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1. Introduction 

Small-molecule inhibitors have recently emerged as promising therapeutic agents for 

cancer treatment.1, 2 However, their effectiveness is often hindered by critical issues such 

as side effects resulting from the inability to confine drug activity to a limited region and 

the development of resistance.3 Therefore, alongside the quest for new, efficient, and 

targeted anti-tumor agents, exploring innovative approaches to enhance their selectivity and 

localized action is essential. 

Various internal and external triggers have been previously employed to regulate drug 

activity.4-7 Several light-mediated approaches, including optogenetics,8 photodynamic 

therapy (PDT),9 and photopharmacology,10 have been developed in recent years. However, 

the therapeutic application of optogenetics is limited by the need for genetic alterations, 

and clinically adopted PDT lacks specificity for precise molecular targets, making it 

primarily suitable for the destruction of tumors or infected tissues.10a 

Fortunately, the field of photopharmacology has emerged to provide a potential 

solution to these challenges. Photopharmacological agents are crafted by incorporating a 

photoresponsive component, such as a photocaging group11 or photoswitch,12 into a drug 

molecule, enabling dynamic control over its activity. Notable examples include the 

modification of well-established anticancer drugs like imatinib13 and vemurafenib14 with 

light-sensitive groups such as 4,5-dimethoxy-2-nitrobenzyl and o-nitrobenzylic 

photoprotective groups, effectively transforming them into caged drugs (prodrugs) that are 

inactive until exposed to UV (365 nm) light. 

I aimed to develop a general caging method targeting the triarylimidazole moiety, 

which is a crucial structural component in various small-molecule inhibitors used to target 

different kinases in anticancer treatment.15, 16 Among them, SB43154217, 18 is a 

triarylimidazole-based small-molecule inhibitor (Scheme 1) that has garnered significant 

attention due to its specificity and potency as an inhibitor of TGF-β type 1 receptors (TGF-

β R1), specifically ALK4, ALK5, and ALK7. SB431542 effectively targets the tumor-

promoting actions of TGF-β in human cancer cells, including cell migration, invasion, and 

secretion of vascular endothelial growth factor. Additionally, SB431542 remarkably 

inhibits colony formation by late-stage colon cancer cells (HT29). 

Balancing the anti-proliferative property of TGF-β19, 20 in normal cells while 

sufficiently blocking its tumor-promoting effect in cancer cells is crucial.21 To achieve this, 

I developed photocaged forms of SB431542 (1 and 2) by introducing -N(CH3)2 

(dimethylamino) and -N(CH3)CH2COOH (N-methyl-(N-hydroxycarbonylmethyl) amino) 

groups, respectively, on the carbon atom of the imidazole ring (Scheme 1), which 

intrinsically modulated the core structure from planar imidazole to tetrahedral 2H-

imidazole. The formed C–N bond was cleaved upon visible light irradiation, reforming the 

original bioactive SB431542. Despite lacking bulky aromatic moieties in their 

photoremovable groups, caged 1 and 2 exhibited visible light sensitivity due to absorption 

by the triaryl-2H-imidazole structure. This sets them apart from typical UV-responsive o-

nitrobenzyl, visible light-responsive coumarin, cyanine, and BODIPY-based photocaging 

groups.22 
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Using photocaged SB431542, I demonstrated selective inhibition of cell migration 

upon visible light irradiation via wound healing assays conducted with human breast cancer 

cells. This caging method targeting imidazole-based drug molecules presents a widely 

applicable strategy to regulate drug activity, thereby minimizing adverse effects and 

reducing the risk of developing drug resistance in cancer treatment. 

 

 

  

Scheme 1. Synthetic route to obtain caged forms of SB431542 (1 and 2) and structures of newly designed caged 

SB431542 molecules. 
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2. Results 

2.1  Molecular Design and Synthesis 

I successfully synthesized 1 from SB431542 via ferrocyanide oxidation in the 

presence of dimethylamine in N, N-dimethylformamide (DMF). As an alternative, I 

synthesized 2 from SB431542 by introducing the N-methyl-(N-hydroxycarbonylmethyl) 

amino group to enhance the molecule’s water solubility (Scheme 1). The detailed 

synthetic procedures to obtain 1 and 2 are presented in the Supporting Information 

(Schemes 2 and 3, respectively). The synthesized compounds were characterized using 1H 

NMR, 13C NMR, and mass spectroscopy (Figures 1–6). Compound 2 was soluble in water 

up to a concentration of at least 700 µM, which was significantly higher than the 

maximum solubility of Compound 1. (Figure 7). 

I investigated the photoresponsive properties of 1 and 2. To characterize the 

photoreactivity of 1, I measured its absorption spectrum in a 1:1 acetonitrile and water 

mixture at 25 °C (Figure 8), which revealed two distinct absorption maxima at 262 and 

359 nm. After irradiating the solution at 405 nm, these peaks disappeared and a single 

absorption maximum at 326 nm emerged, coinciding with the absorption maximum of 

SB431542. Notably, irradiation at 405, 430, and 450 nm could induce photoreaction of 1, 

leading to the formation of SB431542 (Scheme 4 and Figures 9, 10). Similar UV-visible 

absorption study indicated the formation of SB431542 from 2 upon 405 nm light 

irradiation (Figure 11).  

1H NMR analysis was performed to further confirm the formation of SB431542 

from 1 upon 405 nm light irradiation (Figure 12). The peaks in the 1H NMR spectrum of 

irradiated 1 matched those observed in the 1H NMR spectrum of SB431542, providing 

compelling evidence for the formation of SB431542 as a result of photochemical 

reaction. Similarly, 1H NMR analysis indicated the formation of SB431542 from 2 upon 

405 nm irradiation (Figure 13). 

High-performance liquid chromatography (HPLC) was employed to monitor the 

conversion of 1 to SB431542 upon 405 nm light irradiation (Figure 14). The retention 
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times of 1 and SB431542 were determined to be 10.8 and 6.6 min, respectively. I could 

confirm that the peak at 10.8 min was converted to the peak at 6.6 min upon 405 nm 

irradiation. Utilizing calibration curves derived from the correlation between the HPLC 

peak areas and their corresponding molar concentrations (Figures 15–16), I determined 

that the conversion efficiency of 1 to SB431542 upon 405 nm irradiation was 

approximately 96%. The efficiency of converting 2 to SB431542 under 405 nm light was 

97%, as determined by changes in the UV-visible absorption spectra (Figure 11). The 

quantum yield of the photoreaction from 1 to SB431542 at 405 nm estimated by the 

absorption spectra change was 0.44 and that for 2 was 0.34 (Figures 17-23 and Tables 1-

2). 

 

 

  

Scheme 2. Synthetic scheme for 1. 

 

Scheme 3. Synthetic scheme for 2 
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Fgure 1. 1H NMR spectrum of 1 recorded in acetonitrile-d3 and D2O (1:1) mixture.  

 

Figure 2. 1H NMR spectrum of 2 recorded in acetonitrile-d3 and D2O (1:1) mixture. 
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Figure 4. 13C NMR spectrum of 2 recorded in acetonitrile-d3 and D2O (1:1) mixture. 

 

Figure 3. 13C NMR spectrum of 1 recorded in acetonitrile-d3 and D2O (1:1) mixture. 
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Figure 6. High resolution mass spectra (ESI) of 2 - m/z [M+H]+ calculated for C25H21N5O5: 472.16209, found: 

428.17077 indicating the elimination of a molecule of CO2 [M+H-CO2]+; m/z [M+Na]+ calculated: 494.14404 

found: 450.15237 indicating the elimination of a molecule of CO2 [M+Na-CO2]+. 

 

Figure 5. High resolution mass spectra (ESI) of 1 - m/z [M+H]+ calculated for C24H21N5O3: 428.17226, found: 

428.17092; m/z [M+Na]+ calculated: 450.15421, found: 450.15276. 
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Figure 8. UV-visible absorption spectra of 1 upon irradiation with 405 nm light for different time periods and 

UV-visible absorption spectrum of SB431542. 

Figure 7. UV-visible absorption spectrum of 1 at saturated concentration (0.33 mM) and that of 2 at 0.7 mM 

concentration recorded in water (path length = 1 mm). 
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Figure 9. UV-visible absorption spectra of 1 recorded in acetonitrile:water (1:1) mixture upon irradiating with 

430 nm light for different time periods and UV-visible absorption spectrum of SB431542. 

 

Scheme 4. The uncaging of 1 to form SB431542 upon visible light irradiation. 
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Figure 11. UV-visible absorption spectra of 2 recorded in acetonitrile:water (1:1) mixture upon irradiating with 

405 nm light for different time periods and UV-visible absorption spectrum of SB431542. 

Figure 10. UV-visible absorption spectra of 1 recorded in acetonitrile:water (1:1) mixture upon irradiating with 

450 nm light for different time periods and UV-visible absorption spectrum of SB431542. 
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Figure 12. 1H NMR spectra of SB431542, 1, and 1 after irradiation with 405 nm light for 

10 min (measured in the 1:1 mixture of CD3CN and D2O).  
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Figure 13. 1H NMR spectra of SB431542, 2, and 2 after irradiated with 405 nm light for 10 and 20 minutes 

recorded in acetonitrile-d3 and D2O (1:1) mixture. 

Figure 14. HPLC chromatograms of 1 after irradiation with 405 nm light for different time 

periods. 
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Figure 15. Calibration curve for 1. 

Figure 16. Calibration curve for SB431542. 
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Figure 17. Calibration chart plotting the concentration of Fe2+ ions against the absorbance at 510 nm.[3] This 

graph was utilized to determine the extinction coefficient of the ferrioxalate-phenanthroline complex, also 

known as ferroin, at 510 nm. The calibration solutions were prepared by diluting a commercially available 0.1 

mol/L FeSO4 solution (purchased from Hayashi Pure Chemical, Lot No T211109001) in a sodium acetate 

buffer containing phenanthroline (0.1 wt%, 300 µL). 
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Figure 18. Graph of varying concentration of 1 against absorbance at λmax (262 nm, red line). Extinction 

coefficient of 1 was calculated from the slope of a linear fit. 

 

Figure S19. Graph of varying concentration of SB431542 against absorbance at λ = 262 nm 

(red line). Extinction coefficient of SB431542 was calculated from the slope of a linear fit. 
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ɛ1 ɛSB431542      Ф 

18245 4990     0.44 

Figure 20. Graph showing the amount of SB431542 formed under different light intensity (0.15–0.56 

mW/cm2). Photons absorbed by 1 were calculated and the slope of the graph gives the quantum yield for the 

photocleavage reaction of 1. 

 

Table 1. Table showing the calculated values and photocleavage reaction quantum yield of 1 at 405 nm light 

irradiation. 
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Figure 21. Graph of varying concentration of 2 against absorbance at λmax (255 nm, red line). Extinction 

coefficient of 2 was calculated from the slope of a linear fit. 

 

Figure 22. Graph of varying concentration of SB431542 against absorbance at λ = 255 nm (red line). 

Extinction coefficient of SB431542 was calculated from the slope of a linear fit. 
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ɛ1 ɛSB431542      Ф 

13980 3894     0.34 

Figure 23. Graph showing the amount of SB431542 formed under different light intensity (0.15–0.56 

mW/cm2). Photons absorbed by 2 were calculated and the slope of the graph gives the quantum yield for the 

photocleavage reaction of 2. 

 

Table 2. Table showing the calculated values and photocleavage reaction quantum yield of 2 at 405 nm light 

irradiation. 
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2.2  Immunoblotting Analysis 

To evaluate the effect of 1 on TGF- β signaling, I investigated TGF- β -dependent 

activation of Smad2, a major downstream molecule of TGF- β pathway,23 using breast 

cancer cells MDA-MB-231 and glioblastoma cells KMG. I employed immunoblot analysis 

to assess Smad2 phosphorylation. These cells were treated with 1 or SB431542 as a control. 

SB431542 effectively inhibited the TGF-β-dependent phosphorylation of Smad2 in both 

cell types (Figure 24; lane 3). Similarly, 1 suppressed the phosphorylation of Smad2 only 

upon light irradiation (Figure 24; lanes 5 and 6). These results demonstrate that at 10 mM 

concentration, 1 has minimal inhibition activity against Smad2 phosphorylation in TGF-b 

signaling pathway. However, upon irradiation 1 produces SB431542, resulting in inhibition 

of TGF-b signaling.  

 

 

  

Figure 24. (a) Protein and phosphorylation levels of Smad2 upon treating with 1. MDA-MB-231 (left) and KMG4 

cells (right) were treated with 10 µM of SB431542 (lanes 3 and 4) and 10 µM of 1 (lanes 5 and 6) in the presence 

or absence of 405 nm light irradiation, and TGF--dependent phosphorylation of Smad2 was examined by 

immunoblotting. Actin was used as a loading control. (b) Relative phosphorylation levels of Smad2 are displayed 

in the graph. The numbers below the graph indicate the same treatment as shown in (a) above. 
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2.3  Wound Healing Assay  

After confirming the generation of the authentic TGF-β R1 inhibitor, SB431542, from 

1 and 2 upon visible light irradiation, and understanding 1’s function in regulating the TGF-

β signaling pathway through light irradiation, our goal was to validate the applicability of 

1 and 2 for photo-regulation of cellular movement. In TGF-β signaling, activated Smad 

complex can induce the expression of several transcription factors in the nucleus to promote 

fibroblast activation that plays a critical role in wound healing. It has been reported that 

SB431542 effectively blocks TGF-β–induced cell migration in a wound healing 

experiment.17, 24, 25 For our study, I conducted a wound healing assay26 using 1, a 

photoswitchable inhibitor for the TGF-β signaling pathway, both in the presence and 

absence of light with the breast carcinoma cell line, MDA-MB231. 

Initially, I determined the EC50 values of SB431542, 1, and 2 by performing the wound 

healing assay at different concentrations and the EC50 values were found to be 3.3, 23.1, 

and 30.9 µM, respectively (Figure 25-27). In the control experiment performed with 

dimethylsulfoxide (DMSO), slight wound recovery was observed within 24 h (gap 

reduction of approximately 35 µm, Figure 28a(i)). However, cells treated with TGF-β1 (3 

ng/mL) showed more significant wound recovery (gap reduction of approximately 85 μm, 

Figure 28a(ii)). Irradiation of TGF-β1–treated cells with 405 nm light for 3 min at 15.5 

mW/cm2 intensity did not affect the wound healing process (Figure 28a(iii)). Cells treated 

with TGF-β1 and SB431542 (10 mM) showed approximately equivalent wound recovery 

to that in the control experiment, indicating the inhibitory effect of SB431542 on TGF-β 

R1 (Figure 28a(iv)). Cells treated with TGF-β1 and 1 (10 mM) exhibited almost equivalent 

wound recovery to that of cells treated solely with TGF-β1, suggesting the non-inhibitory 

effect of 1 (Figure 28a(v)). However, irradiation of cells treated with TGF-β1 and 1 with 

405 nm light for 3 min resulted in equivalent wound recovery to that of cells treated with 

TGF-β1 and SB431542, indicating photocleavage of 1 to generate SB431542 in the cellular 

environment (Figure 28a(vi)). 

The results of the wound healing assay with 1, conducted as single set of experiment, 

are summarized in Figure 28b. A similar photoresponsive wound healing was observed with 
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2 (Figure 29). The same trend is reproduced with two other independent sets of experiment 

for both 1 and 2 (Figure 30).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S26. Graph of concentration dependent percentage cell migration for the compound 1. 

Figure 27. Graph of concentration dependent percentage cell migration for the compound 2. 

Figure S25. Graph of concentration dependent percentage cell migration for SB431542. 
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Figure 28. Wound healing assays performed with MDA-MB-231 cells. (a) Representative 

images of wound recovery upon different treatments at 0 and 24 h. Scale bar = 100 µm (b) 

Average wound recovery of MDA-MB-231 cells under different conditions after 24 h 

(single set of experiments). Error bars represent the standard deviation for measurements 

of three different areas of the wound in a single well. 
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Figure 29. Wound healing experiments on MDA-MB-231 cells using 2. (a) Images of MDA-MB-231 cells upon 

different treatments at 0 h and after 24 hours. Scale bar = 100 µm (b) Average wound recovery of MDA-MB-231 

cells at different conditions after 24 hours for the single set of experiments. Error bars represent the standard 

deviations for three different areas of the wound in a single well. 
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Figure 30. (a) and (b) Results of wound healing assays performed on MDA-MB-231 cells obtained from two 

different sets of experiments. Average wound recovery of MDA-MB-231 cells at different conditions after 24 

hours is presented. Error bars represent the standard deviations for three different areas of the wound in a single 

well. 
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2.4  Spatiotemporal Regulation  

To demonstrate the effectiveness of our strategy in achieving localized activity against 

cancer cells by selectively inhibiting TGF-β R1 at a specific region of interest while 

maintaining its activity in the surrounding region, I created two wounds in a single well, 

treated cells with TGF-β1, SB431542, and 1, and subjected one wound to visible light 

irradiation but not the other. Figure 4a illustrates the experimental setup used for the 

spatiotemporal regulation experiments, wherein the well was covered with aluminum foil, 

leaving only one wound exposed, and the well was irradiated with 405 nm light at an 

intensity of approximately 0.1 mW/cm2 for 24 h (Figure 31b). Cell migration in the 

irradiated and non-irradiated wounds was recorded (Figure 32).  

As expected, cells treated solely with DMSO or TGF-β1 and those treated with TGF-

β1 and SB431542 did not exhibit any differences in the wound healing process at 405 nm-

light- exposed and covered areas (Figure 32(i–vi)). However, cells treated with TGF-β1 and 

1 exhibited clear differences in the wound healing process at the exposed (Figure 32(viii)) 

and covered (Figure 32(vii)) areas. The average wound recovery under various exposure 

conditions is summarized in Figure 33. Similar results were obtained with 2 (Figure 34). 

The same trend is reproduced with another independent experiment (Figure 35).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 31. Spatiotemporal regulation of wound healing with MDA-MB-231 cells. (a) 

Experimental arrangement of spatiotemporal regulation experiments. (b) Irradiation setup 

used to irradiate samples for 24 h inside the incubator.  
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Figure 32. Representative images of cells upon different treatments at 0 and 24 h. Scale bar 

= 100 m.  
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Figure 33. Average wound recovery of cells under different conditions after 24 h (single set of 

experiments). Error bars represent the standard deviation for measurements of three different areas of 

the wound created in a single well. 
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Figure 34. Spatiotemporal regulation of wound healing in MDA-MB-231 cells using 2. (a) Images of MDA-MB-

231 cells upon different treatments at 0 h and after 24 hours. Scale bar = 100 µm. (b) Average wound recovery of 

MDA-MB-231 cells at different conditions after 24 hours calculated based on single set of experiment. Error bars 

represent the standard deviations for three different areas of the wound in a single well. 
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Figure 35. I and II are the results of spatiotemporal regulation of wound healing process in 

MDA-MB-231 cells using 1 obtained from two different sets of experiments. Average wound 

recovery of MDA-MB-231 cells at different conditions after 24 hours under dark and 405 nm 

light irradiation conditions is presented. Error bars represent the standard deviations for three 

different areas of the single wound in a single well. 
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2.5  Molecular Docking Studies  

Molecular docking simulations were employed to assess the binding affinities of 1 and 

2 with respect to the binding site of SB431542 in TGF-β R1. The TGF-β R1 structure 

obtained from the Protein Data Bank (PDB ID: 3TZM)27 served as the receptor model. 

Figure 36a–c presents the docked structures of the ligands in the SB431542 binding site of 

TGF-β R1. The docking results revealed lower binding affinities for 1 and 2 compared to 

SB431542 (Figure 36d). All ten different docking poses of each ligand are presented in the 

Supporting Information (Figure 37). 

 

 

  

Figure 36. Docked ligands in the SB431542 binding site of TGF- β R1 (PDB: 3TZM). (a) Ligand SB431542 in 

the binding site of TGF- β R1 superimposed with docked SB431542. (b) Docked 1. (c) Docked 2. (d) Table 

presenting the binding affinities of docked ligands. 
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Figure 37. Docked ligands in the SB431542 binding site of TGF-β R1. (a) SB431542 docked to TGF-β R1. (b) 

1 docked to TGF-β R1. (c) 2 docked to TGF-β R1. In all the cases, the tables represent the binding affinity values 

corresponding to 10 different binding poses. 
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2.6  Attempts to Cage Different Types of Imidazoles 

In our effort to evaluate the wider applicability of our caging technique, I applied it to 

various types of imidazole-based molecules. These included well-established drug 

molecules such as adezmapimod and neurodazine as well as other molecules like 2,4,5-

triphenylimidazole (lophine), 2,5-diphenyl-1H-imidazole, 2-phenylbenzimidazole, and 2-

phenylimidazole.  

The adezmapimod (SB203580) molecule,28 is an ATP-competitive inhibitor of p38 

kinase. I obtained the dimethylamino adduct of adezmapimod (3) via ferrocyanide 

oxidation in the presence of dimethylamine (Scheme 5). However, the fluorine atom on the 

phenyl ring was unexpectedly substituted with the dimethylamino group. The C–N bond of 

3 underwent photochemical cleavage upon exposure to 405 nm light, forming uncaged 

imidazole (3a) (Figures 38a and b, 39), the structure of which was confirmed by 1H NMR 

and mass spectroscopy (Figure 40-41, 42, 43-44). The quantum yield of the photoreaction 

from 3 to 3a at 405 nm estimated by the absorption spectra change was 0.72 (Figures 45-

46, Tables 3). 

Caging another imidazole-based drug molecule, neurodazine,29 yielded 4 with a 

dimethylamino substitution (Scheme 6, Figures 47, 48, 49). Upon irradiation with 405 nm 

light the neurodazine was regenerated (Figures 50 and 51). Lophine the simplest 

triarylimidazole, is known for its bioactivity.30 Therefore, I aimed to cage lophine, resulting 

in the formation of 5 with a dimethylamino substitution (Scheme 7, Figures 52, 53, and 54). 

Upon exposure to 405 nm light, 5 regenerated lophine (Figures 55 and 56). The quantum 

yield of the photoreaction from 5 to lophine at 405 nm, estimated by the absorption spectra 

change, was 0.75 (Figures 57-59, Tables 4). However, attempts to synthesize 

dimethylamino adducts of 2,5-diphenyl-1H-imidazole, 2-phenylbenzimidazole, and 2- 

phenylimidazole using oxidizing agents like K3[Fe(CN)6] and PbO2 were unsuccessful.  
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Scheme 5. Synthetic scheme for 3. 

Figure 38. (a) 1H NMR spectra of adezmapimod, 3, and 3 after irradiation with 405 nm light for 60 min. (b) 

Scheme representing the formation of 3 and its photochemical reaction leading to the formation of 3a. 
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Figure 39. UV-visible absorption spectra of 3 recorded in acetonitrile:water (1:1) mixture upon irradiating with 

430 nm light for different time periods and UV-visible absorption spectrum of 3a. 

Figure 40. 1H NMR spectrum of 3 recorded in acetonitrile-d3 and D2O (1:1) mixture. 
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Figure 41. 1H NMR spectrum of 3a recorded in acetonitrile-d3. 

 

Figure 42. 13C NMR spectrum of 3 recorded in CD3OD. 
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Figure 43. High resolution mass spectra (ESI) of 3 - m/z [M+Na]+ calculated for C25H27N5OS: 468.18340, found: 

468.18191. 

 

Figure 44. High resolution mass spectra (ESI) of 3a - m/z [M+H]+ calculated for C23H22N4OS: 403.15926, found: 

403.15889. 

 

Figure 45. Graph of varying concentration of 3 against absorbance at λmax (430 nm, red line). Extinction 

coefficient of 3 was calculated from the slope of a linear fit. 
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ɛ1 Ф 

9020 0.72 

Figure 46. Graph showing the amount of 3a formed under different light intensity (0.7–2.0 mW/cm2). Photons 

absorbed by 3 were calculated and the slope of the graph gives the quantum yield for the photocleavage reaction 

of 3. 

 

Table 3. Table showing the calculated values and photocleavage reaction quantum yield of 3 at 405 nm light 

irradiation. 
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Scheme 6. Synthetic scheme for 4. 

Figure 47. 1H NMR spectrum of 4 recorded in acetonitrile-d3. 
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Figure 48. 13C NMR spectrum of 4 recorded in acetonitrile-d3. 

Figure 49. High resolution mass spectra (ESI) of 4 - m/z [M+H]+ calculated for C29H26ClN3O3: 

500.17409, found: 500.17337. 
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Figure 50. UV-visible absorption spectra of 4 recorded in acetonitrile:water (1:1) mixture upon irradiating with 

430 nm light for different time periods and UV-visible absorption spectrum of Neurodazine. 

Figure S51. 1H NMR spectra of Neurodazine (top), 4 (bottom), and 4 containing Neurodazine as an internal 

reference in 3:4 molar ratio after irradiated with 405 nm light for 20 minutes (middle) recorded in acetonitrile-

d3 and D2O (1:1) mixture degassed using argon for 1 h. 
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Scheme 7. Synthetic scheme for 5. 

Figure 52. 1H NMR spectrum of 5 recorded in acetonitrile-d3. 
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Figure 53. 13C NMR spectrum of 5 recorded in CD3OD. 

Figure 54. High resolution mass spectra (ESI) of 5 - m/z [M+H]+ calculated for C23H21N3: 340.18137, found: 

340.18022. 
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Figure 55. UV-visible absorption spectra of 5 recorded in acetonitrile:water (9:1) mixture upon irradiating with 

405 nm light for different time periods and UV-visible absorption spectrum of Lophine. 

Figure 56. 1H NMR spectra of Lophine, 5, and 5 after irradiated with 405 nm light for 60 minutes recorded in 

acetonitrile-d3 and D2O (9:1) mixture. 
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Figure 57. Graph of varying concentration of 5 against absorbance at λmax (266 nm, red line). Extinction 

coefficient of 2 was calculated from the slope of a linear fit. 

 

Figure 58. Graph of varying concentration of Lophine against absorbance at λmax (266 nm, red line). Extinction 

coefficient of Lophine was calculated from the slope of a linear fit. 
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ɛ1 ɛLophine      Ф 

17658 8398     0.75 

Figure 59. Graph showing the amount of Lophine formed under different light intensity (0.7–2.0 mW/cm2). 

Photons absorbed by 5 were calculated and the slope of the graph gives the quantum yield for the photocleavage 

reaction of 5. 

 

Table 4. Table showing the calculated values and photocleavage reaction quantum yield of 5 at 405 nm light 

irradiation. 
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3. Discussion 

To efficiently enable light-induced modulation of biological functionality, a 

photosensitive pharmaceutical agent must meet specific criteria, including a significantly 

altered molecular structure, transition from a photocaged to uncaged form, and a substantial 

difference in activity levels between these two configurations. Ideally, photocleavage 

should be accomplished using light with the ability to considerably penetrate tissues with 

minimal cellular detriment, such as that achieved with longer visible wavelengths. With 

these considerations in mind, I embarked on developing a new caging method with 

triarylimidazoles as the primary target. Caging the triarylimidazole moiety would have the 

potential to convert a broad family of triarylimidazole-based drug molecules into 

photoactivatable drugs. 

The photochromic attributes of the hexaarylbiimidazole (HABI) molecule have 

undergone extensive investigation.31 When exposed to UV light irradiation, the covalent C–

N bond connecting the two imidazole rings undergoes homolytic cleavage, producing a pair 

of colored 2,4,5-triphenylimidazolyl radicals. These radicals regenerate HABI  

in inert solvent, such as benzene, or form 2,4,5-triphenylimidazole in the presence of 

a hydrogen donor.  

Our initial attempts to dimerize SB431542 using standard oxidative conditions in a 

biphasic system of benzene and water failed due to the extremely low solubility of 

SB431542 in benzene. Subsequently, I obtained the dimethylamino adduct of SB431542 

rather than the desired dimer when I substituted DMF as the solvent instead of benzene due 

to a reaction between the SB431542 radical and trace amounts of dimethylamine present 

as impurities in DMF. Only one prior report32 mentioned the diethylamino adduct of 

phenanthroimidazole, a molecule related to our newly synthesized molecules. However, the 

previous study primarily focused on the photochemical reaction of the diethylamino adduct 

to the phenanthroimidazole dimer in inert benzene solvent. In our case, irradiation of 1 and 

2 with 405 nm light in the aqueous medium regenerated the original SB431542 molecule. 

I propose that the C–N bond connecting the carbon atom of the imidazole ring in SB431542 

and the nitrogen atom of the dimethylamino group undergoes homolytic cleavage upon 
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exposure to 405 nm light irradiation, generating imidazolyl and dimethylamino free 

radicals. The formation of free radicals, which indicates a free radical mechanism, was 

qualitatively confirmed by observing photo-induced electron spin resonance during the spin 

trapping experiment with 5 (Figure 60). The imidazolyl radical likely accepts a hydrogen 

atom from the dimethylamino radical in the photochemical cage or the aqueous medium, 

leading to reformation of the original SB431542 molecule. The dimethylamino free radical 

can form the formylidene methylamine (CH2=NCH3) by releasing a hydrogen atom. 

Subsequently, it undergoes hydrolysis to yield the methylamine and formaldehyde, as 

depicted in the reaction scheme (Figure 61 )33. In each photoreaction mixture involving 

compounds 1, 3, or 5, I observed proton peaks at approximately 4.7 ppm and 2.3 ppm, 

assignable to protons for formaldehyde and methylamine, respectively (Figure 62- 64).  

The formation of SB431542 from 1 or 2 upon irradiation with visible light (405 nm) 

was confirmed via UV-visible absorption spectroscopy, 1H NMR, and HPLC analyses 

(Figure 8, 12, 14 and Scheme 4). Fortunately, our photochemical reaction showed high 

efficiency, as approximately 96% of SB431542 was recovered from 1 according to HPLC 

analysis (Figure 1d), highlighting the efficiency of our photochemical reaction. 

In our molecular design, although the dimethylamino and N-methyl-(N-

hydroxycarbonylmethyl) amino groups introduced as photoremovable groups are small, 

their introduction on the imidazole ring’s carbon atom could induce a significant change in 

the molecule’s binding affinity to the target kinases. This was due to the hybridization state 

of the carbon atom of the imidazole ring changing from sp2 to sp3, which inherently altered 

the molecular core structure from planar imidazole to tetrahedral 2H-imidazole. The 

molecular docking simulation results supported these suppositions, showing lower binding 

affinities for 1 and 2 than for SB431542 (Figure 36). 

The immunoblotting experiment revealed that both SB431542 and compound 1 

exhibit differences in their inhibitory activity by affecting the activation of Smad2. This 

activation is dependent on the phosphorylation process mediated by TGF-β R1 (Figure 24a 

and b). These findings provide clear molecular evidence that 1 regulates TGF-β-mediated 

phosphorylation of Smad2 in a photoresponsive manner. 
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Further, the wound healing assays with MDA-MB-231 cells confirmed the 

suppositions and validated our caging strategy. Cells treated with TGF-β1 and SB431542 

exhibited wound recovery almost identical to that in the control experiment (Figure 

28a(iv)), indicating the inhibitory effect of SB431542. Conversely, treating cells with TGF-

β1 and 1 resulted in similar wound recovery as exhibited by those treated solely with TGF-

β1, indicating the non-inhibitory effect of 1 towards TGF-β R1 (Figure 28a(v)). Irradiating 

cells treated with TGF-β1 and 1 with 405 nm light for 3 min inhibited the TGF-β R1–

mediated wound healing process, confirming that 1 underwent photocleavage to produce 

SB431542 (Figure 28a(vi)). 

The results of the spatiotemporal regulation experiment demonstrated the applicability 

of our strategy for achieving external regulation of drug activity to minimize the adverse 

effects associated with cancer therapy (Figure 31). The wound at the light-irradiated area 

exhibited minimal wound recovery (gap reduction of approximately 27 µm), resulting from 

photocleavage of 1 leading to formation of SB431542 and subsequent inhibition of the 

TGF-β R1–mediated wound recovery process. In contrast, the wound covered by aluminum 

foil displayed greater wound recovery (gap reduction of approximately 69 µm), which was 

attributed to the non-inhibitory nature of 1. The results of this experiment clearly 

demonstrated the ability of these molecules to aid site-selective drug activity upon light 

irradiation. 

Oxidizing another imidazole-based drug molecule, adezmapimod, with 

dimethylamine under strong basic conditions led to replacement of the fluorine atom on the 

phenyl ring with the dimethylamino group, along with introduction of the dimethylamino 

group on the carbon atom of the imidazole ring (Figure 38b). Despite this sensitivity to the 

strong basic conditions, the molecule underwent successful photochemical cleavage upon 

visible light irradiation (Figures 38a, b, and 39). 

The successful caging and uncaging reactions observed for neurodazine and 2,4,5-

triphenylimidazole, in contrast to the unsuccessful caging of 2,5-diphenyl-1H-imidazole, 

2-phenylbenzimidazole, and 2-phenylimidazole, highlight the importance of imidazole-

based molecules with aromatic ring substitutions at positions 2, 4, and 5. These substituted 
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imidazoles are ideal candidates for adding the dimethylamino group on the carbon atom of 

the imidazole ring. The trend can be attributed to the additional stabilization effect provided 

by the aromatic rings, which aids in delocalizing the free radical within the molecule 

generated under ferrocyanide oxidation conditions. However, the free radicals generated in 

the case of 2,5-diphenyl-1H-imidazole, 2-phenylbenzimidazole, and 2-phenylimidazole 

lack sufficient stabilization through delocalization, rendering them unable to react with 

dimethylamine. 

Utilizing blue light in the 400-450 nm range for uncaging within our system offers a 

significant advantage, as visible light inflicts less harm on living cells compared to UV 

light. However, this benefit is tempered by the fact that shorter-wavelength visible light 

struggles to penetrate blood-supported tissue efficiently, owing to the absorption by 

biomolecules such as hemoglobin. Nonetheless, I am confident that recent engineering and 

materials advancements are addressing these penetration challenges. For instance, the 

implementation of wireless subdermal electronics34a-b or multi-modal fiber optics 

technology11c or light conversion materials35 allows us to position the irradiation source 

directly adjacent to the targeted site. This strategic placement effectively bypasses the 

limitations of deep light penetration, ensuring precise and localized treatment. 
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Figure 60. (a) ESR spectrum of 5 in the presence of DMPO after irradiation. (b) ESR spectrum of 5 in the 

presence of DMPO before irradiation. A distinct ESR signal with fine-structure splitting was observed only after 

irradiation, which indicates the radical formation during the photoreaction of 5.    
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Figure 61. Scheme presenting the homolytic cleavage of C-N bond linking the imidazole ring and 

dimethylamine group by light and fate of the dimethylamine radical post photochemical reaction.  

Figure 62. 1H NMR spectra obtained after the photochemical cleavage of compounds (a) 5, (b) 3, (c) 2 and (d) 

1 in acetonitrile-d3 and D2O (1:1) mixture confirming the peaks at around 4.7 ppm and 2.3 ppm for the proton 

of formaldehyde and methylamine in the solution of 5, 3 and 1, respectively. 
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Figure 63. 1H NMR Spectral Analysis of Photoreaction Products (a) 5 in acetonitrile-d3 and D2O (1:1) mixture 

before irradiation; no significant peak at 4.7 ppm. (b) 5 in acetonitrile-d3 and D2O (1:1) mixture after irradiation; 

emergence of a peak at approximately 4.7 ppm. (c) The solution from (b) after the addition of formaldehyde; the 

4.7 ppm peak is enhanced. (d) Formaldehyde in acetonitrile-d3 and D2O (1:1) mixture; a distinct peak at 4.7 ppm 

corresponding to formaldehyde, which overlaps with the photochemically generated peak from 5. The observed 

NMR peaks at 4.65, 3.30, and 3.29 ppm are attributed to impurities in the formaldehyde sample. 

Figure 66. 1H NMR Spectral Analysis of Photoreaction Products (a) 5 in acetonitrile-d3 and D2O (1:1) mixture 

before irradiation; no significant peak at 2.3 ppm. (b) 5 in acetonitrile-d3 and D2O (1:1) mixture after irradiation; 

emergence of a peak at approximately 2.3 ppm. (c) The solution from (b) after the addition of methylamine; the 

2.3 ppm peak enhanced. (d) Methylamine in acetonitrile-d3 and D2O (1:1) mixture; a distinct peak at 2.3 ppm 

corresponding to methylamine, which overlaps with the photochemically generated peak from 5. 
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4. Conclusion 

I developed a new caging method to transform triarylimidazole-based drug molecules 

into visible light– activatable drugs. The photoresponsive versions of SB431542 generated 

through the incorporation of a photocleavable C–N bond could be precisely activated using 

visible light irradiation, affording meticulous control over drug activity. Spatiotemporal 

wound healing assays conducted with human breast cancer cells highlighted the method's 

potential to selectively target cancer cells within specific regions, leaving normal cells 

unharmed. Beyond its applications in therapeutic applications, our strategy also holds 

significant promise as a versatile research tool, facilitating the study of specific molecules 

and pathways within cells by enabling the activation or inhibition of target proteins, which 

will help to elucidate their roles in biological processes. I am currently conducting research 

to expand the applicability of the present method of photocaging bioactive compounds by 

introducing a dialkylamino group, which I proposed this time, to compounds other than 

imidazole derivatives. 

 

  



56 

 

5. Experimental Section 

5.1  Chemicals 

The biochemical agents, cell culture medium, and a variety of chemicals were 

procured from commercial vendors, including Fujifilm Wako Pure Chemical Corporation, 

Tokyo Chemical Industry Co., Ltd., Merck, Kanto Chemicals, and BLD pharmatech Ltd. 

These materials were employed in their original condition without any further purification. 

 

5.2  Instruments 

Reactions were monitored through thin-layer chromatography (TLC) using TLC silica 

gel 60 RP-18 F254S and TLC silica gel 60 F254 (Merck) plates.  

The compounds were purified by silica gel column chromatography and by 

preparative HPLC. I employed silica gel 60 N (spherical, neutral, 63-210 μm, Kanto 

chemicals) for column purification. For preparative HPLC I used Shimadzu high 

performance liquid chromatography (UV/Vis detector: SPD-20A; fraction collector: FRC-

10A; degassing unit: DGU-20A; communications bus module: CBM-20A; liquid 

chromatograph: LC-20AT) with a preparative column (TOSOH, 0DS-80T) and an 

analytical column (COSMOSIL, 38020-41).  

NMR spectra (1H, 13C) were recorded using a JEOL ECX-400 (400 MHz) and JEOL 

ECX-600 (600 MHz) spectrometer. Molecular weights were determined by electrospray 

ionization mass spectrometry (ESI-MS) using Exactive™ Plus Hybrid 

Quadrupole/Orbitrap mass spectrometer.  

UV-visible absorption spectra were measured using a Shimadzu UV 

spectrophotometer (UV1800) equipped with a TCC-100 Shimadzu temperature-controlled 

cell holder. Photocleavage reactions of the synthesized compounds were carried out using 

an LED light source (Asahi Spectra, CL-1503) with 405 nm, 430 nm, and 450 nm LED 

heads. The light intensity was measured by broadband power/energy meter (MELLES 

GRIOT 13PEM001).  
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The cells used in this study were cultured using the PHCbi MCO-175-PJ incubator by 

Panasonic, the Panasonic MCO-170AIC incubator, and the AS ONE E-22 CO2 incubator. 

The human breast cancer cells (MDA-MB-231) used in wound healing assay were cultured 

and maintained at 37 ℃ in a humidified incubator in the presence of 5% CO2.  

Photographs were captured using two different microscopy setups. The Nikon Eclipse 

Ts2 microscope and the OLYMPUS BX60 microscope were utilized, both were equipped 

with an Moticam 1080 digital camera.  

Centrifugation procedures were performed using the TOMY LC-220 centrifuge and 

the KUBOTA 3220 centrifuge. 

 

5.3  Wound Healing Assay 

I washed MDA-MD-231 cells by D-PBS (-) (Wako) and subjected them to a treatment 

involving 0.25% trypsin (Wako, 0.25%w/v trypsin-1 mmol/L EDTA·4Na solution with 

phenol red), followed by incubation at 37 ºC for 5 minutes to facilitate their detachment 

from the culture dish. Subsequently, the detached cells were resuspended in DMEM (Wako, 

high glucose with L-Glutamine, phenol red and sodium pyruvate) medium to neutralize the 

trypsin activity and used for wound healing assay. 

New medium was then added to achieve MDA-MB-231 cells at the concentration of 

2 x 105/ml, and samples corresponding to either 24-well or 6-well plates were prepared 

accordingly. 

I determined the EC50 values of SB431542, 1, and 2 by performing the wound healing 

assay at different concentrations.  

The cells were allowed to adhere for a duration about 2 days until the confluence is 

close to 100%. Subsequently, a serum-starvation phase of 32 hours was imposed prior to 

the initiation of the cell wound. The introduction of wounding across the cellular monolayer 

was achieved by creating a cell-free zone through scratching with a pipette tip. The inflicted 

cellular wound sites were then subjected to different treatment conditions. In the control 

experiment, only DMSO (0.13% v/v) was added to the medium. In all other cases, such as 

TGF-1 (3 ng/mL) SB431542 (10 M), 1 (10 M), and 2 (10 M), they were dissolved in 
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DMSO (0.13% v/v) and then added to the medium and incubated for a period of 24 hours 

at 37 ℃ in a humidified incubator in the presence of 5% CO2. The migration of cells into 

wound area was observed and recorded using a microscope. To check the effect of 405 nm 

light irradiation on wound healing process resulting from the photocleavage reactions of 1 

and 2 producing SB431542, I irradiated the sample wells for 3 minutes with the 405 nm 

light at a 15.5 mW/cm2 intensity. For spatiotemporal regulation experiment I irradiated the 

cells with 405 nm light for 24 hours at a 0.1 mW/cm2 intensity.  

Finally, the acquired microscopic images were analyzed using ImageJ, an image 

analysis software. The wound gap width was tracked by drawing lines along the leading 

edges of each cell front, and the average wound recovery was calculated, as described below. 

 

5.4  Calculation of Average Wound Recovery 

The average wound recovery (WR) was calculated according to the following formula, 

 

WR = (A1-A2)/2L 

 

WR: Average wound recovery 

A1: Total area of the wound at time t = 0 h 

A2: Total area of the wound at time t = 24 h  

L: Length of the selected wound area 

 

5.5  Immunoblotting Experiment 

Cell culture: The human breast cancer cell line MDA-MB-231 (ATCC; HTB-26) and 

human glioblastoma cell line KMG4 (International Cell Line Authentication Committee 

(ICLAC) accession number CVCL_JZ69) were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM) containing 10% fetal bovine serum (FBS). Both cells were cultured at 

37 °C under a humidified atmosphere containing 5% CO2. 

Treatment with 1: The MDA-MB-231 and KMG4 cells were serum starved for 14 
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hours in FBS-depleted DMEM, and then treated with 10 µM SB431542 or 10 µM 1 for 15 

min. Cells were exposed to 405 nm light for 10 min, incubated for 5 min, followed by 

stimulation with 10 ng/ml TGF-β. After 30 min, the cells were lysed with RIPA buffer for 

immunoblotting. 

Immunoblotting: Cells were lysed with lysis buffer [10 mM Tris-HCl (pH 7.4), 5 

mM EDTA, 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1% sodium deoxycholate, 

0.1% SDS, 50 mM NaF, 1 mM phenylmethylsulfonyl fluoride (PMSF), and 1 mM sodium 

orthovanadate (Na3VO4)] and a protease inhibitor mixture [Complete (EDTA-free) 

protease inhibitor (Roche, Basel, Switzerland)] for 20 min on ice and centrifuged at 15,000 

rpm for 10 min at 4°C. Supernatants were subjected to SDS- PAGE, and separated proteins 

were transferred to a polyvinylidene difluoride membrane (Millipore, Billerica, MA). The 

membranes were incubated with primary antibodies at 4°C overnight, followed by 

treatment with horseradish peroxidase-labelled secondary antibodies. The signals were 

developed using ECLTM Western Blotting Detection Reagents (GE Healthcare, Little 

Chalfont, UK) and visualized with a LAS 4000 mini (GE Healthcare). Antibodies used in 

this experiment are as follows: anti-phospho-Smad2 (S465/467), anti-Smad2 (Cell 

Signaling Technologies), anti-Actin (clone C4) (Millipore).  

 

5.6  Molecular Docking 

The structure of TGF- R1 (PDB:3TZM) was used for docking, wherein the binding 

site of SB431542 (4-[5-(1,3-benzodioxol-5-yl)-4-(pyridin-2-yl)-1H-imidazol-2-

yl]benzamide) was used as the docking site. 3D models of three ligands (SB431542, 1, and 

2) were generated based on their SMILES strings. Autodock tools were used to prepare 

receptor and ligands, where only polar hydrogens were included, and the ligands rotatable 

angles were defined. Finally, a grid box with the dimension of (46, 40, 46) with spacing of 

0.375 Å centered around the ligand binding site in the PDB structure (x = 4.152 Å, y = 

8.837 Å, z = 8.328 Å) was set up. All ligands including SB431542 were docked using the 
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same grid. The top 10 poses from each simulation were retained and analyzed.  All 

docking simulations were performed using Autodock Vina (1.1.2).36 

 

5.7  Equipments Used for Quantum Yield Measurement:  

LED light source: Asahi Spectra, CL-1503 equipped with 405 nm LED head. 

Lens: Olympus microscope condenser U-POC-2. 

 

5.8  Calibration Curves and Photochemical Conversion Efficiency 

Using the calibration curves obtained by plotting the different concentrations of the 

molecule against the corresponding areas under the HPLC peaks, I tried to estimate the 

yield of SB431542 formed by the photocleavage of 1. Our observations revealed that 

subjecting the solution of 1, initially possessing a concentration of 6.14  10-5 M, to 

irradiation with 405 nm light for a duration of 10 minutes yielded a resultant concentration 

of 5.88  10-5 M of SB431542. This outcome suggests a conversion of approximately 96%. 

Similarly, UV-visible absorption spectrum of compound 2 having the concentration of 3.61 

 10-5 M upon 405 nm light irradiation produced 3.49  10-5 M of SB431542 indicating the 

conversion efficiency of approximately 97%. 

 

5.9  Quantum Yield Calculation 

The quantum yield for the photoreaction of compound 1 to form SB431542 was assessed 

in the following manner. 

 

𝛷𝟏−𝑺𝑩𝟒𝟑𝟏𝟓𝟒𝟐 =
number of events

number of photons absorbed
=

 number of 𝐒𝐁𝟒𝟑𝟏𝟓𝟒𝟐 formed (mol) 

number of photons absorbed (mol)
 

 

 

a. Determination of SB431542 molecules formed 

 

The photocleavage reaction conversion ratios were strictly kept minimum (˂ 4%) during 

the experiments to reduce the photons absorbed by 1. The calculation of the number of 

SB431542 molecules generated was carried out using the following equation: 
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Number of 𝐒𝐁𝟒𝟑𝟏𝟓𝟒𝟐 formed =
𝐴𝐵𝐼 − 𝐴𝐴𝐼

(𝜀𝟏 − 𝜀𝑺𝑩𝟒𝟑𝟏𝟓𝟒𝟐)𝑙
𝑉 

ABI    Absorbance at λ = 262 nm before irradiation 

AAI    Absorbance at λ = 262 nm after irradiation 

ɛ1   Extinction coefficient of 1 at λmax = 262 nm 

ɛSB431542   Extinction coefficient of SB431542 at λ = 262 nm  

l     Optical length of cuvette (i.e., 1 cm) 

V    Total volume of the sample solution 

 

b. Determination of absorbed photons  

 

Actinometry was employed using a ferrioxalate actinometer to measure the absorbed 

photons.37 I established our experimental arrangement in accordance with previously 

documented procedures.38 A round cuvette containing the ferrioxalate actinometer solution 

(with a total volume of 3.1 mL and an optical path length of 1 cm) was positioned in front 

of a square cuvette (with an optical path length of 1 cm) that featured a magnetic stirring 

bar to capture all photons passing through it. Both cuvettes were affixed to a metal base to 

ensure consistent positioning throughout all experiments. 

 

c. Procedure for the measurement 

 

The procedure has following steps.  

 

(1) Determination of absorbed photons by the blank solution:  

This is done by exposing the cuvettes containing a blank solution (consisting of CH3CN 

and water in a 1:1 ratio, totaling 1.5 mL) and a ferrioxalate actinometer solution (0.15 M, 

3 mL) to 405 nm light (with an intensity ranging from 0.15 to 0.56 W/cm2) for 60 seconds. 

Subsequently, the actinometer solution was manually shaken, and 1 mL of it was transferred 

to a glass vial. This portion was then mixed with sodium acetate buffer (0.15 M, 2 mL) 

containing phenanthroline (0.1 wt%, 300 µL). The resulting mixture was incubated for 
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approximately 60 minutes, after which its absorbance was measured at 510 nm using 

absorption spectroscopy. 

 

(2) Determination of absorbed photons by the sample solution of 1:  

Stock solution of 1 (75 µL, 1 mM) was added to the same square cuvette containing the 

CH3CN and water (1:1) solvent (1.425 mL) to create the sample solution of 1 (1.5 mL, 50 

µM). A fresh ferrioxalate actinometer solution (0.15 M, 3 mL) was introduced into the 

round cuvette, followed by light irradiation (405 nm, 0.15–0.56 mW/cm2, 60 sec). The 

actinometer solution was then manually shaken, and 1 mL of it was transferred to a glass 

vial. To this portion, sodium acetate buffer (0.15 M, 2 mL) containing phenanthroline (0.1 

wt%, 300 µL) was added, and the mixture was incubated for approximately 60 minutes. 

Finally, absorbance at 510 nm was measured using absorption spectroscopy. All 

experiments were conducted in a dark room, with the use of red light when necessary. The 

number of absorbed photons was calculated using the provided equation: 

Photons absorbed =
(𝐴0 − 𝐴𝟏)𝑉1𝑉3

𝜀510 𝑛𝑚𝑉2𝜙405 𝑛𝑚
 

  

A0     Absorbance of ferrioxalate-phenanthroline solution at 510 nm (with pure solvent in 

the square-shaped cuvette)  

A1   Absorbance of ferrioxalate-phenanthroline solution at 510 nm (with solution of 1 in 

the square-shaped cuvette) 

V1  Volume of actinometer solution in round-shaped cuvette (i.e., 3 mL) 

V2  Volume of actinometer solution taken from round-shaped cuvette after irradiation (i.e., 

1 mL) 

V3   Total volume of the ferrioxalate-phenanthroline solution (i.e., 3 mL). 

Ɛ510nm    Extinction coefficient of ferrioxalate-phenanthroline complex (ferroin) at 510 

nm (obtained by calibration graph, ԑ = 11410 M-1·cm-1 in our experimental 

condition) (Figure 65) 

ϕ405nm   Quantum yield of ferrioxalate actinometer at irradiation wavelength (1.14 at 405 

nm) 37 
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Figure 65. Calibration chart plotting the concentration of Fe2+ ions against the absorbance at 510 nm.38 This 

graph was utilized to determine the extinction coefficient of the ferrioxalate-phenanthroline complex, also 

known as ferroin, at 510 nm. The calibration solutions were prepared by diluting a commercially available 0.1 

mol/L FeSO4 solution (purchased from Hayashi Pure Chemical, Lot No T211109001) in a sodium acetate 

buffer containing phenanthroline (0.1 wt%, 300 µL). 
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6. Synthesis 

Synthesis of 1 

 

 

SB431542 (40 mg, 0.104 mmol) and dimethylamine (1.04 mmol, which was procured as a 

solution in N, N-dimethylformamide (DMF)) were mixed. To this solution, 10.6 mL 

aqueous solution containing KOH (0.75 g, 13.4 mmol) and K3[Fe(CN)6] (1.49 g, 4.7 mmol) 

was added. The reaction mixture was stirred vigorously under nitrogen atmosphere at room 

temperature for 24 h. The progress of the reaction was monitored using reverse phase thin-

layer chromatography (TLC) with an eluent system of water:acetonitrile (1:1). Upon 

completion of the reaction, 10 mL of water was added to the reaction mixture. The resulting 

reaction mixture was extracted with ethyl acetate (20 mL  3). The organic extracts were 

combined, dried over anhydrous MgSO4, evaporated, and subsequently subjected to 

purification using gradient high-performance liquid chromatography (HPLC) employing a 

solvent gradient of 30 - 70% acetonitrile in water over a period of 4 hours at a flow rate of 

10 mL/min. This purification afforded 1 as a pale-yellow powder (6.1 mg, yield = 14%). 

 

1H NMR (400 MHz, D2O:Acetonitrile-d3 (1:1)): δ ppm 8.50 - 8.46 (m, 2H), 8.42 (m, 1H), 

8.20 - 8.17 (m, 1H), 8.06 - 8.02 (m, 2H), 7.92 (d, J = 1.7 Hz, 1H), 7.77 (td,  J = 8.0, 1.9 

Hz, 2H), 7.61 (dt, J = 8.0, 1.1 Hz, 1H), 7.3 - 7.28 (m, 2H), 6.94 (d, J = 8.3 Hz, 1H), 6.05 

(dd, J = 5.2, 0.9 Hz, 2H), 2.40 (s, 6H). 

13C NMR (400 MHz, D2O:Acetonitrile-d3 (1:1)): δ ppm 198.66, 193.19, 175.98, 173.58, 

170.66, 154.64, 152.21, 149.47, 147.97, 138.24, 136.29, 134.15, 129.47, 128.21, 126.67, 

124.13, 124.02, 122.47, 108.51, 106.69, 102.43, 40.01. 

High resolution mass spectra (ESI) of 1 - m/z [M+H]+ calculated for C24H21N5O3: 

428.17226, found: 428.17092; m/z [M+Na]+ calculated: 450.15421, found: 450.15276. 

Scheme 2. Synthetic scheme for 1. 
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Synthesis of 2 

 

 

SB431542 (100 mg, 0.26 mmol) was dissolved in 4 mL of N, N-dimethylformamide (DMF).  

To this solution, 27 mL of aqueous solution containing KOH (1.89 g, 33.7 mmol), 

K3[Fe(CN)6] (3.78 g, 11.34 mmol) and sarcosine  (236.7 mg, 2.66 mmol) was added. The 

reaction mixture was vigorously stirred under nitrogen atmosphere at room temperature for 

24 h. Reverse phase TLC analysis (using a water:acetonitrile eluent system, 1:1) was 

employed to monitor the reaction progress. Upon completion, 20 mL of water was added 

to the reaction mixture. The resultant reaction mixture was extracted with ethyl acetate (40 

mL  3). The combined organic extracts were dried over anhydrous MgSO4, evaporated, 

followed by purification using gradient high-performance liquid chromatography (HPLC) 

employing a solvent gradient of 30 - 70% acetonitrile in water over a 4-hour period at a 

flow rate of 10 mL/min. This purification process afforded 2 as a pale-yellow powder (6.0 

mg, yield = 4.9%). 

 

1H NMR (400 MHz, D2O:Acetonitrile-d3 (1:1)) δ ppm 8.57 (d, J = 4.8 Hz, 1H), 8.04 – 7.99 

(m, 1H), 7.91 – 7.75 (m, 5H), 7.63 – 7.58 (m, 1H), 7.06 – 6.98 (m, 2H), 6.85 (dd, J = 8.2, 

1.2 Hz, 1H), 6.03 (d, J = 1.5 Hz, 2H), 2.31 (d, J = 1.2 Hz, 5H). 

13C NMR (400 MHz, D2O:Acetonitrile-d3 (1:1)) δ ppm 168.25, 164.75, 164.48, 152.12, 

149.98, 148.94, 147.63, 142.65, 137.25, 134.17, 128.66, 128.03, 127.18, 125.91, 125.11, 

124.45, 124.44, 109.15, 107.75, 102.04, 38.64. 

High resolution mass spectra (ESI) of 2 - m/z [M+H]+ calculated for C25H21N5O5: 

472.16209, found: 428.17077 indicating the elimination of a molecule of CO2 [M+H-

CO2]+; m/z [M+Na]+ calculated: 494.14404 found: 450.15237 indicating the elimination 

of a molecule of CO2 [M+Na-CO2]
+. 

Scheme 3. Synthetic scheme for 2. 
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Synthesis of 3 

Adezmapimod (75 mg, 0.2 mmol) and 4.5 mL of dimethylamine (0.68 mmol, which was 

procured as a solution in N, N-dimethylformamide (DMF)) were mixed.  To this solution, 

19.9 mL of aqueous solution containing KOH (0.14 g, 2.52 mmol) and K3[Fe(CN)6] (2.81 

g, 8.52 mmol) was added and stirred for 48 h under nitrogen atmosphere. The reaction was 

monitored using normal phase TLC with ethyl acetate and triethylamine (97:3) eluent 

system. Upon completion of the reaction 15 mL of water was added to the reaction mixture 

and extracted with ethyl acetate (30 mL  3). The organic layers were combined and dried 

over anhydrous MgSO4 and evaporated. The crude compound was later purified by 

preparative HPLC employing a solvent gradient of 30 - 60% acetonitrile in water over a 3 

h period at a flow rate of 5 mL/min. This purification process afforded 3 as a pale-yellow 

powder (3 mg, yield = 3.4%). 

 

1H NMR (600 MHz, D2O:Acetonitrile-d3 (1:1)): δ ppm 8.55 (d, J = 6.6 Hz, 2H), 8.43 (d, J 

= 5.4 Hz, 2H), 8.26 (d, J = 8.4 Hz, 2H), 7.91 (d, J = 7.8 Hz, 2H), 7.44 (d, J = 5.4 Hz, 2H), 

6.73 (d, J = 7.2 Hz, 2H), 3.03 (s, 6H), 2.89 (s, 3H), 2.40 (s, 6H). 

13C NMR (600 MHz, CD3OD): δ ppm 194.87, 175.80, 155.58, 150.81, 150.57, 150.11, 

149.54, 135.75, 133.04, 132.83, 131.62, 131.47, 125.37, 123.71, 118.57, 112.20, 105.94, 

40.96, 40.31, 40.08, 30.92. 

High resolution mass spectra (ESI) of 3 - m/z [M+Na]+ calculated for C25H27N5OS: 

468.18340, found: 468.18191. 

 

Synthesis of 4 

Scheme 5. Synthetic scheme for 3. 
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Neurodazine (28.6 mg, 0.063 mmol) and dimethylamine (0.63 mmol, which was procured 

as a solution in N, N-dimethylformamide (DMF)) were mixed. To this solution, 1 mL 

aqueous solution containing KOH (0.07 g, 0.13 mmol) and K3[Fe(CN)6] (0.15 g, 0.45 mmol) 

was added. The reaction mixture was stirred vigorously at 45 °C for 24 h. The progress of 

the reaction was monitored using reverse phase thin-layer chromatography (TLC) with an 

eluent system of water:acetonitrile (2:8). Upon completion of the reaction, 10 mL of water 

was added to the reaction mixture. The resulting reaction mixture was extracted with ethyl 

acetate (20 mL  3). The organic extracts were combined, dried over anhydrous MgSO4, 

evaporated, and subsequently subjected to purification using gradient high-performance 

liquid chromatography (HPLC) employing a solvent gradient of 50 - 80% acetonitrile in 

water over a period of 4 hours at a flow rate of 10 mL/min. This purification afforded 4 as 

a pale-yellow powder (2 mg, yield = 7%). 

 

 

1H NMR (600 MHz, Acetonitrile-d3) δ 7.69 (s, 1H), 7.63 (dd, J = 7.9, 1.5 Hz, 1H), 7.53 – 

7.51 (m, 4H), 7.43 – 7.39 (m, 1H), 7.32 – 7.29 (m, 1H), 6.97 – 6.94 (m, 4H), 6.80 (dd, J = 

3.5, 1.1 Hz, 1H), 6.52 (dd, J = 3.5, 1.1 Hz, 1H), 3.83 (d, J = 1.2 Hz, 6H), 2.39 (d, J = 1.1 

Hz, 6H). 

 

13C NMR (600 MHz, Acetonitrile-d3) δ 167.26, 162.71, 153.31, 152.57, 135.34, 133.42, 

131.76, 125.49, 124.34, 122.92, 114.88, 114.81, 114.59, 114.52, 56.15, 39.78. 

High resolution mass spectra (ESI) of 4 - m/z [M+H]+ calculated for C29H26ClN3O3: 

Scheme 6. Synthetic scheme for 4. 
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500.17409, found: 500.17337. 

 

Synthesis of 5 

 

Lophine (1 g, 3.37 mmol) and dimethylamine (33.7 mmol, which was procured as a 

solution in N, N-dimethylformamide (DMF)) were mixed. To this solution, 337.4 mL 

aqueous solution containing KOH (23.59 g, 421.2 mmol) and K3[Fe(CN)6] (47.18 g, 143.3 

mmol) was added. The reaction mixture was stirred vigorously under nitrogen atmosphere 

at room temperature for 24 h. The progress of the reaction was monitored using thin-layer 

chromatography (TLC) with an eluent system of 2% methanol in dichloromethane. Upon 

completion of the reaction, 200 mL of water was added to the reaction mixture. The 

resulting reaction mixture was extracted with ethyl acetate (200 mL  3). The organic 

extracts were combined, dried over anhydrous MgSO4, evaporated, and subsequently 

subjected to purification using normal phase silica gel column chromatography using 1% 

methanol in dichloromethane as eluent. This purification afforded a pale-yellow powder 

(0.276 g, yield = 24.2%). 

 

 

1H NMR (400 MHz, Acetonitrile-d3) δ 8.47 – 8.44 (m, 2H), 8.42 – 8.39 (m, 2H), 7.66 – 

7.60 (m, 3H), 7.54 – 7.50 (m, 1H), 7.48 (m, 1H), 7.47 – 7.43 (m, 3H), 7.27 – 7.19 (m, 3H), 

2.42 (s, 6H).
 

13C NMR (600 MHz, Methanol-d4) δ 196.55, 174.89, 136.94, 133.88, 133.27, 132.39, 

132.07, 130.63, 130.55, 130.47, 130.42, 130.33, 129.91, 129.64, 129.57, 129.49, 128.02, 

127.94, 107.54, 40.80, 40.74. 

Scheme 7. Synthetic scheme for 5. 
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High resolution mass spectra (ESI) of 5 - m/z [M+H]+ calculated for C23H21N3: 340.18137, 

found: 340.18022. 
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DMF - N, N-dimethylformamide 

DMSO - dimethylsulfoxide 

HABI – hexaarylbiimidazole 

HPLC – high-performance liquid chromatography  

PDT - photodynamic therapy 

TGF-1 - Transforming growth factor 1 

TGF- R1 - Transforming growth factor  receptor 1  
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