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Abstract 

Chemotherapies for cancer treatment usually suffer from poor targeting ability and serious 

side-effects. To improve the treatment efficiency and reduce side effects, photoactivatable 

chemotherapy has been recently proposed for precise cancer treatment with high 

spatiotemporal resolution. However, most photoactivatable prodrugs require decoration by 

stoichiometric photo-cleavable groups, which are only responsive to ultraviolet irradiation and 

suffer from low reaction efficiency. To tackle these challenges, we herein propose a 

bioorthogonal photo-catalytic activation strategy with riboflavin as the catalyst for in situ 

transformation of prodrug dihydrochelerythrine (DHCHE) prodrug into anti-cancer drug 

chelerythrine (CHE), which can efficiently kill cancer cells and inhibit in vivo tumor growth 

under light irradiation. Meanwhile, the photo-catalytic transformation from DHCHE into 

CHE can be in situ monitored by green-to-red fluorescence conversion, which can be used for 

precise control of the therapeutic dose. We believe this imaging-guided bioorthogonal photo-

catalytic strategy is promising for cancer treatment in clinical applications. 

1. Introduction 

Chemotherapy usually suffers from serious side-effects due to the off-target toxicity.[1] 

Therefore, it’s highly desirable for precise activation of chemotherapy at tumor sites to 

improve treatment efficiency and reduce side effects. To achieve precise cancer treatment, 

various external stimuli-responsive strategies have been proposed for in situ activation of 

prodrugs, such as pH, enzymes and photoirradiation.[2] Among these methods, the 

photoactivation strategy is featured with the significant advantage of high spatiotemporal 

resolution and is especially suitable for treatment of shallow-seated tumors.[3] However, 

conventional photoactivatable chemotherapy usually requires decoration of 

chemotherapeutics with stoichiometric photo-responsive groups,[4] which not only require 

tedious synthetic procedures for preparation, but also suffer from low photoactivation 

efficiency and easy generation of toxic byproducts. Moreover, most of current photo-
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responsive groups are only responsive to cytotoxic ultraviolet (UV) irradiation with low 

absorption coefficients, which seriously restrict their in vivo applications.[4c]  

Recently, photocatalytic activation of chemotherapeutics has been proposed to greatly 

improve the chemotherapy efficiency.[5] Compared with metal catalysts, biogenic organic 

photocatalysts are more attractive for in vivo applications with excellent biocompatibility.[6] 

For example, riboflavin (Rf) as the precursor of flavin cofactors has been used for the 

activation of PtIV and RuIV prodrugs via photo-reduction reactions.[7-8] Herein, based on our 

previous study of photoactivatable imaging and cancer therapies,[9] we proposed a 

biorthogonal photocatalytic strategy with riboflavin as the photocatalyst for in situ activation 

of the non-toxic prodrug dihydrochelerythrine (DHCHE) into anticancer drug chelerythrine 

(CHE) under white light or blue light irradiation. The photocatalytic mechanism was fully 

explored by means of density functional theory (DFT) calculations. With A375 cancer cells 

and melanoma tumor bearing mice as a model, the combination of “DHCHE + Rf” under light 

irradiation showed a high efficiency for killing of cancer cells and inhibition of in vivo tumor 

growth. Meanwhile, the photocatalytic activation from DHCHE into CHE can be in situ 

monitored by green-to-red fluorescence conversion, which can be used for precise control of 

the therapeutic dose. 

2. Results and Discussion 

2.1 Photocatalytic transformation from DHCHE into CHE 

With DHCHE as the prodrug, we first screened a series of photocatalysts to promote its 

transformation into anticancer drug CHE, including [Ru(bpy)3]
2+, tetraphenylporphyrin, 

Al(III) phthalocyanine chloride tetrasulfonic acid, hemin, methylene blue, rose bengal, 9-

mesityl-10-methylacridinium perchlorate and riboflavin (Figure S1, Supporting Information). 

Among these photocatalysts, only riboflavin can efficiently promote the transformation from 

DHCHE into CHE, which was verified by UV-Vis absorption and HPLC spectra 

measurement (Figure 1B-D). As shown in Figure 1C, for “DHCHE (100 μM) + Rf (50 μM)” 
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in aqueous solution under white light irradiation (34 mW cm-2), the absorption intensities at 

266 nm and 318 nm gradually increased, which can be ascribed to the generation of CHE. The 

conversion efficiency from DHCHE to CHE also increased with the increasing Rf 

concentration, which was verified by the absorbance spectra measurement (Figure S2, 

Supporting Information). The photocatalytic transformation from DHCHE into CHE was also 

verified by HPLC spectra measurement. For “DHCHE (0.5 mg mL-1) + Rf (0.05 mg mL-1)” 

under blue light irradiation (500 nm, 50 mW cm-2) for 30 min, the integration value of 

DHCHE peak decreased from 95.7% to 5.3%, while the integration value of CHE peak 

increased from 0.4% to 70.1% (Figure 1E, Figure S3, Supporting Information).  Interestingly, 

a faster transformation from DHCHE into CHE was observed in weakly acidic solution (pH = 

6) than in neutral or weakly basic solution (pH = 7 or 8) (Figure S4, Supporting Information), 

which suggests the combination of “DHCHE + Rf” under light irradiation is especially 

suitable for photoactivatable treatment of tumor with a weakly acidic environment (pH ~6).[10] 

2.2 Photocatalytic mechanism 

Computational approaches were exploited to shed light on the photocatalytic mechanism 

of DHCHE conversion to CHE by Rf. A possible photocatalytic reaction mechanism was 

proposed in Scheme 2. Upon light irradiation, Rf singlet exited state can undergo intersystem 

crossing (ISC) to triplet state 3Rf and then react with DHCHE via an electron transfer process 

to afford Rf•− and DHCHE•+, which then undergo hydrogen abstraction reaction to yield HRf− 

and CHE. The HRf− intermediate can be oxidized by oxygen to regenerate Rf (Scheme 2, 

Figure S5, Supporting Information).[11] In order to verify that the excited triplet state 3Rf* as 

an electron acceptor is critical to promote the transformation from DHCHE into CHE, Trolox 

was used as an electron donor to quench 3Rf* and the photocatalytic transformation was 

efficiently inhibited (Figure S6, Supporting Information).[12] Moreover, the low oxidation 
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potential of DHCHE (Eox = 0.25 V) suggests that it can be easily oxidized by 3Rf* (Eox = 1.77 

V) via photoinduced electron transfer process (Figure S7, Supporting Information).[13] 

The computational exploration of the photophysical Rf properties confirms that it can be 

excited under blue light irradiation causing a π→π* transition (as evidenced by HOMO and 

LUMO plots in Figure 2A) and then an intersystem spin crossing from the bright state to the 

triplet manifold can occur. Indeed, the spin-orbit coupling values, accounting for ISC kinetics, 

suggest the viability of a preferential ISC channel S1 → T1 (SOC = 14.2 cm-1), here labelled 

as 3Rf* (Figure 2A).  

To further ascertain that an electron transfer from DHCHE to 3Rf* could occur and to 

evaluate the energy gain of this process, the computation of radical anion and cation of Rf and 

DHCHE energies, respectively, were taken into consideration. With respect to the reactants’ 

energy sum (3Rf* + DHCHE), the electron shift for Rf•− and DHCHE•+ formation entails an 

energy gain of 12.9 kcal mol-1. Therefore, once Rf is excited and the 3Rf* triplet state results 

populated, an electron is transferred from DHCHE to 3Rf* to afford Rf•− and DHCHE•+. From 

here, for the sake of comparison and to prove that the subsequent hydrogen abstraction from 

DHCHE by Rf is facilitated when the Rf in its triplet state is involved in the reaction 

mechanism, such step was explored even along the ground state singlet energy surface (black 

line in Figure 2B). In both spin multiplicities, the initial (Rf∙∙∙∙DHCHE) is characterized by a 

π-π stacking interaction (Figure S8A, Supporting Information) and is stabilized of 25.5 and 

10.3 kcal mol-1 along the triplet and singlet energy surfaces, respectively with respect to the 

corresponding reference energies of separated reactants.  

The analysis of the spin density of Rf•−∙∙∙∙DHCHE•+ confirms the localization of the 

unpaired electrons on the key N atoms of Rf and DHCHE (Figure S8B, Supporting 

Information), as sketched in Scheme 2, accessible only along the triplet state energy surface. 

The hydrogen abstraction occurs through the transition state labelled TSH in which the 

hydrogen atom is almost transferred from the C atom of DHCHE to the N atom of Rf (Figure 
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S8C, Supporting Information). The energy barrier to be overcome to yield HRf− and CHE is 

significantly lower along the triplet surface than the singlet one (6.6 vs 21 kcal mol-1). Along 

the triplet free energy profile such a transfer is realized by a hydrogen atom (H∙) migration 

starting from the Rf•−∙∙∙∙DHCHE•+ adduct in which the two unpaired electrons are localized 

separately on the two reactants, whereas along the singlet surface a hydride migration should 

occur. Along the kinetically favoured pathway (red line in Figure 2B) the whole reaction 

results only slightly endergonic. Therefore, it is reasonable to hypothesize that the reaction 

should be favoured if Rf is first excited and then reacts with DHCHE to afford the anticancer 

drug CHE.  

The free energy surface describing a plausible restoring of Rf by molecular oxygen 

naturally present in the environment is reported in Figure 2C. At physiological pH, it can be 

hypothesized that the HRf− species, formed according to the photocatalytic mechanism 

described above, is converted into its di-protonated form H2Rf depicted in Scheme 2. Thus, 

the reaction between H2Rf and O2 leading to the formation of Rf and H2O2 was explored and 

the optimized structures of the intercepted stationary points are reported in Figure S9. As one 

of the reactants, molecular oxygen, is in its ground triplet state the reaction mechanism surely 

starts in triplet state. Along such free energy profile, the reaction passes through two transition 

state that require substantially different amounts of energy to be overcome. The first H-

abstraction occurs overcoming an energy barrier of only 5.7 kcal mol-1 and the formed 

product, that is the adduct between HRf and OOH (HRf∙∙∙OOH), lies 3.1 kcal mol-1 above the 

reference. The subsequent H abstraction requires the overcoming of an energy barrier five 

times higher than the first one. However, the final product, that is the adduct between the 

restored Rf and the H2O2, results much more stable along the singlet free energy surface 

(green line in Figure 2C). As a consequence, a spin crossing from the triplet to the singlet 

spin surface has to occur. In addition, all the numerous attempts carried out to locate a 

transition state for the second hydrogen transfer along such surface failed, meaning that when 
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the OOH moiety comes close to the NH site it is rapidly converted into H2O2 and the Rf is 

thus restored. 

2.3 Cancer Cell Imaging and Killing 

We then investigated the cancer cell imaging and killing ability of “Rf + DHCHE” 

with melanoma A375 cells as a model. For cells treated with “DHCHE (50 μM) + Rf (10 

μM)” under white light irradiation (34 mW cm-2) for only 1.0 min, an obviously turn-on red 

fluorescence in nucleus and a decreased green fluorescence in cytoplasm was observed under 

confocal laser scanning microscope (CLSM) (Figure 3A-B). In contrast, only a green 

fluorescence was observed in cytoplasm for treatment with only DHCHE (50 μM) under light 

irradiation. These results suggest that Rf as a photocatalyst can efficiently promote the 

intramolecular transformation of green-emissive DHCHE in cytoplasm into red-emissive 

CHE with nucleus targeting ability.  

The cancer cell killing ability of “Rf + DHCHE” was then investigated via MTT assay. 

The cancer cell viability decreased to almost zero by treatment with “DHCHE (20 μM) + Rf 

(5 μM)” under white light irradiation (34 mW cm-2) for 10 min (Figure 3E-F). In contrast, a 

high cell viability (>60%) was observed for treatment with only DHCHE (20 μM) or Rf (20 

μM) (Figure 3C-D). These results suggest that the fast transformation from DHCHE into 

CHE catalyzed by Rf can efficiently kill cancer cells (Figure S10, Supporting Information). 

The Annexin V-FITC/propidium iodide (PI) assay was then conducted for monitoring 

of cell apoptosis induced by “DHCHE + Rf” under light irradiation (+ L). The A375 cells 

were first treated with “DHCHE(50 μM) + Rf (10 μM)” for 30 min and then irradiated by 

white light (34 mW cm−2) for 10 min, the cytoplasm and nucleus were respectively stained 

with Annexin V-FITC/PI, which suggests “DHCHE + Rf (+ L)” can efficiently induce cancer 

cell apoptosis (Figure 4A-B).[14] The flow cytometry analysis was also conducted and a much 

higher apoptotic ratio (61.40%) was observed for “DHCHE + Rf (+ L)” group than the other 

groups, such as “DHCHE (+ L)” (12.95%) and “Rf (+ L)” (12.86%) (Figure S11, Supporting 
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Information). The apoptosis mechanism was then investigated via quantitative reverse 

transcription PCR (qRT-PCR) analysis. A significantly higher expression of pro-apoptotic 

genes (Bax, P53 and Caspase-3) and a lower expression of anti-apoptotic gene (Bcl2) were 

observed for the “DHCHE + Rf (+ L)” group than the other groups (Figure 4C-D, Table S1, 

Supporting Information).[15] The apoptosis-inducing ability of “DHCHE + Rf (+ L)” can be 

ascribed to the efficient transformation into cytotoxic CHE associating with generation of 

reactive oxygen species (ROS) (Figure S12-S13, Supporting Information).[16] 

2.4 Inhibition of Tumor Growth 

The in vivo tumor inhibition experiment was performed with melanoma A375-bearing 

nude mice as a model, which were randomly divided into seven groups: Control, DHCHE, 

DHCHE (+ L), Rf, Rf (+ L), “DHCHE + Rf”, and “DHCHE + Rf (+ L)”. Different groups 

were treated with the corresponding agents every 2 days by intertumoral injection. For light 

irradiation (+ L) groups, the mice were irradiated under blue light irradiation (500 nm, 50 mW 

cm−2) for 30 min after intertumoral injection of therapeutic agents. As shown in Figure 5B, 

the body weight of mice did not show obvious decrease for all groups after treatment for 14 

days, whereas the tumor volume and weight of “DHCHE + Rf (+ L)” group was much lower 

than the other groups (Figure 5C-D). The tumors were then dissected and analyzed by 

hematoxylin and eosin (H&E) and immunohistochemical staining (Figure 5E). For the 

“DHCHE + Rf (+ L)” group, an obviously increased vacuole and condensed nuclei were 

observed. It also showed the highest expression of pro-apoptotic Caspace-3 and lowest 

expression of anti-apoptotic Ki-67 among the treatment groups (Figure 5F). These results 

suggest that the tumor growth can be efficiently inhibited by “DHCHE + Rf (+ L)”. 

2.5 In Vivo Biosafety Evaluation 

In order to evaluate the biosafety, major organs were collected and analyzed by H&E staining 

after treatment for 14 days. Compared with healthy nude mice (blank group) and control 

group treated with physiological saline, the “DHCHE + Rf (+ L)” group did not show obvious 
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inflammation lesions or impairment (Figure 6A). Meanwhile, the expression level of blood 

indicators were comparable for different treatment groups, including blood urea nitrogen 

(BUN), alanine aminotransferase (ALT), aspartate aminotransferase (AST) and total protein 

(TP). These results suggest that “DHCHE + Rf (+ L)” has an excellent biocompatibility 

(Figure 6B-E).  

3. Conclusion 

In conclusion, we proposed a photocatalytic activation strategy for in situ and fast 

transformation of DHCHE into anticancer-active CHE with Rf as the bioorthogonal 

photocatalyst, which showed a high efficiency for inducing cancer cell apoptosis in vitro and 

inhibition of tumor growth in vivo. Meanwhile, the photocatalytic activation process can be in 

situ monitored by fluorescence imaging, which can be used for precise control of the 

therapeutic dose. We believe this biorthogonal photocatalytic activation strategy for 

chemotherapy is promising for precise cancer treatment. 

4. Experimental Section 

Cell Imaging: The A375 cells in culture media were first treated with “DHCHE (50 μM) + Rf 

(10 μM)” or DHCHE (50 μM) for 30 min, and then the cells were irradiated under white light 

irradiation (34 mW cm−2) for different time. The CLSM images were then taken under 

confocal microscope. For DHCHE (green channel), λex = 405 nm, λem = 420-520 nm. For 

CHE (red channel), λex = 488 nm, λem = 580-700 nm. Scale bar = 20 μm. 

Apoptosis In Situ Monitored by CLSM: The A375 cells in culture media were first treated with 

“DHCHE (50 μM) + Rf (10 μM)” for 30 min and further treated with Annexin V-FITC/PI for 

10 min, then the cells were irradiated under white light irradiation (34 mW cm−2) for different 

time. The CLSM images were then taken under confocal microscope. For DHCHE, λex = 405 

nm, λem = 420-520 nm. For CHE, λex = 488 nm, λem = 580-700 nm. For Annexin V-FITC, λex 

= 488 nm, λem = 510-550 nm. For PI, λex = 543 nm, λem = 560-625 nm. Scale bar = 20 μm. 
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Apoptosis Analyzed by Flow Cytometry: The A375 cells were seeded into six-well plates (2.5 

× 105 cells/well) for 24 h. After incubation of cells with different therapeutic agents for 30 

min, including “DHCHE (20 μM) + Rf (10 μM)”, DHCHE (20 μM) and Rf (10 μM), the cells 

were further irradiated under white light irradiation (34 mW cm−2) for 10 min. After further 

incubation at 37 °C for 24 h, the cells were collected and treated with Annexin V-FITC/PI for 

15 min. The percentage of apoptotic ratio was then analyzed by flow cytometry. 

In Vivo Tumor Therapy: All mice experiments were approved by Animal Center of South 

China University of Technology and were performed in compliance with the Regulation on 

the Administration of Laboratory Animals established by the State Council, the People’s 

Republic of China. Briefly, A375 cells (2 × 106) were subcutaneous injected into right back 

positions to establish the tumor model of Balb/c nude mice. When the tumor volume reached 

approximately 200 mm3, the mice were randomly divided into seven groups: control group 

(PBS), DHCHE (2.0 mg kg−1), DHCHE (+ L) group (2.0 mg kg−1), Rf group (1.0 mg kg−1), 

Rf (+ L) group (1.0 mg kg−1), “DHCHE + Rf ”group (2.0 mg kg−1 DHCHE and 1.0 mg kg−1 

Rf), “DHCHE + Rf (+ L)”group (2.0 mg kg−1 DHCHE and 1.0 mg kg−1 Rf) (n = 5 for each 

group). The mice were treated with corresponding therapeutic agents every 2 days by 

intratumoral injection and the tumor region was irradiated with 500 nm light (50 mW cm−2, 30 

min). During the treatment period, the tumor volume of all mice was measured every 2 days 

using a vernier caliper (tumor volume V = L * W2/2, L is tumor length and W is tumor wide). 

After treatment for 14 days, all the mice were sacrificed and the major organs and tumors 

collected from the bodies were analyzed by H&E and immunohistochemical staining. 

 

5. Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author. 
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Scheme 1. Schematic illustration of photo-catalytic transformation of prodrug DHCHE into 

anti-cancer drug CHE with riboflavin as the bioorthogonal photocatalyst. 
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Figure 1. A) The photooxidative transformation from DHCHE into CHE promoted by 

riboflavin (Rf) in solution of DMSO/water (v : v = 10 : 90). B) Absorption spectra of DHCHE, 

CHE and Rf in Britton-Robinson buffer solution (pH = 6, DMSO/water (v : v = 10: 90)). 

[DHCHE] = 100 μM, [CHE] = 100 μM, [Rf] = 50 μM. C) UV-Vis absorption spectra of 

“DHCHE + Rf” in Britton-Robinson buffer solution (pH = 6, DMSO/water (v : v = 10 : 90)) 

under white light irradiation (34 mW cm-2). [DHCHE] = 100 μM, [Rf] = 50 μM; D E) Time-

dependent HPLC spectra and conversion ratio of DHCHE in the presence of Rf under blue 

light irradiation (500 nm, 50 mW cm-2) ( [DHCHE] = 0.5 mg mL-1, [Rf] = 0.05 mg mL-1). ● 

CHE, ● DHCHE and ● Rf. 
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Scheme 2. The proposed reaction mechanism for catalyzed transformation from DHCHE into 

CHE with riboflavin as the photocatalyst.  
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Figure 2. Outcomes of computational exploration: A) photophysical behaviour of Rf, 

including excitation energies (eV) of the potentially involved states, SOC (cm-1) between 

them and HOMO and LUMO plots; B) free energy profile for Rf + DHCHE reaction leading 

to CHE production along the excited triplet (red line) and ground (black line) states of Rf 

(relative energies were calculated with respect to the sum of the energies of Rf in its ground 

state and DHCHE as reference; C) free energy profile for H2Rf conversion to Rf along triplet 

(orange line) and singlet (green line) surfaces, the relative energies were calculated 

considering the sum of H2Rf and ground state of oxygen (3O2) energies as reference.
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Figure 3. A B) Time-dependent CLSM images of A375 cells respectively incubated with 

DHCHE, “DHCHE + Rf” under white light irradiation (34 mW cm-2). [DHCHE] = 50 μM, 

[Rf] = 10 μM. For DHCHE (green channel), λex = 405 nm, λem = 420-520 nm. For CHE (red 

channel), λex = 488 nm, λem = 580-700 nm. Scale bar = 20 μm. C-F) Cytotoxicity of A375 

cells by treatment with Rf, DHCHE and “DHCHE + Rf” at different concentration under dark 

and white light irradiation (34 mW cm-2) for 10 min. 
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Figure 4. A) CLSM images of A375 cells treated with “DHCHE + Rf” and futher stained 

with Annexin V-FITC/PI. [DHCHE] = 50 μM, [Rf] = 10 μM. For Annexin V-FITC, λex = 488 

nm, λem = 510-550 nm. For PI, λex = 543 nm, λem = 560-625 nm. Scale bar = 20 μm. B) Flow 

cytometric analysis of A375 cells treated with DHCHE, Rf, “DHCHE + Rf (+ L)” under dark 

or white light irradiation (34 mW cm−2) for 10 min. C) Gene expression levels of the pro-

apoptotic (Bax, Caspase-3 and P53) and anti-apoptotic gene (Bcl2) analyzed by qRT-PCR. 

Expression levels were normalized to expression levels in control group cells. Bars with 

different characters are statistically different at *p < 0.05, **p < 0.01 versus control. D) 

Schematic illustration of bioorthogonal photocatalyzed cancer chemotherapy strategy. 
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Figure 5. A) Schematic diagram of A375 tumor-bearing mice model development and 

treatment process. B) The body weight of tumor-bearing mice under control and treatment 

with DHCHE, DHCHE (+ L), Rf, Rf (+ L), “DHCHE + Rf”, “DHCHE + Rf (+ L)”, 

respectively. C) the tumor volume index of tumor-bearing mice after different treatments for 

14 d. (Data are given as mean ± standard deviation (SD), n = 5, **p < 0.01, ***p < 0.001). D) 

The average tumor weight of tumor-bearing mice under control and treatment with DHCHE, 

DHCHE (+ L), Rf, Rf (+ L), “DHCHE + Rf”, “DHCHE + Rf (+ L)”, respectively. Bars with 

different characters are statistically different at *p < 0.05, **p < 0.01, ***p < 0.001 versus 

control. E) The photographs of tumors collected from different groups of A375 tumor-bearing 

mice at day 14. F) Representative images of H&E, Ki67 and Caspace-3 staining from tumor 

sections after the indicated treatments. 
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Figure 6. A) H&E staining of the major organs sections from healthy mice and A375 bearing 

mice at day 14 under blank (healthy nude mice), control and treatment with DHCHE, 

DHCHE (+ L), Rf, Rf (+ L), “DHCHE + Rf ”, “DHCHE + Rf (+ L)”, respectively. Scale bar 

= 100 μm. B-E) Blood biochemistry indices of BUN, TP, ALT, AST. (Data are given as mean 

± standard deviation (SD), n = 3). 
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Experimental Section 

Materials and chemicals 

DHCHE were prepared according to a literature method.[1] Chelerythrine were purchased 

from Chengdu Herbpurify Co.,Ltd. Sodium borohydride (NaBH4) and Riboflavin were 

purchased from Aladdin-Reagent Co.,Ltd. (China). MeOH and other solvents were purchased 

from Guangzhou Chemical Reagent Factory without further purification. Ultrapure water was 

supplied by Milli-Q Plus System (Millipore Corporation, United States). DCFH-DA was 

purchased from Sigma-Aldrich. Annexin V-FITC/PI Cell Apoptosis Kit was purchased from 

Becton, Dickinson and Company. Thiazolyl blue tetrazolium bromide (MTT) was purchased 

from BioFroxx Guangzhou Saiguo Biotech Co.,Ltd. Trolox was purchased from Macklin-

Reagent Co. Ltd. (China). NADPH-Oxidase (NADPH-OX) ELISA Kit was purchased from 

Meimian Biotechnology (Yancheng, Jiangsu, China). 

Equipment and methods 

The UV-Vis absorption spectra were measured on a Shimadzu UV-2600 spectrophotometer, 

medium scanning rate, and quartz cuvettes of 1 cm path length. Photoluminescence spectra 

were recorded on a Hitachi F-7000 spectrofluorometer. Confocal lasing scanning microscopic 

(CLSM) images were obtained on the confocal microscope (Zeiss Laser Scanning Confocal 

Microscope, LSM880, Germany). The cell viability assay was conducted on a microplate 

reader (Tecan Infinite M200 PRO). Flow cytometry was measured on a BD FACScelesta 

system by counting 10000 gated cells. The concentration of serum NADPH-OX was 

measured using ELISA (the reagent kit was provided by Meimian Biotechnology (Yancheng, 

Jiangsu, China)). 

HPLC analysis 

HPLC was performed using Shimadzu LC-20A system (Shimadzu Corp., Kyoto, Japan) 

equipped with a SPD-M20A photodiode array (PDA) detector operating at 254 nm. 

Separation was achieved using a WondaSil C18 column (250×4.6 mm, 5 μm) (Shimadzu 
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Corp., Kyoto, Japan) working at 40 °C. Mobile phase A was 0.2 v/v% phosphoric acid in H2O, 

and B was acetonitrile. A linear gradient of mobile phase B (0-10 min, increased from 20 to 

100%; 10-15 min, 100%, 15-17 min, decreased from 100 to 20%, 17-25 min, 20%) with a 

flow rate of 1 mL min-1 was used for separation. 

Cyclic voltammetry measurement 

The cyclic voltammetry (CV) measurements were performed on a CH Instruments CHI760E 

electrochemical analyzer with a glass carbon disc as the working electrode, a platinum wire as 

the counter-electrode and Ag/Ag+ as the reference electrode. The redox couple ferrocenium / 

ferrocene was used as the internal standard at a rate of 50 mV s−1. Tetrabutylammonium 

hexafluoro-phosphate dissolved in anhydrous dimethyl formamide and CH2Cl2 (0.1 M) was 

respectively used as the electrolyte for the negative and positive scans. 

Cell culture 

A375 cells were purchased from ATCC and cultured in DMEM (Dulbecco’s Modified 

Essential Medium) high-glucose with 1% penicillin-streptomycin, 10% FBS (fetal bovine 

serum) at 37 °C in a humidified incubator with 5% CO2 atmosphere. Dulbecco’s Modified 

Essential Medium (DMEM) was purchased from Gibco (Life Technologies). Phosphate 

buffered saline (PBS), fetal bovine serum (FBS), penicillin and streptomycin were purchased 

from Thermo Fisher Scientific. 

Cytotoxicity experiment 

The cell viability was assessed by MTT assay. The A375 cells were seeded into 96-well plates 

(1 × 104 cells/well) for 24 h. Subsequently, the cells were rinsed with PBS and further treated 

with various concentrations of Rf, DHCHE, CHE, “DHCHE + Rf”, “CHE + Rf”. After 

incubation for 0.5 h, for the light (+ L) groups, the cells were irradiated under white light 

irradiation (34 mW cm−2) for 10 min. For dark groups, the A375 cells were kept under dark. 

Afterwards, the cells were further incubated for 24 h, and rinsed with PBS for three time. 

Finally, after washing with PBS buffer for twice, freshly prepared MTT solution (0.5 mg mL-1, 
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100 μL) was added. After incubation at 37 °C for 4 h, the MTT solution was removed and 

washed twice with PBS buffer. DMSO (100 μL) was then added into each well and the plate 

was gently shaken for 10 min at room temperature to dissolve all the precipitates. The 

absorbance of sample and control wells at 570 nm was then measured by a microplate reader. 

Cell viability was then calculated by the ratio of the absorbance of sample wells to control 

cells. 

Quantitative Real-Time RT-PCR Analysis (qRT-PCR) 

A375 cells were seeded at 2.5 ×105/well in 6-well plates, and the culture medium was 

refreshed after cell attachment overnight. Cells were treated with DHCHE, CHE, Rf and 

“DHCHE + Rf” respectively under white light irradiation (34 mW cm−2) or dark for 10 min. 

Further culturing for 24h, the total RNA was extracted with the Total RNA Kit (Omega), 

RNA concentration was determined using Nanodrop spectrophotometer (Thermo Fisher 

Scientific, USA). Complementary DNA (cDNA) was synthesized based on total RNA with 

the first strand cDNA synthesis supermix Kit (Yeasen, China). Thereafter, cDNA was mixed 

with SYBR Green Supermix and primers. Quantitative reverse transcription PCR (qRT-PCR) 

was then performed on a Biorad CFX Connect Real-Time PCR Detection System ((BIO-RAD, 

USA). The expression of pro-apoptotic genes (Caspase3, Bax, P53) and anti-apoptosis gene 

(Bcl-2) were detected and the amount of target transcript was normalized to GAPDH 

respectively. The analysis of the expression ratios was performed in accordance with 2−ΔΔCT 

method. The primer sequences are listed in Table S1. 

Computational Details 

Gaussian 16 has been used to perform quantum mechanical calculations.[2] All molecular 

geometry optimizations have been accomplished at the density functional theory (DFT) level 

by using the B3LYP hybrid exchange–correlation functional[3-4] in implicit water (ε= 78.4) 

solvent with the Tomasi’s implicit polarizable continuum model (PCM) [5-6]. Grimme 

dispersion corrections for non-bonding interactions have been included using atom pairwise 
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additive scheme denoted as D3.[7] The 6-311G** basis set has been used to describe all the 

atoms. The located stationary points have been checked by vibrational analysis at the same 

level of theory to confirm their nature of minima or transition states. The involved transition 

states have been carefully checked by intrinsic reaction coordinate (IRC) analysis.[8] 

Enthalpies and Gibbs free energies have been calculated using standard statistical procedures 

at 298 K and 1 atm from total energies, including zero-point and thermal corrections. The 

optimized structures of Rf and DHCHE have been used to compute the vertical excitation 

energies at the TD-DFT level with the same protocol used for the optimization calculations. 

To ascertain the possibility of an intersystem spin crossing from a bright singlet state to a 

triplet one, spin−orbit matrix elements have been computed using the quadratic-response TD-

DFT approach,[9,10] within the atomic-mean field approximation[11] as implemented in the 

ORC Acode.[12,13] 
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Table S1. Primer sequences used in qRT-PCR. 

Gene Forward primer sequence (5’-3’) Reverse primer sequence (5’-3’)

GAPDH (Human) CAAGAGCACAAGAGGAAGAGAG CTACATGGCAACTGTGAGGAG

Bcl2 GGTGGGGTCATGTGTGTGG CGGTTCAGGTACTCAGTCATCC

Caspase3 GGCGGTTGTAGAAGAGTTTCG TCACGGCCTGGGATTTCAAG

P53 GAGGTTGGCTCTGACTGTACC TCCGTCCCAGTAGATTACCAC

Bax AAACTGGTGCTCAAGGCCC AAAGTAGGAGAGGAGGCCGT
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Riboflavin9-Mesityl-10-Methylacridinium PerchlorateRose BengalMethylene Blue

Tetraphenylporphyrin (TPP) AIPcS-834 Hemin[Ru(bpy)3]
2+

  

Figure S1. Chemical structures of screened photocatalysts. 
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Figure S2. A-E) The UV-Vis absorption spectra and F) absorbance change at 318 nm of 

“DHCHE + Rf”(100 μM DHCHE and different concentration Rf) in Britton-Robinson buffer 

solution (pH = 6, DMSO/water (v : v = 10 : 90)) under white light irradiation (34 mW cm-2) 

for different time. [DHCHE] = 100 μM. 
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Figure S3. HPLC analysis DHCHE, CHE and RF under blue light irradiation (500 nm, 50 

mW cm-2) at different time intervals. ([DHCHE] = 0.5 mg mL-1, [CHE] = 0.5 mg mL-1, [Rf] = 

0.5 mg mL-1). Conditions: mobile-phase mixture of A: 0.2 v/v % Phosphoric acid in H2O, B: 

Acetonitrile. A linear gradient of mobile phase B (0–10 min, increased from 20 to 100%, 10–

15 min, 100%, 15–17 min, decreased from 100 to 20%, 17–25 min, 20%) with a flow rate of 1 

mL min-1 was used for separation. ● CHE, ●DHCHE and ●Rf. 
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Figure S4. A-C) UV-vis absorption spectra and D E) absorbance change of “DHCHE + Rf” 

in Britton-Robinson buffer solution (pH = 6, 7, 8, DMSO/water (v : v = 10 : 90)) under white 

light irradiation (34 mW cm-2) for different time. [DHCHE] = 100 μM, [Rf] = 50 μM. 
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Figure S5. A B) The UV-Vis absorption spectra of “DHCHE + Rf” (100 μM DHCHE and 50 

μM Rf) in Britton-Robinson buffer solution (pH = 6, DMSO/water (v : v = 10 : 90)) under 

white light irradiation (34 mW cm-2) for different time under (A) air and (B) argon.  



  

12 

 

0 5 10 15 20 25

1.2

1.5

1.8

2.1

2.4
Trolox 

+ Trolox 
     

 

A
b

s
o

rb
a
n

c
e
 @

 3
1
8
 n

m

t (min)

——A                                             B                                             C

300 400 500 600
0

1

2

3

4

300 400 500 600
0

1

2

3

4—— Trolox
A

b
s
o

rb
a

n
c

e

Wavelength (nm)

25

 0

t (min)

A
b

s
o

rb
a
n

c
e

Wavelength (nm)

25

 0

t (min)
+ Trolox

 

Figure S6. A B) The UV-Vis absorption spectra and C) absorbance at 318 nm of “DHCHE + 

Rf” in Britton-Robinson buffer solution (pH = 6, DMSO/water (v : v = 10 : 90)) in the A) 

absence and B) presence of Trolox under white light irradiation (34 mW cm-2) for different 

time. [DHCHE] = 100 μM, [Rf] = 50 μM, [Trolox]= 500 μM.  
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Figure S7 A) Oxidative and B) reductive cyclic voltammograms of DHCHE (1.0 mg mL-1) in 

CH2Cl2 and DMF containing 0.1 M n-Bu4NPF6, respectively. 
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Figure S8 A) Optimized structure of Rf∙∙∙∙DHCHE adduct intercepted along triplet (red) and 

singlet (black) free energy surfaces, the π-π stacking interaction is also highlighted; B) 

Mulliken spin density on Rf∙∙∙∙DHCHE adduct; C) Optimized structures of the transition state 

for H abstraction, TSH, along triplet (red) and singlet (black) free energy surfaces.  
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Figure S9 Optimized structures of stationary points intercepted along singlet and triplet free 

energy surfaces for Rf restoring by O2. 
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Figure S10 A B) In vitro cytotoxicity of A375 treated with CHE, “CHE + Rf” under dark and 

white light irradiation (34 mW cm-2) for 10 min. 
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Figure S11. Flow cytometric analysis of intracellular ROS detection by DCFH-DA in A375 

cells through respectively incubation with RF (10 μM), DHCHE (20 μM), CHE (20 μM), and 

“DHCHE + Rf” (20 μM DHCHE and 10 μM Rf) for 4 h under dark and white light irradiation 

(34 mW cm-2) for 10 min. 
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Figure S12. Fluorescence images of intracellular ROS detection by DCFH-DA in A375 cells 

through respectively incubation with Rf (10 μM), DHCHE (20 μM), CHE (20 μM), and 

“DHCHE + Rf” (20 μM DHCHE and 10 μM Rf) under dark and white light irradiation (34 

mW cm-2) for 10 min. λex= 488 nm, λem = 510-540 nm. Scale bar = 100 μm. 
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Figure S13. The NADPH-OX activity of A375 cells through respectively incubation with Rf 

(10 μM), DHCHE (20 μM), CHE (20 μM), and “DHCHE + Rf” (20 μM DHCHE and 10 μM 

Rf) for 4 h under dark and white light irradiation (34 mW cm-2) for 10 min. 
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