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26

27 ABSTRACT

28 Photodynamic therapy (PDT) is a promising strategy in cancer treatment with its relatively 

29 lower side effect profile. Undoubtedly, the key component of PDT is the photosensitizers with 

30 a high ability to produce singlet oxygen. In this work, iodinated or brominated boron-

31 dipyrromethene-bearing trimers (5 and 6) were prepared as photosensitizers and their molecular 

32 structures were characterized by mass spectrometry and NMR (1H and 13C) spectroscopy. Their 

33 photophysical and photochemical abilities were also evaluated in detail. The molar absorption 

34 coefficient ,B1 of compound 5 was found to be 2.5 times higher than that of compound 6. The 

35 photosensitizer (5), bearing iodinated-BODIPY units, exhibited almost non-fluorescent profile 

36 with 0.12 ns lifetime whereas the other photosensitizer (6) exhibited more moderate 

37 fluorescence character with 1.22 ns fluorescence lifetime. The singlet oxygen quantum yields 

38 of photosensitizers were determined to be 0.88 and 0.76, respectively by chemical trapping 

39 method. Moreover, the biological assessment of the novel compounds showed that these PSs 

40 internalized into the cells and triggered cell death in a light source-dependent manner, 

41 underlying the success of the compounds in PDT in vitro.

42
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50 1. Introduction  

51 Cancer is a global health problem and one of the most fatal diseases. Although conventional 

52 methods such as surgical intervention, chemotherapy and radiation therapy are frequently 

53 preferred in cancer treatment, low success rates and negative effects of these methods on the 

54 quality of the patient life are widely reported disadvantages.1 Photodynamic therapy (PDT), 

55 which has a lower side effect than the traditional methods, has emerged as a promising 

56 technique in cancer treatment.2-5 

57 The success of PDT depends on the ability of the photosensitizer (PS), which is ineffective in 

58 the dark, to destroy the cancerous cells through controlled production of singlet oxygen (1O2) 

59 under light. 6-10 Photoactivatable PSs are generally designed from heteroatom-containing 

60 macrocycles, modified organic dyes, organic/inorganic nanostructures or metal-organic 

61 frameworks.11-16 

62 Even though many PSs have been developed, the disadvantages such as low singlet oxygen 

63 production yield, high dark toxicity and low photostability are frequently reported to be 

64 overcome. 6,15,16 To improve photosensitizing ability of PS, one way is to increase its 

65 concentration, usually resulting in the aggregation effect.17 Another way is to enhance the 

66 photosensitizing abilities of PS molecule by the suitable structural modification.10-12,15 

67 Boron dipyrromethene (BODIPY) unit is considered as a remarkable candidate for PDT 

68 applications since it can easily be modified and structure-activity relationship can be 

69 improved.6,11, 12, 15, 18 The heavy atoms such as iodine or bromine covalently linked to the 

70 BODIPY unit strongly promote the intersystem crossing (ISC) and increase the production of 

71 singlet oxygen.19 Some researchers have focused on multiple BODIPY derivatives, such as 

72 orthogonal dimers and oligomers to improve the photosensitizing ability.20-22  Cyanuric chloride 

73 (triazine), possessing three chloro atoms, is an ideal structure to construct complexes baring 
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89 2.  Experimental section

90

91 2.1. General methods

92

93 All chemicals and solvents were procured from commercial suppliers. Analytical thin-layer 

94 chromatography (TLC) was performed on silica gel plates (Merck, Kieselgel 60 Å, 0.25 mm 

95 thickness) with the F254 indicator. Column chromatography was performed on silica gel 

96 (Merck, Kieselgel 60 Å, 230-400 mesh).  Mass spectra were recorded on a Bruker Daltonics 

97 Microflex mass spectrometer using dithranol as the MALDI matrix. All NMR spectra (1H and 

98
13C NMR) were recorded on a Varian INOVA 500 MHz spectrometer. Electronic absorption 

99 spectra were analyzed with a Shimadzu 2101 UV spectrophotometer. Fluorescence excitation 

100 and emission spectra were obtained on a Varian Eclipse spectrofluorometer using 1.0 cm 

101 pathlength cuvettes at room temperature. The fluorescence lifetimes were recorded using 

102 Horiba- Jobin-Yvon-SPEX Fluorolog 3-2iHR instrument with Fluoro Hub-B Single Photon 

103 Counting Controller at an excitation wavelength of 390 nm for compounds.  Signal acquisition 

104 was performed using a TCSPC module. 

105 2.2. Synthesis 

106 The meso-azido-substituted BODIPY derivative (1), di-iodinated BODIPY monomer (2),  di-

107 brominated BODIPY monomer (3), and  tris-alkyne-carrying triazine core (5) were synthesized 

108 and purified as in the literature.22, 27, 28

109 2.2.1. Synthesis of compound 5

110 Compound 2 (100.0 mg, 0.145 mmol) and compound 4 (11.36 mg, 0.046 mmol) were dissolved 

111 in the solvent mixture (4.0 mL dichloromethane: 1.0 mL methanol: 1.0 mL water). Sodium 

112 ascorbate (7.5 mg; 0.03 mmol), CuSO4.5H2O (6.0 mg, 0.03 mmol) and one drop of 

113 triethylamine were added to this reaction medium and the reaction mixture was stirred at room 
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114 temperature for two days. The crude product was extracted with CH2Cl2: H2O (50.0 mL : 50.0 

115 mL) and the organic phase was dried over Na2SO4. The solvent was removed on the rotary 

116 evaporator. The reaction mixture was subjected to column chromatography on silica gel using 

117 MeOH-CH2Cl2 (4: 96) as the mobile phase. The pure product (5, 36.0 mg, 33 %) was obtained 

118 as red solid.  MALDI TOF (m/z) Calc. 2310.51, Found: 2309.97 [M]+, 2288.91 [M+H-F]+ (Fig 

119 S1). 1H NMR (500 MHz, CDCl3) SH 7.8 (s, 3H), 7.1 (d, J = 8.1 Hz, 6H), 7.0 (d, J = 8.1 Hz, 6H), 

120 5.6 (s, 6H), 4.5 (t, J = 6.4 Hz, 6H), 4.1 (m, 6H), 2.6 (s, 18H), 2.2-2.1 (m, 6H), 1.9-1.8 (m, 6H), 

121 1.4 (s, 18H) ppm (Fig. S2). 13C NMR (126 MHz, CDCl3) SC 172.78, 159.66, 156.58, 145.29, 

122 142.25, 141.42, 131.68, 129.16, 126.87, 123.84, 115.28, 85.59, 67.07, 61.51, 50.11, 27.26, 

123 26.21, 17.23, 16.02 ppm (Fig. S3).

124

125 2.2.2. Synthesis of compound 6

126 Compound 3 (100.0 mg, 0.17 mmol) and compound 4 (13.2 mg, 0.054 mmol) were dissolved 

127 in the solvent mixture (4.0 mL dichloromethane: 1.0 mL methanol: 1.0 mL water). Sodium 

128 ascorbate (7.5 mg; 0.03 mmol), CuSO4.5H2O (6.0 mg, 0.03 mmol) and one drop of 

129 triethylamine were added to this reaction medium and the reaction mixture was stirred at room 

130 temperature for two days. The crude product was extracted with CH2Cl2: H2O (50.0 mL : 50.0 

131 mL) and the organic phase was dried over Na2SO4. The solvent was removed on the rotary 

132 evaporator. The reaction mixture was subjected to column chromatography on silica gel using 

133 MeOH-CH2Cl2 (4: 96) as the mobile phase. The pure product (6, 41.0 mg, 37 %) was obtained 

134 as red solid. MALDI TOF (m/z) Calc. 2028.50; found: 2028.76 [M]+, 2007.82 [M+H-F]+ (Fig. 

135 S4). 1H NMR (500 MHz, CDCl3) SH 7.8 (s, 3H), 7.2 (d, J = 8.3 Hz, 6H), 7.0 (d, J = 8.3 Hz, 6H), 

136 5.6 (s, 6H), 4.5 (t, J = 6.9 Hz, 6H), 4.1 (t, J = 5.7 Hz, 6H), 2.6 (s, 18H), 2.2-2.1 (m, 6H), 1.9-

137 1.8 (m, 6H), 1.4 (s, 18H) ppm (Fig. S5). 13C NMR (126 MHz, CDCl3) SC 172.78, 159.66, 
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138 153.76, 142.14, 140.56, 130.76, 129.17, 126.53, 123.81, 115.24, 111.66, 67.05, 61.52, 50.11, 

139 27.27, 26.21, 13.95, 13.80 ppm (Fig. S6).

140 2.3. Photophysical parameters 

141 The fluorescence quantum yield ,UF) was calculated in ethanol using the Rhodamine 6G ,UF = 

142 0.90 in water) as a reference molecule.29

143

                                          
2
StdStd

2
Std

FF

n.A .F

n.A.F
(Std)UU �                                                              (1)

144 In the above equation, F is the area under the fluorescence emission curve of sample. A is the 

145 respective absorbance of the sample. 2V  is the refractive index of solvent. 

146

147 2.4. Singlet Oxygen Sensitization

148 The singlet oxygen generation capacities ,WX) of the trimers were evaluated by the comparative 

149 method. Rose Bengal ,WX=0.68 in ethanol)30 was employed as a reference compound and 1,3-

150 diphenylisobenzofuran (DPBF) was used as a singlet oxygen scavenger. The trimers and Rose 

151 Bengal were irradiated with the light source ,Y = 516 nm, 2.1 mWcm-2) from a 6.0 cm distance. 

152 The following equation (2) was used to calculate the singlet oxygen quantum yield.15

153 WX (samp) = WX (ref) × [m (samp)/m(ref)]×[F(ref)/F(samp)]                                               (2)

154 In the above equation, m is the slope of difference in change in absorbance of DPBF (414 nm) 

155 with the irradiation time and F is the absorption correction factor, which is given by F = 1 – 10-

156
OD (OD at the irradiation wavelength).

157 As the second method, singlet oxygen formation ,UX) were determined via the phosphorescence 

158 of 1O2, using Horiba Jobin-Yvon Fluorimeter with Hamamatsu NIR PMT 5509.31 The ability 

159 of singlet oxygen formation was obtained via according to the equation, 
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160

161                                                                                                 (3)�� = ��(��	)� 
�� (	�	) ����	


�� (��	) ��	�	


162

163 where, UX (std) is the singlet oxygen quantum yield of the Rose Bengal  IX is the area under the 

164 curve of peak of singlet oxygen at 1270 nm; and A is the absorbance which was set to 0.391, 

165 0.362 and 0.366 for 5, 6 and RB, respectively.

166 2.5. In vitro photodynamic therapy

167 Photodynamic therapy efficacy of the compounds were in vitro evaluated using a human 

168 cervical cancer cell line (HeLa). Briefly, 1�104 cells/well were seeded into the wells of 96-well 

169 plate and incubated for 24 h in RPMI 1640 medium (Biochrom AG, Germany) containing 10 

170 % PBS (v/v; Biochrom AG, Germany) and 1 % gentamycin (v/v; Biological Industries, Israel) 

171 at 37°C and 5 % CO2. Next, cells were washed with phosphate-buffered saline (PBS) twice and 

172 the medium was renewed. Cells were treated with compound 5 and 6 dissolved in dimethyl 

173 sulfoxide (DMSO) to minimize the solvent toxicity at a concentration of 0.0125-0.1 mg/mL as 

174 less than 1 % DMSO volume. The compounds 2-4 (each 0.1 mg/mL) which were also dissolved 

175 in DMSO were used to evaluate the PDT efficacy of the precursors and all compounds and 

176 DMSO were used as cell-free medium control to eliminate the background signal. These 

177 concentration range was the optimal one to see the stepwise cell death under these conditions. 

178 Cells were incubated at 37°C and 5 % CO2 whether in dark or under green light source (�= 516 

179 nm, 2.1 mWcm-2) for 5 h. Next, 10.0 ^I of the 3-(4,5-dimethylthiazol-2-yl)-2,5 

180 diphenyltetrazolium bromide (MTT) solution (5.0 mg mL_<; dissolved in PBS) was added onto 

181 cells and incubated for 4 h. Cells were disrupted with an SDS–HCl solution overnight and the 

182 microplates were read using a microplate spectrophotometer (Synergy H1, BioTek Instruments, 

183 USA) at 570 nm. Optical densities were converted to % viability by considering untreated cells 
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184 to have 100 % viability and all the treatments were correlated with this group. All biological 

185 experiments were performed as three replica each of which including four technical replica. 

186 Data were analyzed by two-way ANOVA by GraphPad Prism 8.0 software (GraphPadInc, 

187 USA). The results were considered significant at the level of 0.05.

188 2.6. Live cell imaging

189 To further characterize the novel compounds and their precursors biologically, we evaluated 

190 the cellular imaging properties and internalization patterns of the compounds. 1�105 cells/well 

191 were seeded into the wells of 12-well plate and the cells were incubated overnight. Next, the 

192 cells were washed by PBS twice and incubated with 0.1 mg/mL of the compounds 2-6 for 5 

193 min at room temperature in PBS. Then, the cells were washed by PBS twice and treated with 

194 Trypan Blue (0.4 %) for 5 min at room temperature to block the extracellular fluorescent signal, 

195 and the cells were washed by PBS twice. Images were obtained by Zeiss Axio Observer (Carl 

196 Zeiss Microscopy GmbH, Germany) using the default settings and filters.

197

198 3. Results and Discussion

199 3.1. Synthesis and structural characterization of triazine-based BODIPY trimers

200 Molecular scaffolds that allow fine tuning for desired pharmacological properties are extremely 

201 important in drug or biomolecule discovery. The triazine, a heterocyclic ring, has frequently 

202 been preferred as molecular platforms in novel biomolecule designs due to its predictable 

203 pharmacological properties, biocompatibility and chemically stable structure. 25,32,33 In this 

204 study, we focused on preparing novel triazine-based BODIPY trimers and determining their 

205 PDT activities, inspired by excellent pharmacological properties of triazine core and 

206 photochemical character of BODIPY.  Synthesis pathway for the triazine-based BODIPY 
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207 trimers (5 and 6) are depicted in Scheme 1. The meso-azido-substituted BODIPY (1) was 

208 synthesized from the two-step reaction of 2,4-dimethyl pyrrole with 4-azidobenzaldehyde in 

209 dichloromethane (DCM) in the presence of trifluoro acetic acid, p-chloranil, Et3N and boron 

210 trifluoride diethyl etherate. To promote the intersystem crossing, 2 and 6 positions of the 

211 compound 1 was iodinated with iodine and iodic acid in ethanol and di-iodinated monomer (2) 

212 was obtained.27 Then, the compound 1 was brominated in the presence of N-boromosuccinimide 

213 (NBS) in DCM to get di-brominated monomer (3).28 The nucleophilic substitution reaction of 

214 cyanuric chloride (triazine) with propargyl alcohol in the presence of NaH in THF was carried 

215 out and tris-alkyne-carrying triazine (4) formed.23 The click reactions of triazine core (4) with 

216 BODIPY monomers (2 and 3) in the presence of copper sulfate pentahydrate and sodium 

217 ascorbate yielded triazine-based BODIPY trimers (5 and 6). All compounds were purified by 

218 column chromatography and then novel compounds (5 and 6) were characterized by mass 

219 spectrometry and 1H, and 13C NMR spectroscopy. The molecular ion peaks of the trimers (5 

220 and 6) were marked as 2309.97 and 2028.76 Da by MALDI-TOF mass spectrometer (Fig. S1 

221 and S4). Also, [M+H-F]+ ion peaks were observed as 2288.91 and 2007.82 for compound 5 and 

222 6, respectively. The aromatic carbons of trimers were marked between 173.0 and 111.0 ppm in 

223 the 13C NMR spectra (Fig. S3 and S6).The aliphatic carbon signals were seen between 85.0-

224 13.0 ppm regions. The 1H NMR spectra of the trimers (5 and 6; Table 1) were evaluated in 

225 comparison to that of the monomers (2 and 3).27,28 The 1H NMR spectra of the trimers exhibited 

226 doublet signals for meso aromatic protons around 7.0 ppm. When the 1H NMR spectra of 

227 monomers and trimers were compared, it was seen that a new peak (-NCH2-) was formed at 

228 around 4.0 ppm instead of CH2N3 proton peak. It was also observed that two new peaks 

229 belonging to the triazole ring protons at 7.8 ppm and -COCH2 protons at 5.6 ppm for the trimers 

230 formed. While the -OCH2 protons were marked as triplet at 4.5 ppm, the -CH3 protons on the 
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245 Table 1.  1H NMR parameters for monomers (2, 3)27,28 and trimers (5, 6).

Compounds 23H (ppm)]a

2 3 5 6

Aromatic-CH-
7.1 (d, J =7.6 Hz)
7.0 (d, J =7.6 Hz)

7.1 (d, J =8.4 Hz)
7.0 (d, J =8.4 Hz)

7.2(d, J =8.3 Hz)
7.0 (d, J =8.3 Hz)

7.1 (d, J=8.1 Hz) 
7.0 (d, J =8.1 Hz)

-CH-N - - 7.8 (s) 7.8 (s)
-COCH2- - - 5.6 (s) 5.6 (s)
-OCH2- 4.1 (t, J = 6.0 Hz) 4.1 (t, J = 6.0 Hz) 4.5 (t, J = 6.9 Hz) 4.5 (t, J = 6.4 Hz)
N3CH2- 3.4 (t, J = 6.3 Hz) 3.4 (t, J = 6.6 Hz) - -
-NCH2- - - 4.1 (t, J = 5.7 Hz) 4.1 (m)

Aliphatic -CH-
2.0-1.9  (m) 2.0-1.8  (m) 2.2-2.1 (m)

1.9-1.8 (m)
2.2-2.1 (m)
1.9-1.4 (m)

Ar-CH3

2.6 (s)
1.4 (s)

2.6 (s)
1.4 (s)

2.6 (s)
1.4 (s)

2.6 (s)
1.4 (s)

246 a500 MHz 1H NMR chemical shifts (ppm) in CDCl3 solution. 3J(HH) [Hz], m: multiplet, s: singlet, d: doublet, t:triplet.

247 3.2. Photophysical properties of triazine-based BODIPY trimers

248 The optical properties of the triazine-based BODIPY trimers (5 and 6) were investigated in 

249 ethanol at room temperature (Fig.2). The basic photophysical data of trimers were given at 

250 Table 2. The absorption spectra of trimers exhibited major bands at 635 and 525 nm, which can 

251 be assigned to the S0-S1 transitions, for compound 5 and 6, respectively. The absorption 

252 maximum of compound 5 was slightly red-shifted (10 nm) compared to compound 6, which 

253 can be attributed to the minor contribution of halogen atom size to the molecular a.����� 3 The 

254 molar absorption coefficient ,B1 of the trimer 5 (� = 22.30 �104 cm-1 M-1) was determined to be 

255 2.5 times higher than that of the trimer 6 (� = 6.94 �104 cm-1 M-1; Fig. S7 and S8). As shown 

256 in Fig. 2, the excitation of compound 5 at 520 nm gave a very weak emission band at 551 nm 

257 (UF=0.05). This high emission quenching can be explained by the effect of the heavy atom.34 

258 The trimer 6 showed emission peak at 543 nm when excited at 500 nm and florescence quantum 

259 yield was calculated as 0.11. Fluorescence lifetimes ,bF) of the trimers were measured with 

260 mono-exponential calculation (Fig. S9). The lifetime values were found to be 0.12 and 1.22 ns 

261 for trimers 5 and 6, respectively. The difference in fluorescence lifetime values is compatible 

262 with the fluorescence quantum yields. The trimer, bearing iodinated- BODIPY units (5) 
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263 exhibited almost non-fluorescent profile whereas trimer 6 showed more moderate fluorescence 

264 characteristics. The lower fluorescence profile of trimer 5 compared to 6 can be attributed to 

265 promotion of more intersystem crossing (ISC) in the molecule by iodine atoms.19,34,35 

266
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268 Figure 2. Absorbance, excitation and emission spectra of 5 ,Yex= 520 nm) and 6 ,Yex= 500 
269 nm; 2.0 µM) in ethanol.
270

271 Table 2. Photophysical and photochemical properties of triazine-based BODIPY trimers (5 and 
272 6)a 
273

Compound
�ab,

nm
�em,
nm

�b , 104

M-1 cm-1
dStokes,
(nm)

bF (ns)c UF
d

Wde

5 535 551 22.30 16 0.12 
(CHISQ=0.89)

0.05 0.88

6 525 543 8.94 18 1.22 
(CHISQ=0.86)

0.11 0.76

274 a Ethanol. b Molar extinction coefficients. c Lifetime, d Fluorescence quantum yield, e Singlet oxygen quantum 
275 yield.

276

277 3.3. Photosensitizing properties of triazine-based BODIPY trimers 

278 The controlled singlet oxygen generation from the photosensitizer is essential for PDT 

279 applications.16 In this study, the photosensitizing abilities of triazine-based BODIPY trimers (5 

280 and 6) under controlled light were determined by two different techniques: chemical 

281 comparative method and singlet-oxygen phosphorescence peaks at 1270 nm. In the chemical 

282 method, 1,3- diphenylisobenzofuran (DPBF), a common singlet oxygen scavenger agent, was 

283 used to monitor the singlet oxygen production. Before starting the measurements, the solutions 
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284 containing the trimer (5 and 6) and DPBF were kept in the dark for 30 min and it was determined 

285 that the trimers was inactive in the dark. Upon irradiation of solutions with a LED light (�= 516 

286 nm, 2.1 mWcm-2), gradual decrease in the absorbance of DPBF at 414 nm was detected at time 

287 interval between 0 and 35 s (Fig. 3). The same measurement was repeated under the same 

288 conditions for Rose Bengal (Fig. S10). The singlet oxygen quantum yields ,UX) were 

289 determined as 0.88 and 0.76 for trimers bearing iodinated BODIPY units (5) and brominated 

290 BODIPY units (6), respectively. The iodine-substituted trimer exhibited the highest singlet-

291 oxygen generation capacity, followed by the bromine-substituted trimer and finally RB 

292 ,UX=0.68).  As the second method, singlet oxygen generation capacities of the trimers were 

293 determined via monitoring the phosphorescence signal of singlet oxygen at 1270 nm. The 

294 photosensitizers (5 and 6) were triggered by using a xenon lamp at their regarding absorption 

295 maxima and monitored with a near-IR detector (Fig.4). Based on the 1O2 phosphorescence 

296 emission signal, the singlet oxygen quantum yields ,UX) were calculated as 0.85 and 0.82 for 

297 compound 5 and 6, respectively. In this study, the stability of trimers under light was also tested. 

298 The solution of compound 5 and 6 without DPBF were stimulated with LED light (�= 516 nm, 

299 2.1 mWcm-2) for 30 min and no significant mobility was observed in the absorbance intensities. 

300 The photophysical and photochemical results showed that compound 5 had the highest ability 

301 to generate singlet oxygen and had a rather low fluorescence profile. The differences in 

302 fluorescence characteristics and 1O2 productions of the trimers can be explained by halogen 

303 atom size, known as the most popular method to facilitate the ISC of the molecule. To 

304 demonstrate the advantage of trimer structures on the singlet oxygen generation capacity 

305 compared to their monomer precursors, the ability of monomers (2 and 3) to produce singlet 

306 oxygen was also determined by the chemical method. Based on the oxidation data of the trap 

307 molecule in the presence of 1O2, the values of UX were calculated to be 0.83 and 0.65 for 

308 monomer 2 and 3, respectively (Fig. S13 and S14). Both trimers but drastically brominated one 
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327 (2-4) with maximum concentration alone (0.1 mg/mL) in dark or green light source for 5 h and 

328 MTT cell viability assay was performed. Our results showed that the compounds were not toxic 

329 in dark but green light source was needed to induce the cell death. The minimum concentration 

330 to induce cell death was 0.025 mg/mL and 0.05 mg/mL was the optimal concentration to trigger 

331 the death of about all cells for both trimers (5 and 6; Fig. 5). Importantly, with the maximum 

332 concentration (0.1 mg/mL) used in the study, BODIPY precursors (2 and 3) was also effective 

333 to induce cell death as the novel compounds, 5 and 6. In the previous studies, iodine- and 

334 bromide-containing BODIPY were proposed as well photosensitizers.5 Thus, the results 

335 obtained in the present study correlated with the literature. As expected, triazine core alone (4) 

336 was not able to induce cell death even under green light. However, the ability of triazine 

337 complexes to be able to target some biological entities specifically36 makes the triazine-based 

338 complexes instead of BODIPY alone units favorable in the PDT studies and those studies are 

339 under investigation by our research group.
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342 light.*p<0.05; ****p<0.0001.
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344 To further characterize the compounds biologically, we determined the internalization pattern 

345 of the compounds. We treated the cells with 0.1 mg/mL of the compounds 2, 3, 5 and 6 and 

346 applied live cell imaging in the presence of Trypan Blue which blocks the extracellular signal 

347 using a fluorescence microscope with a maximal excitation wavelength of 475 nm and a 

348 maximal emission wavelength of 547 nm. Our results pointed that all compounds internalized 

349 into cells and stained the all detectable compartments of the cells (Fig. 6). Intracellular and/or 

350 extracellular singlet oxygen has been shown to trigger cell death.37 In the present study, we 

351 propose that the cell death was performed by internalization of the compounds and intracellular 

352 production of the singlet oxygen. Moreover, according to the results, the novel compounds can 

353 also be evaluated as live cell imaging agents. Finally, the results of in vitro photodynamic 

354 therapy efficacies of the novel compounds make them well candidates for in vivo photodynamic 

355 therapy in further studies. 
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356

357 Figure 6. Cellular imaging properties of the compounds. Ex: 475 nm and Em: 547nm.

358 4. Conclusions

359 In this study, we described the molecular design, synthesis and characterization of novel 

360 triazine-based BODIPY trimers (5 and 6) comprising the triazine platform and iodinated/ 

361 brominated boron-dipyrromethene branch. Also, the photophysical, and photochemical 

362 characteristics and PDT activities of the photosensitizers were evaluated. The photosensitizers 

363 that were chemically stable under light excitation exhibited strong absorption bands at about 

364 530 nm. These compounds, which were inactive in the dark, were able to produce highly 

365 efficient singlet oxygen when excited by light source. The singlet oxygen quantum yields of the 
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366 compounds determined by chemical and phosphorescence methods have shown that these 

367 materials are very suitable designs and convenient for PDT applications. Especially, compound 

368 5 exhibited a fluorescence quantum yield of 0.05 with very high chemical and phosphorescence 

369 singlet oxygen quantum yields of 0.88 and 0.85, respectively. Undoubtedly, our results 

370 provided critical candidate agents for in vitro and in vivo, as further studies, PDT applications. 

371 Moreover, triazine-based cellular targeting strategies may also combined to PDT studies to 

372 effectively and locally destroy the cancer cells, which is now under investigation by our 

373 laboratory. Still, the novel compounds are proved to be in vitro PDT agents with desirable 

374 photochemical and photophysical properties.

375 Electronic supplementary information 

376 The mass and NMR spectra of the compounds and details of the photophysical studies were 

377 given in SI file. 

378 Conflicts of interest 

379 The authors declare no competing financial interest.
380

Page 19 of 25 New Journal of Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 2
8 

Ju
ly

 2
02

1.
 D

ow
nl

oa
de

d 
on

 8
/1

2/
20

21
 6

:1
1:

47
 A

M
. 

View Article Online
DOI: 10.1039/D1NJ02656A

https://doi.org/10.1039/d1nj02656a


20

381 References

382 1 P. L. Chui, Cancer and Chemotherapy-Related Symptoms and the Use of 

383 Complementary and Alternative Medicine, As. Pac. J of Oncol. Nurs., 2019, 6 (1). 

384 4-6.

385 2 P. Agostinis, K. Berg, K. A., Cengel, T. H., Foster, A.W. Grotti, S. O. Gollnick , S.M. 

386 Hahn, R. Hamblin, A. Juzeniene, D. Kessel, M. Korbelik, J. Moan, P. Mroz, D. 

387 Nowis, J. Piette, B. C. Wilson,   J. Golan, >'"�"���� 	� Therapy Of Cancer: An 

388 Update. CA Cancer J Clin., 2011,  61 (4), 250-281.

389 3 A.P. Castano, T. N. Demidovaa, M. R. Hamblin, Mechanisms in photodynamic 

390 therapy: part one-photosensitizers, photochemistry and cellular localization. 

391 Photodiagn. Photodyn. Ther., 2004,  1, 279–293. 

392 4 Z. Zhang,  C. Jianga,  J. P. F. Longo, A. Bentes, H. Zhang,  L. A. Muehlmann, An 

393 updated overview on the development of new photosensitizers for anticancer 

394 photodynamic therapy. Acta Pharm. Sin. B., 2018,   8 (2), 137–146. 

395 5 R. Prieto-Montero, A. Prieto-Castaneda, R. Sola-Llano, A. R. Agarrabeitia, D. 

396 /���	�.*��������"� I. Lopez-Arbeloa, A. Villanueva, M.J. Ortiz, S. de la Moya,  

397 0���	���.0���	���� Exploring BODIPY Derivatives as Singlet Oxygen 

398 Photosensitizers for PDT.  Photochem. Photobio., 2020,  96, 458–477. 

399 6 A. Kamkaew, S. H. Lim, H. B. Lee, L. V. Kiew, L. Y. Chung, K. Burgess, BODIPY 

400 dyes in photodynamic therapy. Chem. Soc. Rev., 2013,  42, 77-88. 

401 7 Z. Zhou, J. Song,  L. Nie, X. Chen, Reactive oxygen species generating systems 

402 meeting challenges of photodynamic cancer therapy. Chem. Soc. Rev., 2016, 45, 

403 6597-6626. 

Page 20 of 25New Journal of Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 2
8 

Ju
ly

 2
02

1.
 D

ow
nl

oa
de

d 
on

 8
/1

2/
20

21
 6

:1
1:

47
 A

M
. 

View Article Online
DOI: 10.1039/D1NJ02656A

https://doi.org/10.1039/d1nj02656a


21

404 8 S. Callaghan,  M. O. Senge, The good, the bad, and the ugly controlling singlet 

405 oxygen through design of photosensitizers and delivery systems for photodynamic 

406 therapy.  Photochem. Photobiol. Sci., 2018, 17, 1490-1514. 

407 9 D. L. Sai, J. Lee, D.L. Nguyen, Y. P. Kim, Tailoring photosensitive ROS for 

408 advanced photodynamic therapy. Exp. Mol. Med., 2021,  53, 495–504. 

409 10 X. Zhao, J. Liu, J. Fan, H. Chao,  X.  Peng, Recent progress in photosensitizers for 

410 overcoming the challenges of photodynamic therapy: from molecular design to application. 

411 Chem. Soc. Rev., 2021,  50, 4185-4219.

412 11 J. Zhao, J., W. Wu, J. Sun, S. Guo, Triplet photosensitizers: from molecular design 

413 to applications. Chem. Soc. Rev. 2013, 42, 5323–5351. 

414 12 A. Turksoy, D. Yildiz, E. U. Akkaya, E. U.  Photosensitization and Controlled 

415 Photosensitization with Bodipy dyes.  Coord. Chem. Rev., 2019, 379, 47-64. 

416 13 N. Adarsh, P. S. S. Babu, R. R. Avirah, M. Viji, S. A. Nai, D. Ramaiah, Aza-BODIPY 

417 Nanomicelles as Versatile Agents for In Vitro and In Vivo Singlet Oxygen Triggered 

418 Apoptosis of Human Breast Cancer.  J. Mater. Chem. B, 2019, 7, 2372-2377. 

419 14 A. Escudero, C. Carrillo-Carrion, M. C. Castillejos, E. Romero-Ben, C. Rosales-

420 Barrios,  N. Khiar, Photodynamic therapy: photosensitizers and nanostructures. 

421 Mater. Chem. Front., 2021, 5, 3788-3812. 

422 15 O. Karaman, T. Almammadov, M. E. Gedik, G. Gunaydin, S. Kolemen, G. Gunbas, 

423 G. Mitochondria-Targeting Selenophene-Modified BODIPY- Based 

424 Photosensitizers for the Treatment of Hypoxic Cancer Cells. Chem. Med. Chem., 

425 2019, 14, 1879 – 1886. 

Page 21 of 25 New Journal of Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 2
8 

Ju
ly

 2
02

1.
 D

ow
nl

oa
de

d 
on

 8
/1

2/
20

21
 6

:1
1:

47
 A

M
. 

View Article Online
DOI: 10.1039/D1NJ02656A

https://doi.org/10.1039/d1nj02656a


22

426 16 H. H. Kazan, E. Özcan, B. !"#��� G.  Yenilmez Çiftçi, E. ����	
��� Eçik E. Novel 

427 BODIPY-subphthalocyanine dyads with reasonable photodynamic therapy 

428 behaviours. New J. Chem., 2020,  44, 13738-13744. 

429 17 S. Kwiatkowski, B. Knap , D. Przystupski, J. Saczko, E.  �h������� , K. Knap-Czop,  

430 J. �"��i��� , O. Michel , K. Kotowski , J. Kulbacka, Photodynamic therapy 

431 mechanisms, photosensitizers and combinations, Biomedicine & Pharmacotherapy, 

432 2018, 106, 1098–1107.

433 18 A. Kamkaew, A., K. Burgess, Double-targeting Using A TrkC Ligand Conjugated 

434 To BODIPY- based PDT Agent. J. Med. Chem., 2013, 56,  7608-7614. 

435 19 J. Zhao, K. Xu, W. Yang, Z. Wang, F. Zhong, The triplet excited state of Bodipy: 

436 formation, modulation and application. Chem. Soc. Rev.,  2015, 44, 8904-8939. 

437 20 N. Epelde-Elezcano, E. Palao, H. Manzano, A. Prieto-Castaneda, A. Agarrabeitia, 

438 R.,  A. Tabero, . Villanueva, s. de la Moya, 	3 Lopez-Arbeloa, V. Martinez-Martinez, 

439 M. J. Ortiz, Rational Design of Advanced Photosensitizers Based on Orthogonal 

440 BODIPY Dimers to Finely Modulate Singlet Oxygen Generation. Chem. Eur. J., 

441 2017, 23, 4837 – 4848.

442 21 M. A.  Filatov, Heavy-atom-free BODIPY photosensitizers with intersystem crossing 

443 mediated by intramolecular photoinduced electron transfer. Org. Biomol. Chem., 

444 2020, 18, 10–27. 

445 22 J. Sun,  X. Li, K. Du, F. Feng, A water soluble donor–acceptor–donor conjugated 

446 oligomer as a photosensitizer for mitochondria-targeted photodynamic therapy. 

447 Chem. Commun., 2018, 54, 9194-9197. 

448

Page 22 of 25New Journal of Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 2
8 

Ju
ly

 2
02

1.
 D

ow
nl

oa
de

d 
on

 8
/1

2/
20

21
 6

:1
1:

47
 A

M
. 

View Article Online
DOI: 10.1039/D1NJ02656A

https://doi.org/10.1039/d1nj02656a


23

449 23 E. ����	
��� Eçik, E. ��������� B. !"#��� Novel Bodipy- triazine conjugates: 

450 Synthesis and the generation of singlet oxygen. Dyes Pigm., 2017,  143, 455- 462. 

451 24 R. Liu, M. Shu, J. Hu, S. Zhu, H. Shi, H. Zhu, Star-shaped $.a.� compounds with a 

452 1,3,5-triazine core and N-aryl chromophore substituted fluorene arms: Synthesis, 

453 aggregation induced emission and two-photon absorption , Dyes Pigm. 2017,  137, 

454 174-181. 

455 25 L. Marín-Ocampo, L. A. Veloza, R. Abonia, J. C. Sepúlveda-Arias, Anti-

456 inflammatory activity of triazine derivatives: A systematic review. Eur. J. Med. 

457 Chem., 2019, 162, 435-447. 

458 26 S. 2��"m, K. Kucwaj-Brysz, R.  Kurczab, N. Z����i���, M. L�����h����.Zh���, G. 

459 2���m�, G. Latacz, M. /m��'.I��@�, B. Mordyl, E. n��m�@���, W.  Nitek, A.  

460 Partyka,  K. Buzun,  A. $"�"�.>m"���, A. Z��"m"@���, A. Bielawska, J. Handzlik, 

461 Chlorine substituents and linker topology as factors of 5-HT6R activity for novel 

462 highly active 1,3,5-triazine derivatives with procognitive properties in vivo. Eur. J. 

463 Med. Chem. 2020,  203, 112529. 

464 27 E. ����	
��� Eçik, E. ��������� Z.  Cebesoy, G. Yenilmez Çiftçi, BODIPY 

465 decorated dendrimeric cyclotriphosphazene photosensitizers: synthesis and efficient 

466 singlet oxygen generators. RSC Advances., 2016,  6, 47600–47606. 

467 28 E. ��������� E. Okutan, E. ����	
��� Eçik, Cyclotriphosphazene-BODIPY Dyads: 

468 Synthesis, halogen atom effect on the photophysical and singlet oxygen generation 

469 properties. Inorg. Chim. Acta, 2020, 502, 119342. 

470 29 D. Magde, R. Wong, P. G.  Seybold, Fluorescence Quantum Yields and Their 

471 Relation to Lifetimes of Rhodamine 6G and Fluorescein in Nine Solvents: Improved 

Page 23 of 25 New Journal of Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 2
8 

Ju
ly

 2
02

1.
 D

ow
nl

oa
de

d 
on

 8
/1

2/
20

21
 6

:1
1:

47
 A

M
. 

View Article Online
DOI: 10.1039/D1NJ02656A

https://doi.org/10.1039/d1nj02656a


24

472 Absolute Standards for Quantum Yields. Photochem. Photobiol., 2002, 75, 4, 327-

473 334. 

474 30 M. C. DeRosa, R. J. Crutchley, Photosensitized singlet oxygen and its applications.  

475 Coord. Chem. Rev., 2002, 233–234, 351–371. 

476 31 F. Wilkinson, A. Ross, Quantum yields for the photosensitized formation of the 

477 lowest electronically excited singlet state of molecular oxygen in solution. J. Phys. 

478 Chem. Ref. Data., 1992,  22, 1-126. 

479 32 H. Liu, S. Long, K. P. Rakesh, G. F. Zha, Structure-activity relationships (SAR) of 

480 triazine derivatives: Promising antimicrobial agents. Eur. J. Med. Chem., 2020, 185, 

481 111804. 

482 33 N. Lolak, S. Akocak, C. �����#� P. Taslimi, M. -#	�� �3 Beydemir, o3 Gülçin,  M. 

483 Durgun, Synthesis, characterization, inhibition effects, and molecular docking 

484 studies as acetylcholinesterase, p.)���"������ and carbonic anhydrase inhibitors of 

485 novel benzenesulfonamides incorporating 1,3,5-triazine structural motifs. Bioorg. 

486 Chem., 2020,  100, 103897. 

487 34 Yago T, Urano Y, Ishitsuka Y, Maniwa F, Nagano T. Highly Efficient and 

488 Photostable Photosensitizer Based on BODIPY Chromophore. J. Am. Chem. Soc., 

489 2005, 127, 12162-12163. 

490 35 Wu W, Guo H, Wu W, Ji S, Zhao J. Organic Triplet Sensitizer Library Derived from 

491 a Single Chromophore (BODIPY) with Long-Lived Triplet Excited State for Triplet 

492 Triplet Annihilation Based Upconversion.  J. Org. Chem. 2011, 76, 7056–7064.

493

494

Page 24 of 25New Journal of Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 2
8 

Ju
ly

 2
02

1.
 D

ow
nl

oa
de

d 
on

 8
/1

2/
20

21
 6

:1
1:

47
 A

M
. 

View Article Online
DOI: 10.1039/D1NJ02656A

https://doi.org/10.1039/d1nj02656a


25

495 36 A. Junaid, F. P. L.  Lim, E. R. Tiekink, A. V. Dolzhenko, Design, synthesis, and 

496 biological evaluation of new 6, N 2-diaryl-1, 3, 5-triazine-2, 4-diamines as anticancer 

497 agents selectively targeting triple negative breast cancer cells. RSC Advances, 2020, 

498 10 (43), 25517-25528. 

499 37 G. Bauer, G. The antitumor effect of singlet oxygen. Anticancer Res., 2016,  36 (11), 

500 5649-5663. 

501  

Page 25 of 25 New Journal of Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 2
8 

Ju
ly

 2
02

1.
 D

ow
nl

oa
de

d 
on

 8
/1

2/
20

21
 6

:1
1:

47
 A

M
. 

View Article Online
DOI: 10.1039/D1NJ02656A

https://doi.org/10.1039/d1nj02656a

