Bioactive Materials 29 (2023) 132-150

KeAi

BIOACTIVE
MATERIALS

Contents lists available at ScienceDirect

KeAi

CHINESE ROOTS
GLOBAL IMPACT

Bioactive Materials

journal homepage: www.keaipublishing.com/en/journals/bioactive-materials

L)

Check for

An injectable conductive hydrogel with dual responsive release of e
rosmarinic acid improves cardiac function and promotes repair after
myocardial infarction

Linghong Zhang®, Zhongwu Bei”, Tao Li”, Zhiyong Qian™"

& Department of Biotherapy, Cancer Center and State Key Laboratory of Biotherapy, West China Hospital, Sichuan University, Chengdu, 610041, China
Y Department of Pediatric Cardiac Surgery, West China the Second Hospital, Sichuan University, Chengdu, 610041, China

ARTICLE INFO ABSTRACT

Keywords:
Myocardial infarction
Responsive hydrogel
Rosmarinic acid
Conductivity
Combined treatment

Myocardial infarction (MI) causes irreversible damage to the heart muscle, seriously threatening the lives of
patients. Injectable hydrogels have attracted extensive attention in the treatment of MI. By promoting the
coupling of mechanical and electrical signals between cardiomyocytes, combined with synergistic therapeutic
strategies targeting the pathological processes of inflammation, proliferation, and fibrotic remodeling after MI, it
is expected to improve the therapeutic effect. In this study, a pH/ROS dual-responsive injectable hydrogel was
developed by modifying xanthan gum and gelatin with reversible imine bond and boronic ester bond double
crosslinking. By encapsulating polydopamine-rosmarinic acid nanoparticles to achieve on-demand drug release
in response to the microenvironment of MI, thereby exerting anti-inflammatory, anti-apoptotic, and anti-fibrosis
effects. By adding conductive composites to improve the conductivity and mechanical strength of the hydrogel,
restore electrical signal transmission in the infarct area, promote synchronous contraction of cardiomyocytes,
avoid induced arrhythmias, and induce angiogenesis. Furthermore, the multifunctional hydrogel promoted the
expression of cardiac-specific markers to restore cardiac function after MI. The in vivo and in vitro results
demonstrate the effectiveness of this synergistic comprehensive treatment strategy in MI treatment, showing

great application potential to promote the repair of infarcted hearts.

1. Introduction

Cardiovascular disease is the disease with the highest human mor-
tality rate in the world, causing more than 17.9 million deaths each year,
accounting for more than 40% of deaths. Its mortality rate is higher than
that of various cancers, and it has brought a heavy burden to the global
society and economy [1,2]. Myocardial infarction (MI) is caused by
interruption of blood supply, inducing necrosis or apoptosis of car-
diomyocytes [3]. After MI, the extracellular matrix (ECM) continues to
degrade, resulting in scarring, thinning of the ventricular wall, and
ventricular dilatation [4], ultimately leading to heart failure [5,6].
Cardiomyocytes are terminally differentiated and the heart has limited
capacity for regeneration. The common clinical treatments for MI
include drug therapy, percutaneous coronary intervention, and heart
transplantation. However, drug therapy and interventional therapy can
only delay the process of ventricular remodeling, but cannot restore the
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infarcted myocardium [7]. Heart transplantation is limited by insuffi-
cient donor organ sources and immune rejection. Therefore, new and
improved therapeutic strategies are urgently needed to improve the
therapeutic effect of MI.

Tissue engineering and regenerative medicine appear to be prom-
ising solutions for myocardial repair after MI [8,9]. Among them,
hydrogels with excellent biocompatibility, porous internal structure,
tunable mechanical strength, and ability to mimic the ECM in tissues
have been widely studied in the treatment of post-MI. Hydrogels can not
only provide an ECM-like microenvironment for damaged -car-
diomyocytes, but also provide mechanical support for the weakened
ventricular wall [10-12]. Intramyocardial injection of hydrogel com-
bined with bioactive substances can effectively improve cardiac function
after MI and inhibit left ventricular (LV) remodeling [13-17]. For
example, alginate hydrogel loaded with melanin nanoparticles can
eliminate reactive oxygen species (ROS) to resist oxidative stress
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damage in cardiomyocytes [17]. In addition, compared with traditional
therapeutic agent-loaded hydrogels, the smart-responsive hydrogels can
achieve precise on-demand therapeutic agent release at the lesion site,
enhance local pharmacological effects, and reduce dosing frequency and
side effects of drugs [18,19]. For example, the complex formed by
microRNA-21-5p and mesoporous silica nanoparticles (MSNs) was
loaded into the hydrogel formed by polyethylene glycol and cyclodex-
trin to achieve controlled on-demand microRNA-21-5p delivery trig-
gered by a locally acidic microenvironment. The released MSN complex
significantly suppressed the inflammatory response and promoted local
neovascularization by inhibiting the polarization of M1 macrophages in
the infarcted myocardium [20].

Pathological development after MI can be divided into three distinct
but overlapping phases, namely inflammation, proliferation, and
fibrotic remodeling [13]. Within hours of ischemia, cardiomyocytes die
in large numbers, and apoptotic cardiomyocytes release ROS and other
cellular contents into the niche to trigger inflammation [21,22]. The
proliferative phase is capillary sprouting and fibroblast ingrowth to form
granulation tissue, with initial deposition of collagen fibers and
continued inflammatory infiltration [23]. The fibrotic stage in which
granulation tissue is replaced by dense collagen forms a non-conductive
fibrotic scar, resulting in abnormal electrical transmission in the heart
[24]. Although a large number of injectable hydrogels have been
designed for research on the treatment of MI, most hydrogel systems
often lack electrical conductivity, and their therapeutic effects only
target a single stage of the pathological development of MI. Therefore,
designing a multifunctional conductive drug-loaded hydrogel to meet
the needs of different stages after MI may lead to better therapeutic
effects.

Rosmarinic acid (RA), an active ingredient presents in a variety of
plants including rosemary, is one of the most important polyphenolic

Bioactive Materials 29 (2023) 132-150

antioxidants. In previous disease treatment studies, RA has exhibited
biological activities such as anti-inflammation [25], inhibition of
apoptosis [26] and anti-fibrosis [27], showing a strong cardioprotective
effect. However, its therapeutic efficacy is hampered by its high insta-
bility, poor water solubility, difficulty in passing biological barriers, and
poor bioavailability [28]. Polydopamine (PDA) is formed by the
oxidative polymerization of dopamine, and the catechol active groups
on its surface can adsorb a large number of drug molecules [29]. PDA
can load a large amount of RA through hydrogen bond interaction and
electrostatic adsorption, and realize the slow release of RA.

Research has shown that the conductive hydrogel can restore elec-
trical signaling in scar tissue and promote synchronized contraction of
viable heart muscle tissue [30,31]. Polypyrrole (PPy) has the charac-
teristics of easy processing, adjustable conductivity, and good conduc-
tivity and electrical stability under ambient conditions, which makes it
an attractive conductive polymer. However, practical applications are
limited due to its water insolubility and mechanical fragility [32,33].
Previous studies have demonstrated that grafting PPy onto biocompat-
ible gelatin improves its water solubility while endowing the hydrogel
with excellent electrical conductivity [34].

Therefore, in this study, combining the hydrogel conductivity with
the cardioprotective effects of RA such as anti-inflammation, anti-
apoptosis, and anti-fibrosis, a pH and ROS dual-responsive hydrogel was
designed for different stages of the pathological development of MI. As
shown in Scheme 1, oxidized xanthan gum grafted with 3-aminophenyl-
boronic acid (OXP) has a large number of aldehyde groups and phe-
nylboronic acid groups, and gelatin and dopamine grafted gelatin (GD)
have a large amount of amino and catechol groups. A double-network
self-healing hydrogel was constructed through the Schiff base reaction
between amino groups and aldehyde groups combined with the boro-
nate reaction between phenylboronic acid and catechol. RA was
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Scheme 1. Schematic illustration of the preparation of a pH/ROS dual-responsive conductive hydrogel encapsulating PDA-RA NPs and its use in MI treatment.
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adsorbed on the surface of PDA through hydrogen bonding and elec-
trostatic interaction to form drug-loaded PDA-RA nanoparticles (PDA-
RA NPs), which were further loaded into the hydrogel. Nanoparticles
can be immobilized in hydrogels by forming boronic ester bonds be-
tween catechol groups and phenylboronic acid groups. Adding the
highly water-soluble conductive complex PPy-modified gelatin (GP)
into the hydrogel network increases the conductivity of the hydrogel
while improving the mechanical strength of the polymer network
through electrostatic interaction and Schiff base reaction. The boronic
ester bond can be broken in response to the high ROS and slightly acidic
environment in the MI microenvironment, thereby releasing the drug on
demand. We expect that this composite hydrogel can rapidly release RA
to inhibit inflammation, regulate macrophage phenotype, improve MI
microenvironment, and reduce cell apoptosis in the early stage of MI. In
the long term, it can continuously inhibit fibrosis formation, promote
angiogenesis and maintain electrical signal transmission in the infarct
area. Combined with the mechanical support of the hydrogel, this
strategy is expected to improve the overall therapeutic effect.

2. Materials and methods
2.1. Materials

Gelatin (medium gel strength) was purchased from Sigma-Aldrich.
Xanthan gum (XG, USP), rosmarinic acid (RA, 97%), 3-aminophenylbor-
onic acid (PBA, >98%), dopamine hydrochloride (98%), ferric chloride
(FeCls, AR, 98%), sodium periodate (NalO4, AR, 99.8%), 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC, >98%) and N-hydrox-
ysuccinimide (NHS, AR) were purchased from Aladdin Industrial Inc.
Pyrrole was provided by Kefeng Industrial (China). 2, 2-Biphenyl-1-pic-
rylhydrazyl (DPPH, >97%) was purchased from Shanghai Macklin
Biochemical Technology Co., Ltd. CCK-8 was purchased From Shanghai
Topscience Biotechnology Co., Ltd. Live/dead cell staining kit were
purchased from KeyGen Biotech (China). Dulbecco’s modified Eagle’s
medium (DMEM), penicillin/streptomycin, and fetal bovine serum (FBS)
were purchased from Gibco (USA). Matrigel was purchased from Corn-
ing (USA).

2.2. Preparation and characterization of PDA-RA NPs

Mix 40 mL of ethanol with 90 mL of deionized water and 2.5 mL of
ammonia (28%-30%) at 30 °C for 0.5 h. Dissolve 500 mg of dopamine
powder in 10 mL of deionized water, and then add the above mixed
solution. After 24 h, the precipitate was separated by centrifugation at
12,000 rpm, and then washed three times with deionized water to obtain
PDA NPs. Dissolve 8 mg PDA in 10 mL deionized water, add RA in
different mass ratios, adjust the pH to 2.5 with 1 M hydrochloric acid,
stir for 4 h at room temperature in the dark, and centrifuge to collect the
precipitate to obtain PDA-RA NPs. The concentration of RA in the su-
pernatant was measured by a UV-Vis spectrophotometer according to a
standard curve, the drug loading and encapsulation efficiency were
calculated, and the UV spectra of RA, PDA and PDA-RA were measured.
The particle size and zeta potential of the PDA and PDA-RA were
measured with a particle size analyzer (ZEN3590, Malvern, UK), and the
average values of three tests were recorded. The morphology of nano-
particles was observed and recorded by transmission electron micro-
scopy (TEM).

2.3. Preparation and characterization of the hydrogels

To obtain OGD hydrogels, PBS solutions of OXP, gelatin, and GD
were prepared, and the three were mixed to achieve final concentrations
of 0.75 wt%, 2.3 wt%, and 0.2 wt%, respectively. GP was added to the
above mixed solution at a final concentration of 3 wt%, and OGDP
hydrogel was formed after thorough mixing. PDA-RA NPs was added to
OGD and OGDP gel systems according to the final concentration
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gradient of 0.05-1.6 wt% to prepare OGDR and OGDPR hydrogels, and
the infrared spectra of all hydrogels were recorded. The gelation time of
the hydrogels was studied by using the “inverted bottle method” at
37 °C. The cross-sectional morphology of the hydrogel was obtained by
scanning electron microscopy (SEM; JSM-7500F, JEOL, Japan).

2.4. Equilibrium swelling test of hydrogels

The swelling capacity of the hydrogels was determined gravimetri-
cally. The initially dried samples were weighed, and the mass was
recorded as Wy, and subsequently immersed in 0.01 M PBS at 37 °C for
swelling. At predetermined time points, the hydrogels were removed
from the PBS, the surface of the hydrogels were gently wiped with filter
paper to remove excess water, and then weighed (Wy). The swelling ratio
of different hydrogels was calculated by the following formula:

Swelling ratio (g /g) = (W, — Wy) / Wy
where Wy and W; are the initial weight and the weight of hydrogel at
time t, respectively.

2.5. Invitro drug release study of hydrogels

In order to investigate the release behavior of RA, 100 puL of OGDR
and OGDPR hydrogels were prepared in centrifuge tubes. Add 3 mL of
PBS solution (pH = 7.4), PBS solution (pH = 7.4) containing H,05 (200
pM), PBS solution (pH = 5.0), and PBS solution (pH = 5.0) containing
H,0, (200 pM) to the tube, respectively, and incubated at 37 °C with
shaking at 100 rpm. At fixed time points, 1 mL of solution was taken out
from each tube and 1 mL of fresh solution was added, and the concen-
tration of RA was calculated using a UV-Vis spectrophotometer at 324
nm. Each group of samples has 3 repetitions.

2.6. Electrochemical performance of hydrogel

Three different testing methods were employed to evaluate the
electrochemical performance of the hydrogels. The standard Van Der
Pauw four-point probe method (ST2253, China) was performed to
measure the conductivity of the different hydrogel flakes (1 cm in
diameter). Cyclic voltammetry (CV) measurements and electrochemical
impedance spectroscopy (EIS) measurements were performed on the
hydrogels at room temperature using an electrochemical workstation
(CHI660D, China). A hydrogel-coated glassy carbon electrode was used
as the working electrode, Hg/Hg>Cl, was used as the reference elec-
trode, platinum was used as the counter electrode, and the electrolyte
was 0.1 M PBS. The voltage range is —0.6 to 0.8 V, the sweep rate is 100
mV/s, and the sweep frequency is 1 MHz to 0.01 Hz.

2.7. Mechanical properties of hydrogels

The mechanical properties of the hydrogels were tested using a
Universal Materials Tester. Compression tests were performed on cy-
lindrical (about 10 mm in height x 12 mm in diameter) samples at room
temperature at a constant speed of 5 mm/min. The elastic moduli are
measured from the initial slope of the compression curves in the elastic
region. Each group of samples has 3 repetitions.

2.8. Rheological properties of hydrogels

The rheological properties of different hydrogels were tested at 37 °C
using a HAAKE Rehostress RS6000 rheometer. Briefly, 400 pL of OGD,
OGDR, OGDP, and OGDPR hydrogels were applied to the rheometer
respectively, and the upper plate was lowered to a gap size of 1 mm to
test the storage modulus (G") and loss modulus (G") (0-15 min, 1 Hz).
The shear-thinning properties of the hydrogels were determined as a
function of shear rate (1 s~ 12100 s’l). Strain sweeps (strain range:
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0.1%-1000%) record the critical strain region (intersection of G' and G")
of the hydrogel. The self-healing performance of the hydrogels were
tested by three cycles of step strain from 1% to 500% (fixed frequency 1
Hz, 60 s each interval).

2.9. Invitro cytotoxicity

2.9.1. Invitro cell viability

The viability and proliferation of rat embryonic cardiomyocytes
(H9C2) and rat cardiac fibroblasts (RCF) were detected by CCK-8
method. H9C2 and RCF cells were seeded into 96-well plates and
incubated at 37 °C in a humidified atmosphere of 5% CO for 24 h before
all medium was aspirated and 100 pL of hydrogel extract was added.
After continued incubation with the hydrogel extract medium for 24 h,
48 h, and 72 h, the medium was aspirated and fresh medium with 10%
CCK-8 was added to each well and incubated for an additional 1.5 h. The
absorbance was measured at 450 nm using a microplate reader. Media-
treated cells served as a control, and relative cell viability was calculated
as follows:

Absex(racl

=——-— % 100%
Absconlm] x ‘

Cell viability (%)

where AbS ontrol and AbSeyiract are the absorbance of cells cultured in
DMEM and hydrogel extract, respectively.

The MTT assay was also used to assess cell viability in vitro according
to a previous method [34].

2.9.2. Live/dead cell staining

Qualitative assessment of cell viability using live/dead cell staining.
H9C2 and RCF cells were seeded into well plates and incubated at 37 °C
in a humidified atmosphere of 5% COs for 24 h before all medium was
aspirated and 500 pL of hydrogel extract was added. After continued
incubation with hydrogel extract medium for 24 h, 48 h, and 72 h, the
cell plates were removed, the cells were gently washed with PBS, and
then stained with PBS staining solution containing calcein and propi-
dium iodide for 15 min at room temperature before filming under a
fluorescence microscope (Olympus, Japan).

2.10. Cytoprotective effects against oxidative stress

To mimic ROS damage to cardiomyocytes in vivo, H9C2 cells were
treated with a series of different concentrations of H,O5 (0, 50, 100, 150,
200, 300, 400, and 500 pM) for 24 h at 37 °C. Meanwhile, in order to
evaluate the effect of hydrogels in protecting cardiomyocytes against
oxidative stress, H9C2 cells were co-incubated with 200 pM H302 and
100 pL different hydrogel extracts for 24 h, and 200 pM vitamin C (VC)
was used as a positive control, and then CCK-8 was used to measure the
cell viability of each group.

2.11. Macrophage polarization assessment

RAW 264.7 cells were used as a macrophage model. The inflamma-
tory state was induced using lipopolysaccharide (LPS) as an activator.
Subsequently, cells were co-incubated with different hydrogel extracts
for 24 h. Immunofluorescence staining and flow cytometry analysis were
performed on RAW 264.7 cells. M1 and M2 macrophages were labeled
with CD86 and CD206, respectively.

2.12. Wound scratch assay

Human umbilical vein endothelial cells (HUVECs) were inoculated in
12-well plates, and after 24 h of culture, the cells were scratched with
the tip of a pipette. Then, wash twice with PBS. The hydrogel was
incubated in high-glucose DMEM medium (pH 7.4) at 37 °C for 24 h to
prepare the hydrogel extract. Subsequently, different hydrogel sample
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extracts were incubated with HUVECs. The scratch size of HUVECs was
recorded at fixed time points (0, 6, 12, and 18 h). The migration rate was
defined as the ratio of the healing area to the initial scratch area.

2.13. Tube formation assay

Introduce 50 pL of Matrigel into a pre-chilled 96-well plate using a
chilled pipette tip and incubate for 30 min in a cell culture incubator.
HUVECs were inoculated on Matrigel containing 100 pL of culture so-
lution, and the culture medium, OGD, OGDR, OGDP, and OGDPR
hydrogel extract were added respectively. After culturing for 4 h, the
images were observed under a microscope. The number of nodes,
number of junctions, and number of branches were calculated by ImageJ
software.

2.14. Establishment of acute rat MI model and in vivo hydrogel injection

Rats were mechanically ventilated and anesthetized. A left thora-
cotomy was performed to expose the heart, and the left anterior
descending coronary artery was ligated with suture to cause MI. On day
2 after modeling, echocardiography was performed on the surviving
rats. Rats with fractional shortening (FS) < 30% were screened as
follow-up experimental animals and randomly divided into saline group,
OGD group, OGDR group, OGDP group, and OGDPR group. The heart
was re-exposed through a second thoracotomy, and the area of MI was a
gray area on the anterior wall of the LV. In order to increase the hydrogel
injection volume and make the hydrogel more evenly distributed in the
myocardium, 100 pL of saline, OGD, OGDR, OGDP, and OGDPR
hydrogel were injected into multiple injection sites in and around the
infarct area. The sham group received only a second thoracotomy, fol-
lowed by suturing.

2.15. Echocardiographic evaluation of LV function

The LV function of all grouped animals was evaluated using Vevo
3100 ultrasound imaging system (Visual Sonics, Canada). Rats were
anesthetized, and echocardiograms were performed 2 days after ligation
(baseline, before injection), 2 and 4 weeks after treatment. Ejection
fraction (EF), FS, LV internal dimensions at end-systole (LVIDs), LV in-
ternal dimensions at diastolic (LVIDd), end-systolic volume (ESV), and
end-diastolic volume (EDV) were measured. All measurements are the
average of three consecutive cardiac cycles.

2.16. Electrocardiogram (ECG) evaluation

Four weeks after operation, the ECGs of each group were recorded
using the BL-420 N biological signal acquisition and analysis system.
The QRS interval (the QRS interval refers to the distance from the Q
wave to the S wave) and the QT interval (the QT interval refers to the
distance from the Q wave to the T wave) among the groups were
compared.

2.17. Programmed electrical stimulation (PES)

According to the previous method [34], a standard clinical PES
protocol was performed 4 weeks after treatment to determine the
arrhythmia inducibility. The susceptibility to arrhythmia was assessed
by the induction quotient, the higher the score, the easier it is to induce
arrhythmia.

2.18. Cardiac tissue resistivity measurements

At the end of 4 weeks of treatment, the animals were sacrificed to
harvest the heart, and the electrical resistance of the scar tissue was
measured in vitro immediately by the four-probe method.
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2.19. Pathological analysis

Four weeks after injection, rats were euthanized and hearts were
harvested and fixed with 4% paraformaldehyde. The hearts were sub-
sequently embedded in paraffin, and sections (5 pm thickness) from the
apex to the ligation site (1.5 mm intervals) were prepared for Masson’s
trichrome staining. LV wall thickness was determined as the mean
minimum infarct LV wall thickness of all hearts in each group. Infarct

Bioactive Materials 29 (2023) 132-150

size was defined as the ratio of the inner circumference of the infarct
tissue to the entire inner circumference of the LV. The area of fibrosis
was determined as the ratio of the area of collagen fibrous tissue to the
area of the high-power field image. Hematoxylin-eosin (H&E) staining
was used to detect the histological morphology of the infarct heart and
the toxicity of other organs.
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2.20. Immunofluorescence assessment

ROS staining was used to assess ROS levels at the MI site. Terminal
dexynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL)
staining was used to detect cell apoptosis at the MI site. CD86 and CD206
staining were used to detect the inflammatory in the infarct area. Cell
proliferation at the infarct area was assessed with Ki67. Neo-
vascularization was evaluated with a-smooth muscle actin (a-SMA) and
von Willebrand factor (vWF). Connexin-43 (CX-43) and a-actinin were
stained as specific markers to evaluate the recovery of cardiac function
after hydrogel injection. All images were quantitatively analyzed using
ImageJ software.

2.21. Statistical analysis

All data are presented as mean =+ standard deviation and analyzed by
one-way ANOVA and t-test using GraphPad Prism 8.0. P < 0.05 was set
as the threshold for statistical significance.

Details of other experimental methods can be found in supporting
information.

3. Results and discussion
3.1. Preparation and characterization of PDA-RA NPs

PDA is formed by the oxidative polymerization of dopamine. PDA
contains functional groups such as catechol, amine, and imine groups.
Abundant functional groups provide multiple drug loading mechanisms,
such as chemical bonding (Schiff base reaction and Michael addition)
and physical bonding (hydrogen bonding and z-x stacking). Under acidic
conditions, PDA is positively charged, which can electrostatically adsorb
negatively charged RA (Fig. 1A). We compared the drug loading and
drug encapsulation efficiency under different feed ratios m(PDA/RA)
under the acidic condition of pH 2.5. As shown in Table S1, as the feed
ratio decreased, the drug loading of nanoparticles gradually increased,
and the encapsulation first increased and then decreased. Considering
the drug loading and encapsulation efficiency comprehensively, m
(PDA/RA) = 2:1 was selected in this study, the drug loading was
24.06%, and the encapsulation efficiency was 63.42%.

The particle size was measured by dynamic light scattering (DLS), as
shown in Fig. 1B. The sizes of PDA NPs and PDA-RA NPs are 157.4 nm
and 169.8 nm, respectively. The polydispersity (PDI) is all less than 0.2,
indicating that the prepared nanoparticles have good dispersion and
uniformity. We also found that the two nanoparticles before and after
drug loading presented different surface charges in pH 2.5 aqueous so-
lution (Fig. 1C). The zeta potential of PDA nanoparticles was 40.2 mV,
which decreased to 21.5 mV after RA loading, which indicated that
positively charged PDA effectively adsorbed negatively charged RA, and
PDA-RA NPs were successfully prepared. Finally, through ultraviolet
detection, it was found that the PDA-RA NPs had the same ultraviolet
absorption peaks as PDA and RA at 287 nm and 324 nm (Fig. 1D),
indicating that the PDA-RA NPs were successfully prepared. Subse-
quently, transmission electron microscopy (TEM) was used to observe
the morphology of nanoparticles before and after drug loading (Fig. 1E),
and the results showed that both nanoparticles were spherical and
uniform in size.

3.2. Preparation and characterization of the multifunctional hydrogels

The preparation and characterization of polymers are shown in
Fig. S1 and Fig. S2. The aldehyde group and phenylboronic acid group
on OXP can undergo Schiff base reaction and borate reaction with amino
group on gelatin and amino group and catechol group on GD, respec-
tively. OGD double network hydrogels were constructed by mixing OXP,
gelatin, and GD. According to previous studies, 3 wt% of GP can endow
the hydrogel with good electrochemical and mechanical properties [34].
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Therefore, GP was added to the OGD gel system at a concentration of 3
wt% to form OGDP hydrogel. PDA-RA NPs was added to the OGD and
OGDP gel systems at a final concentration of 0.2 wt%, forming OGDR
and OGDPR hydrogels, respectively. The toxicity and antioxidant effects
of OGDR and OGDPR hydrogels are shown in Fig. S3 and Fig. S4.
Table S2 shows the composition of various hydrogels. The infrared
spectrum of the hydrogel is shown in Fig. S5. The gelation time of the
prepared hydrogel was studied by the “inverted bottle method”. As
shown in Fig. 1F, OGD can rapidly gelation around 60 s under the dual
action of Schiff base reaction and borate reaction. With the addition of
PDA-RA NPs and GP, more hydrogen bonds, boronic ester bonds and
electrostatic interactions were introduced, resulting in faster gelation of
OGDR, OGDP and OGDPR, up to 13 s at the fastest (Fig. 1G), while
maintaining its injectability (Fig. 1H). The cross-sectional morphology
of OGD, OGDR, OGDP, and OGDPR hydrogels was studied by scanning
electron microscopy (SEM; JSM-7500F, JEOL, Japan) testing. As shown
in Fig. 11, the SEM images show that each group of hydrogels presents an
interconnected porous structure, and the pore size is related to crosslink
density. The porous structure of the hydrogel facilitates the transport of
oxygen and nutrients, facilitating cell ingrowth. The pore size of OGD,
OGDR, OGDP, and OGDPR hydrogels decreased sequentially, which was
due to the denser polymer network due to hydrogen bonds, boronic ester
bonds, and electrostatic interactions generated by the introduction of
PDA-RA NPs and GP.

3.3. In vitro properties of hydrogels

Injectable hydrogels offer spatiotemporal control of therapeutic drug
release through drug diffusion and material degradation. Porosity and
microstructural morphology have a strong influence on drug diffusion
rates through hydrogel networks or water-filled pores. As shown in
Fig. 2A, all hydrogels reached swelling equilibrium within 96 h. With
the increase of crosslink density, the swelling ratio of hydrogel decreases
gradually. OGDPR has the smallest swelling ratio and OGD has the
largest swelling ratio, and the low to moderate swelling behavior and
network characteristics of the hydrogel provide potential benefits for its
effective use in closed in vivo environments. Considering the existence
of double cross-link network formed by double dynamic Schiff base
bonds and boronic ester bonds, both imine and borate bonds can be
hydrolyzed under acidic conditions, while the borate ester bond can be
broken in response to ROS. The verification results of the pH and ROS
dual responsiveness of the hydrogel are shown in Fig. S6. Fig. 2B and C
shows the release behavior of RA in two hydrogels. Under the same time
and conditions, the release rate of RA from OGDR hydrogel was signif-
icantly faster than that of OGDPR hydrogel. We speculate that this may
be due to the higher crosslink density, smaller hydrogel pore size, and
slower drug diffusion in the gel network of OGDPR compared with
OGDR. Interestingly, OGDR and OGDPR hydrogels released the fastest in
pH 5.0 and 200 pM H505 compared to pH 7.4 or single environment (pH
5.0 or 200 pM H305). This is mainly due to the dual responsive behavior
of the hydrogel to pH and ROS. Rapid breakdown of chemical bonds
within the hydrogel under acidic and oxidative conditions resulted in
accelerated release of RA.

The rheological properties of the hydrogels were tested using a
rotational rheometer. The gelation kinetics evaluated in the dynamic
time-scanning mode are shown in Fig. 2D, and the storage modulus (G')
values of all the hydrogels are greater than the loss modulus (G") value,
indicating that all hydrogels can rapidly form stable cross-linked struc-
ture. In addition, as the cross-link density increases, the G’ and G” values
of the hydrogel also gradually increase. As the shear rate increases, the
hydrogel exhibits shear-thinning properties (Fig. 2E). Strain scans
(Fig. 2F) showed that all hydrogels remained stable under low strain. As
the strain increases above the critical value (G’ is lower than G"), the
hydrogel network collapses and the solid hydrogel transforms into a
fluid state. This change is attributed to the cleavage of Schiff base bonds
and separation of boronic ester bonds under high shear strain. In
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Fig. 2. Properties of multifunctional hydrogels. (A) Swelling ratio of hydrogels in PBS (n = 5). (B, C) Release profiles of RA from OGDR (B) and OGDPR (C) hydrogels
under different conditions (n = 3). (D) Rheological measurements of hydrogels in time-sweep mode. (E) Viscosity of hydrogels as a function of shear rate. (F) G’ and
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3). (I, J) CV curves (I) and EIS (J) curves of different hydrogels. (K, L) Stress-strain curves (K) and elastic moduli (L) of the hydrogels (n = 3).

alternating strain scans (Fig. 2G), all hydrogels maintained a stable
network structure at low strain (1%). At high strain (500%), G’ < G’
indicates that the hydrogel crosslinking network collapses. After step-
ping from high strain to low strain, both G’ and G” quickly returned to
their initial values, suggesting the recovery of the crosslinked network of
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the hydrogel, indicating that the hydrogel has good self-healing prop-
erties. The shear-thinning properties and rapid network healing ability
of hydrogels allow for their injection and rapid recovery.

PPy has excellent conductivity, and the conductivity of hydrogel is
crucial for the transmission of electrical signals

in infarcted
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myocardium. Firstly, we measured the conductivity of the hydrogel
using a four-point probe (Fig. 2H). The conductivities of OGD and OGDR
hydrogels without conductive component GP were 2.02 x 10™> S/cm
and 5.71 x 107> S/cm, respectively. After adding GP, the conductivities
of OGDP and OGDPR hydrogels were respectively increased to 5.86 x
10~* S/cm and 6.27 x 10~* S/cm, which is consistent with the con-
ductivity range of native cardiac tissue (approximately 10~ S/cm) [35].
Subsequently, electrochemical studies were performed using an elec-
trochemical workstation with a three-electrode system. The CV curve
(Fig. 2I) of the hydrogel presents a symmetrical hysteresis loop and a
pair of redox peaks. With the addition of GP, the area of the hysteresis
loop increases and the redox peak becomes more obvious. The EIS
curves (Fig. 2J) show that OGDP hydrogels and OGDPR hydrogels
containing GP have smaller semicircle diameters at high frequencies,
which proves that the addition of GP improves the conductivity of
hydrogels, consistent with the results of conductivity measurement and
CV curve analysis. Excellent electrical conductivity makes it more suit-
able for the repair of heart tissue.

The mechanical stiffness and elasticity of the hydrogels were tested
by stress-strain curves, and it was found that all hydrogels were rela-
tively rigid, flexible, and mechanically elastic at the same time (Fig. 2K).
The elastic modulus of hydrogel increases with the increase of cross-
linking density. OGDPR hydrogel shows the highest elastic modulus
(45.35 kPa) (Fig. 2L), which matches the elastic modulus of native
myocardium (11.9-46.2 kPa [36]), and is suitable for use as a biological
material to support cardiac contraction.

3.4. In vitro and in vivo biocompatibility evaluation of hydrogels

The cytocompatibility and cytotoxicity of the hydrogels were eval-
uated using H9C2 and RCF cells. The results of the live/dead cell
staining qualitative test in Fig. 3A show that the cells in each hydrogel
treatment group are basically in a viable state (green dots), and only a
small number of negligible dead cells (red dots) appear, indicating that
they are growing well. And with the prolongation of time, the number of
viable cells in the field of view gradually increased, indicating that the
hydrogel has good cytocompatibility and promotes cell proliferation.
Quantitative analysis of CCK-8 cell viability at 24, 48, and 72 h
compared to the control group showed that all hydrogels did not affect
the viability of H9C2 and RCF cells (Fig. 3B and C). With the prolon-
gation of the culture time, the cell viability decreased slightly, but the
cell viability of all groups was greater than 80% after 72 h of culture.
MTT also showed similar results (Fig. S7), indicating that all hydrogels
had good biological safety and were suitable for in vivo application. In
addition, the hydrogel has good blood compatibility (Fig. S8) and de-
gradability (Fig. S9 and Fig. S10) and injection into the body will not
cause damage to liver and kidney functions (Fig. S11).

3.5. Antioxidant and macrophage phenotype regulation effect of hydrogel

The hydrogel has a good ability to scavenge DPPH, -OH, and O3~ free
radicals (Fig. S12), and exhibits good antioxidant effect. In addition,
H50, is a common ROS. Therefore, HyOo-induced cellular oxidative
stress has been extensively studied. H,O, was used to induce oxidative
stress in H9C2 cells, and the ability of hydrogels to protect car-
diomyocytes against oxidative stress was evaluated. The results in
Fig. 3D show that all hydrogel-treated groups had increased cell viability
compared to the HyO5 control group. In particular, the OGDPR hydrogel
group showed significantly higher cell viability than the other groups,
which is consistent with its highest DPPH clearance efficiency in vitro.
These results indicated that the boronic ester bond-based hydrogels had
certain antioxidant capacity, while the antioxidant capacity of OGDR
and OGDPR hydrogels was further enhanced, which may be related to
the excellent antioxidant activity of RA.

Phenotypic changes in macrophages play a key role in tissue repair.
Polarization of macrophages from a pro-inflammatory M1 phenotype to
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an anti-inflammatory or pro-healing M2 phenotype is beneficial in
attenuating chronic inflammation and fibrosis. To investigate the effect
of hydrogel on macrophage polarization, we first performed in vitro
macrophage immunofluorescence staining assay. As shown in Fig. 3E,
the expression of CD86 in RAW264.7 cells treated with LPS was signif-
icantly increased, while the expression of CD86 showed varying degrees
of decrease after treatment with hydrogel extract, while the expression
of CD206 was upregulated. Especially RA-containing OGDR and OGDPR
hydrogels exhibited significant downregulation of CD86 expression and
upregulation of CD206 expression, which was attributed to the powerful
anti-inflammatory effect of RA. Further evaluation by flow cytometry
yielded similar results (Fig. 3F-H). The above results prove that the
prepared hydrogel can effectively promote the conversion of macro-
phages from the M1 phenotype to the M2 phenotype, and promote the
resolution of inflammation and tissue repair after MI.

3.6. Multifunctional hydrogel promotes endothelial cell proliferation,
migration, and tube formation

Effective myocardial repair after MI usually requires a strong
angiogenic reaction, which starts from the marginal zone and extends to
the center of the infarcted area, and then quickly forms a dense capillary
network to promote gas exchange, nutrient diffusion, and waste trans-
port to meet the infarct sites of high metabolic needs and prevent the
continued death of cardiomyocytes at the infarct margin [37]. Vascu-
larization of endothelial cells is a very important process in angiogenesis
[38]. To test whether the hydrogel has any functional role in angio-
genesis, we examined the effect of the hydrogel on endothelial cells. Its
biological activity on HUVECs was investigated by several different but
complementary methods including proliferation assay, scratch assay
and tube formation assay. First, the effect of the hydrogel on endothelial
cell proliferation was evaluated by a CCK-8 cell proliferation assay. The
results showed that all hydrogel groups had varying degrees of endo-
thelial cell proliferation-promoting effects over time, among which
OGDP and OGDPR hydrogels had more significant endothelial cell
proliferation-promoting effects (Fig. S13). Then, the effect of the
hydrogel on endothelial cell migration was assessed. The scratch test is a
simple, low-cost in vitro assay of cell migration. At 6 h, cell migration
could be clearly observed in all hydrogel groups, which was significantly
different from the control group (Fig. 4A). In addition, complete cell
migration was observed at 18 h for all scratches in the OGDPR group,
while large non-migrated areas remained in the control group. The
quantitative results (Fig. 4B) were consistent with the observations, and
there was a significant difference in cell migration between the OGD
group and the OGDPR group, which may be attributed to the role of PPy
in promoting endothelial cell proliferation and migration [39]. There-
fore, the angiogenic ability of the hydrogel was tested by HUVECs tube
formation assay. After 4 h of culture, various degrees of angiogenesis
were observed in all groups (Fig. 4C). The number of nodes, junctions,
and branches were obtained by quantifying tube formation images
(Fig. 4D-F). The results showed that OGDPR hydrogels greatly promoted
tube formation of endothelial cells compared with control and GP-free
hydrogels, which is consistent with reports that PPy promotes angio-
genesis in vitro [39].

3.7. Multifunctional hydrogel improves cardiac function

Given the good performance and biocompatibility of hydrogels in
vitro, we set out to examine the therapeutic effect of a drug-loaded
injectable conductive hydrogel system in alleviating pathological LV
remodeling in a rat model of MI. Fig. 5A shows important time points of
animal experiments. Ligate the anterior descending branch of the left
coronary artery to establish a rat MI model, and the obvious ST-segment
elevation in the ECG confirmed the success of the model (Fig. 5B). In
addition, echocardiography was used to screen MI rats with FS < 30%
two days after modeling to ensure the consistency of initial injury in
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Fig. 3. In vitro cytocompatibility and antioxidant activity of hydrogels. (A) Live/dead staining of H9C2 and RCF incubated with different hydrogel extracts. Green
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each group (Fig. 5C). In this experiment, MI model rats were treated
with saline, OGD hydrogel, OGDR hydrogel, OGDP hydrogel, and
OGDPR hydrogel, respectively (Fig. 5D).

Echocardiography was performed to record the cardiac function of
the rats in each group 2 days after modeling, 2 and 4 weeks after
treatment. The results are shown in Fig. 5E and F, where the initial
cardiac function was significantly reduced and at the same level in the
saline and hydrogel groups compared with the sham group. These re-
sults indicated that all groups of rats had the same degree of initial MI
injury, resulting in reduced contractility of the LV myocardium. After 2
weeks of treatment, echocardiography showed a significant decrease in
EF and FS, as well as a significant increase in LVIDs, LVIDd, ESV, and
EDV in the saline group compared to the sham group, indicating that
severe infarct expansion and LV remodeling occurred in the saline
group. The EF and FS of all hydrogel-treated rats were higher than those
of saline group. The cardiac function of rats in the non-conductive and
non-drug-loaded OGD hydrogel group also improved, which may be
related to the physical support of the hydrogel itself and its weak ROS
scavenging ability. Meanwhile, the EF and FS of OGDR and OGDP
hydrogels were improved compared with those of OGD hydrogel group,
proving that PDA-RA NPs and conductive material GP have a certain
therapeutic effect on MI tissue repair. Most importantly, the treatment
effect of OGDPR hydrogel group was the best, indicating that the syn-
ergistic effect of PDA-RA NPs with conductive material GP could better
protect cardiac function. Echocardiography at 4 weeks showed that the
cardiac function of the saline group was further reduced, and the cardiac
function of all hydrogel treatment groups was further improved, indi-
cating that the treatment effect of the hydrogel group was getting better.
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The video of echocardiogram clearly presented that the OGD, OGDR,
OGDP, and OGDPR groups had successively thickened infarct walls and
successively improved ventricular wall movement compared to the sa-
line group, with the OGDPR group showing the best cardiac function
(Video S1).

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.bioactmat.2023.07.007

3.8. Protection of cardiac electrophysiology by multifunctional hydrogels

Researches have shown that restoration of conductivity in the area of
MI is crucial for the recovery of cardiac function [40]. Conductive bio-
materials have been reported to connect normal and infarcted areas,
respond to electrical signals in a timely manner, and improve the con-
ductivity of scar tissue. They prevent arrhythmias, promote synchro-
nized contraction, and improve cardiac function [41]. In vitro
experiments have demonstrated that the hydrogel has good electrical
conductivity. Therefore, we further verified the effect of the hydrogel on
the electrophysiological properties of the MI region. ECG analysis
showed that due to severe myocardial tissue necrosis and fibrosis after
M], significant ST segment elevation and pathological Q wave appeared
in the saline group (Fig. 6A), and the QRS and QT interval were signif-
icantly prolonged (Fig. 6C and D). OGDR and OGDP groups had no
pathological Q waves, and the ST segment decreased, indicating that the
effective inhibition of pathological ROS generation, reduction of cell
apoptosis, and restoration of electrical conduction in the infarct area can
increase the transmission efficiency of electrical pulse signals after MI.
Likewise, the OGDPR hydrogel-treated group had normalized ECG
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Fig. 6. Protective effects of hydrogels on the electrophysiology of infarcted hearts. (A) ECG of each group 4 weeks after treatment. (B) ECG of arrhythmias induced by
PES 4 weeks after injection. (C, D) Effects on QRS (C) and QT (D) intervals after injection of different biomaterials (n = 6). (E) Arrhythmia susceptibility characterized
by inducibility quotient (n = 6). (F) Tissue resistivity of the infarct scar areas (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

waveforms and exhibited the most significantly improvement in QRS
and QT interval, which was almost identical to the sham group. The
research results confirmed that the RA-loaded conductive hydrogel
OGDPR restored the electrical conduction from the scar area to the
healthy area while scavenging ROS and inhibiting cell apoptosis, acti-
vated the surviving cardiomyocytes to generate normal action poten-
tials, and significantly improved the transmission of electrical impulse
signals in the infarcted myocardium, thereby better repairing cardiac
function.

Researches have shown that weakly excitable scar tissue in the
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infarcted area can block the conduction of electrical signals in non-
infarcted myocardium, which may lead to ventricular arrhythmias. In
order to determine whether injection of OGDPR hydrogel could effec-
tively reduce cardiac arrhythmias, a standard clinical PES protocol was
administered [34]. As shown in Fig. 6B, arrhythmias were less likely to
occur in the sham group under PES stimulation. However, arrhythmia
was easily induced in the saline group. Inducing arrhythmias became
more difficult in the RA-loaded hydrogel OGDR and conductive hydro-
gel OGDP groups, indicating that they play a beneficial protective role in
avoiding induced arrhythmias. OGDPR hydrogels showed the lowest
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susceptibility to arrhythmias (Fig. 6E), which may be related by multiple
mechanisms. OGDPR hydrogel can scavenge ROS in the infarct area and
reduce cardiomyocyte apoptosis. At the same time, it improves the
transmission of electrical pulses in the scar tissue, makes the surviving
myocardium isolated by the scar contract simultaneously, and promotes
the synchronous contraction with the normal myocardium, thereby
improving heart function. Moreover, increased electrical transmission in
the scar may reduce the number of unidirectional outlet blockages for
electrical signals, thus reducing the likelihood of circuit formation in
ventricular arrhythmias [42].

The electrical resistivity of the scar tissue in each group was
measured, and it was found that these hydrogels successively reduced
the electrical resistivity of the myocardial scar tissue (Fig. 6F), with the
lowest resistivity in the OGDPR group, which was consistent with the
highest electrical conductivity measurement of the hydrogel in vitro.
The low electrical resistivity was beneficial to the conduction of cardiac
electrical signals, which further confirmed the results of ECG and PES.

3.9. Effects of multifunctional hydrogels on LV remodeling after MI
Four weeks after in vivo hydrogel injection in rats, Masson’s tri-

chrome staining was used to evaluate the in vivo treatment efficiency.
The saline group experienced severe MI, manifested by myocardial
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collapse, wall thinning, infarct fibrosis, and large areas of blue collagen
deposition (Fig. 7A). Quantitative analysis (Fig. 7B-D) showed that the
OGD hydrogel treatment group presented a thicker ventricular wall
thickness than the saline group, and this improvement was most likely
attributable to the mechanical support effect of the hydrogel, enabling it
to withstand certain myocardial load. In addition, the presence of
boronic ester bonds in the hydrogel helps to scavenge a part of ROS in
the infarcted region, improving the microenvironment of the infarct and
preventing further expansion of the infarcted area. In the OGDR
hydrogel-treated group loaded with PDA-RA NPs, the area of myocardial
fibrosis was significantly reduced, which was attributed to the anti-
fibrotic effect of RA. The OGDP and OGDPR hydrogel treatment
groups showed thicker wall thickness, which may be due to the signif-
icantly improved mechanical strength of the cross-linked network by the
conductive material GP, which is consistent with its higher compressive
elastic modulus in vitro and slower degradation rate in vivo. The OGDPR
hydrogel treatment group showed the thickest wall thickness, the
smallest infarct size and fibrosis area, significantly inhibited ventricular
remodeling, and better preserving LV geometry. These findings strongly
support the optimal therapeutic effect of OGDPR hydrogels on cardiac
structures after MI. In addition, H&E staining showed that all hydrogel-
treated rat hearts were morphologically similar to the sham-operated
group after 4 weeks of treatment. No in situ inflammation or
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pathological changes were observed on H&E staining of other major
organs (liver, spleen, lung, and kidney) (Fig. S14). All hydrogels are
considered to have a good safety profile.

3.10. Effects of multifunctional hydrogel on antioxidative, anti-
inflammatory, and anti-apoptosis

A good cardiac microenvironment is critical for the survival and
regeneration of cardiomyocytes. The death of cardiomyocytes in the
infarct area activates the inflammatory response, stimulating the
recruitment and proliferation of macrophages [43]. At the same time, a
large amount of ROS generated in the myocardium after MI can activate
multiple pathways to produce pro-inflammatory cytokines [44]. Exces-
sive dysregulation and prolonged inflammation disrupt cellular ho-
meostasis and further accelerate cardiomyocyte death [45], leading to
LV dilatation and systolic dysfunction [15,46]. Therefore, timely
removal of ROS in the infarct area and inhibition of inflammatory re-
sponses are crucial for effective repair of damaged tissues [47,48]. With
the progress of tissue repair, phenotypic changes of macrophages play a
key role [49]. We first assessed whether the hydrogel could effectively
reduce high ROS levels after infarction. As shown in Fig. 8A and D,
compared with the sham operation group, the relative fluorescence in-
tensity of ROS in the saline group was higher, indicating that the level of
ROS increased after MI. All hydrogel-treated groups showed varying
degrees of reduction in ROS levels, which was due to the ability of
phenylboronic acid-based hydrogels to scavenge ROS. Due to the certain
antioxidant activity of PPy, the OGDP hydrogel group showed lower
ROS levels than the OGD hydrogel treatment group. At the same time,
the fluorescence signal and relative fluorescence intensity of OGDR and
OGDPR hydrogels were significantly reduced, indicating that RA can
effectively reduce the ROS level at the MI site, which is mainly due to the
antioxidant effect of RA. The ideal process for tissue repair is that
macrophages can be polarized from a proinflammatory M1 phenotype to
an anti-inflammatory or pro-healing M2 phenotype [17], which is
beneficial for reducing chronic inflammation and fibrosis. Inflammatory
M1 macrophages dominate the first three days after MI and differentiate
into a reparative M2 phenotype 3-5 days after MI to prepare for tissue
repair [17,46,50]. Infarcted cardiac tissue was collected 5 days after
injection, and the effect of the hydrogel on the inflammatory and repair
phases was assessed. We stained M2 macrophages and M1 macrophages
using antibodies against CD206 (green) and CD86 (red), respectively. As
shown by immunofluorescence (Fig. 8B), extensive infiltration of
pro-inflammatory M1 macrophages was observed in the saline group,
which had the lowest M2/M1 ratio compared with all other groups
(Fig. 8E). The expression of CD206 was significantly up-regulated and
the expression of CD86 was significantly down-regulated in all hydrogel
treatment groups, that is, the M2/M1 ratio was increased, which was
due to the fact that the phenylboronic acid-based hydrogel can scavenge
ROS, thereby reducing the inflammatory response. This effect was
further enhanced in the RA-added hydrogel groups (OGDR group and
OGDPR group). It was shown that RA-loaded hydrogel significantly
inhibited M1 polarization and promoted M2 polarization of macro-
phages in vivo. Inhibition of the inflammatory response can reduce
cardiomyocyte apoptosis, thereby reversing the pathological remodel-
ing of the LV. Therefore, cardiomyocyte apoptosis was assessed by
TUNEL staining. As expected, the sham and saline groups had very low
(0.18%) and high percentages (25.5%) of apoptotic cells, respectively
(Fig. 8C and F), demonstrating the success of the MI model. All hydrogel
treatment groups inhibited cardiomyocyte apoptosis, and the OGDR and
OGDPR hydrogel treatment groups showed more significant effect in
reducing apoptosis compared to the saline group and other hydrogel
groups. This is mainly attributed to the anti-apoptotic effect of RA,
which makes the hydrogel more capable of maintaining cell viability in
an oxidative microenvironment. These results confirmed that OGDPR
hydrogel had anti-inflammatory effects and promoted macrophage po-
larization to M2 phenotype in vivo, which provided a more favorable
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microenvironment for myocardial cells in the infarction area, reduced
cell apoptosis, delayed the loss of functional cardiomyocytes in the
infarct area, and was beneficial to maintaining the cardiac structure and
protecting cardiac function, and promoted the treatment of MI.

3.11. Effects of hydrogels on promoting cell proliferation and angiogenesis

Next, we analyzed the effect of the hydrogel on cell proliferation in
the infarct area using Ki67 immunofluorescence staining. The results
(Fig. 9A and C) showed that only very few Ki67-positive cells were
detected in the saline group, indicating little cell proliferation after MI.
There were significantly more Ki67-positive cells in the conductive
hydrogel groups (OGDP and OGDPR groups) compared to the saline and
other hydrogel groups, which may be attributed to the pro-proliferative
effect of the conductive polymer [51-53]. OGDPR hydrogel has a
stronger effect on promoting cell proliferation and can provide func-
tional reconstruction for damaged myocardial tissue. After MI, revas-
cularization of the infarcted myocardium is of great significance for the
recovery of cardiac function [54]. Increasing angiogenesis is an effective
way to restore oxygen and nutrient supply to the infarcted area. Cardiac
tissue sections were double-stained for a-SMA (marking mature arteri-
oles) and vWF (marking microvessels) to analyze angiogenesis. As
shown in Fig. 9B, at 4 weeks after treatment, there was a small amount of
angiogenesis in the saline group, which may be related to active cardiac
compensation. The hydrogel treatment group resulted in significantly
more mature new blood vessel formation than the saline group, espe-
cially the OGDPR hydrogel group showed the most angiogenesis, due to
the pro-angiogenic effect of PPy, which was consistent with the results of
in vitro experiments. The quantitative analysis data of a-SMA and
vWEF-labeled blood vessel density in Fig. 9D and E are consistent with the
results of fluorescent staining pictures. This indicates that the designed
OGDPR hydrogel is very effective in promoting cardiac angiogenesis.
The above results suggest that OGDPR hydrogel may be beneficial to cell
proliferation, as well as recruit endothelial cells to the infarct area [40,
55,561, which is beneficial to myocardial repair after MI, consistent with
previous reports.

3.12. Effects of multifunctional hydrogels on the expression of cardiac-
specific markers

The synchronous contraction of cardiomyocytes is mainly based on
the expression of a-actinin (a cardioskeletal protein) closely related to
myocardial maturation and regulation of muscle contraction. CX-43, a
gap junction protein, is primarily responsible for the electrical
contraction coupling of the myocardium, which is critical for coordi-
nated myocardial function [57,58]. Here, a-actinin and CX-43 were used
as cardiac-specific markers to examine cardiac function 4 weeks after
hydrogel injection. As shown in Fig. 10A and C, compared with the sham
group, the area coverage of a-actinin was significantly reduced in the
saline group. The OGDPR hydrogel-treated group had the highest
a-actinin area coverage, indicating the greatest improvement in cardiac
function. CX-43 was barely expressed in the saline group, but the area
coverage of CX-43 was higher in the hydrogel treatment group, espe-
cially the OGDPR hydrogel (Fig. 10B and D), indicating better electrical
contraction at 4 weeks after surgery. Most importantly, the expressions
of a-actinin and CX-43 in the OGDPR hydrogel group were higher than
those in the OGDR hydrogel group and the OGDP hydrogel group,
indicating an enhanced therapeutic effect of the synergistic therapy.
These results suggest that promoting mechanical coupling or electrical
signal coupling between cardiomyocytes may lead to synchronous cell
contraction and promote myocardial functional recovery, which is
consistent with the above functional results.

4. Conclusions

This study successfully constructed a multifunctional drug-loaded
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conductive hydrogel OGDPR that responds to the microenvironment of
MI and meets the biological activity requirements of multiple stages of
ML This hydrogel combines the electrical conductivity with the anti-
apoptotic, anti-inflammatory and anti-fibrotic properties of RA for the
treatment of MI in rats. Boronic ester bonds enable on-demand release of
RA in response to the high ROS and low pH microenvironment of MI.
OGDPR hydrogels have electrical conductivity, mechanical elasticity,
and biocompatibility that match those of native myocardium. The
hydrogel exhibited protection against HyOz-induced cellular oxidative
stress and promoted endothelial cell migration and tube formation. In-
jection of OGDPR hydrogel into the infarcted myocardium significantly
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P < 0.001, ****P < 0.0001.

restored cardiac function, increased ventricular wall thickness, and
inhibited infarct expansion. On the one hand, RA released from hydrogel
can remove ROS, regulate inflammatory microenvironment, inhibit cell
apoptosis, and continuously inhibit myocardial fibrosis; on the other
hand, PPy endows hydrogels with good electrical conductivity and re-
cruits endothelial cells to promote new blood vessel formation. This
study verified the effectiveness of a comprehensive therapeutic strategy
combining mechanical support, anti-inflammation, anti-apoptosis, anti-
fibrosis, and restoration of electrical signal transmission in the infarct
area in one hydrogel scaffold, which has potential clinical application
prospects.
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