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Conventional light-driven photodynamic therapy (PDT) to generate toxic singlet oxygen are 

potential for cancer therapeutics but limited by the light penetrability and hypoxia tumor. PDT-

involved combinational therapy could enhance overall therapeutic effects and reduce drug 

resistance, while disadvantages such as diverse pharmacokinetics among different ingredients, 

low active-ingredient loading, inevitably utilization of non-functional components need to be 

addressed. Here we report an endoperoxide E5 synthesized via ‘in vitro’ PDT could spontaneously 

deliver singlet oxygen, triplet oxygen and 3-methyl-N-phenyl-2-pyridone as an analogue of 

pirfenidone (Approved drug for treatment of idiopathic pulmonary fibrosis), showing great 

potential for treating non-small cell lung cancer and idiopathic pulmonary fibrosis. In aqueous 

solution, E5 could undergo a clear cycloreversion to afford three components with a half-life time 

of 8.3 hours and it efficiently suppress the migration and invasion of lung cancer cell as well as 
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the TGF-1 induced fibrosis in vitro. In vivo experiments suggest that E5 not only efficiently 

inhibits tumor growth, decreases the HIF-1α protein levels, relieves idiopathic pulmonary fibrosis, 

but shows good biocompatibility. Many evidence reveal that both singlet oxygen and 3-methyl-N-

phenyl-2-pyridone are therapeutic ingredients, and triplet oxygen could relieve tumor hypoxia 

which is an inevitable issue in conventional PDT. Our study validates that endoperoxides as single 

active components containing multiple ingredients including singlet oxygen are of exceptionally 

therapeutic potential.   

Cancers are one of the major disease threatening to the lives of human beings for centuries1. 

Photodynamic therapy (PDT)2-4, a strategy based on the photochemical generation of cytotoxic 

singlet oxygen (1O2)
5 through the intermediacy of a photosensitizer has been considered a 

promising therapeutic technique for many cancers. Compared to conventional therapies, PDT not 

only leads to the minimization of systemic toxicity, but could activate the immune response and 

block tumor angiogenesis6-7. Apart from acting as a monotherapy, PDT could be integrated with 

chemotherapy for enhancing overall therapeutic effects and reducing drug resistance. However, 

application of PDT is limited by relatively low tissue penetration ability of light8 and tumor 

hypoxia9, which restricts the photosensitized generation of singlet oxygen. Meanwhile, current 

PDT-involved combinational therapy mainly relay on the encapsulation of photosensitizers and 

chemical drugs with a carrier generally challenged by the diverse pharmacokinetics among 

different ingredients, low active-ingredient loading and inevitably utilization of low-biocompatible 

or non-functional components3-4.  

Very recently, our group10-12 and others13-15 proved that endoperoxides, singlet oxygen 

carriers constructed by photosensitization in vitro, were potential anticancer agents which could 

self-deliver singlet oxygen to tumor through cycloreversion without the participation of light and 
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tumor oxygen. Meanwhile, many endoperoxides could release certain amount of triplet oxygen16-

17 which is likely to increase tumor oxygenation thus reversing hypoxic tumor programming18-19. 

Thus, we conjecture that a judicious design of endoperoxide could produce single active 

component delivering singlet oxygen, triplet oxygen and other therapeutic ingredient for 

synergistic treatment of cancer as long as cancer combined disease. In this Article, we present an 

endoperoxide E5 undergoes clean cycloreversion reaction to release singlet oxygen, triplet oxygen 

and 3-methyl-N-phenyl-2-pyridone, showing great potential for treating non-small cell lung cancer 

(NSCLC)20 and idiopathic pulmonary fibrosis (IPF)21-22, two malignant lung disease sharing 

similar characteristics such as increased proliferation rates and epithelial mesenchymal transition 

(EMT)23-25, but both are incurable. 

Results and discussion 

Design, synthesis, characterization and preliminary test 

To date, many endoperoxides could deliver singlet oxygen but their precursors (naphthalene, 

anthracene or 2-pyridone) have no therapeutic effect, which driving us to design a medicative 

precursor. Pirfenidone (5-methyl-N-phenyl-2-pyridone, P3) is an FDA-approved drug26-27 for 

idiopathic pulmonary fibrosis and its analogues (6-methyl-N-phenyl-2-pyridone P2, 4-methyl-N-

phenyl-2-pyridone P4, 3-methyl-N-phenyl-2-pyridone P5, Supplementary Fig. 1) are all reported 

to present potential to relief fibrotic lesions28-29. Very recently, many evidences revealed that 

pirfenidone showed anti-cancer ability for NSCLC and pancreatic cancer30-32. Thus, we reasoned 

that pirfenidone or N-phenyl-2-pyridone-derived endoperoxide could be designed as single active 

component, and the released singlet oxygen and N-phenyl-2-pyridone will contribute to anti-

cancer and anti-IPF effect. We first synthesized five N-phenyl-2-pyridone analogues with different 

methyl substitution patterns (Supplementary Fig. 1) and all compounds were obtained in good to 
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excellent yields (71 to 93%) except of P2, a 6-methyl substituted pyridone was isolated in 13% 

yield. Upon a methylene blue-mediated photochemical reaction33, various endoperoxides as singlet 

oxygen-containing multicomponent agents were readily obtained (Fig. 1b). The clean 

cycloreversion and efficient release of singlet oxygen in aqueous environment are critical 

capability of endoperoxides for biology study, which drive us to study the cycloreversion of 

endoperoxides in aqueous solution via 1H NMR analysis first (Fig. 1c, Supplementary Fig. 2-4). 

The results suggested that E2, E3 and E4 partly decomposed in aqueous solution resulting complex 

mixtures rather than undergoing clean cycloreversion. Instead, E5, a 3-methyl substituted 2-

pyridone endoperoxide underwent clear cycloreversion to afford its synthetic precursor P5 with a 

half-life as 8.3 hours (Supplementary Fig. 5). Its half-life time measured in organic solvent is 42.3 

hours, five-fold than that in aqueous phase (Supplementary Fig. 6). Meanwhile, singlet oxygen 

trapping study using SOSG, a commonly used singlet oxygen probe in aqueous solution suggested 

that E5 could efficiently release singlet oxygen (Fig. 1d).  The efficiently release of singlet oxygen 

from E5 was further confirmed using another singlet oxygen probe DPBF in organic environment 

(Fig. 1e). Next, an optical oxygen sensor was applied to directly detect the released oxygen from 

E5. As expected, dissolved oxygen was significantly increased to 32 mg/ml after the addition of 

endoperoxide E5 suggesting the effectively produced oxygen (Fig. 1f). To further investigate the 

generation of singlet oxygen, tetramethylethylene (TME)34, a singlet oxygen trapper was incubated 

with E5 at 37 °C. By integrating specific peaks of the generated hydroperoxide A and P5 in the 

1H NMR spectra, we were able to determine that approximately 50% singlet oxygen and 50% 

triplet oxygen were released simultaneously (Fig. 1g). Noteworthy, solid samples of endoperoxide 

E5 can be stored in refrigerator for more than two years without detectable decomposition and its 
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melting point is 91-94 C. Together, E5 as a single active component could efficiently release 

singlet oxygen, triplet oxygen and 3-methyl-N-phenyl-2-pyridone in aqueous environment.  

 

Fig. 1 Cycloreversion of E5 and the delivery of 3-methyl-N-phenyl-2-pyridone and singlet oxygen. a, 

Schematic for cycloreversion of E5 to produce multifunctional agents. b, Pirfenidone and endoperoxides 

designed in this work. c, 1H NMR spectra of E5 in D2O at 37 C for different times. d, Singlet oxygen 

detection of E5 (375 μM) using SOSG (12.5 μM) in PBS buffer at 37 C. e, Singlet oxygen detection of E5 

(750 μM) using DPBF (37.5 μM) in DMF at 37 C. f, Oxygen release from E5 (20 mM in PBS buffer) at 

37 ℃ was detected by a dissolved oxygen meter. g, Singlet oxygen trapping using tetramethylethylene (1-

1 ratio to E5) in CDCl3.   

 

Anti-lung cancer ability in vitro and in vivo 
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With endoperoxide E5 in hand, we first assessed its cytotoxic activity toward lung cancer cell. 

NCI-H1299 and A549 cells, two commonly used non-small cell lung cancer cell lines were 

incubated with E5, and the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) 

assays displayed a dose-dependent cytotoxicity with IC50 of 44 and 119 µM, respectively (Fig. 2a 

and 2b). In addition, three other cancer cell lines (Hela, SK-OV-3 and HepG2) and non-

tumorigenic cell lines HUVEC were tested and E5 showed moderate cytotoxicity against cancer 

cells with good selectivity to HUVEC (Fig. 2c, Supplementary Fig. 7-10). Uptake into the cells 

and intracellular release of 1O2 is crucial for effective therapeutic action of endoperoxides. 2’,7’-

Dichlorodihydrofluorescein diacetate (DCFH-DA) is a nonpolar dye which can be converted into 

nonfluorescent DCFH by cellular esterases, but transformed into highly fluorescent DCF by a 

reaction with intracellular reactive oxygen species. The resulting oxidatively stressed cells showed 

strong green fluorescence, signaling the release of 1O2 from E5, whereas control cells treated with 

P5 show negligible fluorescence (Fig. 2d). A cell-based wound healing assay showed that E5 could 

significantly prevent A549 cells moving to close up the wound (E5: 21%, control: 60%), 

suggesting its capability of inhibiting cellular migration in vitro (Fig. 2e). Meanwhile, transwell 

invasion assay was designed and the result strongly suggested the inhibitory activity of E5 to 

cancer cell invasion (Fig. 2f). To be noted, P5 an important ingredient from E5 was used as control 

and many evidences suggested that it provided anticancer ability in agreement with pirfenidone30 

(Fig. 2e, Supplementary Fig. 11). Next, we aimed to distinguish different stages of cell apoptosis 

caused by E5 using FITC-labeled Annexin V/propidium iodide (PI) staining. Annexin V staining 

indicates the loss of membrane integrity which accompany early stage of cell death resulting from 

apoptotic or necrotic processes, while PI can only stain the nucleus of late apoptotic or dead cells 

through the damaged cell membrane. As shown in Fig. 2g, negligible green and red fluorescence 
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were found when cells were incubated with P5. While, significant green and red fluorescence were 

observed from E5 incubated cells, indicating the late apoptotic stage of cells. Meanwhile, the dead 

and live cells were distinguished by Calcein acetoxymethylester (Calcein-AM) and PI co-staining 

(Fig. 2h) and E5 group caused much higher cell-death rates (red fluorescence).  

 

Fig. 2 In vitro anti-lung cancer properties of E5. a, Cell viability of NCI-H1299 cell treated with E5 at 

various concentrations (0, 20, 40, 80, 100, 150, 200 μM). b, Cell viability of A549 cell treated with E5 at 

various concentrations (0, 20, 40, 80, 100, 150, 200 μM). c, IC50 of E5 toward different cell lines. d, 

Intracellular singlet oxygen detection of E5 (40 μM) using DCFH-DA (10 μM) in A549 cells. P5 (40 μM) 

was used as a control. e, Wound healing assay of A549 cells under different treatments (E5 or P5, 100 μM). 

f, Transwell invasion assay of A549 cells under different treatments (E5 or P5, 100 μM). g, Fluorescence 

imaging of Annexin V-FITC and PI stained A549 cells in different groups (E5 or P5, 160 μM). h, 

Fluorescence imaging of Calcein-AM and PI stained A549 cells in different groups (E5 or P5, 200 μM).  

On the basis of its promising anti-tumor activity in vitro, we further studied the feasibility 

of E5 as a therapeutic agent using A549 xenograft model developed in BALB/c mice. When the 

tumor volume reached to 50 mm3 approximately, mice were randomly divided into three groups 
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(control, P5 and E5). Mice in control group were administrated with 0.5% CMC-Na by intragastric 

injection, and mice in E5 and P5 group were administrated with indicated compounds for every 

other day (300 mg/kg). Throughout two weeks of treatment, tumor volume and body weight of 

each mouse was recorded and all mice kept their body weight and behaved normally, suggesting 

the high biocompatibility of E5 (Fig. 3b). As shown in Fig. 3c-3e, the tumor volume and tumor 

weight after E5 treatment decreased by 86% and 65%, respectively. Meanwhile, P5 treatment 

resulted in 29% and 33% decreasing in tumor volume and the tumor weight, compatible with its 

inhibitory ability in vitro experiment. Furthermore, the histological analysis was conducted by 

staining tumor tissues using H&E, Ki-67, TdT-mediated dUTP nick-end labeling (TUNEL), and 

significant damage including chromatic agglutination and karyopyknosis was noticed in E5 group, 

suggesting its good anticancer activity (Fig. 3f and 3g). Hypoxia is one of the main characteristics 

of solid tumors which are mainly mediated by hypoxia-inducible factor (HIF)35 and many studies 

have shown that there is a close relationship between overexpressed HIF-1α driven by intratumoral 

hypoxia and increased patient mortality. Unlike PDT that worsens hypoxia through oxygen 

consumption and vascular shutdown effects36, endoperoxides could not only release singlet oxygen 

without the consumption of tumor oxygen, but also deliver triplet oxygen to tumor. In the pilot 

study, we determined that E5 could release 50% triplet oxygen during the cycloaddition reaction 

(vide supra), which inspired us to study the hypoxia relief ability of E5 in vivo. As expected, 

immunofluorescence analysis of HIF-1α on tumor tissue suggested that E5 could remarkably 

decrease the HIF-1α protein levels (Fig. 3g). To further evaluate the biocompatibility of E5 in vivo, 

blood samples and the major organs of mice were tested for hematological and histological 

analysis, and no remarkable physiological damage was observed (Supplementary Fig. 13-14). 
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Together, E5 was proved as a promising multicomponent carrier with good anti-lung cancer effects 

and excellent biosafety in living animals.  

 

Fig 3 In vivo anti-lung cancer properties of E5. a, Schematic for in vivo anti-lung cancer study. b, Time 

evolution of mouse weight under different treatments. c, A549 tumor growth inhibition in different groups. 

d, A549 tumor weight under different treatments. The data present means  s.d. of five replicates. e, 

Representative tumor images after different treatments. f, H&E staining of tumor sections after different 

treatments. g, Ki-67, TUNEL and HIF-1α immunofluorescence staining of tumor sections after different 

treatments. (Control: 0.5 % CMC-Na, P5: 300 mg/kg of P5 in 0.5 % CMC-Na, E5: 300 mg/kg of E5 in 0.5 

% CMC-Na) 
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Anti-idiopathic pulmonary fibrosis study in vitro and in vivo   

Having confirmed the anti-lung cancer potential of E5, we next evaluated its therapeutical effect 

for IPF which features pathological findings including fibroblast migration, proliferation, 

epithelial mesenchymal transition (EMT)37-38. Initially, we assessed the anti-fibrosis ability of E5 

in vitro using IMR-90 cell line38 induced by transforming growth factor β1 (TGF-β1), a crucial 

profibrotic factor in lung fibrosis which can enhance the expression of fibrosis marker α-SMA. 

Immunofluorescence study showed that TGF-β1 significantly increased the expression of α-SMA, 

demonstrating a successful myofibroblast transformation (Fig. 4a). With the treatment of 

pirfenidone, P5 and E5, expression of α-SMA in IMR-90 cell line was clearly inhibited, suggesting 

their inhibition differentiation potential especially E5. Meanwhile, inhibitory activity of singlet 

oxygen was determined using a methylene blue (MB)-mediated photosensitized reaction and the 

results clearly showed that singlet oxygen could inhibit the expression of α-SMA39. Transwell 

migration assay was designed to evaluate the migration of cells with various treatments (Fig. 4b, 

Supplementary Fig. 15). The number of cells passing through the ependyma of the transwell in the 

E5 group were lower than pirfenidone, P5 and MB-mediated groups, strongly confirming the 

inhibitory potential of E5 for proliferation and migration. Similar functional superiorities were 

observed in a wound healing assay and the number of migrated cells were significantly decreased 

when cells were treated with E5 (Supplementary Fig. 16). Next, EMT related proteins were 

analyzed by western blot (WB) and the result showed that TGF-β1 downregulated the expression 

of epithelial marker E-cadherin (20% to control) but upregulate N-cadherin, Vimentin and Twist 

(234%, 566%, and 245% to control, respectively, Fig. 4c-4g)40. Pirfenidone significantly 

upregulate the expression of E-cadherin and downregulated N-cadherin, Vimentin and Twist, 

suggesting it relieved pulmonary fibrosis via an EMT-related process. P5 and MB-mediated 
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groups exhibited similar tendency, but better therapeutic potential compared to pirfenidone group. 

Compared to pirfenidone, E5 showed better regulating ability, either in promoting E-cadherin (185% 

to model) or inhibiting N-cadherin, Vimentin and Twist (64%, 40%, and 53% to model, 

respectively). In addition, TGF-β1 induced EMT with cancer cell A549 was established41, and the 

transwell migration and wound healing assay both confirmed exciting inhibitory ability of E5 in 

vitro (Supplementary Fig. 17-18). Together, E5 significantly inhibited the proliferation of 

fibroblasts and regulated the expression of fibrosis markers including α-SMA, E-cadherin, N-

cadherin, Vimentin and Twist, demonstrating its potential anti-IPF ability. In view of above-

mentioned results, we can deduce that components released from E5 work together for the relief 

of IPF, especially singlet oxygen and P5.   
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Fig 4 In vitro Anti-IPF study. a, -SMA immunofluorescence staining of TGF-β1 induced IMR-90 cell 

line under different treatments. b, Transwell migration assay of TGF-β1 induced IMR-90 cell line under 

different treatments. c, Expression level of EMT-related markers of TGF-β1 induced IMR-90 cell line under 

different treatments. Relative expression of E-cadherin (d), N-cadherin (e), Vimentin (f) and Twist (g). 

Control: IMR-90 cells without any treatment, Model: IMR-90 cells were treated with TGF-β1 (5 ng/mL), 

Pirfenidone: TGF-β1 (5 ng/mL) induced IMR-90 cells were treated with Pirfenidone (80 M), P5: TGF-β1 

(5 ng/mL) induced IMR-90 cells were treated with P5 (80 M), E5: TGF-β1 (5 ng/mL) induced IMR-90 

cells were treated with E5 (80 M), MB/light: TGF-β1 (5 ng/mL) induced IMR-90 cells were treated with 

methylene blue (17.5 M) with 625 nm LED for 20 min. The data present means  s.d. of three replicates. 

h, Quantitative of hydroxyproline in bleomycin (BLM)-induced IPF mice. i, α-SMA, H&E and Masson 

staining of the lung of mice after different treatments.    
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The excellent ability of E5 for in vitro anti-IPF encouraged us to further investigate 

whether it can alleviate pulmonary fibrosis in vivo. Lung fibrosis of mice induced by bleomycin 

(BLM) is the most commonly used preclinical model for IPF studies,42 and we established the 

model of BLM-induced lung fibrosis using C57BL/6 mice, which were exposed to four groups 

randomly: model, pirfenidone, P5 and E5 group by intragastric administration once a day. After 

16 days of treatments, all mice kept their body weight and lung index (the ratio of lung weight to 

body weight), suggesting good safety of pirfenidone, P5 and E5 (Supplementary Fig. 19-20). To 

study the relief of collagen deposition, hydroxyproline (HYP)43, an important biomarker for 

evaluating idiopathic pulmonary fibrosis was measured first. Obviously, bleomycin significantly 

increased the hydroxyproline level as compared to non-IPF controls (175%), indicative of 

increased deposition of collagen in the lung (Fig. 4h). Treatment with pirfenidone and P5, given 

once a day starting at the stage of established fibrosis led to a significant decrease in 

hydroxyproline levels (80% and 88% to model, respectively). Most importantly, E5 administration 

significantly reduced hydroxyproline to the same level as the control group (60% to model, 106% 

to control), suggesting its exceptional anti-pulmonary fibrosis potential. Meanwhile, expression of 

TGF-β1 in each group were investigated (Supplementary Fig. 21), and it showed that E5 clearly 

suppressed the TGF-β1 expression44, suggesting TGF-β1 signaling is involved in the attenuation 

of fibrosis by endoperoxide E5. It should be noted that P5 can inhibit the expression of TGF-β1 

as well. As shown in Fig. 5i, α-SMA45, marker of myofibroblast differentiation was dramatically 

increased in the lung sections of the BLM group, but decreased significantly with the treatment 

pirfenidone and P5. To our delight, α-SMA expression in E5 group was remarkably reduced 

suggesting that E5 owns superior ability to inhibit the activation of myofibroblasts and to rebuild 

the lung architecture.  
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Morphologically, the lungs from the control group of mice showed normal pulmonary 

architecture and tissue structure, but BLM treated mice exhibited increased histological evidence 

of fibrosis (Fig. 5i). By contrast, in the pirfenidone and P5 group, collagen deposition was 

significantly decreased, and architectural structure was improved. Most importantly, pulmonary 

fibrosis and collagen deposition were further decreased in E5 group, suggesting its greater 

potential for anti-IPF. Masson trichrome staining imparts a blue color to collagen fibers, which 

were found in disease model, pirfenidone and P5 groups (Fig. 5i). Obviously, less blue area 

staining of collagen was found in E5 group, presenting visual evidence for E5 recovery of the 

alveolar structure and efficient alleviation of IPF. In addition, the heatmap plot highlights the 

expressed genes associated with EMT are affected by E5 and P5 (Supplementary Fig. 22), 

suggesting that the mechanism of antifibrosis of E5 and P5 group may be related to the inhibition 

of the EMT signaling pathway. Additional H&E staining of normal organs suggest the good 

biosafety of E5 in vivo (Supplementary Fig. 23). All animal experiments described in this paper 

were approved by the local research ethics review board of the Animal Ethics Comittee of Dalian 

University of Technology, ethics approval no. is DUTSCE231229-01.    

  

Conclusion   

Single active components containing multiple therapeutic ingredients are promising for many 

malignant diseases as well as multi-diseases. Photodynamic therapy has been emerged as a 

powerful strategy for cancer therapeutics which not only shows the minimization of systemic 

toxicity, but could activate the immune response and block tumor angiogenesis. However, the 

generation of toxic singlet oxygen was limited by relatively low tissue penetration ability of light 

and tumor hypoxia. A combinational therapy of PDT and chemotherapy could enhance overall 
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therapeutic effects and reduce drug resistance. While, the diverse pharmacokinetics among 

different ingredients, low active-ingredient loading and inevitably utilization of low-biocompatible 

or non-functional components need to be addressed. Endoperoxides constructed via 

photosensitization in vitro could self-deliver singlet oxygen for cancer treatment without the 

participation of light and tumor oxygen. However, currently reported endoperoxides can only 

deliver singlet oxygen and their precursors have no therapeutic effect, which suggest the urgency 

to develop a single active endoperoxide for delivering multiple therapeutic ingredients, also in the 

context of singlet oxygen.  

In this Article, we designed and synthesized an endoperoxide E5 which could 

simultaneously deliver singlet oxygen, triplet oxygen and 3-methyl-N-phenyl-2-pyridone. 3-

Methyl substituted phenyl-2-pyridone was proved as a good singlet oxygen carrier and the 

generated endoperoxide could deliver singlet oxygen and its precursor in excellent efficiency in 

aqueous environment. In vitro study showed that it could not only efficiently suppress the 

migration and invasion of lung cancer cell but inhibited the TGF-1 induced myofibroblast 

differentiation. In vivo work suggested that the endoperoxide E5 can efficiently inhibit the tumor 

growth and the expression of HIF-1α protein, and relieve bleomycin-induced pulmonary fibrosis with 

good biocompatibility. Many results reveal that both singlet oxygen and 3-methyl-N-phenyl-2-

pyridone are therapeutic ingredients for two diseases, and the released triplet oxygen could 

possibly relieve tumor hypoxia. As a proof of concept, this study validates that endoperoxides as 

single active components containing multiple ingredients including singlet oxygen are of 

exceptionally therapeutic potential.    
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Methods  

Synthesis of endoperoxides 

Syntheses and characterizations of compounds are provided in Supplementary Information. 

Cycloreversion of endoperoxides 

Endoperoxide E2-E5 (2 mg) was dissolved in D2O (1 mL) at room temperature, after 

removing undissolved solid, the aqueous solution was incubated at 37 °C and 1H NMR was 

measured at indicated time. Cycloreversion of endoperoxide was analyzed by the production of 

their previous analogues (P2-P5).   

Detection of singlet oxygen and dissolved oxygen  

Singlet oxygen sensor green (SOSG) and 1, 3-diphenylisobenzofuran (DPBF) were used as 

probes to detect singlet oxygen released from endoperoxide E5 in aqueous and organic solution, 
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respectively. Briefly, E5 in 20 uL of DMSO (375 µM, final concentration) and SOSG (12.5 µM, 

final concentration) were incubated in PBS buffer (pH = 7.4) at 37 C under dark. Fluorescence 

measurements were done with a fluorescence spectroscopy under excitation at 504 nm and the 

intensity increasing at 530 nm indicate the generation of singlet oxygen in aqueous solution. 

Meanwhile, 750 µM of E5 was mixed with DPBF (37.5 µM, final concentration) in DMF at 37 C 

under dark, and the UV-Vis measurements were taken at indicated time. Absorbance decrease at 

417 nm was monitored which revealing the release of singlet oxygen from endoperoxide.   

Cytotoxicity 

The cytotoxic profiles of E5 were obtained via MTT assays. Cells (8000 cells per well for 

NCI-H1299 and A549, 5000 cells per well for Hela, HepG2, SK-OV-3 and HUVEC) were seeded 

into 96-well plates and incubated at 37 ℃ for 24 hours. Then, the cells were treated with culture 

medium containing E5 with various concentrations (0, 20, 40, 80, 100, 150, 200 μM). After 24 h, 

the cells were treated with 0.5% MTT and further incubated at 37 ℃ for 4 h. After removal of the 

medium, 150 μL DMSO was added to dissolve the formazan crystals and the absorbance was 

measured at 570 nm with a microplate reader (SpectraMax i3x, MD). The cell viabilities of 

endoperoxide treated cells were normalized to the untreated cells. Meanwhile, cytotoxicity of P5 

toward A549 cell line was measure as well and IC50 were obtained via Graphpad 8.   

Intracellular singlet oxygen detection 

A549 cells (1.5×105
 cells per dish) were cultured at 37 °C for 24 h, E5 or P5 (40 μM) was 

added to different dishes respectively and further incubated for 6 h at 37 °C. The culture medium 

was removed and the cells were washed with PBS. Then, the cells were treated with DCFH-DA 

(10 µM in DMEM) and incubated at 37 ℃. After 45 minutes, the solution was removed and the 
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cells were washed with PBS followed by staining with DAPI (10 µg/mL) for 15 min. The extra 

dye was washed with PBS and the imaging was done with a fluorescence microscope (Leica 

DMI8).     

Apoptosis Imaging   

A549 cells (1.5×105
 cells per dish) were cultured at 37 °C for 24 h. Then, E5 or P5 (160 μM) 

were respectively added to different dishes and incubated for 9 h. Then, the culture medium was 

removed and the cells were washed with PBS followed with further staining with Annexin V-

FITC/PI according to the kit instructions. The images were observed with a fluorescence 

microscope (Leica DMI8). Meanwhile, A549 cells (8000 cells per well) were cultured at 37 °C for 

24 h. Then, E5 or P5 (200 μM) were added to different dishes respectively and incubated for 2 h. 

Then, the culture medium was replaced and the cells were washed with PBS followed with further 

staining with Calcein AM/PI according to the kit instructions. The images were observed with a 

High Content Imaging System.    

In vivo anticancer experiment  

All the animal experiments involved in this work were approved by the ethics committee of 

the Dalian University of Technology. Female BALB/c nude mice (6-weeks-old) were 

subcutaneously implanted with A549 cells (1×107). When the tumor volumes reached to ~50 mm3, 

the mice were randomly divided into three groups (five mice in each group): Mice in the first group 

were administered intragastrically with 0.5 % CMC-Na (control group). Mice in the second group 

were administered intragastrically with P5 in 0.5 % CMC-Na (P5 group, 300 mg/kg). Mice in the 

third group were administered intragastrically with E5 in 0.5 % CMC-Na (E5 group, 300 mg/kg). 

The administration was gave on every other day in the following two weeks and the tumor volume 
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(V) was calculated according to the following formula: V = L×W2/2 by measuring the tumor length 

(L) and width (W) of each mouse. After 14 days, the mice were all sacrificed. Tumor and major 

organs were fixed with paraformaldehyde (10% vol/vol), sectioned into slices and analyzed via 

hematoxylin-eosin (H&E) and immunofluorescence (Ki-67, TUNEL and HIF-1α) staining. The 

blood of mice were collected to determine the side effect of treatment.  

In vitro Anti-IPF study 

TGF-β1 (5 ng/mL) induced MCR-90 cells were used for in vitro anti-IPF study and MCR-90 cells 

without any treatment was used as control.  

Immunofluorescence assay: MCR-90 cells incubated for 24 hours, were washed with PBS and 

fixed with 4% paraformaldehyde for 30 min at room temperature. Then, TGF-β1 was added and 

the cells was further incubated for 6 hours. After the treatment by pirfenidone, P5, E5, (80 µM) or 

MB-mediated photoreaction (17.5 µM, 625 nm LED, 20 min), cells were washed with PBS, block 

with 1% FBS for 15 min, primary antibody α-SMA (1:200, ABclonal) was added and the cell was 

further incubated at 4 °C for 24 h. After wash with PBS, Alexa Fluor® 488 goat anti-rabbit 

secondary antibody (1:200, Proteintech) was added and the cell was incubated for 1 h. Cell nuclei 

were stained with DAPI (1:100, Aladdin) and the cells was washed by PBS before imaging with 

fluorescence microscope (Olympus IX71).   

Transwell migration assay: MCR-90 cells seeded into the upper chamber were induced by TGF-

β1 under different treatments (pirfenidone, P5, E5 at 80 µM concentration or a MB-mediated 

photoreaction: 17.5 µM, 625 nm LED, 20 min) in DMEM medium containing 2% FBS. After 48 

h incubation, the chambers were washed with PBS, fixed with 4% paraformaldehyde for 30 min 

and stained with 0.1% crystal violet dye solution at room temperature for 30 min. After rinsed by 
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PBS, the cells were scraped with a cotton swab and each chamber was air-dried and imaged using 

fluorescence microscope (Nikon Eclipse Ts2-FL). 

Wound healing assay: MCR-90 cells were cultured in 6-well plates at 37 °C for 24 h. Then, 200 

μL of pipette was used to scratch cell monolayers for creating a wound artificially. After washed 

with PBS and replaced with fresh medium, TGF-β1 was added and the cells was further incubated 

for 6 hours. After the treatment by pirfenidone, P5, E5 (80 µM) or MB-mediated photoreaction 

(17.5 µM, 625 nm LED, 20 min), the cells was further incubated for 48 h. Cells migrating from 

the edge of the wound were photographed at 0 and 48 h time points by fluorescence microscope 

(Olympus IX71). 

Western blotting assay: MCR-90 cells were treated with TGF-β1 for 6 hours. After the treatment 

by pirfenidone, E5, P5 (80 µM) or MB-mediated PDT (17.5 µM, 625 nm LED, 20 min), the cells 

were washed with ice-cold PBS and lysed in RIPA lysis buffer. Extracted total protein was 

homogenized in RIPA lysis buffer with protease inhibitor and quantified using a BCA protein 

assay kit (Shanghai EpiZyme Biotechnology Co., Ltd.). After denaturation, protein samples were 

then transferred to a PVDF membrane after gel electrophoresis using 8% SDS-PAGE and the 

membrane was blocked with TBST buffer containing 5% non-fat milk. After wash by TBST 

buffer, PVDF membrane was treated with different primary antibodies: N-Cadherin (1:1000), E-

Cadherin (1:1000), Vimentin (1:1,000), Twist (1:1000) (all from Cell Signaling Technologies, 

Danvers, MA), and GAPDH (1:5000, Sigma-Aldrich) at 4 C overnight. Then, the membranes 

were incubated with HRP-conjugated secondary antibodies at room temperature for 1 h. After 

wash with TBST, the protein bands were detected using enhanced chemiluminescent reagents 

(Solarbio Life Science, Beijing, China). The images were analyzed using Image J software and the 

results were normalized to GAPDH. 
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In vivo anti-IPF evaluation  

After three days habituation, C57BL/6 mice (4-5 weeks old) were randomly assigned into five 

groups: control group, model group, pirfenidone group, P5 group, and E5. The control group was 

treated with normal saline and the others were treated with bleomycin (BLM) by intratracheal 

instillation (2 mg/ml). The treatments began in the third day with 0.5% CMC-Na (control, model 

group), pirfenidone, P5 or E5 (400 mg/kg, in 0.5% CMC-Na solution) and mice weight were 

recorded throughout the treatment. After 16 days treatment, the rats were anesthetized by injection 

of pentobarbital sodium, and lung and other major organs were harvested after the mice were 

euthanized. The tissues were immersed in 4% formaldehyde solution at room temperature, lung 

section were subjected to H&E, Masson’s and immunofluorescence staining and other organs were 

subjected to H&E staining.   
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