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Abstract 

Simultaneous photodynamic/photothermal therapy (PDT/PTT) is a combination cancer 

treatment that combines the principles of both PDT and PTT to achieve an effective and 

comprehensive attack on cancer cells. However, both two approaches require an external light 

source to generate reactive oxygen species (ROS) and thermal heat, which could potentially 

hinder therapeutic efficacy due to the low tissue penetration of light in vivo. Chemodynamic 

therapy (CDT) is a type of therapy that uses ROS generated by a chemical reaction between a 

prodrug and a catalyst to kill cancer cells. We developed a combination therapy of three 

modalities PTT/PDT/CDT using metal-organic framework (MOFs). The Cu2+ -doped MOF 

PCN-224 nanostructures modified with Platinum (Pt) cluster and folic acid (FA) provided 

excellent tumor targeting, photothermal conversion ability, ROS generated by Pt cluster and 

Cu2+ under 650 nm light irradiation.  Moreover, this multi-model nanocomposite had extremely 

low dark toxicity, while excellent phototoxicity under the combination laser irradiation 650 nm, 

both in vitro and in vivo. Therefore, our prepared folic acid conjugated PCN-224/Pt/Cu2+ (FA-

PPC) nanosphere could be applied as a very promising multi-modal phototherapeutic agent for 

enhanced cancer therapy in future clinical applications. 
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1. INTRODUCTION  

Emerging cancer treatments such as photothermal therapy (PTT), photodynamic therapy 

(PDT), and chemodynamic therapy (CDT) have advanced cancer therapy in recent years.1–5 

Near-infrared (NIR) light-mediated photothermal therapy converts light energy into 

hyperthermia, resulting in the thermal ablation of adjacent cells. PTT has become a promising 

alternative treatment for many diseases owing to their unique advantages, including improved 

selectivity, minimal invasiveness and side effects.6–8 

In addition, ROS such as hydrogen peroxide (H2O2), singlet oxygen (1O2), and hydroxyl 

radical (•OH) are capable of killing cancer cells by damaging nucleic acids and proteins 

intracellularly.9 Photodynamic therapy induces cell apoptosis by cytotoxic 1O2 produced by 

photosensitizer under light irradiation.5,10–13 Although PDT has been widely investigated for 

cancer treatment, its efficacy remains unsatisfactory due to the nature of hypoxia 

environment in cancer cells. Low level of dissolved intracellular oxygen hinders the 

production of 1O2 even in the presence of highly photosensitive catalysts such as chlorin e6 

(Ce6),14,15 indocyanine green (ICG)16 and nanoparticle modulators including quantum dots 

(QDs),17 upconversion nanoparticles,18 gold nanocages,19 etc. Compared with the strategy of 

delivering exogenous oxygen into cells, one easier and more feasible way to relieve hypoxia 

condition is to convert H2O2 into O2. Despite low intracellular oxygen level, many types of 

tumor cells have higher intracellular H2O2 level compared with normal cells, which suggests 

a great potential of a constant supply of O2 from H2O2 decomposition.  

Moreover, the excess H2O2 accumulates in cancer cells could also be the substrate of Fenton 

reaction for CDT.20 Chemodynamic therapy employs iron-mediated Fenton-type reactions to 

induce intracellular oxidative stress by converting less-reactive endogenous H2O2 into •OH, 

the more reactive and toxic ROS.21–23 Such a unique reaction and •OH generation approach 

will enable CDT to circumvent the major inherent obstacles of hypoxia-associated resistance 



of tumor therapy.24–26  However, intracellular glutathione (GSH) impedes PDT and CDT 

efficacy due to inherent cellular antioxidant defense system. While several studies have 

utilized inorganic nanoparticles (NPs) CuO, MnO as nanoenzymes to stimulate Fenton-like 

reaction and produce •OH, few of them have reported a reliable delivery approach into cells 

and a controlled release of the metal ions after internalization by target cells.27–30  

 
Inspired by high expression of H2O2 nature of cancer cells and photosensitizer potential of 

porphyrinic MOFs,4,10,31–34 here we present a smart “all-in-one” nanoplatform with a strategy 

of combining PTT/PDT/CDT in one single nanoprobe copper- doped platinum nanocrystal-

coated metal-organic framework PCN-224 (PPC). This activating hybrid nanoparticle 

benefits from 1) photothermal effect of platinum nanocluster, 2) photodynamic nature of 

PCN-224 under NIR light, 3) •OH production by Fenton-like copper ion. We utilized a layer-

by-layer synthesis approach to fabricate a PCN-224 core through a solvothermal method, 

following by coating with a layer of Pt nanocrystals on the MOF surface, then doping Cu2+ 

into the PCN-224-Pt hybrid structure. Finally, folic acid was conjugated onto the 

nanoplatform in order to specifically target the breast cancer cells without harming normal 

tissue. Intracellular GSH-assisted Cu2+ release and reduction to Cu+ triggered the Fenton 

catalytic activity for enhanced CDT due to the GSH depletion, while an enhanced 

photodynamic efficacy was achieved in a hypoxia-relieved environment by self-supplying 

H2O2 and GSH depletion. Meanwhile, Pt nanocrystals can not only activate O2 to 1O2 but also 

provide photothermal effect under light irradiation. Therefore, the integration of Pt 

nanocrystals with semiconductor-like porphyrinic MOFs and Cu2+ doping could achieve 

synergistic therapeutic effects on tumor cells.35 With FA conjugation to PPC MOF (FA-PPC), 

this nanoplatform can simultaneously enable hydroxyl radical generation, hypoxia relief and 

GSH depletion, leading to a targeted enhanced CDT/PDT/PTT triple-modality antitumor 

therapy under the guidance fluorescence imaging. 



 

 
Figure 1. Schematic illustration of layer-by-layer synthesis of smart FA-PPC nanoparticles and mechanism 
of imaging-guided photothermal and H2O2 self-supplying photodynamic/chemodynamic therapy. 
 
2. EXPERIMENTAL SECTION 

2.1 Preparation of PCN-224 Nanoparticles 

FA-PPC was obtained through a layer-by-layer synthesis method reported previously. The 

PCN-224 was synthesized using a solvothermal approach described previously. The detailed 

synthesis methodology can be found in our previous publications.11,31 

2.2 Preparation of PCN-224-Pt 

PCN-224 NPs were resuspended in 2.5 mL of ethylene glycol (EG) and preheated at 120 °C 

for 10 min. Pt nanoclusters were synthesized onto the PCN-224 NPs according to the 

methodology described in previous study.31 

2.3 Preparation of PCN-Pt-Cu (PPC) 

Copper chloride (Sigma-Aldrich, 0.1 M) was added dropwise into PCN-Pt nanocomposite in 

8.3% acetic acid (TCI Chemicals) solution under constant vigorous stirring at room 

temperature for another 48 hours to allow copper to be incorporated into the center of 

porphyrin. The resulting product was washed three times with water. 



2.4 Pt-mediated O2 Generation 

PPC nanocomposite was dispersed in water under vigorous stirring. H2O2 was then added to 

the solution. We monitored the oxygen concentration of the solution using a portable 

dissolved oxygen meter. 

2.5 Extracellular 1O2 Measurement 

Singlet Oxygen Sensor Green (SOSG) kit was obtained from ThermoFisher Scientific. 10 

μg/mL SOSG was mixed with PPC sample (200 μg/mL, 1 mL) under light (650 nm, 0.6 

W/cm2) for 5 min. Fluorescence spectrum was recorded under excitation of 395 nm with one 

minute interval. DPBF (Sigma-Aldrich) solution that dissolved in 1 mM DMSO was added to 

the solution (200 μg/mL, 1 mL) under light (650 nm, 0.6 W/cm2) for 5 min. The DPBF 

absorbance at 414 nm was recorded at appointed times. 

2.6 GSH-mediated Cu Release 

PPC nanocomposite was added to a series of concentrations of GSH water solution under 

stirring. The solution was then centrifugated and supernatant was collected for measurement 

of inductively coupled plasma optical emission spectrometry (ICP-OES, Agilent).  

2.7 Cellular Uptake of PPC Nanocomposite 

MCF-7, A549 cells were plated at a density of 1 ´ 105 cells and cultured for 24 hours. Cell 

culture methods were adopted from ATCC. 200 μg/mL PPC was added to the cells in cell 

culture medium and incubated with cells for another 4 hours. The cells were then triple 

washed by PBS before analyzed by confocal microscopy imaging and flow cytometry.  

2.8 Intracellular Hypoxia Relief 

MCF-7 cells were plated in five 10-mm dishes at a density of 1 ´ 104 cells/cm2. One dish was 

maintained in normoxia incubator, while the other four dishes treated with PBS, PCN-224, 

PCN-Pt, and PPC were incubated in a hypoxia incubator with 5% O2, and 5% CO2. After 4 

hours, the cells were then stained with Image-iT™ Red Hypoxia Reagent for 1 h (5 μM, 



Invitrogen™). Confocal microscopy images were obtained using Leica TCS SPE microscope 

with confocal laser.  

2.9 Intracellular ROS generation 

MCF-7 cells (ATCC, USA) were plated in five 10-mm dishes at a density of 1 ´ 104 

cells/cm2. The cells were treated with PBS, PCN-224, PCN-Pt, PPC under 650 nm laser 

irradiation for 5 min (0.6 W/cm2). Then, the cells were incubated with SOSG and DCF-DA 

reagents for 30 min at 37 °C. Confocal microscopy images were obtained using Leica TCS 

SPE microscope. 

2.10 Tissue penetration in Tumor Organoids  

Breast cancer organoids were generated by seeding 3,000 MCF-7 cells in U-bottom Nunc 96-

well culture plate (ThermoFisher Scientific) and grew for 3-4 days. Once the organoids were 

formed, FA-PPC nanocomposites were added to the cells and co-cultured in plates for 4 

hours. The tumor organoids were placed in a new plate then washed three times with PBS. 

The tumor organoids were imaged using confocal microscopy with 3D scanning. 

2.11 Animal study  

All the mice were purchased from The Hong Kong Polytechnic University Animal Facility. 

All animal procedures were performed following the protocols approved by the Animal 

(CONTROL OF EXPERIMENT) Regulations of The Hong Kong Polytechnic University. 

2.12 In vivo synergistic PDT/PTT/CDT therapy 

In the in vivo study, thirty tumor-bearing mice were grouped into five groups with six mice in 

each group. The mice were intravenously administered with 1) saline, 2) PCN-224 + 650 nm 

laser, 3) PCN-Pt + 650 nm laser, 4) PPC + 650 nm laser, 5) FA-PPC + 650 nm laser. The 

nanoparticle concentration of each group was 200 μg/mL, and the power of laser irradiation 

was 0.6 W/cm2. The tumor dimensions (length by width) and body weight were measured 

daily over 9 days post-treatment. The mice were sacrificed on day 10, the tumors and organs 



were collected. The major organs of the five groups were dissected to make paraffin sections 

for further H&E staining.  

 
3. RESULTS AND DISCUSSION 

3.1 Synthesis and characterization of the FA-PCN-224/Pt/Cu hybrid nanoparticle 

The hybrid PCN-Pt-Cu (PPC) with an average diameter of 190 nm were synthesized using a 

layer-by-layer approach as illustrated in Figure 1. PCN-224 MOF as a template was first 

synthesized through a solvothermal reaction at 120 °C as described in previous reports. 

Platinum nanocrystals were formed on the surface of PCN-224 by reacting H2PtCl6·6H2O in 

ethylene glycol/H2O solution in the presence of PVP at 120 °C under vigorous stirring. 

Transmission electron microscopy (TEM) image in Figure 2A showed a cubic morphology of 

PCN-224 decorated with small Pt nanocrystals (less than 5 nm). The magnified image 

showed Pt nanocrystals adhering to the surface of MOF PCN-224. Elemental mapping 

uniform distributions of Zr element in MOF and Pt element in Pt nanocrystals, indicating the 

successful coating of Pt nanocrystals on the Zr-based MOFs. Figure 2B indicates the relative 

UV-visible absorbance of PPC increased markedly between the wavelength of 450 - 700 nm 

compared to bare PCN-224, indicating the potential of being used as a NIR photosensitizer 

for PDT of tumor. X-ray diffraction (XRD) pattern in Figure 2C confirmed the pattern of as-

synthesized PCN-224 and PCN-Pt, and PPC measured with 2θ steps of 0.02° matched the 

simulated PCN-224 and Pt standard curve. The crystal plane [112], [022], [222] of Zr, and 

[111], [200] of Pt indicated by the arrow showed the presence of Zr-MOF and Pt nanocrystals 

in the nanoparticle composite. PPC could be well-dispersed in water with a mean 

hydrodynamic diameter of ∼190 nm as shown in Figure 2D. The air bubbles were visually 

observable when H2O2 was added to the PPC nanocomposite, and the rapid increase of real-

time O2 concentration demonstrated the catalytic effect of PPC nanoparticles on H2O2 

decomposition. This result encouraged us to further explore its potential in intracellular 



hypoxia relief for the tumor cells. X-ray photoelectron spectroscopy (XPS) spectrum of PPC 

nanocomposite reflected the presence of core metal components including Zr, Pt, and Cu. In 

addition, the high-resolution XPS spectrum of Cu2p suggested that the Cu existed in the form 

of Cu2+ within the PPC nanocomposite. The data also revealed that the amount of Zr and Pt 

atom were 1.37% and 0.74%, with the amount of Cu doping being nearly 0.45%, suggesting 

a Cu-dope Zr MOF - Pt nanocomposite (Figure 2F-I).   

3.2 Synergistic photodynamic, photothermal and chemodynamic capacity of PPC 

An increasing number of photosensitizers have been reported to effectively generate 1O2, with 

examples such as metal nanoparticles, indocyanine green, porphyrins, and their derivatives 

being widely studied.36–38 The integration of the second-generation photosensitizer porphyrin 

into MOFs could bring additional advantages such as NIR-activated PDT, nanoscale porous 

structure with high drug loading capacity, enriched surface groups available for chemical 

conjugation, etc. Here, owing to porphyrin ligands in the nanocomposite, PPC exhibited 

strong ability of 1O2 generation. Figure 3A shows that SOSG fluorescence spectra with an 

emission maximum at 535 nm was increased markedly after exposure of 650 nm laser for 5 

min, which confirmed the 1O2 generation by PPC. A similar 1,3-diphenylisobenzofuran 

(DPBF) degradation experiment was conducted to measure the 1O2 generation. Figure 3B 

shows a significant downtrend of DPBF absorption peaks at 420 nm over 5 min 650 nm laser 

irradiation (0.6 W/cm2) in the presence of PPC, indicating a remarkable NIR-mediated 1O2 

production ability.  

 
 



 
Figure 2. Characterizations of PPC MOF nanoparticles. (A) TEM image and elemental mapping of PPC. (B)  
Absorbance of PPC. (C) XRD of PPC. (D) DLS size distribution of PPC. (E) O2 generation by PPC. (F-I) XPS 
spectrum of PPC indicating the presence of Zr, Pt, and Cu. 
 
 
Platinum nanomaterials display strong LSPR absorption from UV-visible range towards NIR, 

therefore could efficiently transfer the absorbed NIR optical energy into heat.39 The 

photothermal efficacy of PPC nanocomposite was determined by a thermal camera under a 

650 nm laser irradiation (0.6 W/cm2). The temperature of 200 µg/mL PPC nanoparticles 

dispersed in PBS solution reached 42 °C after irradiated with 650 nm laser at power of 0.6 

W/cm2. A concentration-dependent photothermal effect was observed at various 

concentrations of PPC (Figure 3C).  



GSH-triggered Cu2+ release and subsequent chemodynamic effect was further determined by 

electron spin resonance (ESR) measurement using 5,5-dimethyl-1-pyrroline-Noxide (DMPO) 

as •OH trapping agent. In the presence of GSH, PPC nanocomposite exhibited higher 

catalytic effect on DMPO, suggesting more •OH was produced from H2O2 by the PPC. By 

contrast, only a small amount of •OH was detected with absence of GSH, implying a 

mechanism of GSH-consumption based enhanced chemodynamic therapy (Figure 3D). GSH-

triggered Cu2+ was also confirmed by inductively coupled plasma - optical emission 

spectrometry (ICP-OES). More than 20% of Cu2+ were released from the nanocomposite 

after 48 h in 1 mM GSH solution, whereas over 25% Cu2+ were released in 5 mM GSH 

solution after 48 h (Figure 3E). The Fenton-like Cu2+ in the presence of H2O2 showed good 

•OH production capability in methylene blue (MB) degradation assay. Notably, with low 

concentration of GSH (<1 mM), FA-PPC (0.2 mg/mL) showed remarkable •OH production 

capability. However, with higher concentration of GSH, almost no MB degradation was 

observed, indicating the scavenging effect of GSH toward •OH (Figure 3F). The Cu released 

from the FA-PPC NPs at neutral and acidic pH over 48 hours was measured by ICP-OES. Cu 

released significantly higher in acidic condition than that of in neutral condition (Figure S11).  

 

 



 
Figure 3. (A) SOSG fluorescence emission spectra in FA-PPC solution after exposure of 650 nm laser (0.6 
W/cm2) measured using fluorescence spectrometer. (B) ROS generation of PPC measured by DPBF probe under 
650 nm laser irradiation (0.6 W/cm2). (C) Concentration- dependent photothermal effect of FA-PPC. (D) ESR 
spectra of GSH-activated PPC reacting with H2O2 using DMPO as spin trap. (E) GSH assisted Cu2+ release in 
vitro measured by ICP. (F) MB degradation by •OH generated by FA-PPC (0.2 mg/mL) treated with different 
concentrations of GSH. 
 
3.3 In vitro therapeutic effect of FA-PPC in breast cancer cells  
The homotypic targeting ability of FA-conjugated PPC toward breast cancer MCF-7 cells 

was investigated using folate receptor- negative human non-small cell lung cancer cells 

(A549) as a control. Confocal microscopy and flow cytometry showed folate receptor-

targeted FA-PPC nanocomposites preferentially accumulated in MCF-7 cells than in A549 

cells (Figure 4A), owing to the high affinity of FA-PPC to the receptor on the MCF-7 

membrane. The rapid proliferation of tumors outgrows their surrounding vasculature, 

resulting in a drop of normal oxygen levels of 2–9% to hypoxic levels of less than 2%. The Pt 

nanocrystals in the PPC nanocomposite can generate O2 in tumor cells by catalyzing H2O2 

into O2 in cancer cells. The hypoxia probes react with intracellular O2 and emit green 

fluorescence. Confocal microscopy showed weakened fluorescence emission in MCF-7 cells 

for both PCN-Pt and PPC nanocomposite treatment, indicating Pt nanocrystals were 

responsible for lifting hypoxic condition by producing O2 comparing with PCN-224 alone 



and PBS (Figure 4B). The PPC-mediated intracellular ROS generation was determined by 

2,7-dichlorofluorescin diacetate (DCF-DA), which can be oxidized into 2′,7′-

dichlorofluorescein (DCF) upon oxidation by ROS. However, since SOSG only reacts with 

intracellular 1O2, the SOSG staining showed PCN-Pt nanocomposite produced significant 

more 1O2 compared with PCN-224 alone as Pt converted H2O2 into O2 to relieve hypoxia in 

the cells (Figure 4C). Both DCF-DA and SOSG staining were quantitatively measured on a 

microplate reader. PPC nanocomposite produced significantly more ROS than PCN-Cu and 

PCN-224 alone, indicating that Pt-assisted O2 production increased efficiency of 1O2 

generation for PDT, and an enhanced CDT by GSH-activated Cu2+ release (Figure 4D and 

E).   

 
Figure 4 (A) FA-conjugated PPC specifically targets MCF-7 cells (Scale bar 25 µm). (B) Hypoxia relief by PPC 
in MCF-7 cells (Scale bar 25 µm). (C) imaging of SOSG and DCF-DA in MCF-7 cells and (D, E) quantitative 
fluorescent intensity of SOSG and DCF-DA in MCF-7 cells (Scale bar 25 µm). (F) Cell viability of HUVEC 



cells treated with different concentrations of FA-PPC. (G) Cell viability of MCF-7 cells treated with different 
conditions of nanoprobes. (H) Tissue-penetrating capability of FA-PPC in tissue spheroid. 
 
To determine the biocompatibility of FA-PPC, HUVEC cells were treated with different 

concentrations of FA-PPC nanocomposite. Cell viability of HUVEC was measured by CCK-

8 assay. Notably, the cytotoxicity of FA-PPC nanocomposite remained low even at a 

concentration of 0.2 mg/mL, with a cell viability of over 82% after incubation with PPC for 

24 h. Cancer therapeutic effect of FA-PPC nanocomposite was investigated by incubating 

MCF-7 with nanocomposite for 24 h followed by a localized 650 nm laser irradiation (0.6 

W/cm2). With the FA-PPC and 650 nm laser irradiation, we observed that more than 70% 

MCF-7 cells were killed, showing a higher therapeutic effect than other control groups such 

as non-targeted nanocomposite, non- Pt or Cu doped nanocomposite, and non-laser treated 

groups (Figure 4G). Furthermore, the intracellular GSH level were assessed using 5,5′-dithio-

bis-2-nitrobenzoic acid (DTNB) assay. When the FA-PPC NPs were internalized into the 

cancer cells, GSH level decreased dramatically compared to the control group, suggesting an 

intracellular GSH depletion (Figure S12). We also investigated the cytotoxicity of FA-PPC 

NPs for normal cells HUVEC using CCK8 assay. At a NP concentration of 200 µg/ml, 

HUVEC cells remained a high viability (Figure S13). Many nanomedicines were reported to 

have satisfactory therapeutic effect against tumor cells, however, suffered from low tissue 

penetrating capability. Here, we demonstrated that FA-PPC nanocomposite with targeting 

moieties can penetrate tumor tissue and reach the center of the tumor. Confocal microscopy 

imaging allowed us to scan different planes along Z axis of the breast tumor organoids. We 

observed that more FA-PPC nanocomposites were accumulated in the center of the cancer 

organoids than those on the surface (Figure 4H). With combination of highly penetrative NIR 

laser irradiation, we anticipate that FA-PPC can achieve excellent cancer therapeutic effect in 

vivo.  

3.4 Combinational anti-tumor effect in vivo 



The potential hemolysis induced by nanoparticles is always a concern when applying 

nanomaterial for in vivo studies. The hemolysis assay results in Figure 5A showed negligible 

hemolysis of red blood cells after treatment of FA-PPC nanocomposite from 0 to 200 μg/mL, 

indicating a good hemocompatibility of FA-PPC. We then examined the accumulation of FA-

PPC in the tumor site of mice using IVIS In Vivo Imaging System (Perkin Elmer). As shown 

in Figure 5B, remarkable fluorescence emission at the tumor site of MCF‑7 bearing mouse 

model was observed 48 h post-intravenous injection, indicating an improved tumor targeting 

and accumulation ability, which could be attributed to FA conjugation on the PPC 

nanocomposite. Semi-quantitative analysis of NP uptake by tumor showed a similar trend as 

is shown in the IVIS images, consistent with the results of confocal imaging (Figure S15). 

In vivo temperature of tumor site was recorded by a FLIR thermal camera. Not surprisingly, 

FA-PPC induced highest temperature increase under 650 nm laser compared with other 

control groups where Pt was absent, demonstrating that photothermal effect was due to the Pt 

nanocrystals. Notably, PPC without targeting moiety FA also present a high temperature 

increase to 44 °C. It might be because non-targeted PPC diffused to tumor area due to the 

enhanced permeability and retention (EPR) effect. Thermal images showed that tumors from 

FA-PPC treated mice displayed a significantly higher temperature than those mice injected 

with saline after 5 min laser irradiation (0.6 W/cm2). 

 



 
Figure 5 (A) Image of hemolysis of FA-PPC nanoparticles. (B) FA-PPC nanoparticles accumulated in mice 
tumor in IVIS images 48 h post-injection. (C) Temperature increases of different treatments in mice under 650 
nm laser irradiation. (D) Thermal images of mice dosed with FA-PPC at concentration of 200 µg/mL. (E) Mice 
tumor growth of different treatments. Mice images captured at day 0, day 3, day 6, day 9. (F) Actual tumor size 
was determined after day 9. (G) Tumor volume of mice by different treatments of FA-PPC NPs. (H) Mice body 
wight was measured everyday over 9 days post-dosing of different NPs. (I) H&E staining of tumors 9-days after 
treatments. 
 
The evaluation of anti-tumor efficacy in MCF-7 tumor-bearing mice were further carried out 

by intravenous administration of saline, PCN-224, PCN-Pt, PPC, FA-PPC into mice. The 

tumor sites were then exposed to 650 nm laser at a power of 0.6 W/cm2 for 5 min. In contrast 



to the rapid tumor growth of saline treated mice over 9 days post-injection, those mice treated 

with FA-PPC and 650 nm laser showed significant tumor inhibition (Figure 5E, F, and G).  

Moreover, the therapeutic groups of mice receiving i.v. injection of FA-PPC exhibited no 

apparent change in body weight during the 9 days of observation period (Figure 5H). 

Hematoxylin and eosin (H&E) staining showed a reduced tumor cells in the tumor tissue 

after the treatment of FA-PPC treated mice. By contrast, other groups did not show 

significant tumor cell death compared to the FA-PPC group (Figure 5I). In addition, H&E 

staining evidenced that there was no noticeable histological damage in the major organs of 

PBS, PCN-224 alone, PCN-Pt (PP), and FA-PPC treated mice (Figure S16). Biodistribution 

analysis of Zr in different organs including tumor by ICP-OES also revealed that the targeted 

NPs were accumulated in tumor tissue and no significant uptake were observed in other 

organs including heart, spleen and lung (Figure S17). The hematological indexes further 

supported that PPC NPs have no significant safety issues while circulating in the blood in 

mice (Figure S18). Therefore, the above results demonstrated that FA-PPC nanocomposite 

can be a localized therapeutic NP with synergistic therapeutic effect on tumor suppression.  

 

4. CONCLUSION 

In summary, an all-in-one copper-doped platinum/metal-organic framework FA-PPC 

nanostructure that enabled fluorescent imaging guided PDT, PTT and CDT therapy for breast 

cancer has been described. The self-suppling O2 by Pt nanocrystals relieved hypoxia condition 

in tumor cells, allowing an enhanced PDT and PTT.40,41 GSH-activated Cu2+ release and 

subsequent Fenton-type reaction produced •OH to disrupt lysosomal membrane, thereby 

triggered cell death of tumor to achieve high chemodynamic efficacy. Conjugation of folic acid 

endowed targeting effect therefore resulted in a high accumulation of the PPC nanocomposite 



in breast tumor. This study could set an example for other nanomaterials being used for multi-

modality therapeutic nanomedicines. 

 

SUPPORTING INFORMATION  

Additional supporting information, including electro microscopy characterizations of FA-

PPC nanostructure, stability of FA-PPC, photothermal transduction efficiencies of FA-PPC, 

cytotoxicity analysis of FA-PPC, in vivo biosafety of FA-PPC. 
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