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Injectable photocurable Janus hydrogel delivering
hiPSC cardiomyocyte-derived exosome for post-heart

surgery adhesion reduction

Ling Wang'?t, Peier Chen**, Yuxuan Pan>t, Zihan Wang??, Jie Xu', Xiaogi Wu®, Qiao Yang",
Meng Long?, Sitian Liu?, Wenhua Huang?*, Caiwen Ou>*, Yaobin Wu?*

Postsurgical pericardial adhesions pose increased risks of sequelae, prolonged reoperation time, and reduced
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visibility in the surgical field. Here, we introduce an injectable Janus hydrogel, which exhibits asymmetric ad-
hesiveness properties after photocrosslinking, sustained delivering induced pluripotent stem cell-derived car-
diomyocyte exosomes (iCM-EXOs) for post-heart surgery adhesion reduction. Our findings reveal that iCM-EXOs
effectively attenuate oxidative stress in hydrogen peroxide-treated primary cardiomyocytes by inhibiting the
activation of the transcription factor nuclear factor erythroid 2—-related factor 2. Notably, in rat cardiac postsur-
gery models, the Janus hydrogels loaded with iCM-EXOs demonstrate dual functionality, acting as antioxidants
and antipericardial adhesion agents. These hydrogels effectively protect iCM-EXOs from GATA®* cavity macro-
phage clearance by inhibiting the recruitment of macrophages from the thoracic cavity. These results highlight
the promising potential of iCM-EXO-laden Janus hydrogels for clinical safety and efficacy validation in trials
involving heart surgery patients, with the ultimate goal of routine administration during open-heart surgeries.

INTRODUCTION

During heart surgery, surgical trauma to the epicardium can result
in postoperative pericardial adhesions, which are fibrous connec-
tions between the epicardium and the chest cavity. These adhesions
substantially prolong the cardiopulmonary bypass time and the
total operation time, as well as increase the mortality rate of redo
cardiac surgery by threefold compared to primary cardiac surgery
(1, 2). For children patients with congenital heart disease, approxi-
mately 33% of all pediatric and congenital heart surgeries require
redo cardiac surgery (3). Similarly, at least 12% of adults undergoing
valve replacements, mechanical circulatory support, or cardiopul-
monary bypass grafting also require redo cardiac surgery (1).
However, the molecular mechanisms underlying postoperative
pericardial adhesions have not been fully elucidated. Nevertheless,
previous clinical studies have shown that heart surgeries often result
in bleeding (4) and pericardial fluid exudation (5), which enhance
oxidative stress (6), and induce the inflammatory response within
the pericardial space. These factors are proposed to create a predis-
position for the adhesion phenotype (as illustrated in Fig. 1A).
Bleeding and pericardial fluid exudation contribute to pericardial
adhesion by depositing fibrinogen and collagen and recruiting
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macrophages from the thoracic cavity (4). Excess reactive oxygen
species (ROS) can damage mitochondrial membranes, irreversibly
injure cells, trigger apoptosis, and contribute to the development
and progression of maladaptive myocardial remodeling and heart
failure (6, 7). Therefore, effective methods for preventing postoper-
ative pericardial adhesion need to be designed and validated to
improve the outcomes of patients undergoing heart surgeries.
Now, available prophylactic options against postoperative peri-
cardial adhesions include commercial solid barriers such as polylac-
tic acid (CardioWrap), liquid solutions such as 0.1% (w/v) sodium
hyaluronate, and gel barriers such as polyethylene glycol (Coseal).
However, these products do not fully prevent postoperative adhe-
sions as they are only weakly adhesive and cannot completely
cover wet tissues in vivo. Moreover, certain solid barriers must be
sutured to the target tissues. This treatment may further damage the
heart tissue. In addition, as certain gel barriers are highly soluble in
the body, they may be cleared from the target sites too rapidly (8). In
contrast, recent studies have explored adhesive hydrogels resem-
bling those secreted by mussels as postoperative pericardial adhe-
sion barriers (9, 10). They can strongly adhere even to wet tissue
surfaces. Unfortunately, while one of their surfaces may adhere to
the target tissue, the other could simultaneously adhere to nontarget
tissues as well. Therefore, a hydrogel that can robustly adhere to the
target tissues and not adhere to the nontarget tissues is of great clin-
ical significance. These Janus hydrogels have drawn a great deal of
research attention as they have asymmetric adhesiveness. They
demonstrated antiadhesive efficacy in the abdominal wall and
gastric perforations (11-13). We recently reported an injectable
photocurable Janus hydrogel based on grafting catechol groups,
which was named HAD [hyaluronic acid—g-(2-aminoethyl methac-
rylate hydrochloride-dopamine)]. It effectively prevented postoper-
ative abdominal adhesion (12). One side of HAD hydrogel adheres
to wet tissues, while the other resists tissue adhesion. In this
manner, the HAD hydrogel acts as a physical barrier between
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Fig. 1. Overview of HAD+EXOs hydrogel for preventing postoperative adhesion after heart surgery. (A) Schematic representation of postoperative pericardial
adhesion. Bleeding, pericardial fluid exudation, oxidative stress, and inflammatory response are associated with severe postoperative pericardial adhesion. Previous
investigations applied hydrogels or film barriers to staunch bleeding or pericardial fluid exudation. Nevertheless, these modalities failed to reduce oxidative stress
and the inflammatory response. (B) We exploited the catechol groups in DA to create an injectable, photocurable Janus HAD hydrogel with asymmetric adhesion
and ability to provide sustained release of hiPSC cardiomyocyte—-derived exosomes that mitigate oxidative stress and inflammatory response. In this manner, the
HAD and the exosomes synergistically prevent or mitigate postoperative pericardial adhesion.

adjacent tissues. Unfortunately, few prior investigations have re-
ported the application of hydrogel barriers with asymmetric adhe-
sive properties for the prevention of postoperative pericardial
adhesions. The existing adhesive hydrogels were designed to
prevent postoperative adhesions by serving as physical barriers.
While they could staunch bleeding or pericardial fluid exudation
during heart surgery, they could not mitigate the oxidative stress
and inflammatory response within the pericardial space. Therefore,
it would be highly beneficial for designing hydrogel with dual
effects of reducing postoperative adhesion and against oxidative
stress for patients suffering from cardiac surgeries.

Exosomes have been shown to potentially affect endogenous
repair in the heart by mediating proangiogenic, antiapoptotic,
and anti-inflammatory responses (14). Exosomes derived from
mesenchymal stem cells (15), cardiac progenitor cells (16), and
induced pluripotent stem cells (iPSCs) (17) have been shown to
reduce oxidative stress and provide protective preconditioning
when injected into mouse hearts. Exosomes from undifferentiated
iPSCs (iPSC-EXOs) may offer benefits, while their composition will
reflect their originating cells” undifferentiated state. This might
make them more general in their effects. In addition, exosomes
from iPSC-derived cardiomyocytes (iCM-EXOs) have been found
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to have cardioprotective efficacy, improving the left ventricular ejec-
tion fraction and myocardial viability (18). Another pioneering
study showed that iPSC-derived cardiomyocytes, unlike naive
iPSCs, secrete exosomes carrying cardiomyocytes-specific cargo
that can target the myocardium both by protecting from injury
and by promoting recovery after injury in infarcted rat hearts
(19). However, the efficacy of iCM-EXOs in alleviating oxidative
stress still needs to be determined. One challenge in using exosomes
therapeutically is that intravenously injected exosomes are rapidly
cleared by macrophages and tend to accumulate in the liver,
spleen, and lungs (20, 2I). Therefore, the efficient delivery of exo-
somes to the heart and the maintenance of their stability and bio-
logical potency there remain challenging (22). Hydrogels could
potentially deliver large numbers of exosomes to the heart
through sustained release and provide superior cardiac function im-
provement compared to exosomes alone (23, 24). Therefore, we hy-
pothesize that an ideal hydrogel could protect exosomes from
clearance by macrophages from the thoracic cavity and enhance
the effects of exosomes. Moreover, an adhesive hydrogel may facil-
itate the sustained release of exosomes from hydrogel to the target
tissue by increasing the contact surface and reducing the diffusion.

20f18



SCIENCE ADVANCES | RESEARCH ARTICLE

In the present work, we encapsulated iCM-EXOs in HAD hydro-
gels with asymmetric adhesiveness and obtained HAD+EXOs hy-
drogels with the ability to mitigate oxidative stress and reduce
pericardial adhesion after cardiac surgery (Fig. 1B). The asymmetric
adhesive characteristics of HAD hydrogel including its adhesive
strength and antiadhesion property were empirically demonstrated
in this study. We also investigated the antioxidant efficacy of iCM-
EXOs here. The sustained release of iCM-EXOs from HAD+EXOs
hydrogel and its effect on oxidative stress damage to the myocardi-
um were investigated both in vitro and in vivo. We also assessed the
antiadhesion and antioxidant efficacies of HAD+EXOs hydrogel in
a rat postcardiac surgery model and monitored the performance of
the hydrogel for 4 weeks after surgery. We hypothesized that the
HAD+EXOs hydrogel could effectively inhibit or prevent pericardi-
al adhesion and mitigate oxidative stress after heart surgery.

RESULTS

The HAD precursor was synthesized by grafting dopamine hydro-
chloride (DA) and 2-aminoethyl methacrylate (AEMA) onto the
hyaluronic acid (HA) chain according to our previously reported
methodology (12). We selected HA as the main chain because
this polyanionic ligand is widely used as an antiadhesive barrier
in clinical applications (25). HA was endowed with adhesive
groups (DA) and photocurable groups (AEMA) to functionalize it
with adhesiveness and photocrosslinking, respectively (Fig. 2A).
Hyaluronic acid—g-(2-aminoethyl methacrylate) hydrochloride
(HAMA) was synthesized by grafting the AEMA group on an HA
polymer and served as the control (Ctrl) group without the DA
group. The peaks from 6.5 to 7.2 parts per million (ppm) in the
HAD 'H nuclear magnetic resonance (NMR) spectra indicated
the protons in the catechol ring of the DA group. The peaks at
5.68 and 6.13 ppm were assigned to the C=C bond protons of the
AEMA group (Fig. 2B and fig. S1, A to C). In addition, compared
with the Fourier transform infrared (FTIR) spectra of the HA
polymer, the synthetic HAD and HAMA polymers both showed
the wave number of 1633 cm™' that was assigned to the C=C
bond in the AEMA group (fig. S1D). Moreover, HAD samples
showed an increase in the intensity of the —OH group peak at
about 3360 cm ™" formed by the graft of the catechol groups com-
pared with HAMA samples. Therefore, the 'H NMR and FTIR anal-
ysis results both confirmed that the AEMA and DA groups were
successfully grafted onto the HA polymer chains in HAD
polymer. Rheological tests of HAD precursor subjected to different
shear rates confirmed that its shear thinning capacity resembled
those of HAMA (HA polymer grafting with AEMA group) and
HA polymer solution (Fig. 2C). The HAD precursor exhibited
lower viscosity than that of the HA solution but higher than that
of HAMA. The hydroxyl moiety in the DA group maintained hy-
drogen interactions and resulted in the same viscosity level as that of
HA. Overall, the HAD precursor would be injectable because of its
shear thinning property. The HAD hydrogel was then formed after
photocrosslinking aqueous HAD precursor solution in the presence
of a lithium phenyl(2,4,6-trimethylbenzoyl) phosphinate (LAP)
photoinitiator under ultraviolet (UV) irradiation (365 nm) for 15
s (Fig. 2D). The porous microarchitecture of the lyophilized HAD
hydrogel was confirmed under a scanning electron microscope
(SEM) (Fig. 2D). The mechanical properties of the hydrogels were
investigated in a rheological study. The frequency sweep test showed
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that all of these samples showed a higher storage modulus (G') than
loss modulus (G”) in the frequency ranging from 0.1 to 10 Hz,
which suggests their good gelation network after photocrosslinking.
Especially, the G' of HAD hydrogel was slightly lower than that of
HAMA hydrogel because of the hydrophilicity of catechol groups in
HAD (Fig. 2E). In addition, the HAD hydrogels reached equilibri-
um swelling with about 380% after soaking for 4500 min (3 days),
while the HAMA hydrogel showed an equilibrium swelling ratio of
only about 100% (fig. S2A). These results also indicated that the hy-
drophilicity of catechol groups in HAD hydrogels contributed to
their swelling behavior. HAD precursor solution was pipetted
onto the surface of the pig heart to evaluate the adhesive properties
of HAD in heart tissue. The photocrosslinked HAD hydrogel
adhered to the heart surface, and running water did not rinse it
off (Fig. 2F and movie S1). Good adhesion of HAD hydrogel
would maintain its integrity in response to friction with the other
organs in the thoracic cavity. The HAD hydrogel swollen in phos-
phate-buffered saline (PBS) for 24 hours also maintained good ad-
hesion on the heart surface (fig. S3 and movie S1). Hence, HAD
would still adhere to the heart tissue even after swelling in the tho-
racic fluid. The good adhesion of HAD is explained by the strong
interactions between the catechol groups of HAD and the natural
nucleophiles (amino bonds, thiols, and amines) in the proteins on
the heart tissue surface (Fig. 2G). Stabbed, stretched, twisted, and
bent HAD hydrogel maintained its stability and integrity on the
heart tissue crack sites (Fig. 2H). Furthermore, HAD hydrogel
stopped cardiac bleeding. A deep wound to the heart caused
blood leakage and pale red semiopaque coloration in the ambient
liquid environment. However, HAD hydrogel sealing stopped the
blood leakage from the heart wound and restored the ambient
liquid to its natural clear, colorless, transparent state (Fig. 2I and
movie S2). On the other hand, the degradation properties in vitro
of HAD hydrogel were also studied by measuring the dry weights of
the hydrogels for 4 weeks. The result showed that about 22% weight
of HAD hydrogel and 24% weight of HAMA hydrogel degraded
after incubating in PBS (pH 7.4) for 4 weeks (fig. S2B). Furthermore,
we also evaluated the biocompatibility of HAD hydrogel in vitro. As
shown in fig. S4, very few dead cells (red fluorescence) were ob-
served in both the HAD group and the Ctrl group on day 1 and
day 3. The statistical results demonstrated that there was no signifi-
cant difference in cell viability between the HAD group and the Ctrl
group, which indicated the good biocompatibility of our HAD
hydrogel.

HAD hydrogel exhibited asymmetric adhesion, which was con-
trolled by photocrosslinking. Figure 2F shows that the HAD precur-
sor adhered to the pig heart tissue because of the strong interactions
between its catechol groups and the natural nucleophiles in the pro-
teins on the heart tissue surface. The outside surface of the photo-
crosslinked HAD hydrogel demonstrated antiadhesion behavior
because the cross-linked AEMA network restricted the movement
of the catechol groups and prevented them from interacting with the
heart surface nucleophiles (sol-adhesive process) (Fig. 3A). In con-
trast, when the HAD precursor was photocrosslinked before it was
applied to the heart tissue surface, the HAD hydrogel failed to
adhere because the movement of the catechol groups was restricted
(gel-nonadhesive process) (Fig. 3B). Lap shear tests were used to
evaluate the asymmetric adhesiveness of HAD hydrogel and
measure the strength of its adhesion to the heart tissue under the
sol-adhesive and gel-nonadhesive processes. The heart tissue was
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Fig. 2. Characterization of HAD hydrogel. (A) Molecular structure of HAD hydrogel. (B) "H NMR spectra of HAD."a" corresponds to the C(=0)CH3 in HA (5 = 2.1 ppm),“b"
corresponds to the protons in the ring structures of HA (8 = 4.0 to 3.0 ppm), “c” corresponds to the C=C of AEMA (6 = 5.68 and 6.13 ppm), and "d" corresponds to the
protons in the catechol ring of DA (§ = 6.5 to 7.2 ppm). (C) Rheological viscosity test of HAD, HAMA, and HA under different shear rates. (D) Hydrogels were UV-irradiated
and then photocrosslinked. Scale bar, 300 um. (E) The mechanical property of HAD and HAMA hydrogel (n = 3 per group). (F) In situ HAD hydrogel adhesion to pig heart
was stable after water rinsing. Scale bars, 1 cm. (G) Schematic diagram of HAD hydrogel adhesion to heart tissue. (H) After stabbing, stretching, twisting, and bending,
HAD hydrogel maintained its stability and integrity on the heart tissue crack site. Scale bars, 1 cm. (I) HAD hydrogel sealed heart crack and prevented blood leakage from
it. Scale bars, 1 cm.
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Fig. 3. Asymmetric adhesiveness in HAD hydrogel. (A to D) Schemes showing “sol-adhesive” (A) and “"gel-nonadhesive” properties of HAD hydrogel (B) and strength of
adhesion between HAD or HAMA hydrogel and pig heart tissue following sol-adhesive process (C) and gel-nonadhesive process (D) (n = 4 per group). (E) L929 and
RAW264.7 cell adhesion on HAD hydrogel and glass slides (Ctrl). **P < 0.001 and ***P < 0.0001.

cut into 15 mm by 30 mm by 6 mm pieces that were used in the
subsequent tests (fig. S5). Under the sol-adhesive process, HAD hy-
drogel had significantly higher adhesive strength (11.62 + 1.19 kPa)
than HAMA hydrogel (2.89 + 0.22 kPa) (P < 0.01) (Fig. 3C and
movie S3). The HAD hydrogel had numerous free catechol
groups that strongly interacted with the natural nucleophiles in
the proteins on the heart surface. In contrast, the HAMA hydrogel
lacked sufficient moieties that could adhere to the heart tissue. HAD
hydrogel also had greater adhesion strength than a commercial
fibrin glue. (26) Under the gel-nonadhesive process, both the
HAD and HAMA hydrogels exhibited very low adhesive strength
(<0.33 kPa) (Fig. 3D). The lap shear test results demonstrated that
the HAD hydrogel had asymmetric adhesiveness because of photo-
crosslinking and catechol group (DA) grafting. Fibroblasts and
macrophages are recruited by the immune system to promote post-
operative adhesion (27, 28). We evaluate the in vitro antiadhesion
capacity of HAD wusing L1929 fibroblasts and RAW264.7
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macrophages, which are commonly implicated in postoperative ad-
hesions. The cells were seeded onto the surface of the HAD hydro-
gel. Cells mounted on glass slides served as the Ctrl. Live/dead
staining revealed very few round cells on the HAD hydrogel
surface but abundant, widely spread cells adhering to the glass
slides (Fig. 3E). The cell proliferation assay confirmed that the
few 1929 fibroblasts and RAW264.7 macrophages adhering to the
HAD hydrogel surface did not proliferate during 3 days of cultiva-
tion. In contrast, the same cells normally proliferated on the glass
slides (fig. S6). The polyanion HA inhibits attachment and spread-
ing in most mammalian cells as its negatively charged surface repels
negatively charged cell membranes (29). The DA groups provide
cell adhesion sites. In the photocrosslinked HAD hydrogel,
however, they were fixed inside the network where they could not
promote cell adhesion. As HAD hydrogel resists cell adhesion, it
could also potentially inhibit adhesion after cardiac surgery.
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We differentiated human induced pluripotent stem cells (hiPSC)
cells into hiPSC-CMs according to a previously reported protocol
(30). After differentiation, flow cytometry results showed 92.59%
of iPSC-CMs were positive for cardiac troponin T (cTnT), which
suggested the high differentiation efficiency of iPSC (fig. S7A). Im-
munofluorescence images also showed positive expression of a-sar-
comeric actin and cTnT (fig. S7B). Exosomes were derived from the
hiPS-CM culture medium, designated iCM-EXOs, and character-
ized by transmission electron microscopy (TEM), nanoparticle
tracking analysis (NTA), and Zetasizer Nano analysis. The iCM-
EXOs displayed typical “cup rim” morphology under TEM
(Fig. 4A). The NTA indicated that the average and range of the
iCM-EXO diameters were 91 nm and 70 to 125 nm, respectively
(Fig. 4B). The iCM-EXOs had negative zeta potential (—=16.7 mV)
(Fig. 4C) and were, therefore, stable. Western blotting confirmed
the presence of the exosome-specific markers CD9, CD63, Synte-
nin, and Alix in the iCM-EXOs (Fig. 4D). Fluorescence imaging
verified the capacity of CMs to absorb iCM-EXOs (fig. S8). When
the primary cardiomyocytes were cultured with PKH26-labeled
iCM-EXOs, the former acquired red fluorescence, which means
that they absorbed the labeled iCM-EXOs. The preceding results
validated the successful preparation and absorption of iCM-EXOs
derived from hiPS-CMs.

We treated primary cardiomyocytes with PBS, H,O,, and H,0,
in the presence of iCM-EXOs, respectively, and used annexin V—
fluorescein isothiocyanate (FITC) and propidium iodide (PI) stain-
ing to assess apoptosis. Flow cytometry confirmed that >46.9% of all
cells were apoptotic after H,O, treatment (H,O, group), whereas
only 11.8% of all cells were apoptotic in the absence of H,0,
(Ctrl). In the presence of iCM-EXOs plus H,0, (H,0, + iCM-
EXOs group), only 33.9% of the cells were apoptotic. This apoptosis
rate was significantly lower than that for the cells subjected to H,0,
alone (P < 0.01) (Fig. 4, E and F). A cell counting kit-8 (CCK-8)
assay showed that the viability of the H,O, + iCM-EXOs group
was higher than that of the H,O, group (Fig. 4G). Hence, iCM-
EXOs may protect cells against apoptosis that occurs after H,O,
treatment. We then investigated the effects of iCM-EXOs on oxida-
tive stress in primary cardiomyocytes. The stain 2/,7'-dichlorofluor-
escein (DCF) discloses ROS generation. DCF staining images,
quantitative statistical analysis, and flow cytometry revealed that
the iCM-EXO treatment significantly decreased ROS generation
in H,O,-stimulated CMs (Fig. 4, H and 1, and fig. S9A). JC-1 stain-
ing probes the changes that occur in primary cardiomyocyte mito-
chondria after H,O, treatment. JC-1 is a fluorescent lipophilic
carbocyanine dye that is used to visualize the mitochondrial mem-
brane potential (Aym or MMP). Green and red fluorescence indi-
cate low and high MMP, respectively. Figure 4] reveals that relatively
more cells fluoresced red in the Ctrl and H,O, + iCM-EXOs groups,
while comparatively more cells fluoresced green in the H,0, group.
The red:green fluorescence ratio was significantly higher for the
H,0, + iCM-EXOs group than the H,O, group (Fig. 4K). More-
over, the flow cytometry of MMP also showed the same trend
(fig. S9B). Therefore, iCM-EXOs may hinder oxidative stress—
induced perturbation of the MMP.

We detected the protein expression of nuclear factor erythroid
2-related factor 2 (Nrf2), Kelch-like ECH-associated protein-1
(Keapl), reduced form of nicotinamide adenine dinucleotide phos-
phate quinone oxidoreductase 1(NQO1), and heme oxygenase 1
(HO-1) via Western blotting to clarify the molecular mechanism
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by which iCM-EXOs protect against H,O,-induced oxidative
damage. The cytoplasmic Nrf2 levels were lower and the NQO1
and HO-1 levels were higher in the H,0, group than in the Ctrl
group (Fig. 4, L and M). In contrast, the iCM-EXO treatment sig-
nificantly inhibited the decrease in cytoplasmic Nrf2 protein and
the increases in NQO1 and HO-1 in H,0O,-treated cardiomyocytes.
The expression of Keapl in each group showed no significant dif-
ference (P > 0.05), which suggests that Keapl undergoes a confor-
mational change rather than changes in expressions related to the
expression of Nrf2 (fig. S10). The preceding results suggest that
iCM-EXOs inhibit Nrf2 activation, attenuate oxidative stress in
primary cardiomyocytes in vitro, and have potential antioxidant ef-
ficacy in vivo.

The iCM-EXOs were resuspended in HAD precursor solution to
load them into the HAD hydrogel. After photocrosslinking, the
iCM-EXOs were encapsulated within the HAD hydrogel, and the
product was designated the HAD+EXOs hydrogel. The iCM-
EXOs were prelabeled with PKH26, and the HAD hydrogel was
mixed with FITC to visualize the iCM-EXOs within the HAD hy-
drogel. Fluorescence images disclosed that the PKH26-labeled iCM-
EXOs were uniformly distributed within the hydrogel (Fig. 5A). The
three-dimensional (3D) views of the fluorescence images confirmed
the homogeneous distribution of iCM-EXOs within the
HAD+EXOs hydrogel (Fig. 5B). Fluorescence intensity analysis of
the HAD+EXOs hydrogel cross section revealed good longitudinal
and lateral iCM-EXO distribution (Fig. 5C). Furthermore, with the
encapsulation of iCM-EXOs, HAD+EXO hydrogel showed no sig-
nificant difference from HAD hydrogel in terms of storage modulus
(P > 0.05) (fig. S11). The HAD+EXOs were immersed in PBS at
37°C for 15 days to simulate sustained in vivo release of iCM-
EXOs. The latter was detected with a micro—bicinchoninic acid
(BCA) protein assay kit (Thermo Fisher Scientific, Chengdu,
Sichuan, China) according to the manufacturer’s instructions.
The standard curve for the iCM-EXOs is shown in fig. S12. The
iCM-EXOs were very rapidly released from the HAMA+EXOs hy-
drogel. By day 7, 83.2% of all iCM-EXOs had been released. In con-
trast, only 58.0% of the iCM-EXOs had been released from the
HAD+EXOs hydrogel by day 7. The sustained release of iCM-
EXOs from the HAMA+EXOs hydrogel reached its upper limit of
95.2% by day 11. However, only 89.9% of the iCM-EXOs had been
released from the HAD+EXOs hydrogel by day 13 (Fig. 5D). The
foregoing results demonstrated the satisfactory sustained release be-
havior of HAD+EXOs hydrogel and the potential capacity of HAD
hydrogel to deliver exosomes.

Figure 6A shows that part of the pericardium was excised to
release the pericardial fluid and expose the epicardium. The latter
was then stabbed 100 times with a needle to induce bleeding. This
approach simulated the post—cardiac surgery condition character-
ized by incomplete pericardium, pericardial fluid leakage, autoge-
nous bleeding followed by acute inflammation and oxidative stress,
and chronic pericardial adhesion. HAD or HAD+EXOs precursor
solutions were applied to the bleeding sites in the epicardium. The
photocrosslinked HAD and HAD+EXOs hydrogels fully covered
the target sites (Fig. 6A). We then labeled the hydrogel precursor
with indocyanine green (ICG) to visualize it under near-infrared
(NIR) light and measure the HAD+EXOs and HAD hydrogel reten-
tion times on the heart surface. The first week after heart surgery is
the acute period when oxidative stress and immunoreactions may
occur. At that time, the HAD and HAD+EXOs hydrogels induced
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Fig. 4. iCM-EXOs inhibit oxidative stress and ameliorate mitochondrial changes in H,0,-stimulated CMs. (A) TEM image of iCM-EXOs. Scale bar, 200 pm. (B) Size
distributions of isolated iCM-EXOs determined by NTA. (C) Negative zeta potentials of iCM-EXOs. (D) Western blots of exosome-specific marker protein expression in iCM-
EXOs. (E and F) Flow cytometry of apoptotic cells in each group (n = 4). (G) Cell viability of primary cardiomyocytes in each group (n = 4). (H and I) Representative DCF
(green) and 4,6-diamidino-2-phenylindole (blue) staining images revealing ROS generation. Histogram showing ROS level compared with that of the Ctrl group (n = 4 per
group). (J and K) JC-1 staining showing representative images of MMP. Green fluorescence is the monomeric JC-1 that forms in cytosol. Red fluorescence is the potential-
dependent aggregation in the mitochondria of each group. Histogram showing red:green JC-1 fluorescence in each group (n = 4 per group). (L and M) Western blots and
histograms of Nrf2, HO-1, and NQO1 in primary cardiomyocytes of each group. *P < 0.05, **P < 0.001, and ***P < 0.0001.
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drogel images and fluorescence intensity analysis of their cross sections revealing
the homogeneous iCM-EXO distribution within HAD+EXOs hydrogel. (D) Schemat-
ic diagram of iCM-EXO release from HAD+EXOs and HAMA+EXOs hydrogels and
graph plotting sustained release over 15 days (n = 4 per group).

intense signals in the heart at the thoracotomy (suturing) site
(Fig. 6B). Two weeks after heart surgery, the HAD hydrogel and
HAD+EXOs hydrogel signals had declined to levels below NIR
(Fig. 6C). There was no significant difference in retention time
between the HAD and HAD+EXOs hydrogels. Hence, iCM-EXO
encapsulation had no impact on the HAD+EXOs hydrogel reten-
tion time in vivo. We also measured the superoxide dismutase
(SOD) and glutathione (GSH) levels 7 days after heart surgery. As
the HAD+EXOs hydrogel provided sustained iCM-EXO release, the
HAD+EXOs group secreted relatively larger amounts of SOD and
GSH than the HAD and model groups in response to oxidative chal-
lenge in vivo (Fig. 6, D and E). We then used enzyme-linked immu-
nosorbent assay (ELISA) and quantitative polymerase chain
reaction (qQPCR) to measure the gene and protein expression
levels of the proinflammatory cytokines interleukin-1p (IL-1p),
tumor necrosis factor—a (TNF-a), and IL-6. HAD hydrogel signifi-
cantly (P < 0.05) and HAD+EXOs hydrogel very significantly (P <
0.001) down-regulated all three cytokines compared with the model
group (Fig. 6, F and G). These results suggest that the sustained
iCM-EXO release provided by HAD+EXOs hydrogel was both an-
tioxidant and anti-inflammatory after cardiac surgery (Fig. 6H).

Wang et al., Sci. Adv. 9, eadh1753 (2023) 4 August 2023

We compared pericardial adhesion in the HAD+EXOs hydrogel,
iCM-EXOs, HAD hydrogel, and model groups at 2 weeks after
cardiac surgery. A gross examination of pericardial adhesion forma-
tion was conducted after the thoracic cavities were reopened. Rep-
resentative images of the harvested postoperative hearts are shown
in Fig. 7A. Each heart was divided into nine sections, and the overall
severity of adhesion in each section was rated on a scale of 0 to 4
(Fig. 7B). The model and iCM-EXO groups did not significantly
differ in terms of the three scores mentioned previously. Thus, in-
hibiting oxidative stress by exosome administration did not prevent
pericardial adhesion in vivo. In contrast, postoperative adhesions
were significantly reduced in the HAD and HAD+EXOs groups
compared with the model group (Fig. 7C). The average adhesion
intensity scores of the HAD (0.94 + 0.68) and HAD+EXOs (0.39
+ 0.42) groups were lower than that of the model group (1.83 +
0.72). The average adhesion scores of the HAD (0.54 + 0.52) and
HAD+EXOs (0.15 + 0.22) groups were also lower than that of the
model group (1.44 + 1.04). Hematoxylin and eosin (H&E) staining
disclosed abundant fibrous tissue and severe adhesion on the sur-
faces of the hearts in the model and iCM-EXO groups. By contrast,
only sparse fibrous tissues were detected on the surfaces of the
hearts in the HAD and HAD+EXOs groups (Fig. 7D). About 4.73
+ 1.2% and 3.03 + 0.43% fibrous tissue was on the surfaces of the
postoperative heart in the HAD and HAD+EXOs groups, respec-
tively. On the other hand, 22.23 + 4.04% and 20.93 + 1.04%
fibrous tissue was on the surfaces of the postoperative heart in the
model and iCM-EXOs groups, respectively (Fig. 7E). In the present
study, only a few GATA®" macrophages (red) were observed at the
adhesive side of the HAD+EXOs group, whereas numerous
GATA®" macrophages were recruited to the adhesive side of the
model group at 1 week after surgery. Macrophage scavenger recep-
tor-1 (MSR-1; positive charge) was abundant in the peripheral
region of the adhesive sites in the model group (Fig. 7, F and G).
Thus, GATA®" macrophages were recruited to the sites and contrib-
uted to postoperative adhesion. In contrast, very little MSR-1 was
detected at the adhesive sites of the HAD+EXOs group. The preced-
ing results demonstrated that HAD+EXOs hydrogel may prevent
postoperative adhesions in a rat cardiac surgery model by suppress-
ing the recruitment of GATA®" cavity macrophages to the adhe-
sion sites.

Postoperative adhesion was assessed at 4 weeks after heart
surgery to evaluate the long-term efficacies of the HAD, iCM-
EXOs, and HAD+EXOs treatments relative to the untreated
model. The gross assessment of reductions in the formation of post-
operative adhesions is shown in Fig. 8A. The HAD and HAD+EXOs
groups presented with inconspicuous adhesion, whereas the model
and iCM-EXOs groups displayed obvious adhesion. H&E staining
images revealed different degrees of adhesion on the surfaces of the
postoperative hearts from each group. The model and iCM-EXOs
groups exhibited abundant fibrous tissue and severe adhesion on
their heart surfaces, whereas only sparse fibrous tissue was observed
on the surfaces of the hearts from the HAD and HAD+EXOs groups
(Fig. 8A). For all treatment groups, the average adhesion and adhe-
sion intensity scores and the maximum adhesion intensities were
lower at 4 weeks after surgery than they were at 2 weeks after
surgery. Nevertheless, the adhesion scores still significantly differed
among treatment groups. The HAD+EXOs and HAD groups had
lower average adhesion intensities (0.07 + 0.19 and 0.36 + 0.38, re-
spectively) than the model and iCM-EXOs groups (1.07 + 0.80 and
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Fig. 6. HAD+EXOs reduced oxidative stress and immunoreactions in a rat post-cardiac surgery model. (A) Establishment of a rat pericardial adhesion model. (B and
C) Fluorescence images and in vivo retention times of HAD and HAD+EXOs hydrogels in rat hearts on days 3, 7, and 14 after cardiac surgery (n = 3 per group). (D) Cardiac
SOD levels 1 week after cardiac surgery (n = 4 per group). (E) GSH:Glutathione oxidized (GSSG) ratios in the heart tissue at 1 week after cardiac surgery (n = 4 per group). (F)
ELISA of IL-1B, TNF-a, and IL-6 at 1 week after cardiac surgery (n = 4 per group). (G) gPCR of relative IL-1(, TNF-a, and IL-6 expression at 1 week after cardiac surgery (n =4
per group). (H) Antioxidant and anti-inflammatory mechanisms of HAD+EXOs hydrogel after cardiac surgery. *P < 0.05, **P < 0.001, and ***P < 0.0001.

0.86 * 0.85, respectively). The average adhesion scores and
maximum adhesion intensities showed similar trends (Fig. 8B).
The foregoing results indicated that both the HAD and
HAD+EXOs treatments maintained long-acting antiadhesion effi-
cacy after heart surgery. We performed M-mode echocardiography
to evaluate the systolic and diastolic functions of the heart at 4 weeks

Wang et al., Sci. Adv. 9, eadh1753 (2023) 4 August 2023

after surgery (Fig. 8C). In our study, the needling method can
induce bleeding and postoperative adhesion without impact on
cardiac function (9), so the sham group and model group showed
no statistical difference. Moreover, the treatment and model groups
did not significantly differ in terms of ejection fraction, fractional
shortening, end-systolic left ventricular internal diameter
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group (n = 4 per group). (F) Mechanism of the antiadhesion effect of HAD. (G) Immunofluorescence images showing GATA®" (red) and MSR-1 (red) in the model and
HAD+EXOs groups. *P < 0.05, **P < 0.001, and ***P < 0.0001. ns, no significant difference.
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Fig. 8. HAD+EXOs reduced postoperative adhesion and maintained cardiac function at 4 weeks after rat heart surgery. (A) Representative gross images of post-
operative hearts from the model, iCM-EXOs, HAD, and HAD+EXOs groups. (B) Adhesion scores for each group (n = 7 per group). (C) Representative H&E staining images of
rat hearts. (D and E) Representative M-mode images and ejection fraction, fraction shortening, LVIDs, and LVIDd values determined by echocardiography of the model,
iCM-EXOs, and HAD+EXOs groups at 4 weeks after surgery (n = 3 per group). *P < 0.05 and ***P < 0.0001.

(LVIDs), or end-diastolic left ventricular internal diameter
(LVIDd). Hence, cardiac function remained normal following
HAD+EXOs hydrogel application (Fig. 8D). Moreover, echocardi-
ography demonstrated that HAD+EXOs had no significant impact
on cardiac function.
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DISCUSSION

In the present study, we successfully designed and synthesized a
Janus hydrogel with asymmetric adhesive properties. The inspira-
tion for the hydrogel design was mussel grafting catechol groups.
HA was selected as the principal polymer chain. Commercial Na-
HA solution washout has been applied to limit adhesion during
cardiac surgery. Nevertheless, this approach had limited efficacy
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because of its very short retention time. A prior investigation cross-
linked HA to improve its mechanical properties and extend its re-
tention time (31, 32). Here, we grafted DA and AEMA onto the HA
chain to functionalize it with adhesiveness and photocrosslinking,
respectively (Fig. 2A). DA mediates the formation of mussel adhe-
sives and has recently been used widely in the design of adhesive
materials (9, 33, 34).

For the “sol-adhesive” process as shown in Fig. 3A, the HAD pre-
cursor was first pipetted and adhered on the pig heart tissue,
because of the Schiff base reaction or Michael addition reaction
between the catechol groups in the HAD precursor and the
natural nucleophiles (amido bonds, thiols, and amines) of the pro-
teins on the heart tissue surface. Subsequently, the HAD hydrogel
was then formed after photocrosslinking, which showed the antiad-
hesion behavior because the cross-linked AEMA network in the
HAD hydrogel restricted the movement of the catechol groups
and prevented them from interacting with the heart surface nucle-
ophiles. Therefore, the key role of this asymmetric adhesive phe-
nomenon is controlled by the photocrosslinking process, where
the cross-linked AEMA network would restrict the movement of
the catechol groups and prevent them from interacting with the
heart surface nucleophiles. In contrast, for the “gel-nonadhesive”
process, when HAD hydrogel was formed after photocrosslinking
before it was applied to the heart tissue surface, the HAD hydrogel
failed to adhere to the tissue surface because the movement of the
catechol groups was restricted. The key role of this asymmetric ad-
hesive phenomenon is controlled by the photocrosslinking process,
where the cross-linked AEMA network would restrict the move-
ment of the catechol groups and prevented them from interacting
with the heart surface nucleophiles (Fig. 3C). During the process,
the inside face of the HAD+EXOs hydrogel was able to adhere on
the surface of the heart, while the opposite surface exhibited anti-
adhesion behavior, which we called the asymmetric adhesive prop-
erties. Furthermore, we used lap shear tests to evaluate the
asymmetric adhesiveness of HAD hydrogel and measure the
strength of adhesion between HAD hydrogel and pig heart under
the sol-adhesive and gel-nonadhesive processes. The adhesive
strength of HAD hydrogel was ~11.62 + 1.19 kPa, surpassing that
of commercial fibrin glue (26). HAD hydrogel could also stop
cardiac bleeding in vitro. The in vitro model demonstrated that
HAD hydrogel minimized or even prevented severe bleeding in iso-
lated pig hearts (Fig. 2I). Hence, HAD hydrogel can effectively
reduce pericardial adhesions as bleeding during cardiac surgery
may result in severe postoperative adhesion. Blood and fibrin
clots promote adhesion formation via fibrin accumulation. Thus,
the pericardial cavity must be maintained free of blood and clots
to prevent the formation of dense adhesions there (4).

In an earlier study on a rat model, exosomes were delivered to
target sites via local multipoint or intravenous injection into the
tail veins (35). However, these techniques had low delivery efficien-
cy as exosomes can be rapidly cleared by macrophages and accumu-
late in other organs (20, 21). Another study on a mouse model used
Matrigel to suspend exosomes and improve exosome engraftment
in the myocardium (18). However, Matrigel is not a strong adhesive
and its retention time is very short. Therefore, its suitability for this
application is critically limited. Here, we observed the sustained
release of iCM-EXOs from HAD+EXOs hydrogel and their efficient
delivery into the epicardium. At days 7 and 13 after surgery, 58.0
and 89.9% of the iCM-EXOs had been released from the
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HAD+EXOs hydrogel, respectively (Fig. 4D). In contrast, 83.2%
of the iCM-EXOs had been released from the HAMA+EXOs hydro-
gel at day 7 after surgery. The sustained release of iCM-EXOs from
HAMA-+EXOs hydrogel had reached 95.2% of its capacity by day 11
after surgery. The presence of the catechol moieties in the
HAD+EXOs hydrogel explains why it achieved a longer sustained
release of iCM-EXOs than HAMA+EXOs hydrogel. HAD hydrogel
is rich in DA, harboring catechol groups with a very high affinity for
the natural nucleophiles (amido bonds and amines) on exosomes.
For this reason, it requires relatively more energy to release the exo-
somes from the hydrogel. In contrast, HAMA hydrogel lacks cate-
chol groups that can attract exosomes (Fig. 4D). The foregoing
results demonstrated the sustained release behavior of
HAD+EXOs hydrogel and the potential exosome delivery capacity
of HAD hydrogel.

Patient-specific iPSC derivatives have been used to generate
iCM-EXOs. The latter can be applied in autologous therapy as
they activate endogenous repair. Preclinical studies have indicated
that exosomes secreted from transplanted iPSCs and/or their deriv-
atives improve heart function and stimulate angiogenesis by en-
hancing blood vessels and injured myocardium regeneration in
the peri-infarcted area (14, 18). Exosomes in dystrophin deficiency
(Dys) iCMs protected the Dys-iCM from H,0,-induced injury by
decreasing ROS production and release. In this way, the MMP was
maintained (36). In the present study, iCM-EXOs protected
primary cardiomyocytes subjected to H,O, against apoptosis
(Fig. 4E). Treatment with iCM-EXOs significantly reduced ROS
generation and maintained the MMP in H,O,-stimulated CMs
(Fig. 4, H to K). We also observed substantially higher cytoplasmic
Nrf2 levels in the iCM-EXOs treatment than in the H,O, treatment
(Fig. 4L). Nrf2 is strongly associated with oxidative stress—mediated
cardiac remodeling and heart failure (37, 38). It is also a central
player in cellular defense against oxidative stress and regulates
downstream detoxifying enzymes and antioxidant proteins includ-
ing NQO1, HO-1, SOD, and GSH. We observed NQO1 and HO-1
down-regulation (Fig. 4M) in response to iCM-EXOs treatment.
Therefore, iCM-EXOs may inhibit Nrf2 activation, mitigate oxida-
tive stress in primary cardiomyocytes in vitro, and have potential
antioxidant efficacy in vivo. Our in vivo experiments revealed that
the HAD+EXOs group (sustained iCM-EXO release) produced
higher SOD and GSH as well as lower proinflammatory cytokine
levels than the HAD and model groups at 1 week after cardiac
surgery (Fig. 6, D and E).

Prior research disclosed that reducing oxidative stress and the
inflammatory response with drugs could prevent postoperative
pericardial adhesion in an animal model (39, 40). The results of
the present study showed that local exosome injection alleviated ox-
idative stress but failed to prevent pericardial adhesion in a rat post—
cardiac surgery model. One possible explanation for this discrep-
ancy is the fact that macrophages can eliminate injected exosomes
(21). The HAD and HAD+EXOs groups presented with less fibrous
tissue and adhesion than the model and iCM-EXOs groups. On the
other hand, HAD hydrogel acted as a polyanion trap that inhibited
GATA® cavity macrophage recruitment by neutralizing the MSR-1
scavenger receptor and, by extension, preventing abdominal adhe-
sion in vivo (12). HA is the main chain of HAD hydrogel. Because of
the presence of carboxyl groups (COOH) in its molecular structure,
HA has a negative charge. For the HAD hydrogel, although the ad-
dition of the DA and AEMA groups reacted with the part of COOH
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groups on the HA chain (—57.3 £ 0.7 mV), the HAD still showed a
negative zeta potential (—57.3 + 0.7 mV) at pH 7.4 (12). Therefore,
the surface of the HAD hydrogel showed a negative charge and had
the capacity to attract the positive charge including MSR-1 on
GATA®" macrophages (Fig. 7F). In the present study, only a few
GATA® macrophages were observed at the adhesive sites of the
HAD+EXOs group, whereas numerous GATA®" macrophages
were recruited to the adhesive sites of the model group at 1 week
after surgery (Fig. 7G). The HAD group presented with inconspic-
uous adhesion compared to the model and iCM-EXOs groups.
However, the HAD group had significantly higher average adhesion
and maximum adhesion intensity scores as well as larger adhesions
than the HAD+EXOs group (Fig. 7, B and C). The superiority of the
HAD+EXOs hydrogel to the HAD hydrogel may be explained by
the capacity of the former to encapsulate iCM-EXOs.
HAD+EXOs hydrogel inhibited the recruitment of GATA® cavity
macrophages from the thoracic cavity and could, therefore, protect
iCM-EXOs from macrophage clearance. The foregoing results con-
firmed that HAD hydrogel protects the iCM-EXOs from macro-
phage elimination, provides sustained iCM-EXOs release, and
alleviates oxidative stress. They also indicate that HAD+EXOs in-
hibited pericardial adhesion to a greater extent than all other treat-
ments as the HAD created a physical barrier and the iCM-EXOs
were antioxidant.

At 4 weeks after surgery, the HAD+EXOs and HAD groups had
lower average adhesion intensity scores (0.07 + 0.19 and 0.36 + 0.38,
respectively) than the model and iCM-EXOs groups (1.07 + 0.80
and 0.86 * 0.85, respectively) (Fig. 8B). Therefore, both HAD and
HAD+EXOs had prolonged postoperative adhesion prevention ef-
ficacy. M-mode echocardiography revealed that HAD+EXOs had
no significant negative impact on normal, healthy cardiac function.
In vivo, ICG labeling disclosed that most of the HAD and
HAD+EXOs hydrogels degraded at 2 weeks after surgery. This re-
tention time suffices to enable biodegradable barriers to prevent
postoperative adhesion. The resorbable HA membrane Seprafilm
has a 7-day retention time (41), while Coseal is completely resorbed
within 30 days. Hence, there is a low risk that they will induce the
inflammation and infection associated with permanently implanted
or embedded foreign bodies.

Additional studies are necessary before this work can be trans-
lated clinically. First, the method of applying the HAD+EXOs hy-
drogel to the rat heart surface using syringes may not be practical for
covering a larger area in a larger animal model in a short time, or for
clinical applications in human surgery. Therefore, the development
of a spray device to effectively spray the hydrogel and cover as much
area as possible based on its shear thinning property may be ex-
plored. This would allow for more efficient and widespread appli-
cation of the hydrogel. Second, in this study, a needling method was
used to create a rat model to simulate post—heart surgery conditions,
which is a commonly used method for preparing adhesion models
(9, 42). However, this model may not perfectly mimic the clinical
status of the patients. In future large animal experiments, other
models such as the cardiopulmonary bypass, aortotomy, valve re-
placement, or sternotomy models should be considered to investi-
gate the clinical safety and efficacy validation of the HAD+EXOs
hydrogel. These models induce more severe inflammatory respons-
es compared to the needling methods, which may result in differ-
ences in postoperative adhesion scores and provide a more clinically
relevant assessment. Last, in this study, exosomes were derived from
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hiPS-CMs via ultracentrifugation, which may result in batch-to-
batch variance because of exosome heterogeneity. However,
efforts are being made to establish good manufacturing practice
(GMP) facilities for producing therapeutic exosomes, which can
help manage the issue of batch-to-batch variance. Developing the
HAD+EXOs hydrogel with GMP standards would be highly bene-
ficial for future clinical translation of this work, as it would ensure
consistent quality and safety of the hydrogel for clinical use.

The present work reported a HAD+EXOs hydrogel formulated
by encapsulating iCM-EXOs in HAD hydrogels with asymmetric
adhesiveness (fig. S13). The HAD+EXOs hydrogel has the potential
efficacy at mitigating oxidative stress and reducing adhesion after
cardiac surgery. One side of the UV-photocrosslinked HAD hydro-
gel facilitates adhesion to the wet myocardial surface, while its other
side resists adhesion to the thoracic cavity. The antiadhesion side of
HAD+EXOs hydrogel could inhibit the recruitment of GATA®"
cavity macrophages from the thoracic cavity, thus protecting the
iCM-EXOs from macrophages. On the other hand, the adhesion
side of HAD+EXOs hydrogel could locally sustain the release
iCM-EXOs to alleviate oxidative stress because of the high affinity
of the catechol group and exosomes. The iCM-EXOs significantly
attenuated oxidative stress in H,O,-treated primary cardiomyocytes
in vitro by inhibiting Nrf2 activation. The HAD+EXOs hydrogel
provided sustained release of its encapsulated iCM-EXOs for 15
days. In a rat post—cardiac surgery model, sustained iCM-EXOs
release from the HAD+EXOs hydrogel alleviated oxidative stress
and mitigated inflammation. HAD+EXOs hydrogel also signifi-
cantly reduced pericardial adhesion in vivo and had no adverse
effect on cardiac function. The HAD component contributed to
the physical barrier while the iCM-EXOs had antioxidant efficacy.
We believe that the HAD+EXOs hydrogel formulated, analyzed,
and evaluated here is promising as an innovative clinical strategy
for reducing postoperative pericardial adhesion.

MATERIALS AND METHODS

Materials

Sodium hyaluronate (molecular weight ~ 800 kDa) was purchased
from Bloomage Biotech (China). Ethyl(dimethylaminopropyl) car-
bodiimide (EDC), N-hydroxysuccinimide (NHS), AEMA, and dop-
amine hydrochloride were purchased from Sigma-Aldrich and used
without further purification (Shanghai, China). Dulbecco’s PBS
(DPBS; GIBCO), fetal bovine serum (FBS; GIBCO), and Live/
Dead Viability Assay Kit and Alamar Blue (Molecular Probes)
were used as received. hiPSC (U1 line) and differentiation media
of hiPSC-CMs were purchased from Cellapy (Beijing, China).

Differentiation of hiPSCs into cardiomyocytes

Initially, hiPSC (U1 line) was seeded on growth factor reduced Ma-
trigel (diluted 1:100) and cultured in Essential 8 medium. When the
cells reached 80 to 90% confluence, they were passaged using hiPSC
medium supplemented with 5 uM Y-27632 and incubated for 18
hours before being maintained in an iPS medium. Cardiomyocyte
differentiation of hiPSC (hiPSC-CMs) was performed with a three-
step method: Once the confluence of iPSC reached 50 to 80%, the
culture medium was replaced by CM medium supplemented with 3
uM CHIR99021 for 48 hours, medium was changed into CM
medium supplemented with 2 uM Wnt-C59 for 48 hours, and the
cells were then maintained in CM medium for the following days.
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Beating cells, indicative of cardiomyocyte differentiation, were ob-
served between 7 and 8 days after the initiation of differentiation.
Experiments were carried out once the proportion of beating cells
reached 70 to 80%. For the replating of hiPSC-CMs, differentiated
hiPSCs at days 9 to 21 were digested to seeded on a Matrigel-coated
flask or plate cultured in a CM medium. The differentiation of
hiPSCs into cardiomyocytes was induced by a reprogramming tech-
nique (30). Briefly, the hiPSCs were seeded on Matrigel (Corning)—
precoated plates for 2 to 3 days under E8 media. When the cells’
confluence reached 70 to 80%, the medium was replaced with CM
differentiation media I (DO0). After 48 hours, the medium was re-
placed with CM differentiation media II (D2), and subsequently re-
placed with CM differentiation media III (D4). Last, beating cells
are observed on day 9 after initiating reprogramming and further
analyzed in the following days (days 18 to 22). To validate the dif-
ferentiation of iPSC-CMs, flow cytometry was used to quantitatively
detect the expression of ¢TnT using an LSR II analyzer (BD) and
analyzed using Flow]Jo software.

Exosome isolation, identification, and uptake assessments
The isolation and identification of exosomes were conducted fol-
lowing our previous procedure (43). Briefly, the supernatant of
the hiPSC-CMs was collected after cultured in exosome-free
medium for 48 hours and centrifuged at 300g for 10 min. The
cells, membranes, and debris were removed by a series of ultracen-
trifugation. After filtered through a 0.22 um filter (Millipore), the
supernatant was then ultracentrifuged at 120,000g for 90 min to
obtain exosomes. Subsequently, the exosomes were resuspended
in DPBS and purified at 120,000¢ for 90 min. Last, the exosomes
were washed with DPBS and stored at —80°C until use. The
protein makers of exosomes (CD9, CD81, Alix, and Syntenin)
were examined by Western blotting. The microstructure of exo-
somes was observed under TEM (Hitachi). The diameter of parti-
cles in exosomes was measured using NTA (Zetaview). The zeta
potentials of exosomes were analyzed by using a Zetasizer Nano an-
alyzer (Malvern). To visualize the location of exosomes in cells after
the uptake by primary cardiomyocytes, PKH-26 was used to label
exosomes according to the manufacturer's instructions
(Sigma-Aldrich).

The isolation of primary cardiomyocytes

Neonatal primary cardiomyocytes were isolated from the hearts of
3-day-old Sprague-Dawley rats according to our previous study
(44). Briefly, hearts were cut into pieces and suspended in 0.08%
collagenase type II (GIBCO). Digestion was carried out in a water
bath at 4°C for 10 times. After digestion, the supernatant was col-
lected and centrifuged at 200g for 5 min. Cells were resuspended in
culture medium [Dulbecco’'s modified Eagle’s medium (DMEM) +
10% FBS] and plated in a petri dish. To eliminate the contamination
of cardiac fibroblasts, cells were preplaced for 2 hours.

In vitro hiPSC-CMs-EXO against oxidative stress in primary
cardiomyocytes

The primary cardiomyocytes (1 x 10°/cm?®) were pretreated with
hiPSC-CMs-EXO (80 pg/ml) for 24 hours to ensure that the exo-
somes could be uptake by the primary cardiomyocytes and then
stimulated with H,O, (100 pM) for 4 hours to induce oxidative
stress. For JC-1 staining, the MMP in primary cardiomyocytes of
each group was detected using the JC-1 kit according to the
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manufacturer’s instructions (Beyotime). JC-1 (5 mM) was added
and incubated for 45 min and then observed under a fluorescence
microscope (Olympus). The ratio of red to green fluorescence in-
tensity was analyzed using Image] software. For ROS analysis, the
intracellular stress levels in primary cardiomyocytes of each group
were detected using the Reactive Oxygen Species Assay Kit accord-
ing to the manufacturer’s instructions (Beyotime). 2',7'-Dichlorodi-
hydrofluorescein diacetate (DCFH-DA) solution (10 pM) was
added and incubated for 20 min and then observed under a fluores-
cence microscope (Olympus). For MitoTracker staining, the mito-
chondria morphology in primary cardiomyocytes of each group was
detected using the MitoTracker Green Kit according to the manu-
facturer's instructions (Beyotime). DCFH-DA solution (20 nM) was
added and incubated for 30 min and then observed under a fluores-
cence microscope (Olympus). For Western blotting analysis, the
protein of primary cardiomyocytes in each group were quantified
using the BCA protein assay kit (Thermo Fisher Scientific) and ex-
amined using Western blotting for the representative proteins of
Nrf2 signal pathway (Nrf2, HO-1, and NQO1). The grayscale of
protein bands was quantified using the Image] software.

Synthesis and characterization of the HAD polymer

The synthesis of the HAD polymer was performed by following our
previous work (12). In our previous studies, a list of HAD hydrogels
with different mass ratios of AEMA and DA was prepared, and the
characterization results showed that the adhesive strength of the H-
3A-3D (AEMA:DA mass ratio was 3:3) hydrogel showed several
times higher than those of the other HAD groups. Therefore, in
this study, we also chose the H-3A-3D HAD samples, which
showed promising adhesive properties, to prepare the injectable
barriers to adhere on the heart surface with continuous movement.
Briefly, the HA (1 g) was dissolved in double-distilled H,O at the
concentration of 1% (w/v). Subsequently, EDC (4 mmol), NHS (4
mmol), and AEMA (3 mmol) were added to the HA solutions. Dop-
amine hydrochloride (DA; 3 mmol) was then added to the solution
and stirred for 24 hours. After the reaction, the monomers were di-
alyzed under acidic conditions for 3 days. The HAD polymers after
dialysis were lyophilized and then stored away from light and mois-
ture. HAMA was synthesized by the grafted AEMA group on HA
polymer, served as the Ctrl group without the DA group. The chem-
ical structures of HAD and HAMA were determined by "H NMR.
The shear thinning properties of HAD and HAMA precursors were
measured using a rotational rheometer (HAAHE MARS 40,
Thermo Fisher Scientific) with the shear rate varying from 0.1 to
1000 s™'. The samples were run in triplicate. The chemical struc-
tures of HAD and HAMA were determined by FTIR-attenuated
total reflectance (ATR) spectroscopy. FTIR-ATR spectra were re-
corded in the range of 1300 to 3500 cm™", acquired by a Nicolet
6700 (Thermo Fisher Scientific) and ZnSE Golden Gate ATR acces-
sory (Specac). Three hundred scans at a resolution of 2 cm™! were
averaged for each spectrum. The FTIR spectra were background-
subtracted and baseline-corrected with OMNIC software v.8.3.103.

Preparation and characterization of HAD and HAD-EXO
hydrogels

For the gelation of HAD, 3 wt % of HAD precursor solution con-
taining LAP (0.1 wt %) (L0290, TCI EUROPE N.V., Zwijndrecht,
Belgium) (as the photoinitiator) was prepared. The HAD hydrogels
were cross-linked after photocrosslinking under 365 nm of UV

14 of 18



SCIENCE ADVANCES | RESEARCH ARTICLE

irradiation (7 mW/cm?) for 10 s. The microstructure of HAD were
observed under a SEM (Hitachi). The hiPSC-CMs-EXO was mixed
within HAD precursor solution and cross-linked to obtain the
HAD-EXO hydrogel. To visualize the distribution of hiPSC-CMs-
EXO, the hiPSC-CMs-EXO was prestained with PKH26 (red) ac-
cording to the manufacturer’s instruction (Sigma-Aldrich), and
HAD precursor solution was loaded with FITC (green) (50 ug/
ml). After photocrosslinking, the HAD+EXOs hydrogel was ob-
served under a laser scanning confocal microscope (NIKON) and
then analyzed using Image]J to distinguish the distribution of red
and green fluorescence. For mechanical test, 3 wt % of precursor
solution of HAD or HAD+EXOs with 0.1 wt % of LAP was
added into cylindrical molds (1 mm thickness and 20 mm diame-
ter). The hydrogels were formed after photocrosslinking under 365
nm of UV irradiation for 10 s. A rheometer (HAAHE MARS 40,
Thermo Fisher Scientific) with 20 mm stainless steel parallel
plates was used. The parallel plate gap is set to 1 mm. Then, a fre-
quency sweep test was performed at a strain of 1% and frequency
from 0.1 to 10 Hz to evaluate the storage modulus (G’) and loss
modulus (G”) of the hydrogels. For the swelling and degradation
test of the hydrogel, 3 wt % of precursory solution with 0.1 wt %
of LAP was added into cylindrical molds (4 mm high and 10 mm
diameter) to prepare photocrosslinked cylindrical-shaped hydrogel
samples. The hydrogels’ swelling ratio behavior was assessed by
measuring the wet weights of the hydrogels after incubating them
in PBS (pH 7.4) at 37°C. Hydrogel samples were taken out at pre-
set time intervals. Immediately after the removal of superficial water
using filter papers, the weight of hydrogels was recorded. The swell-
ing ratio (SR) was calculated by the following equation: SR (%) =
(W, =Wo)/ Wy x 100%, where W, and W, represented the initial
weight of the wet hydrogels and the weight after swelling preset
time, respectively. The test was repeated three times. For testing
the in vitro degradation of the hydrogel, the remaining weight
ratio of the hydrogels was assessed by measuring dry weights of
the hydrogels (4 mm high and 10 mm diameter) after incubating
in PBS (pH 7.4) at 37°C for 4 weeks, with shaking at 100 rpm. At
each predetermined time point, the samples were freeze-dried and
then weighed. The remaining weight was calculated by the following
equation: Dy (%) = W,/W, x 100%, where W, and W, represented
the initial weight of the freeze-dried hydrogels and the remaining
weight of freeze-dried hydrogels after degradation, respectively.

Lap shear test of HAD hydrogels

The lap shear adhesion tests were used to evaluate the adhesive
properties of HAD and HAD-EXOs hydrogels before or after pho-
tocrosslinking, following our previous study (4). Before the lap
shear tests, the fresh porcine heart (n = 3 per group) was washed
with PBS solution three times. Subsequently, the endocardium
and part of the myocardium were removed, leaving the porcine
heart wall of 6 mm thickness. Then, the treated porcine heart was
cut into 15 mm by 30 mm for the test. Test preparation for the sol-
adhesive process is as follows: First, 80 pl of the HAMA or HAD
precursor with 0.1 wt % of LAP was smeared evenly on a piece of
the treated heart substrate, and the other piece was covered on the
hydrogel precursor. The contact area was kept at 10 mm by 10 mm.
After that, the adhesive area was cross-linked under 365 nm of UV
irradiation for 1 min. Test preparation for the gel-nonadhesive
process is as follows: First, 80 ul of the HAMA or HAD precursor
with 0.1 wt % of LAP was smeared evenly on the heart substrate. The
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precursor was then cross-linked under 365 nm of UV irradiation for
1 min. The contact area was kept at 10 mm by 10 mm. After the
hydrogel was formed, the inward side of the gel was adherent to
the heart, while the outward side of the gel was nonadherent. Sub-
sequently, another heart piece was put onto the outward side surface
of the hydrogel. Lap shear tests were performed using the Materials
Test System (MTS Criterion 43, MTS Criterion) equipped with a 50
N load cell at a rate of 2.5 mm/min to evaluate the samples’ adhesion
properties. All these tests were used three times.

In vitro cytocompatibility evaluation of HAD hydrogels

To evaluate the cytocompatibility of HAD hydrogels in vitro, the
HAD precursor (3 wt %) was first dissolved in DPBS containing
LAP (0.1 wt %) as photoinitiator at room temperature for 3 hours
to obtain a homogeneous solution. Fifty microliters of HAD hydro-
gel [3 wt % (w/v)] was photocrosslinked under UV irradiation at 7
mW/cm? for 10 s and store at 4°C until use. Primary CMs isolated
from 1- to 2-day neonatal Sprague-Dawley rats were seeded in a 24-
well plate at 1 x 10 cells per well and incubated in DMEM contain-
ing 10% FBS under standard culture conditions (37°C, 5% CO,) for
24 hours. After incubation for 24 hours, photocrosslinked HAD hy-
drogels were moved into the wells and float in the culture medium.
The Ctrl group was treated with the culture medium alone. Cellular
viability was investigated after cell cultivation with HAD hydrogel.
A calcein/PI cell viability/cytotoxicity assay kit (Beyotime, China)
was used to assess the biocompatibility of HAD hydrogel. The
green color resulted from staining with calcein AM, indicating
living cells, and the red color resulted from staining with PI, indi-
cating dead cells. The fluorescence images were taken using a fluo-
rescence microscope (NIKON ECLIPSE Ni). Image] software was
used to analyze the number of live cells from three randomly select-
ed areas of each sample.

Antiadhesion capacity of HAD in vitro

The antiadhesion capacity of HAD in vitro were performed using
1929 fibroblast and RAW264.7 macrophages, which are two cell
types commonly found in adhesions in vivo. Briefly, L929 fibroblast
(3 x 10°/cm?) or RAW264.7 macrophages (5 x 10°/cm?) were
seeded on the surface of HAD hydrogel (n = 4 per group) or glass
slides (n = 4 per group) for 24 hours to allow adhere. Cell viability
was analyzed using the calcein/PI cell viability/cytotoxicity assay kit
(Beyotime, China). After washing the cells with PBS, a PBS solution
containing calcein AM (1 ul ml™", 1 uM) and PI (1 pl ml™", 0.5 uM)
was used to stain the cells for 45 min in the dark and then observed
under a fluorescence microscope (NIKON ECLIPSE Ni) and ana-
lyzed using the National Institutes of Health Image] software. The
results of green color indicate the living cells, while the red color
indicates the dead cells. Cell viability was expressed as the propor-
tion of viable cells (green) to the total number of cells.

The proliferation properties of L929 cells and RAW264.7 cells on
HAD were investigated using the alamarBlue assay kit (Invitrogen,
USA). Briefly, L929 fibroblast (2 x 10°/cm?) or RAW264.7 macro-
phages (3 x 10°/cm?) were seeded on HAD and glass slides. Each
group was consisted of four samples, and every sample was added
with 1 ml of cell suspension. After culturing for 1 and 3 days, the
culture medium was changed with a medium containing 10% (v/v)
alamarBlue reagent, and the cells were then incubated at 37°C in 5%
CO; for 4 hours. Later, 100 ul of solution from each sample was
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removed into a 96-well plate. The result was read at 560/590 nm in a
BioTek Synergy H1 microplate reader.

Controlled released of hiPSC-CMs-EXO from hydrogels

The hiPSC-CMs-EXO was mixed within a HAD precursor solution
at the volume ratio of 1:4 and cross-linked to obtain HAD+EXO
hydrogel [final concentration: 3% HAD and hiPSC-CMs-EXO
(0.1 ug/ul)]. The exosome release profile in vitro was tested using
a micro-BCA protein assay kit (Thermo Fisher Scientific, China).
Briefly, the above prepared 100 pl of HAD+EXO hydrogel contain-
ing 10 ug of hiPSC-CMs-EXO was photocrosslinking for 20 s using
a 365 nm UV light and then placed on the 24-well plates (n = 5),
while 200 pl of PBS (pH = 7.4) was added in the wells. With each
time point, 100 pl of supernatant was collected and replaced by 100
ul of fresh PBS at days 1, 3, 5,7, 9, 11, 13, and 15 with five repetition
groups. The content of released exosomes was tested, and the per-
centage of the exosome released was calculated.

Rat pericardial adhesion model

The animal experiments were performed in accordance with the
guidelines of the experimental animal administration committee
of Southern Medical University (approval number: LAEC-2021-
076). Briefly, Sprague-Dawley rats (male; n = 40; 300 + 20 g) were
anesthetized of 2% pentobarbital sodium at a dose of 0.3 ml/100 g
by intraperitoneal injection. After removing the partial pericardi-
um, the epicardium was stabbed 100 times with a syringe needle
(30 G), and the pericardial cavity was exposed to autologous
blood to induce pericardial adhesion. Subsequently, the wound
continued to be exposed to the air for 30 min. After that, the
model rats were randomly divided into four groups: model (with
no further treatment) (n = 10), iCM-EXOs (injected into epicardi-
um directly) (n = 10), HAD (n = 10), and HAD+EXOs (n = 10). For
the latter two groups, 100 pl of either HAD or HAD-EXOs precur-
sor solution was carefully pipetted onto the stabbed area, followed
by immediate cross-linking using 365 nm of UV light. After surgery,
the rats were permitted free access to water and food to recover from
the surgery. Throughout the experiments, no obvious infectious
complications or dyskinesia was observed. After a duration of 2
or 4 weeks, the rats were euthanized using an overdose of pentobar-
bital sodium, and the thoracic cavity was exposed to evaluate the
postoperative pericardial adhesion. Subsequently, the hearts were
harvested, embedded in paraffin wax, and cut into 5 um slices
using a microtome. Heart paraffin sections were stained for H&E
to assess the degrees of inflammation.

The retention study in vivo

A subset of rats was administered with ICG (1 mg/ml)-loaded HAD
or HAD-EXOs immediately during the induction of pericardial ad-
hesion. Rats were imaged on day 3, day 7, and day 14 after the
surgery using the fluorescence imaging system (Digital Precision
Medicine Company, Beijing, China) to collect fluorescence
intensity.

Gross observation and adhesion score

After 3, 7, 14, and 28 days of surgery, the rats were euthanized with
an overdose of sodium pentobarbital and exposed the thoracic
cavity to evaluate the postoperative pericardial adhesion. The
average adhesion scores and intensities as well as the maximum ad-
hesion intensities were determined using a previously reported
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method (9). The heart was divided into nine segments, and each
segment was evaluated an overall adhesion score based on the se-
verity of adhesions from 0 to 4. The degree of adhesion was evalu-
ated following the standard scoring system: score 0, no adhesion;
score 1, one thin-film clear adhesion; score 2, moderate and
opaque adhesion; score 3, thick adhesion with no vascularization;
and score 4, very thick vascularized adhesion or more than one
plantar adhesion, requiring sharp dissection. The average adhesion
score was reported over these nine segments. The average adhesion
intensity was evaluated over all regions that showed adhesion for-
mation. The maximum adhesion intensity score was also evaluated
for each animal. At least six rats in each group were evaluated by
double-blind scoring.

Histology

The rats were euthanized at a determined time after surgery, and
hearts with surrounding adhesive tissues were harvested. To evalu-
ate the fibrous tissues, the hearts were fixed with 4% paraformalde-
hyde for 24 hours and then embedded in paraffin and sliced into 8
um thick sections along the short axis transversely across the fibrous
zone. To evaluate the antioxidative stress, the hearts were frozen,
sectioned into 20 pm thick sections. The heart sections for H&E
staining were used to evaluate the parameters of adhesion. The ad-
hesion area was evaluated by Image] software. For immunofluores-
cence staining, the heart sections were incubated with anti-MSR-1
rabbit monoclonal antibody (1:300; Bioss, China) or anti-Gata
binding factor 6 (GATAG6) rabbit monoclonal antibody (1:300;
Affnity) and subjected to incubation with goat anti-rabbit Alexa
Fluor Cy3-conjugated secondary antibody (1:500; Abcam). Last,
the nucleus was stained with 4’,6-diamidino-2-phenylindole solu-
tion (Beyotime) and then observed under a fluorescence microscope
(Olympus).

Reverse transcription qPCR

Total RNA was isolated using TRIzol reagent (Invitrogen, China)
following the manufacturer’s instructions. One milligram of RNA
was used to synthesize cDNA using a reverse transcription
reagent kit (Takara, China). The reverse transcription qPCR
(qRT-PCR) was carried out according to the protocol and conduct-
ed with an Applied Biosystems 7500 fast real-time PCR system with
the following temperature profile: 95°C for 30 s, denaturation at
95°C for 5 s, and annealing/extension at 60°C for 30 s for 40
cycles. Primers sequences used for qRT-PCR were shown in table
S1. The relative expression of the genes was calculated using the
27A4C4 method, and the gene expression was normalized to the
housekeeping gene GAPDH (glyceraldehyde-3-phosphate dehy-
drogenase) in the same sample.

ELISA detection

After 7 days of surgery, the rats were euthanized with an overdose of
sodium pentobarbital, and the arterial blood was extracted with a
syringe exposed to evaluate the serum inflammation level. The con-
centrations of IL-1pB, IL-6, and TNF-a in the serum were analyzed
by ELISA according to the manufacturer’s instruction (Moshake Bi-
otechnology, China).

Detection of tissue SOD and GSH
After 7 days of surgery, the rats were euthanized with an overdose of
sodium pentobarbital and the hearts were harvested. First, the heart
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samples were prepared by adding 100 ul of SOD sample preparation
or 100 pl of protein removal reagent M solution per 10 mg of tissue
block, homogenized using a freezing homogenizer (Thermo Fisher
Scientific, USA), and the supernatant was obtained by centrifuga-
tion at 12,000¢ for 5 to 10 min. The supernatant was reacted by
adding the assay solution according to the manufacturer’s proce-
dure of the SOD assay kit (Beyotime, China) or GSH assay kit (Be-
yotime, China). The absorbance values were detected under an
enzyme standardizer (Thermo Fisher Scientific, USA), and the
tissue SOD and GSH contents were calculated according to the re-
spective standard curves.

Cardiac function analysis

After 4 weeks after surgery, the rats were anesthetized, and echocar-
diographic examination was conducted by Vevo 2100 echocardiog-
raphy (Vevo2100, VisualSonics, USA) equipped with a MS400
transducer (18 to 38 MHz). Cardiac function parameters including
LVIDd, LVIDs, left ventricular ejection fraction, and left ventricular
fractional shortening were measured.

Statistical analysis

Experiments were run in at least triplicate for each sample (n > 3).
The experimental data were analyzed via using one-way analysis fol-
lowed by Tukey's significant difference post hoc test. The results
were obtained from at least six images of three independent repli-
cations of the samples.

Supplementary Materials
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Figs. ST to S13

Table S1

Legends for movies S1 to S4

Other Supplementary Material for this
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