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Abstract
Myocardial infarction (MI) is one of the leading causes of death. This is attributed to the dramatic changes in the 
myocardial microenvironment post-MI. Therefore, effective intervention in the early stages of MI is significant 
for inhibiting its progression and improving cardiac function. Herein, an injectable composite hydrogel scaffold 
(Gel-pBP@Mg) was developed by integrating magnesium (Mg)-modified black phosphorus nanosheets (pBP@Mg) 
into a reactive oxygen species-responsive hydrogel (Gel). This loose and porous Gel provides a natural platform 
for carrying pBP@Mg. In situ, sustained release of pBP@Mg is achieved via responsive ROS degradation in the 
infarct site. The high ROS reactivity of Black phosphorus nanosheets (BPNSs) can effectively inhibit the progression 
of oxidative stress in the infarct area and reduce inflammatory response by down-regulating the NF-κB pathway. 
Additionally, the sustained release of Mg loaded on the surface of BPNSs can effectively promote angiogenesis 
in MI, which is significant for the long-term prognosis after infarction. Our developed Gel-pBP@Mg effectively 
blocked infarction progression and improved myocardial function by sustainably inhibiting the “oxidative stress-
inflammation” reaction chain and pro-angiogenesis. This study reveals Gel-pBP@Mg composite therapeutic potential 
in treating MI through In vitro and In vivo studies, providing a promising modality for MI treatment.
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Introduction
Myocardial infarction (MI) threatens human life and 
health, typically resulting from blood flow blockage to 
the myocardium for various reasons. Cardiac cells lose 
blood perfusion post-MI, leading to an anoxic environ-
ment. When a dysfunction occurs in multiple mitochon-
dria in cardiomyocytes, it can release massive reactive 
oxygen species (ROS) into the cytoplasm. This triggers 
cytochrome c (cyto-c) and activates the caspase signal-
ing pathway, which can injure myocardial cells (CMs) [1, 
2]. ROS can activate Toll-like receptor 4, which triggers 
NF-κB and induces inflammatory responses by produc-
ing chemokines and pro-inflammatory factors [3, 4]. 
Although existing clinical therapies can achieve myocar-
dial reperfusion and reduce mortality, most studies have 
found myocardial necrosis and decreased cardiac func-
tion after treatment [5–7]. Percutaneous coronary inter-
vention (PCI) is prone to vascular perforation, malignant 
arrhythmias and acute kidney injury. Lack of targeting of 
thrombolytic drugs can lead to cerebral hemorrhage [8]. 
More importantly, they all focus only on restoring blood 

flow to the infarct site and do not make effective treat-
ments for oxidative stress and inflammatory responses 
in the infarct microenvironment. Therefore, there is an 
urgent need for an approach that can remodel the infarct 
microenvironment and remove the harm caused by MI 
from the root.

Black phosphorus nanosheets (BPNSs) are nanomate-
rials with a two-dimensional layered structure consisting 
of porous phosphorus atoms connected by strong P-P 
bonds within the layers and weak van der Waals forces 
between the layers [9]. It has become a significant biolog-
ical material due to good biological compatibility, elec-
trical conductivity, and thermal characteristics. BPNSs 
have a two-dimensional fold structure that provides 
a larger surface volume ratio and greater load capac-
ity for superior drug delivery. Additionally, BPNSs pos-
sess strong ROS reactivity, making them an excellent 
choice to inhibit excessive oxidative stress [10]. There-
fore, more studies have applied BPNSs in post-ischemic 
injury treatment, specifically in bone and neurovascular 
regeneration [11, 12]. However, the lone electron pair of 
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phosphorus atoms makes BPNSs react with oxygen and 
water, limiting their biomedical application [13]. Dopa-
mine (DA) is a biocompatible substance that can be oxi-
dized and self-polymerized in an alkaline environment 
to form a super cohesive polydopamine (PDA) layer on 
the material surface. Accordingly, this property of PDA 
can be used to modify BP; the contact between oxygen 
or water and BPNSs can be isolated to a certain extent, 
thereby improving stability [14, 15]. Continuous ischemia 
and hypoxia post-MI are the main causes of myocardial 
injury; therefore, reducing oxidative stress-inflammatory 
storms may be insufficient to rescue the myocardium. 
Improving blood supply is crucial for promoting capillary 
formation and enhancing oxygen and nutrient supply to 
the infarct area. Clearance of metabolic waste can also 
inhibit MI progression [16, 17].

Furthermore, magnesium (Mg) can promote angio-
genesis by enhancing vascular endothelial cell prolif-
eration, adhesion, and motility and activating PI3K-Akt 
and MAPK pathways to promote VEGF and FGF release 
[18–20]. Mg can be anti-inflammatory by promoting M1 
phenotypic macrophage transformation into M2 pheno-
typic macrophages [21]. However, only a few studies have 
investigated the efficacy of using Mg to treat MI. Conse-
quently, we have used PDA modification and Mg surface 
loading to maximize the stability and biotherapy proper-
ties of BPNSs, achieve in situ sustained release post-MI, 
and improve microenvironment deterioration to inhibit 
cardiac obstruction progression.

Recently, with the in-depth understanding of the 
pathological changes of myocardial infarction micro-
environment, using hydrogel biomaterials for local MI 
treatment has become a research hotspot. The therapeu-
tic efficiency of drugs can be improved by the recently 
developed patches, hydrogels, and scaffolds [22–24]. 
Delivering nanomaterial to the MI site needs a safe, 
degradable, and high-loading rate drug carrier. Injectable 
hydrogels can be administrated locally to deliver drugs 
to the treatment site, avoiding the low targeting rate of 
intravenous administration. Additionally, the hydrogel 
can form a three-dimensional network structure with 
good molecular permeability and a high drug-loading 
rate [25–27]. Therefore, hydrogels are ideal materials for 
treating MI. Polyvinyl alcohol (PVA) is one of the most 
widely studied hydrogel materials; it is non-toxic, highly 
biocompatible, and has good mechanical properties. The 
hydroxy-rich chemical characteristics of PVA allow it to 
cross-link with various materials [28, 29]. Bio-respon-
sive hydrogels have better controlled release ability and 
degradability than ordinary hydrogels. ROS-responsive 
hydrogels can be gradually decomposed in a high con-
centration of ROS environment, and a large amount of 
ROS generated in the infarcted area after infarction can 
decompose the ROS-responsive hydrogels to realize 

controlled release of drugs for the purpose of slow release 
of nanomaterials. [30–32].

Here, we designed a PVA-based ROS-responsive 
hydrogel (Gel) to achieve durable improvement of the 
infarct microenvironment after in situ injection of the 
composite hydrogel to inhibit post-MI progression by 
carrying surface Mg-loaded BPNSs (Fig. 1). Our in vivo 
and in vitro experiments showed that ROS released in 
the infarct area shortly post-MI could effectively decom-
pose the Gel and promote the effective release of nano-
composites pBP@Mg in the Gel. The continuous ROS 
scavenging inhibits the oxidative stress-inflammatory 
reaction chain, promotes angiogenesis, improves blood 
supply in the infarction area, and effectively improves the 
microenvironment deterioration post-MI. It can signifi-
cantly reduce myocardial tissue damage, improve myo-
cardial function, and prevent the occurrence of adverse 
rain post-MI. These findings suggest that constructing 
composite hydrogels with multiple functions can signifi-
cantly improve cardiac function post-MI.

Results
Synthesis and characterization of BPNSs and pBP@Mg
BPNSs were synthesized by removing bulk BP crystals 
using electrochemical stripping in a nonaqueous elec-
trolyte. The resultant BPNSs were dispersed under ultra-
sound for 20 min. The BPNSs thickness was about 17 nm 
detected by Atomic Force Microscopy (AFM) and had a 
two-dimensional sheet structure (Fig.  2A and B). X-ray 
diffraction (XRD) results showed that the absorption 
peak of BPNSs was high and sharp, and the crystallinity 
was good. The absorption peak of BPNSs coincided with 
that of the BP block of standard, indicating no new crys-
tal lattice was formed (Fig. 2C); then, the MgCl solution 
was mixed with BPNSs. Mg2+ forms coordination bonds 
(π bonds) with the lone pair of electrons of BPNSs and 
was loaded on BPNSs through strong chemical bonds 
and electrostatic adsorption. Modified by metal ions, the 
unpaired electrons of BPNSs form strong bonds, which 
increase the BPNSs’ stability [33–35]. Subsequently, Mg-
loaded BPNSs and DA were added to the NaOH solu-
tion at pH = 8.5 to form PDA-wrapped pBP@Mg. Both 
bare BPNSs and PDA have negative charges, while Mg 
has positive charges. The Zeta potential confirmed that 
the surface potential of BPNSs undergoes the anticipated 
modifications, providing evidence of electrostatic adsorp-
tion between these components (Figure S1). TEM tests 
showed that the maximum lateral dimension of BPNSs 
and pBP@Mg was about 1–3 μm, presenting a standard 
multi-layer sheet structure. pBP@Mg was covered with a 
polymer layer of PDA (Fig. 2D–E), and Mg, oxygen (O), 
carbon (C), and phosphorus (P) were uniformly distrib-
uted on its surface (Figure S2).
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Raman and Fourier transform infrared (FTIR) spectra 
were further tested. Raman spectroscopy results showed 
that both BPNSs and pBP@Mg presented three absorp-
tion peaks, A1g, B2g, and A2g, indicating that the modi-
fied BPNSs did not cause structural changes (Fig.  2F). 
FTIR results showed that after PDA modification, pBP@
Mg appeared in a series of absorption bands between 
1200 and 1600  cm–1, which could be attributed to the 
aromatic ring and C-N bond in PDA. Additionally, the 
C-H and N-H stretching vibrations in PDA lead to the 
appearance of two new absorption bands between 2900 
and 3600  cm–1. Therefore, the FTIR results proved the 
successful coating of BPNSs by PDA (Fig. 2H). Then, the 
chemical composition of nanosheets was detected by 
X-ray photoelectron spectroscopy (XPS) (Fig. 2I and L). 
The results showed that pBP@Mg detects the N1s peak at 
400.6 eV, confirming the presence of a PDA layer. Weak 
N1s were detected in the bare BPNSs, possibly due to 
oxidation. The P2p peak intensity of bare BP (129.6 eV) 
was higher than that of pBP@Mg due to the absence of P 
element in the chemical structure of PDA. The Mg1 peak 
appeared in the 1305 eV, which successfully verified that 
the Mg2+ mixed with BPNSs. Therefore, these changes 

indicate that the modification of corresponding com-
pounds was successful.

To verify that Mg and PDA modification enhanced 
the stability of BPNSs, UV-vis absorbance of BPNSs, 
PDA, and pBP@Mg was performed, showing strong light 
absorption of pBP@Mg at 279 nm due to PDA (Fig. 2G). 
The UV-vis absorbance of aqueous dispersions of BPNSs 
and pBP@Mg stored in the environment for 28 days 
was also examined. After 28 days, BPNSs absorbance 
decreased more than pBP@Mg (Figures S3–S4). The 
results provided strong evidence that adding Mg and 
PDA improves the stability of BPNSs.

Synthesis and characterization of composite hydrogel
ROS-responsive hydrogels were obtained by a two-step 
method. The hydrogel precursor was synthesized by 
the quaternization of N-N-N’-N’-tetramethyl-1-3-pro-
pylene diamine with excess 4- (bromomethyl) phenyl-
boronic acid and then mixed with PVA. The boric acid 
bond of the hydrogel precursor could quickly cross-link 
with the hydroxyl group on PVA to form a borate ester 
bond, forming Gel. Gel-pBP@Mg and Gel-BP composite 
hydrogels were prepared by adding pBP@Mg and BPNSs 
to the hydrogel precursor and mixing them with PVA. 

Fig. 1  Schematic diagram of the synthesis and mechanism of Gel-pBP@Mg
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Fig. 2  Characterization of physicochemical properties of BPNSs and pBP@Mg. (A) Representative AFM of BPNSs and (B) Thickness measurements. (C) 
Detection of XRD diffraction peaks of BPNSs compared with the standard black phosphorus block. (D) Representative TEM of BPNSs. (E) Representative 
TEM of pBP@Mg. (F) Absorption peaks of Raman spectra of BPNSs and pBP@Mg. (G) UV-vis detection of BPNSs, PDA, and pBP@Mg. (H) FTIR detection of 
BPNSs, PDA, and pBP@Mg. (I) Characteristic XPS absorption peaks of BPNSs and pBP@Mg. (J) XPS characteristic N1s absorption peaks of BPNSs and pBP@
Mg. (K) XPS characteristic P2p absorption peaks of BPNSs and pBP@Mg. (L) XPS characteristic Mg1s absorption peaks of BPNSs and pBP@Mg
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SEM examination of the cross-sections of hydrogels 
after lyophilization showed that all hydrogels had loose 
porous structures (Fig.  3A and C). Compared with Gel, 
Gel-pBP@Mg showed more cross-linked structures and 
higher porosity. This may be due to the rapid formation 
of hydrogen bonds between pBP@Mg and PVA by adding 
PDA, forming a more interconnected network [36].

Furthermore, the rheological properties of hydro-
gel were examined by frequency scanning method with 
fixed amplitude at 0.1–10 Hz (Fig.  3D). All composite 
hydrogels maintained nonlinear rheological behavior. 
The storage modulus (G’) was higher than the loss mod-
ulus (G”), indicating that all tested hydrogels exhibited 
similar behavior to elastic solids. Upon adding pBP@
Mg, both the G’ and G” increased, which might be due 
to the hydrogen bond formed between them. Swell-
ing is another property of hydrogels that directly affects 
their drug-loading properties (Fig.  3E and S5). The test 
results showed that the swelling performance of Gel-BP 
and Gel-pBP@Mg decreased slightly compared with Gel 
due to the smaller pore size of the Gel caused by pBP@
Mg addition. To ensure that Gel-loaded pBP@Mg could 
be released slowly at the infarct site, we examined the 
slow-release ability of Gel-pBP@Mg (Fig. 3F). On days 1, 
3, 5, 7, 14, and 21 of immersion in PBS, the content of 
p-elements gradually increased and remained slowly ris-
ing on day 21. This indicates that Gel-pBP@Mg is capable 
of achieving long-term slow release of pBP@Mg. The Gel 
also revealed physical properties suitable for research. 
The mode of administration of an intramyocardial injec-
tion depended on its injectability and adhesion (Fig. 3G 
and H, Movie S1). The composite hydrogel injected 
locally had a suitable electrical conductivity for the myo-
cardium and avoided functional damage caused by local 
use (Figure S6).

The antioxidant capacity of Gel-pBP@Mg
To investigate the ROS-responsive degradation behav-
ior of Gel-pBP@Mg, the same volume of Gel-pBP@Mg 
was placed into sample flasks containing H2O2 and PBS 
for observation (Fig. 3I). After 24 h, Gel-pBP@Mg in the 
sample bottle of H2O2 was completely degraded, and the 
volume of Gel-pBP@Mg in PBS was slightly reduced. 
This is because in the high-concentration ROS environ-
ment, the borate ester bond in Gel is oxidized and bro-
ken, and the hydrogel gradually decomposed to achieve 
the drug-controlled release. This suggests that Gel-pBP@
Mg has good ROS responsiveness.

Subsequently, we synthesized different concentrations 
of Gel-pBP@Mg and used Gel-pBP@Mg10, Gel-pBP@
Mg20, Gel-pBP@Mg50, and Gel-pBP@Mg100 to repre-
sent the Gel containing 10, 20, 50, and 100  µg mL–1 of 
pBP@Mg, respectively. To further investigate the anti-
oxidant properties of Gel-pBP@Mg composites, the 

antioxidant properties of composite hydrogels with dif-
ferent concentrations were evaluated using 2, 2-diphe-
nyl-1 -(2,4, 6-trinitrobenzene) hydrazine (DPPH) 
detection kit (Fig. 3J). DPPH is a stable reactive nitrogen 
species (RNS) compound whose ethanol solution is dark 
purple and decolorizes in the presence of antioxidants. 
The same volume of composite hydrogel was put into the 
sample bottle, and the same volume of DPPH/ ethanol 
solution was added. The results showed that the compos-
ite hydrogels could decolorize DPPH, and the effect was 
more significant with the increased concentration. Ultra-
violet absorbance analysis of 517 nm supernatant showed 
that the clearance rate of Gel-pBP@Mg100 reached 
80.3%.

Further, we used ABTS free radical scavenging ability 
detection kit to test the antioxidant activity of the com-
posite (Fig. 3K). ABTS was oxidized to form a stable blue-
green cationic ABTS radical with a maximum absorption 
peak at 405 nm. Upon adding the tested substance to the 
ABTS free radical solution, the antioxidant components 
reacted with the ABTS free radical and made the reac-
tion system fade. The results showed that the fading of 
the reaction system was significant, and the ABTS clear-
ance rate of Gel-pBP@Mg100 reached 82.2%. The above 
experiments verify that the Gel-pBP@Mg composite has 
ROS responsiveness and excellent antioxidant ability.

In vitro Gel-pBP@Mg removal ability of ROS
The cell viability of rat H9C2 CMs treated with Gel-
pBP@Mg at different concentrations in the presence 
of H2O2 was measured by Cell Counting Kit-8 (CCK-
8) (Fig.  4A). Different concentrations of Gel-pBP@Mg 
showed excellent anti-oxidative stress effects caused by 
H2O2. The maximum concentration of 100 µg mL− 1 Gel-
pBP@Mg had the most significant effect, close to that of 
the control group. Therefore, the concentration of 100 µg 
mL− 1 was subsequently selected to test the ability of the 
composite hydrogel to remove ROS.

To evaluate the biocompatibility necessary for in vivo 
application, we tested the viability of cells cultured on 
the complex hydrogel by CMs. CCK-8 test showed an 
insignificant difference between Gel and Gel-pBP@Mg 
and control groups (Figure S7). Calcein-AM could cross 
the cell membrane into living cells with low toxicity. The 
cell density increased after 48  h culture compared with 
24 h. The control, Gel, and Gel-pBP@Mg groups showed 
similar cell density and morphology differences. This 
indicates that all hydrogels have good biocompatibil-
ity (Figure S8). This is because the porous structure of 
hydrogels and the fold structure of BPNSs provide cell 
adhesion sites, and the composite hydrogels are prepared 
with non-toxic materials.

Dichloro-dihydro-fluorescein diacetate (DCFH-DA) 
was able to cross the cell membrane and react with 
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intracellular ROS to produce products with green fluo-
rescence. Therefore, we evaluated the level of intracellu-
lar superoxide anion and hydroxyl radical scavenging by 
composite hydrogel treatment using DCFH-DA staining. 

(Figs.  4B). The fluorescence intensity of CMs incubated 
with Gel and Gel-pBP@Mg was significantly lower than 
that of the H2O2 treatment group, indicating that all 
hydrogel groups could remove ROS from CMs. The 

Fig. 3  The physical and chemical properties of Gel characterization. Representative SEM of Gel (A), Gel-BP (B), and Gel-pBP@Mg (C). (D) Measurement of 
Gel and Gel-pBP@Mg rheological properties. (E) Gel, Gel-BP, and Gel-pBP@Mg swelling performance testing (n = 3). (F) Gel-pBP@Mg slow-release capacity 
assay. (G)Injectability of Gel-pBP@Mg. (H) The adhesiveness of Gel-pBP@Mg. (I) In vitro ROS responsiveness of the Gel. (J) DPPH reactive oxygen species 
scavenging ability of Gel with different concentrations of Gel-pBP@Mg (n = 3). (K) ABTS reactive oxygen species scavenging ability of Gel with different 
concentrations of Gel-pBP@Mg (n = 3). Scale: 10 μm. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001
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Fig. 4  In vitro safety, antioxidant capacity and apoptosis inhibition of composite hydrogels. (A) Relative viability of CMs treated with different concentra-
tions of Gel-pBP@Mg. All treatments groups were performed in the presence of H2O2 (n = 3). (B) DCFH-DA fluorescent staining and quantitative statistical 
analysis of Control, H2O2, Gel + H2O2, and Gel-pBP@Mg + H2O2 (n = 4). Scale: 100 μm. (C) JC-1 fluorescence staining of control, H2O2, Gel + H2O2, and Gel-
pBP@Mg + H2O2. All treatments groups were performed in the presence of H2O2 (n = 4). Scale: 25 μm. (D) Apoptosis was analyzed by flow cytometry with 
Control, H2O2, Gel + H2O2, and Gel-pBP@Mg + H2O2 and quantitative statistical analysis. All treatments groups were performed in the presence of H2O2 
(n = 3). (E) Detection and quantitative statistical analysis of apoptosis-related protein expression by WB. All treatments groups were performed in the pres-
ence of H2O2 (n = 3). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001
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fluorescence intensity of the Gel-pBP@Mg group was 
similar to that of the control group, which fully proved 
that the complex hydrogel could effectively inhibit the 
oxidative stress of CMs.

Role of Gel-pBP@Mg in ROS injury to cardiomyocytes in 
vitro
At high ROS levels, the structure and catalytic capacity 
of cyto-c undergo significant changes, transforming into 
a peroxidase that catalyzes cardiolipin (CL) peroxida-
tion, causing CL peroxidation and cyto-c dissociation. 
The release of cyto-c into the cytoplasm promotes the 
caspase signaling pathway activation, thus triggering the 
apoptotic cascade [37, 38]. The decline of mitochondrial 
membrane potential is a landmark event in the early stage 
of apoptosis. The mitochondrial membrane potential of 
CMs in different treatment groups was measured with 
a JC-1 detection kit (Fig. 4C). The green fluorescence of 
the H2O2 group was the strongest, indicating that mito-
chondrial membrane potential decreased, and mitochon-
drial damage caused by ROS was the strongest. The green 
fluorescence intensity of Gel-pBP@Mg was similar to or 
even slightly lower than that of the control group. The 
JC-1 test results proved that Gel-pBP@Mg could alleviate 
the mitochondrial damage of CMs.

Apoptosis flow cytometry was performed to demon-
strate ROS-induced CM apoptosis further (Fig.  4D). 
The CMs in the upper right quadrant (late apoptosis) 
and lower right quadrant (early apoptosis) are apoptotic 
cells. Data showed that the CM cell apoptosis rate in the 
H2O2 group was 66.64% ± 0.90%, significantly increas-
ing compared with the control group. Additionally, the 
H2O2-induced percentage of apoptotic CM cells in the 
Gel-pBP@Mg group was significantly decreased (22.80% 
± 1.64%) compared with the H2O2 group. These data sug-
gest that Gel-pBP@Mg can reduce H2O2-induced apop-
tosis of CM cells.

We used western blot (WB) to analyze the expression 
of apoptosis-related molecules to investigate the apopto-
sis mechanism of CMs further (Fig. 4E). The expressions 
of pro-apoptotic molecules Bax and Caspase-3 were sig-
nificantly increased in the H2O2 group while significantly 
decreasing in the Gel-pBP@Mg group. Bcl-2 expression 
in the Gel-pBP@Mg group was significantly increased 
after incubation compared with the H2O2 group. The 
results showed that Gel-pBP@Mg treatment increased 
mitochondrial activity and inhibited apoptosis of CMs.

Gel-pBP@Mg exerts anti-inflammatory effects by 
promoting polarization of RAW264.7 towards the M2 
phenotypic phenotype
MI generates a large amount of ROS, and the ensuing 
large amount of proinflammatory factors induces mac-
rophage polarization to the M1 phenotype, which leads 

to an increased inflammatory response in the infarcted 
area. Therefore, it is particularly important to administer 
anti-inflammatory therapy at the early stage of myocar-
dial infarction as an effective way to prevent further myo-
cardial death.

We examined the anti-inflammatory activity of Gel-
pBP@Mg complex hydrogels with RAW264.7. RAW264.7 
induced macrophage polarization to the M1 pheno-
type by LPS, followed by treatment with either Gel or 
Gel-pBP@Mg. Immunofluorescence co-localization of 
IL-6 and IL-10 showed that the expression of inflam-
matory IL-6 was significantly reduced in the Gel-pBP@
Mg-treated group. indicating that Gel-pBP@Mg effec-
tively promoted the polarization of M1 phenotype mac-
rophages to M2 phenotype (Fig.  5A). In addition, the 
supernatants of RAW264.7 cell cultures from different 
treatment groups were collected, and the expressions of 
TNF-α and TGF-β were detected by ELISA (Figure S9). 
The expression level of TNF-α in M1 phenotypic mac-
rophages in the LPS group was significantly elevated, 
whereas the expression level of TGF-β was the highest in 
M2 phenotypic macrophages in the Gel-pBP@Mg group. 
The results indicated that Gel-pBP@Mg treatment sig-
nificantly decreased the polarization of M1 phenotypic 
macrophages, which in turn promoted the polarization of 
M2 phenotypic macrophages toward anti-inflammatory 
macrophages.

Gel-pBP@Mg promotes HUVEC migration and tube 
formation
The migration and proliferation of endothelial cells play 
an important role in injury repair. Post-MI, the blood 
vessels that begin to grow in the marginal area gradu-
ally extend to the infarct core. A network of capillaries 
delivers oxygen to the infarct area, facilitating nutrient 
exchange and waste removal and preventing further CM 
death. To verify that the composite promotes endothelial 
cell migration and tubular formation, we tested the func-
tion of BP@PDA and pBP@Mg in HUVEC. After 24  h 
incubation, HUVEC mobility in pBP@Mg and BP@PDA 
groups reached 70.94% and 51.18%, respectively, and 
the center of scratches in pBP@Mg group had realized 
admixture (Fig.  5B and S10). The tube-forming experi-
ment further confirmed these results. After 6  h incu-
bation, the number of branches of the pBP@Mg tube 
reached 62, and the forming length of the tube reached 
9803.33 μm (Fig. 5C).

Mg2+ can be taken up by cells through the ion chan-
nel function protein TRPM7 and then exert its enzy-
matic reaction. Deleting the TRPM7 kinase domain can 
defect Mg2+ absorption in the mouse intestine [39]. Mg2+ 
can activate PI3K phosphorylation, activating Akt and 
increasing VEGF expression to promote angiogenesis 
[40]. Therefore, we detected p-PI3K and p-Akt expression 
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Fig. 5  In vitro anti-inflammatory and pro-HUVEC migration and tube formation capacity of Gel-pBP@Mg. (A) Control, H2O2, Gel, and Gel-pBP@Mg pro-
mote polarization of RAW264.7 toward the M2 phenotype (n = 4). Scale: 10 μm. (B) control, BP@PDA, and pBP@Mg incubation for 24 h to promote HUVEC 
migration and quantitative statistical analysis (n = 3). Scale: 100 μm. (C) control, BP@PDA, and pBP@Mg incubation for 6 h to promote HUVEC tube forma-
tion and quantitative statistical analysis (n = 3). Scale: 10 μm. (D) Quantitative statistical analysis of the pro-angiogenesis expression associated protein by 
WB (n = 3). *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001
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Fig. 6 (See legend on next page.)
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in treated HUVEC cells through WB (Fig.  5D). The 
p-PI3K and p-Akt expression were significantly increased 
in the pBP@Mg group. The BP@PDA group also had a 
vasotropic effect, possibly due to the excellent electrical 
conductivity of BPNSs that enhances cell-cell connec-
tions [41].

Gel-pBP@Mg inhibits myocardial apoptosis through 
antioxidant stress
Post-MI, the damaged mitochondria release ROS, induc-
ing cardiomyocyte apoptosis. To observe the effect 
of Gel-pBP@Mg on ROS levels in the infarcted area, 
we constructed a rat myocardial infarction model and 
injected hydrogels in situ, and rat hearts were collected 
on day 3 after myocardial infarction for DHE immunoflu-
orescence staining (Fig. 6A). Quantitative analysis of the 
ROS signal found that the ROS signal in the Gel-pBP@
Mg group decreased from 59.96 to 6.13% compared with 
the normal saline group. These data support that Gel-
pBP@Mg can significantly inhibit ROS generation in 
infarct tissue.

Several ROS can activate the Caspase signaling path-
way and induce apoptosis. Therefore, we examined Cas-
pase-3 and Tunel to assess apoptosis levels in the infarct 
area (Fig. 6B and S11). Caspase-3 and Tunel results con-
firmed that antioxidant stress mitigated the damage 
caused by ROS and prevented further damage to cardio-
myocytes. The Caspase-3 and Tunel signals in the Gel-
pBP@Mg group were 5.37% and 2.54%, respectively. The 
Gel group showed decreased Caspase-3 and Tunel sig-
nals, potentially due to its ROS sensitivity.

To further verify that the composite material alleviated 
the apoptosis of cardiomyocytes, we evaluated protein 
expression in the classical apoptosis pathway through the 
WB experiment (Fig.  6G and S12). The results showed 
that the protein expression of the Gel-pBP@Mg group 
was similar to that of the sham group. Compared with the 
saline group, the pro-apoptotic Bax and Caspase-3 pro-
tein expressions were significantly decreased, while the 
anti-apoptotic Bcl-2 protein expression was increased. 
These findings suggest that injecting Gel-pBP@Mg into 
the infarction area can reduce ROS levels and allevi-
ate myocardial apoptosis through its antioxidant stress 
effect. Gel-pBP@Mg was validated to enhance myocar-
dial activity and provide therapeutic benefits.

Gel-pBP@Mg inhibits the inflammatory response in the 
infarction area
Studies have shown that 1–3 days after the onset of myo-
cardial infarction, circulating monocytes infiltrate into 
the tissue and differentiate into inflammatory macro-
phages. Subsequently, the transition from the inflam-
matory to the reparative phase occurs 3–5 days after 
infarction. As pro-inflammatory cells, M1 phenotypic 
macrophages lead to a massive inflammatory infiltration 
in the infarcted area. In contrast, M2 phenotypic macro-
phages are inflammation-suppressive cells, and increased 
numbers help to alleviate the abnormal inflammatory 
response in the infarcted area. We assessed the level of 
macrophage expression in the infarcted area by immu-
nofluorescence co-localization staining for CD86/CD68 
and CD206/CD68 (Fig. 6C and D). M1 phenotypic mac-
rophage aggregation was significantly reduced in the Gel-
pBP@Mg group compared to the large number of M1 
phenotypic macrophages in the saline group. On the con-
trary, M2 phenotypic macrophages were heavily aggre-
gated in the Gel-pBP@Mg group. This suggested that 
Gel-pBP@Mg had an inhibitory effect on the progression 
of post-infarction inflammation. Next, we detected the 
expression levels of tumor necrosis factor-alpha (TNF-
α), and IL-10 (Fig.  6E and F). TNF-α expression by M1 
phenotypic macrophages was higher in the saline group, 
while IL-10 expression by M2 phenotypic macrophages 
was higher in the Gel-pBP@Mg group. These show that 
the complex hydrogel treatment promoted M1 pheno-
typic macrophage transformation into M2 phenotypic 
macrophages and alleviated the abnormal inflammatory 
response in the infarction area.

WB was conducted to evaluate further the protein 
expression to validate this result (Fig. 6H and S13). As we 
expected, the expression of related proteins showed sig-
nificant differences. The expression of pro-inflammatory 
factors TNF-α and IL-6 was suppressed in the Gel-pBP@
Mg group, whereas the expression of the anti-inflamma-
tory factors IL-10 and CD206 was significantly decreased 
in the saline group. In addition, p-IκBα and NF-κB were 
abundantly expressed in the saline group, whereas their 
expression was significantly reduced in the Gel-pBP@Mg 
group. These results support the ability of Gel-pBP@Mg 
to exert an inhibitory inflammatory response by promot-
ing macrophage conversion to the M2 phenotype. The 

(See figure on previous page.)
Fig. 6  Gel-pBP@Mg exerts anti-oxidative stress, attenuates apoptosis and promotes M2 phenotypic macrophage polarization in MI rats. (A) DHE im-
munofluorescence staining and quantitative statistical analysis on day 3 of modeling in sham, saline, Gel, and Gel-pBP@Mg groups (n = 4). (B) Tunel im-
munofluorescence staining and quantitative statistical analysis on day 3 of modeling in sham, saline, Gel, and Gel-pBP@Mg groups (n = 4). (C) CD86/CD68 
immunofluorescence co-localization staining and quantitative statistical analysis on day 3 of modeling in sham, saline, Gel, and Gel-pBP@Mg groups 
(n = 4). (D) CD206/CD68 immunofluorescence co-localization staining and quantitative statistical analysis on day 3 of modeling in sham, saline, Gel, and 
Gel-pBP@Mg groups (n = 4). (E) TNF-α immunofluorescence staining and quantitative statistical analysis on day 3 of modeling in sham, saline, Gel, and 
Gel-pBP@Mg groups (n = 4). (F) IL-10 immunofluorescence staining and quantitative statistical analysis on day 3 of modeling in sham, saline, Gel, and Gel-
pBP@Mg groups (n = 4). (G) WB detection of apoptosis pathway-related protein expression (n = 3). (H) WB detection of inflammatory factor proteins and 
NF-κB inflammatory pathway-related protein expression (n = 3). Scale: 10 μm. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001
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potential therapeutic role of composite hydrogel in inhib-
iting inflammation was demonstrated.

Gel-pBP@Mg can improve cardiac function and alleviate 
fibrosis in MI rats
The rat MI model was constructed by ligating the left 
anterior descending branch of the coronary artery with 
thoracotomy. After blocking coronary blood flow, the 
experimental group received an intramyocardial injec-
tion of Gel or Gel-pBP@Mg immediately (Fig.  7A). An 
electrocardiogram was performed within 24 h after sur-
gery (Figure S14). The ECG showed obvious ST segment 
elevation, which confirmed the success of the MI model.

Immediately post-MI, damage-associated molecular 
patterns (DAMPs) are activated, which trigger inflamma-
tion by activating pro-inflammatory signaling pathways 
such as toll-like receptors and IL-1, leading to myocar-
dial death, wall thinning, and ventricular dilation. Sub-
sequently, fibroblasts promote collagen synthesis to form 
scar tissue. Meanwhile, angiogenesis in the infarct tissue 
was inhibited, and ventricular remodeling occurred. This 
process is completed approximately four weeks post-MI 
[4, 42, 43]. Therefore, echocardiography was performed 
on day 28 post-MI to detect cardiac function (Fig.  7B). 
Compared with the saline group, the cardiac function 
of the Gel-pBP@Mg group was significantly improved. 
After four weeks of intervention, ejection fraction (EF) 
of 81.63% and fractional shortening (FS) of 51.16% were 
improved with time in the MI + Gel-pBP@Mg group, 
and ventricular systolic function (LVIDD = 5.90  mm, 
LVIDS = 2.92 mm) was saved.

Fresh heart tissue was obtained from rats on day 28 
after MI for tissue sectioning. Triphenyl tetrazolium 
chloride (TTC) staining showed that MI was serious in 
the saline group, and the MI area was reduced in the Gel-
pBP@Mg group (Figure S15). The degree of myocardial 
fibrosis and collagen deposition was then assessed by 
Masson trichromatic and hematoxylin and eosin (H&E) 
staining (Fig.  7C). The results showed that after Gel 
and Gel-pBP@Mg treatment, the fibrosis and collagen 
deposition were alleviated, and the infarct size was sig-
nificantly reduced. Compared with the saline group, the 
infarct size in the Gel-pBP@Mg group was reduced from 
48.40 to 11.65%. These findings strongly support that 
Gel-pBP@Mg can improve ventricular remodeling after 
MI and reduce myocardial fibrosis.

Ischemia and hypoxia in the infarction area are uncon-
ducive to myocardial repair. therefore, promoting angio-
genesis in the infarction area is the key to improving 
myocardial viability. The neovascularization brings 
blood, nutrients, and oxygen to the infarct site and 
removes metabolic waste. We evaluated neovascular-
ization in MI area through alpha smooth muscle actin 
(𝛼-SMA) and CD31 (Fig.  7D). Immunofluorescence 

co-localization analysis showed that 𝛼-SMA and CD31 
expressions in the Gel-pBP@Mg group were significantly 
increased, and their angiogenesis-promoting effects were 
significant. Compared with the saline group, the num-
ber of new vessels in the Gel-pBP@Mg group increased 
by more than three times, consistent with WB (Fig. 7E). 
PI3K and Akt proteins in the pro-angiogenesis path-
way were phosphorylated, activated, and significantly 
expressed in the Gel-pBP@Mg group. These results sug-
gest that Gel-pBP@Mg activates the PI3K-Akt pathway 
at the infarction site, promotes neovascularization, and 
helps alleviate myocardial injury.

Gel-pBP@Mg inhibits apoptosis and promotes 
angiogenesis through the NF-κB and PI3K-Akt pathways
Gel-pBP@Mg could improve heart function and reduce 
infarct size in vivo. To further explore the therapeutic 
mechanism and biological process of Gel-pBP@Mg at the 
infarction site, fresh heart tissues from the saline group 
and Gel-pBP@Mg group were analyzed by transcriptome 
sequencing, and the results were analyzed for KEGG 
and GO enrichment. Heat maps of the saline group and 
Gel-pBP@Mg group showed differences in gene expres-
sion patterns between the two groups (Fig.  8A). Then, 
the enrichment analysis of the KEGG pathway was 
performed (Fig.  8B and C). Compared with the saline 
group, the PI3K-Akt signaling pathway expression was 
increased in the Gel-pBP@Mg group, while the NF-κB 
signaling pathway expression was decreased. GO enrich-
ment analysis showed that these differential genes were 
enriched in pathways promoting angiogenesis, inflamma-
tory response, and immune response (Fig. 8D and E). The 
Gel-pBP@Mg group showed up-regulation of pro-angio-
genesis genes, while inflammation and immune response 
genes were enriched in the saline group. These results 
suggest that Gel-pBP@Mg inhibits myocardial apoptosis 
and promotes angiogenesis in the infarction area through 
the NF-κB and PI3K-Akt pathways. Appropriate experi-
ments were conducted to validate these results.

Gel and Gel-pBP@Mg implantation did not cause damage 
to other organs of rats
The liver, lung, spleen, and kidney of experimental rats 
were collected for section and H&E staining 28 days after 
modeling (Fig. 9). The results showed that compared with 
the sham group, there was no inflammatory infiltration in 
all tissues and organs of the saline group, Gel group, and 
Gel-pBP@Mg groups. The liver, lung, spleen, and kidney 
morphology were normal. This result suggests the high 
safety of local use of composite materials.
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Fig. 7  Gel-pBP@Mg improved cardiac function and myocardial fibrosis and promotes neoangiogenesis in MI rats. (A) Experimental timeline of SD rats 
treated with composite hydrogel. (B) Echocardiography was performed on day 28 and EF, FS, LVIDD, and LVIDS were quantitatively analyzed in sham, 
saline, Gel, and Gel-pBP@Mg groups (n = 5). (C) Masson and H&E staining on day 28 heart tissue sections in sham, saline, Gel, and Gel-pBP@Mg groups and 
quantitative statistical analysis of MI area (n = 3). (D) α-SMA/CD31 immunofluorescence co-localization staining and quantitative statistical analysis of new 
blood vessels on day 28 of modeling in sham, saline, Gel, and Gel-pBP@Mg groups (n = 5). (E) WB detection and quantitative statistical analysis of PI3K-Akt 
promote angiogenic pathways related to protein expression (n = 3). Scale: 10 μm. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001
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Discussion
Here, we designed Gel-pBP@Mg, a drug delivery sys-
tem for the effective treatment of myocardial infarc-
tion. The encapsulated pBP@Mg can undergo gradual 
degradation and subsequently release in the presence of 
elevated levels of ROS within the microenvironment of 
MI. The composite nanomaterial pBP@Mg integrates an 
anti-oxidative stress-inflammation reaction chain and 

pro-angiogenesis. The study showed that a local delivery 
system was effective and feasible in MI rats. Specifically, 
BPNSs inhibited oxidative stress-inflammation reaction 
chain and down-regulated NF-κB pathway to inhibit car-
diomyocyte apoptosis. Mg loaded on the BPNSs surface 
can promote angiogenesis by activating the PI3K-Akt 
pathway. The nano hydrogel delivery system compris-
ing composite materials improves heart function by 

Fig. 8  Transcriptome sequencing and KEGG and GO enrichment analysis. (A) Heat maps of gene expression in saline and Gel-pBP@Mg group. (B–C) 
KEGG enrichment analysis revealed up-regulated and down-regulated pathways in the Gel-pBP@Mg group compared to the saline group. (D–E) GO 
enrichment analysis showed the biological processes of up-regulated and down-regulated expression in the Gel-pBP@Mg group compared with the 
saline group
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mitigating MI-induced damage through complex 
interactions.

In MI individuals, excess ROS can cause cellular dam-
age. However, BPNSs have strong anti-oxidative stress 
properties, and their degradation products are non-toxic 
to organisms. Several studies have investigated the osteo-
genic effects and nerve regeneration induction role of 
BPNSs in systemic diseases [11, 12, 44]. Moreover, BPNSs 
with a high specific surface area can more easily load 
drugs, metal ions, and miRNA [14, 35]. Clinical stud-
ies have found that early administration of Mg after the 
onset of MI may help in the treatment of MI. The ben-
efit is especially high in patients who cannot be throm-
bolyzed [45]. This is similar to our animal model because 
the coronary arteries cannot be recanalized after suture 
ligation. Mg has been found to be essential for the nor-
mal physiologic function of vascular smooth muscle cells 
(VSMC), endothelial cells, and myocardium, and hypo-
magnesemia has been associated with increased cardio-
vascular morbidity and mortality. The protective effect of 
Mg on the myocardium is not only through pro-vascular 

effects, but also through anti-oxidative stress, antagonism 
of Ca2+, and reduction of heart rate and contractility [46]. 
Our study aimed to investigate using BPNSs to reduce 
oxidative stress-inflammation reaction chain and pro-
mote vascular regeneration in the infarction edge area by 
loading Mg onto the surface. The results showed a signifi-
cant reduction in the damage to resident cardiomyocytes 
at the infarction site. Our data showed that BPNSs signif-
icantly inhibited oxidative stress-inflammation reaction 
chain and apoptosis in cardiomyocytes by down-regulat-
ing proteins related to the NF-κB signaling pathway, con-
sistent with Weirun Li’s findings [41]. Previous studies 
have achieved a pro-angiogenic effect through the precise 
delivery of growth factors or cells, which is unconducive 
to clinical use [47, 48]. Herein, neovascularization in the 
infarction area was effectively achieved. In vivo and in 
vitro studies have confirmed that Mg promotes angio-
genesis by activating the PI3K-Akt pathway. Notably, 
these in vivo experiments could convert M1 phenotypic 
macrophages into M2 phenotypic macrophages, which 
may be related to the role of Mg [49]. These data indicate 

Fig. 9  Systemic toxicity evaluation. HE staining of liver (A), lung (B), spleen (C), and kidney (D) in Sham, Saline, Gel and Gel-pBP@Mg groups at 28 days 
after modeling. Scale: 10 μm
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that the synergistic effect of BPNSs and Mg improves the 
deterioration of the microenvironment in the infarction 
area, effectively inhibits the progression of infarction, and 
significantly improves cardiac function.

Recently, more research has tended to extend the life 
of biological materials through chemical modifications 
[10, 50]. The unique ability of BPNSs to resist oxidative 
stress brings some limitations. Water and oxygen present 
in the air can easily degrade BPNSs by oxidation. Herein, 
pBP@Mg coated with PDA showed a lower natural deg-
radation rate, which aligns with Fan Wu [51]. MI is a dis-
order of local blood circulation; the injectable hydrogel 
material mimics the viscoelasticity of natural tissue and 
adapts to the shape of surrounding tissue, enabling local 
treatment in the infarct area [52]. Our research involved 
the development of an injectable hydrogel that is sensi-
tive to ROS. The borate bond between Gel was broken by 
high ROS in the MI microenvironment, leading to a slow 
release of pBP@Mg. This controlled release method can 
continuously deliver pBP@Mg to the infarction site and 
play a lasting and accurate therapeutic effect. Addition-
ally, the local administration will not cause damage to the 
surrounding healthy tissue, which is a good solution for 
the safety of biological materials. By modifying BPNSs 
and optimizing local delivery mode, Gel-pBP@Mg com-
posite nano hydrogel has shown a significant therapeu-
tic effect on improving cardiac function in vivo. Notably, 
in some results, Gel also showed the ability to scavenge 
ROS. To the best of our knowledge, many ROS-respon-
sive hydrogels possess this ability. They have shown some 
ROS scavenging and anti-inflammatory response abilities 
in different disease models [53, 54]. This is due to the fact 
that in a ROS environment, chemical bond breaking in 
Gel consumes some of the ROS. He et al. obtained sim-
ilar results using the same hydrogel in the treatment of 
diabetic wounds [31].

Several studies have increasingly emphasized the sig-
nificance of biomaterials in cardiac tissue engineering. 
However, limited clinical trials have been conducted 
using injectable hydrogels for heart repair. This may be 
attributed to inadequate support from large animal stud-
ies. Yan Li studied the therapeutic effect of injectable 
materials through a pig MI model, which may provide 
data support for clinical transformation [55]. Addition-
ally, the injection dose, foreign body reaction, and opti-
mal treatment time window of composite nanohydrogels 
still need to be further determined before clinical use.

Conclusion
We developed a novel composite nano hydrogel with 
excellent biocompatibility and can also design and 
achieve high ROS-responsive degradation character-
istics according to the microenvironment characteris-
tics in the infarction area post-MI. Based on this, the 

sustained release of composite nanomaterial pBP@Mg 
in the infarction area was realized to inhibit the oxidative 
stress-inflammation reaction chain, efficiently promote 
angiogenesis, improve microenvironment deterioration 
in the infarction area, and effectively inhibit infarction 
progression. In vitro studies have shown that the com-
posite hydrogel system effectively achieved ROS clear-
ance in CMs, maintained mitochondrial membrane 
potential anti-apoptosis, and promoted angiogenesis 
through the TRPM7/PI3k/Akt signaling pathway. Mean-
while, in vivo experiments showed that Gel-pBP@Mg 
can inhibit the occurrence of inflammatory storms in the 
infarction area by inhibiting NF-κB signaling pathway 
activation. Notably, at the site of infarction, Gel-pBP@
Mg facilitated the M1 phenotypic macrophage differen-
tiation into M2 phenotype, improving myocardial repair. 
Our new complex hydrogel, Gel-pBP@Mg, is more effec-
tive in utilizing the microenvironment characteristics of 
the infarction area to clear ROS and reduce the oxidative 
stress-inflammation reaction chain compared to previous 
studies. It promotes blood vessel formation in the infarc-
tion area, improves blood supply, alleviates myocardial 
injury, enhances myocardial function, and effectively 
inhibits adverse MI progression. Therefore, the effective 
treatment and inhibition of adverse events post-MI using 
Gel-pBP@Mg nano hydrogel is of utmost significance for 
the future clinical treatment and transformation of MI.

Materials and methods
Materials
Black phosphorus block was purchased from Alfa Aesar. 
Propylene carbonate, tetrabutylammonium hexafluo-
rophosphate, magnesium chloride, polydopamine, N, 
N, N’, N ' -tetramethyl-1,3-propanediamine, 4(bromo-
methyl)benzeneboronic acid, dimethylformamide, tet-
rahydrofuran, and polyvinyl alcohol were purchased 
from Macklin. Hydrogen peroxide (H2O2) solution (30%) 
was purchased from China Beijing Chemical Industry 
Co. Anti-Bax (ab32503), anti-Bcl-2 (ab194583), anti-
caspase-3 (ab184787), GAPDH (ab8245), anti-β-actinin 
(ab8227) were purchased from Abcam, USA. anti-PI3K 
(T40064), anti-p-PI3K (T40065), anti-AKT (T55561), 
anti-p-AKT (T40067), anti-TNF-α (PY19810), anti-IL-6 
(TD6087), anti-IL-10 (TD6894), anti-CD206 (TD4149), 
anti-NF-κB (PU949015), anti-p-IκBa (TP70389), affini-
Pure goat anti-mouse lgG (M21001) and affiniPure goat 
anti-rabbit lgG (M21002) were purchased from Abmart. 
2,2-Diphenyl-1-picrylhydrazyl (DPPH) was provided by 
Energy Chemical (China). 2, 2’-azino-bis(3-ethylbenzo-
thiazoline-6-sulfonic acid) (ABTS) and CCK-8 solution 
was provided by Solarbio (China). MMP (JC-1) assay 
kit and reactive oxygen species assay kit were purchased 
from Beyotime (China). H9C2, RAW264.7, and human 
umbilical vein endothelial cells (HUVECs) were supplied 
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by the Cell Bank of the Chinese Academy of Sciences. 
DMEM high glucose base medium, fetal bovine serum 
and Penicillin-Streptomycin were purchased from Ser-
vicebio (Wuhan, China). HUVEC cell specific medium 
was purchased from Procell Life Science & Technology 
Co., Ltd. (CM-0122, Wuhan, China). RIPA Lysis Buffer, 
BCA protein quantitative kit, polyvinylidene fluoride film 
and ECL hypersensitive luminescent solution were pur-
chased from Servicebio (Wuhan, China).

Preparation of BPNSs and pBP@Mg
BP blocks were synthesized by a cubic press with six 
alloy mallets under high temperature and pressure. The 
black phosphorus block precursor was pre-pressed at 
room temperature and then rapidly heated to 1000  °C 
for 10 min; large chunks of BP formed after cooling and 
releasing pressure.

BPNSs were then prepared by electrochemical strip-
ping: BP crystal as the cathode and platinum plate as the 
anode. In propylene carbonate (PC) and tetrabutylam-
monium hexafluorophosphate at a constant voltage of 
− 5 V. The solution was collected into a centrifuge tube, 
and the stripped BP tablets were dispersed into anhy-
drous acetone 1 h after ultrasound, followed by centrifu-
gation at 1500 rpm for 10 min to remove thick BP tablets. 
Next, the BPNSs were collected by being centrifuged at 
5000  rpm for 10  min. After removing the supernatant, 
BPNSs were dispersed into ultra-pure water.

Subsequently, 7.5 mg of MgCl was added to BPNSs sus-
pension (0.5 mg mL–1), ultrasonic for 3 min, and stirred 
away from light for 4 h. The mixture was centrifuged at 
5000 rpm for 15 min. BP@Mg was collected and rinsed in 
ultra-pure water. Then, BP@Mg was added to an alkaline 
solution with pH = 8.5, and 100 µL of dopamine hydro-
chloride aqueous solution (50  mg mL− 1) was added, 
stirred in the dark for 5 h, and centrifuged at 5000 rpm 
for 15 min to obtain pBP@Mg.

Preparation of ROS-responsive hydrogels
According to previous literature [30], N, N, N ‘, N ‘-tet-
ramethyl-1, 3-propylenediamine (0.1 g, 0.75 mmol), and 
4-(bromomethyl) phenylboric acid (0.5 g, 2.3 mmol) were 
dissolved in dimethylformamide (10 mL) and mixed, 
respectively. After stirring at 60  °C overnight, tetra-
hydrofuran (THF) was poured (100 mL), filtered, and 
washed with THF (3 × 20 mL), followed by drying over-
night under a vacuum to obtain pure hydrogel precursor. 
Next, they were dissolved in deionized water at 25  °C, 
while PVA (31,145  kDa; 98% hydrolyzed) was dissolved 
in deionized water at 90  °C. Equal volumes of hydrogel 
precursor and PVA solutions were mixed by vigorous agi-
tation to obtain a uniform hydrogel.

Characterization of BPNSs and pBP@Mg
Morphology and surface elements were scanned using 
transmission electron microscopy (JEOL, JEM-F200, 
Japan) at an accelerated voltage of 200  kV. The thick-
ness of nanomaterials was measured by atomic force 
microscopy (Bruker, Dimension Icon, Germany). XRD 
(X’Pert PRO MPD) was used to detect BPN crystallin-
ity. The characteristic absorption peaks were detected by 
XPS (Thermo, Scientific K-Alpha, USA). The fine spec-
tra included C, Mg, P, and N. Raman spectroscopy was 
performed by Raman microscopy equipment (Horiba 
LabRAM HR Evolution, Japan) under laser excita-
tion at 532  nm. Fourier infrared spectroscopy (Nico-
let iS 10) detected chemical bond information in the 
500–4000  cm–1 wave number range. The Zeta potential 
(Malvern Zetasizer Nano ZS90) was used to detect the 
BPNSs, BP@PDA, and pBP@Mg potentials.

Stability of BPNSs and pBP@Mg
BPNSs and pBP@Mg were dispersed in ultra-pure water 
(100 µg mL–1) and exposed to air. Their light absorption 
properties were studied on days 1, 4, 7, 14, 21, and 28 
using a UV-VIS spectrometer (3600 UV-VIS spectrom-
eter, Shimadzu, Japan).

Characterization of gel, Gel-BP, and Gel-pBP@Mg
The microstructures of hydrogels were observed by scan-
ning electron microscopy (ZEISS, GeminiSEM 300, Ger-
many). The hydrogels were frozen at − 80  °C and then 
freeze-dried to remove the water. The cross-section of 
the hydrogel sample is then coated with gold to improve 
its electrical conductivity.

Rheological Testing
The modulus was tested using a rheometer (Haake 
Mars60, Germany). The storage modulus G ‘and the loss 
modulus G “are obtained using a fixed strain of 0.5% on a 
20 mm parallel plate at room temperature; the frequency 
range was 0.1–10 Hz.

Resistivity experiment
The resistivity of hydrogel was measured by an ST2242 
AC four-probe tester (KDY-1; Guangzhou Kunde Tech-
nology Co.Ltd. China). The probe was inserted into 4 mm 
thick and 30  mm diameter Gel-pBP@Mg and tested 
resistivity in parallel.

Swelling test
The swelling property of hydrogel was measured by 
the equilibrium swelling ratio (SR). The initial weight 
of hydrogel W0 was measured. The hydrogel was then 
immersed in PBS at 37 °C. Subsequently, it was removed 
after 24 h and gently wiped with filter paper. The weight 
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Wt was measured again, and the swelling ratio of hydro-
gel was calculated by the formula:

	 Swellingratio(g/g) = (Wt −W0)/W0

Wt is the mass after soaking for 24 h, and W0 is the initial 
mass before measurement.

Slow-release assay
The release of elemental phosphorus from degradable 
BPNSs in the Gel–pBP@Mg hydrogel scaffold was ana-
lyzed using inductively coupled plasma atomic emission 
spectroscopy (ICP-AES). Each hydrogel sample (0.5  ml) 
was immersed in 6  ml of normal PBS and incubated at 
37 °C for up to 21 days.

ROS scavenging ability of hydrogels
To test the ROS response of hydrogel, two sample vials 
were filled with 2 mL of ultra-pure water, and H2O2 (10 
mM) and ROS-responsive hydrogel (0.5 mL) were added. 
The hydrogel decomposition was observed after being 
placed at 37 °C for 2 h.

The antioxidant activity of composite hydrogel was 
evaluated by scavenging DPPH free radicals. The DPPH 
solution of 0.04  mg mL–1 was prepared with ethanol as 
solvent. Then, 500 µL of DPPH solution was added to 
different hydrogel surfaces. In the blank group, only the 
DPPH solution was added and left at room temperature 
for 2  h in darkness. The absorbance of supernatant at 
517  nm was measured by UV-VIS spectrophotometer. 
The ability of the hydrogel to scavenge DPPH free radi-
cals was calculated by the equation:

	
Scavengingeffect =

Acontrol − Asample

Acontrol
× 100%

The ABTS method was performed to determine the total 
antioxidant capacity of composite hydrogels. The ABTS 
test solution was prepared according to the instruc-
tions. ABTS detection solution of 500 µL was added to 
the surface of different hydrogels, mixed well, and left to 
stand at room temperature for 6 min away from light. In 
the blank group, only the ABTS detection solution was 
added. The absorbance at 405 nm was measured. The free 
radical scavenging rate of hydrogel ABTS was calculated 
by the equation:

	
Scavengingeffect =

Acontrol − Asample

Acontrol
× 100%

In vitro cell culture
H9C2 and RAW264.7 cells were cultured in medium 
containing 89% DMEM high glucose base medium, 10% 

fetal bovine serum and 1% Penicillin-Streptomycin in a 
5% CO2 incubator at 37  °C. HUVEC cells were cultured 
in special medium in a 5% CO2 incubator at 37 °C.

Cell viability and biosafety assay
CMs were inoculated on composite hydrogels of differ-
ent concentrations at a density of 5000 cells per well in 
a 96-well culture plate. When the cells reached 70–80% 
confluent, 0.1mM of H2O2 was added and treated for 
24 h. Consequently, 10 µL of CCK-8 solution was added 
to each well and treated for 2 h. The absorbance was mea-
sured at 450  nm wavelength, and the number of living 
cells was measured by drawing a standard curve accord-
ing to the OD value.

Determination of living/dead cell viability
The cell viability was evaluated qualitatively by calcein 
staining. After inoculating cells on hydrogels containing 
different composites for 12 h, calcein by 10% cell medium 
volume was added, incubated at 37  °C for 30  min, and 
washed twice with PBS. The cells were observed by fluo-
rescence microscopy (Axio Vert A1, ZEISS, 10×/0.32).

Evaluation of reactive oxygen generation and clearance
The DCFH-DA was used to detect intracellular superox-
ide anions and various ROS levels. CMs were inoculated 
on hydrogels containing different composite materials. 
Treatment with 0.1 mM of H2O2 for 12  h induced oxi-
dative stress. Then DCFH-DA was added, incubated at 
37  °C for 30  min in the dark, and was observed under 
a fluorescence microscope (Axio Vert A1, ZEISS, 
10×/0.32). The relative fluorescence intensity of DCFH-
DA was calculated using Image-Pro Plus software.

Mitochondrial membrane potential detection
The CMs were inoculated on the hydrogel for 12 h and 
treated with 0.1 mM H2O2 for 12  h. The JC-1 detec-
tion solution was added in darkness, incubated at 37  °C 
for 20  min, washed twice with 1× buffer, and observed 
under a fluorescence microscope (Axio Vert A1, ZEISS, 
40×/0.85).

Apoptosis flow cytometry
The CMs were inoculated on the hydrogel for 12 h and 
treated with 0.1 mM H2O2 for 12 h. The Annexin V-FITC 
Apoptosis Detection Kit (Beyotime, China) was used to 
detect apoptosis levels. Cells were collected by trypsin-
ization without EDTA and washed twice with PBS. Cells 
were collected into centrifuge tubes and incubated at 
room temperature for 20  min with a detection reagent. 
Flow cytometry was then performed.
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In vitro migration and tube formation of HUVEC
The back of a 6-well plate was marked every 0.5  cm. 
HUVEC was cultured in 6-well plates with a cell density 
of 6 × 105 cells. When the cells were fully fused, a 10 µL 
pipette tip was used to scratch along the center. Then, it 
was washed with 1×PBS twice to remove the shed cells. 
HUVEC was then treated with a medium containing 
treatment factor. The migration was observed 24 h later 
with a fluorescence microscope (Axio Vert A1, ZEISS, 
10×/0.32).

Subsequently, 50 µL of matrix glue was added to a 
96-well plate and incubated at 37  °C for 1  h. HUVECs 
were added at a density of 3 × 104 cells per well and 
treated separately with a solution containing the treat-
ment factor. Finally, HUVECs were incubated for 6 h, and 
the tube formation was observed by fluorescence micros-
copy (Axio Vert A1, ZEISS, 10×/0.32).

MI and hydrogel injection model in rats
Male SD rats (aged seven weeks; 240–260 g) were sourced 
from Vital River (Beijing, China). The rats were mechani-
cally ventilated with a ventilator and anesthetized with 
10% chloral hydrate. The left lateral thoracotomy exposed 
the heart and induced MI by ligation of the anterior 
descending branch of the left coronary artery with 8 − 0 
polypropylene sutures. The ligation was maintained dur-
ing subsequent experiments. Myocardial ischemia was 
determined by regional cyanosis on the front of the heart 
[41]. The hydrogel (20 µL each) was injected into five sites 
in and around the infarct area. Animal experimental pro-
cedures were approved by the Institutional Animal Care 
and Use Committee, Huazhong University of Science and 
Technology (IACUC Number: 3440).

Electrocardiogram and echocardiogram in rats
The Vevo 2100 ultrasound imaging system was employed 
to evaluate the left ventricular function. The MI model 
was established for 24  h, the first ultrasound and elec-
trocardiogram were performed, and a second test was 
performed on 28 days. The horizontal placement of the 
papillary muscle was assessed using a short axis view, 
guided by two-dimensional chest ultrasound. This tech-
nique was employed to determine parameters such as EF, 
FS, LVIDs, and LVIDd. All measurements were averaged 
over three consecutive heart cycles.

Histomorphological analysis
The rats were euthanized 28 days after surgery. The heart 
was quickly removed and fixed in paraformaldehyde. 
The heart was paraffin-embedded, sliced from apex to 
ligation, and stained with Masson (Servicebio, Wuhan, 
China). The infarct size and wall thickness of the MI 
area were measured. H&E (Servicebio, Wuhan, China) 

staining was used to observe the histological morphology 
of the MI area and the toxicity of other organs.

Immunofluorescence detection
DHE immunofluorescence staining was performed on 
the frozen sections to evaluate ROS levels in the infarct 
area. Images were obtained using fluorescence micros-
copy (Axio Vert A1, ZEISS, 40×/0.85). Tunel and Cas-
pase-3 staining were used to evaluate the apoptosis of 
cardiomyocytes. The number of new vessels was detected 
by α-SMA and CD31 immunofluorescence co-local-
ization. The paraffin sections were stained with TNF-α, 
iNOS, CD206, and IL-10 immunofluorescence.

WB analysis
CMs, HUVEC and RAW264.7 were washed twice using 
PBS and added RIPA Lysis Buffer for 30 min, centrifuged 
at 13,400 g for 10 min, and cell supernatant was collected. 
The protein extracted from the heart tissue was first 
ground with a grinding bead and then broken by ultra-
sound for five cycles. The supernatant was collected after 
centrifugation. After measuring the protein concentra-
tion with a BCA protein quantitative kit, a loading buffer 
was added, boiled, and stored at − 20 °C. Electrophoresis 
was performed using SDS-PAGE and subsequently trans-
ferred to polyvinylidene fluoride film. Then, it was incu-
bated with the blocking solution, primary antibody, and 
secondary antibody successively. Incubated with ECL 
hypersensitive luminescent solution and imaged with 
chemiluminescence apparatus.

RNA sequencing, differential expression gene 
identification, cluster analysis, and functional enrichment 
analysis
Fresh heart tissues of the normal saline group and the 
Gel-pBP@Mg group were obtained 28 days after surgery 
for RNA-seq analysis, with three samples in each group. 
Total RNA was extracted by TRIzol reagent according 
to the instructions. RNA purity and quantification were 
identified using the NanoDrop 2000 spectrophotom-
eter (Thermo Scientific, USA), and RNA integrity was 
assessed using Agilent 2100 Bioanalyzer (Agilent Tech-
nologies, Santa Clara, CA, USA). Transcriptome libraries 
were constructed according to the instructions using the 
VAHTS Universal V5 RNA-seq Library Prep kit. Illumina 
Novaseq 6000 sequencing platform was used to sequence 
the library, and 150 bp double-ended reads were gener-
ated. DESeq2 software was used to analyze the differ-
entially expressed genes. Subsequently, GO and KEGG 
enrichment analysis of differentially expressed genes was 
performed based on a hypergeometric distribution algo-
rithm. R (v 3.2.0) was used to plot the TOP five items of 
significant enrichment functions.
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Statistical analysis
All experiments were performed on at least three individ-
ual samples. All data were expressed as mean ± standard 
deviation. The Shapiro–Wilk Normality test and one-way 
ANOVA was performed using GraphPad Prism 8.0. Sta-
tistical significance was defined as *p<0.05;**p<0.01;***p<
0.001;****p<0.0001.
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