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Chapter 3 

Self-Assembled Ru-Polysaccharide 

Photocatalyst for Targeted Visible-Light-

Induced Activation of Prodrugs 
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Abstract 

Chemotherapy stands out as an effective cancer treatment, albeit accompanied by side effects 

due to the systemic toxicity of anticancer drugs. In this study, we present an approach involving 

the photocatalytic activation of prodrugs by visible light, specifically designed to target cancer 

cells. This method allows for simultaneous temporal and spatial control over drug production 

within cancer cells. The supramolecular photocatalyst, formed through supramolecular 

interactions between hyaluronic acid functionalized with β-cyclodextrin and an adamantane-

bearing tris(bipyridine)ruthenium(II) complex, enhances the biocompatibility of the transition 

metal catalyst, and enables precise targeting of cancer cells. We demonstrate the activation of 

a pro-probe and a prodrug using the supramolecular photocatalyst under physiological 

conditions through visible light irradiation. Subsequently, the supramolecular catalyst was 

investigated for its ability to target cancer cells, activating pro-probe and prodrug for cell 

imaging and inducing the death of cancer cells, initiated by visible light irradiation. This 

strategy accomplishes the dual goals of efficient, controllable and targeted activation of 

prodrugs within cancer cells, laying the foundation of effectively minimizing the systemic 

toxicity associated with anticancer drug while maximizing their therapeutic efficiency in cancer 

cells.  
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Introduction  

Chemotherapy is a direct and effective way to treat cancers. However, since anticancer drugs 

do not discriminate between healthy cells and cancer cells, they typically cause systemic 

toxicity. Therefore, synthesis and release of drugs in cancer cells has garnered significant 

attention and emerged as an exciting field. The concept of prodrug-to-drug conversion has 

successfully addressed the issue of systemic drug toxicity.[1,2] The activation of  prodrugs can 

be achieved by catalytic activation using enzymes[3] and synthetic catalysts[4–6], stimulation by 

microphysiological environment[7,8] such as pH, GSH and hypoxia, or external stimuli[9,10] such 

as light, electricity, ultrasound, magnetism and X-ray. The primary challenges in prodrug 

activation are related to targeting efficacy, drug release efficiency and biological toxicity. 

Catalytic activation of prodrugs can achieve effective release of drugs, while external light 

stimulation can control the generation of drugs in time and space, achieving a potentially high 

degree of targeted and controllable drug synthesis. Photocatalysis can satisfy both the 

conditions of catalysis and light stimulation, thus making it a powerful tool for the efficient, 

targeted and controllable activation of prodrugs.  

The selection of prodrug and catalytic reaction type is crucial for the effective activation of 

prodrugs. Azide-containing prodrugs such as protected doxrubincin, mitomycin C, paclitaxel, 

pazopanib have attracted our attention for several reasons.[11–13] Firstly, the reduction of azide 

to amine is a bioorthogonal reaction because the azide prodrugs exhibit inertness and low 

toxicity in biological environment. Secondly, numerous anticancer drugs possess amine groups, 

enabling the facile synthesis of azide prodrugs. Thirdly, photocatalysts that can efficiently 

catalyze the reduction of azide to amine have been reported,[14] including ruthenium(II) 

polypyridine complexes,[15,16] iridium(I) polypyridine complexes,[17,18] osmium(II) 

polypyridine complexes[19] and tin(IV) chlorin e6 catalyst[20]. Tris(bipyridine)ruthenium(II) 

and related complexes have been applied to biological photocatalysis with the advantages of 

facile modification of pyridine ligands, robust photocatalytic properties with resistance to 

biomolecular quenching, and the catalyst can be activated by visible light.[21]  

Hyaluronic acid (HA) is a natural linear polysaccharide widely distributed in the body of 

mammals.[22] It interacts with the CD44 receptor[23], over expressed in tumour cancer cells such 

as breast cancer, lung cancer and pancreatic cancer.[24–28] HA has been reported to construct 

drug delivery systems targeting CD44 receptors for cancer treatment.[29–33] However, the 

targeted delivery of photocatalysts using HA-based delivery systems has not been reported yet. 

In this chapter, we utilize HA for the targeted delivery of the photocatalyst 

tri(bipyridine)ruthenium(II) to cancer cells, facilitating the catalysis of prodrugs to produce 

drugs. This dual-targeting strategy, combining photocatalysts and targeting groups, can further 

reduce off-target effects and maximize drug utilization in cancer cells, allowing more precise 

and efficient control of drug synthesis within cancer cells.  

Herein, we report a catalyst assembly formed by supramolecular binding between hyaluronic 

acid functionalized with β-cyclodextrin (HACD) and adamantane bearing 

tris(bipyridine)ruthenium(II) catalyst [Ru(bpyAda)(bpy)2](PF6)2. On the one hand, the 

polysaccharide HA provides the hydrophilic chain to improve the biocompatibility of the 

catalyst and on the other hand it provides a way to selectively target cancer cells. The modified 



72 
 

β-CD offers the binding site to bind the adamantane on catalyst [Ru(bpyAda)(bpy)2](PF6)2 by 

supramolecular interactions. The catalyst [Ru(bpyAda)(bpy)2](PF6)2 effectively photoreduces 

the azide to obtain fluorescent probes and drugs by deprotection of amine functional groups 

through visible light irradiation. The supramolecular catalyst Ru(bpyAda)(bpy)2HACD 

exhibits good catalytic activity for pro-probe and prodrug substrates under physiological 

conditions. Catalytic experiments in living cells show that the supramolecular catalyst 

efficiently targets cancer cells and catalyze the generation of fluorophores and drugs by visible 

light irradiation, providing spatial and temporal control for such reactions (Scheme 1). 

 

Scheme 1. Visible-light-induced pro-probe and prodrug activation using 

Ru(bpyAda)(bpy)2HACD supramolecular photocatalyst that targets cancer cells. 

Results and Discussion  

Synthesis and characterization of supramolecular photocatalysts 

Polymer HACD was synthesized according to a literature procedure.[34] The degree of 

modification of β-CD is determined to be 24% through integration of 1H NMR signals, 

indicating an average grafting of 24 β-CDs per hyaluronic acid (Scheme E1 and Figure E1). 

The adamantane bearing tris(bipyridine)ruthenium(II) photocatalyst 

[Ru(bpyAda)(bpy)2](PF6)2 was successfully synthesized using standard procedures and fully 

characterized using 1H NMR, 13C NMR, ESI-MS and LC-MS (Scheme E2, Figure E2-7 and 

Figure E23).  

The host-guest binding behavior between HACD and [Ru(bpyAda)(bpy)2](PF6)2 was 

investigated using 1H NMR. To simplify the binding study, free β-CD was employed as a 

reference host. The 1H NMR signals of adamantane (a, b and c) show downfield shifts in the 

presence of β-CD, while the proton signals of ethylenediamine linker and ruthenium tris-

bipyridine remain unchanged (Figure 1a and 1b, Figure E19-20). These data suggest that only 

the adamantane moiety is encapsulated within the cavity of β-CD. 1H NMR titration indicates 
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a 2:1 binding stoichiometry between β-CD and [Ru(bpyAda)(bpy)2](PF6)2. The association 

constants are determined as K1 = 4.32×103 M-1 and K2 = 1.40×103 M-1 by the nonlinear least-

squares fit[35] of the chemical-shift changes based on the adamantane proton b (Figure E21). 

The formation of the 2:1 complex was further confirmed by ESI-MS, showing in Figure E22. 

The 1H NMR spectra of a solution of HACD and  [Ru(bpyAda)(bpy)2](PF6)2 show similar 

downfield shifts of the proton signals of adamantane positions a, b and c, while other 1H NMR 

signals have almost no shift when compared to the free catalyst [Ru(bpyAda)(bpy)₂](PF6)2 

(Figure 1a and 1c) in line with the formation of Ru(bpyAda)(bpy)2HACD assembly. When 

only the HA polymer was mixed with [Ru(bpyAda)(bpy)2](PF6)2, no significant shifts in the 
1HNMR signals are observed (Figure 1d). These results demonstrate that in the assembly of 

Ru(bpyAda)(bpy)2HACD, the adamantane moiety is encapsulated within the cavity of β-CD, 

while the ruthenium tris-bipyridine moiety remains outside the cavity.  

 

Figure 1. 1H NMR spectra (400 MHz, PBS buffer in D2O, 298 K) of (a) 

[Ru(bpyAda)(bpy)2](PF6)2. (b) Ru(bpyAda)(bpy)2β-CD. (c) Ru(bpyAda)(bpy)2HACD. (d) 

[Ru(bpyAda)(bpy)2](PF6)2 + HA. (1H NMR: [Ru(bpyAda)(bpy)2](PF6)2 = 1.0 mM, [β-CD or 

β-CD in HACD] = 2.0 mM). 

After having established the binding behavior between HACD and [Ru(bpyAda)(bpy)2](PF6)2, 

the morphology and size of the Ru(bpyAda)(bpy)2HACD assembly were determined using 

STEM. The STEM analysis reveals that Ru(bpyAda)(bpy)2HACD assembled into 

nanoparticles in PBS buffer with an average diameter of 200 nm (Figure 2a-2b).  
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Figure 2. (a, b) STEM images of Ru(bpyAda)(bpy)2HACD.  

Photoreduction of Rho-N3 in solution  

The catalytic activity of catalyst [Ru(bpyAda)(bpy)2](PF6)2 for the azide reduction reaction was 

optimized under physiological conditions in a flask before conducting photocatalysis in living 

cells. The pro-probe rhodamine azide (Rho-N3) was used as the substrate, which is not 

fluorescent, while the deprotected product Rho 110 has strong green fluorescence. Rho-N3 was 

synthesized according to the previous literature[36,37] (Scheme E3, Figure E8-10 and Figure 

E24). Reaction yields were evaluated by monitoring the fluorescence of product Rho 110, using 

a low concentration of substrate Rho-N3 (20 µM) and catalyst [Ru(bpyAda)(bpy)2](PF6)2  

(10%, 2 µM), in line with anticipated biological applications (Scheme E6, Figure E29 and 

Figure E32). Then azide reduction reactions were carried out in the presence of various 

reductants including glutathione (GSH), sodium ascorbate (NaAsc) and nicotinamide adenine 

dinucleotide (NADH). The reaction in the presence of GSH results in a trace yield of less than 

1% and the yield in the presence of NADH is as low as 10%. Interestingly, the reaction in the 

presence of NaAsc (4 mM) leads to more than 95% yield after 7 min of 456 nm irradiation 

(Figure 3a, Entry 1-3, and Figure E26-28). Under these conditions, the control experiments 

reveal almost no yield, emphasizing the necessity of reductant, catalyst and light irradiation 

(Figure 3a, Entry 4-6, and Figure E30). Assembly Ru(bpyAda)(bpy)2β-CD and 

Ru(bpyAda)(bpy)2HACD exhibit similar catalytic activity compared to 

[Ru(bpyAda)(bpy)2](PF6)2, achieving over 95% yield within 7 min of 456 nm light irradiation 

(Figure 3a, Entry 7-8 and Figure E31). To further confirm the clear conversion of Rho-N3 to 

Rho 110, the reaction was monitored in time by analyzing samples by LC-MS (Figure 3b). The 

spectra of the reaction solution after different irradiation times show that 

Ru(bpyAda)(bpy)2HACD as the catalyst can effectively reduce Rho-N3 to Rho 110. 

Substantial conversion is observed after 60 s, and after 180 s of 456 nm light irradiation, almost 

full conversion has been achieved. 
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Figure 3. (a) Photoreduction of Rho-N3 monitored by fluorescence. The reaction yields with 

substrate Rho-N3 (20 μM), Ru catalyst (2 μM) and various reductants (4 mM) in PBS buffer 

containing 2% DMSO at room temperature, irradiated by 456 nm Kessil light for 7 min. (b) 

LC-MS monitoring of the reaction with substrate Rho-N3 (100 μM), Ru(bpyAda)(bpy)2HACD 

(10 μM) and NaAsc (20 mM) in PBS buffer containing 10% DMSO at room temperature, 

irradiated by 456 nm Kessil light for different time. 

Photoreduction of Rho-N3 in living cells  

Next, we investigated whether Ru(bpyAda)(bpy)2HACD could selectively target cancer cells 

to catalyze Rho-N3 to the fluorescence product Rho 110 for cell imaging. The breast cancer cell 

line MCF-7 was chosen as the cancer cells because it has high CD44 receptors, and normal 

cells as control uses embryonic mouse fibroblast cell line NIH3T3 with a low CD44 receptor. 

https://en.wikipedia.org/wiki/Breast_cancer


76 
 

Cancer cell MCF-7 and normal cell NIH3T3 were employed for the intracellular catalysis using 

the following protocol. The cells were incubated in 8-well plate (μ-slide) by adding 200 μL 

DMEM media with 2 μM Ru catalyst and incubated at 37°C with 5% CO2 (cell culture 

environment) for 30 min. Then the cell media were removed, and each well was washed with 

PBS to remove Ru catalysts that were not taken up in the cells. Subsequently, 200 μL DMEM 

media with 20 μM Rho-N3 substrate and 4 mM NaAsc were added to each well, and the cells 

were incubated at 37°C with 5% of CO2 for 15 min. The dishes were irradiated by 460 nm blue 

light for 5 min. Finally, confocal microscopy was utilized to monitor the cell fluorescence, with 

the Rho 110 product exhibiting strong green fluorescence in the 500-550 nm green channel, 

and the Ru catalyst displaying weak red fluorescence in the 640-700 nm red channel. 

Interestingly, when Ru(bpyAda)(bpy)2HACD was used as the supramolecular catalyst, the 

red fluorescence signal is observed only in MCF-7 cancer cells, with no detection of red 

fluorescence signal in NIH3T3 normal cells (Figure 4a). When [Ru(bpyAda)(bpy)2](PF6)2 was 

used as the catalyst, no red fluorescence signal was present in either cancer cells or normal 

cells (Figure 4b). This result demonstrates that Ru(bpyAda)(bpy)2HACD can selectively 

enter cancer cells due to the targeting effect of HA on cancer cells. Only in MCF-7 cancer cells 

with Ru(bpyAda)(bpy)2HACD as the catalyst, Rho 110 product channel displays a strong 

green fluorescence signal, indicating that the photocatalytic reaction of Rho-N3 occurs 

exclusively in MCF-7 cancer cells (Figure 4a). Furthermore, control experiments show that 

neither green nor red fluorescence was observed in either cancer cells or normal cells in absence 

of the catalyst (Figure E33-34). These observations affirm that Ru(bpyAda)(bpy)2HACD can 

effectively target cancer cells, and it can catalyze Rho-N3 by blue light irradiation, resulting in 

the production of Rho 110 with strong green fluorescence. 
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Figure 4. Confocal images illustrating the catalysis of Rho-N3 in cancer cells MCF-7 and 

normal cells NIH3T3 with Rho-N3 (20 μM), different Ru catalyst (2 μM) and NaAsc (4 mM) 

after blue light irradiation for 5 min. (a) Ru(bpyAda)(bpy)2HACD catalyst (MCF-7 cancer 

cells has fluorescence, while NIH3T3 normal cells as control experiments has no fluorescence). 

(b) [Ru(bpyAda)(bpy)2](PF6)2 catalyst (As control experiments, neither MCF-7 cancer cells 

nor NIH3T3 normal cells are fluorescent). 

Photoreduction of prodrug DOX-N3 in solution 

Doxorubicin (DOX) is widely used in chemotherapy for treating various forms of cancers. 

Therefore, this was utilized as an example to investigate the photo deprotection of a prodrug 

using Ru(bpyAda)(bpy)2HACD supramolecular catalyst. The prodrug doxorubicin azide 

(DOX-N3)
[11,38] and doxorubicin tetrafluorophenylazide (DOX-4F-N3)

[39] were synthesized 

according to previous reports (Scheme E4-5, Figure E11-17 and Figure E25). The catalytic 

conversion of the reaction was monitored by LC-MS (Figure E18 and Figure E37). When using 

NaAsc as the reductant, the prodrug DOX-N3 (RT = 7.4 min) was reduced to DOX (RT = 5.7 

min) by irradiation of the solution, achieving 38% conversion after 10 min. After 60 min 

irradiation, more than 90% of prodrug DOX-N3 is transformed (Figure 5 and Scheme E7). 

When using GSH as the reducing agent, a significant lower conversion (37%) is observed after 

10 min of irradiation (Figure E35). When NADH was used as reductant, a messy LC-MS 

spectrum was observed, and the product DOX was not found (Figure E36).  
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When DOX-4F-N3 was subjected to similar conditions, DOX-4F-NH2 (RT = 7.1 min) was 

found as the main product and a very small amount of DOX (RT = 5.7 min) after 60 min of 

irradiation. The LC-MS spectra show that the photoreduction is similar as observed for DOX-

N3, but the follow-up decomposition of the amine compound is slow, leading to only small 

amount of DOX (Scheme E8, Figure E38 and Figure E39). Therefore, employing DOX-N3 as 

the prodrug and NaAsc as the reducing agent, the Ru(bpyAda)(bpy)2HACD catalyst was 

utilized to investigate photocatalysis of prodrug in cancer cells.  

 

 

Figure 5. Photoreduction of DOX-N3 monitored by LC-MS with substrate DOX-N3 (100 μM), 

Ru(bpyAda)(bpy)2HACD (10 μM) and NaAsc (20 mM) in PBS:DMSO = 1:1 solution at room 

temperature, irradiated by 456 nm Kessil light for different time.  
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Photoreduction of prodrug DOX-N3 in living cells 

Finally, we investigated if the anticancer drug DOX can be generated by 

Ru(bpyAda)(bpy)2HACD catalyst delivered to cancer cells, by irradiation with visible light 

(Scheme E9). Initial toxicity tests of the prodrug DOX-N3 and drug DOX at various 

concentrations were conducted to determine the suitable intracellular catalysis concentration 

in MCF-7 cancer cells and NIH3T3 normal cells (Figure 6a and 6b). The cells were incubated 

in a 96-well plate by adding 100 μL DMEM media containing different concentrations DOX-

N3 or DOX (1 μM, 5 μM, 10 μM, 50 μM, 100 μM) and incubated at 37 °C with 5% CO2 for 4 

h. Then the cell media were removed, and each well was washed with PBS to remove DOX-

N3 or DOX that were not taken up in the cells. Then the cells were incubated with DMEM 

media for 40 h and the cell viability was measured through alamar blue assay. The prodrug 

DOX-N3 demonstrates remarkably low toxicity in both cancer cells and normal cells at 

concentrations below 10 µM, while the drug DOX exhibited high toxicity in normal cells and 

moderate toxicity in cancer cells. Given that the most significant contrast in cell viability 

between DOX-N3 and DOX occurred at a concentration of 10 µM, this concentration was used 

for the subsequent photocatalysis experiments.  

 

Figure 6. Alamar blue cell viability assays exhibited the cell toxicity of prodrug DOX-N3 and 

drug DOX at different concentrations in (a) NIH3T3 normal cells. (b) MCF-7 cancer cells after 

incubating for 4 h. 

Next, photoreduction of prodrug DOX-N3 to drug DOX in living cells was conducted by alamar 

blue cell viability assays. The cells were incubated in a 96-well plate by adding 100 μL DMEM 

media with different compounds mixture (the compounds mixture is shown in Figure 7) and 

incubated at 37°C with 5% CO2 for 4 h. Then the cell media were removed, and each well was 

washed with PBS to remove the compounds that were not taken up in the cells. DMEM media 

was added. Aluminum foil was used to cover the wells that do not need irradiation and the plate 

was exposed to 460 nm blue light for 10 min. After irradiation, the cells were incubated at 37°C 

with 5% of CO2 for 40 h, and the alamar blue was added to test the cell viability of each group.  

In NIH3T3 normal cells (Figure 7a), DOX-N3 exhibits low toxicity, while DOX shows high 

toxicity, consistent with the toxicity results of DOX-N3 and DOX at 10 μM in Figure 6a (Figure 

7a, Entry 1-2). Ru(bpyAda)(bpy)2HACD and [Ru(bpyAda)(bpy)2](PF6)2 photocatalysts 

exhibit negligible toxicity in NIH3T3 normal cells (Figure 7a, Entry 3-4). DOX-
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N3+Ru(bpyAda)(bpy)2HACD and DOX-N3+[Ru(bpyAda)(bpy)2](PF6)2 show high cell 

viability, indicating that the prodrug cannot be activated by photocatalysts in the absence of 

light (Figure 7a, Entry 5-6). After 10 min of irradiation, DOX-N3 shows a high cell viability, 

indicating the necessity of the photocatalyst (Figure 7a, Entry 7). After 10 min of blue light 

irradiation, DOX-N3+Ru(bpyAda)(bpy)2HACD (blue triangle) and DOX-

N3+[Ru(bpyAda)(bpy)2](PF6)2 (blue circle) exhibit similar high cell viability around 65% 

(Figure 7a, Entry 8-9). This is in line with the fact that Ru(bpyAda)(bpy)2HACD does not 

enter NIH3T3 normal cells, resulting in the low catalytic activation of prodrug DOX-N3. 

In MCF-7 cancer cells (Figure 7b), DOX-N3 shows low toxicity and DOX exhibits high 

toxicity, which is in line with the toxicity results of DOX-N3 and DOX at 10 μM in Figure 6b 

(Figure 7b, Entry 10-11). Ru(bpyAda)(bpy)2HACD and [Ru(bpyAda)(bpy)2](PF6)2 

photocatalysts themselves exhibit low toxicity (Figure 7b, Entry 12-13). DOX-

N3+Ru(bpyAda)(bpy)2HACD and DOX-N3+[Ru(bpyAda)(bpy)2](PF6)2 show high cell 

viability, indicating that the prodrug needs to be activated by photocatalysts in the presence of 

light (Figure 7b, Entry 14-15). After 10 min of blue light irradiation, DOX-N3 shows much 

lower (30%) cell viability than expected, probably due to photodegradation of DOX-N3 (Figure 

7b, Entry 16).  About the same cell viability with DOX-N3+[Ru(bpyAda)(bpy)2](PF6)2 (red 

circle) was observed after 10 min irradiation, in line with the absence of any catalysts (Figure 

7b, Entry 18). After 10 min of blue light irradiation, DOX-N3+Ru(bpyAda)(bpy)2HACD (red 

triangle) demonstrate the lowest cell viability of all experiments (red circle), in line with the 

presence of Ru(bpyAda)(bpy)2HACD in MCF-7 cancer cells (Figure 7b, Entry 17). Notably, 

a comparison of DOX-N3+Ru(bpyAda)(bpy)2HACD after 10 min irradiation in different cells 

(blue triangle and red triangle) reveals that MCF-7 cancer cells with a higher CD44 acceptor 

count, exhibit only 20% cell viability, one-third less than NIH3T3 normal cells (67%) (Figure 

7a, Entry 8 and Figure 7b, Entry 17). These observations emphasize that the 

Ru(bpyAda)(bpy)2HACD supramolecular catalyst targets MCF-7 cancer cells, thereby 

delivering the ruthenium catalysts for the activation of the prodrug DOX-N3 to generate the 

anticancer drug DOX after 460 nm light irradiation for 10 min, ultimately leading to cancer 

cell death. The difference between this experiment and some of the controls (Entry 16 and 17), 

is smaller than anticipated as the DOX-N3 decomposed to some extend under irradiation. 

Shifting to a less energy intense light source (Chapter 4 and Chapter 5) or more stable 

anticancer drugs may solve this problem. 
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Figure 7. Photoreduction of DOX-N3 in living cells by alamar blue cell viability assays in (a) 

NIH3T3 normal cells. (b) MCF-7 cancer cells under the following conditions: [DOX-N3] = 

[DOX] = 10 μM, [Ru(bpyAda)(bpy)2](PF6)2 = [Ru(bpyAda)(bpy)2HACD] = 2 μM, [NaAsc] 

= 4 mM after 10 min of 460 nm blue light irradiation.  
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Conclusion 

In summary, we have developed a supramolecular catalyst system that forms by 

supramolecular interactions between of the hyaluronic acid functionalized β-cyclodextrin and 

an adamantane-bearing tris(bipyridine)ruthenium(II) catalyst. The supramolecular catalyst 

demonstrates robust catalytic activity for azide reduction catalysis, converting both pro-probe 

and prodrug substrates under physiological conditions through visible light irradiation. 

Fluorescence imaging of the cells incubated with HACD polymers and the Ru complex shows 

targeted delivery to cancer cells. Furthermore, catalytic experiments conducted in living cells 

reveal that the supramolecular catalyst could efficiently generate probes or drugs in cancer cell 

imaging or inducing cancer cell death. The photocatalytic activation of prodrugs provides 

spatial and temporal control over the synthesis of anticancer drugs. The supramolecular catalyst 

targeting cancer cells enables a more precise control of reactions occurring within cancer cells. 

The integration of prodrugs, photocatalysis and cancer cell targeting holds the potential to 

significantly reduce the toxicity of anticancer drugs to normal cells while enhancing the 

therapeutic utilization of drugs in cancer cells. 
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Experimental 

1. Materials and devices 

All reagents and solvents were commercially available and used without further purification, 

unless otherwise noted. PBS buffer is 0.01 M, pH = 7.4 at 298 K. Blue light source is 456 nm 

Kessil light. NMR spectra (1H, 13C, 19F) were measured on Bruker AV400 MHz instrument, 

and chemical shifts were recorded in parts per million (ppm) using deuterated solvent residual 

signal as reference. High resolution mass (HRMS) spectra were collected on an AccuTOF-LC, 

JMS-T100LP Mass spectrometer (JEOL, Japan) (for ESI). STEM images were acquired by a 

high-resolution transmission electron microscope (Philips Tecnai G2 20S-TWIN microscope) 

operating at an accelerating voltage of 200 keV. The samples were prepared by placing a drop 

of solution onto a carbon-coated copper grid and air-dried. The morphological information was 

directly obtained from the fresh TEM samples without staining. UV-vis spectra and 

transmission spectra were performed on a single beam Hewlett Packard 8453 spectrometer in 

a quartz cuvette (light path 10 mm) at 25 °C with a PTC-348WI temperature controller. 

Fluorescence spectra were recorded on FS5 Spectrofluorometerm in a quartz cuvette (light path 

10 mm) at 25 °C. LC-MS were recorded on Finnigan LXQ Ion Trap LC/MS comes with 

powerful Thermo Surveyor LC. LC-MS is a water system equipped with XBridge C18 3.5 μm, 

4.6×75 mm column. The applied eluents were A: water with 0.1 % HCOOH, B: Acetonitrile 

with 0.1 % HCOOH. Flow speed: 1.0 mL/min. Standard method with 12 min was used 

(Gradient program: start 95%A + 5%B hold it for 2 min, ramp it up to 7 min with 5%A +95%B 

at the end and keep it for 1.5 min, go back to the starting position with 95%A + 5%B within 

0.8 min, hold it from 9.3 min to the end 12 min). Surveyor PDA Plus Method: the spectra start 

from 200-600 nm and three detecting channels was channel A: 214 nm, channel B: 254 nm, 

channel A: 280 nm. Confocal imaging was performed using Zeiss LSM 900 confocal 

microscope with the Leica application suite advanced fluorescence software (LASAF, Leica 

Microsystems B.V., Rijswijk, The Netherlands). Cell viability was performed by alamar blue 

on a fluorescence microplate reader. Alamar blue cell viability assay reagent quantitatively 

measures the proliferation of mammalian cell lines, bacteria and fungi. The dye incorporates 

an oxidation-reduction (REDOX) indicator that both fluoresces and change color in response 

to the chemical reduction of growth medium due to cell growth. 
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2. Synthesis and characterization of HACD, [Ru(bpyAda)(bpy)2](PF6)2 and substrates 

 

Scheme E1. Synthesis of polymer hyaluronic acid functionalized with β-cyclodextrin (HACD). 

Mono-6-deoxy-6-tosyl-β-cyclodextrin (β-CD-OTs) was prepared according to the previous 

literature.[40] 

Mono-6-deoxy-6-ethylenediamino-β-CD (β-CD-NHC2H4NH2) was prepared according to 

the previous literature.[41] 

Polymer hyaluronic acid functionalized with β-cyclodextrin (HACD) was prepared 

according to the previous literature.[34] To a solution of sodium hyaluronate (8-1.5 kDa) (100 

mg, 2.17 μmol) in phosphate buffer solution (PBS, 0.1 M, pH = 7.4, 30 mL),  1-Ethyl-3-(3-

dimethyl aminopropyl)carbodiimide (EDC) (167.7 mg, 0.875 mmol) and N-

hydroxysulfosuccinimide sodium salt (NHSS) (190 mg, 0.875 mmol) were added, and the 

mixture was stirred at 25 °C for 30 min. Then mono-6-deoxy-6-ethylenediamino-β-CD (588.5 

mg, 0.5 mmol) in 10 mL PBS was added, and the mixture was stirred for 24 h at room 

temperature. The resulting solution was dialyzed against an excess amount of deionized water 

for 5 days. After being freeze-dried, white powder HACD was obtained. 1H NMR (400 MHz, 

D2O) δ (ppm): 5.05-5.15 (m, 2H), 4.42-4.61 (m, 2H), 3.28-4.05 (m, 20H), 2.03 (s, 3H). 

The modification degree of β-CD units grafted on per HA was calculated by 1H NMR integral 

as 24%, indicating that β-CD was introduced every 4 repeating sugar units on average. 
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Figure E1. 1H NMR spectrum (400 MHz, 298 K) of HACD in D2O. 

 

Scheme E2. Synthesis of ligand bpyAda and photocatalyst [Ru(bpyAda)(bpy)2](PF6)2. 

N4,N4'-bis(2-(adamantane-1-carboxamido)ethyl)-[2,2'-bipyridine]-4,4'-dicarboxamide 

(Ligand: bpyAda): To a green solution of 2[42] (44.80mg, 0.16 mmol, 1.0 eq) in 5 mL dry 
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DCM, 1[43] (138 mg, 0.621 mmol, 3.88 eq) was added and the mixture was stirred for 5 min at 

22 °C at N2 atmosphere. Then pH was regulated to 8 by Et3N and meanwhile the solution turned 

to pink. The mixture was stirred 30 h at room temperature. The solvent was removed under 

reduced pressure and the residue was purified by flash column chromatography on silica gel 

(DCM/MeOH from 19:1 to 9:1) to give product bpyAda as white solid (26 mg, 25%).  1H NMR 

(400 MHz, CDCl3+CD3OD) δ (ppm): 9.05 (s, 2H), 8.82 (d, J = 5.2 Hz, 2H), 7.95 (d, J = 5.1 

Hz, 2H), 3.55 (t, J = 5.6 Hz, 4H), 3.46 (d, J = 5.9 Hz, 4H), 1.98 (s, 6H), 1.81 (d, J = 2.9 Hz, 

12H), 1.67 (q, J = 12.7, 12H). HRMS (ESI): calcd. for [M+H]+ (C38H49N6O4) m/z 653.3815, 

found 653.381. 

Catalyst [Ru(bpyAda)(bpy)2](PF6)2: cis-[Ru(bpy)2Cl2]2H2O (64.6 mg, 0.13 mmol, 1.3 eq) 

was added to a solution of bpyAda (67.0 mg, 0.10 mmol, 1.0 eq) in 15 mL EtOH. The dark 

purple suspension was heated under reflux 16 h at 80 °C. After cooling down, the solvent was 

removed under reduced pressure and the residue was purified by flash column chromatography 

on silica gel (CH3CN/sat. KNO3 aqueous solution from 98:2 to 80:20). The collected fractions 

were dried under reduced pressure and dissolved in a minimum of CH3CN and filtered to 

remove salts. The precipitation was repeated three times to ensure complete removal of salt 

and the filtrate was then dried under high vacuo to give the product [Ru(bpyAda)(bpy)2](Cl-

/NO3
-) as a red solid. Then the solid was dissolved into H2O and drop them into NH4PF6 sat. 

aqueous solution to get precipitation. Centrifuge to get red solid and wash with H2O three times 

to get the final red product [Ru(bpyAda)(bpy)2](PF6)2 (36 mg, 26.7%). 1H NMR (400 MHz, 

CD3CN-d3) δ (ppm): δ 8.94 (s, 2H), 8.52 (m, 4H), 8.07 (q, J = 7.3 Hz, 6H), 7.90 (d, J = 5.8 Hz, 

2H), 7.69 (dt, J = 10.7, 6.3 Hz, 6H), 7.40 (dt, J = 17.6, 6.6 Hz, 4H), 6.65 (s, 2H), 3.52-3.37 (m, 

8H), 1.96 (s, 6H), 1.82-1.55 (m, 24H). 13C NMR (101 MHz, CD3CN-d3) δ 180.41, 164.13, 

158.43, 157.81, 153.54, 152.70, 152.58, 143.77, 139.09, 128.69, 128.58, 125.76, 125.32, 

122.92, 42.45, 41.31, 39.80, 39.33, 37.11, 29.10. HRMS (ESI): calcd. for [M-PF6]
+ 

(C58H64N10O4PF6Ru+) m/z 1153.0680, found 1153.4159; calcd. for [M-2PF6]
2+ 

(C58H64N10O4Ru2+) m/z 533.1317, found 533.2077. LC-MS: t = 6.087 min. 
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Figure E2. 1H NMR spectrum (400 MHz, 298 K) of ligand bpyAda in solvent mixture CDCl3 

and CD3OD. 

 

Figure E3. ESI-MS of ligand bpyAda. 
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Figure E4. 1H NMR spectrum (400 MHz, 298 K) of photocatalyst [Ru(bpyAda)(bpy)2](PF6)2 

in CD3CN-d3. 

 

Figure E5. 13C NMR (101 MHz, 298 K) of catalyst [Ru(bpyAda)(bpy)2](PF6)2 in CD3CN-d3. 
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Figure E6. ESI-MS of catalyst [Ru(bpyAda)(bpy)2](PF6)2. 

 

Figure E7. LC-MS showed the purity of catalyst [Ru(bpyAda)(bpy)2](PF6)2. 

 

Scheme E3. Synthesis of substrate Rho-N3. 
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Rho-N3: was prepared according to the previous literature.[36,37] 1H NMR (400 MHz, CDCl3) δ 

(ppm): δ 8.04 (d, J = 7.4 Hz, 1H), 7.72-7.62 (m, 2H), 7.14 (d, J = 7.4 Hz, 1H), 6.96 (d, J = 2.2 

Hz, 2H), 6.79 (d, J = 8.6 Hz, 2H), 6.73 (dd, J = 8.6, 2.2 Hz, 2H). HRMS (ESI): calcd. for 

[M+H]+ (C20H11N6O3) m/z 383.0893, found 383.0877. LC-MS: t = 10.983 min. 

 

Figure E8. 1H NMR spectrum (400 MHz, 298 K) of substrate Rho-N3 in CDCl3. 

 

Figure E9. ESI-MS of substrate Rho-N3. 
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Figure E10. LC-MS showed the purity of substrate Rho-N3. 

 

Scheme E4. Synthesis of substrate DOX-N3. 

DOX-N3 was prepared according to the previous literature.[11,38] 1H NMR (400 MHz, CDCl3) 

δ (ppm): δ 13.99 (s, 1H), 13.28 (s, 1H), 8.06 (dd, J = 7.7 Hz, 1.0 Hz, 1H), 7.80 (t, J = 8.1 Hz, 

1H), 7.42-7.39 (m, 1H), 7.30 (d, J = 8.1 Hz, 2H), 6.98 (d, J = 7.6 Hz, 2H), 5.50 (d, J = 4.0 Hz, 

1H), 5.30 (s, 1H), 5.08 (d, J = 8.4 Hz, 1H), 5.00 (d, J = 3.7 Hz, 2H), 4.76 (s, 2H), 4.52 (s, 1H), 

4.14 (d, J = 6.8 Hz, 1H), 4.09 (s, 3H), 3.86 (s, 1H), 3.66 (s, 1H), 3.37-3.27 (m, 2H), 3.08 (s, 

1H), 3.05-2.91 (m, 2H), 2.34 (d, J = 14.8 Hz, 1H), 2.18 (dd, J = 14.8, 4.1 Hz, 1H), 1.88 (dd, J 

= 13.5, 5.0 Hz, 1H), 1.76 (td, J = 13.2, 4.2 Hz, 2H), 1.29 (d, J = 6.6 Hz, 3H). HRMS (ESI): 

calcd. for [M+H2O] (C35H36N4O14) m/z 736.2466, found 736.2358; [M+Na]+(C35H34N4O13Na) 

m/z 741.6532, found 741.1940. LC-MS: t = 7.400 min. 



92 
 

 

Figure E11. 1H NMR spectrum (400 MHz, 298 K) of substrate DOX-N3 in CDCl3. 

 

Figure E12. ESI-MS of substrate DOX-N3. 
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Figure E13. LC-MS showed the purity of substrate DOX-N3. 

 

Scheme E5. Synthesis of substrate DOX-4F-N3. 

DOX-4F-N3 was prepared according to the previous literature.[39] 1H NMR (400 MHz, CDCl3) 

δ (ppm): δ 13.99 (s, 1H), 13.26 (s, 1H), 8.08-8.04 (m, 1H), 7.80 (t, J = 8.1 Hz, 1H), 7.40 (d, J 

= 8.5 Hz, 1H), 5.50 (d, J = 3.9 Hz, 1H), 5.30 (s, 1H), 5.10 (d, J = 11.4 Hz, 3H), 4.75 (d, J = 2.4 

Hz, 2H), 4.09 (s, 4H), 3.85 (s, 1H), 3.66 (s, 1H), 3.34-3.26 (m, 1H), 3.09-3.01 (m, 1H), 2.33 

(d, J = 14.8 Hz, 1H), 2.17 (dd, J = 14.7, 4.0 Hz, 1H), 1.89 (dd, J = 13.4, 5.1 Hz, 1H), 1.75 (td, 

J = 13.1, 4.2 Hz, 2H), 1.29 (d, J = 6.7 Hz, 4H). 19F NMR: 142.29, 151.71. HRMS (ESI): calcd. 

for [M+Na]+ (C35H30F4N4O13Na) m/z 813.1643, found 813.1741; [M+K]+ (C35H30F4N4O13K) 

m/z 829.1383, found 829.2094. LC-MS: t = 7.637 min. 
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Figure E14. 1H NMR spectrum (400 MHz, 298 K) of substrate DOX-4F-N3 in CDCl3. 

 

Figure E15. 19F NMR spectrum of substrate DOX-4F-N3 in CDCl3. 
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Figure E16. ESI-MS of substrate DOX-4F-N3. 

 

Figure E17. LC-MS showed the purity of substrate DOX-4F-N3. 

 

Figure E18. LC-MS showed the purity of product of DOX. 
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3. Host-guest supramolecular binding  

To simplify the binding study, free β-CD was employed instead of HACD as a reference to 

evaluate the binding behavior with [Ru(bpyAda)(bpy)2](PF6)2. As shown in Figure E19, 1H 

NMR spectra titration reveals that the proton signals of the adamantane moieties (a, b and c) 

exhibit a downfield shift upon the addition of β-CD. While the proton signals of 

ethylenediamine linker and ruthenium tris-bipyridine remain largely unchanged during the 

addition of β-CD. These results demonstrate that only the adamantane moiety is encapsulated 

within the cavity of β-CD through favourable hydrophobic interaction, while the ruthenium 

tris-bipyridine moiety remains outside the cavity.  

Furthermore, the complexation stoichiometries and binding constants were studied by 1H NMR 

titration and ESI-Mass analysis. A nonlinear least-squares fit of the chemical-shift changes 

based on the adamantane proton b (δ = 1.85 ppm), indicates a 2:1 binding stoichiometry 

between β-CD and [Ru(bpyAda)(bpy)2](PF6)2. Moreover, the association constant K values are 

calculated as K1 = 4.32×103 M-1, K2 = 1.40×103 M-1, with an interaction parameter α = 1.29. 

This value of α suggests positive cooperativity of β-CD and [Ru(bpyAda)(bpy)2](PF6)2, 

favouring the formation of the 2:1 complex over the 1:1 complex (Figure E21). Additionally, 

ESI-Mass analysis provides clear insights into the species and stoichiometry of supramolecular 

assemblies: doubly charged ion species [Ru(bpyAda)(bpy)2]
2+, [Ru(bpyAda)(bpy)2β-CD]2+ 

and [Ru(bpyAda)(bpy)22β-CD]2+ with m/z value of 533.2080, 1100.393 and 1667.578, 

respectively (Figure E22). 
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Figure E19. 1H NMR spectra titration (400 MHz, PBS buffer in D2O containing 5% DMSO-

d6, 298 K) of [Ru(bpyAda)(bpy)2](PF6)2 (1 mM) upon the addition of β-CD (0, 0.2, 0.6, 1.0, 

1.2, 1,6, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 7.0, 8.0, 9.0, and 10.0 mM, labeled from (a) to 

(s)). The blue dash box highlights the proton changes of the adamantane moiety. 
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Figure E20. A zoomed-in view of the blue dash box in Figure E19. The inserted image shows 

two tubes: the left tube contains an opaque suspension, representing the free catalyst 

[Ru(bpyAda)(bpy)2](PF6)2 (1 mM), while the right tube contains a clear solution, representing 

the Ru(bpyAda)(bpy)2β-CD assembly ([Ru(bpyAda)(bpy)2](PF6)2:β-CD = 1:2). This 

illustrates that the binding of β-CD could enhance the water solubility of catalyst 

[Ru(bpyAda)(bpy)2](PF6)2. 

 

Figure E21. Nonlinear least-squares fit of chemical shift changes (Δδ) based on proton b for 

the calculation of the binding constant K of Ru(bpyAda)(bpy)2β-CD. The calculation of α = 

4K2/ K1= 1.29 > 1.0, indicating positive cooperativity. 
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Figure E22. ESI-MS spectrum of Ru(bpyAda)(bpy)2β-CD complex. The Peaks correspond to 

the total assembly of Ru(bpyAda)(bpy)2:β-CD = 1:2, partially assembly of 

Ru(bpyAda)(bpy)2:β-CD = 1:1, and the free catalyst [Ru(bpyAda)(bpy)2]
2+. 

4. Optical properties of photocatalysts and substrates 

 

Figure E23. Optical properties of Ru catalysts. (a) UV-vis spectra. (b) Emission spectra 

excited at 480 nm in PBS buffer at 298 K. ([Ru(bpyAda)(bpy)2](PF6)2 = 10 μM, [β-CD or β-

CD in HACD] = 20 μM) 
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Figure E24. Optical properties of Rho-N3 and Rho 110. (a) UV-vis spectra. (b) Emission 

spectra excited at 488 nm in PBS buffer containing 10% DMSO at 298 K. ([Rho-N3] = [Rho 

110] = 10 μM)  

 

Figure E25. Optical properties of DOX-N3, DOX-4F-N3 and DOX. (a) UV-vis spectra. (b) 

Emission spectra excited at 490 nm in PBS buffer containing 10% DMSO at 298 K. ([DOX-

N3] = [DOX-4F-N3] = [DOX] =10 μM)   
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5. Photoreduction of Rho-N3 in solution  

 

Scheme E6. Reaction setup for azide photoreduction reaction in a vial under 456 nm blue light 

irradiation. 

Optimization of the reaction conditions: before using Ru(bpyAda)(bpy)2HACD as 

catalyst, [Ru(bpyAda)(bpy)2](PF6)2  was used to optimize the reaction conditions including 

reaction time, different reductants, reductant concentration, catalyst loading and control 

experiments. 

Reaction solution: In a 1.5 mL glass vial, 20 μM Rho-N3, 2 μM Ru catalyst (10%), 4 mM 

NaAsc dissolved in PBS buffer containing 2% DMSO to form the 500 μL reaction solution. 

The reaction solution was stirred and irradiated by 456 nm Kessil light for 7 min.  

Detection solution: After irradiation, reaction solution was diluted 20-fold with PBS buffer in 

a 4 mL quartz cuvette and measured by a fluorometer. Ex: 488 nm, Em: 520 nm. The yield was 

calculated by calibration curve of Rho 110 in PBS buffer.  

Calibration curve: Different concentration of Rho 110 in PBS buffer: 0.05 μM, 0.1 μM, 0.2 

μM, 0.3 μM, 0.4 μM, 0.5 μM, 0.6 μM, 0.7 μM, 0.8 μM, 0.9 μM, 1.0 μM.  Then measured by a 
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fluorometer. Ex: 488 nm, Em: 520 nm. Calibration curve was made based on the fluorescence 

intensity at 520 nm. 

 

Figure E26. (a) Fluorescence emission of reaction solution at different irradiation time: 1 min, 

2 min, 3 min, 4 min, 5 min, 6 min, 7 min, 8 min, 9 min, 10 min. (b) Fluorescence at 520 nm with 

different irradiation time. ([Rho-N3] = 20 μM, [Ru(bpyAda)(bpy)2](PF6)2 = 2 μM (10%), 

[NaAsc] = 10 mM in PBS buffer containing 2% DMSO at 298 K under 456 nm light). After 7 

min irradiation, the fluorescence intensity remained constant. 

 

Figure E27. Fluorescence emission of reaction solution with different NaAsc concentrations: 

4 μM, 1 mM, 2 mM, 4 mM, 6 mM, 8 mM, 10 mM, 20 mM. ([Rho-N3] = 20 μM, 

[Ru(bpyAda)(bpy)2](PF6)2 = 2 μM (10%) in PBS buffer containing 2% DMSO at 298 K after 

7 min of 456 nm light irradiation). When the NaAsc concentration reached 4 mM, the 

fluorescence intensity at 520 nm is maximum. 

500 520 540 560 580 600 620 640

0.0

2.0x105

4.0x105

6.0x105

8.0x105

1.0x106

1.2x106

1.4x106

F
lu

o
re

s
c
e
n

c
e

Wavelength/nm

 4 uM NaAsc

 1 mM NaAsc

 2 mM NaAsc

 4 mM NaAsc

 6 mM NaAsc

 8 mM NaAsc

 10 mM NaAsc

 20 mM NaAsc



103 
 

 

Figure E28. Fluorescence emission of reaction solution with different reductants: no 

reductant, 4 mM NaAsc, 4 mM GSH, 4 mM NADH. ([Rho-N3] = 20 μM, 

[Ru(bpyAda)(bpy)2](PF6)2  = 2 μM (10%) in PBS buffer containing 2% DMSO at 298 K after 

7 min of 456 nm light irradiation). NaAsc is the most effective reductant and will be used in 

the next catalysis. 

 

Figure E29. Fluorescence emission of reaction solution with different 

[Ru(bpyAda)(bpy)2](PF6)2  catalyst loading: 0.1% (0.02 μM), 1% (0.2 μM), 5% (1 μM), 10% 

(2 μM). ([Rho-N3] = 20 μM, [NaAsc] = 4 mM in PBS buffer containing 2% DMSO at 298 K 

after 7 min of 456 nm light irradiation). 10% [Ru(bpyAda)(bpy)2](PF6)2 loading will be used 

in the next catalysis. 
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Figure E30. Fluorescence emission of control experiments. Optimal conditions: [Rho-N3] = 

20 μM, [Ru(bpyAda)(bpy)2](PF6)2 = 2 μM (10%), [NaAsc] = 4 mM in PBS buffer containing 

2% DMSO at 298 K after 7 min of 456 nm light irradiation. 

 

Figure E31. Fluorescence emission of reaction solution with different Ru catalysts: 

[Ru(bpyAda)(bpy)2](PF6)2, Ru(bpyAda)(bpy)2β-CD and Ru(bpyAda)(bpy)2HACD. ([Rho-

N3] = 20 μM, [NaAsc] = 4 mM, [Ru(bpyAda)(bpy)2]2PF6 = 10 μM, [β-CD or β-CD in HACD] 

= 20 μM in PBS buffer containing 2% DMSO at 298 K after 7 min of 456 nm light irradiation).  
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Figure E32. (a) Fluorescence emission of different Rho 110 concentrations excitation at 488 

nm. (b) Calibration curve of Rho 110 based on the emission intensity at 520 nm. 

6. Photoreduction of Rho-N3 in living cells 

To investigate if the photoreduction of Rho-N3 could specifically target cancer cells through 

hyaluronic acid, we selected normal cells (embryonic mouse fibroblast cell line NIH3T3 with 

a low CD44 receptor) and cancer cells (breast cancer cell line MCF-7 with a high CD44 

receptor) for catalysis. 

Photocatalysis of Rho-N3 in cells: In μ-slide 8 well, each well was added 200 μL DMEM 

media with 10% FBS containing 15000 cells. After incubating the cells at 37°C with 5% CO2 

for 24 h, the cell media were removed, and each well was washed with PBS to remove 

metabolite. Each well was added 200 μL DMEM media with 2 μM Ru catalyst, and the cells 

were incubated at 37°C with 5% CO2 for 30 min. Then the cell media were removed, and each 

well was washed with PBS to remove Ru catalyst outside the cells. Subsequently, 200 μL 

DMEM media with 20 μM Rho-N3 substrate and 4 mM NaAsc were added to each well, and 

the cells were incubated at 37°C with 5% of CO2 for 15 min. The dishes were irradiated with 

460 nm blue light for 5 min. Finally, the cells were imaged by confocal microscopy in the dish, 

with the following microscopy conditions: laser line at 488 nm, green channel at 500-550 nm, 

red channel at 640-700 nm. 
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Figure E33. Confocal images exhibited cancer cells MCF-7 and normal cells NIH3T3 without 

the addition of any compounds (blank group) after 5 min blue light irradiation (As control 

experiments, neither MCF-7 cancer cells nor NIH3T3 normal cells are fluorescent). 

 

Figure E34. Confocal images exhibited the catalysis of Rho-N3 in cancer cells MCF-7 and 

normal cells NIH3T3 with Rho-N3 (20 μM) and NaAsc (4 mM) after 5 min blue light irradiation 

(As control experiments, neither MCF-7 cancer cells nor NIH3T3 normal cells are 

fluorescent). 
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7. Photoreduction of prodrug DOX-N3 and DOX-4F-N3 in solution 

Reaction and detection solution: In a 1.5 mL glass vial, a reaction solution was prepared by 

dissolving 100 μM DOX-N3 or DOX-4F-N3, 10 μM Ru(bpyAda)(bpy)2HACD catalyst (10%) 

and 20 mM NaAsc in PBS buffer containing 50% DMSO, resulting in a total volume of 500 

µL. The reaction solution was stirred and exposed to 456 nm Kessil light for different time. 

After irradiation, the reaction solution was measured by LC-MS. The conversion were 

determined by the calibration curve of DOX-N3 or DOX-4F-N3 in PBS:DMSO = 1:1 solution 

by LC-MS.  

Calibration curve: Make different concentration of DOX-N3 or DOX-4F-N3: 20 μM, 50 μM, 

80 μM, 100 μM in PBS:DMSO = 1:1 solution, followed by LC-MS measurement. The 

calibration curve was made based on the peak at 7.4 min (DOX-N3) and 7.65 min (DOX-4F-

N3). 

 

Scheme E7. Reaction of prodrug DOX-N3 using Ru(bpyAda)(bpy)2HACD as the catalyst with 

the addition of reductants in PBS:DMSO = 1:1 solution at 298 K under 456 nm blue light 

irradiation. 
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Figure E35. LC-MS spectra of the reaction mixture with substrate DOX-N3 (100 μM), 

Ru(bpyAda)(bpy)2HACD (10 μM) and GSH (20 mM) in PBS:DMSO = 1:1 solution at room 

temperature, irradiated by 456 nm Kessil light for different time slots. 

 

Figure E36. LC-MS monitor the reaction with substrate DOX-N3 (100 μM), 

Ru(bpyAda)(bpy)2HACD (10 μM) and NADH (20 mM) in PBS:DMSO = 1:1 solution at room 

temperature, irradiated by 456 nm Kessil light for different time. 
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Figure E37. (a) LC-MS traces of DOX-N3 at different concentrations (20 μM, 50 μM, 80 μM, 

100 μM) in PBS:DMSO = 1:1 solution. (b) Calibration curve of DOX-N3 based on the peak at 

7.4 min. 
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Scheme E8. Reaction of the prodrug DOX-4F-N3 using Ru(bpyAda)(bpy)2HACD as the 

catalyst, with the addition of reductant NaAsc in PBS:DMSO = 1:1 solution at 298 K under 

456 nm blue light irradiation. 

 

Figure E38. LC-MS monitor the reaction with substrate DOX-4F-N3 (100 μM), 

Ru(bpyAda)(bpy)2HACD (10 μM) and NaAsc (20 mM) in PBS:DMSO = 1:1 solution at room 

temperature, irradiated by 456 nm Kessil light for different time. 
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Figure E39. (a) LC-MS traces of DOX-4F-N3 at different concentrations (20 μM, 50 μM, 80 

μM, 100 μM) in PBS:DMSO = 1:1 solution. (b) Calibration curve of DOX-4F-N3 based on the 

peak at 7.65 min. 
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8. Photoreduction of DOX-N3 in living cells 

 

Scheme E9. Reaction setup for DOX-N3 photoreduction reaction in living cells cultured in 96-

well plate.  

Alamar blue cell viability assays of DOX-N3 and DOX: In a 96-wells plate, 100 µL of 

DMEM media with 10% FBS containing 10000 cells was added to each well. After incubating 

at 37°C with 5% CO2 for 24 h, the cell media were removed, and each well was washed with 

PBS to remove metabolite. To each well, 100 μL of DMEM media without FBS containing 1, 

5, 10, 50, 100 μM of DOX-N3 or DOX was added, and the cells were incubated at 37 °C with 

5% CO2 for 4 h. Then the cell media were removed, and each well was washed with PBS to 

remove DOX-N3 or DOX outside the cells. Then the cells were incubated with DMEM media 

for 40 h and the cell viability was measured through alamar blue assay.  

Photocatalysis of DOX-N3 in living cells: In a 96-wells plate, 100 µL of DMEM media with 

10% FBS containing 10000 cells was added to each well. The cells were incubated at 37°C 

with 5% CO2 for 24 h. Afterward, the cell media were removed, and each well was washed 

with PBS to remove metabolite. To each well, 100 μL DMEM media with different compounds 
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mixture was added (the compounds mixture groups are shown in Figure 7), and the cells were 

incubated at 37°C with 5% CO2 for 4 h. Then the cell media were removed, and each well was 

washed with PBS to remove the compounds outside the cells. With the lid open, aluminum foil 

was used to cover the wells that did not need irradiation. The plate was then exposed to 460 

nm blue light with an intensity of 6.64 mW/cm2 for 10 min. After irradiation, the cells were 

incubated at 37°C with 5% of CO2 for 40 h, and alamar blue was added to test the cell viability 

of each group. 
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