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Myocardial ischemia (MI), caused by insufficient blood supply, is a patholo-

gical condition where cardiomyocytes lack oxygen and energy supply. Herein,
we developed a natural photosynthetic system (HCU) consisting of chlorella
pyrenoidosa (C. pyre), hyaluronic acid methacryloyl (HAMA) and degradable
upconversion nanoparticles (UCNPs, NaCeF,:Yb,Tm,Zr). Upon near-infrared

irradiation, HCU was photo-crosslinked in situ, thereby facilitating C. pyre
photosynthetic oxygen generation within the myocardium. Concurrently,
cytochrome c oxidase (CCO) in mitochondria was activated to enhance elec-
tron transport along the respiratory chain, synergistically boosting cardiac
energy metabolism. Consequently, the ATP levels were elevated, and the
hypoxic microenvironment was mitigated. In Ml mouse models, echocardio-
graphy readings returned to normal levels, and the infarct size was sig-
nificantly reduced following a 7-day treatment with HCU. Based on the
photosynthetic system, this study proposes an in situ oxygen and energy
metabolic regulation strategy for MI, holding certain inspiration for other

ischemia diseases.

Myocardial ischemia (MI) is a pathological condition with an absolute
or relative reduction in coronary blood flow (due to coronary artery
stenosis, spasm, or embolism), leading to an imbalance between
myocardial oxygen supply and energy metabolic demand'*. It mainly
manifests as a significant decrease in myocardial oxygen concentra-
tions, triggering mitochondrial energy metabolism dysfunction and
insufficient ATP production. Concurrently, the hypoxic micro-
environment results in lactate accumulation, reactive oxygen species
(ROS) overproduction and calcium ion homeostasis disruption®. This
cascade induces cardiomyocytes apoptosis and interstitial fibrosis,
which ultimately result in cardiac systolic and diastolic dysfunction,
clinically manifested as angina pectoris, myocardial infarction, or
chronic ischemic heart disease. Clinical treatments for MI, including

drug therapy, interventional therapy and surgical therapy, primarily
focus on restoring reperfusion of infarcted blood vessels and
improving blood supply to myocardial tissue. While these strategies
are essential for alleviating ischemia, they face inherent limitations®,
such as medication tolerance, restenosis and surgical risk. Moreover,
even when revascularization is achieved, these approaches may not
fully address mitochondrial energy metabolism dysfunction or suffi-
ciently normalize the hypoxic microenvironment in the injured
myocardium®®. In light of these limitations, this study proposes a
therapeutic strategy targeting the regulation of mitochondrial energy
metabolism and hypoxic microenvironment, which may overcome the
bottlenecks of traditional therapies and provide important theoretical
basis and translational prospects for MI therapy.
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Photobiomodulation (PBM)’ is a treatment that uses specific light
to promote cell repair and regeneration, which has been applied in
biomedical fields, such as wound healing®® and bone tissue
regeneration’. Previous researchers have demonstrated that light at
around 810 nm can enhance the activity of cytochrome c oxidase
(CCO)"™ ", As the fourth central enzyme complex of the mitochondrial
respiratory electron transport chain, CCO transfers electrons from
cytochrome c to oxygen, creating a proton electrochemical potential
energy difference that drives adenosine triphosphate synthase to
convert ADP into ATP"". Consequently, regulating the enzymatic
activities in mitochondrial electron respiration chain by PBM can
effectively enhance ATP production, thereby addressing energy
deficiencies'. However, the absence of oxygen in MI condition impairs
electron transfer in the mitochondrial respiratory chain”. In hypoxic
conditions, cardiomyocytes switch to anaerobic respiration, leading to
ametabolic crisis that jeopardizes myocardial function and viability'”'%,
Therefore, a single photobioregulatory strategy may not be sufficient
to effectively increase ATP levels in MI.

Living microalgae possess superior light-controlled oxygenation
capacity through photosynthesis”. The intact cell structure of uni-
cellular microalgae protects the inner sophisticated photosynthetic
system, ensuring steady oxygen generation in diverse and challenging
environments?®?, Due to the photosynthetic oxygen production
capacity, microalgae have been served as the natural oxygen gen-
erator, holding great promise for in vivo applications®?*, such as
tumor treatment® and diabetes wound healing®. These biomedical
applications demonstrated their biocompatibility in vivo”?. In
response to the light at about 475nm, microalgae can effectively
alleviate the hypoxic microenvironment in tissues. However, the lim-
ited penetration depth of visible light still poses constraints on its
application in deep tissues”. In contrast, near-infrared light has a
higher penetration depth®®, while upconversion nanoparticles
(UCNPs) can efficiently convert near-infrared light into different UV-
visible lights®*%. In situ photosynthetic oxygen production may be
achieved with the assistance of UCNPs acting as photoconverters.
Traditional inorganic UCNPs are susceptible to accumulate in vivo,
inevitably leading to acute or chronic toxicity. In recent years,
researchers have reported degradable K;ZrF,:Yb/Er and NasHfF,:Yb/Er
with dynamic “soft” lattice®. However, the degradation of this material
is rapid and uncontrollable, which shortens the residence time of
materials at the lesion, resulting in the unsatisfactory treatment
results.

In this study, we develop a natural photosynthetic system (HCU)
composed of Chlorella pyrenoidosa (C. pyre), NaCeF4Yb,Tm,Zr
(UCNPs) and hyaluronic acid methacrylate (HAMA) for the first time.
Based on the UCNP-enabled in situ photobiomodulation and C. pyre-
derived photosynthetic oxygen generation, we hypothesize that this
system (HCU) can synergistically restore oxygen supply and enhance
mitochondrial energy metabolism in MI, thereby restoring cardiac
function (Fig. 1). Here, by changing the doping amounts of Zr ions, the
degradation time of NaCeF4:Yb,Tm,Zr can be regulated, which ensures
the therapeutic timeliness and reduces the long-term accumulation of
UCNPs. Upon excitation at 980 nm, the UCNPs concurrently emit
upconversion luminescence at three wavelengths: 365 nm, 475 nm and
800 nm. Specifically, biocompatible natural polymers (HAMA)
undergo in situ photocrosslinking (365 nm) and achieve firm adhesion
to the myocardium due to dynamic hydrogen bonding. This myo-
cardial patch hydrogel enhances the retention time and stability of
UCNPs and C. pyre for Ml therapy. The C. pyre is uniformly distributed
in the hydrogel, which can generate oxygen in situ by photosynthesis
(475 nm) enhancing the oxygenation saturation in myocardium. The
activity of CCO is up-regulated (800 nm), promoting the electron
transfer of mitochondrial respiration chain. In summary, HCU leads to
a reduction in fibrosis and infarct size, as well as an improvement in
cardiac function in Ml mouse models by enhancing ATP levels and

mitigating the hypoxic microenvironment. Hence, based on the HCU
hydrogel, this study achieves the combination of in situ oxygen pro-
duction and the photobiomodulation strategy, exhibiting superior
cooperative effects in the treatment of MI.

Results

Synthesis and characterizations of degradable UCNPs

We synthesized UCNPs (NaCeF4:Yb,Tm,Zr) with controllable biode-
gradability and good upconversion fluorescence properties using a
modified hydrothermal method (Supporting Information). Transmis-
sion electron microscopy (TEM), scanning electron microscopy (SEM),
and scanning transmission electron microscopy (STEM) images
(Fig. 2A, and Supplementary Fig. 1) demonstrated that the synthesized
UCNPs exhibited a homogeneous rectangular structure and were well
dispersed with a uniform particle diameter of 50 nm. XRD patterns
showed all diffraction peaks of synthesized UCNPs matched with
NaCeF, nanocrystals (JCPDS no. 75-1924), indicating the successful
synthesis of NaCeF, matrix (Fig. 2D). Notably, XPS (Fig. 2E), EDS
(Fig. 2C), corresponding elemental mapping (Fig. 2B) and the right-
shift of peaks in XRD implied that doping ions (Yb, Tm and Zr) had
been incorporated into the lattice of the NaCeF, matrix. Under the
980 nm excitation, the UCNPs emitted light with different wavelengths
(Fig. 2F), including 365 nm ('D, > *F,, a four-photon process), 475 nm
(*G4~>3He, a three-photon process) and 800nm ('D,~>°F;, a two-
photon process) (Fig. 2G and Supplementary Fig. 2). The upconversion
luminescence (UCL) properties provide the necessary conditions for
UCNPs/C. pyre/HAMA (HCU) to achieve in situ crosslinking (365 nm), C.
pyre photosynthesis (475 nm), and CCO activation (800 nm).

To expand the application of UCNPs in the biomedical field, we
also investigated their degradability. The water-soluble [ZrF,]* species
possess a propensity to dissolve expeditiously, leading to the NaCeF,
crystal lattice being destroyed and turning into positive ions and
[ZrF;1* clusters (Fig. 2H). To corroborate this mechanism, the syn-
thesized UCNPs were uniformly dispersed in different solutions,
including KH,PO, solution (pH 4.8), KH,PO4-K,HPO, solution (pH 6.5),
Hank’s balanced salt solution (pH 7.4), sodium bicarbonate solution
(pH 8.3), Tris-HCI (pH 8.8) and sodium hydroxide solution (pH 9.6)
(Supplementary Fig. 3). The UCL intensity significantly decreased
(Supplementary Fig. 4a, b) after 48h. Additionally, TEM images
showed that the part UCNPs had disintegrated into debris after 48 hin
PBS buffer solutions (Fig. 2I). The concentration of degraded Zr man-
ifested a progressive augmentation commensurate with the elapse of
time in PBS solutions, while the degradation rate exhibited a corre-
sponding gradual increase with increasing doping of Zr ions (Fig. 2J, K).
Nevertheless, in the upconversion emission spectra of UCNPs with
varying Zr concentrations, a gradual reduction in luminescence
intensity was observed with increasing Zr doping levels (Supplemen-
tary Fig. 5). Considering both biosafety and therapeutic efficacy in a
comprehensive manner, it is essential to ensure optimal fluorescence
intensity alongside material degradation. Therefore, a doping con-
centration of 10% Zr ions is identified as the most favorable. Thus, we
ultimately selected 10% Zr as the final doping content in UCNPs,
ensuring an appropriate treatment duration while preventing the long-
term accumulation of UCNPs in vivo. Moreover, the bright-blue UCL of
UCNPs disappeared after being dispersed in pure water for 48 h
(Fig. 2L), further confirming the degradability.

Synthesis and characterizations of HCU

We prepared a photosynthetic system (HCU) composed of HAMA, C.
pyre and UCNPs to achieve photosynthesis oxygen generation in the
myocardium via in situ photocuring (Fig. 3A). The Fourier transform
infrared (FT-IR) spectra indicated the presence of C=0 bonding at
approximately 1716 cm™, suggesting the successful methacrylation of
the hyaluronic acid (HA) (Supplementary Fig. 6), which could be
photo-crosslinked rapidly in 30s (Supplementary Fig. 7). The
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Fig. 1| Schematic depictions of natural photosynthetic system for in-situ myocardial ischemic repair.

ultraviolet absorption of LAP coincided with the 365 nm UCL of UCNPs
(Fig. 3B). Similarly, the distinct ultraviolet absorption peaks of C. pyre
were also well-aligned with the 460 nm and 475 nm UCL of UCNPs
(Fig. 3B). The spectral overlap provides opportunities for HCU to
respond to near-infrared light, facilitating in-situ curing and photo-
synthesis. Under 980 nm excitation, the simultaneous decrease in UCL
intensity of UCNPs at 365 nm, 460 nm, and 475 nm further indicated
that LAP and C. pyre could be activated by absorbing the UCL of
UCNPs (Fig. 3B).

Under 980 nm excitation, HCU was cured in situ through a 10 mm
thick chicken muscle tissue (Fig. 3C). The pseudocolor scanning elec-
tron microscopy (SEM) image exhibited a tough hydrogel network,
while the UCNPs and C. pyre were homogeneously distributed in the
hydrogel (Fig. 3D). Due to hydrogen bonding between the hydroxyl
(-OH) groups of HAMA and the amino (-NH,) and sulfhydryl (-SH)
groups of tissue, HCU exhibited strong adhesion to tissue surfaces
(Fig. 3E, F). Moreover, the cured hydrogel block was completely solu-
ble in PBS after a period of 15 days (Fig. 3G and Supplementary Fig. 8
(a)). Additionally, the fluorescence of UCNPs in the hydrogel gradually
disappeared within 14 days (Supplementary Fig. 8 (b)), demonstrating
the previous degradation of HCU.

In situ oxygen-producing capability of HCU

The activity of C. pyre was initially confirmed through confocal
microscopy imaging by exposing it to blue light (475 nm, 1.0 W/cm?).
The spherical C. pyre emitted bright red fluorescence (Fig. 4A),
demonstrating that C. pyre exhibited significant biological activity in
HCU. Besides, chlorella demonstrated the capacity to survive in HCU
for a period exceeding two weeks (Supplementary Fig. 9), thereby
substantiating the robust stability of this photosynthetic system. The
generation of oxygen from C. pyre could be detected by an oxygen
indicator probe ([Ru(dpp)z]Cl,, RDPP). As a result, the variation of
fluorescence intensity indicated that soluble oxygen concentration of
the C. pyre solution increased under adequate light conditions

(475nm, 1.0W/cm?) and decreased in the dark (Fig. 4B), which
demonstrated that the C. pyre was fully active to carry out photo-
synthesis. Under 475 nm excitation with a power density of 1.0 W/cm?,
the oxygen production rate was positively correlated with the C. pyre
concentration, which was the optimal at the 1x10%/mL C. pyre group
(Supplementary Fig. 10 (a)).

In addition, C. pyre, HAMA/C. pyre (HC) and HAMA/C. pyre/UCNPs
(HCU) were subjected to 980 nm laser irradiation with a power density
of 1.0 W/cm?. The variation of RDPP fluorescence intensity in the sys-
tem was measured every 2min for a total duration of 30 min. As
expected, the fluorescence intensity gradually decreased, validating
that C. pyre in the HCU (NIR) group could generate oxygen effectively
(Fig. 4C). Likewise, HCU was exposed to 980 nm laser irradiation with
different intensities (Supplementary Fig. 10b), indicating that the
oxygen production efficiency of C. pyre increased with increasing
laser power. Considering the biosafety and temperature, we chose
1.0 W/cm? as the final power.

Reversion of hypoxic microenvironment via HCU
Biocompatibility is critical for the clinical applications of biomaterials,
thus the biocompatibility of HCU was evaluated by CCK-8 method.
During the incubation with HCU, the cell viability of cardiomyocytes
(H9c2) all remained more than 85%, indicating HCU had no apparent
cytotoxicity (Supplementary Fig. 11).

Myocardial ischemia is typically accompanied by a hypoxic
microenvironment. We induced hypoxia in cardiomyocytes using the
oxygen and glucose deprivation (OGD) method (Fig. 4D). To investi-
gate the impact of HCU on cardiomyocytes, we assessed the changesin
oxygen concentration using an RDPP probe. Under 980 nm irradiation,
H9c2 cells treated with HCU (NIR) exhibited a significant decrease in
RDPP fluorescence intensity, indicating the photosynthetic oxygen
generation capability of HCU (Fig. 4E, G, and Supplementary Fig. 12).

Furthermore, the capacity of the photosynthetic system to alle-
viate hypoxia was evaluated in vitro through immunofluorescence

Nature Communications | (2025)16:8680


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-63749-9

A
»

S

Cela

3 4 5
Energy (kV)

,-
NaCeF,:Yb,Tm,Zr o—Ce3d NaCeF,:Yb,Tm,Zr L T——
NaCeF,: Yb,Tm,Zr
Na 15’
- - Fi1s i Gy Th
3 ‘ 3 & 3 + Threer
G s s
2 2 2
kT [ 7] 3F, T t
2 JCPDS No. 75-1924 < c = i
£ £ Yb 4d kol Fs
£ = 2r 3d £ == °H,
| ‘ b £ =,
gl - 3,
) S A 1P E O SRR — 3 | )
15 30 45 60 75 20 1200 1000 800 600 400 200 0 200 300 400 500 600 700 800 900 v %y an,
R — i
26 (degree) Binding Energy (eV) Wavelength (nm) Yb** m®
| p |
3&,, °
radable UCNPs
X § .C
¢ ’ ©
Lo AV
i |
1|
H,0/PBS Na* [ZrF7]> - JCE’“
ores TN o Before
100 L
~—a— Degradation of 0% Zr
Degradation of 5% Zr 100+
380 Degradation of 10% Zr
< ~v— Degradation of 15% Zr /
- —~ 80 y
c F] A
H ? —_
o 60 s 5 | oh 4h 6h 12h 24h 48h
H 2 60 3
“ @ -
N 404 bl
° g 40 =
2 = 7]
3 3 c
5 204 S 0] = ucLof15% zr ]
g —o— UCL of 10% Zr £
UCL of 5% Zr
0 04 UCL of 0% Zr —
T T T T T T T v . 3 T T T T T

60 0
Time (h)

Fig. 2 | Characterizations of degradable NaCeF,:Yb,Tm,Zr UCNPs. A TEM
image (scale bar: 50 nm), B corresponding elemental mapping images of
NaCeF,:Yb,Tm,Zr, C EDS analysis, D XRD patterns and E XPS spectrum.

F Upconversion emission spectrum of NaCeF,:Yb,Tm,Zr upon excitation at 980 nm
with a power density of 1.0 W/cm?2. G Proposed energy transfer mechanism.

H Schematic diagram of the degradation process of UCNPs. I TEM images before
(left) and after (right) dispersing NaCeF,:Yb,Tm,Zr in PBS buffer solutions for 48 h.

Time (h)

250 300 350 400 450

Wavelength (nm)

(Partial enlarged images, scale bar: 100 nm.) J Accumulated release profiles of
degraded Zr component and K UCL intensity for the 475 nm emission over time
when dispersing NaCeF,:Yb,Tm,Zr into PBS buffer solutions. L Upconversion
emission spectrum and photographs of UCL brightness over time at deionized
water upon 980 nm laser excitation with a power density of 1.0 W/cm?. Indepen-
dent experiments were performed (n = 3) for (A, I) with similar results. Source data
are provided as a Source Data file.

staining for hypoxia-inducible factor-lax (HIF-1a), which serves as an
oxygen receptor in cells. Consequently, H9¢2 cells in the MI group
displayed pronounced red fluorescence of HIF-1a when compared to
those under normoxic conditions (Fig. 4F). In marked contrast, the
intensity of red fluorescence exhibited a significant decrease in HCU
(NIR) group, indicating the prior hypoxia alleviation effect of HCU
(Fig. 4F, H, and Supplementary Fig. 13). We further validated this
conclusion in primary cardiomyocytes (PCMs) of neonatal mice.
The results demonstrated that HCU could effectively reverse the
hypoxic microenvironment of PCMs when exposed to 980 nm laser

(1.0 W/cm?), which is consistent with the aforementioned findings in
H9c2 cells (Supplementary Fig. 14).

In addition, we also assessed the biocompatibility and oxygen-
producing activity of C. pyre cocultured with human-derived cells
(Human Umbilical Vein Endothelial Cells, HUVECs). HUVECs were
cultured with HCU (C. pyre, 1x 108 cells/ml) under normoxic con-
ditions. Under irradiation at 475 nm, live/dead cell staining assay
demonstrated good activity of HUVECs (green) and C. pyre (red),
indicating that C. pyre exhibits fine biocompatibility with human
cells (Supplementary Fig. 15). Furthermore, the changes in oxygen
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with surfaces of various substrates. F Adhesion mechanism of the HCU gel. G The
degradation process of HCU in the PBS. Independent experiments were performed
(n=3) for (D) with similar results. Source data are provided as a Source Data file.

concentration were assessed via the RDPP probe. The C. pyre
group exhibited a progressively lower fluorescence intensity than
the C. pyre + HUVECs group (Supplementary Fig. 16, 17), demon-
strating that the oxygen produced by C. pyre was utilized by
HUVECs.

Moreover, we examined the apoptosis of cardiomyocytes induced
by hypoxic conditions. Hypoxia activates various apoptotic pathways
within cells. As expected, the HCU (NIR) treatment down-regulated the
protein expression level of HIF-1a induced by hypoxia, indicating the
alleviation of hypoxic microenvironment (Fig. 41). Simultaneously, the
anti-apoptotic protein expression of Bcl-2 was up-regulated and
inhibited the release of cytochrome ¢ from the mitochondria. The
expression of the anti-apoptotic protein C-Caspase3 was down-regu-
lated, further indicating that the activation of the caspase pathway was
suppressed in the HCU (NIR) group (Fig. 41-M). Furthermore, flow
cytometry was used to further evaluate the treatment effects of car-
diomyocyte apoptosis induced by hypoxia (Fig. 4N). The apoptosis
rate of cardiomyocytes in hypoxia group was 23.91%, and the apoptosis
rate of the HCU (NIR) group significantly decreased to 8.72% (Fig. 4N, O
and Supplementary Fig. 18). These results suggested that HCU sig-
nificantly inhibited the apoptosis of cardiomyocytes induced by
hypoxia.

Restoration of energy metabolism via HCU

Mitochondria play a critical role in supplying energy to myocardial
tissues. Endowing hydrogels with mitochondrial protective properties
represents an effective strategy to prevent the progression of myo-
cardial ischemia. The mitochondrial morphology of cardiomyocytes
was assessed using transmission electron microscopy (TEM) (Fig. 5A).
Compared with the normal group, mitochondria under hypoxic con-
ditions exhibited a rounded morphology, and the matrix density
decreased. Additionally, the cristae were markedly reduced, shor-
tened, or even completely absent, indicative of significant mitochon-
drial damage. In marked contrast, the mitochondria in the HCU (NIR)
group (980 nm, 1.0 W/cm?) exhibited a rod-like morphology char-
acterized by smooth outer membranes and inner membranes folded
into cristae of varying lengths, closely resembling those of normal
mitochondria (Fig. 5B, C). The restoration of mitochondrial morphol-
ogy suggested that HCU could mitigate mitochondrial injury induced
by hypoxia.

Photobiomodulation (PBM) is a therapeutic approach, which
could enhance adenosine triphosphate (ATP) synthesis by up-
regulating the activity of cytochrome c¢ oxidase (CCO). During the
oxidative phosphorylation process, the proton pump establishes a
transmembrane potential by transporting protons. The damage of the
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Fig. 4 | Validation of the alleviating hypoxia capacity and anti-apoptotic effects
of photosynthetic system on cardiomyocytes. A Bright-field and fluorescence-
field images of C. pyrein HAMA, scale bar, 5 um. B Activity of C. pyre. C Dissolved O,
level changes of the solution containing HCU with various treatments. D Flow chart
of induced hypoxia in cardiomyocytes. E Fluorescence images of H9¢c2 cells
staining with RDPP probe after various treatments. F Fluorescence images of H9¢2
cells staining with HIF-1a antibody (red) and DAPI (blue) after various treatments,
scale bar: 50 um. G Quantitative fluorescence analysis of RDPP probes (n=5,

n represent the number of independent experiments, mean +s.d.). H Quantitative
fluorescence analysis of HIF-1a (n =5, n represent the number of independent

experiments, mean +s.d.). I The levels of proteins including HIF-1a, Bcl-2,
C-Caspase 3 and Cyt c in H9¢2 cells analyzed by western blotting.

J-M Corresponding quantitative histograms of protein expression (n=35, n repre-
sent the number of independent experiments, mean +s.d.). N Anti-apoptosis ana-
lysis of H9c2 cells by flow cytometry after various treatments. O Corresponding
quantitative histograms of anti-apoptosis rate (n =3, n represent the number of
independent experiments, mean + s.d.). Statistical analysis was performed using
unpaired two-tailed Student’s ¢ test. Independent experiments were performed
(n=3) for (A) with similar results. Source data are provided as a Source Data file.

mitochondrial respiratory chain leads to a reduction in mitochondrial
membrane potential. Consequently, measurement of mitochondrial
membrane potential was employed to evaluate the degree of respira-
tory chain damage and the energy metabolism. The green fluorescence
of the JC-1 fluorescent probe within the mitochondrial matrix were
triggered in the presence of a low mitochondrial membrane potential.
As expected, both the HCU (NIR) and HU (NIR) prevented the decrease

of the mitochondrial membrane potential (MMP) in a hypoxia envir-
onment. Compared with the HU (NIR) group, the HCU (NIR) group
showed a more significant inhibitory effect on MMP decline (Fig. 5D, H
and Supplementary Fig. 19), demonstrating that the combination of
oxygen generation and photobiomodulation provided better protec-
tive effect on mitochondria. We further evaluated the above effect of
HCU using PCMs. With the irradiation of NIR laser (980 nm, 1.0 W/cn?),
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Fig. 5 | Mitochondrial function repair capacity of the hydrogel. A Bio-TEM
images of H9c2 cells showing the morphological changes of mitochondria, scale
bar: 500 nm. B, C The lengths, widths of mitochondria (n =35, n represent the
number of independent experiments, mean *s.d.). D Fluorescence quantification
of JC-1 aggregates (n=35, n represent the number of independent experiments,
mean £ s.d.). E ATP fold-change after different treatment (n=35, n represent the
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mean =s.d.). G ATP/ADP fold-change after different treatment (n=35, n represent
the number of independent experiments, mean + s.d.). H Fluorescence images of
H9c2 cells staining with JC-1 kit in Normal group, Hypoxia group, NIR group
(980 nm, 1.0 W, 20 min), HC (HAMA/C. pyre) group, HC (NIR) group, HU (HAMA/
UCNPs) group, HU (NIR) group, HCU (HAMA/C. pyre/UCNPs) group, HCU (NIR)
group. Scale bar, 20 pum. Statistical analysis was performed using unpaired two-
tailed Student’s ¢ test. Source data are provided as a Source Data file.

HCU also suppressed the decline of MMP in hypoxic PCMs (Supple-
mentary Fig. 20), concurring with the aforementioned findings in
H9c2 cells.

Sufficient ATP supply is the basis for ensuring myocardium
activity. Protecting energy metabolism is an effective way to recover
cardiac function. To validate the photobiomodulation effect, we
measured the activity of CCO. As a result, the CCO activity was found
to increase in the HU (NIR) group and the HCU (NIR) group, indicating
that the UCL of UCNPs improved the activity of CCO by PBM (Fig. 5F,
Supplementary Fig. 21a). Light-controllable effect of HCU on cell
metabolism was then assessed. After 10 min of radiation by 980 nm
laser (1.0 W/cm?), the ATP level increased in both HU (NIR) group and
HCU (NIR) group, while the ATP level in HCU (NIR) group was close to
that noted in the normal group (Fig. SE and Supplementary Fig. 21b).
These results indicated that in situ oxygen supply further stimulated
the generation of ATP. We then adjusted the light intensity and irra-
diation time to optimize the experimental conditions. As the laser
frequency increased over a period of 10 min, a peak was observed at an
output power of 1.0 W (Supplementary Fig. 22a). The ATP levels rose
until they reached a state of stabilization within 20 min of light expo-
sure (Supplementary Fig. 22b). Moreover, the level of ATP/ADP also
increased in the HCU (NIR) group (Fig. 5G and Supplementary Fig. 23),
further showing that the recovery of the respiration chain stimulated
the conversion of ADP to ATP. These results further indicated that the
photosynthetic system could achieve the cooperative interaction of
oxygen generation and photobiomodulation to improve energy
metabolism in cardiomyocytes.

In vivo myocardial ischemia therapeutic effects of HCU

To evaluate the therapeutic effect of HCU on myocardial infarction
(MI), we induced MI in mouse models using isoproterenol (ISO, a non-
selective B-adrenergic receptor agonist) (Fig. 6A). Following ISO
induction, the electrocardiogram (ECG) of mice exhibited markedly
elevated ST segments, deepened pathological Q-waves, inverted T-
waves, and prolonged QRS durations (Fig. 6B). Concurrently, echo-
cardiography revealed a significant decrease in ejection fraction (EF)
and fractional shortening (FS), indicating successful induction of the
MI model (Fig. 6C). These MI mice were then randomly divided into
three groups: MI group, BB group (treated with Metoprolol Tartrate;
Bl-adrenergic receptor antagonists), and HCU (NIR) group.

Due to the lack of oxygen supply, cardiac function tended to
decline over 7 days in the MI group (Fig. 6C, D). In contrast, the HCU
(NIR) recovered the EF, FS, left ventricular end-systolic dimension
(LVESD) and left ventricular end-systolic volume (LVESV) (Fig. 6C-G) of
MI mice after treatment, which were approaching the healthy value and
more effective than the BB group. Moreover, we evaluated the long-
term effects via echocardiography. Mice in HCU (NIR) group continued
to maintain the normal EF, FS, LVESV and LVESD at 30 days (Supple-
mentary Fig. 27), which were similar with the healthy value, pre-
liminarily suggesting that HCU (NIR) had long-term effects on the
myocardial activity recovery. Color Doppler Flow Images (Fig. 6H)
further indicated that HCU (NIR) recovered the myocardial activity and
inhibited myocardial injury by oxygen supply and photobiomodulation.

TTC staining was utilized to further assess the extent of the infarct
in the MI model (Fig. 61 and Supplementary Fig. 24). The infarct area
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was significantly reduced from 33.38% + 6.69% to 3.20% +1.47% in the
HCU (NIR) group, which was comparable to that in the Normal group
and superior to the BB group (Fig. 61 and N). This result suggested that
HCU could reverse myocardial injury induced by ISO. Hematoxylin-
eosin staining and Masson’s trichrome staining were used to assess the
therapeutic effect of different treatments on myocardial repair
(Fig. 6)). The MI group exhibited malignant ventricular remodeling,

such as myocardial fibrosis and collagen deposition. Conversely, the
BB group and HCU (NIR) group had more myocardial fibers (red)
survival and fewer collagen deposition (blue), especially in the HCU
(NIR) group (Supplementary Fig. 25, 26). Moreover, HCU prevented
further infarct expansion and fibrotic deposition, thus reducing the
infarct area (Fig. 6) and L-N). These results indicated that ventricular
remodeling could be suppressed by oxygen generation and
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Fig. 6 | In vivo therapeutic efficacy of photosynthetic system in myocardial
ischemia mice. A Schematic illustration of the animal treatment protocol in the MI
model. B ECG of mice before (left) and after (right) induction. C Echocardiography
of mice in different treatment groups after treatment for 7 days. D-G Quantitative
analysis of the EF, FS, LVESV and LVESD at different periods (n =6, n represent
biologically independent animal samples in each group, mean +s.d.).

H Representative images of the mouse ischemic cardiac detected by Color Doppler
Flow Imaging. I TTC staining of hearts from mice in different groups. J Masson

trichrome staining displayed the fibrous tissue (blue) and myocardium (red) and HE
trichrome staining of sections of hearts from mice in different groups, scale bar:
100 pm. K HIF-1a (red) and DAPl immunostaining (blue) of myocardium in different
groups, scale bar: 50 pm. L-N Quantitative analysis of collagen area, fibrosis area,
infarct area (n =6, n represent biologically independent animal samples in each
group, mean = s.d.). Statistical analysis was performed using unpaired two-tailed
Student’s ¢ test. Source data are provided as a Source Data file.
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(MI vs Normal and HCU vs MI). n=3, n represent biologically independent animal
samples in each group. The P values were determined using the negative binomial
distribution, and then the Benja mini-Hochberg procedure was used for multiple
hypothesis testing correction.

photobiomodulation. In a word, analysis of cardiac function and his-
topathological assessment suggested that in-situ administration of
photosynthetic system rapidly conferred potent cardio-protection.
Moreover, immunofluorescence staining was also analyzed. The MI
group exhibited bright red fluorescence of HIF-1a (Fig. 6K). Notably,
both the BB group and the HCU (NIR) group exhibited a significant
decrease of bright red fluorescence (Fig. 6G), indicating the alleviation
of hypoxia in the myocardium induced by oxygen supply.

Cardiac transcriptomic analysis of the HCU effect on MI

To decipher the mechanism of HCU-induced energy metabolic reg-
ulation and cardiac function recovery, we assessed transcriptomic
profiling changes in mouse hearts. Heart tissues from KM mice (6-
week) were subjected to RNA-seq analyses (N: normal group; M: MI

group; T: intramyocardial injection of HCU group). RNA-seq analysis
identified an increase in expression of 1331 genes and a reduction in
expression of 134 genes in Ml hearts, while an increase in expression of
139 genes and a reduction in expression of 1550 genes in HCU-treated
hearts (Fig. 7A, B and Supplementary Fig. 28a, b). Gene Ontology
analysis revealed the up-regulated genes that were enriched in the
mitochondrial respiratory chain complex and ATP synthase complex
(Fig. 7C, D).

We found that mt-Atp8 (ATP synthase) and mt-Co2 (cytochrome ¢
oxidase) mRNA levels were significantly increased in HCU-treated
hearts compared to MI hearts (Fig. 7D). Analyses of HCU-treated
transcriptome dataset revealed an increase in the expression of energy
metabolic genes mt-Nd5 and mt-Atp8 along with cardiac muscle con-
traction gene Trdn (Fig. 7D). This was further supported by the
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increased ATP synthesis as well as the increased CCO activity, in HCU-
treated mice. Furthermore, GSEA analysis of KEGG pathway enrich-
ment between HCU-treated hearts and MI hearts revealed significant
differences in the enrichment of formation of ATP, cardiac muscle
contraction, ABC transporter and apoptosis (Fig. 7E and Supplemen-
tary Fig. 28c, d). Together, these findings suggest that HCU treatment
causes an improvement in mitochondrial oxidative respiration and
cardiac functional recovery. Finally, a decrease in inflammation-related
genes such as Igkc and Jchain was also observed, indicating good
biocompatibility of HCU, consistent with serum and HE/Masson results
(Fig. 7D). These findings suggested that HCU-induced energy meta-
bolic regulation and cardiac function recovery.

In vivo biocompatibility of HCU
The biocompatibility is essential for applications in biomedical fields.
Therefore, we evaluated the biocompatibility of HCU. Before pro-
ceeding to in vivo experiments, we confirmed the negligible cyto-
toxicity of HCU in vitro, supporting its biocompatibility for further
applications (Supplementary Fig. 11 and Supplementary Fig. 15). We
administered HCU via intramyocardial injection in MI mice. After
intramyocardial administration, the intrinsic fluorescence properties
(Aex: 420 Nm; Aer: 680 nm) of C. pyre embedded in the HCU system
were leveraged for fluorescence imaging. Due to the limited tissue
penetration depth of fluorescence imaging, we performed ex vivo
imaging of harvested hearts at predetermined time points (0,1, 3,5, 7,
and 14 days post-injection) to track the fluorescence of C. pyre.
Fluorescence signals were detectable in the heart for up to 7 days post-
injection (Supplementary Fig. 29), indicating sustained retention and
stability of HCU, which is critical for prolonged oxygenation therapy.
Moreover, during the treatment period, the body weight of mice
in all groups demonstrated minimal fluctuation (Supplementary
Fig. 30). Moreover, biocompatibility of the HU and HCU (NIR) was
demonstrated by assays of cytokines TNF-q, IL-6, and IL-1B. As revealed
by the assays, no significant differences were found among all groups,
indicating that there was no inflammation in the organisms (Supple-
mentary Fig. 31). Additionally, H&E staining of major organs revealed
normal morphological features in all groups (Supplementary Fig. 32),
suggesting that the photosynthetic system (HCU (NIR)) exhibited
superior biocompatibility and biosafety.

Discussion

In this study, the natural photosynthetic system (HCU) was successfully
developed and applied in Ml therapy to effectively improve the cardiac
function of MI mice. Under near-infrared light irradiation, HCU enabled
in situ photocrosslinking (365nm), controllable oxygen supply
(475 nm) and restoration of energy metabolism (800 nm). Specifically,
in situ photosynthetic oxygen generation of C. pyre alleviated the
hypoxic microenvironment, thereby mitigating hypoxia-induced mito-
chondrial damage and preventing cardiomyocyte apoptosis. Moreover,
photobiomodulation activated cytochrome ¢ oxidase (CCO) activity,
thereby promoting the electron transport of mitochondrial respiration
chain and enhancing energy metabolism. In the MI models, this pho-
tosynthetic system significantly alleviated cardiac injury and restored
cardiac function. Based on the combination of photobiomodulation
and micro-algae oxygen generation, the photosynthetic system effec-
tively regulated energy metabolism and alleviated the hypoxic micro-
environment, providing conceptual validation as a strategy for MI
clinical treatment. Meanwhile, we hope in the future study we can focus
on sonoluminescence of ultrasound to enhance tissue penetration and
achieve clinical applications in ischemic diseases.

Methods

Ethical statement

All experiments were performed in accordance with relevant guide-
lines and ethical regulations that were approved. All in vivo

experiments were approved by the Animal Ethics Committee of
Shandong Normal University (AEECSDNU2024123).

Materials

The reagents CeCls:6H,0 (99.9%), YbCl3-6H,0 (99.9%), TmCls-6H,0
(99.9%), Zr(NO3)4-5H,0 (99.9%), (NH4),S,05 (98.5%) were purchased
from Macklin (China). Hyaluronic Acid (HA, 90%) was purchased from
Heowns (China). NaOH (90%) and NH4F (96%) were purchased from
Aladdin. C;¢HyLiOsP (LAP) photoinitiator was purchased from Engi-
neering For Life Technology, Ltd. Annexin V-FITC Apoptosis Detection
Kit, Mitochondrial membrane potential assay kit with JC-1, Cell mito-
chondria isolation kit, ATP Assay Kit, and DAPI were purchased from
Beyotime Biotechnology. Micro Mitochondrial Respiratory Chain
Complex IV Activity Assay Kit was purchased from Beijing Solarbio
Science & Technology Co., Ltd. Annexin V-FITC/PI Apoptosis Detection
Kit was purchased from Elabscience (Wuhan, China). The antibodies
used are listed below: HIF-la (1:1000, BOSTER, China, Cat No.
ZP1229BP29, Lot No. PB9253); Cyt ¢ (1:5000, Zenbio, China, Cat No.
R22867, Lot No. N19AP7P); C-Caspase3 (1:1000, Zenbio, China, Cat No.
341034, Lot No. N10APO1); Bcl-2 (1:1000, BOSTER, China, Cat No.
BA0412, Lot No. 24 F 11 0305C19); B-Actin (1:1000, BOSTER, China, Cat
No. BM0627, Lot No. 17K15B27). All reagents were used as purchased
without further purification.

Synthesis of NaCeF,:Yb,Tm,Zr UCNPs

NaCeF4.Yb,Tm,Zr UCNPs were synthesized using a modified hydro-
thermal method. Initially, 20 mmol of YbCl3-6H,0, 0.10 mmol of
TmCl3-6H,0, 10mmol of Zr(NOs)4-5H,O, and 69.9 mmol of
CeCl5-6H,0 were transferred to 5 mL deionized water. The mixture was
stirred to form a uniform solution. Then, a specific quantity of NaOH
and NH4F was added to the beaker. The obtained solution was further
stirred for 30 min. After that, the mixture was transferred to the
hydrothermal autoclave reactor. The temperature was increased by a
gradient of 10 °C every 5 min and maintained at 200 °C for a period of
12 h. The solution after the hydrothermal reaction was centrifuged and
washed for three times with anhydrous ethanol and deionized water.
Finally, the above powders were dried in a vacuum drying oven at
60 °C. NaCeF,:Yb,Tm,Zr UCNPs doped with varying amounts of Zr
were synthesized using the same method.

Characterization of NaCeF,:Yb,Tm,Zr UCNPs

The appearance of UCNPs was analyzed using a Transmission Electron
Microscope (HT7700, HITACHI, Japan). Additionally, dried UCNPs
powders were examined by X-ray Diffraction Spectroscopy (XRD,
Rigaku Smart Lab Se, Japan) at angles ranging from 5 to 90 degrees,
and by X-ray Photoelectron Spectroscopy (XPS, ESCALAB250, Thermo
Fisher, USA). The peaks of Ce, Yb, Tm, and Zr elements were analyzed
semiquantitatively using Avantage software. The upconversion lumi-
nescence spectra of UCNPs were examined with a Fluorescence
Spectrometer (FLS-1000, Edinburgh Instrument, UK) equipped with a
980 nm CW laser for excitation.

In vitro degradation of NaCeF ,:Yb/Tm/Zr

The as-synthesised NaCeF,:Yb/Tm/Zr UCNPs with a fixed amount of
30 mg in solid form were directly immersed in some buffers (3.0 mL)
with different pH values, including monopotassium phosphate solu-
tion (pH 4.8), KH,PO4-K,HPO, buffer (pH 6.5), Hank’s balanced salt
solution (pH 7.4), sodium bicarbonate solution (pH 8.3), Tris-HCI (pH
8.8) and sodium hydroxide solution (pH 9.6). After being soaked for
48 h, the decrease in the integrated intensity of blue UCL signal for the
as-synthesized NaCeF,:Yb/Tm/Zr UCNPs over time was monitored
using a spectrometer equipped with a 980 nm diode laser (FLS1000,
Edinburgh Instrument), and their corresponding UCL photographs
were taken at different time points without using any filter. Meanwhile,
the resulting supernatant was retrieved via filtration and then
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subjected to elemental analyses using ICP-OES (Thermo Scientific
iCAP 7400).

Synthesis and characterization of HAMA

Hyaluronic acid (HA) was dissolved in distilled water at a con-
centration of 1% weight under magnetic stirring at 4 °C, and the pH
was adjusted to 8 using 1M NaOH. Subsequently, 5 equivalents of
methacrylic acid (MA) were added in dark conditions, followed by
the addition of a certain volume of 1M NaOH to maintain the weak-
base environment for 12 h. Finally, the sample was filtered using a PC
membrane filter for 3 days and dried in a vacuum freeze dryer, and
finally stored in a refrigerator under light-protected conditions. The
chemical structures were studied by Fourier transform infrared
spectroscopy to validate the success of HAMA (FT-IR, Nicolet 6700,
Thermo Fisher, USA).

C. pyre culture

Chlorella pyrenoidosa (C. pyre) was purchased from Nanjing Haierth
Biotechnology Co. and cultured in 20 mL of BG11 medium (A137990,
Thermo Fisher Scientific, MA, USA) in a conical flask with a vented cap.
The cultures were maintained at 25°C in an illumination incubator
under a fixed diurnal cycle consisting of an 8-h light period followed by
a 16-h dark period. A specified volume of fresh BG11 medium was
added at 3-day intervals to compensate for evaporative losses. Once
the cultures had developed a deep green color, half of the culture
volume was replaced with fresh BG11 medium. The cyanobacteria were
examined using an inverted fluorescence microscope (IX 71, Olympus,
Japan) to confirm their purity.

Photocrosslinking of HCU

C. pyre was harvested during the logarithmic growth stage, cen-
trifuged at 4000 rpm for 5 min, and washed three times with PBS
before the subsequent experiment. 50 mg/mL Hyaluronic acid
methacrylate (HAMA), 1x10%cells/mL C. pyre, and 30 pg/mL
UCNPs (NaCeF,:Yb,Tm,Zr) were vigorously vortex-mixed. Other
concentrations of HAMA/C. pyre/UCNPs biohybrid fluids could be
simultaneously prepared by adjusting the concentrations of
these components. Under 980 nm excitation at a power density of
1.0 W/cm?, the gel was crosslinked within 30's by LAP. Scanning
electron microscopy (SEM, GeminiSEM 500) was utilized to
observe the morphology of UCNPs and lyophilized hydrogel.

In situ photocrosslinking of HCU hydrogel

To assess the optical characterization of C. pyrenoidosa (C. pyre),
upconversion nanoparticles (UCNPs), and lanthanum phosphate
(LAP), aqueous dispersions of C. pyre, LAP, and UCNPs were prepared.
UV-vis spectra were detected using a Cary5000 spectrophotometer
(Agilent, USA) at wavelengths ranging from 200 to 900 nm. Chlorella
pyrenoidosa was harvested during the logarithmic growth phase. It was
then centrifuged at a rotational speed of 4000 rpm for 5min and
washed three times with phosphate-buffered saline (PBS) in prepara-
tion for subsequent experiments. C. pyre, hyaluronic acid methacrylate
(HAMA), and UCNPs (NaCeF,:Yb,Tm,Zr) were vigorously vortex-mixed
to final concentrations of 50 mg/mL, 1x10® cells/mL, and 30 pg/mL,
respectively. Other concentrations of HAMA/C. pyre/UCNPs biohybrid
fluids can be simultaneously prepared by adjusting the concentrations
of these components. The chicken tissue was cut with a thickness of
10 mm. 980nm NIR laser (with 2W.cm™) was used to penetrate
through chicken tissues and in situ cure the HCU inks.

Measurement of photosynthetic oxygenation of HCU

Photosynthesis gel precursor (ImL; containing 10 mg/mL HAMA,
1x108C. pyre, and 30 pg/mL UCNPs) was prepared and transferred to a
10 mL centrifuge tube with 5 mL PBS containing 10 mg of RDPP probe.
A 660 nm laser was utilized for photosynthetic oxygenation. The

change in dissolved oxygen concentration was detected by the RDPP
probe and recorded using a fluorometer.

Adhesion properties assay of photosynthesis hydrogel

The adhesive properties of hydrogels were investigated using a mac-
roscopic adhesion test. During the preparation of the adhesion test
samples, HCU was poured into a cylindrical mold with dimensions of
@10 mm x 10 mm and subsequently crosslinked under the irradiation
of 980 nm near-infrared (NIR) light. Different substrates were utilized
to explore the adhesive characteristics of the hydrogels.

Cell culture

Mouse cardiomyocytes (H9¢2) and human umbilical vein endothelial
cells (HUVECs) were obtained from Procell Life Science & Technology
(Wuhan, China). H9¢2 cells and HUVECs were cultured in DMEM sup-
plemented with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin (P-S) at 37°C in a humidified atmosphere containing
5% COs,.

Primary cardiomyocyte isolation and culture

Primary cardiomyocytes (PCMs) from neonatal mice (2 days old) were
isolated as described below. Briefly, the calcium and magnesium-free
HBSS buffer, supplemented with 1% penicillin-streptomycin (P-S), was
prepared. Heart tissues were isolated from 15 neonatal mice and
washed with prepared HBSS buffer twice. Then these heart tissues
were finely chopped and digested in an enzyme solution (type Il col-
lagen 0.0540 g in 30 mL calcium and magnesium-free HBSS buffer) on
a magnetic stirrer (37 °C, 150 rpm) for 1.5 h. The CM growth medium,
containing of 435mL DMEM, 5mL antibiotic-antimycotic (100x),
25mL FBS, and 40 mL horse serum, was prepared. The supernatant
was collected into a 50 mL centrifuge tube and then the CM growth
medium was added at a volume ratio of 1:1. The mixture was then
subjected to centrifugation at 700 rpm. The resultant clear layer was
discarded, and the precipitate at the bottom of the tube was identified
as CMs. These CMs were transferred to culture plates with CM growth
medium for differential wall attachment. Finally, the floating PCMs
(unattached) were collected after 1.5 h and seeded to various samples.

In vitro biocompatibility assay

For CCKS8 assay, H9c2 cells were seeded in 24-well cell culture plates
(5 x10* cells per well ) and cultured under normoxia condition (21% O,)
for 24 h. Subsequently, 24-well transwell chambers containing 0.25 mL
HCU (containing 1 x 108 cells/ml C. pyre) biohybrid fluids with different
UCNPs concentrations were placed on top of these plates. The con-
centrations of HAMA and C. pyre were 10 mg/mL and 1x 108 cells/mL,
respectively. The UCNPs concentrations in HCU varied as follows: O,
0.2, 0.4, 0.6, 0.8, and 1.0 mg/mL. After another 24-hour incubation an
CCK8 assay was conducted to evaluate cell viability.

For Live/Dead staining assay, human umbilical vein endothelial
cells (HUVECs) were seeded on the glass-bottomed Petri dish, while
0.25mL HCU (containing 1x 108 cells/ml C. pyre) were added in the
culture medium. Cells were identified by Live/Dead staining assay after
coculturing for 5 days. For the Live/Dead staining assay, the cells were
incubated with calcein-AM/propidium iodide (Beyotime, China) for
30 min at 37 °C. Finally, the fluorescence of C. pyre and calcein-AM/
propidium iodide was examined using a Confocal Laser Scanning
Microscope (Leica; STELLARIS 5).

Establishment of hypoxia cells model

H9c2 cells were seeded in growth media at a density of 5x10° cells per
dish and cultured under normoxic conditions (21% O,) for 24 h. The
medium in each dish, except for the normal group, was exchanged
with glucose-free DMEM medium (1% penicillin-streptomycin). The
cells in glucose-free DMEM medium were cultured in a 37 °C constant
humidity incubator containing 94% N,, 5% CO, and 1% O, for 4h
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(simulating the process of cardiomyocyte ischemia), during which
their status was monitored to confirm the successful establishment of
the hypoxia model.

HIF-1a immunofluorescence assessment

Following a 4-hour incubation period under either normoxic (21% O,)
or hypoxic (1% O,) conditions, with or without light irradiation, nine
groups were established as follows: Normal group, Ml group, NIR group
(980 nm, 1.0 W/cm?, 20 min), HC group, HC (NIR) group, HU group, HU
(NIR) group, HCU group, and HCU (NIR) group. Subsequently, each cell
culture plate containing 1mL PBS, HAMA/C. pyre, HAMA/UCNPs, or
HAMA/C. pyre/UCNPs was placed on top of the cell culture plates. H9c2
and PCMs were fixed with 4% paraformaldehyde for 10 min, followed
by permeabilization with 0.2% Triton X-100 in phosphate-buffered
saline (PBS) for 8 min. HIF-1a antibody were incubated overnight at 4 °C
and secondary antibody was added for 1 h at room temperature in the
dark. Nuclei were labeled with DAPI (G1012; Servicebio), and cells were
visualized using a Leica 710 laser confocal microscope.

In vitro cellular hypoxia alleviation

After construction of the hypoxia model, nine groups were established
as follows: Normal group, Hypoxia group, NIR (980 nm, 1.0 W/cm?,
20 min) group, HC (HAMA/C. pyre) group, HC (NIR) group, HU (HAMA/
UCNPs) group, HC (NIR) group, HCU (HAMA/C. pyre/UCNPs) group,
HCU (NIR) group. The concentrations of HAMA, UCNPs, and C. pyre in
all biohybrid fluids were 10 mg/mL, 30 pug/mL and 1x108 cells/mL,
respectively. Subsequently, each cell culture plate containing 1 mL
PBS, HC, HU, or HCU were placed in a Stage Top Digital Gas Chamber,
connected to a Leica TCS SP8 confocal laser scanning microscope. The
chamber was set to maintain a hypoxic environment by controlling the
gas mixture to consist of 1% O,, 5% CO,, and 94% N,. Then, [Ru(dpp)s]
Cl, (Luminescent oxygen sensor) was utilized to detect the oxygen
generation, and the observations were performed using confocal laser
scanning microscopy (CLSM). Under a fluorescence microscope, cells
were excited at 455 nm, and images of the red emission (Amax: 613 nm)
were captured.

Assessment of the activity of CCO

The activity of cytochrome c oxidase (CCO) was measured using a
colorimetric assay with the Mitochondrial Respiration Chain Complex
IV Activity Assay Kit (Solarbio Life Sciences, Beijing, China). Cells were
initially inoculated into 96-well black plates. The experimental groups
were then pre-treated under various conditions. All assays were con-
ducted strictly in accordance with the manufacturer’s guidelines. The
CCO activity was quantified at a wavelength of 550 nm with an enzyme-
labeled instrument (BioTek Synergy 2).

Assessment of ATP level and ADP level

An ATP assay kit was used to evaluate the enhancement of intracellular
ATP levels. H9c2 cells were seeded in culture dishes and allowed to
reach 80% confluence. Initially, these cells were exposed to a hypoxic
environment for 4 h. Subsequently, hydrogels were introduced and co-
incubated with cells for 2 h before being subjected to 980 nm radiation
for 20 min. The treated cells were then washed twice with PBS and
lysed. After centrifugation at 12,000 g for 5min at 4 °C, the super-
natant of the cell lysate was obtained and assessed using an ATP assay
working solution to evaluate the ATP level. After assessing the ATP
level, 20 pL of nucleotide-monitoring reagent was added to the solu-
tion, and the ATP levels were measured using an enzyme-labeled
instrument (BioTek Synergy 2). After 10 min, the ADP in the solution
was converted to ATP by adding 20 pL of ADP converting reagent.

Assessment of mitochondrial membrane potential assay (JC-1)
To investigate the protective effect of hydrogels on mitochondrial
membrane potential under hypoxic conditions, a JC-1 assay kit was

utilized. Initially, H9¢c2 cells were seeded in glass-bottom cell culture
dishes and cultured until they reached approximately 80% confluence.
Subsequently, these cells were transferred to a hypoxic environment
and incubated for 4 h. Thereafter, hydrogels were introduced, and the
cells were co-incubated for 2 h. Subsequently, the cells were exposed
to 980 nm radiation for 20 min. During this treatment, the cells always
in a hypoxic environment. Following this, the treated-cells were
washed twice with PBS and then incubated with the JC-1 staining
working solution at 37 °C for 20 min. Subsequently, the cells were
washed twice more with JC-1 staining buffer and then incubated in
fresh culture medium. Finally, the mitochondrial membrane potential
of H9c2 cells was visualized and recorded using confocal laser scan-
ning microscopy. Additionally, the percentage of the JC-1 green
fluorescent area in the cells was quantified using ImageJ software.

Evaluation of apoptosis by flow cytometry

H9c2 cells were seeded in petri dishes at a density of 1 x 10° cells. After
an overnight incubation, the cells were treated with hypoxia for 4 h.
Subsequently, hydrogels were added, and the cells were co-incubated
for 2 h before being exposed to 980 nm radiation for 20 min. The
Annexin V-FITC/PI Apoptosis Detection Kit was used to stain the cells
for 15min. Firstly, debris was excluded and target cell populations
were identified using an FSC-A/SSC-A scatter plot. Following the
removal of doublets through bimodal exclusion (FSC-H/FSC-A and
SSC-W/SSC-H), live cells were distinguished using reactive dyes.
Negative and positive populations were strictly defined based on
comparisons between isotype controls and fluorescence minus one
(FMO) controls. The threshold for positivity was set to encompass the
fluorescence intensity of 99% of the control cells. This gating strategy
ensured accurate clustering and consistent placement of gates across
all experimental groups. Following this, cell samples were collected
from the petri dishes by centrifugation, and the apoptotic cells were
analyzed using flow cytometry.

Western blot

After constructing the hypoxia model, four groups were established as
follows: Normal group, Hypoxia group, HCU (HAMA/C. pyre/UCNPs)
group, and HCU (NIR) group. The NIR group refers to “980 nm,
1.0 W/cm?, 20-min” exposure. Total proteins were extracted using RIPA
lysis buffer supplemented with protease inhibitors, separated by SDS-
PAGE, and transferred to a PVDF membrane (Millipore, Billerica, MA).
The membrane was blocked with 5% non-fat milk at room temperature
for 1h and then incubated with the appropriate antibody. Protein bands
were visualized using the chemiluminescent HRP detection system
(Millipore, Billerica, MA). The antibodies used are listed below: HIF-1x
(1:1000, BOSTER, China, Cat No. ZP1229BP29, Lot No. PB9253); Cyt c
(1:5000, Zenbio, China, Cat No.R22867, Lot No. N19AP7P); C-Caspase3
(1:1000, Zenbio, China, Cat No. 341034, Lot No. N10APO1); Bcl-2 (1:1000,
BOSTER, China, Cat No. BAO412, Lot No. 24 F 11 0305C19); B-Actin
(1:1000, BOSTER, China, Cat No. BM0627, Lot No. 17K15B27).

Establishment of myocardial ischemic animal model

Adult KM mice (aged 6-8 weeks, male) were used to establish a
myocardial ischemic animal model using isoproterenol (ISO, anon-
selective B-adrenergic receptor agonist). Throughout the experi-
ment, the animals had unrestricted access to food and water. They
were randomly assigned to one of four groups: the Normal group,
the MI group, the BB group (with a dosage of 20 mg/kg), and the
HCU (NIR) group. Except for the Normal group, all other groups
received intraperitoneal injections of 1ISO (8 mg/kg) for five con-
secutive days, while the Normal group was given an equivalent
volume of PBS in the same manner. The mice were anesthetized
using isoflurane (at a dosage of 0.1 mL/10 g) and placed in a supine
position. Subsequently, a small amount of conductive adhesive was
applied to the copper sheet of the physiological information
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monitoring station, and the animals’ paws were fixed to it, allowing
for the acquisition of physiological information, including elec-
trocardiogram (ECG) and respiration. The imaging target area was
prepared by removing hair with a depilatory cream, and two-lead
electrocardiogram electrodes were inserted to record the ECGs for
a duration of 20 min. Immediately after the injection, echocardio-
graphy and Color Doppler Flow Imaging (CDFI) were performed
using the Fujifilm Visual Sonics Vevo F2 system to confirm the
success of the model induction.

HCU treatment on MI mice

All animal experiments were performed under the ethics committee
guidelines, and laboratory animals approved by Shandong Normal
University Animal Ethics Committee. All the mice were assigned into
4 groups (n=18 per group). The mice in group 1 were untreated
(Normal group), while mice in group 2-4 were MI mice. Ml mice were
prepared as described in supporting information. Ml mice in group 2
were intramyocardially injected with PBS alone (MI group). MI mice
in group 3 were oral ingested with Metoprolol Tartrate; f1-
adrenergic receptor antagonists alone (once every three days, BB
group). MI mice in group 4 received an intramyocardial injection of
HCU precursor under ultrasound guidance (50 mg/mL HAMA,
1x108 cells/mL C. pyre, 30 ug/mL UCNPs) at the ischemic border
zone (once every three days, HCU (NIR) group). A 980 nm laser
(1.0 W/cm?, 20 min/day for 7 days) was applied transcutaneously in
HCU (NIR) group to crosslink the hydrogel and activate photo-
synthesis/CCO. Cardiac function was monitored by Echocardio-
graphy and Color Doppler Flow Imaging (Fujifilm Visual Sonics Vevo
F2) pre-treatment and post-treatment (days 1, 3, 7, 30).

Echocardiography test

One week following the establishment of the MI model, and 7 days
post-HCU (NIR) therapy, the left ventricular (LV) functions of the mice
were assessed using the IE33 echocardiography system (Vevo2100,
Visual Sonics). M-mode and B-mode images, which reflect LV anterior
wall morphology and beating activity, were recorded using the M250
transducer. The related indexes for evaluating cardiac function, such
as fractional shortening (FS) and ejection fraction (EF), were calculated
based on three consecutive cardiac cycles.

Histological analysis

Seven days post-treatment, animals in 4 groups (n =12 per group) were
euthanized. Hearts were harvested and sliced into 6 pm thick paraffin
sections. Histologic features of myocardial infarction (MI) were
obtained using TTC (2,3,5-Triphenyltetrazolium Chloride), HE (Hema-
toxylin-eosin) staining, and Masson’s Trichrome staining, following the
manufacturers’ instructions. The infarcted area of the heart was cal-
culated based on the ratio of collagenous area (blue) to myocardial area
(red). Data were analyzed using Image ] and GraphPad Prism software.

Immunofluorescence staining

The cardiac slices underwent a process of deparaffinization and
rehydration. Subsequently, the tissue sections were immersed in EDTA
antigen retrieval buffer and subjected to high-pressure steam treat-
ment for 3 min to facilitate antigen retrieval. After natural cooling, the
sections were transferred to PBS (pH 7.4) and gently agitated on a
decolorization shaker. Then, the sections were incubated with a 10%
goat serum solution at 37 °C for 2 h. An appropriate amount of primary
antibody, proportioned as per the experimental requirements, was
added to the sections and incubated overnight at 4°C in a humid
chamber. Following several washes in PBS, the secondary antibody was
applied to cover the tissue and incubated for 2 h at 37 °C. Finally, a
DAPI-containing blocker was added dropwise and incubated at room
temperature for 10 min.

RNA-seq analysis

Heart tissue from each treatment group in MI mice (Normal group,
n=3; Ml group, n=3; intramyocardial injection of HCU group, n=3)
was collected, and total RNA was extracted. The purity of the RNA
was assessed using a NanoDrop 2000/c spectrophotometer (Thermo
Scientific). Subsequently, libraries were constructed utilizing the
VAHTS Universal V6 RNA-seq Library Prep Kit. The transcriptome
sequencing and subsequent analysis were performed by SHBIO Bio-
tech. Agilent 4200 bioanalyzer was employed to evaluate the con-
centration and size distribution of cDNA library. The libraries were
sequenced using the Illumina NovaSeq 6000 platform, generating
paired-end reads of 150 bp. The high-throughput sequencing proto-
col was strictly adhered to in accordance with the manufacturer’s
instructions (Illumina). The raw reads were filtered using Seqtk prior
to mapping to the genome with Hisat2 (version 2.0.4) [1, Supporting
Information]. Gene fragments were quantified employing StringTie
(v1.3.3b), followed by normalization using TMM (trimmed mean of M
values) [2-5, Supporting Information]. Significantly differentially
expressed genes (DEGs) were identified based on a False Discovery
Rate (FDR) threshold of Q<0.05 and a fold change greater than 2,
utilizing edgeR software for the analysis [5-8, Supporting Informa-
tion]. The hypergeometric distribution of the differentially expres-
sed genes (DEGs) was validated. R version 3.2.0 was utilized to
conduct Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analyses, as well as to gen-
erate the corresponding figures. Bioinformatic analyses were con-
ducted using an online platform available at https://www.
bioinformatics.com.cn.

Long-term in situ retention of HCU

6-week-old male KM mice bearing MI (n =3) were administered intra-
myocardial injection of HCU. Hearts were removed at O, 1, 3, 5, 7, 14,
and 30 days after injection and observed using an in vivo imaging
system (PerkinElmer, USA) with excitation at 420 nm. The biolumi-
nescence of C. pyre was measured, which was further quantified using
the software Image ).

Biological safety

To assess the potential toxicity and inflammation resulting from the
HCU, blood samples were collected after a 7-day treatment period.
Enzyme-linked immunosorbent assays (ELISAs) were conducted using
serum to test the levels of TNF-«, IL-6, and IL-1B. The major organs
(liver, spleen, lung, kidney) of mice were collected for in vivo toxicity
analysis. Hematoxylin and eosin (H&E) and Masson’s trichrome stain-
ing were used to evaluate the damage to the mice’s major organs.
Simultaneously, images were observed and collected using the Digital
Slice Scanner (3D HISTECH).

Statistical analysis

All experiments were conducted independently and repeated to
ensure the reliability of the data presented in the figures. Data are
depicted as error bars representing the mean or geometric mean +
standard deviation (S.D.). Statistical significance was determined using
unpaired two-tailed Student’s ¢ test. Significance levels are indicated by
the exact P value presented in the figures. To mitigate potential bias,
no data were excluded, samples were randomly assigned to experi-
mental groups, organisms were cultured under consistent environ-
mental conditions, and randomization was employed in group
assignments. Investigators were not blinded during data collection and
analysis.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability

All data generated in this study are provided in the Supplementary
Information/Source Data file. RNA-seq data are deposited in SRA under
accession code PRJNA1301596. Source data are provided with
this paper.
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