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Photoresponsive Hydrogel-Coated Upconversion
Cyanobacteria Nanocapsules for Myocardial Infarction

Prevention and Treatment

Yu Liu, Da Zhong, Yizhe He, Junkai Jiang, Weichang Xie, Zhibo Tang, Jianbin Qiu,

Jun Luo,* and Xiaolei Wang*

Myocardial infarction (MI) is a common disease that seriously threatens
human health. It is noteworthy that oxygen is one of the key factors in the
regulation of MI pathology procession: the controllable hypoxic
microenvironment can enhance the tolerance of cardiac myocytes (CMs) and
oxygen therapy regulates the immune microenvironment to repair the
myocardial injury. Thus, the development of an oxygen-controllable treatment
is critically important to unify M1 prevention and timely treatment. Here, a
hydrogel encapsulated upconversion cyanobacterium nanocapsule for both
MI prevention and treatment is successfully synthesized. The engineered
cyanobacteria can consume oxygen via respiration to generate a hypoxic
microenvironment, resulting in the upregulation of heat shock protein70
(HSP70), which can enhance the tolerance of CMs for MI. When necessary,
under 980 nm near-infrared (NIR) irradiation, the system releases
photosynthetic oxygen through upconversion luminescence (UCL) to inhibit
macrophage M1 polarization, and downregulates pro-inflammatory cytokines
IL-6 and tumor necrosis factor-a (TNF-a), thereby repairing myocardial injury.
To sum up, a photoresponsive upconversion cyanobacterium nanocapsule is
developed, which can achieve MI prevention and treatment for only one
injection via NIR-defined respiration and photosynthesis.

Due to the neglect of preventive measures
for MI high-risk populations, the reduc-
tion of cardiac myocytes (CMs) caused by
long-term and repeated ischemia results in
difficult-to-recover injury and scar tissue.!?]
The widely used treatments like drug and
surgical treatments cannot reverse the mas-
sive loss of functional CMs after MI, which
highlights the importance of the combina-
tion of MI prevention and treatment.l’] Is-
chemic preconditioning, a method of MI
prevention, has been confirmed to have
a certain therapeutic effect on ML The
mechanism of prevention is that after
one or more times of ischemia-reperfusion
stimulations in a short period of time, hy-
poxia and ischemia in the myocardial mi-
croenvironment will upregulate the expres-
sion of protective substances to improve the
tolerance of CMs. Ischemia-reperfusion in-
duced directly through the circulatory sys-
tem might cause cardiovascular adverse
events to a great extent with uncontrol-
lable location, extent, and time.’] For MI
treatment, oxygen therapy remains the
routine method, which improves cardiac

1. Introduction

Cardiovascular disease associated with myocardial infarction
(MI) is a major cause of morbidity and mortality worldwide.!"]

function and regulates the immune microenvironment.l®) How-
ever, many studies have confirmed that high oxygen fraction
caused by excessive oxygen therapy may lead to vasoconstriction,
an increase in vascular resistance, and a decrease of myocardial
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Figure 1. The schematic illustration for the synthesis of UCCy@Gel for acute Ml prevention (dark phase) and therapy (light phase): the UCCy@Gel
consumes oxygen via respiration to generate a hypoxic microenvironment, resulting in the upregulation of HSP70, which enhanced the tolerance of CMs
for M1 (left); Under 980 nm NIR irradiation, the UCCy@Gel releases photosynthetic oxygen through UCL to inhibit macrophage M1 polarization and
downregulated proinflammatory cytokines IL-6 and TNF-« to repair myocardial injury (right).

oxygen supply, thereby aggravating MI injury.l’! Thus, an accu-
rate oxygen-modulating treatment shows significant importance
for MI prevention and therapy.

Recent progress has been made in injectable hydrogels for
myocardial protection, and some of the hydrogels have entered
the stage of clinical trials.®] Hydrogels as carriers have been
always used to deliver cells,®] bioactive molecules, %! drugs,!!!]
and nanoparticles.'”] Although injectable hydrogels are promis-
ing as a kind of clinical treatment for MI, controlled oxygen-
modulating hydrogel for MI prevention and therapy has not
been developed. Synechococcus elongatus (S. elongatus) PCC 7942
(cyanobacteria), a freshwater unicellular organism, liberates oxy-
gen through photosynthesis.[3] Unlike other gram-negative bac-
teria, the structurally distinct lipopolysaccharide (LPS) on its
surface does not cause a strong inflammatory response, which
makes it a potential oxygen source in vivo.['*l With its photosyn-
thesis and good biocompatibility, some biomedical applications
have been developed, such as tumor photodynamic therapy,!*’!
treatment of diabetic wounds,'®! and so on.['”] But most of these
researches ignored the consumption of oxygen by respiration of
cyanobacteria in dark environments, which might achieve pho-
toresponsive treatment for MI combined with oxygen liberation
through photosynthesis.

Herein, we reported a hydrogel-coated upconversion
cyanobacterium nanocapsule (UCCy@Gel) for MI preven-

Adv. Sci. 2022, 9, 2202920

tion and therapy (Figure 1): upconversion nanoparticles (f-
NaErF,@NaLuF, nanocrystals, UCNPs), which could absorb
deeper tissue penetrable near-infrared (NIR) photons and
emit shorter wavelength photons (upconversion luminescence,
UCL),!"8 were conjugated to the surface of cyanobacteria. Be-
sides, a methacrylate outer hydrogel layer was formed to enhance
the stability and provided stable tissue adhesion. The upregula-
tion of heat shock protein70 (HSP70) following the controllable
local hypoxic microenvironment caused by the respiration of
cyanobacteria in the dark inhibited the expression of the apopto-
sis protein cysteinyl aspartate specific proteinase-3 (Caspase-3)
to prevent MI. When necessary, through the excitation of 980 nm
NIR light, a blend of visible light emitted by UCNPs was used for
photosynthesis in cyanobacteria to achieve appropriate oxygen
liberation. By this means, a flexible NIR-controllable oxygen-
modulating cyanobacterium nanocapsule could be realized for
both MI hypoxic prevention and local oxygen therapy.

2. Result and Discussion

2.1. Synthesis and Characterization of UCNPs and UCCy @Gel

The schematic illustration for the synthesis of UCCy@Gel was
shown in Figure 2a-I. First, cyanobacteria were modified with
amino groups to bind UCNPs to obtain upconversion bacteria

2202920 (2 of 1 3) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 2. Preparation and characterization of UCCy@Gel. a) I-Schematic illustration for the synthesis of UCCy@Gel, II-the schematic illustration for the
structure of cyanobacteria b) TEM image of UCNPs. Scale bar = 100 nm. c) HRTEM image of UCNPs. Scale bar = 10 nm. d) The UCL mechanism of
UCNPs. e) The UCL spectra of UCNPs. f) The XRD analysis of I-lUCNPs, II-Cit-UCNPs, and [1I-UCCy@Gel. g) The Fourier transform infrared spectroscopy
(FTIR) spectra of I-UCNPs, 11-Cit-UCNPs, and 11I-UCCy@Gel. h) Photograph of cyanobacteria under an optical microscope. Scale bar = 5 pm. i) UV—vis
spectra of I-chlorophyll, Il-cyanobacteria, and I1I-UCCy@Gel. j) Zeta potentials of cyanobacteria, Cyan-NH,, UCCy, and UCCy@Gel. k) Photograph of
UCCy@Gel under an optical microscope. Scale bar = 5 um. I) SEM image of UCCy@Gel. Scale bar = 400 nm. m) TEM image of UCCy@Gel. Scale bar

= 200 nm.
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(UCCy). Then, the methacrylate hydrogel layer was formed by
free-radical copolymerization, resulting in UCCy@ Gel.

UCNPs were synthesized using the high-temperature copre-
cipitation method.?%! Transmission electron microscopy (TEM)
and high-resolution TEM (HRTEM) images of UCNPs were
shown in Figure 2D,c, respectively. The particle size of UCNPs
was about 28 nm, out of which 14 nm was the hexagonal phase
(B) NaErF, nanocrystals core, and with an average shell thick-
ness of about 7 nm (Figure S1, Supporting Information). Er-
bium ions (Er’*) can offer multiple excitations and emission
pathways spanning the visible to the NIR wavelengths, which at-
tributes to its rich energy level system.['] The up-converted green
and red emission peaks at 520, 550, and 650 nm were attributed
to the transitions from *Hy, ,, *S;),, and *F,, of Er’*, respec-
tively, and UCL was simultaneously enhanced with a thick in-
terfacial NaLuF, layer because it eliminated surface quenching
(Figure 2d,e).") Powder X-ray diffraction (XRD) analysis shown
in Figure 2f-1 further confirmed the crystallinity and hexagonal
phase of the synthesized core-shell nanocrystals.

Since as-synthesized UCNPs were covered by hydrophobic
oleic acid ligands (OA-UCNPs), a ligand exchange was required.
To endow UCNPs with hydrophilicity, UCNPs were treated with
nitrosonium tetrafluoroborate and sodium citrate using a ligand
exchange method with slight modifications.[??] Ligand exchange
from OA-UCNPs to Cit-UCNPs was confirmed by the infrared
absorption peaks located at 1580, 1417, and 1390 cm™" (Figure 2f
and Figure S2, Supporting Information). Powder XRD analysis
shown in Figure 2f-II also verified the successful preparation of
Cit-UCNDPs.

S. elongatus PCC 7942 was routinely cultivated under photoau-
totrophic conditions with continuous illumination at 28 °C,[?
which could be observed under an optical microscope and scan-
ning electron microscopy (SEM) (Figure 2h and Figure S3, Sup-
porting Information). It possesses a double membrane structure
and is regarded as a gram-negative bacterium. Genetic materials,
ribosomes, carboxysomes, and thylakoids are contained within
the membrane (Figure 2a-II).12*] Cyanobacteria contain chloro-
phyll within their thylakoids, which absorb light energy and give
cyanobacteria their green color. To characterize the absorption
properties, we analyzed cyanobacteria and cyanobacterial chloro-
phyll by UV-vis spectroscopy. The two major absorption peaks
were located at 440 and 665 nm, which corresponded to the dom-
inant absorption of blue and red light, respectively (Figure 2i-I).

To improve the ligation efficiency, cyanobacteria were first
modified with amino groups to generate amino-modified
cyanobacterial (Cyan-NH,). The polysaccharides on the surface of
cyanobacteria provided natural active sites for the conjugation of
boric acid. 4-aminophenylboronic acid hydrochloride was used as
an aminating reagent because the boron center could coordinate
with vicinal hydroxyl groups of polysaccharides to yield boronate
esters at a fast rate.[? The change of zeta potential demonstrated
the success of aminating reaction (Figure 2j).

The ligation of cyanobacteria and Cit-UCNPs was carried out
using an amidation reaction. Carboxyl groups on the surface of
Cit-UCNPs were activated by introducing a widely used water-
soluble condensation agent 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide, and then reacted with Cyan-NH, to obtain UCCy.
From the SEM image, it could be observed that the UCNPs were
successfully attached to the surface of the cyanobacteria (Fig-
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ure S4, Supporting Information). The zeta potential of UCCy
changed due to unreacted carboxyl groups of Cit-UCNPs (Fig-
ure 2j).

UCCy@Gel was fabricated via copolymerization of methacry-
late on the surface of UCCy. N-succinimidyl methacrylate (NMS)
was synthesized and characterized by 'H nuclear magnetic
resonance (‘H NMR) (Figure S5, Supporting Information).
First, UCCy was modified with methacryloyl groups by react-
ing with NMS, then the copolymerization was triggered by am-
monium persulfate and N,N,N”,N”-tetramethylethylenediamine.
Finally, 4-aminophenylboronic acid hydrochloride was added
and then react with the hydrogel-encapsulated UCCy to obtain
UCCy@Gel. NMS and methacrylic acid (MA) residues were in-
troduced in the hydrogel coating of UCCy in consideration of
the adhesion of tissues.[?} The phenylboronic structure of 4-
aminophenylboronic acid hydrochloride could scavenge reactive
oxygen species (ROS). The hydrogel layer could be observed un-
der an optical microscope (Figure 2k). SEM and TEM images of
UCCy@Gel were shown in Figure 2k,]1, respectively. UCCy@ Gel
exhibited a near-neutral zeta potential of about 1.5 mV, while
the zeta potentials for cyanobacteria and UCCy were approxi-
mately —16.1 and —26.6 mV, respectively (Figure 2j). The diffrac-
tion peaks of UCNPs from XRD analysis (Figure 2f-III) and the
characteristic peaks at 2935 cm™! (alkyl C—H stretching) 1402
cm™! (C—N stretching), 1278 cm™ (C-O stretching) and the
peaks of the carbonyl group at 1663 cm™' were due to C=0
stretching was shown in FTIR spectra (Figure 2g-I1I) further in-
dicated the successful synthesis of UCCy@ Gel. UV-vis spectrum
of UCCy@Gel showed only slight changes in absorption proper-
ties of UCCy@ Gel throughout the synthesis process (Figure 2i).

2.2. UCL property of UCCy@Gel

The possible energy conversion upon excitation of NIR light irra-
diation was shown in Figure 3a. We analyzed luminescent spectra
of UCNPs of UCNPs, Cit-UCNPs, and UCCy@Gel (Figure 3b).
The green/red spectral purity of UCL, S,,, were quantified using
the equation:

gr’

A - A,
S =
TOA A

1)

where A, and A, are the integrated areas under the emission
peak of green light and emission peak of red light, respectively.?’]
The difference between UCNPs and Cit-UCNPs was not statis-
tically significant while there was a significantly reduced S,, of
UCCy@Gel, which could be considered as a phenomenon caused
by the absorption of light by cyanobacteria (Figure 3c).

2.3. Oxygen Liberation of UCCy@Gel

The schematic diagram of photosynthesis and respiration of
UCCy@Gel is shown in Figure 3d. We analyzed oxygen lib-
eration from UCCy@Gel via a portable dissolved oxygen me-
ter. UCCy@Gel under NIR light (980 nm light-emitting diode)
showed higher photosynthesis activity than that under natural
white light.[?®] Due to the respiration of UCCy@Gel in the dark,

2202920 (4 of 1 3) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 3. The functional characterization of UCCy@Gel. a) The possible energy conversion upon excitation of NIR light irradiation. b) The UCL spec-
tra of I-UCNPs, 1I-Cit-UCNPs, and I1I-UCCy@Gel. c) The quantitative spectral purity analysis of upconversion red light. d) The schematic diagram of
photosynthesis and respiration of UCCy@Gel. e) Time-oxygen liberation curves of I-UCCy@Gel + 980 nm NIR light irradiation, 1I-UCCy@Gel + white
light irradiation, I1l-Cyanobacteria + 980 nm NIR light irradiation, IV-PBS + 980 nm NIR light irradiation, and V-UCCy@Gel in dark. f) The activity of
UCCy@Gel (green = NIR on; white = dark treatment). g) The schematic diagram of exosomes from UCCy@Gel. h) TEM image of exosomes from
UCCy@Gel. i) The schematic diagram of UCCy@Gel bonds tissues. j) The quantitative data of UCCy@Gel bonds tissues. k) The schematic diagram
of ROS scavenging. |) The UV-vis spectra of MB under different conditions at different times. m) The MB degradation ratio of I-UCCy@Gel + MB,
Il-cyanobacteria + MB, [11-MB. n) "H NMR spectra of I-before oxidation, Il-after oxidation. *p < 0.05, **p < 0.01, **%p < 0.001, ****p < 0.0001. Data
are means + SD (n > 3).
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the dissolved oxygen concentration in the solution decreased by
600 s (=~ 17.08 um). Upon exposure to the NIR light, UCCy@Gel
(1 x 10° cells mL™!) produced a high amount of oxygen within
600 s at a level of about 172 pum in time-dependent manners (Fig-
ure 3e), with a higher rate than that observed in white light (~
150.8 um).

Next, we confirmed the activity of UCCy@Gel by using NIR
light irradiation or dark treatment and monitored the concentra-
tion of dissolved oxygen. Under NIR light irradiation, the dis-
solved oxygen concentration of the UCCy@Gel (1 x 10° cells
mL™!) increased gradually to about 380 pm in 30 min; under dark
conditions, the dissolved oxygen decreased from about 380 um to
180 pm in 90 min (Figure 3d). These results demonstrated that
the cyanobacteria in the UCCy@Gel still had high activity and
could carry out photosynthesis and respiration. The experimen-
tal device was shown in Figure S6, Supporting Information.

An oxygen probe [Ru(dpp);]Cl, was used to validate the oxygen
generation in UCCy@Gel (Figure S7, Supporting Information).
[Ru(dpp);]CL, is a luminescent probe that is commonly used for
oxygen indication and quantification. Molecular oxygen could in-
duce a significant decrease in the luminescence of [Ru(dpp);]CL,
due to dynamic quenching. The decrease of red fluorescence after
5 min irradiation confirmed the generation of oxygen. Extracel-
lular vesicles (EVs), released as part of the normal physiology of
cells, can be broadly divided into two categories, ectosomes and
exosomes. Exosomes were isolated from the culture medium of
UCCy@Gel, which have been proven to have the potential for
healing tissues (Figure 3g,h).[?%!

2.4. The Tissue Bonding and ROS Scavenging Ability of
UCCy@Gel

NMS and MA residues for the hydrogel layer of UCCy@Gel
could interact with tissues via hydrogen bonds and amidation
reactions, which provided non-covalent and covalent binding
(Figure 3i).*) The bond between UCCy@Gel and tissues was
measured by co-incubation with fresh mice hearts. After co-
incubation for 1 h, the free UCCy@ Gel were quantified by mea-
suring the absorbance at 730 nm of supernatant (Figure 3j).3
Compared to cyanobacteria, UCCy@Gel showed much stronger
tissue adhesion, which suggested that the NMS and MA residues
interact with tissues to enhance the binding force.

ROS are a group of active molecules and free radicals. Over-
expression of ROS leads to oxidative stress, which can damage
cellular proteins, DNA, and lipids. Excessive ROS production af-
ter MI can eventually lead to heart failure. Thus, it is necessary
to eliminate ROS in the early occurrence of MI. The reaction
between peroxides and organic boric acid is widely known.B!
Due to the responsiveness of phenylboronic structure to oxida-
tive stimuli, phenylboronic acid was used as a ROS scaveng-
ing group (Figure 3k).3?] Methylene blue (MB), a redox reporter
molecule that was degraded under oxidative conditions, was used
as a probe molecule. Fenton’s reagent, that is, ferrous salt and
H,0,, is a common reagent to produce hydroxyl radicals. After
incubation with Fenton’s reagent, the color of the MB solution
rapidly turned from dark blue to almost colorless (Figure S8,
Supporting Information). In the presence of Fenton’s reagent,
the absorbance of MB in the control group was significantly re-

Adv. Sci. 2022, 9, 2202920
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duced compared with that of the UCCy@Gel group (Figure 3I).
By establishing a standard curve for MB (Figure S9, Supporting
Information), the degradation ratio of MB was quantified (Fig-
ure 3m). Compared to the control group, the rapid quenching of
the dichlorodihydrofluorescein probe suggested a fast scaveng-
ing rate of ROS (Figure S10, Supporting Information).

We studied the mechanism of scavenging ROS and identified
the final product of the oxidation reaction as 4-iminocyclohexa-
2,5-dien-1-one by 'H NMR (Figure 3n). The absorption peak of
the charge-transfer complex consisted of an electron-rich aro-
matic ring in the system (phenolic compounds, intermediates)
and an electron-deficient aromatic ring (4-iminocyclohexa-2,5-
dien-1-one) was observed by UV-vis spectroscopy (Figure S11,
Supporting Information). The possible process of oxidation was
that phenylboronic acid was first converted to phenolic com-
pounds and further oxidized to give the final product.

2.5. In Vitro Cell Protection Experiments of UCCy @Gel

We first evaluated the biocompatibility of UCCy@ Gel in three cell
lines by calcein acetoxymethyl ester (Calcein-AM)/propidium io-
dide (PI) staining assay, including mouse macrophage leukemia
cells (RAW 264.7), human umbilical vein endothelial cells (HU-
VECs) and mouse fibroblasts (L929) (Figures S12-S14, Support-
ing Information), and the negligible positive PI staining illus-
trated the excellent biosafety of UCCy@Gel. To further confirm
the protection of CMs and oxygen immunoregulation under
light irradiation of UCCy@Gel, cardiac myoblast cells (H9C2)
and RAW 264.7 were used in an in vitro hydrogen peroxide
(H,0,) and LPS-induced injure model, respectively.**] After co-
incubation with UCCy@Gel for 24 h, the enhanced tolerance to
H, 0, injury of CMs was testified by cell counting kit-8 (CCK-8)
assay. Further western blot analysis showed the upregulation of
HSP70 (Figure S15, Supporting Information) and the inhibition
of CMs apoptosis induced by H,O, (Figure S16, Supporting In-
formation). Here, we first induced the macrophages into the M1
type by co-incubating with LPS for 12 h, then added UCCy@Gel
and exposed to NIR light irradiation for 20 min, and finally iden-
tified the cell type after replacing the supernatant for 24 h. The
enhancement of HIC2 resistance against H,O, and macrophage
resistance against LPS-induced inflammatory injury was shown
in Figure 4a, respectively. We also found that oxygen generated
under light irradiation suppressed macrophage polarization to
the M1 state under a microscope (Figure 4b), reduced the levels
of pro-inflammatory (TNF-a and IL-6), and increased the levels
of anti-inflammatory cytokines (Figure 4c,d). The decrease in the
cluster of differentiation 86 (CD86), a pro-inflammatory marker,
was observed in M1 polarized macrophages, and upregulation
of cluster of differentiation 206 (CD206), an M2 macrophage
marker, was detected by fluorescence microscopy imaging (Fig-
ure 4e,f).3% The same trend was observed in western blot and
flow cytometry experiments (Figure 4g,h). The results above all
indicated that coincubation with UCCy@ Gel in the dark (hypoxic
pre-treatment) could enhance the tolerance of CMs, and oxy-
gen generated under light irradiation efficiently suppressed M1
macrophage polarization, reduced anti-inflammatory cytokines
released, and regulated the immune microenvironment, which
were similar to results in previous literature.*’]
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Figure 4. The functional validation of UCCy@Gel on cells. a) In vitro, H,0, and LPS were used to induce cardiomyocytes (H9C2) and macrophages
(RAW 264.7) damage, respectively, as well as verified the resistance of UCCy@Gel to H,0, damage following hypoxia treatment with H9C2, and the
role of oxygen release in inhibiting LPS-induced RAW 264.7 damage. b) Macrophage polarization states of each group under light microscopy. Scale bar
= 200 um. c,d) Expression levels of pro-inflammatory (IL-6 and TNF-a) and anti-inflammatory factors (IL-4 and IL-10) in each group were assayed by
enzyme-linked immunosorbent assay (ELISA). Control: PBS treated; LPS: LPS (50 ng mL~"); UCCy@Gel (1 x 10 cells mL~") + 980 nm NIR irradiation;
UCCy@Gel (1 x 10° cells mL™"). e,f) Fluorescence microscopy demonstrated differential surface expression of macrophage M1 and M2 phenotypic
markers. Diamidinyl phenyl indole (DAPI, nuclei) = blue, CD86 (M1) = red, CD206 (M2) = green. Scale bar = 200 um. g) Western blot analysis revealed
the presence of CD68 and CD206 expression. h) Flow cytometry results showed the surface expression of CD86. *p < 0.05, **p < 0.01, ***p < 0.001,
##*%p < 0.0001. Data are means + SEM (n > 3).
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2.6. UCCy@Gel Enhances MI Tolerance

An apical ultrasound-guided injection was performed to trans-
plant UCCy@Gel into the cardiac apex to validate the enhanced
tolerance of CMs after dark treatment. With the help of a small
animal imaging system, we observed that UCCy@Gel could be
stably retained within 7 days (Figure S17, Supporting Informa-
tion), and the apical injection of UCCy@Gel did not cause dam-
age to the heart in 30 days (Figure S18, Supporting Information).
As shown in Figure 5a, we first injected UCCy@Gel into the
cardiac apex of the heart and then performed MI modeling af-
ter 24 h of dark treatment. After 6 h of modeling, mice cardiac
function was monitored by echocardiography (ejection fraction
= EF%,; fractional shortening = FS%; left ventricular internal di-
ameter at end-diastole = LVIDd; left ventricular internal diame-
ter at end-systole = LVIDs).[*®] It was found that UCCy@ Gel dark
hypoxic pre-treatment could reduce the decline of cardiac func-
tion caused by MI, which played a certain role in maintaining
cardiac function (Figure 5b,c). Subsequent triphenyltetrazolium
chloride (TTC) staining, hematoxylin and eosin (H&E) staining,
and Masson staining of mice hearts also demonstrated a cer-
tain degree of cardiac tissue protection (Figure 5d,e and Figure
S19, Supporting Information). It was worth noting that clini-
cal and biomedical research revealed that HSP70 overexpression
was involved in the cardioprotection.’”] To explore the mecha-
nism of the UCCy@Gel protection, we stained the heart tissue
of mice treated with different groups for HSP70, and the re-
sults showed that UCCy@Gel dark hypoxia pretreatment could
promote HSP70 protein expression (Figure 5f). Thus, the up-
regulation of HSP70 protein in CMs induced by hypoxic pre-
treatment might be the key mechanism for its cardioprotection.
Subsequent, fluorescence staining of a-smooth muscle actin (a-
SMA), an important marker of cardiac fibrosis, also showed that
UCCy@Gel dark hypoxia pretreatment could reduce its expres-
sion (Figure 5g). In addition, the same trend was observed in
wheat germ agglutinin (WGA) and sirius red staining (Figures
S20 and S21, Supporting Information).

2.7. UCCy@Gel Regulates the Inmune Microenvironment for Ml
Treatment

To verify that UCCy@Gel could regulate the immune microen-
vironment and downregulate the inflammatory factors after MI
caused by photosynthetic oxygen, we first injected mice with
UCCy@Gel and treated them in a dark environment for 24 h
before MI was modeled. Finally, the MI mice were treated with
980 nm NIR (in a homemade NIR cage) for 72 h (Figure 6a and
Figure S22, Supporting Information). We examined heart func-
tion by echocardiography (EF%; FS%; LVIDd; LVIDs) after the
end of treatment. The result showed that UCCy@Gel could im-
prove MI-induced cardiac dysfunction (Figure 6b). The H&E, a-
SMA, WGA, TTC, and Masson staining showed similar results
(Figure 6¢,d and Figure S23, Supporting Information). The im-
mune microenvironment was further evaluated by immunofluo-
rescence staining of the mouse heart, which revealed the upregu-
lation of CD206 (Figure 6e) and downregulation of CD86 (Figure
S24, Supporting Information). In addition, we also demonstrated
that UCCy@Gel had anti-inflammatory effects and decreased ex-
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pression of proinflammatory cytokines such as IL-6 and TNF-
a (Figure S25, Supporting Information). Finally, we performed
western blot experiments on cardiac tissue, demonstrating the
downregulation of inducible nitric oxide synthase (iNOS) pro-
tein, which indicated inhibition of macrophage polarization to
the M1 state and modulation of the immune microenvironment
to reduce myocardial injury (Figure 6f). Vital organs, such as the
liver and kidney, were harvested for histopathologic examination
and no significant pathological changes were found in the organs
of all groups (Figures S26-S28, Supporting Information).

2.8. The Mechanism Exploration of Hypoxic Prevention and
Oxygen Therapy

As described above, the therapeutic effects on MI of UCCy@Gel
mainly included the following two aspects: The hypoxic microen-
vironment caused by the respiration of UCCy@Gel could upreg-
ulate HSP70 of CMs before MI. Besides, the controllable oxy-
gen generation via photosynthesis could regulate the immune
microenvironment, thereby reducing the heart damage after MI.
To explore the molecular mechanism, we performed transcrip-
tomic sequencing to analyze differential gene expression of the
MI modeling group and UCCy@ Gel treatment group using DE-
Seq2. The resulting volcano plot was shown in Figure 7a. The
30 highest fold-change genes after UCCy@Gel treatment were
illustrated in a heat map (Figure 7b). We performed pathway en-
richment analysis against the Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway (Figure 7c,d), and the results dis-
played noticeable changes in several inflammatory pathways in
multiple signaling. During the related inflammatory pathways,
the myocardial protection effect of the Wnt/f-catenin pathway
has been extensively studied in recent years.[® We, therefore, an-
alyzed differential gene expression in the Wnt/f-catenin pathway
(Figure 7e). Emerging evidence indicates that the Notch signaling
pathway plays an important role in the regulation of macrophage
polarization.*! Hence, we focused on analyzing the expression
of Notch pathway differential genes (Figure 7f). Based on these
results, we hypothesized that the upregulation of HSP70 acti-
vated the Wnt/p-catenin pathway to downregulate caspase-3 in
dark; oxygen therapy activated the Notch pathway to suppress
macrophage polarization to M1 type (Figure 7g,h).

3. Conclusion

In conclusion, we designed NIR-responsive hydrogel-coated up-
conversion cyanobacteria nanocapsules (UCCy@ Gel) for MI pre-
vention and treatment. The engineered cyanobacteria system
could consume oxygen by respiration to generate a controllable
local hypoxic microenvironment, which could upregulate HSP70
to enhance the tolerance of CMs. To reverse the inflammatory im-
mune microenvironment for myocardial repairing, UCCy@ Gel
could respond to 980 nm NIR irradiation to achieve continuous
and controllable oxygen generation after MI. Transcriptomic se-
quencing was performed to analyze the mechanism of hypoxic
prevention and oxygen therapy in vivo. In addition, with the good
in vivo biocompatibility, a long retention time of UCCy@Gel in
myocardial tissue was validated by using a small animal imag-
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ing system, which supported its significant controllable mini-
mally invasive therapy was suitable for future clinical applica-
tions. However, there are still some shortcomings of this work:
1) apical injection is an invasive modality, and controllable mini-
mally invasive is an important follow-up research direction. 2) We
just measured the effectiveness of UCCy@Gel in a 4-day in vivo
experiment before and after MI, and its long-term effects remain
to be verified. 3) Although deeper tissue penetrable NIR light
(980 nm) was used, the application in larger animals still needs
to be further explored due to limited penetration depth. 4) The
metabolism and long-term biosafety of UCCy@Gel as well as the
changes in the immune system still need further exploration. 5)
We only suggested a possible mechanism of action, which has not
been further verified in-depth using molecular biology methods.
In summary, we achieved hypoxic prevention and oxygen therapy
by only once injection using both the respiration and photosyn-
thesis of membrane-engineered cyanobacteria, which provided
an interesting and feasible protocol for photosynthesis to achieve
accurate oxygen modulating in vivo. Since the importance of oxy-
gen to tissues (and organs) is self-evident, we believe this strategy
can also have scientific significance for other ischemic diseases
such as stroke and ischemic nephropathy.

4. Experimental Section

Ethical Statement: All animal experiments were performed under the
guidelines of the National Institutes of Health and approved by the Animal
Ethics Committee of Nanchang University, Nanchang, China (SYXK 2018-
0006).

Statistical Analysis: All data were expressed as mean + SEM or SD.
Data was analyzed using Prism 8.0 (GraphPad Software), one-way analysis
of variance, and Student’s t-test were used for statistical analysis. The p-
value < 0.05 was considered statistically significant.

Other experimental details are reported in the Supporting Information.
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Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements

Y.L. and D.Z. contributed equally to this work. This work was funded
by the National Natural Science Foundation of China (No. 31860263 to
X.W.; No. 81760408 to J.L.), National Key Research and Development
Program of China (No. 2020YFC2005800 to J.L.), Key Youth Project of
Jiangxi Province (20202ACB216002 to X.W.), Natural Science Foundation
of Jiangxi Province (20113BCB22005 and 2018 1BCG42001 to J.L.).

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords

cyanobacteria, myocardial infarction, oxygen, photoresponse

Adv. Sci. 2022, 9, 2202920

www.advancedscience.com

Received: June 4, 2022
Revised: August 12, 2022
Published online: August 31, 2022

2

(3]

(4]

3]
(6]

[7

(8]

9

(10]

(1]
(2]

[13]

[14]

[15]

[16]

(17]

(18]

R. W. Yeh, S. Sidney, M. Chandra, M. Sorel, ]. V. Selby, A. S. Go, N.
Engl. J. Med. 2010, 362, 2155.

a) G. Vunjak-Novakovic, K. O. Lui, N. Tandon, K. R. Chien, Annu. Rev.
Biomed. Eng. 2011, 13, 245; b) R. . Vagnozzi, M. Maillet, M. A. Sar-
gent, H. Khalil, A. K. Z. Johansen, J. A. Schwanekamp, A. |. York, V.
Huang, M. Nahrendorf, S. Sadayappan, J. D. Molkentin, Nature 2020,
577, 405.

K. Smolina, F. L. Wright, M. Rayner, M. J. Goldacre, Circ. Cardiovasc.
Qual. Outcomes 2012, 5, 532.

D. J. Hausenloy, ). A. Barrabes, H. E. Botker, S. M. Davidson, F. Di
Lisa, J. Downey, T. Engstrom, P. Ferdinandy, H. A. Carbrera-Fuentes,
G. Heusch, B. Ibanez, E. K. lliodromitis, ). Inserte, R. Jennings, N.
Kalia, R. Kharbanda, S. Lecour, M. Marber, T. Miura, M. Ovize, M. A.
Perez-Pinzon, H. M. Piper, K. Przyklenk, M. R. Schmidt, A. Reding-
ton, M. Ruiz-Meana, G. Vilahur, |. Vinten-Johansen, D. M. Yellon, D.
Garcia-Dorado, Basic Res. Cardiol. 2016, 111, 70.

G. Heusch, Circ. Res. 2015, 116, 674.

a) ). B. Cabello, A. Burls, J. I. Emparanza, S. E. Bayliss, T. Quinn,
Cochrane Database Syst. Rev. 2016, 19, 12; b) X. Li, Y. B. Zhang, X.
Y. Ren, Y. Wang, D. X. Chen, Q. Li, M. F. Huo, ). L. Shi, Adv. Mater.
2021, 33, 2008395.

D. Stub, K. Smith, S. Bernard, Z. Nehme, M. Stephenson, |. E. Bray,
P. Cameron, B. Barger, A. H. Ellims, A. J. Taylor, I. T. Meredith, D. M.
Kaye, AVOID Investigators, Circulation 2015, 131, 2143.

a) ). H. Traverse, T. D. Henry, N. Dib, A. N. Patel, C. Pepine, G. L.
Schaer, . A. DeQuach, A. M. Kinsey, P. Chamberlin, K. L. Christman,
JACC: Basic Transl. Sci. 2019, 4, 659; b) T. Hao, M. Qian, Y. Zhang, Q.
Liu, A. C. Midgley, Y. Liu, Y. Che, J. Hou, Q. Zhao, Adv. Sci. 2022, 9,
2105408.

X. Zhai, C. Ruan, Y. Ma, D. Cheng, M. Wu, W. Liu, X. Zhao, H. Pan,
W. W. Lu, Adv. Sci. 2018, 5, 1870013.

C. Cai, X. Zhang, Y. Li, X. Liu, S. Wang, M. Lu, X. Yan, L. Deng, S. Liu,
F. Wang, C. Fan, Adv. Mater. 2022, 34, 2106564.

J. Li, D. ). Mooney, Nat. Rev. Mater. 2016, 1, 16071.

H. Albadawi, I. Altun, J. Hu, Z. Zhang, A. Panda, H. Kim, A.
Khademhosseini, R. Oklu, Adv. Sci. 2021, 8, 2170002.

Y. Chen, C. K. Holtman, R. D. Magnuson, P. A. Youderian, S. S.
Golden, Plasmid 2008, 59, 176.

a) K. M. Williams, H. Wang, M. J. Paulsen, A. D. Thakore, M. Rieck,
H. J. Lucian, F. Grady, C. E. Hironaka, A. ]. Chien, ). M. Farry, H. S.
Shin, K. ). Jaatinen, A. Eskandari, L. M. Stapleton, A. N. Steele, |. E.
Cohen, Y. J. Woo, Microb. Biotechnol. 2020, 13, 1780; b) I. Stewart, P.
J. Schluter, G. R. Shaw, Environ. Health 2006, 5, 7.

a) M. Huo, L. Wang, L. Zhang, C. Wei, Y. Chen, J. Shi, Angew. Chem.,
Int. Ed. 2020, 59, 1906; b) M. Huo, P. Liu, L. Zhang, C. Wei, L. Wang, Y.
Chen, ). Shi, Adv. Funct. Mater. 2021, 31, 2010196; c) Y. Qiao, F. Yang,
T.T. Xie, Z. Du, D. N. Zhong, Y. C. Qi, Y. Y. Li, W. L. Li, Z. M. Lu, J. H.
Rao, Y. Sun, M. Zhou, Sci. Adv. 2020, 6, aba5996.

H. H. Chen, Y. H. Cheng, J. R. Tian, P. Z. Yang, X. R. Zhang, Y. H. Chen,
Y. Q. Hu, J. H. Wu, Sci. Adv. 2020, 6, aba4311.

a) ). E. Cohen, A. B. Goldstone, M. J. Paulsen, Y. Shudo, A. N. Steele,
B. B. Edwards, J. B. Patel, ). W. MacArthur, M. S. Hopkins, C. E. Bur-
nett, K. J. Jaatinen, A. D. Thakore, ). M. Farry, V. N. Truong, A. T. Bour-
dillon, L. M. Stapleton, A. Eskandari, A. S. Fairman, W. Hiesinger, T.
V. Esipova, W. L. Patrick, K. Ji, J. A. Shizuru, Y. J. Woo, Sci. Adv. 2017,
3,1603078; b) ). Wang, Q. Su, Q. Lv, B. Cai, X. Xiaohalati, G. Wang,
Z. Wang, L. Wang, Nano Lett. 2021, 21, 4654.

S. Wu, H. ). Butt, Adv. Mater. 2016, 28, 1208.

2202920 (12 Of13) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

(19]

(20]

(21]
(22)

(23]
(24]
(25]
(26]
(27)

(28]

(29]

Adv. Sci. 2022, 9, 2202920

N. . Johnson, S. He, S. Diao, E. M. Chan, H. Dai, A. Almutairi, J. Am.
Chem. Soc. 2017, 139, 3275.

a) S. Liu, L. Yan, ). Huang, Q. Zhang, B. Zhou, Chem. Soc. Rev. 2022,
51,1729; b) Z. Zhang, M. K. G. Jayakumar, X. Zheng, S. Shikha, Y.
Zhang, A. Bansal, D. J. J. Poon, P. L. Chu, E. L. L. Yeo, M. L. K. Chua,
S. K. Chee, Y. Zhang, Nat. Commun. 2019, 10, 4586.

F. Wang, J. Wang, X. Liu, Angew. Chem., Int. Ed. 2010, 49, 7456.

A. Dong, X. Ye, |. Chen, Y. Kang, T. Gordon, J. M. Kikkawa, C. B. Mur-
ray, J. Am. Chem. Soc. 2011, 133, 998.

E. Suzuki, K. Umeda, S. Nihei, K. Moriya, H. Ohkawa, S. Fujiwara, M.
Tsuzuki, Y. Nakamura, Biochim. Biophys. Acta. 2007, 1770, 763.

R. K. Shultzaberger, J. S. Boyd, S. Diamond, R. J. Greenspan, S. S.
Golden, Annu. Rev. Genet. 2015, 49, 485.

J. P. M. Antonio, R. Russo, C. P. Carvalho, P. Cal, P. M. P. Gois, Chem.
Soc. Rev. 2019, 48, 3513.

H. Yuk, C. E. Varela, C. S. Nabzdyk, X. Mao, R. F. Padera, E. T. Roche,
X. Zhao, Nature 2019, 575, 169.

E. M. Chan, G. Han, J. D. Goldberg, D. J. Gargas, A. D. Ostrowski, P.
J. Schuck, B. E. Cohen, D. ). Milliron, Nano Lett. 2012, 12, 3839.

a) F. Gan, S. Zhang, N. C. Rockwell, S. S. Martin, J. C. Lagarias, D.
A. Bryant, Science 2014, 345, 1312; b) |. Park, T. B. Dinh, Bioresour.
Technol. 2019, 291, 121846.

a) R. Kalluri, V. S. LeBleu, Science 2020, 367, aau6977; b) H. Yin, C. Y.
Chen, Y. W. Liu, Y. ). Tan, Z. L. Deng, F. Yang, F. Y. Huang, C. Wen, S.

(3]
(31]
(32]

(33]
(34]

35]
36]
(37]

38]
(39]

www.advancedscience.com

S. Rao, M. J. Luo, X. K. Hu, Z. Z. Liu, Z. X. Wang, |. Cao, H. M. Liu, .
H. Liu, T. Yue, S. Y. Tang, H. Xie, Theranostics 2019, 9, 2678.

S. Han, W. Han, J. Chen, Y. Sun, M. Dai, G. Zhao, Appl. Microbiol.
Biotechnol. 2020, 104, 3193.

D. G. Hall, Boronic Acids: Preparation, Applications in Organic Synthesis
and Medicine, Wiley-VCH, Weinheim 2006.

C. de Gracia Lux, S. Joshi-Barr, T. Nguyen, E. Mahmoud, E. Schopf,
N. Fomina, A. Almutairi, J. Am. Chem. Soc. 2012, 134, 15758.

P. ). Murray, Annu. Rev. Physiol. 2017, 79, 541.

a) S. C. Funes, M. Rios, |. Escobar-Vera, A. M. Kalergis, Immunol-
ogy 2018, 154, 186; b) N. Higashi-Kuwata, M. Jinnin, T. Makino,
S. Fukushima, Y. Inoue, F. C. Muchemwa, Y. Yonemura, Y. Komo-
hara, M. Takeya, H. Mitsuya, H. lhn, Arthritis Res. Ther. 2010, 12,
R128.

I. Wilcox, K. H. Chan, ). D. Lattimore, N. Engl. J. Med. 2011, 364,
1976.

S. Kanno, D. L. Lerner, R. B. Schuessler, T. Betsuyaku, K. A. Yamada,
J. E. Saffitz, A. Kovacs, J. Am. Soc. Echocardiogr. 2002, 15, 601.

S. U. Trost, J. H. Omens, W. J. Karlon, M. Meyer, R. Mestril, . W.
Covell, W. H. Dillmann, J. Clin. Invest. 1998, 101, 855.

D. Bastakoty, P. P. Young, FASEB J. 2016, 30, 3271.

N. A. Gude, G. Emmanuel, W. Wu, C. T. Cottage, K. Fischer, P. Qui-
jada, ). A. Muraski, R. Alvarez, M. Rubio, E. Schaefer, M. A. Sussman,
Circ. Res. 2008, 102, 1025.

2202920 (1 30of1 3) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



