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Abstract 

Myocardial Infarction (MI) is major cause of heart failure, highlighting the critical need for effective therapeutic strate-
gies to improve cardiac repair. This study investigated the cardioprotective effects of VX765-coated polyethyleneimine 
(PEI)/sodium alginate (AG) composite nanogels (AG/PEI-VX765 NGs) in a rat model of MI. Additionally, AG-VX765 
NGs and PEI-VX765 nanospheres (NPs) were synthesized and tested to compare their efficacy. MI was caused in rats 
by ligating the left anterior descending branch of the coronary artery, and the rats were grouped and set as Sham, 
MI, MI + VX765, MI + AG-VX765NGs, MI + PEI-VX765NPs, and MI + AG/PEI-VX765NGs. Results demonstrate that AG/
PEI-VX765NGs were non-toxic and exhibited a sustained release of VX765. In vivo, experiments demonstrated that all 
treatment groups significantly enhanced cardiac function, reduced infarct size, fibrosis, and apoptosis in rats with MI, 
with the MI + AG/PEI-VX765NGs group exhibiting the most favorable outcomes. Our findings indicate that AG/PEI-
VX765NGs represent a promising therapeutic approach for MI treatment.
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Introduction
Cardiovascular diseases, particularly myocardial infarc-
tion (MI), are a significant health concern due to their 
high incidence and mortality rates [1–3]. Although thera-
peutic interventions such as pharmacotherapy, inter-
ventional therapy, and heart transplantation, restoring 
damaged myocardial tissue completely remains a formi-
dable challenge due to the limited regenerative capacity 
of cardiomyocytes [2, 4]. Therefore, there is an urgent 
need for innovative therapeutic approaches to mitigate 

cardiomyocyte apoptosis, reduce the MI size, enhance 
left ventricular function, and prevent heart failure. It is 
noteworthy that MI is affecting individuals at increas-
ingly younger ages, highlighting the critical importance 
of developing effective novel therapies for this condition 
[1–3]. Thus, the development of efficacious novel thera-
pies for MI is of paramount significance.

Previous studies have highlighted the role of pyrop-
tosis in various cardiovascular diseases, with the cas-
pase-1-mediated signaling pathway identified as a key 
player in this process [5, 6]. The caspase-1 inhibitor 
VX765 has shown promise in protecting against acute 
myocardial ischemia reperfusion (IR) injury in rat 
models [7], indicating its potential as a cardiac protec-
tive therapy [8]. VX765 is an orally absorbed prodrug 
of the active metabolite VRT-043198, and the reported 
half-life of VX765 in plasma following intraperitoneal 
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injection at a dose of 50 mg ∙kg−1 is 3.2 h [9]. However, 
the short half-life of VX765 as an oral agent, attributed 
to its instability in acidic conditions, poses challenges 
in achieving optimal bioavailability, especially in the 
gastric environment where degradation occurs [10]. 
While further clinical development reports on VX765 
are awaited, addressing issues of drug degradation and 
loss following conventional administration remains 
crucial.

Nanogels (NGs) have emerged as promising carri-
ers in biomedical areas, including drug delivery, genetic 
engineering, and tissue engineering [11–13]. They have 
a three-dimensional hydrogel structure composed of 
hydrophilic or amphiphilic polymer chains that are 
physically or chemically linked [14, 15]. In the context 
of myocardial therapy, intramyocardial injection of NGs 
offers localized treatment advantages while minimizing 
potential systemic effects. Several NGs, such as hydrogels 
facilitating the delivery of therapeutic agents, have been 
investigated as injectable delivery carriers for targeted 
treatment of MI [16, 17]. Among them, sodium alginate 
(AG), a natural polysaccharide, stands out due to its 
excellent biocompatibility, biodegradability, and favorable 
gel properties [18, 19]. Studies have shown that injecting 
calcium alginate solution cross-linked with calcium into 
the MI site triggers a phase transition to hydrogel at the 
infarct site. This temporary physical support provided by 
the hydrogel prevents poor cardiac remodeling and dys-
function after MI in rats [20].

Despite the significant progress in hydrogel develop-
ment, challenges persist in the mechanical weaknesses 
of natural hydrogels and the poor biocompatibility of 
synthetic hydrogels [21, 22]. To address these issues, 
polyethyleneimine (PEI), a branched polymer with abun-
dant end groups, was utilized as a cross-linking agent to 
improve the biocompatibility of nanogels [22, 23]. PEI, 
a cationic polymer with excellent water solubility, also 
holds potential advantages in drug delivery [24, 25]. The 
interaction between the amine groups in PEI and the car-
boxylate groups in the alginate moieties offers a potential 
mechanism for stabilizing the composite platform [25].

In this study, injectable VX765-polyethyleneimine/
sodium alginate nanogels (AG/PEI-VX765 NGs) were 
prepared using sodium alginate nanogels (AG NGs) 
and PEI carrier with good biocompatibility. Addition-
ally, AG-VX765 NGs and PEI-VX765 nanoparticles 
(NPs) were synthesized to assess the efficacy of differ-
ent formulations of VX765 with AG or PEI. The impact 
of VX765 free drug and these VX765 nanomaterials on 
cardiac function, tissue fibrosis, cardiomyocyte apoptosis 
and infarct area in rats with MI was evaluated. This study 
laid a foundation for the potential clinical application of 
VX765 NGs.

Materials and methods
Ethics approval
The protocols involving the use of animals were 
approved by the Animal Policy and Welfare Committee 
at Wenzhou Medical University (Approval documents: 
wydw2023-0124). For the implementation of the experi-
mental protocols, we adhered to the ethical principles 
outlined in the Guide for the Care and Use of Labora-
tory Animals: Eighth Edition. We have taken all neces-
sary measures to minimize the pain and suffering of the 
animals.

Synthesis and characterization of AG‑VX765 NGs, 
PEI‑VX765 NPs, and AG/PEI‑VX765 NGs
A solution of VX765-polyethyleneimine nanospheres 
(PEI-VX765 NP) was prepared through self-assembly 
[26]. PEI (branched, relative molecular weight of 600, 
batch number F1518083, Shanghai Aladdin Reagent 
Company, Shanghai, China) was dissolved in a 0.5% ace-
tic acid solution. The VX765 drug solution (catalogue 
number: HY-13205; MedChemExpress, New Jersey, 
USA) with a concentration ranging from 0 to 1000  μM 
was slowly dripped into the PEI solution while stirring. 
The PEI-VX765 NP was obtained by stirring at a constant 
temperature of 30 ℃ for 10 min (Fig. 1).

AG/PEI-VX765 NGs were prepared using the dou-
ble emulsification method. Initially, AG (batch number 
S22278, American FMC Company) was dissolved in ultra-
pure water to obtain an AG aqueous solution. Subse-
quently, 3 mL of the AG aqueous solution was placed in a 
reaction bottle, followed by the addition of 8.25 mg EDC. 
The mixture was stirred for 3  h to activate the carboxyl 
group on the AG skeleton chain. Thereafter, the activated 
solution was dripped into DCM solution with dissolved 
AOT (2.5 wt%, 6 mL), and the mixed solution was stirred 
at 1000 rpm for 5 min to form water in oil emulsion. The 

Fig. 1 Diagram of synthesis and experimental grouping of different 
drug formulations
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oil emulsion was then dripped drop by drop into aque-
ous solution of PVA (45  mL 2 wt%), and the solution 
was stirred at 1000 rpm and mixed for 10 min to form a 
water-in-oil-in-water (W/O/W) emulsion. Then, the pre-
pared aqueous solution of PEI-VX765 NPs was dropped 
into the W/O/W emulsion drop by drop, and the mixture 
was first stirred at 1000  rpm overnight for evaporation 
and removal of organic solvent DCM, then centrifuged 
at 8000 rpm, and washed three times to remove the sur-
factant. Finally, the product was re-dispersed in ultra-pure 
water or PBS buffer to obtain AG/PEI-VX765 NGs. The 
preparation of AG-VX765 NGs was performed using the 
same method as described above, except for the dripped 
into the above PEI solution step (Fig. 1). Fourier transform 
infrared (FTIR) analysis was performed to analyze the 
PEI and the formation of AG/PEI, which was conducted 
using a Bruker-IFS-48 FTIR spectrometer (Ettlingen, Ger-
many) in the range of 500–4000   cm−1. Particle size and 
Zeta potential were determined using a nanoparticle size 
analyzer (Zetasizer Nano ZS90, Malvern Instruments, 
UK). The morphology of alginate brine gels was observed 
under the scanning electron microscope (SEM, S-4800; 
Hitachi, Tokyo, Japan).

Compatibility assayed through in vitro viability study
Cytocompatibility of AG/PEI-VX765 NGs was assessed 
using H9C2 cells through CCK-8 assay. H9C2 rat cardio-
myocytes were purchased from the American Type Cul-
ture Collection (Rockville, Maryland, USA) and cultured 
in DMEM/ high glucose (HyClone, USA) supplemented 
with 10% fetal bovine serum (Gibco, USA) and 1% pen-
icillin/streptomycin (Gibco, USA) at 37 ℃ in a 5%  CO2 
environment. VX765, PEI-VX765 NPs, AG-VX765 NGs, 
and AG/PEI-VX765NGs with various concentrations of 
VX765 (0, 25, 50, 100, 200, 400, 800 and 1000 μM) were 
added, respectively, to the cultured cells, rinsed twice 
with sterilized PBS, and then soaked in the medium 
overnight. The cells were inoculated on the hydrogel in a 
24-well plate at a density of 2 ×  105 cells per well. To ana-
lyze the effect of hydrogel composition on cell viability, 
10% of (v/v) cell counting kit solution (CCK-8, Kuma-
moto, Japan) was added to the culture supernatant, and 
the mixture was reacted for 2 h at 37 ℃ under 5%  CO2. 
The absorbance of each hole at λ = 450 nm was detected, 
and the cell viability was then determined.

In vitro drug release
In vitro release behavior of VX765, AG-VX765 NGs, 
PEI-VX765 NPs and AG/PEI-VX765 NGs was investi-
gated in phosphate-buffered saline (PBS) using a dial-
ysis bag method. The drugs and nanomaterials were 
placed in the dialysis bag and suspended in PBS. Sam-
ples were collected at specific time intervals (0, 24, 48, 

72, 96, and 120  h) and centrifuged at 12000  rpm for 
10  min. The supernatant was then analyzed for ultra-
violet absorption at a wavelength of 480  nm. Subse-
quently, 5  mL of PBS buffer solution was re-added to 
the centrifuge tube, and the mixture was incubated in 
a constant temperature water bath oscillator. To ensure 
data accuracy, each sample was measured at least three 
times.

Drug loading rate of AG/PEI‑VX765NGs
An appropriate quantity of AG/PEI-VX765NGs was sub-
jected to centrifugation at 16000 rpm for 40 min at room 
temperature (25 ℃). Subsequently, the supernatant was 
filtered through a 0.45 μm pore-size filter. The quantifi-
cation of VX765 was performed using a 2695 HPLC sys-
tem (Waters, NY), with detection carried out at 230 nm. 
The drug loading rate was calculated using the following 
formula:

Preparation of rat MI model and injection of grouping 
materials
Forty-eight male SPF Sprague–Dawley rats aged 
6–8  weeks (weighting 250  g ± 20  g) were obtained from 
the Wenzhou Medical University Animal Center. Ani-
mals were fed in a standard laboratory with controlled 
room temperature (22 ± 1  °C), humidity (65–70%), and 
12 h of light–dark cycle, while having free access to food 
and water. Anesthesia was performed by intraperitoneal 
injection of 2% pentobarbital sodium (30 mg/kg), and the 
anesthetized rats received ventilator-assisted respiration 
for small animals (inspiratory/expiratory ratio of 1/2, tidal 
volume of 3 mL/100 g, and respiratory rate of 50–70 beats/
min). The fourth and fifth intercostal skin of the left edge 
of the sternum was cut laterally, and the length of the inci-
sion was about 1.5 cm. The subcutaneous tissue, pectoralis 
major muscle and pectoralis minor muscle were bluntly 
separated, and the intercostal muscle was cut. Meanwhile, 
the intercostal incision was opened using the eyelid device, 
and the pericardium was bluntly torn open to fully expose 
the heart. The left anterior descending coronary artery was 
ligated using a 6-0 silk suture positioned at the midpoint 
between the pulmonary artery cone and 1–2  mm below 
the left atrial appendage. The ligation depth was approxi-
mately 2.0 mm. Changes in color of the ventricle wall were 
monitored during the ligation process. A rapid transition 
from red to purplish white accompanied by cyanosis in 
the anterior wall of the left ventricle, indicated a success-
ful surgery for the MI model. Rats that underwent MI were 
administered intramuscular penicillin to prevent infection. 

Drug loading rate(%) =Amount of VX765 in NGs

/Amount of NGs × 100%
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The sham group rats underwent the same surgical proce-
dure without coronary artery ligation. In this study, rats 
were randomly assigned to six groups, each consisting of 
8 rats, using a random number table method: Sham group, 
MI group, MI + VX765, MI + AG-VX765 NGs, MI + PEI-
VX765 NPs group, and MI + AG/PEI-VX765 NGs group 
(Fig.  1). Injection of respective materials for each group 
was performed on 5 different sites at the edge of the MI 
region in rats, with a liquid injection volume of 2 μL for 
each site. The chest cavity was closed after the injection, 
followed by layer by layer suturing of muscles and skin, and 
removal of tracheal intubation. Three rats died during the 
protocol, two in the MI group and one in the MI + VX765 
group. Therefore, 6 rats per group were subsequently 
selected for the experiment, and all measurements were 
performed unknowingly by the same operators.

Echocardiographic detection
Echocardiography was performed onSD rats 28 days after 
the operation to assess cardiac function improvement. 
The rats were anesthetized with intraperitoneal injection 
of 2% pentobarbital sodium (30  mg/kg) and examined 
using Vevo2100 ultrasound (VisualSonics, Toronto, Can-
ada). The measured parameters included left ventricular 
end-systolic diameter (LVIDs), left ventricular end-dias-
tolic diameter (LVIDd), ejection fraction (EF), and short-
axis shortening rate (FS). Echocardiography was utilized 
to identify any alterations in rat cardiac function post-
operation. The selected parameters, LVIDs, LVIDd, EF, 
and FS, are commonly used indicators of cardiac func-
tion in both animal models and humans. By comparing 
these parameters pre and post-operation, the efficacy of 
the proposed method in enhancing cardiac function can 
be evaluated.

Triphenyl tetrazolium chloride (TTC) staining
Following echocardiographic examination, euthanasia was 
performed by administering an overdose of pentobarbital 
sodium via intraperitoneal injection in accordance with 
the American Veterinary Medical Association (AVMA) 
Guidelines for the Euthanasia of Animals, 2020 Edition. 
The heart was harvested and cut into 2–3 mm thick slices 
along the sagittal section of the heart. And the slices were 
kept in TTC solution (37  °C, 1%, pH7.4) for 25 min, and 
then fixed in 10% formaldehyde solution overnight. Finally, 
images were taken with a digital camera, and the infarct 
area was analyzed using ImageJ software.

Histological analysis
The heart tissue was fixed in 4% paraformaldehyde at 4 °C 
for 48  h, dehydrated in an alcohol gradient, embedded 
in paraffin, and sectioned into 5 μm thick slices. Hema-
toxylin eosin (HE) and Masson trichromatic staining 

were performed on the sections, with apoptosis detection 
carried out through TUNEL staining using a fluorescein 
in situ cell death detection kit (Roche). The images were 
taken by microscope and quantified by ImageJ software. 
The percentage of infarct area was calculated as follows: 
infarct area (%) = fibrotic area/Total area × 100%.

Statistical analysis
Experimental data for each group were expressed by 
mean ± standard deviation. In all experiments, the 
Kruskal-Wallis test to compare the means of the differ-
ent groups, followed by post-hoc pairwise comparisons 
using Dunn’s test. Data processing was conducted using 
SPSS20.0 software. p < 0.05 is considered statistically 
significant.

Results
Characterization and performance evaluation of NGs
Based on Fig.  2A, AG exhibits a broad absorption peak 
at 3423   cm−1, which corresponds to the stretching 
vibration of O−H. The peaks observed at 2921   cm−1 
correspond to the stretching vibration of C−H, while 
the peaks at 1618  cm− 1 and 1417   cm−1 represent the 
asymmetric and symmetric vibrations of the carboxyl 
group, respectively. The peaks observed at 1093   cm−1 
and 1023   cm−1 correspond to the stretching vibrations 
of the C−O chain in COO−and C−O−H. PEI exhibits a 
broad peak in the range of 3300–3400   cm−1, which cor-
responds to the stretching vibration of N–H. The peaks 
observed at 2935   cm−1 and 2832   cm−1 correspond to 
the bending vibration of methylene–CH2, confirming 
the (–CH2–CH2–NH2–) structure of PEI. The absorp-
tion peak observed at 3400  cm−1 in AG/PEI corresponds 
to the stretching vibrations of N–H and O–H. Addition-
ally, a new vibration absorption peak was observed at 
2841   cm−1, which corresponds to  CH2, and a peak was 
observed at 1455   cm−1, which corresponds to the in-
plane bending vibration of  CH2. Overall, these findings 
indicate that PEI is grafted onto the AG molecular chain.

SEM images revealed the surface of AG-VX765 NGs 
appeared smooth, exhibiting interconnected pores, 
indicative of a fused thin film-like structure (Fig.  2A). 
Similarly, AG/PEI-VX765 NGs displayed suitable archi-
tectures with interconnected pores, forming a cohesive 
thin film-like structure that could support sustained 
VX765 release. It is noteworthy that deeper crosslink-
ing in AG/PEI-VX765 NGs led to denser networks and 
enhanced mechanical strength. In contrast, PEI-VX765 
NPs exhibited a branched structure with a rough surface 
(Fig.  2B). As presented in Fig.  2C, D, PEI-VX765 NPs 
exhibited an average particle size of 110.69 ± 0.71  nm, 
a zeta potential of 28.58 ± 0.33  mV, and a PDI value of 
0.27 ± 0.13. AG-VX765 NGs had an average particle size 
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of 124.02 ± 1.75 nm, a zeta potential of − 13.59 ± 0.21 mV, 
and a PDI value of 0.26 ± 0.07. AG/PEI-VX765 NGs dem-
onstrated an average particle size of 182.7 ± 2.76  nm, 
a zeta potential of 17.08 ± 0.19  mV, and a PDI value of 
0.19 ± 0.04. These results highlight the appropriate par-
ticle sizes and uniform size distributions of the nanogel 
formulations, meeting the requirements for effective 
drug delivery. As shown in Fig.  2E,  H9C2 cells treated 
with AG/PEI-VX765NGs containing various concentra-
tions of VX765 had a viability of more than 85%, indi-
cating that the tested AG/PEI-VX765 NGs display no 
significant cytotoxicity but rather a good cytocompat-
ibility. Similarly, different concentrations of VX765, PEI-
VX765 NPs, and AG-VX765 NGs similarly showed good 
cytocompatibility (Additional file  1: Fig.  S1). Moreover, 
we observed a relatively more persistent release of VX765 
from AG/PEI-VX765 NGs compared with PEI-VX765 
NPs and AG-VX765 NGs (Fig.  2F). The experimental 

results demonstrated that the content of VX765 in AG 
NGs was 6.56 ± 0.16% by HPLC analysis.

Evaluation of cardiac function and infarct size
Cardiac function was evaluated at the end of the study 
through echocardiography (Fig. 3A). As shown in Fig. 3B, 
the LVIDs and LVIDd of MI + VX765, MI + AG-VX765 
NGs, MI + PEI-VX765 NPs and MI + AG/PEI-
VX765NGs groups were significantly smaller than those 
in MI group (P < 0.05), whereas ejection fraction (EF) and 
short-axis shortening rate (FS) were markedly increased 
in the above-mentioned two groups (P < 0.05). Compared 
with the MI group, MI + VX765, MI + AG-VX765 NGs, 
MI + PEI-VX765 NPs, and MI + AG/PEI-VX765NGs 
groups exhibited a significant reduction in myocar-
dial infarct size (P < 0.05, Fig.  3C, D). Among them, the 
MI + AG/PEI-VX765NGs group has the most significant 
effect.

Fig. 2 Material characterization of AG/PEI-VX765 NGs (Error bar: SD, n = 3/group). A FTIR spectral analysis. B Scanning electron microscope (SEM) 
test (X18.0 K, Scale Bar = 300 μm; X30.0 K, Scale Bar = 100 μm). C Particle sizes. D zeta potential. E CCK-8 assay-based detection of drug compatibility. 
F Drug release curves. Grouping was as follows: VX765, PEI-VX765 NPs, AG-VX765 NGs, and AG/PEI-VX765 NGs samples
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Histological observation
Fibrosis was measured by trichromatic staining of H&E 
and Masson 28  days after injection of AG/PEI-VX765 
NGs. The histological analysis indicated a notable reduc-
tion in fibrosis in the MI + AG/PEI-VX765 NGs group 
compared to the MI group (P < 0.05, Fig. 4).

Detection of cardiomyocyte apoptosis
The TUNEL immunofluorescence assay was performed 
to assess apoptosis in myocardial tissue following various 
intervention methods. The experiments involved staining 
the nucleus with DAPI (blue) and visualizing apoptotic 
cells with TUNEL staining (green). As depicted in Fig. 5, 
the proportion of TUNEL positive cells significantly 
decreased in the MI + VX765, MI + AG-VX765 NGs, 
MI + PEI-VX765 NPs and MI + AG/PEI-VX765NGs 
groups compared to the MI group (P < 0.05). Notably, 

the AG/PEI-VX765 NGs group exhibited the lowest 
rate of TUNEL positive cells. These findings suggest that 
MI + AG/PEI-VX765 NGs could mitigate MI-induced 
apoptosis and safeguard cardiomyocytes.

Discussion
Myocardial infarction (MI) is a cardiac injury disor-
der primarily caused by ischemia and hypoxia. Local 
ischemia leads to irreversible loss of cardiomyocytes, 
triggering inflammation, fibrosis, and cardiac dysfunc-
tion [27]. The limited regenerative and reparative capac-
ity of mature myocardium poses a challenge for treating 
cardiovascular disease, as currently there are no available 
treatments to restore cardiac function after MI [4]. Con-
sequently, myocardial tissue engineering has emerged as 
a promising approach for addressing damaged myocar-
dium [11]. Injectable NGs provide an effective minimally 

Fig. 3 Echocardiographic and myocardial infarct size of AG/PEI-VX765 NGs (Error bar: SD, n = 6/group). A Data on M-mode echocardiogram. 
B Ultrasonic indices were shown as follows: left ventricular end-systolic diameter (LVIDs), left ventricular end-diastolic diameter (LVIDd), 
ejection fraction (EF), and short-axis shortening rate (FS). C Myocardial infarct size (Scale bar: 1 cm). D Myocardial infarct size was expressed 
as the percentage of the infarct area relative to the total at-risk area after MI (Error bar: SD). *p < 0.05, and ***p < 0.001 compared with MI group. 
Grouping was as follows: MI, MI + VX765, MI + AG-VX765 NGs, MI + PEI-VX765 NPs and MI + AG/PEI-VX765NGs
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invasive method to restore the development of functional 
myocardium, showing great significance for the treat-
ment of cardiovascular diseases [16]. They can effectively 
deliver drugs to infarcted myocardial tissue, solving the 
major problem for the nanotherapeutic strategy, while 
enhancing the effect of conventional therapy [11, 16]. 
In this study, we prepared injectable VX765-polyeth-
yleneimine/sodium alginate nanogels (AG/PEI-VX765 
NGs). The advantages of this hydrogel in treating MI 
are that it can flow at low or room temperature, display 
favorable injectable performance. Upon injection into 
the body, it can rapidly transform into a gel phase, which 
exerts a mechanical support effect and promotes local 
fixation of the therapeutic agent to the myocardium. Fur-
thermore, our findings demonstrate that AG/PEI-VX765 
NGs provide a protective effect against MI, manifested by 
the improvement of cardiac function, reduction in car-
diac fibrosis, apoptosis, and MI size.

The strategy for improving heart failure after MI by 
injection of biomaterials into the infarcted myocar-
dium has proved successful [16, 17]. The composition 
and physicochemical properties of injected biomaterials 

mainly determine the repair effect in the infarcted myo-
cardium. In this study, AG and PEI were used as the main 
materials. Because there are abundant carboxylic acid 
groups in the AG polymer chain, AG/PEI-VX765NGs is 
chemically cross-linked with the carboxylic acid group 
on AG through the surface amino group of PEIs, thereby 
being wrapped in AG. We observed that AG/PEI-VX765 
NGs containing VX765 at concentrations ranging from 
0 to 1000 μM demonstrated good cytocompatibility, lay-
ing a foundation for subsequent evaluation in vivo. This 
observation aligns with previous research findings. The 
ultraminiature iron oxide  (Fe3O4) NPs, coated with PEI 
by Hao et al. [12], formed stable alginate (AG) NGs col-
loid through double emulsion, demonstrating favora-
ble cell compatibility. Moreover, the sustained release 
of these NGs allows for extended interaction with cells, 
potentially enhancing regeneration. This sustained 
release effect has also been supported by previous studies 
[17, 28, 29].

Myocardial fibrosis after MI can induce malignant 
cardiovascular diseases [30]. It is of great clinical signifi-
cance to determine the mechanism of myocardial fibrosis 

Fig. 4 Histological observation of AG/PEI-VX765 NGs after injection (n = 6/group). A Hematoxylin and eosin (H&E) staining of myocardial tissue 
(Scale bar: 100 μm). B Myocardial section stained with Masson’s trichrome (Scale bar: 100 μm). C Statistical analysis of Masson’s trichrome staining 
(Error bar: SD). *p < 0.01 compared with MI group. Grouping was as follows: MI, MI + VX765, MI + AG-VX765 NGs, MI + PEI-VX765 NPs and MI + AG/
PEI-VX765NGs
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and undertake individualized targeted therapy. Fibrin-
specific poly (N-isopropylacrylamide) NGs comprising 
core–shell colloidal hydrogels can inhibit cardiac fibro-
sis after IR injury [31]. Consistent with previous studies, 
histological analysis (HE and Masson) of cardiac tissue 
after MI in this study suggests that while interstitial and 
perivascular fibrosis is inhibited, administration with 
AG/PEI-VX765NGs reduces myocardial fibrosis. Moreo-
ver, echocardiography and TTC detection revealed that 
AG/PEI-VX765NGs treatment remarkably improves the 
cardiac function of rats with MI, indicating that NGs play 
a protective role in the heart, as shown in previous stud-
ies [17, 31].

Apoptosis is a significant mode of cell death in the early 
stages of MI, resulting in the loss of cardiomyocytes and 

other cell types, ultimately impacting ventricular remod-
eling and reducing cardiac function. Our study revealed 
that NGs reduced in vivo apoptosis. VX765, an inhibitor 
of caspase-1, plays a critical role in pyroptosis, an inflam-
matory form of caspase-1-dependent programmed cell 
death [5]. Pyroptosis and apoptosis are distinct forms 
of programmed cell death with unique mechanisms and 
outcomes. Although caspase-1 is mainly linked to pyrop-
tosis, there can be interactions and overlaps between 
different forms of cell death. The crosstalk between 
pyroptosis and apoptosis, involving various caspases and 
signaling pathways, can be complex and dependent on 
the context. Moreover, VX-765 has demonstrated inhibi-
tion of the harmful death of vascular smooth muscle cells 
(VSMCs) in atherosclerosis, indicating that targeting 

Fig. 5 The effect of AG/PEI-VX765 NGs on myocardial apoptosis was assessed by TUNEL immunofluorescence (n = 6/group). A Microscopic 
observation of TUNEL-stained samples (Scale bar: 100 μm). The nucleus was stained with DAPI (blue), while apoptotic cells were visualized by TUNEL 
staining (green). B Statistical analysis of TUNEL staining (Error bar: SD). **p < 0.01 and ***p < 0.001 compared with MI group. Grouping was as follows: 
MI, MI + VX765, MI + AG-VX765 NGs, MI + PEI-VX765 NPs and MI + AG/PEI-VX765NGs
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caspase-1 activity could be a promising therapeutic 
approach for atherosclerotic cardiovascular diseases [32].

While AG/PEI-VX765 NGs exhibit promising 
enhancements in cardiac function, reduced apoptosis 
rates, and mitigated myocardial damage in myocardial 
infarction rats, our study has limitations. These include 
the absence of validation through cellular experi-
ments and a thorough investigation of the mechanisms 
responsible for cardiac protection, which necessitates 
further in-depth exploration. Despite these limitations, 
AG/PEI-VX765 NGs demonstrate significant potential 
for advancements in myocardial infarction research 
and treatment. Nevertheless, unraveling the intricate 
mechanisms and potential clinical applications neces-
sitates continued and extensive research efforts.

Conclusions
In this study, we demonstrated for the first time that 
the injection of AG/PEI-VX765NGs promotes myo-
cardial recovery and reduces apoptosis, cardiac 
fibrosis, and MI area, resulting in significant cardiac 
functional recovery. These results suggest that AG/PEI-
VX765NGs could be a promising therapeutic potential 
for myocardial repair, and the in  vivo application of 
injectable NGs may serve as an effective strategy for MI 
treatment.

Abbreviations
AG  Sodium alginate
NG  Nanogel
PEI  Polyethyleneimine
MI  Myocardial infarction
SEM  Scanning electron microscope
CCK-8  Cell counting Kit-8
LVIDs  Left ventricular end-systolic diameter
LVIDd  Left ventricular end-diastolic diameter
EF  Ejection fraction
FS  Short-axis shortening rate
TTC   Triphenyl tetrazolium chloride
HE  Hematoxylin eosin

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s40001- 024- 01765-z.

Additional file 1: Figure S1. CCK-8-based assay for drug compatibility of 
VX765, AG-VX765 NGs and PEI-VX765 NPs.

Acknowledgements
Not applicable.

Author contributions
LJL, ZMX drafted the article or revised it critically for important intellectual 
content. LJL, TQX, ZMX had substantial contributions to conception and 
design, acquisition of data or analysis and interpretation of data. All authors 
reviewed and approved the final version of article and agree to be account-
able for all aspects of the work in ensuring that questions related to the 

accuracy or integrity of any part of the work are appropriately investigated 
and resolved. All persons designated as authors qualify for authorship, and all 
those who qualify for authorship are listed.

Funding
This study was supported by Wenzhou Science and Technology Bureau (No. 
Y20210790).

Data availability
The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Declarations

Ethics approval and consent to participate
All the animal procedures used in the present study were approved by 
the Animal Policy and Welfare Committee at Wenzhou Medical University 
(Approval documents: wydw2023-0124). For the implementation of the 
experimental protocols, we adhered to the ethical principles outlined in the 
Guide for the Care and Use of Laboratory Animals: Eighth Edition. We have 
taken all steps to minimize the animals’ pain and suffering. Euthanasia was 
administered by an overdose of pentobarbital sodium via intraperitoneal 
injection according to the American Veterinary Medical Association (AVMA) 
Guidelines for the Euthanasia of Animals, 2020 Edition.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no known competing financial interests 
or personal relationships that could have appeared to influence the work 
reported in this paper.

Received: 13 May 2022   Accepted: 3 March 2024

References
 1. Pva B, Dka B, Mma B, Kca B, Hvaa B, Saa B, Pba B, Rws B, A, Abhijeet 

Dhoble AB,. Outcomes of acute myocardial infarction in patients with 
influenza and other viral respiratory infections–science direct. Am J Med. 
2019;132:1173–81. https:// doi. org/ 10. 1016/j. amjmed. 2019. 05. 002.

 2. Saleh M, Ambrose JA. Understanding myocardial infarction. F1000 Res. 
2018;7:1378.

 3. Riečanský I, Pacák J, Péč J, Melicherčík J. Myocardial infarction in the 
young–our results and experience. Vnitrní Lékarství. 2012;58(536):43.

 4. Cahill TJ, Choudhury RP, Riley PR. Heart regeneration and repair after 
myocardial infarction: translational opportunities for novel therapeutics. 
Nat Rev Drug Discov. 2017;16:699–717. https:// doi. org/ 10. 1038/ nrd. 2017. 
106.

 5. Jia C, Chen H, Zhang J, Zhou K, Zhuge Y, Niu C, Qiu J, Rong X, Shi Z, Xiao 
J. Role of pyroptosis in cardiovascular diseases. Int Immunopharmacol. 
2019;67:311–8. https:// doi. org/ 10. 1016/j. intimp. 2018. 12. 028.

 6. Stefano T, Mauro AG, Zachary Cutter S, Antonio A. Inflammasome, pyrop-
tosis, and cytokines in myocardial ischemia-reperfusion injury. AJP Heart 
Circ Phys. 2018;315:H1553–68. https:// doi. org/ 10. 1152/ ajphe art. 00158. 
2018.

 7. Carmo D, Helison A, Sapna P, Orlando Y, Derek M, Davidson SM. The 
caspase-1 inhibitor VX-765 protects the isolated rat heart via the RISK 
pathway. Cardiovasc Drug Ther. 2018;32:165–8. https:// doi. org/ 10. 1007/ 
s10557- 018- 6781-2.

 8. Audia JP, Yang XM, Crockett ES, Housley N, Haq EU, O’Donnell K, Cohen 
MV, Downey JM, Alvarez DF. Caspase-1 inhibition by VX-765 administered 
at reperfusion in P2Y 12 receptor antagonist-treated rats provides long-
term reduction in myocardial infarct size and preservation of ventricular 
function. Basic Res Cardiol. 2018;113:32–46. https:// doi. org/ 10. 1007/ 
s00395- 018- 0692-z.

https://doi.org/10.1186/s40001-024-01765-z
https://doi.org/10.1186/s40001-024-01765-z
https://doi.org/10.1016/j.amjmed.2019.05.002
https://doi.org/10.1038/nrd.2017.106
https://doi.org/10.1038/nrd.2017.106
https://doi.org/10.1016/j.intimp.2018.12.028
https://doi.org/10.1152/ajpheart.00158.2018
https://doi.org/10.1152/ajpheart.00158.2018
https://doi.org/10.1007/s10557-018-6781-2
https://doi.org/10.1007/s10557-018-6781-2
https://doi.org/10.1007/s00395-018-0692-z
https://doi.org/10.1007/s00395-018-0692-z


Page 10 of 10Liu et al. European Journal of Medical Research          (2024) 29:169 

 9. Flores J, Noel A, Foveau B, Beauchet O, LeBlanc AC. Pre-symptomatic Cas-
pase-1 inhibitor delays cognitive decline in a mouse model of alzheimer 
disease and aging. Nat Commun. 2020;11:4571. https:// doi. org/ 10. 1038/ 
s41467- 020- 18405-9.

 10. Boxer MB, Quinn AM, Shen M, Jadhav A, Leister W, Simeonov A, Auld DS, 
Thomas CJ. A highly potent and selective caspase 1 inhibitor that utilizes 
a key 3-cyanopropanoic acid moiety. Chem Med Chem. 2010;5:730–8. 
https:// doi. org/ 10. 1002/ cmdc. 20090 0531.

 11. Li Y, Maciel D, Rodrigues J, Shi X, Tomás H. Biodegradable Polymer Nano-
gels for drug/nucleic acid delivery. Chem Rev. 2015;115:8564–08. https:// 
doi. org/ 10. 1021/ cr500 131f.

 12. Hao X, Xu B, Chen H, Wang X, Zhang J. Stem cell-mediated delivery of 
nanogels loaded with ultrasmall iron oxide nanoparticles for enhanced 
tumor MR imaging. Nanoscale. 2019;11:4904–10. https:// doi. org/ 10. 1039/ 
c8nr1 0490e.

 13. Zhu S, Ying Y, Wu Q, Ni Z, Wang ZJCEJ. Alginate self-adhesive hydrogel 
combined with dental pulp stem cells and FGF21 repairs hemisection 
spinal cord injury via apoptosis and autophagy mechanisms. Chem Eng J. 
2021. https:// doi. org/ 10. 1016/j. cej. 2021. 130827.

 14. Lihua L, Ali AA, Xiaoyan W, Ling J, Yanni Z, Lina Z, Jianjian X, Helin X, Ying-
zheng Z, Jian XJSCI. Effects of transplanted heparin-poloxamer hydrogel 
combining dental pulp stem cells and bFGF on spinal cord injury repair. 
Stem Cell Int. 2018;2018:1–13.

 15. Luo L, Zhu Q, Li Y, Hu F, Yu J, Liao X, Xing Z, He Y, Ye Q. Application of 
thermosensitive-hydrogel combined with dental pulp stem cells on the 
injured fallopian tube mucosa in an animal model. Front Bioeng Biotech-
nol. 2022;10:1062646. https:// doi. org/ 10. 3389/ fbioe. 2022. 10626 46.

 16. Nguyen MM, Gianneschi NC, Christman KL. Developing injectable 
nanomaterials to repair the heart. Curr Opin Biotechnol. 2015;34:225–31. 
https:// doi. org/ 10. 1016/j. copbio. 2015. 03. 016.

 17. Paul A, Hasan A, Kindi HA, Gaharwar AK, Rao VTS, Nikkhah M, Shin SR, 
Krafft D, Dokmeci MR, Shum-Tim D. Injectable graphene oxide/hydrogel-
based angiogenic gene delivery system for vasculogenesis and cardiac 
repair. ACS Nano. 2014;8:8050–62. https:// doi. org/ 10. 1021/ nn502 0787.

 18. Xue Y, Xia X, Yu B, Luo X, Cai N, Long S, Yu F. A green and facile method 
for the preparation of a pH-responsive alginate nanogel for subcellular 
delivery of doxorubicin. RSC Advances. 2015. https:// doi. org/ 10. 1039/ 
C5RA1 3313K.

 19. Ching SH, Bansal N, Bhandari B. Alginate gel particles-A review of 
production techniques and physical properties. Crit Rev Food Nutr. 
2017;57:1133–52. https:// doi. org/ 10. 1080/ 10408 398. 2014. 965773.

 20. Leor J, Tuvia S, Guetta V, Manczur F, Castel D, Willenz U, Petneházy r, 
Landa N, Feinberg MS, Konen E,. Intracoronary injection of in situ forming 
alginate hydrogel reverses left ventricular remodeling after myocardial 
infarction in swine. J Am Coll Cardiol. 2009;54:1014–23. https:// doi. org/ 10. 
1016/j. jacc. 2009. 06. 010.

 21. Yang Y, Zhou M, Peng J, Wang X, Liu Y, Wang W, Wu D. Robust, anti-
freezing and conductive bonding of chitosan-based double-network 
hydrogels for stable-performance flexible electronic. Carbohydr Polym. 
2022;276: 118753. https:// doi. org/ 10. 1016/j. carbp ol. 2021. 118753.

 22. Zhu L, Hou Q, Yan M, Gao W, Tang G, Liu Z. Flexible fabrication and 
hybridization of bioactive hydrogels with robust osteogenic potency. 
Pharmaceutics. 2023. https:// doi. org/ 10. 3390/ pharm aceut ics15 102384.

 23. Moncal KK, Yeo M, Celik N, Acri TM, Rizk E, Wee H, Lewis GS, Salem AK, 
Ozbolat IT. Comparison ofin-situversusex-situdelivery of polyethylen-
imine-BMP-2 polyplexes for rat calvarial defect repair via intraoperative 
bioprinting. Biofabrication. 2022. https:// doi. org/ 10. 1088/ 1758- 5090/ 
ac9f70.

 24. Paladini G, Venuti V, Crupi V, Majolino D, Fiorati A, Punta C. 2D correlation 
spectroscopy (2DCoS) analysis of temperature–dependent FTIR-ATR 
spectra in branched polyethyleneimine/TEMPO-oxidized cellulose nano-
fiber xerogels. Polymers. 2021. https:// doi. org/ 10. 3390/ polym 13040 528.

 25. Maher S, Smith LA, El-Khoury CA, Kalil H, Sossey-Alaoui K, Bayachou M. 
Inducible nitric oxide synthase embedded in alginate/polyethyleneimine 
hydrogel as a new platform to explore NO-driven modulation of biologi-
cal function. Molecules. 2023. https:// doi. org/ 10. 3390/ molec ules2 80416 
12.

 26. Yang L, Zheng Z, Qian C, Wu J, Liu Y, Guo S, Li G, Liu M, Wang X, Kaplan 
DL. Curcumin-functionalized silk biomaterials for anti-aging utility. J Col-
loid Int. 2017;496:66–77. https:// doi. org/ 10. 1016/j. jcis. 2017. 01. 115.

 27. Sumanth P, Nikolaos F. The biological basis for cardiac repair after myocar-
dial infarction: from inflammation to fibrosis. Circ Res. 2016;119:91–112. 
https:// doi. org/ 10. 1161/ CIRCR ESAHA. 116. 303577.

 28. Sahu P, Kashaw SK, Kushwaha V, Jain S, Iyer AK. pH responsive biodegrad-
able nanogels for sustained release of bleomycin. Bioorg Med Chem. 
2017;25:4595–613. https:// doi. org/ 10. 1016/j. bmc. 2017. 06. 038.

 29. Chao Q, Yaqi C, Jingjing L, Yin W. Lipid-bilayer-coated nanogels allow for 
sustained release and enhanced internalization. Int J Pharm. 2018;551:8–
13. https:// doi. org/ 10. 1016/j. ijpha rm. 2018. 09. 008.

 30. Talman V, Ruskoaho H. Cardiac fibrosis in myocardial infarction—from 
repair and remodeling to regeneration. Cell Tissue Res. 2016;365:563–81. 
https:// doi. org/ 10. 1007/ s00441- 016- 2431-9.

 31. Emily M, Huang K, Erin S, Cheng K, Brown AC. Targeted treatment of 
ischemic and fibrotic complications of myocardial infarction using a dual-
delivery microgel therapeutic. ACS Nano. 2018;12:7826–37. https:// doi. 
org/ 10. 1021/ acsna no. 8b019 77.

 32. Li Y, Niu X, Xu H, Li Q, Zhang Z. VX-765 attenuates atherosclerosis in ApoE 
deficient mice by modulating VSMCs pyroptosis. Exp Cell Res. 2020;389: 
111847. https:// doi. org/ 10. 1016/j. yexcr. 2020. 111847.

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

https://doi.org/10.1038/s41467-020-18405-9
https://doi.org/10.1038/s41467-020-18405-9
https://doi.org/10.1002/cmdc.200900531
https://doi.org/10.1021/cr500131f
https://doi.org/10.1021/cr500131f
https://doi.org/10.1039/c8nr10490e
https://doi.org/10.1039/c8nr10490e
https://doi.org/10.1016/j.cej.2021.130827
https://doi.org/10.3389/fbioe.2022.1062646
https://doi.org/10.1016/j.copbio.2015.03.016
https://doi.org/10.1021/nn5020787
https://doi.org/10.1039/C5RA13313K
https://doi.org/10.1039/C5RA13313K
https://doi.org/10.1080/10408398.2014.965773
https://doi.org/10.1016/j.jacc.2009.06.010
https://doi.org/10.1016/j.jacc.2009.06.010
https://doi.org/10.1016/j.carbpol.2021.118753
https://doi.org/10.3390/pharmaceutics15102384
https://doi.org/10.1088/1758-5090/ac9f70
https://doi.org/10.1088/1758-5090/ac9f70
https://doi.org/10.3390/polym13040528
https://doi.org/10.3390/molecules28041612
https://doi.org/10.3390/molecules28041612
https://doi.org/10.1016/j.jcis.2017.01.115
https://doi.org/10.1161/CIRCRESAHA.116.303577
https://doi.org/10.1016/j.bmc.2017.06.038
https://doi.org/10.1016/j.ijpharm.2018.09.008
https://doi.org/10.1007/s00441-016-2431-9
https://doi.org/10.1021/acsnano.8b01977
https://doi.org/10.1021/acsnano.8b01977
https://doi.org/10.1016/j.yexcr.2020.111847

	Preparation of VX765 sodium alginate nanogels and evaluation of their therapeutic effect via local injection on myocardial infarction in rats
	Abstract 
	Introduction
	Materials and methods
	Ethics approval
	Synthesis and characterization of AG-VX765 NGs, PEI-VX765 NPs, and AGPEI-VX765 NGs
	Compatibility assayed through in vitro viability study
	In vitro drug release
	Drug loading rate of AGPEI-VX765NGs
	Preparation of rat MI model and injection of grouping materials
	Echocardiographic detection
	Triphenyl tetrazolium chloride (TTC) staining
	Histological analysis
	Statistical analysis

	Results
	Characterization and performance evaluation of NGs
	Evaluation of cardiac function and infarct size
	Histological observation
	Detection of cardiomyocyte apoptosis

	Discussion
	Conclusions
	Acknowledgements
	References


