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Experimental Section 

Materials and Methods. All reagents were purchased from commercial suppliers and used as 

received unless otherwise noted. Analyses of BDP and its metal complexes by nuclear magnetic 

resonance (NMR) spectroscopy and mass spectrometry (MS) were conducted on an Agilent 400-

MR spectrometer [Santa Clara, CA, USA; Korea Basic Science Institute (KBSI), Republic of 

Korea] using the residual protonated solvent as internal standard and on a Waters Synapt G2Si 

spectrometer (Milford, MA, USA; KBSI), respectively. Amyloid-40 (A40; DAEFRHDSGYEVHHQ-

KLVFFAEDVGSNKGAIIGLMVGGVV) and A42 (DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAI-

IGLMVGGVVIA) were obtained from Peptide Institute, Inc. (Osaka, Japan). HEPES {2-[4-(2-

hydroxyethyl)piperazin-1-yl]ethanesulfonic acid} was purchased from Sigma-Aldrich (St. Louis, 

MO, USA). The buffered solution was prepared in doubly distilled water [ddH2O; a Milli-Q Direct 

16 system (18.2 MW⋅cm; Merck KGaA, Darmstadt, Germany)]. Trace metal contamination was 

removed from the solutions by treating them with Chelex (Sigma-Aldrich) overnight. Absorption 

and luminescence spectra were recorded on a Thermo Scientific Genesys 10S ultraviolet–visible 

(UV–Vis) spectrometer (Waltham, MA, USA) and a Horiba Scientific Fluoromax spectrometer 

(Kyoto, Japan), respectively. KL 1500 compact SCHOTT (150-watt halogen cold light; Mainz, 

Germany) and PR160L Kessil lamp (525 nm; Kessil Lighting, Richmond, CA, USA) were used for 

light exposure of samples. Isothermal titration calorimetry (ITC) measurements were performed 

using the VP–ITC instrument (Malvern Panalytical Ltd., Malvern, UK; KBSI, Ochang, Republic of 

Korea). Mass spectrometric analysis of the interactions with A in the absence and presence of 

BDP, Ru-BDP, Ir-BDP, and light was conducted by an Agilent 6530 AccurateMass quadrupole 

time-of-flight liquid chromatography/mass spectrometry. Images gained by gel electrophoresis 

with Western blotting (gel/Western blot) were visualized by a ChemiDoc MP imaging system (Bio-

Rad, Hercules, CA, USA). Transmission electron microscopic images were taken by a Tecnai F20 

transmission electron microscope [FEI; KAIST Analysis Center for Research Advancements 

(KARA), Daejeon, Republic of Korea]. A SpectraMax M5e microplate reader (Molecular Devices, 

Sunnyvale, CA, USA) was used to measure the absorbance for the MTT assay [MTT = 3-(4,5-

dimethylthiaol-2-yl)-2,5-diphenyltetrazolium bromide]. 

 

Synthesis of BDP, Ru-BDP, and Ir-BDP 

Preparation of BDP. 1,3,5-benzenetricarbonyl trichloride (1.325 g, 0.005 mmol) was dissolved 

in dry dichloromethane (CH2Cl2; 100 mL) under N2 (g). Then, 2,4-dimethyl pyrrole (2.85 g, 

0.031 mmol) was added to the solution and stirred at room temperature for 12 h. Triethylamine 
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(TEA; 15 mL) and boron trifluoride etherate (BF3‧OEt3; 15 mL) were added dropwise 

simultaneously at 0 °C and mixed at room temperature for 9 h. The reaction mixture was 

extracted with saturated aqueous NaCl solution. The CH2Cl2 layer was collected and 

evaporated under a vacuum. The crude residue was purified by column chromatography on 

silica gel using a mixture of petroleum ether:ethyl acetate = 4:1 followed by CH2Cl2 as eluent. 

The eluent contains products with one and two-BODIPY groups, which was further separated 

using dichloromethane:hexane mixture by slowly decreasing the hexane fraction (red powder; 

615 mg, yield = 22%). 1H NMR [400 MHz, CDCl3,  (ppm)]: 9.88 (2H, s), 8.06 (1H, s), 7.79 (2H, 

s), 6.03 (2H, s), 5.89 (2H, s), 2.58 (6H, s), 2.31 (6H, s), 2.00 (6H, s), 1.54 (6H, s). 13C NMR 

[100 MHz, CDCl3,  (ppm)]: 183.40, 156.12, 142.52, 141.10, 139.52, 137.26, 135.40, 131.21, 

131.00, 130.56, 129.23, 127.41, 121.67, 113.48, 15.20, 14.59, 13.14. 19F NMR [376 MHz, 

CDCl3,  (ppm)]: –146.14 (2F, q). ESI–MS: m/z Calcd. for C33H34BF2N4O2 [M + H]+: 567.2742; 

found: 567.2741, C33H33BF2N4O2Na [M + Na]+: 589.2562; found: 589.2562. 

 

Preparation of Ru-BDP. BDP (30 mg, 0.053 mmol) and potassium tert-butoxide (t-BuOK; 12 

mg, 0.107 mmol) were dissolved in a dried mixture of methanol:dichloromethane = 1:1 (12 mL), 

and N2 (g) was bubbled through the solution for few min. The reaction mixture was stirred for 

1 h. After adding (cymene)ruthenium dichloride dimer (32.4 mg, 0.053 mmol) to the reaction, 

it was stirred for 24 h. The reaction mixture was filtered by cotton-packed celite to remove 

undissolved particles. Diethyl ether was slowly added to the solution and kept at room 

temperature for slow evaporation. After 2 or 3 d, crystal structures suitable for X-ray 

crystallography were formed and dried under vacuum (dark brown powder; 45 mg, yield = 

77%). 1H NMR [400 MHz, CDCl3,  (ppm)]: 7.85 + 7.77 (1H, s), 7.57 (2H, s), 6.00 (4H, m), 5.63 

(2H, t, J = 8 Hz), 5.58 (4H , m), 5.31 (2H, d, J = 8 Hz), 2.69 (2H, sept, J = 8 Hz), 2.57 (12H, m), 

2.29 (6H, m), 1.95, (3H, s), 1.88 (3H, s), 1.46 (6H, m), 1.18 (6H, t, J = 8 Hz), 1.12 (6H, t, J = 8 

Hz). 13C NMR [100 MHz, CDCl3,  (ppm)]: 181.73, 154.44, 142.51, 138.13, 137.42, 135.89, 

134.54, 121.49, 119.84, 100.94, 98.81, 83.54, 82.76, 80.78, 31.16, 22.26, 18.94, 17.79, 15.11, 

14.61. 19F NMR [376 MHz, CDCl3,  (ppm)]: –146.39 (2F, q). ESI–MS: m/z Calcd. for 

C43H46BF2N4O2Ru [M – p-cymeneRuCl – Cl]+: 801.2725; found: 801.2714, 

C53H60BClF2N4O2Ru2 [M – Cl]+: 1072.2553; found: 1071.2474. 

 

Preparation of Ir-BDP. The synthetic process for Ir-BDP is similar to that for Ru-BDP. Instead 

of using (cymene)ruthenium dichloride dimer, pentamethylcyclopentadienyl iridium dimer (42.2 
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mg, 0.053 mmol) was added to the reaction mixture (dark brown powder; 48 mg, yield = 70%). 

1H NMR [400 MHz, CDCl3,  (ppm)]: 8.08 + 7.92 (1H, s), 7.71 (2H, d), 6.08 (2H, m), 5.98 (2H, 

m), 2.53 (12H, m), 2.14 (3H s), 2.03 (3H, s), 1.69 (30H, s), 1.55 (6H, m). 13C NMR [100 MHz, 

CDCl3,  (ppm)]: 182.56, 182.19, 155.86, 152.59, 142.08, 139.15, 137.60, 137.36, 136.60, 

136.35, 134.94, 134.06, 130.71, 121.48, 119.18, 84.59, 17.14, 14.61, 9.30. 19F NMR [376 MHz, 

CDCl3,  (ppm)]: –146.38 (2F, q). ESI–MS: m/z Calcd. for C43H46BF2IrN4O2 [M – Cp*IrCl – Cl]+: 

892.3311; found: 893.3387, C53H61BClF2Ir2N4O2 [M – Cl]+: 1255.3802; found: 1255.3785. 

 

X-Ray Crystal Structure. Reflection data for Ru-BDP and Ir-BDP were collected using a Bruker 

APEX-II CCD-based diffractometer with graphite-monochromated MoK radiation ( = 0.7107 Å ). 

The hemisphere of the reflection data was collected as ω scan frames at 0.5 °/frame and an 

exposure time of 5 s/frame. The cell parameters were determined and refined using the APEX2 

program.1 The data were corrected for Lorentz and polarization effects, and an empirical 

absorption correction was applied using the SADABS program.2 The BDP-based metal 

complexes were solved by direct methods and refined by full-matrix least-squares using the 

SHELXTL program package3 and Olex24 with anisotropic thermal parameters for all non-

hydrogen atoms. The relevant data are summarized in Table S1. CCDC 2299411 (Ru-BDP) and 

2299412 (Ir-BDP) contain the supplementary crystallographic data for this study. These data can 

be obtained free of charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/data_request/cif.  

 

UV–Vis Spectroscopy. The electronic absorption of BDP and its metal complexes in solution 

was monitored at room temperature by UV–Vis spectroscopy. BDP, Ru-BDP, and Ir-BDP (10 M) 

were added in CHCl3 or water (1% DMSO). 

 

Photoluminescence Spectroscopy. Luminescence spectra of BDP and its metal complexes (10 

M) in CHCl3 or water (1% DMSO) were measured by fluorometer at room temperature. 

 

1O2 Generation. The amount of singlet oxygen (1O2) produced upon treatment of BDP, Ru-BDP, 

or Ir-BDP (5 M) was determined by 1,5-dihydroxynaphthalene (DHN; 10 M) in CHCl3.5,6 

Dioxygen gas was passed into the DHN and photosensitizer solution for ca. 10 min. Subsequently, 

3 mL of photosensitizer was added to 10 mL of DHN solution. The light was continuously irradiated 

while stirring from a distance of 8–10 cm. 3 mL of the solution was taken out each time, and 
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absorbance was measured continuously at regular intervals. 

 

O2
•– and •OH Production. BDP, Ru-BDP, and Ir-BDP were prepared at a concentration of 10 

M. A stock solution of dihydrorhodamine 123 (DHR 123 for detecting O2
•–) or terephthalic acid 

(TA for monitoring •OH) was prepared at 10 mM in DMSO and subsequently diluted to obtain a 

working solution of 10 M. DHR 123 or TA was slowly added to BDP, Ru-BDP, and Ir-BDP in a 

1:1 volume ratio. The resulting mixture was irradiated with light for 10 min, and the change in the 

emission intensity was observed immediately after irradiation (ex = 485 nm and 310 nm for the 

DHR 123 and TA assays, respectively). 

 

ITC. The solutions of A40 and BDP, Ru-BDP, and Ir-BDP were subjected to degassing under 

vacuum for 3 min prior to loading into the instrument. The solution of BDP (50 M), Ru-BDP (100 

M), and Ir-BDP (150 M) [20 mM HEPES, pH 7.4 (3% v/v DMSO, 0.0036% w/w NH4OH)] in the 

syringe was titrated into the solution containing A40 [2.5 M (for BDP), 5 M (for Ru-BDP), and 

7.5 M (for Ir-BDP); 20 mM HEPES, pH 7.4 (3% v/v DMSO, 0.0036% w/w NH4OH)] in the cell at 

10 °C with 25 injections at a constant interval of 360 s (2 L for the first injection and 11 L for 

the following injections). The cell was continuously stirred at 307 rpm. The initial delay and the 

reference power were 60 s and 10 cal/s, respectively. Dilution heat was also measured under 

the same experimental conditions. The ITC thermogram and binding isotherm were shown after 

the subtraction of the dilution heat. The binding isotherm after baseline correction was fitted to 

the one-set-of-sites binding model using the MicroCal Origin 7.0 software. 

 

Preparation of A. A samples were prepared following previously reported procedures.7-9 A 

was dissolved in ammonium hydroxide [1% w/w NH4OH (aq)]. The resulting solution was 

aliquoted, lyophilized overnight, and stored at –80 °C. The stock solution of A was then prepared 

by dissolving the peptide using 1% w/w NH4OH (aq) (10 L) and diluting it with ddH2O. The 

concentration of the samples was determined by measuring the absorbance of the solution at 280 

nm ( = 1,450 M-1cm-1 for A40;  = 1,490 M-1cm-1 for A42). 

 

ESI–MS. A (100 M) was incubated with BDP, Ru-BDP, and Ir-BDP (100 M; 1% v/v DMSO) 

in 100 mM ammonium acetate, pH 7.4 for 1 h at 37 °C with constant agitation. For the illuminated 

samples, PR160L Kessil lamp (525 nm, Kessil Lighting) was applied for 10 min prior to incubation. 

The incubated samples were diluted by 10-fold with H2O and then injected into the mass 
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spectrometer. The capillary voltage, nozzle voltage, and gas temperature were set to 5.8 kV, 2 

kV, and 300 °C, respectively. 

 

ESI–MS2. The singly, doubly, and triply oxidized A40 species generated with light-activated BDP, 

Ru-BDP, and Ir-BDP were further analyzed by tandem MS. ESI parameters and experimental 

conditions were the same as the ESI–MS methods. Collision-induced dissociation (CID) was 

carried out by applying the collision energy in the trap ranging from 63 to 65 V. More than 200 

spectra were obtained for each sample and averaged for the analysis. 

 

A Aggregation Experiments. A samples were prepared in 20 mM HEPES, pH 7.4, 150 mM 

NaCl. For the inhibition studies, BDP, Ru-BDP, and Ir-BDP (final concentration, 10 M; 1% v/v 

DMSO) were added to the samples of A (10 M) followed by incubation for 24 h at 37 °C with 

constant agitation. For the disaggregation studies, A (10 M) was incubated for 24 h at 37 °C 

with constant agitation to generate preformed A aggregates. The resulting A aggregates were 

then treated with BDP, Ru-BDP, and Ir-BDP (10 M) and incubated for an additional 24 h with 

constant agitation. For the illuminated samples, a PR160L Kessil lamp (525 nm, Kessil Lighting) 

was applied for 10 min prior to 24 h incubation. For the experiments under anaerobic conditions, 

all samples were prepared following the same procedure described above for the aerobic samples 

with glass tubes in the N2 (g)-filled glovebox. 

 

Gel/Western Blot. The resultant A species from the inhibition and disaggregation experiments 

were analyzed by gel/Western blot using anti-A antibodies (6E10, Covance, Princeton, NJ, USA; 

anti-A 22-35, Sigma-Aldrich).10-13 The samples (10 L) were separated on a 10–20% Tris-tricine 

gel (Invitrogen, Carlsbad, CA, USA). Following separation, the peptides were transferred onto 

nitrocellulose membranes and blocked with bovine serum albumin (BSA; 3% w/v; Sigma-Aldrich) 

in Tris-buffered saline (TBS) containing 0.1% v/v Tween-20 (Sigma-Aldrich) (TBS-T) for 4 h at 

room temperature or overnight at 4 °C. The membranes were incubated with 6E10 (1:2,000; 

Covance) or anti-A 22-35 (1:10,000; Sigma-Aldrich) in a solution of BSA (2% w/v in TBS-T) for 

2 h at room temperature or overnight at 4 °C. After washing with TBS-T (three times, 10 min), a 

horseradish peroxidase (HRP)-conjugated goat anti-mouse secondary antibody (for 6E10; 

1:5,000 in 2% w/v BSA in TBS-T; Cayman Chemical Company, Ann Arbor, MI, USA) or HRP-

conjugated goat anti-rabbit secondary antibody (for anti-A 22-35; 1:5,000 in 2% w/v BSA in TBS-

T; Invitrogen) was added for 2 h at room temperature. Lastly, a homemade ECL kit10,11,14 was 
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used to visualize gel/Western blots on a ChemiDoc MP Imaging System (Bio-Rad). 

 

TEM. Samples for TEM were prepared according to the previously reported methods with slight 

modifications.7,8 Glow-discharged grids (Formvar/Carbon 300-mesh, Electron Microscopy 

Sciences, Hatfield, PA, USA) were treated with the samples of A (5.5 L, 10 M) for 2 min at 

room temperature. Excess samples were removed using filter paper and by washing once with 

ddH2O. Each grid incubated with uranyl acetate (5.5 L, 1% w/v in ddH2O) for 1 min was blotted 

off and dried overnight at room temperature. Images for each sample were taken on a 

transmission electron microscope (200 kV; 29,000x magnification). For the TEM measurements, 

we randomly selected locations of samples on the grids for imaging and collected at least 25 

images from each grid. 

 

Cell Culture and MTT assay. The human neuroblastoma SH-SY5Y (5Y) cell line was purchased 

from the American Type Culture Collection (ATCC, VA, USA). The cell line was maintained in 

media containing 50% v/v minimum essential medium (GIBCO, NY, USA) and 50% v/v F12 

(GIBCO), and supplemented with 10% v/v fetal bovine serum (Sigma-Aldrich), 100 U/mL penicillin, 

and 100 mg/mL streptomycin (GIBCO). Cells were grown and maintained at 37 °C in a humidified 

atmosphere with 5% CO2. The cells used for our studies did not indicate mycoplasma 

contamination. Cell viability upon treatment with BDP, Ru-BDP, and Ir-BDP was determined by 

the MTT assay. Two types of samples were prepared: cytotoxicity of (i) BDP, Ru-BDP, and Ir-

BDP with and without light exposure and (ii) A. Cells were seeded in a 96-well plate for both 

experiments (10,000 cells in 100 L per well). To identify the cell viability of BDP, Ru-BDP, and 

Ir-BDP and ROS generated by light-activated them, the cells were treated with their various 

concentrations (1, 2.5, 5, and 10 M; 1% v/v DMSO) without and with light illumination for 10 min 

and then incubated for 24 h at 37 °C. For two experiments with A, (i) A (10 M) was added with 

BDP, Ru-BDP, and Ir-BDP (1, 2.5, 5, and 10 M; 1% v/v DMSO) exposed to the PR160L Kessil 

lamp (520 nm, Kessil Lighting) for 10 min, and the resultant A species were treated with cells, 

and (ii) A (10 M) was pre-treated with cells, followed by the addition of BDP, Ru-BDP, and Ir-

BDP (1, 2.5, 5, and 10 M; 1% v/v DMSO) and photoactivation with the PR160L Kessil lamp (520 

nm, Kessil Lighting) for 10 min. After 24 h incubation, MTT [25 L of 5 mg/mL in phosphate-

buffered saline (PBS; pH 7.4; GIBCO)] was added to each well, and the plate was incubated for 

4 h at 37 °C. Formazan produced by cells was solubilized using an acidic solution of 

dimethylformamide (pH 4.5, 50% v/v, aq) and sodium dodecyl sulfate (20% w/v) overnight at room 
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temperature in the dark. The absorbance was measured at 600 nm by a microplate reader. Cell 

viability was calculated relative to that of the cells containing an equivalent amount of DMSO or 

the buffered solution. All measurements were conducted in triplicate. 

 

Statistical Analysis. The comparison between the two groups was performed with Student’s t-

test. Values were denoted as mean ± s.e.m. Statistical difference was considered significant at 

*P < 0.05, **P < 0.01, or ***P < 0.001. 
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Table S1  Crystallographic data and parameters from Ru-BDP and Ir-BDP. 

 

 
R1 = ||Fo|  |Fc|||Fo|; wR2 = {[w(Fo2  Fc2)2]/[w(Fo2)2]}1/2. 
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Table S2  Selected bond lengths (Å ) and angles (°) for Ru-BDP and Ir-BDP. 
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Fig. S1  1H, 13C, and 19F NMR spectra of BDP in CDCl3. 
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Fig. S2  Mass spectrometric data of BDP. 
  



 
S15 

 
 

Fig. S3  1H, 1H-DOSY, 13C, and 19F NMR spectra of Ru-BDP in CDCl3. 
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Fig. S4  Mass spectrometric data of Ru-BDP. 
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Fig. S5  1H, 1H-DOSY, 13C, and 19F NMR spectra of Ir-BDP in CDCl3. 
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Fig. S6  Mass spectrometric data of Ir-BDP. 
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Fig. S7  Spectra of electronic absorption and photoluminescence of BDP, Ru-BDP, and Ir-

BDP. Conditions: [BDP, Ru-BDP, and Ir-BDP] = 10 M; CHCl3; room temperature. 
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Fig. S8  Electronic absorption spectra of BDP, Ru-BDP, and Ir-BDP. Conditions: [BDP, Ru-

BDP, and Ir-BDP] = 10 M; water (1% v/v DMSO); room temperature; 0–24 h. 
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Fig. S9  Kinetic profile of the DHN absorbance in response to 1O2 generation by BDP, Ru-

BDP, and Ir-BDP. Conditions: [BDP, Ru-BDP, and Ir-BDP] = 5 M; [DHN] = 10 M; CHCl3; room 

temperature; 150-watt halogen cold light. 
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Fig. S10  Identification of the oxidized sites in A induced by BDP, Ru-BDP, and Ir-BDP. (a) 

Analysis of singly oxidized peaks in A40 by ESI–MS2 upon incubation with BDP, Ru-BDP, and 

Ir-BDP. Monooxidized b (N-terminal fragment ions) or y (C-terminal fragment ions) fragments are 

indicated in red. Conditions: [A40] = 100 M; [BDP, Ru-BDP, and Ir-BDP] = 100 M; 100 mM 

ammonium acetate, pH 7.4; 37 °C; 1 h; 250 rpm; Kessil lamp (525 nm) for 10 min. The samples 

were diluted by 10-fold with H2O before injection into the mass spectrometer. 
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Fig. S11  Influence of BDP, Ru-BDP, and Ir-BDP on the aggregation of A42. (a) Scheme of the 

inhibition experiment. (b) Analysis of the resultant A42 species through gel/Western blot with two 

antibodies (e.g., 6E10 and anti-A 22-35) with and without BDP, Ru-BDP, Ir-BDP, and light. 

Lanes: (C) A42; (1) A42 + BDP; (2) A42 + Ru-BDP; (3) A42 + Ir-BDP. Conditions: [A42] = 10 

M; [BDP, Ru-BDP, and Ir-BDP] = 10 M; 20 mM HEPES, pH 7.4, 150 mM NaCl; 37 °C; 24 h; 

250 rpm; Kessil lamp (525 nm) for 10 min. 
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Fig. S12  Effects of BDP, Ru-BDP, and Ir-BDP on preformed A aggregates. (a) Scheme of 

the disaggregation experiment. (b) Analysis of the resultant A species through gel/Western blot 

with two antibodies (e.g., 6E10 and anti-A 22-35) with and without BDP, Ru-BDP, Ir-BDP, and 

light. Lanes: (C) A; (1) A + BDP; (2) A + Ru-BDP; (3) A + Ir-BDP. (c) TEM analysis of the 

morphologies of the resultant A aggregates by incubation with BDP, Ru-BDP, and Ir-BDP with 

and without light exposure. Conditions: [A] = 10 M; [BDP, Ru-BDP, and Ir-BDP] = 10 M; 20 

mM HEPES, pH 7.4, 150 mM NaCl; 37 °C; 24 h; 250 rpm; Kessil lamp (525 nm) for 10 min. Scale 

bar = 200 nm. 
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Fig. S13  Cytotoxicity of BDP, Ru-BDP, and Ir-BDP with or without light exposure in 5Y cells. 

Cell survival (%) determined by the MTT assay was calculated, compared to that of cells treated 

with an equivalent amount of DMSO (1% v/v DMSO). Conditions: [BDP, Ru-BDP, and Ir-BDP] = 

1, 2.5, 5, and 10 M; 20 mM HEPES, pH 7.4, 150 mM NaCl; 37 °C; Kessil lamp (525 nm) for 10 

min. All values are indicated as mean ± s.e.m. 
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Fig. S14  Impact of BDP, Ru-BDP, and Ir-BDP on the cytotoxicity induced by A. (a) Scheme 

of the cell studies. (b) Cell viability (%) of 5Y cells incubated with A followed by treatment of BDP, 

Ru-BDP, and Ir-BDP and photoactivation. Cell survival (%) measured by the MTT assay was 

calculated, relative to that of cells treated with an equivalent amount of the buffered solution. 

Conditions: [A] = 10 M; [BDP, Ru-BDP, and Ir-BDP] = 1, 2.5, 5, and 10 M; 20 mM HEPES, 

pH 7.4, 150 mM NaCl; 37 °C; Kessil lamp (525 nm) for 10 min. All values are indicated as mean 

± s.e.m. *P < 0.05, **P < 0.01, or ***P < 0.001 by a two-sided unpaired Student’s t-test. 
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