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Introduction: Photodynamic therapy (PDT) has attracted increasing attention in the clinical treatment of epidermal and luminal 
tumors. However, the PDT efficacy in practice is severely impeded by tumor hypoxia and the adverse factors associated with 
hydrophobic photosensitizers (PSs), including low delivery capacity, poor photoactivity and limited ROS diffusion. In this study, Pt 
nanozymes decorated two-dimensional (2D) porphyrin metal-organic framework (MOF) nanosheets (PMOF@HA) were fabricated 
and investigated to conquer the obstacles of PDT against hypoxic tumors.
Materials and Methods: PMOF@HA was synthesized by the coordination of transition metal iron (Zr4+) and PS (TCPP), in situ 
generation of Pt nanozyme and surface modification with hyaluronic acid (HA). The abilities of hypoxic relief and ROS generation 
were evaluated by detecting the changes of O2 and 1O2 concentration. The cellular uptake was investigated using flow cytometry and 
confocal laser scanning microscopy. The SMMC-7721 cells and the subcutaneous tumor-bearing mice were used to demonstrate the 
PDT efficacy of PMOF@HA in vitro and in vivo, respectively.
Results: Benefiting from the 2D structure and inherent properties of MOF materials, the prepared PMOF@HA could not only serve as 
nano-PS with high PS loading but also ensure the rational distance between PS molecules to avoid aggregation-induced quenching, 
enhance the photosensitive activity and promote the rapid diffusion of generated radical oxide species (ROS). Meanwhile, Pt 
nanozymes with catalase-like activity effectively catalyzed intratumoral overproduced H2O2 into O2 to alleviate tumor hypoxia. 
Additionally, PMOF@HA, with the help of externally coated HA, significantly improved the stability and increased the cell uptake by 
CD44 overexpressed tumor cells to strengthen O2 self-supply and PDT efficacy.
Conclusion: This study provided a new strategy of integrating 2D porphyrin MOF nanosheets with nanozymes to conquer the 
obstacles of PDT against hypoxic tumors.
Keywords: 2D porphyrin MOF, hypoxic relief, Pt nanozyme, photodynamic therapy

Introduction
Photosensitizer (PS), as one of the key elements, plays a significant role in tumor PDT.1 Among them, porphyrin and its 
derivatives are an important class of PSs, and the major components of commercial Photofrin®, Ameluz® and Levulan® 

approved by FDA are porphyrins or their precursors.2 However, porphyrins with robust hydrophobicity, easy aggregation 
and poor targeting ability severely compromise the clinical efficacy of PDT against tumors.3–5

2D nanomaterial with thin planar structure provides an excellent platform to enhance dispersity and facilitate effective 
delivery of PSs,6 and different categories of 2D nanomaterials (eg graphene oxide and its derivatives, black phosphorus, metal 
oxides, etc) have been reported to carry PSs by adsorbing them on the surface of nanosheets or as nano-PSs directly for in vivo 
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PDT.7–11 Unfortunately, these approaches still suffer from varying degrees of aggregation-induced quenching and confined 
ROS diffusion of PSs, thereby diminishing their photoactivity and subsequent ROS generation.12,13 Recently, 2D metal- 
organic frameworks (MOFs) incorporating porphyrins as organic ligands have attracted increasing attention in PDT,14–16 

which could not only be used as nano-PSs to enhance PS loading capacity but also avoid self-quenching issues and facilitate 
the rapid diffusion of generated ROS, ascribing to the excellent frame structure and high porosity.17,18 Additionally, 2D 
structure offers extra numerous benefits such as heightened responsiveness to external laser stimulation due to the thin nature 
of the nanostructure for more exposed active sites, a substantial surface area conducive to co-delivery of other functional 
components,19 and the easily modifiable surface for enhanced internalization of tumor cells by ornamenting target ligands like 
hyaluronic acid (HA), folic acid (FA) or other moieties.20–22

However, hypoxic microenvironment caused by rapid cancer cells proliferation and abnormal tumor blood vessels can 
significantly undermine the effectiveness of O2-dependent PDT.23 To relieve tumor hypoxia, many efforts have been 
made to boost intratumoral O2 level. Some studies have adopted O2-replenishing system (eg hemoglobin24 and 
perfluorocarbon25,26) to deliver O2 directly to tumor site. However, their abilities of hypoxic relief are restricted due to 
the O2-carrying materials always suffering from limited O2 loading capacity and premature O2 leakage in circulation. 
Considering the overproduction of H2O2 at tumor site, O2-evolving enzymatic materials were used to decompose H2O2 

into O2. This strategy can not only continuously supply O2 for tumor reoxygenation-based therapy but also lower the 
H2O2 concentration inside the tumor that is closely related to tumor invasiveness and metastasis.23 Catalase with 
excellent biosafety and biocompatibility has been reported to catalyze H2O2 decomposition for tumor hypoxic relief, 
but the bio-enzymes with fragile nature are much easier to degrade and deactivate during the process of material 
fabrication and in vivo delivery.27,28 On the contrary, as an artificial nanomaterial with enzyme-like activity, nanozyme 
with facile synthesis and stable property has been extensively explored in various biochemical reactions, and catalase- 
like nanozyme can be used as an alternative to catalase for H2O2 decomposition and O2 production in tumor.29,30 Among 
them, Pt nanoparticles exhibit superior stability compared to other common catalysts such as MnO2 and do not undergo 
self-consumption during the catalytic reaction of H2O2 decomposition.31 Therefore, Pt nanoparticle was usually con-
sidered to be an ideal nanozyme to decompose H2O2 into O2. There were amounts of studies about Pt nanozymes loaded 
porphyrin MOFs to enhance PDT by regulating tumor hypoxic microenvironment.32–36 However, most of those MOFs 
were with 3D structure. In comparison, 2D MOF nano-PSs with huge advantages, including the larger specific surface to 
in situ generate Pt nanoparticles, more exposed catalytic sites and easier to contact and react with H2O2 when Pt 
nanoparticles decorated on the lamellar structure, were deserved to deeply develop.

Herein, we constructed Pt nanozymes decorated 2D porphyrin MOF nanosheets with further surface modification of HA 
(abbreviated as PMOF@HA) to enhance PDT efficacy against hypoxic tumors (Scheme 1). Specifically, the 2D porphyrin 
MOF nanosheets were fabricated by coordination of TCPP, a porphyrin PS, and the transition metal iron (Zr4+), which not 
only could serve as nano-PSs to improve delivery efficiency, strengthen photoactivity and promote ROS diffusion, but also 
provide a broad loading platform for in situ decoration of Pt nanozymes. The O2 produced significantly alleviated the tumor 
hypoxic microenvironment, then rapidly transforming to cytotoxic 1O2 induced by the photocatalytic activity of 2D MOF 
nanosheet under 670 nm laser irradiation. Furthermore, the outer layer of HA, coated through electrostatic interaction, could 
further enhance the aforementioned functions of PMOF@HA by promoting the targeted uptake of CD44-overexpressing 
tumor cell. Consequently, the Pt nanozymes decorated and HA coated PMOF@HA nanosheets could achieve CD44 targeting 
and in situ self-supply of O2 to intensify PDT efficacy against hypoxic tumors.

Materials and Methods
Materials and Instruments
Zirconium chloride (ZrCl4), tetrakis (4-carboxyphenyl) porphyrin (TCPP), chloroplatinic acid hexahydrate 
(H2PtCl6·6H2O), hyaluronic acid (HA, Mw = 75000 Da), Tris (4, 7-diphenyl-1, 10-phenanthroline) ruthenium (II) 
dichloride complex ([Ru(dpp)3]Cl2) were purchased from Aladdin (Shanghai, PRC). 2, 7-dichlorodihydrofluorescein 
diacetate (DCFH-DA) was purchased from J&K Scientific. The human hepatocellular carcinoma-line SMMC-7721 cells 
(ATCC, Manassas, VA) and human renal epithelial cells 293T (ATCC, Manassas, VA) were cultured in DMEM medium 
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containing 10% fetal bovine serum (FBS) in the standard condition. Deionized water (ddH2O, 18.2 MΩ cm) was supplied 
by a Milli-Q Gradient System (Millipore Corporation, Bedford, MA, USA). If not specified, all other chemicals were 
used as received.

The morphologies of MOF nanosheets were evaluated using transmission electron microscopy (TEM, FEI Company). 
The thickness of nanosheets were detected by an atomic force microscopy (AFM). Zeta potentials were measured using 
a Zetasizer Nano-ZS system (Malvern Instruments, MA). The 670 nm laser (Diode Laser System, BWT Beijing Ltd) was 
used to exert photodynamic therapy. The cell uptake was analyzed by a confocal laser scanning microscope (CLSM, 
Zeiss LSM780) and a flow cytometry (BD FACSVerseTM). Live and death assay and ROS generation assay were 
observed by a fluorescence microscopy (Zeiss Axio Vert.A1, Germany).

Synthesis of PMOF@HA Nanosheets
Synthesis of MOF Nanosheets
4 mg of ZrCl4, 4 mg of TCPP and 100 µL of formic acid were all dissolved in 2 mL DMF. After oscillation, 48 µL of 
ddH2O was added into the mixture to promote nucleation. The mixture was heated to 120 °C for 24 h, and then allowed to 
cool to room temperature naturally. The crude products were washed with anhydrous ethanol and collected by centrifugation 
at 10,000 rpm. Finally, the MOF nanosheets were re-dispersed in 2 mL anhydrous ethanol for further usage.

Synthesis of Platinum Nanoparticles Decorated MOF Nanosheets (PMOF)
Firstly, 1 mL of the aforementioned MOF nanosheets solution was centrifugated at 10,000 rpm, and the precipitate was 
re-dispersed in 2 mL of ddH2O. Then, 5 µL of H2PtCl6·6H2O (100 mg/mL) were added into the above solution. After 
thorough oscillation, the mixture was mixed with NaBH4 solution and allowed to react for 2 min. Finally, the PMOF 
nanosheets were washed using ddH2O and obtained by centrifugation at 13,000 rpm.

Synthesis of HA-Coated PMOF
50 µL of HA solution (10 mg/mL) were added into the PMOF nanosheets solution. After sonication, the mixture was left 
to oscillate at 4 °C overnight. Then, the PMOF@HA nanosheets were collected by centrifugation at 13,000 rpm to 
remove any unmodified HA. Using the same procedure described, MOF@HA nanosheets without Pt nanoparticles could 
be obtained by directly coating HA on the surface of MOF nanosheets.

Scheme 1 Schematic illustration of the preparation, hypoxic regulation and photodynamic therapy of PMOF@HA nanosheets.
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O2 and Singlet Oxygen (1O2) Generation Detection
A portable dissolved oxygen detector (INESA, JPBJ-608) was used to evaluate the O2 level in the solution. In brief, 
PMOF@HA nanosheets (TCPP: 20 µg) were added into 5 mL ddH2O containing 2 mM of H2O2. The dissolved oxygen 
probe was immediately immersed in the above mixture, and the O2 concentration in the solution was measured at 
different time points.

1O2 production was monitored by the singlet oxygen sensor green (SOSG) agent. 1 mL PMOF@HA solution (TCPP: 
20 µg) containing SOSG probe (5 mM) was irradiated under 670 nm laser (50 mW/cm2), and the corresponding 
fluorescence spectra were recorded (Ex: 480 nm).

To assess the enhancement of 1O2 production facilitated by the O2 self-supply ability of PMOF@HA nanosheets, 
1 mL of PMOF@HA solution (TCPP: 20 µg) containing SOSG probe (5 mM) and H2O2 (2 mM) was mixed for 10 min. 
Then, the mixture was subjected to irradiation under 670 nm laser. Finally, the fluorescence spectra of the mixture were 
recorded timely (Ex: 480 nm).

Cellular Uptake
Firstly, we evaluate the CD44 expression in SMMC-7721 and 293T cells respectively using a flow cytometer. Next, 
PMOF nanosheets were dispersed in ddH2O containing 10 µM of Cy5 dye. After oscillation for 4 h, the above mixture 
was centrifugated to remove the unloaded Cy5 and collect the precipitates (Cy5 labelled PMOF). This material was 
further modified with HA to obtain Cy5 labelled PMOF@HA. Then, the cells were treated with fresh medium containing 
Cy5 labelled PMOF@HA nanosheets (TCPP: 40 µg/mL). After culture for 4 h or 8 h, the cells were analyzed by flow 
cytometry. To further visually assess the impact of HA modification on the cellular uptake of PMOF@HA nanosheets, 
SMMC-7721 cells pre-treated with or without HA were co-incubated with Cy5 labelled PMOF@HA nanosheets (TCPP: 
40 µg/mL) for 8 h. Finally, the cells were stained with DAPI, and observed under CLSM.

Intracellular O2 and ROS Level Detection
SMMC-7721 cells were cultured for 24 h under normoxic (20% oxygen) or hypoxic (2% oxygen) conditions. Then, 
PMOF@HA or MOF@HA (TCPP: 80 µg/mL) was added into the cell medium. After culture for another 8 h, the cells 
were exposed to fresh medium containing 2 µM [Ru(dpp)3]Cl2 for another 30 min. Finally, the cells were observed using 
a fluorescence microscopy.

For the assessment of intracellular ROS level, SMMC-7721 cells were cultured for 24 h under normoxic (20% 
oxygen) or hypoxic (2% oxygen) conditions. Then, PMOF@HA or MOF@HA (TCPP: 80 µg/mL) was added into the 
cell medium. After culture for another 8 h, fresh medium containing 40 µM of DCFH-DA probe was added into the cells 
for 15 min incubation. Subsequently, the cells washed with PBS buffer and exposed under a 670 nm laser (50 mW/cm2) 
for 5 min. Immediately, the cells were observed using a fluorescence microscopy.

Anti-Tumor Effect in vitro
Firstly, SMMC-7721 cells were incubated with PMOF@HA nanosheets at different concentrations (TCPP: 0, 15, 30, 60, 
120, 180 and 240 µg/mL) for 48 h. Afterward, the cell viabilities were detected using CCK-8 assay kit according to the 
manufacturer's instruction.

To evaluate the effectiveness of PDT in killing cancer cells via PMOF@HA nanosheets, SMMC-7721 cells cultured 
for 24 h under normoxic (20% oxygen) or hypoxic (2% oxygen) conditions. Then, different concentrations (TCPP: 0, 15, 
30, 60 and 120 µg/mL) of PMOF@HA or MOF@HA nanosheets were added into the cell medium. After co-culturing for 
another 8 h, the cells were exposed under a 670 nm laser (50 mW/cm2) for 5 min. Finally, the cell viabilities were 
assessed using CCK-8 assay kit, stained with calcein AM and PI for live/death staining assay, or stained with Annexin 
V-FITC and PI for apoptosis assay.
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Hemolysis Assay
The red blood cells were collected from fresh mouse blood and washed with PBS twice. Then, the red blood cells were 
co-incubated with different concentrations of PMOF@HA at 37 °C. After incubation for 6 h, the mixtures were 
centrifugated to obtain the red blood cells, and the absorbance at 540 nm of the supernatants was further detected to 
calculate the hemolysis rates of various groups.

Anti-Tumor Effect in vivo
Balb/c nude mice were obtained from China Wushi, Inc. (Shanghai, China). All animal experiments were approved by 
the Animal Ethics Committee of Xi’an Jiaotong University [No. XJTUSLS (2023) 77] and were conducted according to 
the institutional guidelines. SMMC-7721 cells (2 × 106) were injected subcutaneously in the rear right flanks of mice to 
establish tumor-bearing mice. The tumor-bearing mice were used for animal experiments when the tumor volume was up 
to about 50–100 mm3.

The tumor-bearing mice were divided into 5 groups with 5 mice in each group randomly, including PBS group, PBS + 
laser (L) group, PMOF@HA group, MOF@HA + L group and PMOF@HA + L group. The mice were intratumorally 
injected with 50 µL of PBS buffer or nanosheets (TCPP: 2 mg/kg). After 12 h, the tumors were irradiated with 670 nm 
laser (100 mW/cm2) for 10 min. The tumor volume was monitored and calculated following the below formula:

At day 16, the mice were sacrificed and the tumors were excised for hematoxylin and eosin (H&E) staining, Ki67 and 
HIF-1α immunohistochemical staining.

Statistical Analysis
Prism 6 software (GraphPad) was used for statistical analysis. Data was expressed as mean ± standard deviation (SD). 
One-way analysis of variance (ANOVA) or t-test was used to evaluate the statistical significance. The significance was 
denoted as *P < 0.05, **P < 0.01, ***P < 0.001. A P-value <0.05 was considered as statistically significant.

Results and Discussion
Preparation and Characterization of PMOF@HA
The MOF nanosheets were synthesized via the solvothermal reaction with TCPP utilizing the organic ligands and Zr4+ 

as the metal nodes. As shown in Figure 1A, the MOF nanosheets exhibited a typical two-dimensional lamellar 
structure. After in situ generation of Pt nanoparticles, a multitude of nanoscale black dots (indicated as Pt nanopar-
ticles) were distinctly observable on the surface of PMOF, as demonstrated in the TEM images (Figure 1B). Next, HA 
was coated onto the outer layer of PMOF via electrostatic interaction, resulting in the final PMOF@HA without any 
discernible changes in their structures (Figure 1C). The content of Pt element in PMOF@HA was about 8.25 ± 0.81% 
detected by ICP-MS assay. Besides, the PMOF@HA also demonstrated good stability without any visible signs of 
aggregation when stored in PBS buffer or PBS buffer containing 10% FBS for a duration of 4 days (Figure S1). The 
zeta potentials of different formulations were determined using a Zetasizer Nano-ZS system. As shown in Figure 1D, 
the zeta potential of MOF nanosheets was 41.5 mV, ascribing to the incomplete coordination of Zr4+ on the surface of 
nanosheets. Upon the introduction of Pt nanoparticles, the zeta potential of PMOF decreased to 26.1 mV. Thus, PMOF 
could further adsorb negatively charged HA, resulting in a shift of the zeta potential from positive to negative (−17.4 
mV). FT-IR spectra were also conducted to characterize the PMOF@HA nanosheets. As shown in Figure S2, the 
absorption peaks at 655 cm−1 in all nanosheets were assigned to Zr-O bonds and Pt nanoparticles modification caused 
a sharp absorption peak appeared at 1050 cm−1 in PMOF nanosheets.37,38 Besides, an intensified absorption peak at 
1614 cm−1, corresponding to the asymmetric stretching vibration of carboxylate anion,39 was found in PMOF@HA 
compared with PMOF, indicating the successful HA coating again. The XRD patterns were depicted in Figure S3, 
MOF had the similar peaks to the Zr-TCPP nanosheets reported in the previous literature,40 and the further modifica-
tion of Pt nanoparticles had little influence on its characteristic peaks. The TEM mapping assay also provided powerful 
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evidence for the presence of Pt nanoparticles decoration on the PMOF@HA (Figure 1E). The thickness of MOF 
nanosheets was determined to be about 11.65 nm via AFM (Figure 1F). The characteristic peaks of UV-Vis spectra at 
415, 516, 550, 595 and 645 nm, attributed to the B- and Q-band absorption of TCPP, were observed in all the spectra 
of each intermediate and the final PMOF@HA, indicating that the formation of MOF nanosheet had no influence on 
the absorption of organic ligand TCPP (Figure 1G).

1O2 Generation Capacity of PMOF@HA
The 1O2 generation capability of PMOF@HA was investigated using a SOSG detection probe, where the fluorescence 
intensity of SOSG correlated positively with 1O2 level in the solution. As shown in Figure 2A and S4, the fluorescence 
intensity of SOSG in the solution containing MOF, PMOF and PMOF@HA all had a prominent increase after 670 nm 
laser irradiation. By comparison, the fluorescence spectra of SOSG in the groups containing nanosheets without laser 
irradiation or that only with laser irradiation showed no significant changes. The above results demonstrated that the 
PMOF@HA possessed excellent 1O2 production ability, and the modification of Pt nanoparticles and HA hardly changed 
its PDT property. Besides, as shown in Figure 2B and C, with the increase of irradiation time, the SOSG fluorescence 
intensity in the solution with PMOF@HA increased rapidly, while the SOSG fluorescence intensity in Control group still 
maintained at a low level. And the relative fluorescence intensity (Ft/F0) of SOSG probe in the solution containing 
PMOF@HA exhibited an approximately four-fold enhancement after 15 min of irradiation. Notably, this enhancement 
demonstrated a nearly linear dependence on the duration of irradiation, indicating the outstanding photostability of 
PMOF@HA under light exposure for continuous 1O2 production (Figure 2D), unlike common PSs often suffering from 
photobleaching issues.

Additionally, Pt nanoparticles, as a kind of nanozymes, showed catalase-like activity for catalyzing the decomposition 
of H2O2 into O2. Thus, we next evaluated the O2 generation capability of Pt nanoparticles-decorated PMOF@HA. As 
shown in Figure 2E, the solution containing both PMOF@HA and H2O2 exhibited a huge O2 increase of around 15 mg/ 
mL, which indicated that the decoration of Pt nanoparticles could endow PMOF@HA with catalase-like activity. 
Furthermore, under 670 nm laser irradiation, the PMOF@HA + H2O2 group had the highest 1O2 production, with the 
fluorescence intensity of SOSG being about 1.5 times stronger than that of PMOF@HA and MOF@HA + H2O2 groups, 
suggesting that the self-supply of O2 could intensify the 1O2 generation of PMOF@HA (Figure 2F).

Figure 1 TEM images of (A) MOF, (B) PMOF and (C) PMOF@HA. (D) Zeta potentials of different formulations. (E) TEM mapping of PMOF@HA. (F) AFM image of MOF 
nanosheets (inset is the height profile corresponding to the line with different colors in the AFM image). (G) UV-Vis spectra of TCPP, MOF, PMOF and PMOF@HA.

https://doi.org/10.2147/IJN.S466011                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2024:19 9732

Li et al                                                                                                                                                                 Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/get_supplementary_file.php?f=466011.docx
https://www.dovepress.com
https://www.dovepress.com


Cell Uptake
CD44 is overexpressed in many cancer types, thereby nanoparticles modified with its ligand HA could significantly 
enhance the capability of targeted delivery.41 Firstly, we assessed the CD44 expression level on SMMC-7721 and 293T 
cells via flow cytometry. As shown in Figure 3A and B, SMMC-7721 cells had an extraordinarily high CD44 expression, 
while the 293T cells displayed a significantly lower expression. Thus, the fluorescence intensity inside SMMC-7721 cell 
was more than 2 times higher than that inside 293T cells, irrespective of the 4 h or 8 h co-incubated with Cy5 labelled 
PMOF@HA, indicating the enhanced uptake of PMOF@HA by SMMC-7721 cells (Figure 3C, D and S5). However, 

Figure 2 (A) Fluorescence spectra of SOSG in the absence or presence of PMOF@HA with or without laser irradiation. Fluorescence spectra of SOSG in the (B) absence 
or (C) presence of PMOF@HA with laser irradiation for different times. (D) The time-dependence of relative fluorescence intensity of SOSG at 540 nm. (E) Dissolved O2 

concentrations of different groups. (F) Fluorescence spectra of SOSG in the solution containing different components.

Figure 3 (A) Flow cytometry analysis of CD44 expression in SMMC-7721 and 293T cells. (B) The corresponding mean fluorescence intensity (MFI) in (A) (n = 3). (C) Flow 
cytometry analysis of Cy5 fluorescence inside cells after incubated with Cy5-labeled PMOF@HA for 8 h. (D) The corresponding mean fluorescence intensity (MFI) in (C) (n = 3). 
(E) CLSM images of SMMC-7721 cells incubated with Cy5-labeled PMOF@HA. ***P < 0.001.
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a significant decrease of Cy5 (red) fluorescence was found in the cells pre-treated with excess HA to block CD44 
(Figure 3E), further elucidating the enhanced cell internalization induced by CD44 receptor.

Next, we investigated the cytotoxicity of PMOF@HA to SMMC-7721 and 293T cells. Notably, PMOF@HA showed 
little toxicity to both the cell types in the absence of external laser irradiation, with the cell viabilities remaining above 
90% even at TCPP concentration of up to 240 µg/mL (Figure 4A). These results unequivocally demonstrated the low 
dark toxicity of our prepared PMOF@HA nanosheets.

Hypoxia Relief and ROS Production in vitro
To confirm hypoxia relief function of Pt-nanozyme decorated PMOF@HA within cancer cells, an oxygen detection probe 
[Ru(dpp)3]Cl2, was employed to explore the hypoxic situation inside cells, as its fluorescence intensity was noted to be 
negatively correlated with the intracellular O2 level. As shown in Figure 4B, all groups exhibited negligible red 
fluorescence when the cells cultured under normoxic situation. However, under hypoxia, the red fluorescence intensities 
in the untreated cells or cells treated with MOF@HA increased significantly, highlighting severe hypoxia inside cells. In 
contrast, the cells co-incubated with PMOF@HA showed only a slight increase in red fluorescence when the culture 
conditions were changed to hypoxia, verifying that PMOF@HA with catalase-like activity could relieve intracellular 

Figure 4 (A) Cell viabilities of 293T and SMMC-7721 cells incubated with PMOF@HA nanosheets for 48 h (n = 4). (B) Fluorescence microscope images of the O2 detection 
probe [Ru(dpp)3]Cl2 inside the cells with different treatments. Scale bar = 20 µm. (C) Fluorescence microscope images of intracellular ROS detection probe DCFH-DA 
inside cells with different treatments. Scale bar = 50 µm.
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hypoxic condition effectively. Benefitting from the O2 generation ability, PMOF@HA could further stimulate the 
production of large amounts of ROS and augment intracellular oxidative stress level under hypoxic condition after 
670 nm laser irradiation, as indicated by the intense green fluorescence emitted from ROS detection probes inside cells 
(Figure 4C). These results highlighted the excellent ROS production ability of PMOF@HA nanosheets in hypoxic cells, 
relying on its O2 self-supply induced by catalase-like activity.

PDT of PMOF@HA in vitro
Subsequently, we evaluated the PDT killing effect of PMOF@HA on SMMC-7721 cells. As shown in Figure 5A, both 
MOF@HA and PMOF@HA exerted good killing effect on cancer cells cultured under normoxic condition, with cell 
viabilities reducing by more than 70% at a TCPP concentration of 120 µg/mL. However, the PDT effect of MOF@HA 
was severely compromised under hypoxic conditions, with the cell killing efficiency induced by MOF@HA (TCPP: 120 
µg/mL) and laser irradiation reaching only about 40% (Figure 5B). Intriguingly, PMOF@HA still displayed an out-
standing killing effect, with the cell viability declining to below 20% at the TCPP concentration of 120 µg/mL, even 
under hypoxic conditions. Additionally, the cell viabilities of normal 293T cells treated with PMOF@HA and laser were 
also assessed (Figure S6). The lower PDT killing effect to 293T cells compared with SMMC-7721 cells indicated the 
targeted PDT ability of PMOF@HA, ascribing to the enhanced cell uptake of cancer cells to PMOF@HA illustrated in 
Figure 3.

Meanwhile, the live/death cell staining was conducted to further assess the cell killing effect of PMOF@HA 
intuitively. As shown in Figure 5C, upon 670 nm laser irradiation, the PDT killing effect of both MOF@HA and 
PMOF@HA was consistent with the CCK-8 assay. While amounts of cells were observed to be still alive when treated 
with MOF@HA and laser irradiation under hypoxia, only little green fluorescence (representing living cells) appeared 
inside the cells treated with PMOF@HA and laser irradiation under both normoxic and hypoxic conditions. Additionally, 
cell apoptosis caused by the PDT of PMOF@HA was also detected using flow cytometry (Figure 5D). Among all the 
groups, the PMOF@HA + L group showed the highest cell apoptosis rate of 89.98% under normoxia and 79.77% under 

Figure 5 Cell viabilities of SMMC-7721 cells with different treatments under (A) normoxic and (B) hypoxic conditions (n = 4). (C) Fluorescence microscope images of 
SMMC-7721 cells stained with Calcein AM and PI. Scale bar = 100 µm. (D) Flow cytometry analysis of the apoptosis of SMMC-7721 cells with different treatments under 
normoxic and hypoxic conditions. ***P < 0.001.

International Journal of Nanomedicine 2024:19                                                                                   https://doi.org/10.2147/IJN.S466011                                                                                                                                                                                                                       

DovePress                                                                                                                       
9735

Dovepress                                                                                                                                                                 Li et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/get_supplementary_file.php?f=466011.docx
https://www.dovepress.com
https://www.dovepress.com


hypoxia. Therefore, all the above results underscored that PMOF@HA, with its capacity of O2 self-supply, could 
significantly reinforce the PDT effect against cancer cells under hypoxic conditions.

Anti-Tumor Effect of PMOF@HA in vivo
The hemolysis assay was first conducted to demonstrate the good blood compatibility of PMOF@HA with a low 
hemolysis rate under the experimental concentration (Figure S7). Then, we further constructed a tumor model in nude 
mice and investigated the tumor inhibition capability of PMOF@HA in vivo. The intratumorally injected PMOF@HA 
exhibited a good enrichment and retention at tumor sites (Figure S8), which was helpful to enhance the killing effects of 
PDT and simultaneously lowered the toxic risks to main organs. The anti-tumor effects are depicted in Figure 6A, the 
tumors in PBS, PBS + L and PMOF@HA groups all grew rapidly, signifying the negligible tumor suppression attributed 
to laser irradiation or PMOF@HA alone. With 670 nm laser irradiation, MOF@HA showed moderate tumor inhibition 
due to the limited PDT effect on hypoxic solid tumor. Remarkably, the mice treated with PMOF@HA and laser 
irradiation exhibited the strongest anti-tumor efficacy, ascribing to the hypoxia relief ability of PMOF@HA during 
PDT treatment. The tumor suppression effect of PMOF@HA with laser irradiation was further reflected by the smallest 
tumor volume and the lightest average tumor mass (Figure 6B and C).

Figure 6 (A) Tumor growth curves, (B) ex vivo tumor photographs and (C) average tumor weights of mice in different groups (n = 5). (D) Optical microscope images of 
tumor H&E staining, Ki67 and HIF-1α immunohistochemical staining. Scale bar = 20 µm. *P < 0.05, **P < 0.01, ***P < 0.001.
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In addition, the excised tumor tissues at the end of treatment were sectioned for H&E pathological staining, Ki67 and HIF- 
1α immunohistochemical staining. As shown in Figure 6D, the tumor treated with PMOF@HA and laser irradiation displayed 
severe cell morphology destruction and nucleus shrinkage, along with significantly reduced proliferation indicated by 
a decrease in Ki67-positive cells. Importantly, the tumor tissues treated with PMOF@HA exhibited a notable decrease in 
HIF-1α levels compared with other groups, providing strong evidences that PMOF@HA could alleviate the hypoxic 
microenvironment within solid tumor, thereby reinforcing the subsequent PDT killing effect of itself. Throughout the 
treatment period, there were no significant changes in average body weight of each group (Figure S9), suggesting the low 
systemic toxicity of our therapeutic paradigms. Overall, all the above results verified that the Pt-nanozyme decorated 
PMOF@HA, with their HA-targeted uptake and catalase-like activity for O2 self-supply, represents a promising anti-tumor 
agent to enhance PDT efficacy against hypoxic tumor.

Conclusion
In summary, we successfully developed Pt nanozyme-decorated porphyrin MOF nanosheets. PMOF@HA could realize 
targeted uptake by CD44 overexpressed tumor cells, facilitated by the HA coating. Most importantly, the unique 2D structure 
of PMOF@HA tremendously improved the photochemical property of porphyrin PS, such as avoiding aggregation, increasing 
photo-sensitivity to external light and facilitating rapid diffusion of generated ROS. Simultaneously, this structure provided an 
excellent platform for the ornamentation of Pt nanozymes and the display of their catalase-like activities to catalyze H2O2 

in situ for O2 production. In vitro and in vivo experiments demonstrated that PMOF@HA could be internalized more 
effectively by cancer cells, generating abundant 1O2 through O2 self-supply to eliminate cancer cells and suppress tumor 
growth. The combination of 2D MOF nano-PSs and Pt nanozymes provides a simple but effective strategy to surmount the 
dilemma of poor PDT efficacy against hypoxic tumors. However, the laser penetration depth is another key factor that 
significantly affects the PDT effect against solid tumor in deep tissue. Many efforts have been made to bypass the limitations of 
insufficient penetration depth of laser, such as PDT based on up-conversion nanoparticles (UCNPs) or scintillating nanopar-
ticles, development of novel PSs with longer excitation wavelengths and so on. In the future work, an excellent PDT system 
that simultaneously overcomes tumor hypoxia and low laser penetration depth deserves to be further pursued for us.
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