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ARTICLE INFO ABSTRACT

Keywords: Photodynamic therapy (PDT) is attracting great attention for cancer treatments, while its ther-
Metal-organic framework apeutic efficacy is limited by unsatisfactory photosensitizers and hypoxic tumor microenviron-
Porphyrin ment (TME). To address these problems, we have developed catalase-loaded manganese-
E??iisiz porphyrin frameworks (CAT@MnPFs) for catalytically-assisted PDT of cancer cells. CAT@MnPFs
Cancer were constructed by the assembly of Mn?* ions and PpIX into MnPFs and the subsequent loading

of catalase. Under 650 nm light irradiation, the porphyrin (Protoporphyrin IX) within the
structure of CAT@MnPFs can convert oxygen (Oj) into singlet oxygen (*O,), showing the
photodynamic effect. Importantly, the loaded catalase can decompose hydrogen peroxide (H205)
into O, with a huge elevation of O level (13.22 mg L™!) in 600 s, thus promoting 'O generation
via PDT. As a result, CAT@MnPFs combined with 650 nm light can effectively ablate cancer cells
due to the catalase-assisted oxygen-evolving PDT, showing a high therapeutic efficacy. Mean-
while, after the incubation with CAT@MnPFs, unobvious damage can be found in normal and red
blood cells. Thus, the obtained CAT@MnPFs integrate the advantage of photosensitizers and
catalase for oxygen-evolving PDT, which can provide some insight for treating hypoxic cells.

1. Introduction

Photodynamic therapy (PDT) is a new method that uses photosensitizers and light activation to treat tumors. In the presence of O,
photosensitizers combined with light can generate cytotoxic reactive oxygen, such as singlet oxygen (*05), leading to cell oxidative
death [1]. The prerequisite for PDT is photosensitizers that mainly include inorganic photosensitizers (e.g., Au-TiO3 [2], MnWOx [3],
etc.), organic photosensitizers (porphyrin derivatives [4], artemether [5], etc.), and metal-organic frameworks (MOF) photosensitizers
(e.g. ZIF-8 [6], Mn-IR825 [7], MFe;04 (M = Mn, Co, or Zn) [8,9], Ti-TCPP [10], Cu-HMME [11], Zr-thiazolothiazol [12], etc.).
Inorganic photosensitizers usually suffer from complex synthesis and difficult degradation, leading to long-term safety concerns. Some
organic photosensitizers are always used as pharmaceutical formulations due to their low solubility, which has to be loaded on
nanocarriers, resulting in low loading efficiency and easy leaking in physical conditions. Unlike simple packaging, photosensitizers of
MOF incorporate organic photosensitizers and metal ions as their construction units [13,14], isolating photosensitizers to reduce their
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self-quenching. Meanwhile, MOFs-based photosensitizers can also facilitate the diffusion of O, and the freshly generated 'O, [13].
However, tumor microenvironment (TME) is characterized by hypoxia due to the uncontrolled proliferation of cancer cells, and the
PDT-mediated continuous consumption of Oy will exacerbate the hypoxic level. Additionally, the therapeutic effect of PDT firmly
depends on the surrounding oxygen environment, and severe hypoxia is highly detrimental to the therapeutic effect of O,-dependent
PDT. Therefore, it is necessary to develop photosensitizers that can overcome hypoxia and efficiently produce 'O, to kill cancer cells.

To address hypoxia, there are serval strategies including carrying oxygen directly and in situ O, generation inside tumors [14]. To
deliver O, transporters into tumors have been reported such as hemoglobin, red blood cell-derived vesicles, and perfluorocarbon
microbubbles [15]. For the in situ generation of O, intracellular hydrogen peroxide (H203) is overexpressed in the TME, which
provides an opportunity for catalysts or enzymes that can catalyze the decomposition of HyO; into Oz [16-18]. For example, man-
ganese dioxide (MnO3) has been recognized as a mimic enzyme that can convert HyO, into water and Oy with high O, generation
efficiency [19]. The mimic enzymes (MnOj, platinum, and palladium) can sustainably relieve hypoxic TME, and they also suffer from
limitations such as difficult degradation, bad biocompatibility, size-dependence, and complicated synthesis procedures, raising some
metabolic problems [20]. Notably, catalase derived from bovine serum is self-reactivity to HoO5, showing high catalytic efficiency,
strong substrate affinity, and good biocompatibility [21]. Then catalase can ameliorate the hypoxic TME and improve O,-dependent
PDT efficacy. However, natural catalase can be easily destroyed by physiological proteases during blood circulation [22], leading to
poor in vivo half-life [23], which needs suitable nanocarriers to deliver and protect it. Thus, it is desired to design novel therapeutic
agents that integrate photosensitizers and catalase for better PDT outcomes.

Porphyrin-based MOFs with high porosity and biodegradability have been designed as efficient photosensitizers for PDT and as
carriers to load a variety of therapeutic agents (e.g., chemotherapeutics, siRNA, enzymes) [24]. Encouraged by these, it can be pro-
posed that catalase can be encapsulated into porphyrin-based MOF for catalase-assisted PDT. Herrin, we prepared Mn-PpIX (Proto-
porphyrin IX, a traditional photosensitizer) frameworks (MnPFs, ~100 nm) that not only serve as photosensitizers to generate 'O, for
PDT but also act as the carrier to load catalase (CAT) for alleviation of hypoxia, boosting PDT process (Scheme 1). Under the 650 nm
light irradiation, CAT@MnPFs can trigger 'O, generation and induce degradation of 19.1 % 1.3-diphenyl isobenzofuran (DPBF) within
30 s. Additionally, in the presence of HyOy, CAT within CAT@MnPFs greatly increases the O, concentration with a huge elevation
(13.22 mg L1 in 600 ms, thereby facilitating the production of 102 that is nearly three times as much as in the group without Hy05.
After the incubation with CAT@MnPFs, the hypoxia of 4T1 cells was alleviated and the cell oxidative death was triggered under light
irradiation, achieving catalytically-assisted PDT. In addition, after the incubation with CAT@MnPFs, unobvious damage can be found
in normal and red blood cells.

2. Experimental methods
2.1. Materials

Protoporphyrin IX (PpIX), MnCl,-4H0, methanol, trimethylamine, N, N-dimethylformamide (DMF), 1.3-diphenyl isobenzofuran
(DPBF) were received from Sinopharm Chemical Reagent Co., Ltd. Calcein-AM, propidium iodide (PI), 20,70-Dichlorofluorescin
diacetate (DCFH-DA), 4,6-diamidino-2-phenylindole (DAPI), cell counting kit-8 (CCK-8) assay, phosphate buffer saline (PBS) were
obtained from Beyotime Biotechnology.

2.2. Synthesis of CAT@MnPFs

CAT@MnPFs were prepared through two steps. Firstly, methanol/trimethylamine solution (20 mL, 50/1 vol%) containing 5 mg
PpIX was mixed with the methanol/DMF solution (10 mL, 85/15 vol%) which includes 10 mg MnCly-4H0, with stirring for 2 h at
25 °C. The mixture was placed in an ultrasonic cleaning instrument (40 KHz) for 4 h and centrifugated at 12,000 rpm for 20 min to
obtain MnPFs. Then, catalase (0.2 mL, >30,000 units per mL) was added into the MnPFs solution (5 mL, 1 mg mL™Y) with stirring
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Scheme 1. Schematic of CAT@MnPFs for boosting PDT process.
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overnight. The excess CAT was removed after centrifugation (12,000 rpm, 20 min), thus obtaining CAT@MnPFs.

2.3. Catalytic activity

The MnPFs (10 mL, 50 pg mL~!) and CAT@MnPFs (10 mL, 50 pg mL ') were placed in a 37 °C water bath with continuous stirring.
Catalase catalytic activity is reflected in the decomposition of HyO into Oz, which induces the change in dissolved oxygen concen-
tration. HoO> (1 mM) was introduced into the above solutions with stirring. The dissolved oxygen concentration was monitored in real
time by a portable dissolved oxygen meter.

2.4. 102 detection

The DPBF was selected as a probe to detect the generation of 102 by the CAT@MnPFs [25]. Briefly, a DMF solution containing DPBF
(10 pL, 2 mg mL 1) was added into CAT@MnPFs solution (2 mL, 20 pg mL~1). Then the mixture was exposed to 650 nm light (100 mW
em™2) for 30 s and the UV-vis photoabsorption was recorded at 0, 5, 10, 15, 20, and 30 s. To measure the effect of HyO, on 10,
generation, HO2 (1 mM) was added into the 2 mL solution which contained DPBF (20 pg mL’l) and the CAT@MnPFs (40 pg rnL’l).
After irradiation by light, the photoabsorption of the mixture was also monitored by a UV-vis spectrometer for 30 s duration.

2.5. Cytotoxicity and uptake in vitro

Murine breast cancer 4T1 cells (4T1) were cultured with the RPMI-1640 medium containing 10 % FBS and 1 % pen-
icillin-streptomycin. For cytotoxicity assay, 4T1 cells (1 x 10 cells in each well) were seeded into the 96-well plates and cultured for
24 h in the dark. Then the culture medium was added with CAT@MnPFs solutions at a series of concentrations (0, 50, 100, 150, 200,
and 300 pg mL™1) and the cells were cultured for another 24 h. After incubation, cell viability was determined by a standard CCK-8
assay. For uptake assay, the medium containing CAT@MnPFs (200 pg mL 1) was used to culture 4T1 cells for 0.5, 2, 4, 8 h,
respectively. After washing by PBS, the 4T1 cells were stained with 4, 6-diaminidine —2 phenylindole (DAPI) for 20 min, followed by
imaging under a fluorescence microscope. All experiments were independently performed four times.

2.6. Intracellular O, and ROS detection

The O5 level in 4T1 cells was detected by an optical probe, [Ru(dpp)3]Cly whose red luminescence could be quenched by O,. 4T1
cells were cultured at 37 °C under a hypoxia condition (1 % O3). After 24 h, [Ru(dpp)s]Cl, (0.1 pM) was added into the medium and
incubated for another 6 h. Then the treated cells were incubated with CAT@MnPFs (200 pg mL~ Y and H05 (100 pM) for 4 h.
Intracellular O, level was measured by an inverted fluorescence microscope system. Subsequently, the DCFH-DA was employed to
detect the intracellular ROS. Briefly, 4T1 cells were incubated with a medium containing CAT@MnPFs (200 pg mL ™) for 4 h, followed
by washing with PBS and adding a fresh medium containing DCFH-DA. Then 4T1 cells were exposed to a 650 nm light (100 mW cm™2)
for 5 min. The 4T1 cells only treated with CAT@MnPFs were also conducted under the same conditions. Before imaging, the cells were
stained with DAPI for 20 min.

2.7. PDT in vitro

4T1 cells were incubated with CAT@MnPFs (200 pug mL ™) for 4 h. After removing the CAT@MnPFs solution, the treated cells were
washed by PBS and exposed to a 650 nm light (100 mW cm~2) for 10 min. Thereafter, the 4T1 cells were co-stained with Calcein AM
and propidium iodide (PI) to visualize the phototoxicity of CAT@MnPFs. To study the effect of HyO, on phototoxicity, 4T1 cells were
co-incubated with CAT@MnPFs (200 pg mL 1) and Hy02 (100 pM) for 4 h, followed by the irradiation of light for 5 min and the
addition of Calcein AM/PI dye. Meanwhile, the 4T1 cells were only treated with CAT@MnPFs (200 pg mL 1) in the absence of HyO4
and exposed to light. In addition, the cell viabilities were determined by CCK-8 assay.

2.8. Hemolysis

To obtain a fresh blood sample, the tails of mice were fixed on the operating table, disinfected, immersed in 45 °C water for 3 min,
and cut off by 3 cm. The collected fresh blood was centrifugated at 2000 rpm for 20 min and washed with PBS three times, obtaining
red blood cells (RBCs). Then the RBCs were diluted with PBS to a 2 % RBCs suspension. Samples (1 mL) in PBS at different concen-
trations (50, 100, 200, 300 pg mL 1) were incubated with 2 % dilute RBCs at 37 °C for 30 min. For comparisons, 1 mL of water
containing 2 % RBCs was a positive control, and 1 mL of PBS containing 2 % RBCs was a negative control. The positive and negative
control groups were incubated at the same conditions for 30 min. Then all the groups were centrifuged at 10000 rpm for 20 min and
their photoabsorptance of supernatants at 540 nm was measured by a microplate reader. The hemolysis rate was calculated according
to the following formula: (Asample-Anegative)/ (Apostive-Anegative) X 100 %. To observe the morphology of RBCs, different samples after the
incubation were dropped onto the slide and observed under an optical microscope.



Y. Qiao et al. Heliyon 10 (2024) 33902
2.9. Statistical analysis

In order to ensure the accuracy and reliability of the experiment, the experiments were repeated three times for statistical analysis
to verify the results, and at least three replicates were performed for each test. Data were presented as the mean =+ standard deviation.
Multiple comparison tests were performed using one-way analysis of variance (ANOVA) and Tukey’s post hoc test; comparisons be-
tween two groups were performed using two-tailed unpaired t-tests.

3. Results and discussion
3.1. Synthesis and characterizations of MnPFs

The MnPFs were synthesized through the assembly of organic linker PpIX and metal node Mn?* ions through covalent interaction.
In the structure of MnPFs, the carboxyl groups of PpIX are coordinated with Mn?* ions, similar to traditional MOFs [26]. The
transmission electron microscopy (TEM) images reveal that MnPFs have no regular size with an average size of ~114 nm (Fig. 1a and
Sla in the supporting information). In the high solution TEM image, MnPFs have an amorphous structure on account of asymmetric
carboxyl groups in PpIX (Fig. 1b), which is different from the typical crystalline MOFs [27]. After storage in PBS for 5 days, there is an
unobvious change in size for the MnPFs sample, indicating good stability (Fig. S1b). According to elemental mapping, Mn and N
elements were homogeneously distributed in the MnPFs, indicating that MnPFs are composed of Mn ions and PpIX linkers. To
characterize the MnPFs, we further performed X-ray photoelectron spectroscopy (XPS), UV-vis spectra, and fluorescence spectra. The
survey XPS spectrum shows the signal of C, N, O, and Mn elements, indicating the purity of MnPFs (Fig. S2 in supporting information).
As shown in the high resolution of Mn 2p XPS spectrum, the Mn ions of MnPFs exhibit 641.8 eV and 653.7 eV peaks (Fig. 1d), which are
ascribed to Mn 2p3,» and Mn 2py /2, respectively [28]. Additionally, the Mn 2p3,5 signal was deconvoluted into three peaks at 640.8,
641.8, and 643.5 eV, which were fitted to Mn(Il) and satellite peaks. The aqueous solution containing MnPFs is dark red (Fig. S3).
UV-vis spectra demonstrate that PpIX molecules have a strong characteristic absorption peak at 375 nm and four specific Q-bands from
522 to 662 nm (Fig. 1e). And MnPFs exhibit one redshift and widened strong peak at 380 nm and four characteristic absorption peaks
at 522-662 nm, which have no essential difference from that of PpIX molecules. It should be noted that the specific absorption is
ascribed to the & electrons on the ring [29]. The four Q-bands peaks indicate that Mn ions coordinate with the carboxyl of PpIX, rather
than chelating into the porphyrin rings to form metalloporphyrin [30]. Under the excitation of the 400 nm light, the fluorescence
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Fig. 1. TEM image (a), high-resolution TEM image (b), elemental mapping (c), and Mn 2p XPS spectrum (d) of MnPFs. UV-vis absorption spectra (e)
and fluorescence spectra (f) of MnPFs and PpIX.
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spectrum of MnPFs shows two emission peaks at 621 and 681 nm (Fig. 1f), which is similar to that of PpIX. These results proved that
MnPFs were assembled through the coronation between Mn ions and PpIX.

3.2. Catalase loading and 10, production

Then the obtained MnPFs were used to load the catalase, forming catalase-loaded MnPFs (CAT@MnPFs). To confirm the successful
loading of catalase, we tested the changes in zeta potential before and after catalase loading. The zeta-potential of MnPFs is measured
to —10.9 mV, while that of CAT@MnPFs decreases to —16.0 mV (Fig. 2a), which is attributed to negative charges of catalase, con-
firming the success of catalase loading. The catalytic activity of catalase was verified by the change of dissolved oxygen content, which
was detected by a portable dissolved oxygen meter. HyO, solution (1 mM) was introduced into the MnPFs (10 mL, 50 pg mL ™) and
CAT@MnPFs (10 mL, 50 pg mL™) solutions, respectively. After a reaction for 600s, MnPFs could not induce an obvious elevation in
oxygen content in the presence of HyO5, while the Oy concentration goes up rapidly in the CAT@MnPFs 4+ H505 solution with a huge
elevation (13.2 mg L™}, Fig. 2b), indicating the good catalytic activity of catalase. It has been reported that Mn?* ions can consume
H,0; to produce hydroxyl radicals through Fenton-like reactions, and this point is not emphasized due to the high catalytic efficacy of
CAT and ROS production by light irradiation [31]. Thus, catalase was successfully loaded onto CAT@MnPFs and catalyzed H,O5 to
generate Oo.

It has been reported that PpIX can cause serious cellular toxicity by producing !0, under light irradiation, initiating necrosis and
apoptosis [32]. It can be deduced that the PpIX in CAT@MnPFs can serve as photosensitizers to generate 10, for PDT. To explore the
PDT function of CAT@MnPFs, the 10, production by CAT@MnPFs was measured with a 2,2,6,6-tetramethylpiperidine (TEMP) in-
dicator. In the electron spin resonance (ESR) test, TEMP can capture !0, and generate nitroxide radical 2,2,6,6-tetramethyl-1-piper-
idinyloxyl (TEMPOL) that is a paramagnetic product with unpaired electrons on the NO groups and has a characteristic 1:1:1 triple
signal [33]. When the solution containing TEMP and CAT@MnPFs is excited by a 650 nm light, a characteristic '0-induced strong
1:1:1 triple signal can be observed (Fig. 3a), verifying the 1o, production by CAT@MnPFs upon light irradiation.

To shed light on the ability of 10, generation, DPBF, which could be degraded by '0,, was selected as a probe and mixed with
CAT@MnPFs solution to measure the production of 10, under 650 light stimulations. Under light irradiation, CAT@MnPFs trigger the
decrease in the characteristic absorption peaks of DPBF at 410 nm with the increase of time in the range of 0-30 s (Fig. 3b), indicating
the generation of 102. At 30 s, the degradation rate of DPBF is determined to be 19.1 %. Moreover, compared to the CAT@MnPFs +
light group, the degradation rate can be accelerated in the presence of Hy03 (1 mM), and the degradation efficiency is 55.0 % at 30 s
(Fig. 3c and d). As shown in Fig. 3d, the degradation efficiency of CAT@MnPFs + light in the presence of HoO5 is nearly three times that
(19.1 %) of CAT@MnPFs + light group. The faster degradation should be ascribed to catalase catalyzing the production of oxygen.
Thus, these results proved that CAT@MnPFs could serve as catalase-assisted photosensitizers to achieve PDT functions.

Biocompatibility of CAT@MnPFs is a prerequisite for further applications of photosensitizers. The cytotoxicity of CAT@MnP in
darkness was studied by a standard CCK-8 assay. In the dark, 4T1 cells were incubated with CAT@MnP at a series of concentrations
(0-300 pg mL™Y). After 24 h of incubation, the cell viability remains ~90 % even at a high concentration of up to 300 pg mL ™" (Fig. 4a),
showing low cytotoxicity. The low cytotoxicity indicates that CAT@MnPFs with good biocompatibility are the potential photosen-
sitizers. Subsequently, the endocytosis was confirmed after incubating CAT@MnPFs (200 pg mL ™) for various durations (0.5, 1, 3, 4
h). As shown in Figs. 4b and 3, a red fluorescence signal occupied cells when CAT@MnPFs are incubated for 0.5 h. With time pro-
longing, the signal disperses within the cytoplasm and enhances in intensity (Fig. 4c), demonstrating that CAT@MnPFs are able to
efficiently enter the cancer cells in a time-dependent manner.

Hypoxia is a high characteristic of TME, which would hinder the process of oxygen-dependent PDT. The loaded catalase can trigger
the decomposition of endogenous H>05 into O for hypoxic alleviation. [Ru(dpp)s]Cls is an oxygen indicator whose red fluorescence
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Fig. 2. (a) zeta potential of MnPFs and CAT@MnPFs. (b) Dissolved O concentration changes for MnPFs and CAT@MnPFs samples in the presence
of H202.
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Fig. 3. (a) ESR signal of 10, for light-induced CAT@MnPFs. The oxidation spectra of DPBF solution containg CAT@MnPFs (b) and CAT@MnPFs +
H20 (c) under light irradiation. (d) The oxidation rate after different treatments.

can be quenched by O, [34]. To evaluate the catalytic performance, the [Ru(dpp)3]Cl; was employed to incubate with 4T1 cells to test
the intracellular hypoxia level. As expected, 4T1 cells without any treatment exhibit bright red fluorescence in the hypoxia condition,
while the cells treated with CAT@MnPFs (200 pg mL~1) show no obvious fluorescent signal (Fig. 4d), proving that CAT@MnPFs
improve the intracellular oxygen level because of the catalase activity.

The high degradation rate to DPBF and effective Oy production prompt us to further evaluate the phototoxicity of CAT@MnPFs. To
elucidate the intracellular mechanism of CAT@MnPFs as photosensitizers in phototoxicity, DCFH-DA was employed to detect the
intracellular ROS levels. The newly generated reactive oxygen (ROS) can convert non-fluorescent DAFH-DA to 2',7'-dichlorofluorescein
(DCF) which emits strong green fluorescence. The 4T1 cells were co-treated with CAT@MnPFs (200 pg mL™") and DCFH-DA, then
exposed to a 650 nm light for 10 min. As clearly shown in Fig. 5, the cells in the CAT@MnPFs group exhibit an inconspicuous green
fluorescence signal, similar to the control group (only treated with light irradiation), indicating the absence of ROS. This similarity may
be due to the low ROS generation by intracellular CAT@MnPFs and the redox balance capacity of cells. Interestingly, some strong
fluorescence signals can be found after simultaneously treating with CAT@MnPFs and light irradiation, proving that the ROS is
triggered by CAT@MnPFs under light exposure. To further confirm the phototoxicity, the cell-killing effect of CAT@MnPFs under the
light was visualized by co-staining with calcein AM/PI which can stain the live cells with green fluorescence and dead cells with red
fluorescence. The region without light irradiation manifests strong green fluorescence and neglectable red fluorescence (Fig. 6a). On
the contrary, after exposure to 650 nm light for 10 min, the cells show a red fluorescence signal in the light irradiation region. Cell
death derives from the 10, oxidation produced by CAT@MnPFs upon light exposure, namely the phototoxicity of CAT@MnPFs.

To study the effect of catalase activity on therapeutical effect, 4T1 were incubated with CAT@MnPFs (200 pg mL 1) for 4 h,
followed by light irradiation for 5 min. Considering the high endogenous H05 in tumors, additional H,O2 (100 pM) was added to the
culture medium to simulate the tumor microenvironment [35]. The image of the CAT@MnPFs + light group shows not only red
fluorescence but also green fluorescence (Fig. 6b), indicating the destroy of part of the cells. Moreover, in the presence of HyO», the
cells almost emit red fluorescence due to cell proliferation suppression and massive cell death. The high therapeutic efficiency means
that the loaded catalase facilitates the killing cells process through hypoxic alleviation of TME. CCK-8 assay results demonstrate a
similar therapeutic tendency with cell viability of 49.6 % in the CAT@MnPFs + light group and 19.9 % in the CAT@MnPFs + light +
H,0, group (Fig. 6¢), suggesting that CAT@MnPFs feature catalytically-assisted PDT functions.

Hemocompatibility is a critical parameter to assess the most of biomaterials for further biomedical applications [36]. For the
compatibility of the CAT@MnPFs assay, the hemolysis rate was studied in a 2 % red blood cells (RBCs) suspension [37]. A series of
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Fig. 5. Fluorescence images of 4T1 cells stained with DCFH-DA assay for intracellular ROS detection.

CAT@MnPFs concentrations were incubated with 2 % RBCs at 37 °C for 30 min. Indistinct hemolysis could not be found in the negative
control, whereas water (positive control) induced obvious hemolysis (Fig. 7a). The hemolysis percentage of CAT@MnPFs was
determined to be less than 6 % at concentrations <300 pg mL™'. Meanwhile, the morphologies of RBCs were normal in the
CAT@MnPFs groups (Fig. 7b), which is similar to the negative control group, suggesting that CAT@MnPFs could not induce little
damage to RBCs. Taken together, it can be concluded that CAT@MnPFs features favorable biocompatibility and biosafety.
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4. Conclusions

In summary, the multifunctional CAT@MnPFs were developed to generate O for boosting PDT. The CAT@MnPFs were obtained
by the assembly of Mn?" and PpIX via covalent coordination, and then the loading with catalase. The CAT@MnPFs with an amorphous
structure have an average size of ~114 nm and exhibit a high 10, generation rate. In addition, the loaded CAT is able to catalyze the
decomposition of HyO, to induce a huge O, elevation (13.22 mg L™!) in 600 s, leading to enhanced generation of 105 When
CAT@MnPFs were incubated with 4T1 cells, cells could be killed by CAT@MnPFs under the 650 nm light exposure due to 10,
oxidation. Meanwhile, CAT@MnPFs only induce negligible hemolysis even at 300 pg mL~}, showing their high biosafety. Therefore,
this work could provide insights into the design of photosensitizers to address the hypoxia in tumors. In our future work, we will
optimize CAT@MnPFs by conjugating tumor-targeting molecules, studying the therapeutic effects and antitumor mechnism on a
metastatic tumor model.
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