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Materials and Methods 21 

Synthesis of intermediate 1a 22 

2,3,3-Trimethylindolenine (40.32 mmol) and 3-iodopropanol (26.88 mmol) were 23 

dissolved in MeCN (20 mL) in a 100 mL round-bottom flask. The mixture was heated 24 

to 110 °C and stirred for 16 h under a nitrogen atmosphere. The solvent was then 25 

removed under reduced pressure, and the residue was washed with 20 mL of a DCM/EA 26 

mixture (1:5, v/v), giving a solid. The solid was collected by filtration and dried under 27 

vacuum to afford crude 1a, an indolium quaternary ammonium salt, which was used 28 

directly in the subsequent reaction without further purification. 29 

Synthesis of cyanine dye Se-Cy0 30 

Crude 1a (5.2 mmol) and compound 2a (2.08 mmol) were dissolved in a mixture 31 

of toluene and 1-butanol (7:3, v/v; 20 mL) in a 100 mL round-bottom flask. The reaction 32 

mixture was heated at 110 °C and stirred for 12 h under a nitrogen atmosphere. The 33 

solvent was then removed under reduced pressure, and the residue was purified by 34 

column chromatography on silica gel to afford Se-Cy0 as a green solid powder (56.7% 35 

yield). 36 

Se-Cy0: 1H NMR (400 MHz, CDCl3) δ 8.33 (d, J = 14.0 Hz, 2H), 7.40 – 7.35 (m, 4H), 37 

7.24 – 7.20 (m, 4H), 6.37 (d, J = 14.0 Hz, 2H), 4.29 (t, J = 6.8 Hz, 4H), 3.79 (t, J = 5.2 38 

Hz, 4H), 2.77 – 2.71 (m, 4H), 2.11 – 2.08 (m, 4H), 2.00 – 1.93 (m, 4H), 1.70 (s, 12H) 39 

ppm. 40 

Synthesis of Se-Cys derivatives 41 

Cyanine dye Se-Cy0 (0.269 mmol) and a selenium-containing compound (0.269 42 

mmol, compound 3a, compound 4a, or compound 5a) were dissolved in 10 mL DCM. 43 

The mixture was stirred at 0 °C for 30 min under a nitrogen atmosphere. Then DCC 44 

(0.807 mmol) and DMAP (0.807 mmol) were added to above reaction mixture. After 45 

an additional 30 min, the reaction mixture was returned to room temperature and stirred 46 
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overnight. Then the reaction solvent was evaporated in vacuum and the obtained residue 47 

was purified by column chromatography on silica gel (DCM : MeOH = 15:1, v/v) to 48 

afford the desired Se-Cys derivatives.  49 

 50 

Se-Cy1 (green solid, 39.2% yield): 1H NMR (400 MHz, CDCl3) δ 8.38 – 8.27 (m, 2H), 51 

7.43 – 7.38 (m, 4H), 7.29 – 7.27 (m, 4H), 6.40 – 6.32 (m, 2H), 4.44 – 4.38 (m, 2H), 52 

4.28 – 4.18 (m, 4H), 3.48 – 3.38 (m, 2H), 3.20 – 3.06 (m, 4H), 2.93 (t, J = 7.2 Hz, 2H), 53 

2.81 – 2.76 (m, 4H), 2.24 – 2.20 (m, 4H), 2.10 – 1.91 (m, 4H), 1.73 (s, 12H) ppm. 54 

HRMS [M - I]+ calcd for C42H50ClN2O4Se2
+, 841.1784; found, 841.1772. 55 

Se-Cy2 (green solid, 14.0% yield): 1H NMR (400 MHz, CDCl3) δ 8.33 (d, J = 13.6 Hz, 56 

2H), 7.74 (d, J = 8.4 Hz, 4H), 7.61 (d, J = 7.2 Hz, 4H), 7.40 – 7.28 (m, 13H), 7.21 – 57 

7.18 (m, 4H), 6.31 (d, J = 14.0 Hz, 1H), 4.50 – 4.29 (m, 14H), 4.23 (t, J = 6.8 Hz, 2H), 58 

2.84 – 2.77 (m, 4H), 2.62 – 2.55 (m, 4H), 2.26 – 2.21 (m, 6H), 2.02 – 1.92 (m, 12H), 59 

1.71 (m, 12H) ppm. HRMS [M - I]+ calcd for C76H82ClN4O8Se2
+, 1373.4146; found, 60 

1373.4122. 61 

Se-Cy3 (green solid, 28.4% yield): 1H NMR (400 MHz, CDCl3) δ 8.46 (d, J = 14.4 Hz, 62 

1H), 8.18 (d, J = 13.6 Hz, 1H), 7.75 (d, J = 7.2 Hz, 2H), 7.60 (d, J = 7.6 Hz, 2H), 7.46 63 

– 7.29 (m, 10H), 7.13 (t, J = 7.2 Hz, 1H), 7.02 (d, J = 8.0 Hz, 1H), 6.73 (d, J = 14.8 Hz, 64 

1H), 5.97 (d, J = 13.2 Hz, 1H), 4.52 – 4.33 (m, 6H), 4.27 – 4.21 (m, 2H), 4.12 – 4.07 65 

(m, 2H), 3.83 – 3.80 (m, 2H), 2.84 – 2.81 (m, 2H), 2.68 (t, J = 6.8 Hz, 2H), 2.61 – 2.56 66 

(m, 2H), 2.25 – 2.09 (m, 6H), 2.02 (s, 3H), 1.98 – 1.94 (m, 3H), 1.78 – 1.63 (m, 15H) 67 

ppm. HRMS [M - I]+ calcd for C56H63ClN3O5Se+, 972.3616; found, 972.3604. 68 

Se-Cy4 (green solid, 29.0% yield): 1H NMR (400 MHz, CDCl3) δ 8.34 (d, J = 14.0 Hz, 69 

2H), 7.40 – 7.36 (m, 4H), 7.24 – 7.16 (m, 8H), 7.08 (d, J = 8.0 Hz, 4H), 6.34 (d, J = 70 

14.0 Hz, 2H), 4.39 – 4.31 (m, 8H), 3.80 (s, 4H), 2.90 – 2.88 (m, 3H), 2.81 – 2.78 (m, 71 

3H), 2.29 (s, 6H), 2.26 – 2.20 (m, 4H), 2.04 – 1.96 (m, 4H), 1.72 (s, 12H), 1.65 – 1.60 72 

(m, 6H), 1.46 (s, 18H) ppm. HRMS [M - I]+ calcd for C68H86ClN4O8Se2
+, 1281.4459; 73 

found, 1281.4464. 74 

Se-Cy5 (green solid, 28.6% yield): 1H NMR (400 MHz, CDCl3) δ 8.48 (d, J = 14.4 Hz, 75 
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1H), 8.18 (d, J = 13.2 Hz, 1H), 7.48 – 7.30 (m, 6H), 7.18 – 7.07 (m, 5H), 7.01 (d, J = 76 

8.0 Hz, 1H), 6.77 (d, J = 14.8 Hz, 1H), 5.93 (d, J = 13.6 Hz, 1H), 4.54 (t, J = 7.2 Hz, 77 

3H), 4.29 – 4.25 (m, 2H), 4.05 (t, J = 6.4 Hz, 2H), 3.84 – 3.80 (m, 5H), 2.90 (d, J = 5.6 78 

Hz, 2H), 2.84 (t, J = 6.0 Hz, 2H), 2.66 (t, J = 6.0 Hz, 2H), 2.29 (s, 3H), 2.20 – 2.14 (m, 79 

4H), 2.00 – 1.95 (m, 2H), 1.74 (s, 6H), 1.70 (s, 6H), 1.46 (s, 9H) ppm. HRMS [M - I]+ 80 

calcd for C52H65ClN3O5Se+, 926.3772; found, 926.3768. 81 

Optical properties characterization 82 

Se-Cys derivatives (Se-Cy1, Se-Cy2, Se-Cy3, Se-Cy4, and Se-Cy5) were first 83 

dissolved in dimethyl sulfoxide (DMSO) to prepare 10 mM stock solutions. For spectral 84 

measurements, 3 μL of each stock solution was diluted in 3 mL of methanol or PBS to 85 

a final concentration of 10 μM. UV–vis absorption spectra and fluorescence emission 86 

spectra were recorded using an L9 double-beam UV–vis spectrophotometer (Analytical 87 

Instrument, Shanghai, China) and an F380 fluorescence spectrometer (Gangdong Sci 88 

& Tech, Tianjin, China), respectively.  89 

For anti-interference fluorescence spectrometry detection, various amino acids 90 

and metal ions were prepared as 10 mM stock solutions in ultrapure water. A 10 mM 91 

Se-Cy4 stock solution was diluted with PBS buffer (pH 7.4, 3 mL per tube) in 17 92 

centrifuge tubes to obtain a final concentration of 10 μM. Subsequently, cystine (Cyss), 93 

arginine (Arg), kynurenine (Kyn), N-acetylcysteine (NAC), glycine (Gly), Mg2⁺, Mn2⁺, 94 

Na⁺, Zn2⁺, Al3⁺, Ca2⁺, Cu2⁺, Fe2⁺, Fe3⁺, K⁺, and H2O2 were individually added to 16 tubes 95 

to achieve a final concentration of 200 μM, while one tube without any addition served 96 

as the control. After incubation at 37 °C for 10 min under shaking, the fluorescence 97 

emission spectra were recorded using a fluorescence spectrometer. 98 

DFT and quantum chemical parameters calculation 99 

Density functional theory (DFT) calculations were performed using the B3LYP 100 

functional combined with the D3BJ dispersion correction [1]. Geometry optimizations 101 

were conducted with the 6-31G(d,p) basis set. All structures were fully optimized in a 102 

mixed solvent system (water : ethanol = 8 : 2) using the SMD solvation model, without 103 
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applying any structural constraints. Harmonic frequency analyses were carried out at 104 

the same level of theory to confirm that no imaginary frequencies were present. Single-105 

point energies were calculated at the B3LYP-D3BJ/6-311+G(d,p) level. Frontier 106 

molecular orbitals were visualized using the Vesta program[2] with the assistance of 107 

the Multiwfn package[3]. All computations were performed using the Gaussian 16 108 

software. 109 

Based on DFT calculation results, a series of quantum chemical parameters of Se-110 

Cy4 and IM1 – IM6 were calculated by following equations [4, 5] : 111 

Energy gap between ELUMO and EHOMO (ΔELUMO-HOMO): 112 

𝛥𝐸LUMO−HOMO = 𝐸LUMO − 𝐸HOMO 113 

Electronegativity (χ): 114 

𝜒 =
−(𝐸LUMO + 𝐸HOMO)

2
 115 

Absolute hardness (η): 116 

𝜂 =
𝐸LUMO − 𝐸HOMO

2
 117 

Chemical potential (CP): 118 

𝐶𝑃 = −𝜒 119 

Electrophilicity index (ω): 120 

𝜔 =
(𝐶𝑃)2

2𝜂
 121 

Nucleophilicity index (N): 122 

𝑁 =
1

𝜔
 123 

Cell culture  124 

The human normal hepatocyte cell line L-02 was obtained from Beijing Liweining 125 

Biotechnology Co., Ltd. (China) and cultured in Roswell Park Memorial Institute 1640 126 

medium (RPMI-1640) supplemented with 10% fetal bovine serum (FBS; Gibco, USA) 127 

and 1% penicillin–streptomycin solution (HyClone, USA). Cells were maintained at 128 

37 °C in a humidified incubator with 5% CO₂. Cells in the logarithmic growth phase 129 

with healthy morphology were used for subsequent experiments. 130 
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EdU cell proliferation assay 131 

Cell proliferation was assessed using the EdU Cell Proliferation Kit (Beyotime 132 

Biotechnology, China). L-02 cells treated with 2.5 μM Se-Cy2, Se-Cy3, Se-Cy4 and 133 

Se-Cy5 or 10 μM Amifostine were cultured in 6-well plates in the presence of EdU 134 

reagent for the 24h. After incubation, cells were fixed with 4% paraformaldehyde and 135 

permeabilized with 0.5% Triton X-100 (Sigma-Aldrich, USA). Nuclei were 136 

counterstained with 4′,6-diamidino-2-phenylindole (DAPI, Beyotime Biotechnology, 137 

China). EdU-positive cells were visualized using a fluorescence microscope (DM3000, 138 

Leica, Germany). 139 

 140 

Cell apoptosis and cell cycle distribution assay 141 

L-02 cells were seeded into 6-well plates at a density of 1 × 105 cells per well and 142 

incubated overnight. Cells were then pretreated with Amifostine (10 μM) or Se-Cy2, 143 

Se-Cy3, Se-Cy4, and Se-Cy5 (each at 2.5 μM) for 6 h, followed by exposure to 10 Gy 144 

of 60Co γ-ray radiation. For the apoptosis assay, cells were harvested 48 h post-radiation 145 

and stained with 5 μL Annexin V-FITC (BD, USA) and 5 μL propidium iodide (PI, BD, 146 

USA) at room temperature in the dark for 20 min. The percentage of apoptotic cells 147 

was quantified using flow cytometry (Accuric6, BD, USA).  148 

For cell cycle analysis, cells were collected 48 h post-radiation and fixed in 75% 149 

cold ethanol at 4 °C for 24 h. After washing twice with PBS, the cells were stained with 150 

300 μL of PI in the dark for 30 min and analyzed by flow cytometry. 151 

Cell cloning assay  152 

L-02 cells were pre-treated with Amifostine (10 μM) or Se-Cy2, Se-Cy3, Se-Cy4, 153 

and Se-Cy5 (each at 2.5 μM) for 6 h, followed by exposure to 10 Gy of 60Co γ-ray 154 

radiation. After 24 h, 1,000 viable cells from each group were seeded into 6-well plates 155 

and allowed to adhere. Cultures were maintained under standard conditions and 156 

monitored until visible colonies formed. Colonies were fixed with 4% 157 

paraformaldehyde for 15 min, washed twice with PBS, and stained with crystal violet 158 
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for 15 min. Excess dye was removed by rinsing under running water, and the plates 159 

were air-dried at room temperature.  160 

ATP assay  161 

L-02 cells were seeded into 96-well plates at a density of 3,000 cells per well. Cells 162 

were treated according to the experimental design, with appropriate control groups 163 

included. The cells were then incubated with 2.5 μM Se-Cys for 6 h, followed by 164 

exposure to 10 Gy of 60Co γ-ray irradiation. After 48 h, the plates were removed from 165 

the incubator and equilibrated at room temperature for 10 min. ATP levels were 166 

measured using an ATP Assay Kit (Beyotime Biotechnology, China) according to the 167 

manufacturer ’ s instructions. The assay reagent was added to each well, mixed 168 

thoroughly, and the plates were gently shaken at room temperature to ensure complete 169 

cell lysis. The samples were then incubated for an additional 10 min to allow the 170 

luminescence signal to stabilize. 171 

Calcein-AM/PI assay 172 

L-02 cells were seeded in 6-well plates at 1 × 105 cells per well and incubated 173 

overnight. Cells were then treated with Amifostine (10 μM) or Se-Cy2, Se-Cy3, Se-Cy4, 174 

and Se-Cy5 (each at 2.5 μM) for 6 h, followed by exposure to 10 Gy of 60Co γ-ray 175 

radiation. After radiation, the medium was aspirated, and cells were washed twice with 176 

PBS. Then, cellular viability was determined via the Calcein-AM/PI Double Staining 177 

Kit (DOJINDO, Japan), followed by image capture using a fluorescence microscopy.   178 

Detection of intracellular Ca²⁺ concentration 179 

L-02 cells were incubated with Amifostine (10 μM) or Se-Cy2, Se-Cy3, Se-Cy4, 180 

and Se-Cy5 (each at 2.5 μM) for 6 h. After being exposed to 10 Gy 60Co γ-ray radiation 181 

for 48 h, cells were incubated with Fluo-4 AM (3 μg/mL, Thermo Fisher Scientific, 182 

USA) for 30 min at 37 °C and washed with PBS. The fluorescence images were 183 

captured using a fluorescence microscope to assess intracellular Ca²⁺ accumulation. 184 

RNA sequencing 185 
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Total RNA was extracted from L-02 cells using TRIzol reagent (Invitrogen, 186 

Thermo Fisher Scientific, USA) according to the manufacturer’s instructions. Total 187 

RNA sequencing was outsourced to BGI (Shenzhen, China) and performed using the 188 

DNBSEQ platform according to the service provider’s standard protocol. 189 

Molecular docking 190 

Molecular docking was performed to predict the interactions between key active 191 

molecule and target protein. Active molecule Se-Cy4 was sketched in ChemDraw 192 

(PerkinElmer, USA), and converted into 3D conformations in ChemBio3D, followed 193 

by MM2 energy minimization. The optimized structures were saved in SDF format and 194 

converted to PDB format using PyMOL (Schrödinger, USA). Crystal structures of 195 

target proteins (Kelch-like ECH-associated protein 1, Keap1, PDB ID: 1ZGK) were 196 

retrieved from the Protein Data Bank (PDB, http://www.rcsb.org/). Water molecules 197 

were removed, and hydrogen atoms and charges were added using AutoDock Vina. 198 

Docking was then carried out and the conformation with the lowest binding energy was 199 

selected for further analysis. The binding interactions between ligands and protein 200 

targets were visualized using PyMOL. 201 

Biochemical indexes analysis  202 

The biochemical parameters, including malondialdehyde (MDA), superoxide 203 

dismutase (SOD), glutathione peroxidase (GPx), and catalase (CAT), were measured 204 

using commercial assay kits (Beyotime Biotechnology, China), and absorbance was 205 

detected with a microplate reader (Thermo Fisher Scientific, USA). 206 

Western blotting analysis  207 

Proteins from liver tissues, treated cells, or isolated mitochondria (using a 208 

mitochondrial isolation kit; Beyotime Biotechnology, China) were lysed on ice with 209 

RIPA lysis buffer (Beyotime Biotechnology, China). Protein concentrations were 210 

determined using a BCA protein quantification kit (Beyotime Biotechnology, China). 211 

Equal amounts of protein (40 μg per sample) were separated by 12% SDS-PAGE and 212 

http://www.rcsb.org/
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transferred onto PVDF membranes (BIO-RAD, USA). After blocking with 5% skim 213 

milk for 1 h at room temperature, the membranes were incubated overnight at 4 °C 214 

with the following primary antibodies: Nrf2 (1:2000, Proteintech, USA), Keap1 215 

(1:2000, Proteintech, USA), HO-1 (1:2000, Proteintech, USA), MFN1 (1:1000, 216 

ImmunoWay, USA), MFN2 (1:1000, Cell Signaling Technology, USA), TOM20 217 

(1:2000, Cell Signaling Technology, USA), HSP60 (1:2000, Proteintech, USA), VDAC 218 

(1:1000, Aifang, China), SelS (1:2000, Proteintech, USA), GPX1 (1:2000, Proteintech, 219 

USA), GPX4 (1:1000, ZEN-Bio, China), GPX2 (1:1000, ZEN-Bio, China), BCL-2 220 

(1:5000, Proteintech, USA), BAX (1:5000, Proteintech, USA), GAPDH (1:5000, 221 

Proteintech, USA), and β-actin (1:20000, Proteintech, USA). The membranes were 222 

then incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies, 223 

including goat anti-rabbit (1:2000, BIO-RAD, USA) and goat anti-mouse (1:5000, 224 

BIO-RAD, USA), for 1 h at room temperature. Protein bands were visualized using an 225 

enhanced chemiluminescence (ECL) detection kit (BIO-RAD, USA) and semi-226 

quantified with ImageJ software (NIH, USA). 227 

Analysis of Selenium Content 228 

For the cell level, the selenium concentration in the mitochondria of L-02 cells 229 

was measured using inductively coupled plasma mass spectrometry (ICP-MS, Thermo 230 

Scientific™ iCAP™ TQ). Mitochondria were isolated with a mitochondrial isolation 231 

kit and digested with concentrated nitric acid (HNO₃). Selenium content was quantified 232 

by comparing with the Se reference material, using a calibration curve prepared from 233 

standard selenium solutions. 234 

For the liver tissue, the selenium concentration in the liver of mice was measured 235 

using the same ICP-MS method. Mice were euthanized, and their livers were harvested 236 

and homogenized in an appropriate buffer. The liver samples were then digested with 237 

concentrated nitric acid (HNO₃) using a microwave digestion system (CEM 238 

Corporation, USA). After digestion, the samples were cooled and prepared for ICP-MS 239 

analysis. 240 
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Hemocompatibility assessment 241 

Fresh blood was collected from BALB/c mice and centrifuged at 1000 × g for 242 

10 min to remove the plasma. The red blood cells (RBCs) were washed at least three 243 

times with phosphate-buffered saline (PBS) and resuspended in PBS. A 10 μL aliquot 244 

of RBC suspension was then mixed with 90 μL of PBS (negative control), deionized 245 

water (positive control), or Se-Cy4 solutions at varying concentrations (0–20 μM). 246 

After incubation for 2 h at 37 ℃, the samples were centrifuged at 1000 × g for 10 247 

min to pellet the intact RBCs. Photographs of the samples were taken, and the 248 

supernatants were collected for absorbance measurements at 540 nm using a microplate 249 

reader. 250 

Biosafety evaluation 251 

To evaluate long-term biosafety, male Balb/c mice were intraperitoneally injected 252 

with Se-Cy4 at a dose of 20 mg/kg once every three days for a total of five doses with 253 

tissues collected and analyzed after 31 days of observation. At the end of the study, the 254 

mice were euthanized, and samples of blood, heart, liver, spleen, lung, and kidney were 255 

collected for comprehensive hematological and histopathological analyses. 256 

In vivo biodistribution and metabolism 257 

For biodistribution studies, mice were administered Se-Cy4 via intravenous 258 

injection at a dose of 0.5 mg/kg. At various time points, mice were anesthetized for in 259 

vivo near-infrared (NIR) fluorescence imaging. Following imaging, the mice were 260 

humanely euthanized by cervical dislocation, and major organs (including heart, liver, 261 

spleen, lungs, kidneys, and intestine) were collected for ex vivo NIR imaging and 262 

photographic documentation. Serum samples were also collected for routine blood 263 

biochemical analysis. 264 
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Supplementary Figures 283 

Supplementary Figure 1 284 

 

Figure S1. Synthetic routes of different selenium-substituted heptamethine 285 

cyanine derivatives (Se-Cys). 286 

  287 
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Supplementary Figure 2 288 

 

Figure S2. 1H NMR Spectra of Se-Cy0. 289 

  290 
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Supplementary Figure 3 291 

 

Figure S3. Mass Spectra of Se-Cy1. The molecular weight of Se-Cy1 was determined 292 

to be 841.1784, with the primary peak observed at 841.1772 in the mass spectrum. 293 

  294 
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Supplementary Figure 4 295 

 

Figure S4. 1H NMR Spectra of Se-Cy1. 296 

297 
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  298 

Supplementary Figure 5 299 

 

Figure S5. Mass spectra of Se-Cy2. The molecular weight of Se-Cy2 was determined 300 

to be 1373.4146, with the primary peak observed at 1373.4122 in the mass spectrum. 301 

  302 
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Supplementary Figure 6 303 

 

Figure S6. 1H NMR Spectra of Se-Cy2. 304 

  305 
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Supplementary Figure 7 306 

 

Figure S7. Mass Spectra of Se-Cy3. The molecular weight of Se-Cy3 was determined 307 

to be 972.3616, with the primary peak observed at 972.3604 in the mass spectrum. 308 

  309 
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Supplementary Figure 8 310 

 

Figure S8. 1H NMR Spectra of Se-Cy3. 311 

  312 
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Supplementary Figure 9 313 

 

Figure S9. Mass spectra of Se-Cy4. The molecular weight of Se-Cy4 was determined 314 

to be 1281.4459, with the primary peak observed at 1281.4464 in the mass spectrum. 315 

  316 
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Supplementary Figure 10 317 

 

Figure 10. 1H NMR Spectra of Se-Cy4. 318 

  319 
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Supplementary Figure 11 320 

 

 

Figure S11. Mass spectra of Se-Cy5. The molecular weight of Se-Cy5 was determined 321 

to be 926.3772, with the primary peak observed at 926.3768 in the mass spectrum. 322 

  323 
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Supplementary Figure 12 324 

 

 

Figure S12. 1H NMR Spectra of Se-Cy5. 325 

  326 
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Supplementary Figure 13 327 

Figure S13. Fluorescence spectra of Se-Cys derivatives in response to H₂O₂ 328 

exposure. Fluorescence emission spectra of Se-Cy1 (A, B), Se-Cy2 (C, D), Se-Cy3 (E, 329 

F), Se-Cy4 (G, H), and Se-Cy5 (I, J) in response to increasing concentrations of 330 

hydrogen peroxide (H₂O₂) (0, 10, 50, 100, and 200 µM). Panels A, C, E, G, I: Emission 331 

spectra of Se-Cys derivatives were recorded immediately after exposure to varying 332 
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concentrations of H₂O₂. Panels B, D, F, H, J: Emission spectra of Se-Cys derivatives 333 

were recorded after a 10-minute exposure to H₂O₂. 334 

  335 
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Supplementary Figure 14 336 

 

Figure S14. Electron spin resonance (ESR) spectra for evaluating the scavenging 337 

activity of Se-Cy4 toward different reactive oxygen species, including (A) 338 

superoxide anion (O2
·⁻) and (B) hydroxyl radical (·OH).  339 

 340 

341 



 

27 

 

Supplementary Figure 15 342 

 

Figure S15. Selective fluorescence response of Se-Cy4 to H2O2 against biological 343 

interferents. Abbreviations: Cyss: Cystine; Arg: Arginine; Kyn: Kynurenine; NAC: 344 

N-acetylcysteine; Gly: Glycine.  345 
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Supplementary Figure 16 346 

 

Figure S16. Chemical structures, optimized structures, and electrostatic potential 347 

maps of Se-Cy4 and IM-1 – IM-6 by DFT calculation. 348 

  349 
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Supplementary Figure 17 350 

 

Figure S17. Frontier molecular orbitals (A) and corresponding energy levels (B) 351 

of Se-Cy4 and IM-1 – IM-6. 352 

  353 
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Supplementary Figure 18 354 

 

Figure S18. The viability of cells treated with Se-Cys at different concentrations. 355 

Cell viability was assessed in L-02 cells treated with various concentrations of Se-Cy1 356 

(A), Se-Cy2 (B), Se-Cy3 (C), Se-Cy4 (D), and Se-Cy5 (E). 357 

  358 
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Supplementary Figure 19 359 

 

Figure S19. The viability of cells treated with Se-Cys following different doses of 360 

radiation, 72 h after radiation exposure. Cell viability was assessed using an CCK-8 361 

assay in L-02 cells 72 h after treated with Se-Cy2, Se-Cy3, Se-Cy4, or Se-Cy5, followed 362 

by exposure to varying doses of IR (0, 2, 4, 6, 8, and 10 Gy). Data are presented as 363 

mean ± SD (n = 5). *P < 0.05, **P < 0.01, ***P < 0.001, ns: No significant difference. 364 

Statistical significance was determined by one-way ANOVA followed by post hoc tests. 365 

  366 
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Supplementary Figure 20 367 

 368 

Figure S20. Calcein-AM/PI staining and quantification. (a) Representative 369 

fluorescence images of L-02 cells stained with calcein-AM (live cells, green) and 370 

propidium iodide (PI; dead cells, red) under the indicated treatments, scale bar = 200 371 

μM. (b) Quantification of relative cell viability based on calcein-AM/PI staining in each 372 

group, expressed as the percentage of live and dead cells.  Data are presented as mean 373 

± SD (n = 3). ***P < 0.001. Statistical significance was determined by one-way 374 

ANOVA followed by post hoc tests. 375 

  376 

 



 

33 

 

Supplementary Figure 21 377 

 

Figure S21. Effect of Se-Cys on apoptosis. Apoptosis analysis revealed that Se-Cy4 378 

pretreatment markedly reduced IR-induced apoptosis. 379 

  380 
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Supplementary Figure 22 381 

 

Figure S22. Quantification of relative ROS fluorescence intensity. Data are 382 

presented as mean ± SD (n = 3). ***P < 0.001. Statistical significance was determined 383 

by one-way ANOVA followed by post hoc tests. 384 

  385 
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Supplementary Figure 23 386 

Figure S23. Quantification of γ-H2AX foci. Data are presented as mean ± SD (n = 

3). ***P < 0.001. Statistical significance was determined by one-way ANOVA 

followed by post hoc tests. 

 387 

  388 
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Supplementary Figure 24 389 

 

Figure S24. Se-Cy4 reduced IR-induced G2/M arrest in L-02 cells. Se-Cy4 and Se-390 

Cy5 alleviate IR-induced G2/M arrest. IR (10 Gy) increased the G2/M population from 391 

5.98% to 55.54%, which was reduced to 27.16% and 27.18% by Se-Cy4 and Se-Cy5, 392 

respectively. 393 

  394 
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Supplementary Figure 25 395 

 

Figure S25. Se-Cys co-localized in mitochondria of L-02 cells. (A) Confocal images 396 

showing the localization of Se-Cy2 (red) or Se-Cy5 (red) with mitochondria in L-02 397 

cells, as detected by Mito-tracker (green), scale bar = 50 μM. (B) Fluorescence intensity 398 

profile of Mito-tracker (green) and Se-Cy2 (red) along a distance in the cells. (C) 399 

Fluorescence intensity profile of Mito-tracker (green) and Se-Cy5 (red) along a distance 400 

in the cells. (D) Pearson correlation coefficient analysis of the co-localization between 401 

Se-Cy2, Se-Cy4, and Se-Cy5 with Mito-tracker. 402 

403 
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Supplementary Figure 26 404 

 

Figure S26. Fluorescence enhancement and mitochondrial retention of Se-Cy4 

in liver cells under irradiation. (A) Representative fluorescence images showing 

colocalization of Se-Cy4 with mitochondria in control and IR groups at 24 h. (B) 

Quantitative analysis of colocalization in the control and IR groups. 

  405 
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 406 

Supplementary Figure 27 407 

 

Figure S27. Se-Cys (Se-Cy2 and Se-Cy5) reduced mitochondrial ROS production 408 

in irradiated L-02 cells (A) and quantitative analysis of fluorescence intensity (B). 409 

Scale bar = 50 μM. Data are presented as mean ± SD (n = 3). ***P < 0.001. Statistical 410 

significance was determined by one-way ANOVA followed by post hoc tests. 411 

  412 
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Supplementary Figure 28 413 

 

Figure S28. Se-Cys (Se-Cy2 and Se-Cy5) maintained cellular Ca²⁺ levels in 414 

irradiated L-02 cells (A) and quantitative analysis of fluorescence intensity (B). 415 

Scale bar = 20 μM. Data are presented as mean ± SD (n = 3). ***P < 0.001. Statistical 416 

significance was determined by one-way ANOVA followed by post hoc tests. 417 

  418 
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Supplementary Figure 29 419 

 

Figure S29. Se-Cys preserved mitochondrial membrane potential in irradiated L-420 

02 cells. (A) Confocal images showing the distribution of monomers (green) and 421 

aggregates (red) in L-02 cells after different treatment. Scale bar = 50 μM. (B) 422 

Quantification of the ratio of aggregates to monomers in cells from different 423 

experimental groups. Data are presented as mean ± SD (n = 3). **P < 0.01, ***P < 424 

0.001. Statistical significance was determined by one-way ANOVA followed by post 425 

hoc tests. 426 

  427 
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Supplementary Figure 30 428 

 

Figure S30. Effects of Se-Cys derivatives on irradiation-induced intracellular 429 

acidification. (A) Representative fluorescence images. Scale bar = 10 μM. (B) 430 

Quantitative analysis of relative fluorescence intensity in cells from different 431 

experimental groups. Data are presented as mean ± SD (n = 3). ***P < 0.001. Statistical 432 

significance was determined by one-way ANOVA followed by post hoc tests. 433 

  434 
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Supplementary Figure 31 435 

 

Figure S31. Assessment of lipid peroxidation by Liperfluo staining. (A) 436 

Representative fluorescence images of Liperfluo from different groups. Scale bar = 200 437 

μM. (B) Quantitative analysis of relative fluorescence intensity in cells from different 438 

experimental groups. Data are presented as mean ± SD (n = 3). ***P < 0.001. Statistical 439 

significance was determined by one-way ANOVA followed by post hoc tests. 440 

 441 

  442 
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Supplementary Figure 32 443 

 

Figure S32. Se-Cy4 increased mitochondrial selenium levels in irradiated L-02 444 

cells. The selenium concentration in mitochondria of L-02 cells with or without Se-Cy4 445 

treatment followed by IR exposure, was determined using ICP-MS. Data are presented 446 

as the mean ± SD (n = 3). ***P < 0.001, ns: No significant difference. Statistical 447 

significance was determined by one-way ANOVA followed by post hoc tests. 448 

  449 
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Supplementary Figure 33 450 

 

Figure 33. Se-Cy4 inhibited cell apoptosis in irradiated liver. (A) 451 

Immunofluorescence staining of BAX (green) and BCL-2 (red) proteins in liver tissues 452 

from different experimental groups. DAPI staining (blue) was used to visualize the 453 

nuclei. Scale bar = 100 μm. (B) Western blot analysis of BAX and BCL-2 in liver tissues 454 

from different experimental groups. GAPDH was used as a loading control. (C-D) 455 

Quantitative densitometric analysis of BAX (C) and BCL-2 (D) protein levels in liver 456 

tissues. Data are presented as the mean ± SD. (n = 3). *P < 0.05, ***P < 0.001. 457 

Statistical significance was determined by one-way ANOVA followed by post hoc tests. 458 

  459 
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Supplementary Figure 34 460 

 

Figure 34. TUNEL staining of different groups. (A) Staining images of TUNEL. 461 

Scale bar = 100 μm. (B) Quantitative analysis from different experimental groups. Data 462 

are presented as the mean ± SD. (n = 3). ***P < 0.001. Statistical significance was 463 

determined by one-way ANOVA followed by post hoc tests. 464 

 465 

  466 
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Supplementary Figure 35 467 

 

Figure S35. Se-Cy4 mitigated IR-induced hematopoietic injury. (A) White blood 468 

cell (WBC) counts, (B) red blood cell (RBC) counts, (C) platelet (PLT) counts, and (D) 469 

hemoglobin (HGB) levels in mice after different treatments. Data are presented as the 470 

mean ± SD (n = 5). *P < 0.05, **P < 0.01, ***P < 0.001, ns: No significant difference. 471 

Statistical significance was determined by one-way ANOVA followed by post hoc tests. 472 

473 
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Supplementary Figure 36 474 

 

Figure 36. Quantitative analysis of WB. Data are presented as the mean ± SD. (n = 475 

3). *P < 0.05, **P < 0.01, ***P < 0.001, ns: No significant difference. Statistical 476 

significance was determined by one-way ANOVA followed by post hoc tests.  477 
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Supplementary Figure 37 478 

 

Figure 37. Se-Cy4 activates Keap1–Nrf2 signaling to mitigate irradiation-induced 479 

oxidative injury in L-02 cells. (A) Immunofluorescence staining of Nrf2 (green) and 480 

in cells from different experimental groups. DAPI staining (blue) was used to visualize 481 

the nuclei. Scale bar = 50 μm. (B) Quantitative analysis from different experimental 482 

groups. Data are presented as the mean ± SD. (n = 3). ***P < 0.001. Statistical 483 

significance was determined by one-way ANOVA followed by post hoc tests. 484 
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Supplementary Figure 38 486 

Figure 38. Quantitative densitometric analysis of Keap1 (A), Nrf2 (B), and HO-

1 (C). Data are presented as the mean ± SD (n = 3). **P < 0.01, ns: No significant 

difference. Statistical significance was determined by one-way ANOVA followed by 

post hoc tests. 
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Supplementary Figure 39 488 

Figure 39. Se-Cy4 activated the Keap1-Nrf2 pathway in irradiated liver. (A) 

Western blot analysis showing the expression levels of Keap1, Nrf2, and HO-1 in 

liver tissues from mice exposed to IR with or without Se-Cy4 treatment. β-actin was 

used as a loading control. (B-D) Quantitative densitometric analysis of Keap1 (B), 

Nrf2 (C), and HO-1 (D) protein levels in liver tissues. Data are presented as the mean 

± SD (n = 3). **P < 0.01, ns: No significant difference. Statistical significance was 

determined by one-way ANOVA followed by post hoc tests. 

489 
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Supplementary Figure 40 490 

 

Figure 40. Se-Cy4 restored antioxidant defense in irradiated L-02 by upregulating 491 

GPX family proteins. Western blot analysis of antioxidant-related proteins (GPX1, 492 

GPX2, GPX4, and SELS) across treatment groups. Data are presented as the mean ± 493 

SD (n = 3). *P < 0.05, ***P < 0.001, ns: No significant difference. Statistical 494 

significance was determined by one-way ANOVA followed by post hoc tests.495 
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Supplementary Figure 41 496 

 

Figure 41. Nrf2 inhibitor ML385 attenuated the radioprotective effect of Se-Cy4. 497 

(A) Cell viability was assessed in cells exposed to IR and treated with Se-Cy4 alone or 498 

in combination with the Nrf2 inhibitor ML385. (B) PI dead staining of cells across 499 

treatment groups. Scale bars, 200 μm. (C) Quantitative analysis from different 500 

experimental groups. Data are presented as the mean ±SD (n = 3). ***P < 0.001, ns: 501 

No significant difference. Statistical significance was determined by one-way ANOVA 502 

followed by post hoc tests. 503 
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Supplementary Figure 42 505 

 

Figure 42. Quantitative analysis of WB. Data are presented as the mean ± SD. (n = 506 

3). *P < 0.05, ***P < 0.001, ns: No significant difference. Statistical significance was 507 

determined by one-way ANOVA followed by post hoc tests.  508 
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Supplementary Figure 43 509 

 

Figure 43. ML385 inhibited Se-Cy4-induced Nrf2 activation under IR conditions. 510 

Immunofluorescence staining of Nrf2 in control, IR, Se-Cy4 + IR, and ML385 + Se-511 

Cy4 + IR groups. The inhibitor experiments demonstrated that Nrf2 activation is 512 

required for the radioprotective effect of Se-Cy4. Nuclei were counterstained with 513 

DAPI. Scale bars, 50 μm.514 
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Supplementary Figure 44 515 

 

Figure 44. ML385 suppressed Se-Cy4–induced upregulation of GPX4 expression 516 

under irradiation. Immunofluorescence staining of GPX4 in control, IR, Se-Cy4 + IR, 517 

and ML385 + Se-Cy4 + IR groups. GPX4 was subsequently identified as a downstream 518 

effector regulated by Nrf2 under irradiation conditions. Nuclei were counterstained 519 

with DAPI. Scale bars, 50 μm. 520 

 521 

 522 

  523 
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Supplementary Figure 45 524 

 

Figure S45. Hemolysis assay of Se-Cy4 at different concentrations (1.25, 2.5, 5, 10, 525 

and 20 μM). Data are presented as the mean ± standard deviation (n = 3) 526 

  527 
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Supplementary Figure 46 528 

 

Figure S46. Histopathological analysis of major organs in mice treated with PBS 529 

or Se-Cy4 (20 mg/kg, once every three days for a total of five doses) with tissues 530 

collected and analyzed after 31 days of observation. 531 
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Supplementary Table 533 

 534 

Table S1. The quantum chemical parameters of Se-Cy4 and IM-1- IM-3. 535 

Quantum chemical 

parameters 

Se-

Cy4 
IM-1 IM-2 IM-3 IM-4 IM-5 IM-6 

E
LUMO

 (eV) -3.026 -3.031 -3.024 -3.016 -3.875 -1.266 -1.974 

E
HOMO

 (eV) -5.052 -5.043 -5.046 -5.062 -6.804 -6.138 -5.681 

ΔE
LUMO-HOMO 

(eV) 2.026 2.012 2.022 2.046 2.929 4.872 3.707 

χ (eV) 4.039 4.037 4.035 4.039 5.340 3.702 3.828 

η (eV) 1.013 1.006 1.011 1.023 1.465 2.436 1.854 

CP (eV) -4.039 -4.037 -4.035 -4.039 -5.340 -3.702 -3.828 

ω 8.052 8.100 8.052 7.973 9.734 2.813 3.952 

N 0.124 0.123 0.124 0.125 0.103 0.355 0.253 

Parameters: lowest unoccupied molecular orbital (ELUMO), highest occupied molecular 536 

orbital (EHOMO), energy gap between ELUMO and EHOMO (ΔELUMO-HOMO), 537 

electronegativity (χ), absolute hardness (η), chemical potential (CP), electrophilicity 538 

index (ω), nucleophilicity index (N). 539 

 540 

 541 


