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Regeneration therapeutic strategy by microRNAs for boosting cardiomyocyte proliferation in treating myocardial
infarction (MI) has the challenges of efficient delivery, and toxicity and risk of sudden death. Herein, oxidative
stress-relief microgels were developed for miR-19a/b delivery, modulation of inflammatory tissue microenvi-
ronment, promotion of cardiomyocyte proliferation, and maintenance of heart function post MI. The cholesterol-
modified miR-19a/b was encapsulated into the cavity of p-cyclodextrin in selenoketal-containing microgels. The
microgels could effectively scavenge typical reactive oxygen species (ROS), and down-regulate the intracellular
ROS level and the levels of typical inflammatory factors. The microgels could improve the acute inflammatory
microenvironment for better cardiomyocyte survival and cellular uptake of miR-19a/b, leading to significant
promotion of cardiomyocyte proliferation in vivo. In the rat and minipig models of MI, the microgels most
effectively inhibited the acute inflammatory response and reduced the cardiomyocytes apoptosis, resulting in a
significant improvement of cardiac function and restriction of pathological remodeling post MI, and thereby best
heart function revealed by echocardiography and histological analysis.

1. Introduction

Myocardial infarction (MI) is one of the major causes of disability
even death worldwide [1-3]. The irreversible damage to -car-
diomyocytes caused by myocardial infarction would deteriorate heart
function, leading to heart failure and eventual death [4,5]. Unlike
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newborn mammalian hearts, adult mammalian hearts have almost lost
their capability to regenerate, thus scar tissue would be formed post MI.
The formation of scars would block the blood supply to the heart,
leading to more cardiomyocyte death, loss of muscle tissue, and heart
failure [6,7]. Current treatments mainly focus on removing the blockage
and restoring blood supply to the damaged myocardium [8]. However,
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they are insufficient to fully restore blood flow and realize complete
cardiac repair [9].

MicroRNAs (miRNAs), a class of short, non-coding single-stranded
RNA molecules are encoded by ~22-nucleotide long endogenous genes,
which play a key role in numerous biological events, including car-
diomyocyte proliferation and heart development [10-12]. The cardiac
cells-specific miRNAs can induce cardiac regeneration and car-
diomyocyte proliferation [13]. For example, the miR302-367 cluster
was found to promote cardiomyocyte proliferation and heart regenera-
tion by directly regulating the Hippo/Yap pathway. The local delivery of
adeno-associated virus serotype 6 (AAV6)-miR-199a was also proved to
remarkably stimulate the cardiomyocyte proliferation [14]. Recently,
we found that miR-19a/b is demonstrated to inhibit the expression of
phosphatase and tensin homolog (PTEN), and thereby to enhance the
cardiomyocyte proliferation and promote the cardiac regeneration [15,
16].

Because of the poor stability and permeability of exposed miRNAs in
vivo, it is necessary to find effective miRNAs delivery systems, including
the viral vectors and nonviral vectors [17] with different pros and cons.
Although the non-viral lipid-based nanocarriers are safer for miRNAs
delivery in vivo, their organotoxicity and targeting selectivity are still
challenging [9,18]. Hydrogel-based nonviral gene delivery systems have
become an available strategy in various scenarios of regenerative med-
icine [19,20]. For example, an injectable hyaluronic acid (HA) hydrogel
loaded with miR-302 mimics promotes cardiomyocyte proliferation in
rat post-MI [21].

Numerous explorations of functional hydrogels have been performed
on MI treatment, among which the reactive oxygen species (ROS)-
eliminating hydrogels can are one of the effective candidates to modu-
late inflammatory MI microenvironment by reducing the harmful ROS
contents in the very earlier stage, and thereby better maintain the
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cardiomyocyte survival and MI therapy [22-26]. Nonetheless, the
traditional bulk hydrogels are often characterized by a relatively large
size with a low surface/volume ratio and nanoporous structure, leading
to the relatively poor injectability and sensitivity to the stimuli of tissue
microenvironment [27,28], and insufficient nutrient and oxygen ex-
change. Consequently, they are disadvantageous for cell infiltration,
vascularization and long-term cell proliferation.

In this study, we propose oxidative stress-relief microgels as a de-
livery system of miR-19a/b for enhanced cardiomyocyte proliferation
and cardiac repair in rats and pigs (Scheme 1). The microgels can be
precisely delivered to the injured tissues via a minimally invasive
pathway [28-30]. Their relatively large surface/volume ratio and large
pores in-between the microgels are favorable to enhance the trans-
portation of nutrients and oxygen, guide cell ingrowth and tissue for-
mation, alongside with their degradation. To reverse the harsh oxidative
microenvironment post MI and thereby protect cardiomyocyte against
apoptosis, selenoketal that is extremely sensitive to reactive oxygen
species (ROS) is used to construct the ROS-scavenging microgels. The
oxidative stress-relief microgels with miR-19a/b is expected to achieve
better cardiomyocyte proliferation, eventually contributing to a signif-
icant cardiac function improvement and myocardial fibrosis inhibition
than the bulk counterpart (Scheme 1). The significantly increased
regeneration signals and outstanding therapeutic effect are further
demonstrated in minipigs post MI in vivo, revealing a significant progress
for treatment of MI in human being.

2. Results
2.1. Preparation of ROS-scavenging M gel loaded with miR-19a/b

The preparation of extremely ROS-sensitive microgels relied on the
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Scheme 1. Schematic illustration of ROS-responsive microgels loaded with miR-19a/b (M gel) for promoting cardiomyocyte proliferation in vivo. Prep-
aration of M gel building blocks by encapsulating miR-19a/b into ROS-scavenging microgels in a microfluidic device. The microgels are formed by crosslinking the
precursor solutions of HBPASe and HAMA-CD macromolecules. The miR-19a/b modified with cholesterol is loaded into the cavity of cyclodextrin of HAMA-CD. This
system can sensitively scavenge the locally overproduced ROS in the MI microenvironment, continuously release the miR-19a/b, and improve cellular uptake of miR-
19a/b for efficiently stimulating the proliferation of cardiomyocytes and reducing apoptosis.
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use of selenoketal-diamine (selenoketal-NH5) molecules, which were
pioneering synthesized and characterized (Fig. S1, Supporting Infor-
mation). The -NHj; groups in selenoketal-NH; were then clicked with the
carbon double bonds in poly(ethylene glycol) diacrylate (PEGDA) to
obtain the double bond end-capped hyperbranched polymers (HBPASe)
via a one-step Michael addition reaction (Fig. S2, Supporting Informa-
tion). To incorporate the miR-19a/b via a host-guest interaction,
cholesterol-modified miR-19a/b was loaded into p-cyclodextrin ($-CD)
that was grafted on the backbone of methacrylated hyaluronic acid
(HAMA-CD, Fig. S3). The 5’ end of the passenger strand of miR-19a/b
was conjugated with cholesterol, a guest of CD with a binding con-
stant (Ka) of 1.7 x 10* M~! [31]. Meanwhile, the cholesterol could
further enhance cellular uptake of siRNAs and miRNAs via passive
internalization [32,33]. The ROS-responsive microgels were finally
constructed with the precursor consisting of HBPASe and HAMA-CD
through a microfluidics technology.

Water-in-oil (W/O) single-emulsion droplets were produced to
fabricate the ROS-responsive microgels loaded with miR-19a/b (M gel)
by using a microfluidic device composed of an inner capillary tube
(inner diameter = 0.1 mm) and outer polyvinyl fluoride (ETFE) tube
(inner diameter = 0.5 mm). The inner phase was a mixture of HBPASe,
HAMA-CD and miR-19a/b solutions, and the outer phase was a mixture
of paraffin oil and Span 80. As an important preparation parameter, the
flow rates of both outer and inner phases were adjusted to obtain the
desired diameters of microgels (Fig. 1a). The sizes of droplets usually
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increased when the inner flow rate increased or the outer flow rate
decreased. The M gels were finally stabilized by crosslinking under UV
irradiation in the microfluidic channel. They were uniformly distributed
with a spherical morphology and size of ~200 pm (Fig. 1c-e, Movie S1).
After freeze-drying, they could still maintain their spherical
morphology, accompanying with the apparent interconnected porous
structure (Fig. 1d) and shrunk particle size [34]. As a comparison, the
bulk hydrogel (B gel) was prepared by UV polymerization of HBPASe,
HAMA-CD and miR-19a/b solutions of the same concentrations.

Injection of biomaterials is a favorable route for minimal invasive
therapy in clinics [28,35-37]. Although some types of tissues can be
directly accessed by a syringe needle, many diseases such as myocardial
infarction, neurovascular blockages and tumor treatment often require
minimally invasive delivery through long thin catheters in clinical
treatments [37-40]. Since catheters are often substantially longer and
narrower than syringes, the traditional bulk hydrogels are difficult to
meet the demands of minimally invasive delivery. Compared to the B gel
that could not be injected through a catheter with a diameter of 0.5 mm,
the M gel exhibited great feasibility on injection through the same
catheter (Fig. 1b), because the M gel had a relatively smaller storage
modulus and exhibited a shear-thinning ability (Fig. S4).

The ROS-scavenging activity and miR-19a/b release were compared
between the M gel and B gel. Because the selenoketal bonds are much
sensitive under mild oxidative stimuli [41,42], both the M gel and B gel
showed a very quick ROS-scavenging ability with respect to reducing 1,
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Fig. 1. Physiochemical properties of ROS-responsive microgels loaded with miR-19a/b. (a) Homogeneous droplets formed at a flow focusing junction of the
microfluidic channel. (b) Injection of the M gel through a catheter. (c) Optical microscopy images of freshly prepared microgels. (d) SEM images of freeze-dried
microgels. (e) Size of freshly prepared and lyophilized microgels. (f) Clearance of DPPH radicals, (g) H2O» and (h) -O3 by the bulk hydrogel (B gel) and M gel.
(i) Release of cholesterol-modified miR-19a/b from the B gel and M gel in 100 mM H,0, containing DMEM. n = 3 per group.
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1-diphenyl-2-picrylhydrazyl (DPPH) radicals, HoO5 and superoxide an-
ions (-03) (Fig. 1f-h). However, the M gel could scavenge ROS more
quickly with a larger specific surface area, where 100 pL of M gel
removed over 95 % of 200 pM DPPH radicals within 90 min and 200 pM
Hy0, within 30 min. Meanwhile, the M gel also exhibited a faster
scavenging ability on -O3 due to its larger specific surface area and thus
the ease of diffusion. The release of miR-19a had the similar tendency,
where the M gel resulted in a faster release of miR-19a in HyO5 solution,
leading to ~62 % and 80 % of miR-19a release at day 5 and day 9,
respectively (Fig. 1h). Although the release of miR-19a/b is theoretically
governed by the dynamic host-guest interaction between cholesterol and
cyclodextrin, the larger specific area of M gel allows a relatively faster
release due to the less physical hindrance in diffusion. Due to the great
sensitivity of B gel and M gel on ROS, they both exhibited a relatively
fast degradation behavior in H,O/PBS solution compared in pure PBS
(Fig. S5).

2.2. ROS-responsive M gel reduced intracellular ROS and maintained
cellular uptake of miR-19a/b in vitro

Both the M gel and B gel had no cytotoxicity (Fig. S6). The intra-
cellular ROS-scavenging ability was identified by a ROS indicator 2,7
dichlorodihydrofluorescein diacetate (DCFH-DA) [43,44] using the M
gel and B gel-treated H9C2 cells in a HoO5 environment in vitro (Fig. 2a).
Flow cytometry demonstrated that ROS was increased in cells under
H20; stimulus. By contrast, the intracellular ROS was down-regulated
significantly under the existence of B gel and especially M gel due to
the effective ROS-scavenging ability (Fig. 2b, Fig. S7). The ROS level in
the M gel group was down-regulated to a similar level of the control
group without HyO5. Furthermore, Fig. 2c shows that the cellular uptake
of Cy3-modified miR-19a (miR-19a-Cy3) in the M gel group was com-
parable to the control group (miR-19a-Cy3 and H2C9 cells in pure
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DMEM). It is worth mentioning that the chemical structure of released
miRNA should not be changed, thus the use of miR-19a-Cy3 can avoid
complexity. Moreover, three-washings ensured the complete removal of
free miR-19a-Cy3, so that the fluorescence can be only recorded from
the cells with internalized miR-19a-Cy3. By contrast, was hampered in
the B gel and H20; groups. These results reveal that the miR-19 uptake
can be well guaranteed in an oxidative stress environment when the M
gel exists, likely due to its robust ROS scavenging and cell-protection
abilities.

2.3. ROS-responsive M gel reduced inflammation and cell apoptosis in
vivo

Next, the M gel and B gel were injected into adult rat infarcted hearts
to evaluate their anti-inflammation and anti-apoptosis effects in vivo
(Fig. 3a). Immunofluorescent staining of CD86 and CD163, markers for
pro-inflammatory M1 and anti-inflammatory M2 macrophages, respec-
tively, was performed to detect the phenotypes of macrophages and
their distribution in the harvested hearts at day 5. Both the M gel and B
gel reduced the portion of M1 macrophages and increased the portion of
M2 macrophages compared to the MI group (Fig. 3b-d) [45]. However,
the M gel had a significantly higher ratio of M2/M1 macrophages than
the B gel, suggesting a better anti-inflammation effect. This observation
was further substantiated by the significantly lower expressions of
CD86, tumor necrosis factor-o (TNF-a), interleukin-1f (IL-1p) and ma-
trix metalloproteinase-2 (MMP-2). Moreover, the highest expression of
anti-inflammation-related gene of CD163 was observed in the M gel
group (Fig. 3e). Taken together, the treatment of M gel can significantly
reduce the acute MI-induced inflammation.

The best cellular protection effect of M gel in vivo was also confirmed
by evaluating the cardiomyocyte apoptosis via the TdT-mediated dUTP-
biotin nick end labeling (TUNEL) immunostaining assay. Compared to
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Fig. 2. M gel protects cells against oxidative stress and maintains cellular uptake ability of miR-19a/b. (a) Timeline of the cell model study. (b) Flow
cytometry results of H2C9 cells being incubated in 500 pM H205 and DMEM, and 500 pM H;0, and DMEM with M gel and B gel for 2 h, respectively. (c) Fluorescence
intensity of H2C9 cells with internalized miR-19a-Cy3 and quantitative analysis of mean fluorescence intensity (right). Control group: miR-19a-Cy3 and H2C9 cells in
pure DMEM; H,0, group: miR-19a-Cy3 and H2C9 cells in DMEM containing 500 pM H,0,; M gel group: miR-19a-Cy3 and H2C9 cells in DMEM containing 500 pM
H,0, and M gel; B gel group: miR-19a-Cy3 and H2C9 cells in DMEM containing 500 pM H,0, and B gel. n = 3 per group. ***p < 0.001 versus control group; ###p

< 0.001 between the selected groups.
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the Sham group, the MI group markedly increased the number of
TUNEL-positive cells (Fig. 4a). Notably, the M gel group exhibited
significantly fewer apoptotic cells in the infarcted areas than the B gel
(Fig. 4b). Moreover, the relative expressions of PTEN and Bim, which are
apoptosis-promoted genes [46,47], were both significantly suppressed
by the M gel-treated group (Fig. 4c). By contrast, the relative expression
of Bcl-2, an anti-apoptosis gene, was most significantly enhanced in the
M gel-treated group.

Collectively, the cardiac protection post MI granted by the oxidative
stress-relief hydrogel, especially the M gel, can effectively suppress the
acute inflammation and reduce cardiomyocyte apoptosis post MI.

2.4. ROS-responsive M gel improved cardiomyocyte proliferation by miR-
19a/b post MI

To verify that the early cardiac protection is detrimental to car-
diomyocyte proliferation and cardiac regeneration, Ki67 (a biomarker
for all stages in the cell cycle) and immunofluorescent staining assays
were performed after 5-day post treatments in MI rats, respectively. In
the total MI area or healthy myocardium area, there would be no car-
diomyocyte under proliferation. Therefore, the border zone between MI
area and healthy myocardium area was chosen for analysis, where the
cardiomyocytes appeared unusually orderly. The M gel significantly
increased the proportion of Ki67"/cardiac troponin T' (cTnT™)

Bioactive Materials 48 (2025) 43-54

cardiomyocytes (~7.67 %) around the injection sites (Fig. 5a), which
was much higher than other groups (~3.27 % in the B gel group and
~0.07 % in the MI group) (Fig. 5b). Notably, the degree is infrequently
high compared to previous works [48-52] aiming at cardiomyocyte
proliferation. Meanwhile, phosphorylated histone H3 (PH3, a biomarker
for cells in late G2 and mitosis) and Aurora B kinase (Aurora B, a
biomarker of cytokinesis) immunonstaining assay found that the
PH3"'/cTnT" and Aurora B*/cTnT" cardiomyocytes around the MI site
were also significantly higher than all other groups (Fig. 5a and b). This
higher percentage of cardiomyocyte regeneration should result from the
good retention of M gel, and its robust microenvironment regulation and
better cellular uptake of miR-19a/b (Fig. S8). Therefore, the M gel
treatment significantly promotes the cardiomyocytes to re-enter the cell
cycle and thereby proliferation in the infarcted hearts.

2.5. M gel protected cardiac function and reduced myocardial fibrosis in a
rat MI model

Based on the strong ability to suppress inflammation, reduce car-
diomyocyte apoptosis and promote cardiomyocyte proliferation by the
M gel, a better therapeutic effect post MI is reasonably expected.
Echocardiography illustrated that both the M gel and B gel groups
reduced the cardiac hypertrophy. The M gel treatment amplified this
benefit with the most improved anterior wall movement and decreased
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systolic and diastolic inner left ventricular diameters (Fig. 6a and b). As
expected, the M gel group showed the highest values for left ventricular
ejection fraction (LVEF, 76.1 %) and left ventricular fractional short-
ening (LVFS, 40.1 %) compared with the B gel (63.8 % and 31.7 %) and
MI (44.2 % and 19.2 %) groups, indicating the best improvement of left
ventricular cardiac function. The end-systolic volume (ESV) and end-
diastolic volume (EDV) values in the M gel group (0.90 mL and 0.25
mL) were the lowest compared with those of the B gel (1.06 mL and 0.48
mL) and MI (1.76 mL and 0.73 mL) groups, indicating the better cardiac
function and less cardiac remodeling. Histological examination by
Masson’s trichrome staining (Fig. 6¢) reveals the thicker left ventricle
wall and more retained myocardium in the M gel-treated group.
Compared to that in the MI and B gel groups, the fibrosis in the M gel
group was effectively reduced (Fig. 6¢ and d), suggesting that the
application of M gel immediately after MI can significantly alleviate the
cardiomyocytes death and retain the healthy myocardium.

2.6. M gel promoted angiogenesis in a rat MI model

Revascularization is very important for post MI, which can reduce
left ventricular remodeling and heart failure [53,54]. The antibodies
against a-smooth muscle actin (a-SMA) and CD31 were employed to
stain smooth muscle cells and endothelial cells, respectively, where the
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a-SMA'/CD31% tubular structures represent new blood vessels. As
shown in Fig. S9, a higher density of CD31"/a-SMA™ stained new vessels
was observed in the M gel compared to other groups. Moreover, the
relative expression of angiogenesis-related genes was also highest in the
M gel-treated groups at 5 d post-surgery (Fig. S9¢). In summary, the M
gel treatment results in the significant vascularization compared to other
treatment groups.

2.7. M gel protected cardiac function and reduced myocardial fibrosis in a
minipig MI model

The clinically relevant therapy was testified in a minipig MI model
due to the similarity of pigs to human being (Fig. 7a). The single photon
emission computed tomography (SPECT) imaging was employed to
study cardiac function after 28 d post MI (Fig. 7b). The LVEF and stroke
volume (SV) of the M gel-treated groups were significantly increased
(76.5 % and 29.8 mL) compared to those of the B gel (52.3 % and 26.8
mL) and MI (32.3 % and 14.3 mL) groups. Moreover, the ESV and EDV
were much reduced from 70 mL to 39.3 mL-8.5 mL and 9 mL in the M
gel group (Fig. 7c), which were also lower than those of the B gel group
(47 mL and 24 mL).

Histologically, both Masson’s trichrome and H&E staining (Fig. 7d
and e) reveals that the distinct and thick muscle layers were remained in
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Fig. 7. M gel protects cardiac function and reduces myocardial fibrosis post MI in minipigs in vivo. (a) Timeline of the minipig MI study. (b) Representative
SPECT images. (c) Quantitative analysis of LVEF, stroke volume (SV), EDV and ESV. Representative (d) Masson’s trichrome and (e) H&E staining images of the whole
heart. (f) Quantitative analysis of infarcted size in the whole heart. n = 4 per group. **p < 0.01 and ***p < 0.001 versus MI group; **p < 0.01 and **#p < 0.001

between the selected groups.

the infarcted areas of the M gel group. The moderately thickened muscle
and the most obvious fibrillary layers were observed in the B gel and MI
group, respectively. Reactive fibrosis is an interstitial deposition of
collagens surrounding cardiomyocytes and myocardial fibers which can
also be localized in the perivascular areas. A special subtype of cardiac
fibrosis is termed “plexiform fibrosis”, which is characterized by disor-
ganized bundles of collagen fibers in areas of myocardial disarray. It is
frequently observed at the insertion points of the right ventricle to the
septum. Thus, the fibrotic area would not appear to be entirely in the left
ventricle. Quantitative analysis showed approximately two times less
fibrous content in the B gel group (~10.8 %) than in the MI group
(~33.72 %) (Fig. 7f). These observations provide evidence that the M
gel treatment most effectively attenuates the fibrosis and restricts the
cardiac remodeling post MI.

By integrating the key functions of ROS-scavenging, microRNA de-
livery and microgel structure, the all in one system has the advantages of
low viscosity for easy injection, assembly into porous scaffolds in situ to
allow cell infiltration, ROS-scavenging that modulates the inflammatory
microenvironment and reduces apoptosis, and finally based on these
prerequisites the loaded microRNA can take the largest role to down-
regulate PTEN and thus promote cardiomyocyte proliferation in vivo.
Indeed, our oxidative stress-relief microgels loaded with miR-19a/b
have exhibited a powerful effect on promoting cardiomyocyte prolifer-
ation and maintaining cardiac function to avoid long term heart failure.
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The selenoketal-based ROS-scavenging microgels very sensitively and
effectively remitted oxidative stress in the infarct area, suppressed the
acute inflammation and reduced the cardiomyocyte apoptosis in the
early stages post MI, compared to the bulk counterpart. With the miR-
19a/b continuously released from the microgels and ingested by car-
diomyocytes, more cardiomyocytes turned into the cell cycle and
proliferated. Consequently, the Ki67 and PH3-positive signals in the
cardiomyocytes were significantly increased compared to previous work
[48-52]. Taken together, our microgels exhibit prominent therapeutic
effect on cardiac repair in both small-animal and minipig MI treatments,
showing their great potential for clinical minimally invasive therapy.
The ultimate goal of complete cardiac repair is heart regeneration
through cardiomyocytes renewal, fibrosis inhibition, muscle tissue
retention and neovascularization. The cardiac regeneration is consti-
tuted by a series of complex and strictly controlled processes. The
miRNAs-based treatment therapies have played an important role in the
next-generation of in situ regenerative therapies for the heart. Especially,
compared to other methods, miRNA mimics can be easily synthesized
and delivered by viral and non-viral transfection methods. Nonetheless,
current miRNA-based strategies for heart repair are vastly inefficient
and only primarily tested in rodents. The better use of miRNAs in big
animal even human being is extremely important yet challenging for MI
treatment. Our study shows that selenoketal-based microgels loaded
with miR-19a/b are not only easily delivered, but also significantly
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maintain the function of miR-19a/b in boosting the cardiomyocyte
proliferation to achieve strong therapeutic effects on both rats and
minipigs, presenting a significant progress for treatment of MI in human
being.

3. Materials and methods
3.1. Materials

The materials used are listed in Table 1. The water was purified by
Millipore Milli-Q purification system for all experiments. CD-HDA was
synthesized according to the method reported previously [55]. The
photo-initiator (LAP) was also prepared according to the previous work
[56].

3.2. Material preparation

Synthesis of selenoketal-NHz: selenocysteamine dihydrochloride
(6.38 g, 20 mM) and TECP (6.88 g, 24 mM) were dissolved in water (10
mL). After being stirred at room temperature (RT) for 30 min, 0.5 mL of
HCI was added, followed by stirring at RT for another 30 min. The so-
lution was then freeze-dried before it was dissolved in 15 mL of acetic
acid. After 5 mL of acetone was added into the solution, it was stirred at
RT for 12 h. During this process, large amount of white precipitates was
formed. After extraction and filtration, the precipitates were added into
10 M NaOH solution to obtain a light-yellow emulsion. After separatory
filtration, the light-yellow liquid product (selenoketal-NHz) was ob-
tained, which was stored at —80 °C.

Synthesis of HBPASe: the HBPASe was synthesized from PEGDA700
and selenoketal diamine [57,58]. In brief, PEGDA700 (3.08 g, 4.4
mmol), selenoketal diamine (0.58 g, 2 mmol), DMSO (10 mL) and TEA
(10 pL) (2.2:1 M ratio of double bond to active hydrogen) were mixed

Table 1
Materials used in this work.

Materials Suppliers

Poly (ethylene glycol) diacrylate (PEGDA700, Mn
= 700)
Hyaluronic acid (HA, Mn = 100 kDa)

Sigma-Aldrich, USA

Dongyuan Biotechnology Co.,
Ltd, China

Sinopharm Chemical Reagent
Co., Ltd, China

Sodium hydroxide (NaOH)

p-Cyclodextrin (CD)

Sodium chloride (NaCl)

Hydrochloric acid (40 % wt/vol in water, HCI)

Triethylamine (TEA)

Methyl tertiary butyl ether (MTBE)

Hydrogen peroxide (10 %, H,05)

Acetone,

Acetonitrile

Diethyl ether

Methanol

Span™ 80

n-Hexane

Paraffin liquid

Dowex 50W x 8 resin

Tetrabutylammonium hydroxide solution (TBA-
OH, 40 % wt/vol in water)

Anhydrous dimethyl sulfoxide (DMSO)

p-Toluenesulfonyl chloride (PTSC)

(Benzotriazol-1-yloxy)tris(dimethylamino)
phosphonium hexafluorophosphate (BOP)

Tris(2-carboxyethyl)phosphine hydrochloride
(TCEP)

ammonium chloride (NH4Cl)

N,N-Dimethylformamide (DMF)

1,1-Diphenyl-2-picrylhydrazyl (DPPH)

1,6-Hexanediamine (HDA)

Selenocystamine dihydrochloride

Aladin, China

Bide Pharmaceutical
Technology Co., Ltd, China
Ribobio Biotechnology Co.,
Ltd, China

MiR-19a/b-cholesterol and miR-19a/b-Cy3
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and fully stirred in a single-neck flask for 30 min at RT, before it was
placed in an oil-bath at 80 °C for 8 h under continuous stirring. After
reaction, the product was obtained by precipitating with MTBE for 3
times. The precipitates was placed in a vacuum oven overnight to
remove the residual MTBE and to obtain final HBPASe.

Synthesis of methacrylated HA (HAMA) [55]: HA (2.5 g) was fully
dissolved in 125 mL water first. The pH of the HA solution was then
adjusted to 8.5 by 1.0 M NaOH solution in an ice bath. MA (5.625 mL)
was added into HA solution dropwise, while the pH was maintained by
adding the NaOH solution. After reaction for 4 h, during which pH was
maintained at 7.5-8.5, and then overnight at RT, the product was ob-
tained by precipitating with ethyl alcohol for 3 times. After the solution
was dialyzed against water for 7 d, it was frozen and lyophilized. The
structure of HAMA was analyzed by 'H nuclear magnetic resonance
(NMR) spectroscopy (Bruker DMX-500, Switzerland).

Synthesis of HAMA-TBA: HAMA (3.0 g) was fully dissolved in 150 mL
water. After 9.0 g Dowex 50W x 8 resin was added and stirred for 2 h,
the solution was filtrated to remove residual resin, and the pH of solu-
tion was adjusted to 7.02-7.05 by TBA-OH solution [55]. The mixture
was then frozen and lyophilized. The structure of HAMA-TBA was
analyzed by 'H NMR spectroscopy.

Synthesis of HAMA-CD: The HAMA-CD was prepared by amidation
between cyclodextrin and HAMA-TBA with BOP [55]. Their structures
were confirmed by 'H NMR spectroscopy.

3.3. Preparation of ROS-scavenging microgels and bulk hydrogel

The ROS-scavenging microgels loaded with miR-19a/b (M gel) were
prepared by a customized microfluidic device from a hydrogel precur-
sor, which was consisted of HBPASe (150 mg, 15 wt%), HAMA-CD (20
mg, 2 wt%), miR-19a/b (50/50 nmol) and LAP (0.5 wt%) per mL.
Meanwhile, Span™ 80 and paraffin liquid were mixed by a volume ratio
of 15:85, which acted as a surfactant and continuous oil phase. The
hydrogel precursor flowed through a capillary tube with an inner
diameter of 0.1 mm (Polymicro Technologies), with the flow rate at 400
L h~!. Meanwhile, the oil phase flowed out through a polyvinyl fluoride
(ETFE) tube with an inner diameter of 0.5 mm, with the flow rate at 5
mL h™!l. The prepared microgels in ETFE tube were fully photo-
crosslinked under UV irradiation for 5 min. Thereafter, the M gels were
obtained through centrifugation, and washed with n-hexane, ethanol
and water for 3 times, respectively.

The ROS-responsive bulk hydrogel loaded with miR-19a/b (B Gel)
was prepared with the hydrogel precursor as aforementioned under UV
irradiation for 30s.

3.4. Characterization of M gels

The M gels were imaged using an optical microscope (TS2-S-SM,
Nikon) in water, and the freeze-dried M gels were imaged using a
scanning electron microscope (SEM, S-4800, Hitachi). The size of the M
gels was calculated using Image J software. The rheological property of
hydrogels and microgels were characterized by a rotary rheometer
(HAKE, MARS 60, US).

3.5. ROS-scavenging efficiency in vitro

For the scavenging of Hy05, 100 pL of M gel and B gel were incubated
in 1 mL of 100 pM H305 solution for 30 min at 37 °C. Then, the 500 pL of
solution was collected to react with 500 pL of 1 m KI solution in dark for
another 5 min. The absorbance of final solution at 412 nm was measured
by a microplate reader (Fluoroskan FL, Thermo Scientific). The absor-
bance curves of the final solutions were measured by a UV-vis spec-
troscopy (UV-2660i, Shimadezu, Japan).

For the DPPH radicals scavenging, 100 pL of M gel and B gel were
incubated in 1 mL of 200 pM DPPH solution at 37 °C in dark. The
absorbance of solutions at 517 nm and different time was measured by a
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microplate reader. The absorbance curves of the solutions were
measured by UV-vis spectroscopy.

For the superoxide anion (-O3) scavenging, we used a superoxide
anion assay kit according to the manufacturer’s instructions. The
absorbance of solutions at 550 nm and different time was measured by a
microplate reader.

3.6. Cytotoxicity in vitro

The Cell Counting Kit-8 assay was employed to evaluate the cyto-
toxicity of M gel and B gel. 200 pL of M gel and B gel were first incubated
in 2 mL of high sugar Dulbecco’s modified Eagle medium (DMEM) at
37 °C for 24 h. After sterilized through a 0.22 pm bacteria-retentive
filter, DMEM was then mixed with 10 % fetal bovine serum (FBS) and
100 U penicillin/100 pg mL™? streptomycin. Meanwhile, H9C2 were
seeded at a density of 5 x 10° cells in a 96-well plate per well, and
incubated at 37 °C for 24 h with the DMEM prepared above. After 4-h
incubation with 100 pL of 10 % CCK-8 (Beyotime, China) containing
DMEM in dark, the absorbance at 450 nm was measured using a
microplate reader to calculate the cell viability.

3.7. The degradation behavior in vitro

After 1 mL of B gel and M gel were immersed in 5 mL of PBS for 12 h
to reach the swelling equilibrium, they were incubated in 5 mL of PBS
and 250 mM H30,/PBS at 37 °C to detect the hydrolysis and ROS-
responsive degradation properties, respectively. The wet weight of
gels was measured along with time prolongation, and the solutions were
replaced with fresh ones once a day, respectively.

3.8. Cell protection against oxidative stress in vitro

The HIC2 were seeded at a density of 1 x 10° cells in a 12-well plate
per well. After 24 h, the medium was replaced with 500 pM H305 con-
taining DMEM, and 500 pM H30;, containing DMEM with B gel or M gel
(200 pL), respectively. After 2 h, the H9C2 were stained by 2,7-
dichlorodihydrofluorescein diacetate (DCFH-DA, Beyotime, China,
1:2000 v/v, in DMEM), a ROS fluorescent probe, for 30 min. After 3-time
washes with PBS, H9C2 were collected, and measured by a flow cy-
tometer (BD FACS Calibur, BD Biosciences, USA).

For cellular uptake of miR-19a/b detection, miR-19a/b (100 nM)
containing DMEM was incubated with the cells for 3 h. After PBS
washing, the fluorescence images were obtained by a fluorescence mi-
croscope (Fluoroskan FL, Thermo Scientific, USA). After 3-time washes
with PBS, H9C2 were collected, whose fluorescence intensity was
measured by a flow cytometer (BD FACS Calibur, BD Biosciences, USA).

3.9. MicroRNA release assay

1 mL of DMEM and DMEM containing 100 pM H30, were used to
incubate 200 pL of M gel and B gel respectively. The supernatants were
then collected and replaced with fresh DMEM at different time to test the
miR-19a concentration by a RiboGreen RNA Assay Kit (ThermoFisher,
USA). The fluorescence intensity was measured on a microplate reader
(Ex 500 nm, Em 520 nm. Fluoroskan FL, Thermo Scientific, USA).

3.10. Rat MI model and hydrogel injection in vivo

The rat experiments were approved by the Experimental Animal
Ethics Committee of Hangzhou Medical College following the Institu-
tional Guidelines (ZJCLA-IACUC-20030156). The male SD rats (200 +
20 g) were purchased from Zhejiang Academy of Medical Sciences. First,
1.7 mL of 4 % chloral hydrate was injected into each rat. After fully
anesthetized, left lateral thoracotomy was performed, followed by
ligation of the left anterior descending coronary artery (LAD) with a 6-
0 silk suture. The infarct area of each rat was then injected with the M
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gel and B gel (80 pL). The volume of gels in the rat MI model was
determined according to the dosage reported previously [59,60], where
80 pL of gels was appropriate. The volume of gels in minipig MI model
was also determined according to a previous report [61]. The amount of
miR-19a/b was determined according to the work reported in Ref. [48].
In a mice MI model, they used 110 pM mir-302b/c with 10 pL hydrogel.
Thus we used miR-19a/b (50/50 nmol) per mL, that the concentration
was about 100 pM miR-19Four groups were included: (1) Sham, (2) MI,
(3) B gel, and (4) M gel. The M gel was easily injected without hindrance,
whereas the B gel could also be injected into the myocardium under a
significantly larger compression force.

The cardiac functions were examined by a VEVO2100 ultrasound
system (Visual Sonics, Canada) at day 28 after surgery, and then were
measured from 2D long-axis under M-mode.

3.11. Porcine MI model and hydrogel injection in vivo

The porcine experiment was approved by the Experimental Animal
Ethics Committee of Peking University (LA2022377). First, tiletamine
hydrochloride (4 mg/kg) and zolazepam hydrochloride (4 mg/kg) were
employed to anesthetize the Bama minipigs (30-35 kg). The pericar-
dium was then opened by a left thoracotomy. To establish the MI model,
the second angular branch of left anterior descending branch (LAD) was
ligated. The M gel and B gel were injected into the infarct region (9
injection sites, 100 pL per site), respectively.

The cardiac functions were examined by the VERITON-CT 400 sys-
tem (Israel). Then, the function parameters, including LVEF, SV, EDV
and ESV were calculated.

3.12. Histological analyses

The rat hearts and minipig hearts were harvested at day 28 after
treatment, followed with PBS and 10 % KCl washing before they were
fixed in 4 % formaldehyde for 48 h. The hearts were finally cut into
paraffin sections. The collagen deposition and fibrosis level of infarcted
hearts were studied by Masson’s trichrome and H&E staining. The im-
ages were captured on a whole slide image scanner (Olympus Digital
Slice Scanner VS200, Olympus, VS200, Japan). Image J software and
GraphPad Prism software were used to analyze the data.

To evaluate the cardiomyocyte proliferation, Ki67 (abcam,
ab15580), PH3 (cell Signaling, 9701) and Aurora B kinase (abcam,
ab2254)-labeling assays were used to stain the rat hearts harvested at 5
d post-surgery. To observe the inflammation at 5 day, CD163 (abcam,
ab182422) and CD86 (abcam, ab220188) immunofluorescent staining
was performed. To study the vascularization after 28 days, the a-SMA
(abcam, ab7817) and CD31 (abcam, ab24590) immunofluorescent
staining was also carried out. The images were also captured on a whole
slide image scanner. Image J software and GraphPad Prism software
were used to analyze the data.

3.13. Quantitative Real-time PCR

The total RNAs were isolated from the rat heart after 5 day treatment
by using TRIzol Reagent (Invitrogen). The 1.0 pg of RNA was reverse-
transcribed into cDNA by using the Prime Script RT reagent kit with
gDNA Eraser (TaKaRa) in the PCR instrument (Veriti 96-Well Thermal
Cycler, Veriti). The obtained cDNA was then used in quantitative PCR to
quantify the transcription of target proteins using the SYBR Premix Ex
Tagqll kit (TaKaRa) in a CFX 96 Bio-Rad (CFX96 Touch, Bio-Rad, USA).
The studied genes and their sequences of rat-related gene primers are
listed in Table S1.

3.14. Statistical analyses

All statistical analyses were performed in Graphpad Prism 7. All data
are reported as mean =+ standard deviation (SD), and the repeating
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numbers are reported in figure captions. The significant difference was
tested with One-way ANOVA and post-hoc least significant difference
(LSD) test. The difference was considered statistically significant when p
< 0.05.
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