasmic Ca2+ concentration during diastole, resulting in insufficient
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myocardial contractility and delayed myocardial diastole [6,7]. Sarco-
plasmic reticulum Ca2+-ATPase 2a (Serca2a) is a vital enzyme in the
calcium transport channel to maintain calcium homeostasis in car-
diomyocytes [8]. Accumulated studies have reported a significant
decrease of Serca2a during MI, leading to intracellular Ca2+ overload
and contractile dysfunction in mice [9,10]. It has also been demon-
strated that Serca2a heterozygous knockout (Serca2a (±) could aggra-
vate in vivo myocardial ischemia/reperfusion (I/R) injury and affect
postischemic functional recovery [11]. Conversely, increased Serca2a
expression in cardiomyocytes protects heart functions in various
experimental animal models, including myocardial infarction, I/R
injury, or afterload-induced cardiac hypertrophy mice [7,12–14],
showing that Serca2a may serve as a promising therapeutic target
against heart failure by maintaining calcium homeostasis and enhancing
myocardial contractility. Another possible protective effect of Serca2a in
post-myocardial infarction may come from its resistance to myocardial
fibrosis. By boosting Serca2a gene delivery in a bleomycin-induced lung
fibrosis model, a recent study reported that AAV-mediated Serca2a
therapy could reverse pulmonary fibrosis in mice by blocking NF-κB and
subsequently inhibiting TGF-β/SMAD2/3 signaling pathway [15].
TGF-β is a solid and robust fibrogenic cytokine which plays a vital role in
triggering myocardial fibrosis [16–18]. Although several studies high-
light the potential role of Serca2a in inhibiting fibrosis progression by
protecting calcium homeostasis and maintaining myocardial contrac-
tion [19,20], whether treatment of Serca2a could directly alleviate
myocardial fibroblast activation after MI remains to be further
addressed.

Despite the success of Serca2a treatment in experimental heart fail-
ure, a multinational, randomized, placebo-controlled, double-blind
CUPID 2 trial in which 250 patients (aged 18 to 80) with stable chronic
HF and reduced ejection fraction received AAV/Serca2a pellet infusion
failed to demonstrate an improvement in the time to onset of heart
failure when compared to placebo control [21]. Although the factors
that led to the failure of this clinical trial are complex, two issues stand
out: 1. Biological resistance and potential toxicity of AAV therapy; 2.
Limitations in targeting infarct areas. Hence, it is urgent to find highly
biosafety and targeted delivery systems for gene therapy at myocardial
infarction sites. In this study, we suggest a nanoparticle-based gene
therapy regimen for the targeted delivery of Serca2a. After the surgery,
we created a gene therapy delivery system that aggressively targets the
infarction area of the heart. In our previous study, lipid nanoparticles
were modified with corresponding peptides on the surface to provide
better targeting for multimodal imaging in a mouse model of myocardial
ischemia/reperfusion [22,23]. GKWHCTTKFPHHYCL, a peptide
discovered by in vivo phage display technology, consists of 16 amino
acids and can be specifically bound to type I collagen (the primary
collagen component in fibrotic myocardium), to promote the targeting
of nanoparticles in the fibrotic area caused by MI [24,25]. Briefly, this
novel and revolutionary platform comprise a core of cationic liposomes
loaded with Serca2a and a surface shell of a GKWHCTTKFPHHYCL
peptide that targets type 1 collagen. The core of the nanoparticle pos-
sesses a high Serca2a loading capacity, which could effectively prevent
the degradation of Serca2a in bodily fluids. By injecting tail veins into
MI-operated mice, our nanoparticles were preferentially nested and
enriched in the post-infarction fibrotic zone by GKWHCTTKFPHHYCL
peptide, resulting in the local release of Serca2a from cardiac fibroblasts
in the infarction area as well as from nearby cardiomyocytes (Fig. 1).
The results of this study demonstrate that our nanoparticle-mediated
Serca2a targeting gene delivery system may serve as a promising ther-
apeutic option for patients with myocardial infarction.

2. Materials and methods

2.1. Materials

1,2-dipalmitoyl-sn-glycerol-3-phosphatidylcholine (DPPC), 1,2-

stearoyl-sn-glycerol-3-phosphatidyl amino-N- [methoxy (polyethylene
glycol)-2000] (DSPE-PEG2000) and cationic cholesterol (DC-Chol) were
purchased from Corden Pharma Inc (Liestal, Switzerland). EP-3533
(GKWHCTTKFPHHYCLY, cyclic form) and DSPE-PEG2000-GKWHC
TTKFPHHYCLY were synthesized and purified by Xi’an Rui Xi Biotech-
nology Co. Ltd (Shanghai, China). 1,1′-dioctadecyl-3,3,3′,3′-tetrame-
thylindocarbocyanine perchlorate (DiI), 4′, 6-diamidino-2-phenylindole
(DAPI), and 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine
iodide (DiR) were purchased from Sigma-Aldrich (Saint Louis, MO,
USA). Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum
(FBS), and trypsin were purchased from Gibco Co. (Carlsbad, CA, USA).
Penicillin-streptomycin was purchased from Boost Biotech Co. Cell
Counting Kit 8 (CCK-8) was provided by Dojindo Molecular Technolo-
gies (Tokyo, Japan). Hydrogen peroxide (H2O2), trichloromethane
(CHCl3), and other analytical-grade reagents were purchased from
Chongqing Chuandong Chemical (Chongqing, China). The Serca2a
plasmid was purchased from GKN Genetics (Shanghai, China).

2.2. Synthesis of lipid nanoparticles

1,2-Dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC, 10 mg),
1,2-distearoyl-sn-glycero-3-phosphatidylamino-N-[methoxy (poly-
ethylene glycol)-2000] (DSPE-PEG2000, 4 mg) and cationic cholesterol
(DC-Chol, 3 mg) were dissolved with 10 ml of trichloromethane
(Chongqing Chuandong Chemical, Chongqing China), then the organic
solvent was removed using a rotary vacuum evaporator (RE-52A, Yar-
ong, Shanghai, China). The suspension was pulsed and shaken in an ice
water bath at 125 W for 8 min using an ultrasonicator (Sonics & Mate-
rials Inc., USA). Subsequently, the emulsion was successfully isolated
through a series of centrifugation processes in a refrigerated centrifuge
at 4 ◦C, (8000 rpm, 5 min three times) to obtain a homogeneous

Fig. 1. Schematic illustration of the design of GSL-NPs to treat myocardial
infarction in mice.
A: Preparation of cationic lipid nanoparticles, which were prepared with
cationic liposomes loaded with Serca2a as the core and type 1 collagen-
targeting GKWHCTTKFPHHYCL peptide as the shell on the surface. B: In a
mouse myocardial infarction model, the lipid nanoparticles were injected
through the tail vein, which could be enriched in the fibrotic area after
infarction and thus phagocytosed by cardiomyocytes and myocardial fibro-
blasts, followed by the release of Serca2a plasmid. C: Serca2a plasmid uptake by
cardiac fibroblasts and cardiomyocytes improves myocardial contractility by
inhibiting the activation of fibrosis in fibroblasts and protecting calcium ho-
meostasis in cardiomyocytes.
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nanoscale contrast agent (Liposome nanoparticles, L-NPs). After each
centrifugation, 4 ml of phosphate-buffered saline (PBS) was used to
wash for further studies. Then we co-incubated the Serca2a plasmid with
the previously prepared L-NPS for 30 min to obtain the liposomal
nanoparticle material with Serca2a (Serca2a-Liposome nanoparticles,
SL-NPs). To synthesize nanoparticles with COL1-targeting properties,
GKWHCTTKFPHHYCLY peptide was recruited and labeled on SL-NPs
using a typical carbodiimide method. Briefly, replace DSPE with
DSPE-PEG2000-GKWHCTTKFPHHYCLY (4 mg, Xi’an Ruixi Biotech-
nology Co., Ltd., Xi’an, China) in the initial step and gradually synthe-
size targeted nanoparticles (GKWHCTTKFPHHYCLY-Serca2a-Liposome,
GSL-NPs, Fig. 2A) according to the process described above. Finally, the
diameter and distribution of the nano-contrast agents were observed by

light microscopy (Olympus, Tokyo, Japan) and confocal laser scanning
microscopy (A1R–Si; Nikon, Tokyo, Japan). Transmission electron mi-
croscopy (TEM) (H-7500; Hitachi, Tokyo, Japan) was used to observed
the morphology and microstructure of the nanoparticles.

2.3. Nanoparticle loading gene amount and DNase I protection assay

Equal amounts of Serca2a plasmids were randomly prepared in 10
copies. Different amounts of lipid nanoparticles made as described
above were added into Serca2a plasmids respectively, then incubated
for 1 h to synthesize lipid nanoparticles containing Serca2a in different
concentrations (Lipid nanoparticles/Serca2a = 0–9/1). DNase I protec-
tion experiments were also performed to investigate the ability of

Fig. 2. Physical characteristics of lipid nanoparticles. (a) Schematic diagram of GSL-NPs preparation; (b) TEM images of GSL-NPs (scale = 500 nm; Scale = 200 nm).
(c,d) Diameter (c), zeta potential (d) of SL-NPs, GSL-NPs, and L-NPs measured by DLS in PBS. (e,f) The changes in particle size (e) and zeta potential (f) of GSL-NPs
nanoparticles on different days were measured. (g) A statistical table including particle size, polydispersity, and zeta potential of GSL-NPs, SL-NPs, and L-NPs is
shown. (h) Confocal laser scanning micro-graphs: Dil-labeled GSL-NPs (red), GFP-labeled Serca2a (green), and merge. (i) The free Serca2a plasmid was detected by
agarose gel at about 6000bp. The gradient mass ratio of GL-NPs and Serca2a was used to make GL-NPs: Serca2a = 0:1, 5:1, 10:1, 15:1, 20:1, 25:1, 50:1 on 2 % agarose
gel. (j) Nanoparticles protect against DNA Se I-derived degradation of Serca2a plasmid.
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nanoparticles to protect Serca2a from DNase I degradation. Serca2a or
GSL-NPs complexes were exposed to PBS or DNase I digestion and
incubated at 37 ◦C for 60 min, after which the samples were subjected to
agarose gel electrophoresis.

2.4. Cell culture, cell viability, and TUNEL staining

Cardiac fibroblasts and H9C2 cells were cultured in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 10 % fetal bovine
serum (Gibco, Invitrogen, Grand Island, NY, USA) at 37 ◦C and 5 % CO2.
Cardiac fibroblasts and H9C2 cells were loaded into 96-well plates at 5
× 104 cells per well for. For cytotoxicity assays, cardiac fibroblasts, and
H9C2 cells were treated with GSL-NPs (0, 0.1, 0.2, 0.4, 0.8, 1.0 mg/ml)
for 24 and 48h. Cell viability was measured by a CCK-8, and a microplate
reader (Multiskan MK33; Thermolab Systems, Helsinki, Finland) was
used to detect the optical density at a wavelength of 450 nm.

For TUNEL staining, after washing with PBS for 3 × 5min, the cell
slivers were treated with 0.3 % Triton drilling for 5 min, then washed
again with PBS for 3 × 5min. TUNEL staining solution (Meilunbio) was
prepared according to the instructions, then added into each cell slide
and incubated in a 37 ◦C water bath for 60 min. After incubation, DAPI
was treated after PBS wash, and the slices were sealed with an anti-
quench sealing tablet and observed under Confocal Microscope.

Uptake of GKW/Serca2a/Lip by cardiac fibroblasts and H9C2 cells.
The uptake of GSL-NPs by cardiac fibroblasts and H9C2 cells was

assessed by laser confocal microscopy (Nikon, Japan). Under laser
confocal microscopy, cardiac fibroblasts and H9C2 cells were cultured
on confocal dishes with culture medium for 24 h and then exposed to a
hypoxic environment (37 ◦C and 1 % oxygen) for 24 h of incubation.
Next, cardiac fibroblasts and H9C2 cells were exposed to DMEM con-
taining Dil-labeled GSL-NPs (200 μg/ml, 1.5 ml/well) for 1, 2, 3, or 4 h
under standard cell culture conditions, respectively. Cells were washed
three times with ice-cold PBS and fixed with 4 % paraformaldehyde for
10 min at 37 ◦C. Then, the plates were rewashed three times with PBS,
and the nuclei of the samples were stained with DAPI dye for 5 min.
Subsequently, fluorescent images were obtained by laser confocal
microscopy.

2.5. Biosafety detection of lipid nanoparticles in vivo

Specific pathogen-free (SPF) C57BL/6 mice (18–22 g) were pur-
chased from the Experimental Animal Center of Chongqing Medical
University (Chongqing, China). All experimental animal procedures
were performed in accordance with the guidelines of the Ethics Com-
mittee of Chongqing Medical University Laboratory Animal Center.

To assess the in vivo toxicity of GSL-NPs, mice were randomly
divided into the following five groups based on nanoparticle treatment
time: sham, 7-day, 14-day, and 28-day experimental groups (n = 5 per
group). By tail vein injection, the control group was treated with saline
(200 μL), and other groups were treated with GSL-NPs (dose: 1.0 mg/kg,
1.0 mg/ml). Throughout the testing period, abnormal reactions, deaths,
and the time of their occurrence were observed and recorded. At
different time points, whole blood was collected from the heart, part was
used for routine blood tests, and part was separated from the serum for
biochemical analysis. At the end of the experiment, all mice were
sacrificed, and the major organs (heart, liver, spleen, lungs, and kidneys)
were taken for histological analysis using hematoxylin and eosin stain-
ing (H&E).

2.6. Establishment of mouse MI model and experimental process

A total of 48 male C57BL/6 mice were randomly assigned into 5
groups as follows: a sham group (n = 8), MI group (n = 10), Lip group
(MI + Liposome injection, n = 10), Serca2a/Lip group (MI + Serca2a/
Lip injection, n = 10), and GKW/Serca2a/Lip group (MI + GKW/Ser-
ca2a/Lip injection, n = 10). To establish the MI model, C57BL/6J mice

were anesthetized by intraperitoneal injection of pentobarbital (60 mg/
kg), followed by mechanical ventilation at a respiratory rate of 200
breaths/min and a tidal volume of 0.15 ml. After the mice were anes-
thetized, a left thoracotomy was performed, and a sternal retractor was
placed to separate the rib cage and expose the heart. The left anterior
descending artery (LAD) was ligated with 8-0 wire in both MI and the
treatment groups. Mice in the sham group underwent the same pro-
cedure without LAD ligation. After the ligation, the muscle, fascia, and
skin were sequentially sutured in layers with 5-0 sutures. The three
different treatment strategies (Lip, Serca2a/Lip, GKW/Serca2a/Lip, 1
mg/kg, 1 mg/ml)) were administered intravenously in mice every two
days for 28 days, starting the second day after MI modeling. At the end of
the experiment, all mice were killed with a lethal dose of sodium
pentobarbital (3 %; 80 mg/kg). Blood samples were collected in dry test
tubes without anticoagulant to obtain serum. Myocardial tissue was
immediately excised and rapidly dissected on ice. All samples were
stored for further use.

2.7. In vivo fluorescence assay

A fluorescent system (CRi Inc, Woburn, MA, USA) was used to study
the distribution of GSL-NPs in MI mice. A total of 12 mice were randomly
divided into 4 groups (n = 3 for each group): MI-operated plus SL-NPs or
GSL-NPs administration group was injected with DiR-labeled SL-NPs
(1.0 mg/kg, 1.0 mg/ml) or GSL-NPs (1.0 mg/kg, 1.0 mg/ml) through the
tail vein 14 days after MI operation. After the sham operation, the sham-
operated plus SL-NPs or GSL-NPs administration group was injected
with the same doses of SL-NPs or GSL-NPs. After 1, 6, 12, 24, and 48 h of
injection, the mice were placed in front of the camera for image analysis
of DiR dye and calculating the relative fluorescence intensity,
respectively.

2.8. Echocardiography

After anesthetized with inhaled isoflurane via a facemask, the mice
were subjected to transthoracic echocardiography using a Vevo 3100
(Visual Sonics Inc., Toronto, ON, Canada) equipped with an MS550
transducer (22–55 MHz). Left heart systolic functions, including ejection
fraction (EF), fractional shortening (FS), left ventricular systolic diam-
eter (LVSD) and left ventricular diastolic diameter (LVDD), were
detected as we previously described [26].

2.9. Western blot analysis

Total proteins were isolated from the heart tissues of mice and car-
diac fibroblasts. 20 mg of each heart tissue from the left ventricular was
lysed with RIPA buffer containing protease inhibitor cocktails (Sigma)
using Benchmark Bead blast 24 tissue homogenizer (Benchmark scien-
tific). Protein samples (20 μg/lane) were separated by SDS-PAGE and
transferred to a nitrocellulose filter membrane (Millipore Sigma). Anti-
bodies recruited in the present study were shown as follows: anti-
Serca2a (1:5000; Abcam, ab150435), anti-β-actin (1:500; Santacruz,
SC-130657), anti-COL1 (1:1000; Bioss, bs-10423R), anti-α-SMA
(1:3000; Abcam, ab124964), anti-GAPDH (1:5000; Abcam, ab8245),
anti–NF–κB p65 (1:1000; Cell Signaling Technology, 8242), anti-
p–NF–κB p65 (1:1000; Abcam, ab76302), anti-p-SMAD2/3 (1:1000;
Abcam, ab272332), anti-t-SMAD2/3 (1:1000; Abcam, ab202445), anti-
IL-1β (1:1000; Abcam, ab283818), anti-NLRP3 (1:1000; Abcam,
ab263899), anti-TGF-β1 (1:1000; Abcam, ab215715).

2.10. RNA isolation and quantitative RT-PCR analysis

Total RNA samples from rat lung tissues were isolated and purified
using RNAiso Reagent (Takara Japan) according to the manufacturer’s
protocol. The mRNA levels were measured using the TB Green Premix Ex
Taq (TaKaRa, Tokyo, Japan) and the Thermal Cycler Dice Real-Time
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System (Bio-rad, Hercules, CA, United States). The following PCR con-
dition was applied: 95 ◦C for 3 min, 40 cycles at 95 ◦C for 10s, and 62 ◦C
for the 30s followed by 62 ◦C 10s. Following are the sequences of the
primers: forward: CTCAAGGAGAGATGGGGCTC; reverse:
CAATCACAAGTTCCAGCAAGGT.

2.11. Immunofluorescence staining and histological analysis

Heart tissues from Sham/MI mice (treated with Serca2a/Lip or
GKW/Serca2a/Lip 24hrs before sacrifice) were sectioned into 5 μm sli-
ces by frozen tissue sectioning, then blocked with 0.1 % Triton X-100
and immunostaining blocking solution at room temperature for 1 h.
After 3 washes with PBS, the slices were incubated with anti-COL1
(1:50; Bioss, bs-10423R) at 4 ◦C overnight, then incubated with FITC
conjugated affineur goat anti-rabbit IgG (1:100; Proteintech, SA00003-
2) at room temperature for 1 h. Finally, the sections were stained with
DAPI before being imaged under a fluorescence microscope (Eclipse
Ti–U, Nikon Corporation, Tokyo, Japan) at an excitation wavelength of
405 nm for nuclei and 488 nm for COL1. For cardiac fibrosis immuno-
fluorescence, cells were seeded into a cell slide and then grown to a
60–70 % density. After being fixed with 4 % paraformaldehyde for 15
min, a standardized immunofluorescence staining procedure and
confocal microscopy detection were administered as described above.
Anti-α-SMA antibody (1:100; Abcam, ab124964) and FITC conjugated
affineur goat anti-rabbit IgG (1:100; Proteintech, SA00003-2) was used
additionally.

To demonstrate the correlation between Serca2a and COL1 in car-
diac fibroblasts, COL1-positive cells in the left ventricle of different
groups of mice were isolated using antibody magnetic bead (For tissue
dissociation: Multi tissue Dissociation Kit 2, 130-110-203, Miltenyi
Biotech; For cell sorting: Anti-Rabbit IgG MicroBeads, 130-048-602,
Miltenyi Biotech) according to the manufacturer’s protocol, and then
immunofluorescence co-staining of Serca2a and COL1 was performed
using the antibody described above. After incubated with FITC conju-
gated affineur goat anti-rabbit IgG (1:100; Proteintech, SA00003-2) and
Cy3 conjugated affineur goat anti-mouse IgG (1:100; Proteintech,
SA00009-1) for 1 h, confocal microscopy detection was administered in
the cardiac fibroblasts isolated from each group of mice. Line-intensity
profiles of Serca2a, COL1 and DAPI in each single cell acquired from
MI + Serca2a/Lip group and MI + GKW/Serca2a/Lip group were
measured using imageJ as we described in the previous study [27].

For histological analysis, heart tissues were fixed in 4 % para-
formaldehyde for 48 h, dehydrated and embedded in paraffin, sectioned
at 4-μm thickness, then mounted on glass slides. Masson’s trichrome
staining was used to assess the extent of fibrosis in cardiac muscle.

2.12. Detection of calcium transient in adult mouse cardiomyocytes and
neonatal cardiomyocytes, and H9C2s

Adult mouse cardiomyocytes were extracted and cultured according
to a published protocol [28]. EDTA buffer was injected into the right
ventricle, the aorta was clipped, and the heart was cut off. Next, EDTA
buffer was injected into the left ventricle and replaced with perfusion
buffer. Then, collagenase was injected into the left 5 ventricles until the
digestion was finished. We tore the heart to the full extent with tweezers,
mixed it for 1 min, and finally terminated digestion with a stop buffer.
The extracted cardiomyocytes were filtered with a 100 μm filter net and
collected with centrifuge tubes. With compound calcium fluid, the
filtrate was settled three times by gravity for 20 min each time, and the
precipitates were collected and reselected with a culture medium. Viable
cardiomyocytes from each group were incubated with Fluo-4 AM
working solution (2 μM, Biotechnology, China) in a 37 ◦C incubator for
fluorescence probe loading and then observed using a spinning-disk
confocal microscope (SpinSR, Olympus, Japan). In order to reflect the
calcium change of sarcoplasmic reticulum (SR), the calcium probe
fluorescence intensity of individual cardiomyocytes before and after

stimulation was obtained by quickly adding 10 mmol/L caffeine to the
cells under confocal observation.

To determine the effect of GSL-NPs on spontaneous calcium tran-
sients of cardio-myocytes, neonatal mouse ventricular myocytes were
isolated from 2-day-old C57BL/6 mice by enzymatic digestion with 0.05
% trypsin and 0.015 % collagenase then planted in 35 mm confocal
dishes as we previously described [29]. After being treated with
GSL-NPs (1 mg/ml) or scrambled NPs for 4 h, neonatal cardiomyocytes
were washed with PBS 3 times and then exposure to hypoxia (1%O2) for
24 h. Ca2+ transient was determined using Fluo-4 AM working solution
according to the procedure described above. Whole-cell fluorescent
images of each cardiomyocyte were recorded 40 times in 10 s by
confocal microscope (SpinSR, Olympus, Japan).

To demonstrate the effect of exogenous stimuli on sarcoplasmic re-
ticulum calcium pumps, H9C2 cells were recruited and labeled with
Fura-2/AM probes to determine intracellular calcium changes. Briefly,
cells were inoculated in a 6-well plate, cultured to approximately 90 %
growth density, removed from the medium, and washed twice with
extracellular fluid. After that, extracellular fluid containing 1 μm Fura-
2/AM and 0.025 % F-127 (Invitrogen) was added to the cell. Then,
darkly incubated at 37 ◦C for 40 min. Next, washing the cells once with
extracellular fluid and three times with calcium-free extracellular fluid,
adding intracellular solution with 10 mg/ml digitonin to the cells and
incubating at 37 ◦C for 5 min to permeabilize the cell membrane.
Finally, the cells were washed twice with intracellular fluid, scraped,
and re-sustained into a 96-well plate with 200 μl intracellular fluid.
Setting up the microplate reader to read the fluorescence intensity at the
excitation wavelength of 340 nm and emission wavelength of 510 nm.
Caffeine with a final concentration of 2 mM was added into a 96-well
plate as an agonist by automatic sample feeder.

2.13. Statistical analysis

All data were represented of at least 3 independent experiments and
expressed as mean ± SEM, and the group size ‘n’ refers to biological
replicates, not technical replicates. The normal distribution of each data
was evaluated for normal distribution using the Shapiro-Wilk test, and P
> 0.05 indicated the normally distributed. To identify group differences,
we used Student’s t-test for two groups and one-way analysis of variance
(ANOVA) followed by Tukey post-hoc test when comparing more than
two groups. The survival rate was presented as a Kaplan–Meier curve
and compared by the log-rank test. P < 0.05 was considered statistically
significant. All the statistical analysis were performed in GraphPad
Prism 8.0 software (San Diego, CA, USA).

3. Results

3.1. GSL-NPs exhibit stable physical characteristics with high biosafety
and biocompatibility

Transmission electron microscopy detection showed that GSL-NPs
were spherical with uniform size and regular morphology (Fig. 2B).
Then we determined the physical properties of the nanoparticles,
including GSL-NPs, SL-NPs, and L-NPs. As a result, they all showed good
dispersibility via the Malvern particle size meter and zeta surface po-
tential detector (1. GSL-NPs, average particle size: 210.28 ± 8.83 nm,
zeta potential: 7.33 ± 1.225, PDI: 0.189 ± 0.012; 2. SL-NPs, average
particle size: 189.48 ± 7.45 nm, zeta potential: 25.8 ± 0.9452, PDI:
0.183 ± 0.012; 3. L-NPs, average particle size: 185.34 ± 9.37 nm, zeta
potential: 24.10 ± 0.6429, PDI: 0.187 ± 0.014; Fig. 2C, D, G). In addi-
tion, no significant potential or particle size changes were observed in
the nanoparticles during 7 consecutive days of testing (Fig. 2E and F).
Using a laser confocal microscope, we showed that GFP-labeled Serca2a
plasmids (green signal) were well co-localized to Dil-labeled nano-
particles (red signal), showing a successful linkage of lipid nanoparticles
and plasmid genes in our study (Fig. 2H). In order to measure the gene
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loading of lipid nanoparticles, we co-incubated lipid nanoparticles and
plasmid genes in different ratios for 1 h. As shown in Fig. 2I, as the ratio
of lipid nanoparticles to plasmid increased, the levels of free plasmid
decreased, and the saturation concentration was reached when the
lipid/plasmid ratio exceeded 25/1. Owing that DNA Se I degrades DNA
and is widely present in organisms, naked plasmid DNA cannot be
efficiently delivered to target tissues and exert gene therapy effects. To
test whether GSL-NPs could protect against DNA Se I-derived degrada-
tion, we incubated DNA plasmid with DNA Se I in vitro. We found that
the naked Serca2a plasmid was significantly degraded within 30 min,
while loaded with nanoparticles reversed this effect as detected by

agarose gel (Fig. 2J), indicating that Serca2a plasmids were well pro-
tected against DNA Se I by lipid nanoparticles.

To verify the biosafety of GSL-NPs, we performed serum biochemical
and pathological measurements in C57BL/6 mice and cell viability as-
says in cardiac fibroblasts and H9C2s. Specifically, we measured the
cellular activity of cardiac fibroblasts and H9C2s after treatment with
GSL-NPs for 24 or 48 h, respectively, using the cck-8 assay, which
showed no significant decrease in cell viability, and both were above 90
% even 48 h after 1 mg/ml of GSL-NPs administration (Fig. 3A and B).
TUNEL assays further demonstrated that GSL-NPs did not cause signif-
icant cell death at a dose of 2 mg/ml (Fig. 3C and D). To evaluate the in

Fig. 3. The biosafety of GSL-NPs in vivo and in vitro. (a,b) The cell viability of normal cardiac fibroblasts (a) and H9C2s (b) treated with different doses and time
points of nanoparticles. (c,d) TUNEL staining of normal cardiac fibroblasts (c) and H9C2s (d) treated with different doses of nanoparticles. (e) Representative H&E-
stained sections from the heart, liver, spleen, lung, and kidney of each group. (f–n) Serum levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST),
blood urea nitrogen (BUN), creatinine (CRE), Total bilirubin (TBIL), hemoglobin (HGB), red blood cells (RBC), platelets (PLT) and white blood cells (WBC) from the
different groups.
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vivo biosafety of lipid nanoparticles, mice were treated with GSL-NPs
(1.0 mg/kg through tail vein) once every two days for 28 consecutive
days, then serum biochemical and pathological measurements were
performed at day 0, 7, 14, and 28. As shown in Fig. 3E, no significant
changes or damage were observed in the major organs of mice at each
time point, indicating its low toxicity and biocompatibility in mice. We
also found no differences in serum levels via groups including red blood
cells (RBC), white blood cells (WBC), platelets (PLT) and hemoglobin
(HGB), alanine aminotransferase (ALT), aspartate aminotransferase
(AST), blood urea nitrogen (BUN) and creatinine (CRE), indicating that
GSL-NPs did not cause additional damage to the physiological functions

of mice (Fig. 3F–N).
To verify the phagocytosis of nanoparticles in vitro, we co-incubated

GSL-NPs with normal cardiac fibroblasts and H9C2s for 1, 2, 3, or 4 h
under standard cell culture conditions, respectively. As shown by
immunofluorescence confocal microscopy, the cellular phagocytosis of
GSL-NPs began to rise significantly at 2 h of incubation. It reached
saturation at 4 h of incubation both in cardiac fibroblasts and H9C2s
(Figs. S1A and B). The above results demonstrate that we have suc-
cessfully synthesized a liposome-loaded nanoparticle plasmid DNA
platform with high biosafety and biocompatibility that can efficiently
load Serca2a plasmids into cells and protect them from degradation in

Fig. 4. GSL-NPs are targeted to the infarct area of MI mice by interacting with type 1 collagen fibers. (a, b) Representative in vivo fluorescence images from the
different groups of mice (a) and their main organs (b). (c) Quantifications of fluorescence intensity in each group of mice at different time points within 48 h’
observation. (d) Quantifications of fluorescence intensity in heart tissues of mice at 48 h after tail vein injection. (e) Representative immunofluorescent images of
heart tissues and isolated cardiac fibroblasts in each group of mice are shown. Dil served as fluorescent labeling of nanoparticles. (f, g) Visualization of linear
fluorescence intensity (yellow lines in Fig. 4E) between Serca2a and COL1 in MI + Serca2a/lip group (h) group and MI + Gkw/Serca2a/lip group are shown,
respectively.
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vivo, providing a basis for subsequent administration.

3.2. GSL-NPs were enriched at the site of the myocardial infarction scar
by linking with type I collagen of cardiac fibroblasts

To compare the targeted enrichment ability of SL-NPs and GSL-NPs
in the heart, we performed in vivo fluorescence detection in sham-
operated or MI-operated mice, respectively. As to sham-operated mice,
after being injected with each nanoparticle by tail vein, no significant
enrichment was detected in the SL-NPs group and GSL-NPs group within

48 h of observation; As to MI-operated mice, the SL-NPs group showed
no significant fluorescent signals after tail vein injection within 48 h,
while the GSL-NPs group exhibited apparently fluorescent signals at the
infarct area of the heart from 1 h to 48 h after tail vein injection, peaking
at 12 h and remaining enriched at 48 h (Fig. 4A–C). After 48 h, we
sacrificed the mice and examined the major organs of each group, and
found that the fluorescence intensity of the heart tissue in the MI-
operated plus GSL-NPs injection group was significantly higher than
that in the MI-operated plus SL-NPs injection group; On the contrary,
there was no significant difference in the fluorescence intensity of the

Fig. 5. Delivery of GSL-NPs protects against MI-induced heart failure in mice (a) Schematic of the experimental design to assess the therapeutic efficacy of GSL-NPs
in the MI-induced mice. Mice who received a MI surgery were randomly assigned to receive 1 mg/kg L-NPs, SL-NPs, or GSL-NPs once every two days for 28 days;
Echocardiographic measurements were performed on days 1,7,14 and 28. (b) Kaplan-Meier survival curves in different groups within 28 days’ observation. (c)
Representative images for measuring left ventricular systolic function at each time point from the different groups are shown. (d) Ejection fraction, (e) fractional
shortening, (f) LVS diameter, and (g) LVD diameter were measured from the different groups, respectively. (h, i) Serca2a mRNA (h) and protein levels (i) from the
heart tissues of mice via different groups were measured. L-NPs, lipid nanoparticles; SL-NPs, Serca2a/lipid nanoparticles; GSL-NPs, GKWHCTTKFPHHYCL/Serca2a/
lipid nanoparticles.
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sham-operated mice regardless of the injected nanoparticles (Fig. 4B–D).
To demonstrate whether nanoparticles accumulate in the infarcted

area, we examined frozen sections of heart tissue from each group of
mice 12 h after tail vein injection. In sham-operated mice, there is no
significant nanoparticles enrichment in both SL-NPs and GSL-NPs group
(Red signal, Fig. 4E), consistent with the results observed from the in
vivo fluorescence assays. In MI-operated mice, we observed significant
activation of type I collagen fibers (Green signal, Fig. 4E) and signifi-
cantly more nanoparticles in the GSL-NPs-treated group than in the SL-
NPs-treated group. In order to observe the changes of Serca2a and COL1
at the single-cell level, we further dissociated the left ventricle of mice in
each group then sorted out COL1-positive cells for immunofluorescence
confocal imaging. Compared with the MI + Serca2a/Lip group, MI +

GKW/Serca2a/Lip group showed a higher Serca2a fluorescence in-
tensity, which was accompanied by a lower COL1 fluorescence intensity
(Fig. 4E). Intriguingly, there was a significant correlation between Ser-
ca2a and COL1 in the GSL-NPs treated group regardless of whether they
experienced MI operation (orange signal in the Merge image, Fig. 4E),
but not in the SL-NPs treated group. Linear fluorescence intensity
measurements further demonstrated the significant correlation between
Serca2a and COL1 in MI + GSL-NPs group, but not in MI + SL-NPs group
(Fig. 4F and G). The above results showed that GSL-NPs could enriched
in the heart of MI mice by interacting with type 1 collagen fibers in the
infarct area.

3.3. Delivery of GSL-Np protects against MI-induced heart failure in mice

To evaluate the therapeutic effect of GSL-NPs on experimental MI,
mice in each group were treated once every two days with 1 mg/kg L-
NPs, SL-NPs, or GSL-NPs, respectively. The left ventricular function was
detected by using echocardiography at day 7, 14 and 28 (Fig. 5A).
During the 28-day treatment period, GSL-NPs-treated mice showed a
higher survival rate than SL-NPs-treated mice after MI operation
(Fig. 5B). MI surgery resulted in significant weight loss and lower basal
heart rate in mice within 28 days, which was significantly alleviated by
GSL-NPs treatment (Figs. S2A and B). Seven days after the MI model was
established, the EF values and FS values were significantly decreased
(EF: 78.42 ± 1.598 % vs. 56.35 ± 1.838 %, P < 0.001; FS: 46.12 ±

1.499 % vs. 28.72 ± 1.163 %, P < 0.001; Fig. 5C, D, E) in MI group
versus Sham group, accompanied by the upregulation of LVSD (1.774 ±

0.06622 mm vs. 2.390 ± 0.1894 mm, P < 0.05; Fig. 5F). Both treatments
of SL-NPs and GSL-NPs attenuate the MI-induced dysfunction in mice
(EF: 63.90 ± 2.030 % [Serca2a/Lip, P < 0.05] and 70.06 ± 1.314 %
[GKW/Serca2a/Lip, P < 0.001] vs. 56.35 ± 1.838 % [MI]; FS: 33.95 ±

1.404 % [Serca2a/Lip, P < 0.05] and 38.49 ± 1.077 % [GKW/Serca2a/
Lip, P < 0.001] vs. 28.72 ± 1.163 % [MI]; LVSD: 2.250 ± 0.1240 mm
[Serca2a/Lip, P = 0.5545] and 1.839 ± 0.1043 mm [GKW/Serca2a/Lip,
P < 0.05] vs. 2.390 ± 0.1894 mm [MI]; Fig. 5D, E, F), whereas GSL-NPs
treatment group showed a more significant protective effect compared
with the SL-NPs treatment group (P < 0.05). Similar and more sub-
stantial changes, including EF, FS, and LVSD, were detected at day 14
and 28 of treatment via groups (Fig. 5D, E, F). Moreover, treatment with
GSL-NPs for 28 days significantly alleviates MI-induced upregulation of
LVDD, while treatment with SL-NPs did not (3.740 ± 0.2074 mm
[Serca2a/Lip, P = 0.0758] and 3.354 ± 0.07490 mm [GKW/Serca2a/
Lip, P = 0.001] vs. 4.287 ± 0.1698 mm [MI]; Fig. 5G). The above results
showed that treatment with GSL-NPs provides a sustained and more
efficient cardioprotective effect in mice than the non-targeted Serca2a-
loaded nanoparticles within 28 days.

We further detected the levels of Serca2a in the LV tissues of mice
after 28 days by performing qRT-PCR and Western blotting. As shown in
Fig. 5H, the mRNA levels of Serca2a were impaired in the MI group as
compared with the sham group, while administered with GSL-NPs
apparently increased the transcriptional levels of Serca2a in the heart
(P < 0.001). A similar activation at the protein level was demonstrated
by western blotting (P < 0.001; Fig. 5I). Furthermore, we noticed more

significant upregulation of Serca2a mRNA levels as well as protein levels
in the GSL-NPs treatment group compared to the SL-NPs treatment
group (Fig. 5H and I), indicating that GSL-NPs could load more Serca2a
plasmids into the heart tissues of mice than SL-NPs after a same dose of
tail vein injection.

3.4. GSL-NPs attenuate the activation of cardiac fibrosis in MI-induced
mice

To evaluate whether treatment with GSL-NPs attenuates myocardial
fibrosis after the MI operation, we performed heart Masson staining in
each group of mice after 28 days. As shown in Fig. 6A and B, the Masson
positive area in the MI group was significantly increased versus the sham
group, which was significantly decreased by GSL-NPs administration.
Immunofluorescent staining of COL1 also confirmed the remission of
fibrosis in the GSL-NPs treatment group when compared with the MI
group (P < 0.01) and SL-NPs treatment group (P < 0.05), showing a
stronger enrichment and anti-fibrotic capacity of GKW/Serca2a/Lip on
the fibrotic region than Serca2a/Lip (Fig. 6A–C). The protein levels of
COL1 and α-SMA in the heart tissues of mice were increased 28 days
after the MI procedure, which was significantly decreased by treatment
with GSL-NPs (Fig. 6D, E, F), showing an exaggerated antifibrogenic
capacity in vivo. To further elucidate the anti-fibrotic ability of nano-
particles in cardiac fibroblasts, we pretreated cells with L-NPs, SL-NPs,
and GSL-NPs, respectively, for 4 h before exposure to hypoxia (1%O2
for 24 h) and then washed with PBS for 3 times before immunofluo-
rescent staining; As a result, GSL-NPs exhibited better anti-fibrosis
ability than SL-NPs in cardiac fibroblasts by immunofluorescence
(Fig. 6G and H). Moreover, hypoxia exposure resulted in down-
regulation of Serca2a, while administration of GSL-NPs significantly
up-regulated Serca2a protein levels in cardiac fibroblasts (Fig. 6I and J).
The expression levels of COL1 and α-SMA in each treatment group of
cardiac fibroblasts further confirmed the better anti-fibrotic effect of
GSL-NPs than SL-NPs (Fig. 6K, L, M), which was consistent with the
results observed in immunofluorescent staining. To further demonstrate
the inhibitory effect of GSL-NPs on NFKB signaling pathway and its
downstream TGF-β fibrotic pathway and inflammatory signals, we
measured the expression levels of NF-κB, p- NF-κB, and its downstream
signaling including TGF-β1, p-SMAD2/3, t-SMAD2/3, NLRP3 and IL-1β
in cardiac fibroblasts after treated with different nanoparticles. We
found that treatment with GSL-NPs significantly inhibits hypoxia-
triggered activation of NF-κB signaling pathway (Fig. 6N and O), as
well as its downstream TGF-β fibrotic pathway (Fig. 6N–P, Q) and in-
flammatory signals including NLRP3 and IL-1β (Fig. 6N–R, S), which are
generally considered to be involved in the formation of NF-κB signaling
mediated cardiac fibrosis., [15,30,31] Overall, the present data support
three conclusions: (1) Treatment with Serca2a attenuates the activation
of fibrosis in MI-induced mice and hypoxia-induced cardiac fibroblasts;
(2) GSL-NPs shows stronger anti-fibrosis capacity than SL-NPs both in
vivo and in vitro; (3) Serca2a may probably attenuate cardiac fibrosis
partly through blocking NF-κB and its downstream signaling pathways.

3.5. GSL-NPs ameliorate calcium homeostasis during MI and hypoxia

To determine the protective effect of GKW/Serca2a/Lip on calcium
homeostasis in MI-operated mice, we isolated left ventricular myocytes
from each group. We evaluated basal Ca2+ concentrations as well as
Caffeine-triggered Ca2+ changes using Fluo-4 calcium fluorescence
staining. We found that Caffeine-triggered Ca2+ changes of myocytes in
the MI group was significantly lower than that in the control group,
which was significantly increased by GSL-NPs administration, showing
that fibrotic region-targeted delivery of Serca2a also rescues MI-induced
myocardial SR calcium release injury (Fig. 7A and B). Then, we recruited
neonatal mouse cardiomyocytes and pre-treated them with GSL-NPs
before exposure to hypoxia to determine the effect of GSL-NPs on
spontaneous calcium transients in cardiomyocytes in vitro. We found
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Fig. 6. Delivery of GSL-NPs attenuates MI-induced cardiac fibrosis via down-regulation of NF-κB signaling pathways. (a) Representative images of Masson
staining and COL1 immunofluorescence staining from the different groups. Bar = 100 μm (b,c) Quantifications of scar area (b) and COL1 fluorescence intensity (c)
based on Masson staining and immunofluorescence staining. (d–f) The protein levels of COL1 and α-SMA in the heart tissues of mice via different groups were
measured. (g) Representative immunofluorescent images of α-SMA from cardiac fibroblasts after exposure to 1 % O2 in each group. Bar = 50 μm. (h) The fluorescence
intensity of α-SMA from the different groups was quantified. (i,j) The protein levels of Serca2a in the cardiac fibroblasts via different groups were measured. (k–m)
The protein levels of COL1 and α-SMA in the cardiac fibroblasts via different groups were measured. (n–s) The protein levels of p- NF-κB-p65, NF-κB-p65, p-SMAD2/
3, t-SMAD2/3, TGF-β1, NLRP3 and IL-1β in the cardiac fibroblasts via different groups were measured.
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that hypoxia caused disruption of calcium homeostasis in neonatal
cardiomyocytes, which was effectively ameliorated by GSL-NPs treat-
ment (Fig. 7C and D). To further demonstrate the role of GSL-NPs in
exogenous calcium stimulation, we recruited anoxic H9C2 models and
found that treatment with GSL-NPs alleviates hypoxia-induced basal
calcium overload (Fig. 7E and F) and simultaneously protects the SR
capacity in cells under Caffeine stimulation (Fig. 7E–G, H). Finally,
hypoxic damage to cardiomyocytes leads to apoptosis of cardiomyocytes
and aggravates heart failure [32–34]. Using TUNEL staining we further

confirmed that GSL-NPs treatment protected H9C2s from apoptosis
caused by hypoxia (1%O2 for 24 h, Fig. 7I and J). The above results
showed that in addition to anti-fibrotic ability, GSL-NPs could also
protect hypoxia-induced cardiomyocyte impairment via modulation of
intracellular calcium homeostasis during MI.

4. Discussion

In the present study, we successfully implemented a nanoparticle-

Fig. 7. Delivery of GSL-NPs maintains cardiomyocyte calcium homeostasis during MI. (a, b) (a) Representative images of calcium release from sarcoplasmic re-
ticulum triggered by caffeine in isolated single ventricular myocytes and (b) the changes of relative calcium fluorescence intensity in sarcoplasmic reticulum were
evaluated. n = 18 cells from 3 mice. (c–d) Representative calcium transient curve (c) and quantification of amplitude (d) in neonatal cardiomyocytes are shown. (e–h)
A calcium transient experiment is used to reflect the level of agonist-induced sarcoplasmic reticulum calcium release and recycling in H9C2s. (e) Intracellular calcium
concentration visualization curves and (f) basal calcium intensity, (g) histone-triggered calcium release, and (h) sarcoplasmic reticulum calcium transient decay half-
life are shown. (i, j) (i) Representative images of TUNEL staining and (j) the ratio of TUNEL -positive/total H9C2s are shown.
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based gene therapy regimen in MI mice through targeted delivery of
Serca2a. We demonstrated that GSL-NPs are significantly enriched in the
mouse heart by binding to collagen in the infarct region. GSL-NPs
improved MI-induced heart failure in mice by inhibiting fibroblast
fibrosis activation as well as protecting cardiomyocyte calcium ho-
meostasis. Overall, we demonstrate a therapeutic approach that pro-
duces a superimposed protective effect in mice with MI through targeted
delivery by nanoparticles.

Previous studies have shown that it is challenging to target damaged
myocardium due to its histological properties and rapid hemodynamics
[35,36]. Recently, there has been growing evidence that
nanoparticle-based gene therapy is effective in treating myocardial
infarction, myocardial ischemia/reperfusion injury, heart failure, and
other cardiac diseases [37–39]. In this nanomedicine strategy, nano-
particles are modified using different targeting molecules to achieve
cardiac-specific drug and gene delivery. Phage display technology is a
technique that has emerged to discover tissue-specific targeting methods
that can be sequenced and used as targeting molecules.
GKWHCTTKFPHHYCL peptides are specific binding peptides for type I
collagen, the primary collagen component in fibrotic myocardium,
identified by in vivo phage display technology [40–42]. The novelty of
the present study is that we tried to target damaged myocardium based
on the pathological feature that myocardial damage gradually develops
into fibrosis. The nanoparticles can be effectively targeted to damaged
myocardial tissue to inhibit cardiac fibrosis and maintain cardiac cal-
cium homeostasis by releasing the loaded plasmid DNA into cardiac fi-
broblasts and cardiomyocytes, which provides a new therapeutic idea
for traditional post-myocardial infarction therapy.

It is considered that ischemia-induced myocardial contractile injury
is the main cause triggering LV dysfunction during acute MI [43]. Cal-
cium homeostasis regulated by ion channels plays a crucial role in
maintaining the normal contraction of cardiomyocytes [6,44]. As a
regulator of calcium homeostasis by driving calcium reuptake into the
SR during diastole, Serca2a has been shown to be downregulated in
damaged cardiomyocytes in the myocardial infarction area, which leads
to local systolic inactivity, causing an imbalance in myocardial con-
tractions and ultimately accelerating heart failure [45–47]. After the
occurrence of myocardial infarction, the damaged cardiomyocytes in the
infarct area are generally intertwined with the fibrosis-activated cardiac
fibroblasts. In addition, many previous studies have also demonstrated
extensive intercellular interactions between adjacent cardiac fibroblasts
and cardiomyocytes: Impaired cardiomyocytes mediate and promote the
fibroblast-to-myofibroblast transition through TGF-β, angiotensin II
(Ang II) and IL-6 signaling [48–50]; The massive secretion and transport
of extracellular vesicles also ensure adequate material exchange be-
tween adjacent cardiomyocytes and cardiac fibroblasts [51,52]. On ac-
count of that, we designed a Serca2a nanorobot delivery system to
ensure the targeted delivery into the infarct area by searching activated
cardiac fibroblasts after myocardial infarction, and thus the liposomes in
the targeted area can be delivered simultaneously to cardiac fibroblasts
and damaged cardiomyocytes. In the present study, we showed that
GSL-NPs could significantly enrich infarct areas where cardiac fibro-
blasts and impaired cardiomyocytes coexist. We demonstrated that
cardiomyocytes could well take up GSL-NPs and rescue the impaired
calcium recovery capacity of the sarcoplasmic reticulum in hypoxia,
which plays a significant role in maintaining calcium homeostasis in the
damaged cardiomyocyte. Using high-resolution echocardiography, we
further proved that GSL-NPs delivery significantly improved left ven-
tricular systolic functions in MI mice, with these effects lasting up to 28
days. The above results suggest that administering a nanoparticle de-
livery system may benefit patients recovering from MI.

Excessive fibrosis in the infarct area is considered to be another
reason providing the poor prognosis in patients who underwent acute MI
[45]. Fibrotic activation after acute myocardial infarction serves as a
reparative response to the ischemic insult in which the damaged heart
tissue is replaced with a fibrous scar [53]. Although the scar is essential

to prevent ventricular wall rupture in the early stages, as the fibrosis
progresses, the expanded fibrosis area leads to cardiac structural dis-
ruptions and systolic myocardial dysfunctions [5,54,55]. Accumulating
number of studies were trying to alleviate irreversible heart failure by
regulating the fibrosis process after MI through multiple potential
signaling [56–58]. Transforming growth factor-β1 (TGF-β1) is thought
to be the core factor in the fibrotic process, which causes tissue-scarring
primarily by activating its downstream SMAD2/3 complex to promote
fibroblasts undergo myofibroblast transdifferentiation and produce
extracellular matrix (ECM) [53,59]. The inflammatory signaling led by
NF-κB also plays a role in promoting the process of cardiac fibrosis [60,
61]. A recent study has shown that AAV1-delivered Serca2a alleviates
TGF-β-induced pulmonary fibrosis by upstream blockade of the NF-κB
signaling pathway [15]. However, given the rapidity of cardiac blood
flow and the specificity of the heart, the AAV-mediated therapeutic
system has shown its limitations in the treatment of MI. Concerns about
AAV’s biosafety also limit its clinical translation.

In this study, we demonstrated the safety of gene therapy via nano-
particle loading with no significant damage to mice, even at doses up to
1.0 mg/kg, and 1.0 mg/ml. In vitro CCK-8 and TUNEL assays further
proved that treatment of GSL-NPs does no harm to normal H9C2s as well
as cardiac fibroblasts within a dose of 2 mg/ml. In addition, due to the
characteristics of high hemodynamics and the difficulty of specific
enrichment of damaged cardiomyocytes, we designed the scheme that
the liposome was the first to connect collagen fiber 1, which allowed it to
be more significantly enriched in the infarct area. Therefore, besides the
role of Serca2a itself in maintaining calcium homeostasis in car-
diomyocytes, this nanomaterial delivery therapy can also effectively
attenuate the process of the infarcted regions development by inhibiting
fibrosis activation, as confirmed by Masson-staining and western blot
assays. Through the additive effect of enhancing myocardial contraction
and anti-fibrosis, nanoparticle-derived Serca2a gene therapy has ach-
ieved a multi-part integrated intervention mode of targeted delivery,
multi-dimensional intervention, and precise attack, providing the pos-
sibility for the improvement of prognosis after MI with nano-gene
technology.

There are several limitations should be highlighted in the present
study. Despite the apparent therapeutic effect, a direct therapeutic
comparison between the AAV-mediated and GSL-NPs-mediated delivery
systems deserves to be conducted. In addition, we did not elucidate how
Serca2a affects fibrosis progression in cardiac fibroblasts; although the
down-regulation of NF-κB signaling was observed in mouse heart tissue,
it still warrants further investigation due to the potential therapeutic
value of Serca2a in the clinical practice. Third, based on our liposomal
design, GSL-NPs will be significantly enriched in the infarct area during
myocardial infarction fibrosis formation but may be unexpectedly
enriched in other organs when there are significant fibrotic lesions, such
as liver fibrosis or kidney fibrosis. Therefore, the risk of clinical trans-
formation in patients with myocardial infarction combined with other
fibrotic diseases needs to be further evaluated.

In conclusion, we conduct a nanorobot-mediated therapy system
with high biosafety and high efficiency for myocardial infarction area
targeted delivery. We demonstrated that GSL-NPs-mediated Serca2a
gene therapy could alleviate MI-induced heart failure by maintaining
myocardial calcium homeostasis and inhibiting excessive fibrosis
activation.
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