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ABSTRACT: Intracellular antioxidants such as glutathione (GSH) play a critical role in 

protecting malignant tumor cells from apoptosis induced by reactive oxygen species (ROS) and 

in mechanisms of multidrug and radiation resistance. Herein, we rationally design two 

multicomponent self-assembled photodynamic therapy (PDT) nanoagents, i.e., Glup-MFi-c and 

Glud-MFo-c, which consist of respective GSH-passivation and GSH-depletion linkers in metal-

organic frameworks encapsulated with photosensitizers for a deeply comprehensive 

understanding of GSH-based tumor PDT. Multicomponent coordination, π-π stacking, and 

electrostatic interactions among metal ions, photosensitizers, and bridging linkers under the 

protection of a biocompatible polymer generate homogeneous nanoparticles with satisfied size, 

good colloid stability, and ultrahigh loading capacity. Compared to the GSH-passivated Glup-

MFi-c, the GSH-depleted Glud-MFo-c shows pH-responsive release of photosensitizer and 

[FeⅢ(CN)6] linker in tumor cells to efficiently deplete intracellular GSH, thus amplifying the 

cell-killing efficiency of ROS and suppressing the tumor growth in vivo. This study 

demonstrates that Glud-MFo-c acts as a ROS amplifier, providing a useful strategy to deeply 

understand the role of GSH in combating cancer. 
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Photodynamic therapy (PDT) involves non-toxic photosensitizers and localized oxygen to 

produce cytotoxic reactive oxygen species (ROS) with the administration of harmless excitation 

light.1,2 It shows superior advantages as a clinical therapeutic strategy for various superficial 

and localized cancers or lesions.3,4 With spatiotemporal control over the localization of light 

irradiation, PDT could improve the selectivity and minimize side effects compared to common 

modalities such as surgery, radiotherapy, and chemotherapy.5-7 As a key element of PDT, low 

bioavailability, poor tumor selectivity and hydrophobic property of photosensitizers severely 

compromise its therapeutic efficiency. Thus, one popular strategy is to construct nanosystems 

for improving the bioavailability and tumor targeting through enhanced permeation retention 

(EPR) effect.8,9 Such strategy has been envisioned to improve the PDT outcomes.10 Cancer cells 

maintain an altered intracellular redox state, typically featuring high levels of antioxidants, 

especially glutathione (GSH) with a higher concentration (4~10 folds) than that in normal 

cells.11-13 GSH appears to be actively involved in protecting cancer cells from apoptosis and 

accounts for multidrug and radiation resistance, mainly through scavenging cellular ROS.14,15 

Thus, modulation of intracellular GSH metabolism is a potential approach to affect the 

efficiency of antitumor therapies, as the elimination of antioxidants would cause rapid 

accumulation of ROS.16-18 Previous studies have shown that the combination of GSH-depletion 

with other treatments such as chemodynamic therapy, sonodynamic therapy, PDT, and 

immunotherapy can generate synergistic therapeutic efficacy.18-23 Those GSH-depletion 

platforms based on inorganic nanoparticles are usually involved with high valence metal ions 

(such as Cu2+, W6+, and Mn4+), showing oxidation-reduction reactions toward intracellular GSH. 

Nevertheless, sufficient evidence is required to deeply understand the role of GSH-depletion 

for synergistic therapeutic effect by designing GSH-passivation nanoparticles as a control. 

Self-assembled nanoagents integrate the adaptability of supramolecular self-assembly and 

the simplicity of spatiotemporal control over cargo delivery are promising for personalized, 

effective, and noninvasive cancer therapy.24,25 Recently, metal-organic frameworks (MOFs) 

have attracted considerable research attention in constructing self-assembly systems due to 

well-defined coordination network and tunable porosity.26-29 Through rational integration of 

cargos, metal ions, and organic linkers, functional nanostructures can be fabricated through the 

interactions among building blocks and cargos.30,31 Prussian blue analogues (PBAs) are a 

subclass of MOFs with a nominal composition of Ma[Mb(CN)6] and show a close parallel to the 

double-perovskite structure.32-34 Mn3[Fe(CN)6]2 is a typical PBA, in which Mn is octahedrally 

coordinated to six bridging linkers with N terminals.35-37 The special Mn-N6 (S = 5/2) structure 

with high-spin state in the skeleton endows Mn3[Fe(CN)6]2 with excellent magnetic resonance 
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(MR) imaging ability for in vivo tracking of the nanoparticles, Besides, it also shows rapid pH-

responsive degradation on account of relatively weak coordination interaction between Mn ion 

and bridging linkers. Moreover, the [FeIII(CN)6] linkers with polarizable π-electron cloud also 

provide π-π stacking with π-conjugated cargos. Thus, various cargos could be encapsulated 

during the one-pot synthesis process. Such one-pot in situ encapsulation during the synthesis of 

MOFs is economic and can avoid the waste of raw materials, realizing the full utilization of 

building blocks. As far as we know, there is no report deeply exploring the role of GSH-

depletion in combating cancer through such multicomponent nanoagents by integrating self-

assembly and pH-responsive cargo release into one system. 

Herein, we report the use of PBAs as parent materials to realize feasible multicomponent 

self-assembly in fabricating photodynamic nanoagents for antitumor therapy (Figure 1). 

Facilitated by the multicomponent coordination interactions, photosensitizers, metal ions, and 

organic ligands can self-assemble to form well-defined GSH-depletion Mn3[Fe(CN)6]2-Ce6 

nanoagent (Glud-MFo-c) under the protection of biocompatible poly-vinylpyrrolidone (PVP) 

polymer. Within the acidic tumor microenvironment, pH-responsive degradation of nanoagents 

can trigger the release of Ce6 molecule to generate ROS under light irradiation. The released 

[FeIII(CN)6] linkers will further be reduced to [FeII(CN)6] linkers through intracellular GSH 

depletion. In addition, T1-weighted MR imaging ability arising from the Mn-N6 structure 

endows in vivo tracking of the nanoagent. The work presents a self-assembled multicomponent 

nanoagent that not only integrates imaging and cancer therapy, but also shows zero-waste 

utilization of all building blocks. The formulation contains materials generally regarded as safe 

by the U.S. Food and Drug Administration (FDA), which promises a rapid clinical translation. 

Those results demonstrate the Glud-MFo-c is an effective ROS amplifier for antitumor 

theranostics. 

 

RESULTS AND DISCUSSION 

Synthesis of Glud-MFo and Glup-MFi. In order to deeply understand the role of GSH-

depletion for enhanced PDT, we rationally designed two nanoagents, i.e., Glud-MFo-c and 

Glup-MFi-c, possessing GSH-depletion and GSH-passivation abilities, respectively (Figures 1 

and S1). Firstly, two short bridging linkers ferrocyanide [FeIII(CN)6] and ferricyanide 

[FeII(CN)6] were selected to fabricate two pure MOFs through one-pot in situ self-assembly 

process (Figure S2). Biocompatible nonionic PVP polymer was applied as surfactant, since it 

is highly water-soluble and shows good stability in living tissues.38 In addition, previous studies 

have proven that PVP is a suitable polymeric modifier for prolonging the circulation lifetime 
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of drugs in blood.39,40 MOF suspensions were generated upon mixing [FeIII(CN)6] (0.71 mg mL-

1) or [FeII(CN)6] (0.71 mg mL-1) with Mn ion (0.37 mg mL-1 in the formation of 

Mn(CH3COO)2·4H2O or MnSO4·H2O) in the presence of biocompatible PVP (10 mg/mL) 

polymer, suggesting the successful synthesis of GSH-depletion Mn3[Fe(CN)6]2 (denoted as 

Glud-MFo, with a yellow-brown color) or GSH-passivation Mn2[Fe(CN)6] (denoted as Glup-

MFi, with a white-milk color). As revealed by scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM), Glud-MFo showed nearly cubic morphology with 

100 nm in diameter (Figure 2a,b). On account of the similar microstructure of Glup-MFi to that 

of Glud-MFo, SEM and TEM also witnessed nearly cubic morphology with a diameter of 100 

nm for Glup-MFi nanoparticles (Figure 2c,d). 

Next, we studied the pH-responsive and GSH-depletion abilities of the two MOFs. As shown 

in Figure 2e, Glud-MFo exhibited rapid degradation when immersed into acidic phosphate-

buffered saline (PBS) solution with a pH value of 5.0. This phenomenon is consistent with 

previous report about Mn-doped Prussian blue nanoparticles.41 With the following addition of 

GSH, the color of the solution changed from yellow to transparent, indicating that the 

[FeIII(CN)6] linker was reduced to [FeII(CN)6] linker by GSH through oxidation-reduction 

reaction (ORR). Akin to Glud-MFo-c, Glup-MFi also showed a rapid pH-responsive 

degradation profile (Figure 2f). In contrast, as the building block [FeII(CN)6] linkers of Glup-

MFi already stays at its reduction state, the color of supernatant did not show any changes with 

the addition of GSH. As identified by powder X-ray diffraction (XRD) analysis, both Glup-

MFi and Glud-MFo showed high crystallinity with typical PBA diffraction peaks, which are 

consistent with previous reports (Figures 2g and S3).42 To further confirm the GSH-depletion 

and GSH-passivation abilities of two MOFs, X-ray photoelectron spectroscopy (XPS) analysis 

was performed to study the oxidation state of central Fe element. As shown in Figure 2h, Glup-

MFi presented the characteristic peaks with binding energies at 707.5 eV and 721.5 eV in the 

Fe XPS spectrum, which should be assigned to Fe3/2 and Fe1/2 of central FeIII in [FeII(CN)6]. By 

contrast, Glud-MFo revealed higher oxidation with the peaks moved to higher values. 

Interestingly, Glud-MFo exhibited similar peaks as Glup-MFi after GSH treatment, suggesting 

the central FeIII had been reduced to FeII through GSH depletion. Moreover, the color of the 

powder changed from brown to grey-white further indicated the depletion ability of Glud-MFo 

(inset of Figure 2h). Furthermore, hydrogen-nuclear magnetic resonance (1H NMR) spectra 

indicated a gradual generation of glutathione disulfide (GSSG) from GSH with the addition of 

Glud-MFo (Figure 2i). Total conversion to GSSG after 24 h was witnessed from 1H NMR 

spectra, fitting well with commercially available GSSG (Figure S4).19 It is notable that under 
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acidic and high GSH conditions, the supernatant showed no further assemblies, suggesting the 

complete disassembly of two MOFs in response to these stimuli. As low pH value and high 

GSH concentration are typical characters of solid tumor, the ultrasensitive responsiveness of 

two MOFs to these stimuli endows their promise as smart nanocarriers for cancer treatment.43,44 

Synthesis of Glup-MFi-c and Glud-MFo-c. Based on the robust coordination self-assembly 

of Glup-MFi and Glud-MFo, we further studied the feasibility of two MOFs for constructing 

photodynamic nanoagents. Chlorin e6 (Ce6), a photosensitizer with three carboxyl groups and 

one metal-binding chlorin ring was selected as a drug model, which can be encapsulated within 

two MOFs during the multicomponent self-assembly process. The addition of Ce6 during the 

synthesis process of two MOFs generated Glup-MFi-Ce6 (Glup-MFi-c) and Glud-MFo-Ce6 

(Glud-MFo-c) nanoagents. During the one-step self-assembly strategy, multicomponent driven 

forces contributed to the successful formation of desired products, which involve collective 

coordination, hydrophobic, and electrostatic interactions between bridging linkers, 

coordination polymer, photosensitizers, and metal ions. Both SEM and TEM images indicated 

that the Glup-MFi-c and Glud-MFo-c nanoagents consist of isolated crack-free particles of 

diameter 100 nm (Figures 3a,b and S5). As revealed by high-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM) and energy-dispersive X-ray spectroscopy 

(EDS) analyses, Mn, Fe, O, N, and C elements are homogeneously distributed within the Glud-

MFo-c nanoagent (Figure 3c). The average hydrophilic diameter of the Glud-MFo-c is 124 ± 

6.2 nm by dynamic light scattering (DLS) analysis (Figure 3d). The polydispersity index (PDI) 

value from DLS is 0.36 ± 0.04, further suggesting the homogeneous distribution of size. On 

account of the existence of outer biocompatible PVP polymer, both Glup-MFi-c and Glud-MFo-

c nanoagents showed robust and long-term stability in PBS solution (Figures S6 and S7). DLS 

measurements indicated a negligible change in size for two nanoagents even for storing 12 days 

at 4 ºC condition. In addition, both Glud-MFo and Glud-MFo-c nanoagents exhibited good 

stability without detectable degradation or aggregation when dispersed into Dulbecco’s 

modified eagle medium, fetal bovine serum, and cell lysate buffer solution (Figure S8). Zeta 

potential tests showed that both Glud-MFo and Glud-MFo-c exhibited a negative surface 

potential of -14.9 ± 0.8 mV and -19.7 ± 1.6 mV, respectively (Figure 3e). This would permit 

high colloidal stability in dispersed solution and prolonged half-life time during the blood 

circulation.45  

Benefiting from the one-pot in situ self-assembly of these MOFs at room temperature, Ce6 

molecule can be internalized into the pores directly without complicated post-loading and 

purification procedures. Significantly, the Ce6 loading capacity was as high as 32.8 ± 1.3 wt% 
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and the loading efficiency was calculated to be 95.5 ± 3.2%. The value is higher than some of 

the current carrier-based delivery systems, typically less than 20 wt% (Table S1).46 Such high 

Ce6 loading capacity should be assigned to the following aspects. During the self-assembly 

process, Ce6 molecule not only acts as the loading cargo, but also participates in the self-

assembly process through multicomponent interactions. This is evident from the UV-vis-NIR 

spectra shown in Figure 3f. The main absorbance peak of Ce6 in Glud-MFo-c showed a red-

shift as compared to pure Ce6, indicating the coordination interaction between Ce6 and Mn ion 

together with the π-π stacking between chlorin ring and bridging linker. In addition, N2 sorption 

measurements presented a decreased Brunauer-Emmett-Teller surface area of Glud-MFo-c 

(183.6 m2 g-1) compared with that of Glud-MFo (756.4 m2 g-1), suggesting the successful 

encapsulation of Ce6 (Figure 3g). The pore size distribution of Glud-MFo-c was much 

disordered than that of Glud-MFo (Figure S9). The seemingly contradictory phenomenon 

further suggested the incorporation of Ce6 molecule within the framework of MOFs. Next, we 

explored the pH-responsive drug release under mimic acidic tumor microenvironment. TEM 

images clearly showed that Glud-MFo-c remained the original morphology under neutral 

condition (pH = 7.4). In contrast, Glud-MFo-c degraded completely under an acidic condition 

(pH = 5.0) within 24 h incubation (Figure 3h). Additionally, the Ce6 release profiles were also 

studied. Compared with the low release profile under pH 7.4, Glud-MFo-c degraded at a higher 

rate under mildly acidic conditions of pH values of 6.5 and 5.0 (Figure 3i). The pH-responsive 

drug release is no doubt originated from the disassembly of the frameworks under acidic 

condition, thus leading to the release of loaded Ce6. 

In Vitro Enhanced PDT through GSH Depletion. Encouraged by the pH-responsive drug 

release property, in vitro PDT was performed. The intracellular uptake of Glud-MFo-c was 

studied by confocal laser scanning microscopy (CLSM) at pre-determined time points using 

Ce6 as a fluorescent agent (Figure S10). The Ce6 fluorescence gradually increased with the 

prolonged incubation time to 6 h, indicating the Glud-MFo-c could be efficiently internalized 

by 4T1 cells. To investigate the biocompatibilities of different formulations under dark 

conditions, standard MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 

assays were performed. Results showed that [FeIII(CN)6], [FeII(CN)6], Glup-MFi-c, and Glud-

MFo-c did not cause obvious decrease in the cell viability to 4T1 cells after 24 h incubation 

(Figure S11). To evaluate the in vitro PDT efficiency, 4T1 and HeLa cells were treated with 

PBS, Ce6, Glup-MFi-c, and Glud-MFo-c and followed with 10 min exposure by 660-nm light-

emitting diode (LED) light with a power density at 10 mW cm-2. Both Glup-MFi-c and Glud-

MFo-c showed enhanced killing ability compared to free Ce6 with limited PDT efficiency at 
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the tested concentrations (Figure 4a). The killing efficiency is 95% for Glud-MFo-c compared 

to 80% for Glup-MFi-c at a Ce6 incubation of 8 ppm. The same trend can be observed for HeLa 

cells. As uncovered by previous literature, the overproduced intracellular GSH in tumor cells 

acting as ROS scavengers would compromise the efficiency of PDT.47,48 The enhanced PDT 

effect should be assigned to the GSH-depletion within the tumor cells. To verify this hypothesis, 

4T1 cells were stained with Thiol-Tracker after receiving different treatments (control, Glup-

MFi, Glud-MFo, and buthionine sulfoximine (BSO)). Herein, BSO is a commonly used 

inhibitor for intracellular GSH synthesis. The Glup-MFi group exhibited comparable 

fluorescence intensity to the control group, indicating the GSH-passivation ability of 

[FeII(CN)6] (Figure 4b). In contrast, cells treated with Glud-MFo MOFs exhibited significantly 

decreased fluorescence, showing comparable GSH-depletion ability to BSO (Figure 4c).  

To quantitatively analyze the change of intracellular GSH after different treatments, GSH 

fluorescent assay kits were applied. The results in Figure S12 showed that the initial 

concentration of intracellular GSH in 4T1 cells was measured to be 6.6 ± 0.5 mM. After treated 

with Glud-MFo, the value of intracellular GSH decreased to 2.7 ± 0.5 mM. When treated with 

BSO at a concentration of 10 ppm (0.045 mM), the intracellular GSH was significantly reduced 

to a value of 0.8 ± 0.1 mM. Moreover, after treated with Glud-MFo, 8´106 4T1 cells were 

collected to study the number of nanoparticles internalized per cell. The results showed that 

about 1,036 Glud-MFo nanoparticles were internalized per cell (see Supporting Information for 

more details). Herein, it should be noted that merely consuming intracellular GSH would not 

affect or slightly affect the survival of cells. BSO showed no killing effect on 4T1 cells at tested 

concentrations for 24 h (Figure S13). This is consistent with previous reports that BSO had a 

low cytotoxicity within a wide range of concentrations (0.1, 0.2, 1.0, and even 5 mM).49,50 

Herein, GSH depletion acts as an amplifier and can only play its synergistic role when combined 

with generated ROS for enhanced oxidative toxicity. 

We further studied the lethal mechanism after different treatments. 4T1 cells treated with 

different groups were further stained by propidium iodide (PI) and annexin V-FITC double-

staining and followed by flow cytometry analysis. The percentage of late apoptosis cells that 

truly reflect the ultimate cell death is the largest (68.8%) in the Glud-MFo-c group (Figure 4d). 

This result unambiguously demonstrates the GSH-depletion enhanced PDT efficiency of Glud-

MFo-c. The same tendency can be observed through dead/live staining, in which cells were 

stained with calcein-AM and PI to differentiate dead and viable cells (Figure 4e). To further 

demonstrate ROS generation efficiency, 2,7-dichlorofluorescein diacetate (DCFH-DA) was 

qualitatively used as an intracellular ROS indicator. Results showed cells treated with Glud-
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MFo-c exhibited the highest ROS level compared with Glup-MFi-c under the same irradiation 

conditions (Figure S14). It should be noted that Glud-MFo-c nanoagent showed negligible 

cytotoxicity to human embryo kidney (HEK293) normal cells under dark conditions (Figure 

S15). Under the irradiation of 660 nm LED light, however, Glud-MFo-c also exhibited 

concentration-dependent killing efficiency toward HEK293, similar to that of 4T1 cancerous 

cells under light irradiation. This means that one can apply the light irradiation only to 

cancerous tissues, while avoiding potential damages to normal tissues. The above results 

demonstrated that the Glud-MFo-c nanoagent could act as a ROS amplifier through GSH-

depletion for enhanced PDT performance. 

In Vivo Fluorescence and MR Imaging. Motivated by the satisfying in vitro therapeutic 

results, we further explored in vivo performance of Glud-MFo-c nanoagent. Firstly, the half-

life times of both free Ce6 and Glud-MFo-c during the blood circulation were determined via 

measuring the Ce6 concentration in the blood of mice after intravenous injection. The results 

showed that the calculated half-life time for Glud-MFo-c nanoagent in mouse blood was 4.9 ± 

0.5 h, much higher than that (2.9 ± 0.3 h) of free Ce6 (Figure S16), suggesting the good stability 

and long-term blood circulation of Glud-MFo-c nanoagent in vivo. Thereafter, in vivo 

fluorescence imaging was performed on 4T1 tumor cell-bearing mice through intravenous 

injection of free Ce6 or Glud-MFo-c (dose based on Ce6 is 4 mg kg-1) to study their tumor 

accumulation ability. The fluorescence within the tumor site of Glud-MFo-c group increased 

greater than that of the free Ce6 group, suggesting the enhanced tumor accumulation through 

the EPR effect (Figure 5a).8 At 24 h post-injection, mice were sacrificed for ex vivo fluorescence 

imaging. As shown in Figure 5b, the tumor from Glud-MFo-c group was found to exhibit the 

strongest fluorescence, much higher than the fluorescence from main organs such as kidney, 

lung, spleen, liver, and heart, owing to the highest tumor accumulation of Glud-MFo-c 

nanoagent. Tumors from free Ce6 group showed much weaker fluorescence since free Ce6 is a 

small molecule with light molecular weight and it could be cleaned quickly from the body 

through metabolism.51,52 Additionally, semi-quantitative fluorescence analysis of the main 

organs and tumor also indicated the enhanced tumor accumulation of Glud-MFo-c (Figure 5c). 

Notably, the liver and kidney of Glud-MFo-c group showed higher fluorescence compared to 

the free Ce6 group, indicating the liver decomposition of Glud-MFo-c and then clearance 

through the kidney system. As one [FeIII(CN)6] linker is coordinated with six Mn ions to form 

octahedral Mn6-[Fe(CN)6] (S = 5/2) with high-spin state, thus Glud-MFo-c should be a suitable 

candidate for T1-weighted MR imaging. MR imaging ability of Glud-MFo-c was performed on 

a clinical magnetic resonance scanner, showing a concentration-dependent effect in signal 
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intensity (Figure 5d). As shown in Figure 5e, the longitudinal relaxivity (r1) value was measured 

to be 6.02 ± 0.18 mM-1 s-1, even better than clinically used Magnevist (r1 = 4.56 ± 0.23 mM-1 s-

1).53 In vivo MR imaging results exhibited time-dependent tumor accumulation behavior of 

Glud-MFo-c with brighter signals within 24 h post-injection (Figure 5f). Quantitative analysis 

further confirmed that the average MR imaging signal intensity within the tumor site increased 

over time (Figure 5g).  

In Vivo Safety Assessment. Before performing in vivo therapy, the biocompatibility of 

Glud-MFo-c was explored. The hemolysis test was performed, showing no visible hemolytic 

effects (<2%) within the tested ranges (Figure S17). It is notable that [FeIII(CN)6] bridging 

linker is one of the building blocks of U.S. FDA approved drug Prussian blue, which is 

constructed by ferrous ion and [FeIII(CN)6] bridging linker.35,54 Furthermore, the main organs 

from mice injected with PBS (as control) and Glud-MFo-c were collected for hematoxylin and 

eosin (H&E) staining to study possible systemic toxicity (Figure 5h). Both control and Glud-

MFo-c groups showed negligible pathological abnormalities or inflammations in main organs 

(heart, liver, spleen, lung, kidney, and intestine), favoring its biological safety as a theranostic 

agent. These results further demonstrate the feasibility and biosafety of Glud-MFo-c nanoagent, 

promising its future clinical translation. 

In Vivo Antitumor Efficacy. Motivated by the perfect in vitro photodynamic performance, 

in vivo therapy was also studied. 4T1 tumors bearing Balb/c mice were divided into four groups 

randomly (n =5): control group, free Ce6 group, Glup-MFi-c group, and Glud-MFo-c group. 

Compared with control and free Ce6 groups, the Glup-MFi-c group showed only partial tumor 

growth inhibition (Figure 6a). The group treated with Glud-MFo-c presented enhanced tumor 

suppression (Figures 6b and S18). All tumors were harvested after the treatment. The average 

weight of tumors from the Glud-MFo-c group was only 0.18 g, much lower than other groups 

(Figure 6c). No distinct variation of body weights was found for all mice (Figure S19). As 

compared to the Glup-MFi-c group, the enhanced therapeutic efficacy achieved by Glud-MFo-

c should be assigned to a synergistic effect of GSH-depletion. Terminal deoxynucleotidyl 

transferase dUTP nick end label (TUNEL) staining demonstrated the highest apoptosis level 

for the Glud-MFo-c group with the brightest green fluorescence (Figure 6d). The quantitative 

intensity of green fluorescence for the Glud-MFo-c group was measured to be 72.3%, which 

was much higher than the Glup-MFi-c group (33.8%) and free Ce6 group (11.7%), suggesting 

its enhanced antitumor activity through GSH depletion (Figure 6e). Moreover, hematoxylin and 

eosin staining revealed a markedly higher apoptotic rate in the tumor tissue upon Glud-MFo-c 

treatment (Figure S20). To further evaluate the systematic safety, blood biochemical and 
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hematological indexes were analyzed. Results showed that the tested indexes of mice treated 

with Glud-MFo-c showed a little fluctuation on day 2, especially for ALP and ALT levels, 

which were ~2.37 and 2.92 times higher than those of the control group. However, no long-

term side effects of Glud-MFo-c were observed over 16 days post-injection (Figure 6f). It 

should be noted that all the tested values were followed within the normal ranges.55 The above 

results further demonstrated the feasibility and safety of Glud-MFo-c to mice using intravenous 

injection. 

 

CONCLUSIONS 

Self-assembly is a promising strategy for constructing therapeutic nanoagents for 

personalized, effective, and noninvasive cancer treatment, as it integrates the adaptability of 

self-assembly and the simplicity of spatiotemporal control over cargo delivery. In this work, 

we have rationally developed two self-assembled nanoagents (Glup-MFi-c and Glud-MFo-c) 

for a comprehensive understanding of the GSH-depletion enhanced PDT. The self-assembled 

nanoagents can be readily constructed through cooperative coordination of short organic linkers 

and photosensitizers in the presence of metal ions, with uniform size and impressive in situ Ce6 

encapsulation capacity. Glud-MFo-c presents robust stability under physiological conditions as 

well as rapid pH-responsive degradation and GSH-depletion capacity. The intrinsic 

microstructure of Mn-N6 endows the self-assembled system with an excellent MR imaging 

property, which can be used for in vivo tracking. Due to the prolonged blood circulation time, 

more nanoparticles can be accumulated within the tumor site, ensuring enhanced antitumor 

efficiency as compared to free photosensitizers. These features promise the self-assembled 

nanoagents with efficient tumor ablation ability and negligible side-effects. 

Compared with the existing GSH-depletion based therapeutic strategies, in this study, we 

have provided solid evidence for the GSH-depletion enhanced tumor therapy by designing a 

GSH-passivated system (Glup-MFi-c). Our results show that Glud-MFo-c can significantly 

inhibit tumor growth in vivo with negligible side-effect or toxicity. Because many anticancer 

drugs contain metal ion binding motifs, the present one-pot self-assembly strategy can be 

applied for other metal ions, photosensitizers, and also chemotherapy drugs. Importantly, due 

to the full utilization of all attended building blocks, systematic side-effects can be minimized. 

This study not only offers a strategy for the design of intracellular ROS-amplified tumor therapy 

but also offers a general guideline for constructing anticancer agents through targeting 

intracellular GSH. 
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Figure 1. Schematic diagram of self-assembly Glud-MFo-c nanoagent for enhanced antitumor 

of PDT by Ce6 via GSH depletion. (a) Synthesis of Glud-MFo-c nanoagent. The formation is 

driven through cooperative coordination of bridging linkers, photosensitizers, and metal ions 

with the protection of outer PVP polymer. (b) The pH-responsive degradation mechanism and 

GSH-depletion through the oxidation-reduction reaction (ORR) between bridging linkers and 

intracellular over-expressed GSH. (c) Accumulation of Glud-MFo-c nanoagent in tumor site 

and the following cellular internalization, burst release of building blocks under acidic tumor 

microenvironments, and subsequent GSH-depletion for enhanced PDT efficiency. 
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Figure 2. Characterizations of Glup-MFi and Glud-MFo nanoparticles. (a,b) SEM and TEM 

images of Glud-MFo. (c,d) SEM and TEM images of Glup-MFi. (e,f) Schematic illustration 

and photos showing the pH-response degradation of Glud-MFo and Glup-MFi, GSH-depletion 

of Glud-MFo, and GSH-passivation of Glup-MFi. (g) Powder XRD diffraction patterns of as-

prepared Glup-MFi and Glud-MFo. (h) XPS Fe 2p spectra of Glup-MFi, Glud-MFo, and Glud-

MFo after GSH treatment. (i) 1H NMR spectra of GSH after Glud-MFo treatment for different 

times. 
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Figure 3. Characterizations of self-assembled Glud-MFo-c nanoagent. (a,b) SEM and TEM 

images of Glud-MFo-c nanoagent. (c) High-angle annular dark-field scanning transmission 

electron microscopy (HAADF-STEM) and energy-dispersive X-ray spectroscopy (EDS) 

elemental mapping of Glud-MFo-c nanoagent. (d) DLS profile of Glud-MFo-c nanoagent 

dispersed into PBS solution. (e) Zeta potential of Glud-MFo without PVP polymer, Glud-MFo, 

and Glud-MFo-c nanoagent. (f) UV-vis-NIR absorption spectra of free Ce6 and Glud-MFo-c 

nanoagent dispersed in PBS and ethanol. (g) Nitrogen sorption isotherms of Glud-MFo and 

Glud-MFo-c. (h) TEM images of Glud-MFo-c after incubation in PBS solutions with different 

pH values (7.4 and 5.0) for different times. The scale bar is 100 nm. (i) pH-Responsive Ce6 

release profiles of Glud-MFo-c under different pH values. 
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Figure 4. In vitro PDT assessments. (a) Relative cell viabilities of 4T1 (upper) and HeLa (down) 

cells after incubation with PBS, Ce6, Glup-MFi-c, and Glud-MFo-c for 4 h and then irradiated 

by 660 nm LED light (10 mW cm-2, 10 min). (b) Confocal images of 4T1 cells after different 

treatments and then stained with intracellular GSH assay. The scale bar is 50 µm. (c) Relative 

fluorescence intensity of different groups after GSH assay. (d) Flow cytometry analysis of 4T1 

cells after different treatments stained with annexin V-FITC/PI. (e) Live/dead double-staining 

of 4T1 cells after different treatments indicated by calcein-AM (green, live cells) and PI (red, 

dead cells). The scale bar is 50 µm. 
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Figure 5. Fluorescence and MR imaging of Glud-MFo-c nanoagent. (a) In vivo fluorescence 

imaging of Glud-MFo-c nanoagent and free Ce6 at indicated time points after intravenous 

injection. (b) Ex vivo fluorescence image of main organs and tumor excised from mice at 24 h. 

1, 2, 3, 4, 5, and 6 represent heart, liver, spleen, lung, kidney, and tumor, respectively. (c) 

Average radiant efficiency of the organs and tumors. (d) In vitro T1-weighted MR images of 

Glud-MFo-c in aqueous solution of various Mn concentrations. (e) Linear plot of 1/T1 as a 

function of Mn concentration. The inset is T1-weighted MR phantom recorded using 3T MR 

scanner. (f) In vivo MR images of tumor-bearing mouse at 0 h, 2 h, 6 h, and 24 h post-injection. 

Tumor site is indicated by the arrow. (g) Quantitative analyses of T1-weighted MR signals of 

the tumor. (h) Hematoxylin and eosin (H&E) staining of major organs after administrated with 

PBS and Glud-MFo-c nanoagent. The scale bar is 50 μm. 
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Figure 6. In vivo PDT assessments. (a) Tumor growth curves of different groups (Control, Ce6, 

Glup-MFi-c, and Glud-MFo-c) during the treatments. (b) Photograph of tumors excised from 

the mice at the end of the treatments. (c) Average weights of tumors harvested at the end of 

treatment (n = 5). (d) TdT-mediated dUTP nick-end labeling (TUNEL) staining of tumor 

sections at the end of treatment. Nuclei were stained with DAPI (blue) and TUNEL (green). 

The scale bar is 100 µm. (e) Relative apoptotic percentage of cells determined by fluorescent 

TUNEL staining. (f) Hematological indexes and biochemical analyses of mouse blood, where 

the mice were intravenously injected with PBS and Glud-MFo-c for 2 and 16 days. 
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EXPERIMENTAL SECTION 

Synthesis of Glud-MFo-c and Glup-MFi-c. For the synthesis of self-assembled Glud-MFo-

c or Glup-MFi-c nanoagent, K3[FeIII(CN)6] (0.1 mmol) or K4[FeII(CN)6] (0.1 mmol), PVP (0.3 

g) and Ce6 (10 mg, pre-dissolved in 0.1 M NaOH solution to neutralize -COOH group) were 

dispersed in water/ethanol (15/5 mL) mixed solution. Subsequently, Mn(CH3COO)2·4H2O (0.2 

mmol) or MnSO4·H2O (0.2 mmol) and dispersed in water (10 mL) were added dropwise with 

continuous stirring. Turbidity generated immediately upon the addition of metal ions. 

Thereafter, the reaction was maintained for 24 h under stirring. The fabrication of Glud-MFo 

and Glup-MFi follows the same procedure without Ce6. Final products were collected with 

centrifugation for characterizations. 

GSH-Depletion Assessment. For GSH-depletion, Glup-MFi and Glud-MFo (10 mg) were 

added into GSH solution (10 mM) and maintained for 24 h. The precipitates were centrifuged 

and collected for XPS characterization. Time-dependent GSH-depletion was performed by 

mixing Glud-MFo MOFs with pure GSH in D2O solution. At different time points, supernatants 

were collected for 1H NMR (300 MHz) characterization. 

pH-Responsive Release of Ce6. A typical release system was prepared by suspending Glud-

MFo-c (10 mg) in PBS solutions with different pH values (20.0 mL, pH = 7.4, 6.5, and 5.0, 

respectively). The release system was then maintained at 37 °C under shaking. 1 mL of release 

medium was sampled at each time point, and UV-vis-NIR spectrophotometry was used to 

determine the percentage of the released Ce6, after which the sample was returned to the 

original release system. The release percentages of Ce6 were calculated according to the 

formula, release percentage (%) = ms/mt, where ms is the amount of free Ce6 in the supernatant, 

and mt is the total amount of loaded Ce6.  

Cellular Uptake and In Vitro Therapy. Murine breast (4T1) cancer cells, human cervical 

(HeLa) cancer cells, and human embryo kidney (HEK293) normal cells were originally 

obtained from the American Type Culture Collection (ATCC). For cellular uptake, 4T1 cells 

were seeded on chambered coverglass (Lab-Tek Chambered Coverglass, Nunc) and incubated 

with Glud-MFo-c. After co-incubation for 1 h, 2 h, and 6 h, the cells were further stained with 

4,6-diamidino-2-phenylindole (DAPI) and Lyso-Tracker before performing confocal laser 

scanning microscopy (ZEISS LSM 800) to study the time-dependent internalization. For in 

vitro therapy, different cells were cultured in 96-well plates at 1×104 cells/well and incubated 

in 5% CO2 at 37 ºC for 24 h. For biocompatibility assessments, different concentrations of BSO, 

Glup-MFi MOF, Glud-MFo MOF, and Glud-MFo-c nanoagent were incubated with cells. The 

biocompatibility of two bridging linkers were tested with the same procedure at different 
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incubation concentrations (0 to 200 ppm). For enhanced PDT, 4T1 and HeLa cancer cells were 

seeded into 96-well plates and then incubated with a range of concentrations of free Ce6, Glup-

MFi-c, and Glud-MFo-c nanoagent (with equivalent Ce6 concentration from 0 to 8 ppm) at 

37 °C. After incubation for 4 h, 4T1 and HeLa cells were exposed to 660-nm LED light 

irradiation (10 mW cm-2, 10 min). Cell viabilities were determined by the standard MTT method.  

Intracellular GSH-Depletion. 4T1 cells were seeded on chambered coverglass (Lab-Tek 

Chambered Coverglass, Nunc). After treating with PBS, Glup-MFi, Glud-MFo, and BSO for 

12 h. Thereafter, 4T1 cells were washed with PBS before staining with intracellular Thiol-

Tracker agent. After washing with PBS for three times, the cells were imaged under confocal 

microscopy for observing the GSH level. To quantitatively study the intracellular GSH 

concentrations of 4T1 cells after different treatments, 2´106 cells from each group were 

collected for intracellular GSH fluorescent assay (see Supporting Information for details). To 

estimate the number of Glud-MFo-c nanoparticles in each 4T1 cell, inductively coupled plasma 

mass spectrometry measurement was performed to test Fe species in 8´106 cells (see 

Supporting Information for details). 

Intracellular ROS Detection. 4T1 cells were seeded on chambered coverglass (Lab-Tek 

Chambered Coverglass, Nunc). After treating with free Ce6, Glup-MFi-c, and Glud-MFo-c 

followed by light irradiation (10 mW cm-2, 10 min), the cellular ROS levels were measured by 

ROS assay kit (DCFH-DA, InvitrogenTM) using confocal microscopy. 

In Vivo Fluorescence Imaging. For in vivo fluorescence imaging, the mice were first 

administrated with free Ce6 and Glud-MFo-c nanoagent through intravenous injection 

(equivalent concentration of Ce6 is 4 mg kg-1). Imaging was performed at different time points 

upon injection with a 676 nm excitation wavelength on in vivo optical imaging system (IVIS 

spectrum-CT In Vivo Imaging System). After imaging, mice were sacrificed for the harvest of 

main organs such as heart, liver, spleen, lung, kidney, and tumor for studying the biodistribution 

of Ce6. Furthermore, the half-life times of both free Ce6 and Glud-MFo-c nanoagent in blood 

circulation were studied. Free Ce6 and Glud-MFo-c (equivalent Ce6 dose, 4 mg/kg) were 

injected into mice through tail vein. At pre-determined time points, 20 μL blood sample was 

extracted to study the fluorescence of Ce6. 

Magnetic Resonance Imaging. Glud-MFo-c at different Mn concentrations (0 to 0.5 mM) 

was measured at 25 °C with a clinical MR scanner (GE HDxt, 3.0 T). For in vivo MR imaging, 

4T1 tumor-bearing mice (n = 3) with an average body weight of 20 g (Shanghai SLAC 

Laboratory Animal Co., Ltd.) were conducted. T1-weighted MR images were acquired under 

pre-injection, 2 h, 6 h, and 24 h post-injection of Glud-MFo-c saline solution (12.2 mg kg-1). 
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T1-weighted MR images were acquired using a fast spin-echo multi-slice (f-SEMS) sequence 

with parameters: TR/TE = 780/19.6 ms, number of excitations = 2, an echo train length = 2, 

0.188 × 0.188 mm in-plane resolution with a slice thickness of 2 mm. 

In Vivo Biocompatibility Analysis. After in vivo imaging, the mice were used to analyze the 

long-term biocompatibility. The mice were euthanized and the main organs of the mice (heart, 

kidney, liver, lung, spleen, and intestine) were harvested and fixed using 4% paraformaldehyde. 

Tissue samples were then embedded in paraffin, sliced (4 μm), and stained for further 

histological analysis by standard hematoxylin and eosin (H&E) staining procedure. 

In Vivo Antitumor Study. 4T1 tumor mice were established for xenograft experiments, and 

they were randomly allocated into four groups (n = 5): Control, free Ce6, Glup-MFi-c, Glud-

MFo-c. When the tumor volume reached 50 ~ 60 mm3, Ce6, Glup-MFi-c and Glud-MFo-c in 

saline solution (injection dose = 100 µL, the equivalent concentration of Ce6 is 4 mg kg-1) were 

injected via the tail vein. At 6 h post intravenous injection, groups of free Ce6, Glup-MFi-c, 

and Glud-MFo-c were subjected to light irradiation (660-nm LED light, 10 mW cm−2, 20 min). 

Mice in the control group were only injected with saline. Tumor dimensions were measured 

every two days with a caliper. The tumor volume was calculated according to the equation: 

Volume = (Tumor length) × (Tumor width)2/2 (mm3). At the end of the treatment, all mice were 

sacrificed and tumors were collected and weighted. 

Biochemical Analysis of Blood. Mice without tumor (n = 3) were treated with PBS or Glud-

MFo-c through intravenous injection. On day 2 and day 16 after injection, blood samples were 

collected. For blood routine analysis, parameters such as white blood cell, red blood cells, 

hemoglobin, hematocrit, mean corpuscular volume, mean corpuscular hemoglobin, mean 

corpuscular hemoglobin concentration, platelets, and mean platelet volume were measured. For 

the blood biochemistry test, alkaline phosphatase, alanine transaminase, aspartate 

aminotransferase, and blood urea nitrogen serving as hepatic and renal function markers were 

measured.  
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