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Synthesis of bone-targeted phosphonates.
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2,3,3-trimethyl-1-(3-phosphonopropyl)-5-sulfo-3H-indol-1-ium bromide (1). A mixture of potassium 2,3,3-trimethylindolene-5-sulfonic acid (3 g, 4.2 mmol) and (3-bromopropyl) phosphonic acid (3 g, 5 mmol) in toluene (100 mL) was heated at 100°C for 72 h under a nitrogen atmosphere. The mixture was cooled to room temperature and the solvent was decanted. The crude mixture was filtered, collected, re-dissolved in a 1:1 (v/v) mixture of DW (4.2 mL) and MeOH (7.8 mL). The undissolved solid was removed by filtration. The mixture solution was then slowly added into ACN (210 mL) using a dropping funnel. The precipitate was filtered, dried, and checked by LC-MS. This product was collected as a red solid and used in the next step without further purification. (1.07 g, 22.7 %).
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Compounds 2 was synthesized as previously reported by our group [1]. 
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2-((E)-2-((E)-2-chloro-3-(2-((E)-3,3-dimethyl-1-(3-phosphonopropyl)-5-sulfoindolin-2-ylidene)ethylidene)cyclohex-1-en-1-yl)vinyl)-3,3-dimethyl-1-(3-phosphonopropyl)-5-sulfo-3H-indol-1-ium (P800SO3-Cl). A mixture of compound 1 (1 g, 2.7 mmol), Vilsmeier-Haack reagent 2 (0.45 g, 1.2 mmol), and anhydrous sodium acetate (0.3 g, 3.6 mmol) in absolute ethanol (20 mL) was heated under reflux for 6 h under a nitrogen atmosphere. The reaction mixture was cooled to room temperature, then dried by a rotovap to remove the reaction solvent, and finally washed with ethyl acetate and ethanol. P800SO3-Cl was further purified using Preparative HPLC by dissolving 100 mg of P800SO3-Cl in 2 mL of DW and sonication, followed by loading the solution into a XBridge Prep C18 OBD column. The eluent around 9 min was collected, concentrated by rotary evaporation, and dried under vacuum overnight. The final product was re-dissolved in 10 mL of DW, freeze-dried, protected from light, and stored in refrigeration until further use (P800SO3-Cl; 0.93 g, Yield: 91.0 %). Accurate mass TOF MS m/z [M]+ calculated for [C36H44ClN2O12P2S2]+ 857.15, found [M+H]+ 858.76, respectively. 1H NMR (500 MHz, DMSO-d6) δ = 8.27 (d, J=13.8, 2H), 7.81 (s, 2H), 7.66 (d, J=8.2, 2H), 7.45 (d, J=8.4, 2H), 6.43 (d, J=14.2, 2H), 4.29 (d, J=8.5, 4H), 3.92 (s, 2H), 2.73 (d, J=6.5, 4H), 1.83 (dd, J=58.0, 23.2, 10H), 1.69 (s, 12H), 1.55 (s, 2H).
[image: ]
2-(4-(((E)-2-((E)-2-(3,3-dimethyl-1-(3-phosphonopropyl)-5-sulfo-3H-indol-1-ium-2-yl)vinyl)-6-(2-((E)-3,3-dimethyl-1-(3-phosphonopropyl)-5-sulfoindolin-2-ylidene)ethylidene)cyclohex-1-en-1-yl)thio)phenyl)acetate (P800SO3-SH) P800SO3-Cl (100 mg, 0.16 mmol) was added into a 50-mL round bottom flask. Then, 5 mL of DMSO was added and the powder was dissolved totally by using sonication. DIEA (64 µL; 0.32 mmol; 2.0 molar equiv.) was pipetted into the flask and mixed well and 4-mercaptophenylacetic acid (30.3 mg; 0.18 mmol; 1.11 molar equiv.) was added into the reaction solution which was heated for 40 min at 60 °C in an oil bath. The reaction progress was checked using LC-MS system at the timepoint 40 min. After the reaction, the solution was cooled down to room temperature then slowly poured into 50 mL of EA with 0.5 mL formic acid (0.1 v/v%) and stirred at room temperature for 30 min. The suspension was filtered to collect the precipitate, then it was washed by 10 mL EA twice. The precipitate was dried at ambient temperature overnight and collected as a dark green solid. P800SO3-SH was further purified using Preparative HPLC by dissolving 50 mg of P800SO3-SH in 2 mL of DW and sonication, followed by loading the solution into an XBridge Prep C18 OBD column. The eluent around 9.5 min was collected, concentrated by rotary evaporation, and dried under vacuum overnight. The final product was re-dissolve in 10 mL of DW, freeze-dried, protected from light, and stored in refrigeration until further use. (P800SO3-SH; 93.5 mg, Yield: 81.1%); Accurate mass TOF MS m/z [M]+ calculated for [C44H52N2O14P2S3]+ 990.21, found [M+H]+ 991.86, respectively.1H NMR (500 MHz, DMSO-d6) δ = 8.59 (d, J=14.0, 2H), 7.68 (s, 2H), 7.62 (d, J=8.1, 2H), 7.40 (d, J=8.5, 2H), 7.23 (s, 4H), 6.42 (d, J=14.3, 2H), 4.25 (d, J=7.9, 4H), 3.46 (s, 2H), 2.77 (t, J=6.2, 4H), 1.90 (q, J=7.4, 6H), 1.82 – 1.51 (m, 6H), 1.41 (s, 12H). 13C NMR (150 MHz, DMSO-d6) δ = 172.48, 172.33, 145.25, 145.11, 142.18, 140.62, 133.85, 132.93, 130.87, 126.24, 126.07, 119.81, 110.58, 102.27, 48.85, 43.89, 27.32, 26.00, 24.85, 23.94, 21.17.
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3-(2-(2-(((E)-2-((E)-2-(3,3-dimethyl-1-(3-phosphonopropyl)-5-sulfo-3H-indol-1-ium-2-yl)vinyl)-6-(2-((E)-3,3-dimethyl-1-(3-phosphonopropyl)-5-sulfoindolin-2-ylidene)ethylidene)cyclohex-1-en-1-yl)thio)ethoxy)ethoxy)propanoate (P800SO3-PEG) P800SO3-Cl (100 mg, 0.16 mmol) was added into a 50-mL round bottom flask . Then, 4 mL of DMSO was added and the powder was dissolved totally by using sonication. DIEA (64 µL; 0.32 mmol; 2.0 molar equiv.) was pipetted into the flask and mixed well. Thiol-PEG (35.0 mg; 0.18 mmol; 1.11 molar equiv.) in 1 mL of DMSO was added into the reaction solution which was heated for 40 min at 60 °C in an oil bath. The progress was checked using LC-MS system at the timepoint 40 min. After the reaction, the solution was cooled down to room temperature, then slowly poured into 50 mL of EA with 0.5 mL formic acid (0.1 v/v%), and stirred at room temperature for 30 min. The suspension was filtered to collect the precipitate, and lastly washed with 10 mL EA twice. The precipitate was dried at ambient temperature overnight and collected as a dark green solid. P800SO3-PEG was further purified using Preparative HPLC by dissolving 50 mg of P800SO3-PEG in 2 mL of DW and sonicating, followed by loading the solution into a XBridge Prep C18 OBD column. The eluent around 9.5 min was collected, concentrated by rotary evaporation, and dried under vacuum overnight. The final product was re-dissolve in 10 mL of DW, freeze-dried, protected from light, and stored in refrigeration until further use. (P800SO3-PEG; 98.4 mg, Yield: 83.1%); Accurate mass TOF MS m/z [M]+ calculated for [C43H59N2O16P2S3]+ 1016.24, found [M+H]+ 1016.84, respectively. 1H NMR (500 MHz, DMSO-d6) δ = 8.75 (d, J=14.0, 2H), 7.79 (d, J=1.7, 2H), 7.65 (dd, J=8.1, 1.7, 2H), 7.41 (d, J=8.4, 2H), 6.41 (d, J=14.0, 2H), 4.27 (t, J=7.7, 4H), 3.64 – 3.47 (m, 8H), 3.46 (s, 4H), 2.98 (d, J=6.2, 2H), 2.66 (t, J=6.1, 4H), 2.46 – 2.38 (m, 4H), 1.92 (d, J=7.3, 4H), 1.81 (d, J=5.5, 2H), 1.71 (s, 12H). 13C NMR (150 MHz, DMSO) δ = 172.58, 172.16, 145.23, 145.02, 142.26, 140.38, 133.48, 126.20, 119.91, 110.32, 101.75, 69.59, 69.42, 66.26, 48.86, 36.48, 34.75, 27.40, 25.77, 24.87, 23.96, 21.10, 20.62.
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Figure S1a. LC-MS analysis of P800SO3-Cl. The mobile phase used was solvent A = 0.1% formic acid (FA) in water, solvent B = 0.1% FA in MeOH with a linear gradient from 5% to 95% (from A to B for 1 to 8 min), the flow rate was 1 mL/min, and the sample injection concentration was 1 mg/mL.
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Figure S1b. LC-MS analysis of P800SO3-SH. The mobile phase used was solvent A = 0.1% formic acid (FA) in water, solvent B = 0.1% FA in MeOH with a linear gradient from 5% to 95% (from A to B for 1 to 8 min), the flow rate was 1 mL/min, and the sample injection concentration was 1 mg/mL.
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Figure S1c. LC-MS analysis of P800SO3-PEG. The mobile phase used was solvent A = 0.1% formic acid (FA) in water, solvent B = 0.1% FA in MeOH with a linear gradient from 5% to 95% (from A to B for 1 to 8 min), the flow rate was 1 mL/min, and the sample injection concentration was 1 mg/mL.
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Figure S2a. 1H-NMR spectroscopy of P800SO3-Cl in DMSO-d6.
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Figure S2b. 1H and 13C NMR spectroscopy of P800SO3-SH in DMSO-d6.
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Figure S2c. 1H and 13C NMR characterization of P800SO3-PEG in DMSO-d6.
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Figure S3. Photostability and plasma protein binding assays of P800SO3, P800SO3-Cl, P800SO3-SH, and P800SO3-PEG. a) Plasma protein binding assay of bone-targeted NIR fluorophores compared with ICG incubated in 5% bovine serum albumin (BSA)-containing saline for 4 h. b) Photostability of bone-targeted NIR fluorophores under continuous 808 nm exposure for 2 h at a power density of 35 mW/cm2. c) Photothermal effect of bone-targeted NIR fluorophores in PBS (30 µM) under continuous 808 nm exposure for 2 min at a power density of 1.0 W/cm2. d) Visualization of the electron density and summary of the Mulliken charge at each carbon in the heptamethine chain of bone-targeted NIR fluorophores. Geometry optimization was performed on the Gaussian 16 software. Electron density information was used to calculate the surfaces (isovalue = 0.2) on Avogadro 1.2.0. The green rectangles outline the heptamethine chains of the bone-targeted agents.
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Figure S4. Microscopic images of P800SO3-PEG binding to various calcium salts in 1X PBS buffer. NIR fluorescence images for each condition have identical exposure times and normalization. Scale bar = 100 µm.
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Figure S5. Biodistribution and bone-specific targeting of NIR fluorophores in mice. 20-50 nmol of each NIR fluorophore was injected intravenously to 20 g CD-1 mice 4 h prior to imaging. NIR fluorescence images for each condition have identical exposure times and normalization. a,b) Shown are NIR-II imaging of thoracic vertebrae (a) and spine (b) with P800SO3-Cl, P800SO3-SH, and P800SO3-PEG. Scale bars = 0.2 cm. Signal-to-background ratio (SBR) was calculated by the fluorescence intensity of each bone divided by the signal intensity of neighboring muscle (Mu) as background (n = 3, mean ± S.D.): ***p <0.001. c-f) Comparison of P800SO3 and P800SO3-PEG in the sternum and spine region under the NIR-I and NIR-II window. Shown are representative images of thoracic vertebrae (c), spine (d), resected organs (e), and their SBR compared to Mu (n = 3, mean ± S.D.): ns, not significant; *p <0.05; **p <0.01; ***p <0.001. Abbreviations used are: He, heart; Lu, lungs; Li, liver; Pa, pancreas; Sp, spleen; Ki, kidneys; Du, duodenum; In, intestine; Mu, muscle. Scale bars = 1 cm. f) Kinetics of P800SO3-PEG. 50 nmol (2.5 mg/kg) of P800SO3-PEG was injected intravenously to 20 g athymic NCr nu/nu mice and imaged for 14 d post-injection. SBR was calculated as the fluorescence intensity of each spine divided by the signal intensity of the neighboring skin as displayed in Fig. 4b (n = 3, mean ± S.D).
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Figure S6. Dose-dependent bone targeting and biodistribution of P800SO3-PEG in mice. 10-100 nmol (0.5-5 mg kg-1) of P800SO3-PEG was injected intravenously into 20 g CD-1 mice 4 h prior to imaging. Real-time NIR-II imaging of spinal vertebrae (a) and resected organs (b) with P800SO3-Cl, P800SO3-SH, and P800SO3-PEG. SBR was calculated by the fluorescence intensity of the spine divided by the signal intensity of neighboring skin obtained over the imaging period. Abbreviations used are: Du, duodenum; He, Heart; In, intestine; Ki, kidneys; Li, liver; Lu, lungs; Mu, muscle; Pa, pancreas; Sp, spleen. NIR fluorescence images for each condition have identical exposure times and normalization (n = 3, mean ± S.D.): ns, not significant (p 0.05); *p <0.05; ****p <0.0001. Scale bars = 1 cm. 
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Video S1. Fluorescence tomography imaging of P800SO3-PEG in mice.
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