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1. General information

Reagents and solvents were used as received from commercial suppliers (Energy
Chemicals, Shanghai, China) unless noted otherwise. All reactions were performed in
oven-dried or flame-dried glassware unless stated otherwise and were monitored by
TLC using 0.25 mm silica gel plates with UV indicator (60F-254). 'H and '*C NMR
spectra were recorded on a 600 MHz NMR spectrometer at room temperature.
Chemical shifts (8) are given in ppm relative to CDCl; (7.26 ppm for 'H and 77 ppm
for 13C) or to internal TMS. High-resolution mass spectra (HRMS) were obtained using

MALDI-TOF in positive mode.

Absorption and emission measurements.

UV-visible absorption and fluorescence emission spectra were recorded on
commercial spectrophotometers (Shimadzu UV-4100 and Edinburgh FS5
spectrometers). All measurements were made at 25 °C, using 5 x 10 mm cuvettes. Non-
degassed, spectroscopic grade solvents and a 10 mm quartz cuvette were used. Absolute
fluorescence quantum efficiencies derivatives were measured by absolute PL quantum
yield spectrometer (Hamamatsu, C11347) in integrating sphere, using Eq. S1 given

below:!

&, = Nem __ “f%lem(/l)d/1
F Nabs a f%[lex(l)_ I'ex()]dA

Eq. S1

where Nem and Naps are the numbers of emitted and absorbed photons, respectively, o
is the calibration factor for the measurement setup, A is the wavelength, h is the Plank’s
constant, ¢ is the speed of light, Iem(A) is the emission intensity at A, and Iex(A) and
I"ex()) are the intensities of the excitation laser beam with A in the absence and presence
of the sample, respectively. The measured ®r value is independent of sharp and

thickness of sample and power of excitation laser.
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Singlet oxygen detection

A comparative study of the relative singlet oxygen-generating efficiency of these
dyes was performed in air-saturated solvents under light at 660 nm or 532 nm laser
irradiation (10 mW/cm?) condition using 1,3-diphenylisobenzofuran (DPBF, 4 x 107
M) as a trap molecule.? Established photosensitizers 2,6-diiodobodipy’ (2I-BDP, @ =
0.85 in toluene) and methylene blue (MB, @5 = 0.57 in DCM)* were used as reference.
The absorbance of BODIPY dyes and the references at 532 nm or 635 nm were kept
around 0.1-0.25. The decrease of the absorbance band of DPBF at 415 nm was
monitored. Singlet oxygen quantum yield (®a) determinations were carried out using
the chemical trapping method, and the @4 value was obtained by the relative method
using references as the reference as shown in the following equation: ®@asam = Darer
[(Msam/Mref)(Lref/ Lsam)].

Where ®arer and ®asam are the singlet oxygen quantum yields for the standard
references and photosensitizer. msam and myerare the slope of the difference (AO.D.) in
the change in the absorption maximum wavelength of DPBF (415 nm), which are
plotted against the photoirradiation time, Lrerand Lsam are the light harvesting efficiency,

which is given by L= 1-10"*(“A” is the absorbance at the laser irradiation wavelength).

Preparation of 2a micelle

Initially, 2a was dissolved in tetrahydrofuran (THF) to prepare a stock solution with
a concentration of 2 mM. Subsequently, 1 mL of chloroform was used as the base liquid,
to which 250 pL of the stock solution was added. Following this, 715 pL of
tetrahydrofuran solution containing Cremophor EL (40 mg/mL, EL to compound mass
ratio of 100:1) was introduced. The mixture was then dried using a rotary evaporator,
and finally, 5 mL of deionized water or complete 1640 medium was added to dissolve,

yielding a solution (100 uM) for subsequent testing.
Cell cultures

HeLa cells were cultured in culture media (RPMI-1640, supplemented with 10%
FBS and 1% penicillin/streptomycin solution) at 37 °C in an atmosphere of 5% CO:
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and 95% humidified atmosphere. Hepg-2 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) comprised of antibiotics (50 units mL™ penicillin and 50
units mL! streptomycin) and 10% fetal bovine serum (FBS) at 37 °C in a humidified
atmosphere with 5% CO..

Cellular uptake studies

HeLa cells were seeded at a density of 10° cells per well in 96-well cell culture plates
and incubated at 37°C with 5% CO- for 24 hours. BSBDP 2a (1 uM) was then added
to the wells at different time points, with each column representing a different
incubation time. After the incubation period, the remaining liquid was removed, and
100 pL of cell lysate (5% Sodium Dodecyl Sulfate, SDS, PERFEMIKER) was added
to each well of the 96-well plate. The cells were completely lysed by shaking the plate,
and the fluorescence intensity of the compounds at their emission peaks was detected

using an enzyme marker.
Cellular ROS detection

HelLa cells were seeded at a density of 10° cells in glass-bottom dishes and incubated
at 37°C with 5% CO> for 24 hours. Then, a solution of BSBDP 2a (1 uM) in 1640
complete medium was added to the dishes and incubated for another 24 hours. The
culture medium was removed, and the cells were washed three times with PBS. After
adding DCFH-DA (2,7-Dichlorofluorescindiacetate, 10 uM) and incubating for 20
minutes, the cells were irradiated with an LED light at 655 + 10 nm (0.1 W-cm™) for
0.5 hours. The control group was treated with PBS instead of the compound micelles
in 1640 solution. Finally, cell imaging was obtained using a confocal laser scanning
microscope. The signal of DCF (Dichlorofluorescein, Aem: 500-550 nm) was collected

under laser excitation at 488 nm.

In vitro dark cytotoxicity

The HeLa cells (5000) per well were seeded on 96-well plates and incubated in 1640
complete medium for 24 h at 37 °C. Then, a gradient concentration of BSBDP 2a from
0 to 1 uM in a fresh medium was added into the 96-well plate, and the cells with the

probe were incubated at 37 °C. Every experiment was performed at least six times.
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After 24 h, the working solutions were then removed, and the cells were washed with
PBS buffer. A total of 100 pL of CCK-8 (diluted 10-fold, Cell Counting Kit-8,
BIOMIKY) was added into each well, and the cells were further incubated at 37 °C for
30 min in a 5% CO> humidified atmosphere. The plate was shaken for 5 min, and the

absorbance was measured at 450 nm using a microplate reader (Multiskan Sky).
Phototoxicity determined by the CCK-8 method.

Cells were seeded into 96-well plates with a density of 5000 HeLa cells per well
and cultured overnight. Then, a gradient concentration of BSBDP 2a in a fresh medium
was added to the 96-well plate, and the cells with the NPs were incubated at 37 °C for
12 h. The experimental group of the cells was irradiated with a 655 + 10 nm LED lamp
(0.1 W-cm™?) at different times at room temperature. Then these cells were followed by
a 12 h incubation solely in the dark (total 24 h) in the incubator. The control groups of
the cells were incubated in the dark, for the duration of 24 h under identical
experimental conditions except illumination. After that, the working solutions were
then removed. A total of 100 pL of CCK-8 (diluted 10-fold, Cell Counting Kit-8,
BIOMIKY) was added into each well, and the cells were further incubated at 37 °C for
40 min in a 5% CO2 humidified atmosphere. The plate was shaken for 5 min, and the

absorbance was measured at 450 nm using a microplate reader (Multiskan Sky).
Cellular colocalization imaging.

A total of 30000 HeLa cells or HepG-2 cells were seeded into a glass bottom dish
and were cultured in culture media (RPMI-1640, supplemented with 10% FBS) at 37
°C in an atmosphere of 5% CO; and 95% humidified atmosphere for 24 h. HeLa cells
or HepG-2 cells were first stained with BSBDP 2a (1 uM), and Lipi-Blue (0.1 uM) at
37 °C in an atmosphere of 5% CO; for 2 h. Then, the morphologies of the cells were
observed using a confocal fluorescence microscope (Leica Microsystems SP8 MP,

excitation at 638 nm and 405 nm for BSBDP 2a, Lipi-Blue, respectively).
Live—dead cell staining.

Live—dead cell staining analysis was also performed to evaluate cell viability.

S5/543



Briefly, a total of 30000 HeLa cells were seeded into a glass bottom dish and were
cultured in culture media (RPMI-1640, supplemented with 10% FBS) at 37 °C in an
atmosphere of 5% CO; and 95% humidified atmosphere for 12 h. Cells in control-1
wells were incubated in the incubator for 10 h. Cells in control-2 wells were treated
with BSBDP 2a (0.2 uM) and were kept in the dark in the same condition for 10 hours.
Cells in control-3 were incubated for 10 hours and then illuminated for 1h without the
BSBDP 2a. Cells in control-4 were incubated with BSBDP 2a (0.2 uM) for 10 h, then
irradiated for 1 h. The cells were then replaced with AO-PI mixture in the dark at room

temperature. After 20 minutes, these plates were taken pictures immediately.
Animals and Tumor Model.

All animal studies and the overall project protocols were approved by the Animal
Ethics Committee of Anhui University of Chinese Medcine and were in accordance
with international guidelines on the ethical use of laboratory animals. The Female
BALB/c mice were used as received from commercial suppliers. The accreditation
number of the laboratory is SYXK(Zhe) 2019-0004 promulgated by Hangzhou Ziyuan
Experimental Animal Technology Co., Ltd. Female BALB/c mice (7-week-old) were
maintained in a pathogen free environment under controlled temperature (24 °C). The
female mice were injected subcutaneously at left leg with 150 puL of cell suspension
containing 1 x 10° 4T1 cells. The tumors were allowed to grow to ~100 mm?® before

experimentation.” The tumor volume was calculated as (tumor length) X (tumor

width)2/2.
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In vivo phototherapy

BSBDP 2a was encapsulated into the amphiphilic block copolymer Pluronic F127
to give nanomicelles (BSBDP 2a NPs) for in vivo phototherapy in mice according to
our previous report.> When the tumor volume reached about 100 mm?, tumor-bearing
mice were divided into four groups (n = 4 mice/group) randomly for different
formulations’: (1) PBS; (2) BSBDP 2a NPs; (3) BSBDP 2a NPs + Laser. The solution
of different groups (100 pL, 0.5 mg mL™') was intravenously injected into mice and
irradiated by the 660 nm laser (0.2 W cm2) for 10 min after 24 h. The tumor dimensions
(length and width) and body weight were measured every two days after the treatment.
The mice were sacrificed after 2 weeks post-treatment, the tumors, and major organs

including heart, liver, spleen, lung, kidney were collected, and photos were taken.
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2. Synthesis and characterization
Synthesis of ethyl 7-formyl-8-isopropyl-1-methylthieno[3,2-e]indole-2-carboxylate 3a

Anhydrous DMF (1.61 mL, 20.88 mmol) was placed to a pre-dried round bottom
flask and cooled in an ice bath, then POCI; (1.27 mL, 13.92 mmol) was added dropwise
under N> atmosphere. The mixture was warmed to room temperature and stirred for 1
h, and a solution of ethyl 8-isopropyl-1-methylthieno[3,2-e]indole-2-carboxylate (2.11
g, 7.0 mmol) in DMF (15 mL) was added dropwise. The reaction mixture was refluxed
with stirring overnight and then poured into crushed ice. After neutralizing with a base,
the mixture was extracted with dichloromethane (DCM). The organic layer was
separated, dried with anhydrous Na>SO4, and removed under reduced pressure. The
solid residue was purified by silica gel column chromatography (DCM: Hexane = 1: 1)
to obtain the desired compound 3a as a light yellow solid (761 mg, 33%). mp: 231.0-
232.4 <T. 'H NMR (600 MHz, CDCls) § 10.35 (s, 1H), 9.58 (s, 1H), 7.68 (d, J = 8.7
Hz, 1H), 7.46 (d, /= 8.7 Hz, 1H), 4.41 (q, J= 7.1 Hz, 2H), 4.16-4.05 (m, 1H), 3.06 (s,
3H), 1.61 (d, J= 7.1 Hz, 6H), 1.43 (t, J= 7.1 Hz, 3H). *C NMR (151 MHz, CDCl3) §
181.7,163.6, 141.5, 136.7,136.4, 136.1, 135.2,131.8, 128.0, 122.2, 122.1, 113.6, 61.3,
27.8, 27.4, 19.0, 14.5. HRMS (ESI): calcd for CisH2o0NO3S™ 330.1158; found m/z
330.1170 ((M+H]").
Synthesis of 8-isopropyl-1-methylthieno[3,2-e]indole-7-carbaldehyde 3b

Compound 3a (500 mg, 1.52 mmol) was dissolved in THF (20 mL). Methanol (10

mL), LiOH (1.5 g) in water (10 mL) was then added. The mixture was refluxed with
stirring for 2.5 h and then poured into crushed ice. The pH was adjusted to 2-3 by adding
diluted HCI, and then the mixture was extracted with ethyl acetate. The organic phase
was separated, dried with anhydrous Na;SOs4, and removed under reduced pressure to
give an orange solid. To the solid in DMF (10 mL) was added Cu;O (0.1 g). After
refluxing at 160 °C for 3 h, the mixture was poured into crushed ice, and then extracted
with DCM (3 x 100 mL). The organic phase was separated, dried with anhydrous
NaxSOs, and removed under reduced pressure. The solid residue was purified by silica

gel column chromatography (DCM : hexane = 2 : 1) to obtain the desired compound
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3b as light yellow solid (312 mg, 1.22 mmol, 80%). mp: 190.6-191.3 <T. 'H NMR (600
MHz, CDCl3) 6 10.36 (s, 1H), 9.59 (s, 1H), 7.73 (d, J = 8.7 Hz, 1H), 7.35 (d, J = 8.7
Hz, 1H), 7.26 (s, 1H), 4.38-4.23 (m, 1H), 2.82 (s, 3H), 1.62 (d, J = 7.2 Hz, 6H). 1*C
NMR (151 MHz, CDCl3) 6 181.9, 136.5, 136.4, 136.3, 133.8, 133.1, 131.3, 125.0, 123.0,
122.1, 110.4, 27.3, 20.9. HRMS (ESI): calcd for CisHigNOS* 258.0947; found m/z
258.0958 ([M+H]").
General procedure for the preparation of BODIPYs BBDP 1a and BBDP 1b

To the mixture of compound 3 (5 mmol, 1 equiv.) and 2,4-dimethyl-1H-pyrrole (1
equiv.) in anhydrous DCM (100 mL) in an ice bath was added POCI; (1.1 equiv.)
dropwise under N atmosphere. The reaction mixture was warmed to room temperature
and stirred overnight. Upon the completion of the reaction, saturated NaHCO3 (100 mL)
was added, and the mixture was left stirring for additional 10 min. Organic layer was
separated, dried with anhydrous Na>SO4, and removed under reduced pressure. The
solid residue was then dissolved in anhydrous toluene (100 mL). Then, DIPEA (5.0 mL)
and BF3-OEt> (5.0 mL) were added successively under ice-cold condition through
syringe. The reaction mixture was warmed to 100 °C and stirred for 1 h, poured into
water and extracted with DCM. Organic layers were combined, dried with anhydrous
NazS04, and removed under reduced pressure. The crude product was purified by silica
gel chromatography (eluting with DCM) to afford the desired compounds.
BBDP 1a: dark red solid, 33%. mp: 254.3-255.2<C. 'H NMR (600 MHz, CDCl3) § 7.82
(d,/=8.9 Hz, 1H), 7.63 (s, 1H), 7.61 (d, J= 8.9 Hz, 1H), 6.26 (s, 1H), 4.39 (q,J=7.1
Hz, 2H), 4.13-4.04 (m, 1H), 2.98 (s, 3H), 2.67 (s, 3H), 2.34 (s, 3H), 1.57 (d, /= 7.2 Hz,
6H), 1.42 (t,J=7.1 Hz, 3H). >*C NMR (151 MHz, CDCl3) § 165.0, 163.5, 146.3, 145.9,
142.1,141.7,138.1, 137.1, 134.6, 132.9, 127.8, 124.9, 124.2, 123.6, 122.8, 116.3, 61.2,
28.2,26.8,18.9,15.6, 14.5, 11.7. ''B NMR (128 MHz, CDCls) § 1.14 (t, J = 32.3 Hz).
F NMR (376 MHz, CDCl3) § -145.56 (dd, J = 64.6, 31.8 Hz). HRMS (ESI): calcd for
C24H2sBFN,0,S™ 435.1708; found m/z 435.1724 ([M-F]").
BBDP 1b: dark red solid, 60%. mp: > 300 <T. '"H NMR (600 MHz, CDCI5) § 7.70 (d,
J=9.0 Hz, 1H), 7.66 (d, J = 8.8 Hz, 1H), 7.65 (s, 1H), 7.19 (s, 1H), 6.24 (s, 1H), 4.29-

S9 /543



4.21 (m, 1H), 2.76 (s, 3H), 2.66 (s, 3H), 2.34 (s, 3H), 1.58 (d, /= 7.2 Hz, 6H). *C NMR
(151 MHz, CDCI3) & 163.8, 146.9, 145.2, 142.4, 137.7, 136.6, 133.9, 133.2, 132.6,
125.4,125.2, 125.2, 123.6, 122.4, 113.1, 27.6, 26.7, 20.8, 15.5, 11.6. ''B NMR (128
MHz, CDCls) § 1.19 (t, J = 32.6 Hz). ’F NMR (376 MHz, CDCl;3) § -145.92 (dd, J =
65.1, 32.4 Hz). HRMS (ESI): calcd for C21H21BFN2S™ 363.1497; found m/z 363.1512
(IM-F]").
General procedure for the preparation of BODIPYs BSBDP 2a and BSBDP 2b

To BODIPY 1 (0.15 mmol) and corresponding benzaldehyde derivatives (0.20
mmol) in anhydrous toluene (20 mL) was added piperidine (0.14 mL) and acetic acid
(0.11 mL) through syringe. The reaction mixture was left heated at 140 °C under
nitrogen, during which time the water was removed with a Soxhlet extractor containing
anhydrous CaCl,. The reaction was monitored by TLC. Upon the disappearance of 1,
the reaction mixture was cooled down to room temperature, poured into water and
extracted with DCM (3 % 50 mL). Organic layers were combined and dried over
anhydrous Na;SOs. Solvent was removed under vacuum. The crude product was
purified by chromatography (eluting with hexane : DCM =1 : 1 or DCM) to afford the
desired BODIPY 2.
BSBDP 2a: dark green solid, 69%. mp: > 300 <C. '"H NMR (600 MHz, CDCl3) § 7.88
(d, J=8.9 Hz, 1H), 7.68 — 7.58 (m, 4H), 7.53 (s, 1H), 7.43 (d, J = 16.2 Hz, 1H), 6.94
(d, J=8.3 Hz, 2H), 6.84 (s, 1H), 4.40 (q, J = 7.1 Hz, 2H), 4.11-4.05 (m, 1H), 3.87 (s,
3H), 3.00 (s, 3H), 2.38 (s, 3H), 1.58 (d, J= 7.1 Hz, 6H), 1.42 (t, J = 7.2 Hz, 3H). 1*C
NMR (151 MHz, CDCl3) 6 163.7, 161.8, 160.7, 145.8, 144.5, 142.2, 141.7, 140.2, 139.8,
137.1,134.5,133.5,130.2, 128.7, 127.6, 125.0, 123.5, 120.8, 118.7, 116.6, 116.3, 114.7,
61.17,55.6,28.2,26.6,19.0, 14.5, 11.8. "BNMR (128 MHz, CDCl3) § 1.45 (t,J=32.9
Hz). ”F NMR (376 MHz, CDCl3) § -142.01 (dd, J = 64.5, 30.4 Hz). HRMS (ESI): calcd
for C3,H31BFN2O3S™ 553.2127; found m/z 553.2127 ([M-F]").
BSBDP 2b: dark brown solid, 63%. mp: >300<C. 'H NMR (600 MHz, CDCls) § 7.77
(d,J=8.8 Hz, 1H), 7.67 (d,J= 8.9 Hz, 1H), 7.64 (d, J=16.2 Hz, 1H), 7.60 (d, J = 8.4
Hz, 2H), 7.54 (s, 1H), 7.39 (d, J = 16.2 Hz, 1H), 7.18 (s, 1H), 6.93 (d, /= 8.2 Hz, 2H),
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6.81 (s, 1H), 4.32-4.24 (m, 1H), 3.86 (s, 3H), 2.76 (s, 3H), 2.35 (s, 3H), 1.59 (d, J= 7.2
Hz, 6H). 3C NMR (151 MHz, CDCls) § 161.6, 159.7, 146.3, 143.9, 140.9, 140.8, 139.4,
136.5,133.9, 133.1, 130.0, 128.9, 125.3, 125.0, 124.8, 121.0, 118.4, 116.7, 114.6, 113.1,
55.6,27.6, 26.6, 20.8, 11.7. 'B NMR (128 MHz, CDCls) & 1.48 (t, J = 33.0 Hz). '°F
NMR (376 MHz, CDCL3) & -142.35 (dd, J = 65.5, 31.3 Hz). HRMS (ESI): calcd for
C20H27BFN,OS* 481.1916; found m/z 481.1932 ([M-F]").

3. Crystal diagrams and selected parameters

Figure S2. Crystal plot and packing of BSBDP 2b.
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Table S1. Selected bond lengths and dihedral angles of BBDP 1b and BSBDP 2b.

B-N bond distances (A) 1.541, 1.537 1.538, 1.557
B-F bond distances (A) 1.377,1.395 1.386, 1.394
dihedral angles between five-membered thiophene 7.87(2) 7.19(2)
ring A and the BODIPY core (deg)
dihedral angles between six-membered benzo ring 2.98(2) 5.67(1)
B and the BODIPY core (deg)
dihedral angles between 0.89(2) 4.96(1)
the pyrrolyl ring C and the BODIPY core (deg)
dihedral angles between the formed six-membered 0.36(2) 1.41(1)
CsN2B ring D and the BODIPY core (deg)
dihedral angles between the ring E and the 0.19(2) 4.66(1)
BODIPY core (deg)
dihedral angles between the phenyl ring - 5.14(1)
F (deg) and the BODIPY core (deg)
dihedral angles between thiophene core A and 4.89(3) 5.25(1)
phenyl ring B (deg)
dihedral angles between pyrrolyl ring C and the 1.24(3) 4.61(1)
six-membered C3N2B ring D (deg)
dihedral angles between pyrrolyl ring C 0.97(3) 9.60(2)

and the pyrrolyl ring E (deg)
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4. Spectroscopic properties

BBDP 1a: R = CO,Et
BBDP 1b: R=H BSBDP 2b: R=H

BSBDP 2a: R = CO,Et

OMe
Table S2. Photophysical properties of BBDPs la, 1b, BSBDPs 2a and 2b in toluene
and singlet oxygen formation quantum yields in solvents.

xabsmax

BODIPYs (nm)* logemax® Aem™™  (nm) @ 1 (ns)¢ Ta(us)® Daf  Dp® DyP
BBDP 1a 571 4.92 587 0.04 1.35 320 0.72 - -
BBDP 1b 572 4.99 605 0.04 1.04 - 0.49 - -
BSBDP2a 645 4.99 672 0.23 1.63 154 - 0.69 0.45
BSBDP2b 645 4.99 666 0.25 1.42 - - 0.71 0.32

[a] All of values are corrected for changes in refractive indexes of toluene. ) Molar absorption coefficients
are in the maximum of the highest peak. [! Absolute fluorescence quantum yields. [ Fluorescence lifetime.
[e] Triplet state lifetime.[!! Singlet oxygen formation quantum yield in toluene. (¢ Singlet oxygen formation
quantum yield in dichloromethane. " Singlet oxygen formation quantum yield in MeOH.
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Figure S3. Overlaidabsorption and normalized emission spectra of BBDPs 1a (a) and 1b (b) in six

common organic solvents, excited at 520 nm.
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Figure S4. Overlaid absorption and normalized emission spectra of BSBDPs 2a (a) and 2b (b) in

six common organic solvents, excited at 600 nm.

Table S3. Photophysical properties of BBDPs 1a-b and BSBDPs 2a-b in different solvents at room
temperature.

BODIPYs solvents s logemax ™ ° w(ns) stokes Shift
(hm)? (nm) (nm)
hexane 570 5.18 580 0.04 1.40 10
toluene 571 4.92 587 0.04 1.35 16
DCM 562 4.83 583 0.03 1.04 21
BBDP1a  _ 560 481 581 003 112 21
MeOH 554 471 577 0.02  0.88 23
MeCN 550 4.68 577 0.01 0.83 27
hexane 570 4.92 597 0.06 151 27
toluene 572 4.99 605 0.04 1.04 33
DCM 563 5.01 598 0.03 0.66 35
BBDP1b . 562 4.82 604 003 071 42
MeOH 557 4.80 603 0.02 0.39 46
MeCN 552 4.83 600 0.01 0.38 48
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hexane 638 4.99 662 0.16 1.22 24

toluene 645 4.99 672 0.30 1.63 27

DCM 636 4.99 668 0.32 1.60 32

BSBDP2a  _ 633 4.95 666 031 162 33
MeOH 626 4.93 662 0.28 1.55 36

MeCN 624 4.79 660 0.32 1.60 36

hexane 637 5.05 651 025 1.35 14

toluene 645 4.99 666 0.25 1.42 21

DCM 637 5.09 663 021 1.25 26

BSBDP2b . 635 4.91 661 021 123 26
MeOH 628 4.87 658 0.17 0.89 30

MeCN 625 4.85 656 0.14 0.81 31

aAll of values are corrected for changes in refractive indexes of different solvents. "Molar
absorption coefficients are in the maximum of the highest peak. ‘The absolute fluorescence
quantum vyields (®) for these dyes were measured on Edinburgh FLS 1000 fluorescence
spectrometer by integrating sphere. The standard errors are less than 5%. ¢Fluorescence lifetime;
standard deviations are less than 0.1 ns.

5. Singlet oxygen production yield measurement
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Figure S5. Absorption spectra of DPBF (initial absorbance around 1.0 around 414 nm) upon
irradiation in the presence of BSBDP 2a and BSBDP 2b in dichloromethane (DCM) and toluene
with initial absorbance around 0.15 at 635 nm. (a) BSBDP 2a for 240 s (recorded at 30 s intervals)
in DCM; (b) BSBDP 2b for 210 s (recorded at 30 s intervals) in DCM; (¢c) BSBDP 2a for 245 s
(recorded at 30 s or 35 s intervals) in toluene; (d) BSBDP 2b for 210 s (recorded at 35 s intervals)
in toluene; (e) MB for 240 s (recorded at 30 s intervals) in DCM. (f) Plot of change in absorbance
of DPBF at 414 nm vs irradiation time in the presence of BSBDP 2a-b in DCM and toluene against

MB in dichloromethane as the standard.

104 (a) BBDP 1ain Toluene
—O0s
0.8 —20
9 —40
c —60
Z06 ——80
5 ——100
204
<
0.2
0.0 ; . ;
300 400 500 600
Wavelength (nm)
21-BDP in Toluene
104 (€)
—0s
—10
0.8 —20
g —30
c —— 40
0.6
3 —_50
o — 60
2 0.4
<
0.2
0.0 ; ; ;
300 400 500 600

Wavelength (nm)

1.0 (b) BBDP 1b in Toluene
—0s
0.8+ —10
—20
§ 0.6 — 38
— A
@
o —50
S 0.4+ —60
Qo
<
0.2
0.0 T T -
400 500 600
Wavelength (nm)
= 2|-BDP in Toluene
0.254 (d) e BBDP lain Toluene
4 BBDP 1b in Toluene
0.20
o 0.15
<
< 0.10
0.054
0.004
0 20 40 60 80
Time (s)

S16 /543

100
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Figure S6. Absorption spectra of DPBF (initial absorbance around 1.05 at 414 nm) upon irradiation
in the presence of 1a and 1b with initial absorbance around 0.2 at 532 nm. (a) Reference 2I-BDP
for 60 s (recorded at 20 s intervals) in toluene ; (b) 1a for 100 s (recorded at 10 s intervals) in toluene;
(c) 1b for 120 s (recorded at 10 s intervals) in toluene; (d) Plot of changes in absorbance of DPBF
at 414 nm vs irradiation time in the presence of 1a and 1b against 2I-BDP as the standard in toluene
and dichloromethane. Absorption spectra of DPBF upon irradiation in the presence of 2a and 2b in
methanol at 635 nm. (e) 2a for 480 s (recorded at 60 s intervals); (f) 2b for 360 s (recorded at 60 s
intervals); (g) MB for 280 s (recorded at 40 s intervals). (h) Plot of change in absorbance of DPBF
at 414 nm vs irradiation time in the presence of 2a-b in methanol against MB in methanol as the

standard.
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6. Density functional theory calculations

The ground state geometry was optimized by using DFT method at B3LYP/6-31G(d)
level. The same method was adopted for vibrational analysis to verify that the optimized
structures correspond to local minima on the energy surface. TD-DFT computations
were used the optimized ground state geometries under the B3LYP/6-31G(d,p)
theoretical level. The molecule calculation in dichloromethane were using the Self-
Consistent Reaction Field (SCRF) method and Polarizable Continuum Model (PCM).

All of the calculations for 1 and 2 were carried out by thmethods implemented in

Gaussian 09 package.8

= ST
s N\B\,N\
FF

OMe
Table S4. Selected electronic excitation energies (eV) and oscillator strengths (f),
configurations of the low-lying singlet excited states of 1 and 2 skeletons calculated by
TDDFT//B3LYP/6-31G (d, p), based on the optimized ground state geometries.

TD//B3LYP/6-31G(d, p)

Electronic
transition
Energy/ eV @ f [ Composition 9 ct
1 S0—S1 2.2783 eV 544.20 nm 0.0984 HOMO — LUMO  0.4329

HOMO -1 — LUMO 0.5571

S0—S2 2.5434 eV 487.48 nm 0.8262 HOMO -2 — LUMO 0.1016
HOMO -1 = LUMO 0.4295

HOMO — LUMO  0.5534

S0—S3  3.3927 eV 365.45nm 0.1326 HOMO -2 — LUMO 0.6813
HOMO -3 — LUMO 0.1072

2 S0—S1  2.0810 eV 595.80 nm 1.4712 HOMO — LUMO  0.7067
S0—S2  2.2898 eV 541.47 nm 0.0359 HOMO -1 — LUMO 0.6949
HOMO -2 — LUMO 0.1054

S0—S3  2.8199 eV 439.68 nm 0.1609 HOMO -2 — LUMO 0.6784
HOMO — LUMO +1 0.1516

[a] Only the selected low-lying excited states are presented. [b] Oscillator strength. [c]
Only the main configurations are presented. [d] The CI coefficients are in absolute values.
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Table S5. Selected electronic excitation energies (eV) and oscillator strengths (f),
configurations of the low-lying triplet excited states of 1 and 2 skeletons calculated by

TDDFT//B3LYP/6-31G (d, p), based on the optimized ground state geometries.

TD//B3LYP/6-31G(d, p)

Electronic
transition Energy/ eV @ f [ Composition cr
1 S0—T1 1.3191eV 939.91 nm 0.0000  HOMO -2 — LUMO 0.1601
HOMO — LUMO  0.6920
HOMO < LUMO  0.1154
S0—T2 1.8574eV 667.50 nm 0.0000  HOMO -1 — LUMO 0.6947
S0—T3  2.6461 eV 468.55 nm 0.0000  HOMO -2 — LUMO 0.5472
HOMO -3 — LUMO 0.3211
HOMO — LUMO  0.1375
HOMO — LUMO +1 0.1509
2 S0—T1 1.0828 eV 1144.99 nr 0.0000 HOMO -3 — LUMO 0.1244
HOMO — LUMO  0.7003
HOMO < LUMO  0.1282
S0—T2 1.8531eV 669.06 nm 0.0000  HOMO -1 — LUMO 0.6803
HOMO -6 — LUMO 0.1005
S0—T3 2.1949 eV 564.88 nm 0.0000 HOMO -2 — LUMO 0.6565
HOMO — LUMO +1 0.1844

[a] Only the selected low-lying excited states are presented. [b] Oscillator strength. [c] Only
the main configurations are presented. [d] The CI coefficients are in absolute values.

Table S6. Lowest vertical singlet and triplet electronic transition energies (in eV) and
oscillator strengths (in parentheses) of 1 and 2 at the TD-B3LYP levels, along with
vertical singlet-triplet splittings (in eV) and SOCs between the involved S1 and T1
states (in cm™ ).

dyes state/assignment® TD-B3LYP AEs;-T, SilfisolT)”  kisc
Si(H—L,c=0.43; H-1—L, ¢ = 0.56) 2.278 (0.0984)
1 T,(H—>L,c=0.69;H-2—L,c=0.16;H < L,c= 1319 0.959 005 0.0025
0.12)
T,(H -1—L, ¢ = 0.69) 1.857 0.421 0.49 1.35
S1(H—L, ¢ = 0.69) 2.081 (1.4712)
2 T;(H=>L,c=0.70; H-3—>L,c=0.12;H L, c= 1.083 0.998 0.88 0.77
0.13)
T,(H-1—L, ¢c=0.68; H-6—2, c=0.10) 1.853 0.228 0.32 1.96

®0nly the first excited states are considered. ®\/alues are shown as (x component; y component; z component) and were
obtained at the QR-TD-DFT/6-31G* level of theory at the T1 optimized geometry.

DFT optimized coordinates for 1 optimized So state Geometry by B3LYP/6-31G(d).

S -5.05262500 -0.49143500 -0.09301100
F 1.90736900 -2.11631900 -0.80906500
F 2.01818400 -1.67786500 1.42979000
N 3.27618900 -0.25488700 -0.06910000
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0.79173800
-4.99746400
-5.92253100
-3.72407700
-2.73361100
-3.30109800
-2.52633400
-3.02010200
-1.14722300
-0.54102700
-0.53835500
-0.38675400
-1.30707700

0.89877000

2.15394100

2.20596800

3.32373000

4.68427800

5.43723100

6.50813100

4.53049500

1.98360600
-3.49465500
-0.58892200

5.03391200

4.73903400

-0.12722800
1.24873300
1.80986500
1.73643100
0.70188500
-0.58267100
-1.76969200
-2.73447700
-1.70368100
-2.59973900
-0.43093500
1.83916900
0.78507000
1.25915000
1.88115400
2.96447100
1.14265700
1.54227800
0.38609500
0.30454600
-0.69948400
-1.11576200
2.79472700
2.90134600
2.56617700
-1.75964100

SCF done: -1309.43838887 a.u.
No imaginary Frequency.

DFT optimized coordinates for 1 optimized S; state Geometry by B3LYP/6-31G(d).

TOZD OO0 IDO0OZZ ™ ™y,

-5.05262500
1.90736900
2.01818400
3.27618900
0.79173800
-4.99746400
-5.92253100
-3.72407700
-2.73361100
-3.30109800
-2.52633400
-3.02010200
-1.14722300
-0.54102700

0.02374400
-0.00674000
0.00529700
0.03890900
0.00611300
-0.06712000
-0.11946400
-0.18638800
-0.09460500
-0.15317100
-0.01004400
0.09764000
0.03643300
0.08580200
0.07185000
0.10638500
-0.02263200
-0.14659900
-0.27273700
-0.39659300
-0.21777500
0.15460500
0.09472800
0.13235800
-0.15357600
-0.27712200

-0.49143500 -0.09301100

-2.11631900
-1.67786500
-0.25488700
-0.12722800
1.24873300
1.80986500
1.73643100
0.70188500
-0.58267100
-1.76969200
-2.73447700
-1.70368100
-2.59973900

-0.80906500
1.42979000
-0.06910000
0.02374400
-0.00674000
0.00529700
0.03890900
0.00611300
-0.06712000
-0.11946400
-0.18638800
-0.09460500
-0.15317100
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-0.53835500
-0.38675400
-1.30707700
0.89877000
2.15394100
2.20596800
3.32373000
4.68427800
5.43723100
6.50813100
4.53049500
1.98360600
-3.49465500
-0.58892200
5.03391200
4.73903400

-0.43093500
1.83916900
0.78507000
1.25915000
1.88115400
2.96447100
1.14265700
1.54227800
0.38609500
0.30454600
-0.69948400
-1.11576200
2.79472700
2.90134600
2.56617700
-1.75964100

SCF done: -1309.36271794 a.u.
No imaginary Frequency.

DFT optimized coordinates for 2 optimized Sy state Geometry by B3LYP/6-31G(d).

HoNoNoN--HoNoNoNoNoN-"HoN:-NoNe NGO N NI @RIV A N I /)

-6.92399400
-0.08690100
-0.32164200

0.14932200
-2.07454900
-7.75589200
-8.83700900
-6.90399000
-5.52549500
-5.36523700
-4.09809200
-4.03202300
-2.94448700
-1.96705300
-3.06595300
-4.08406000
-4.34155500
-2.68769600
-1.90651800
-2.39913100
-0.52796500

0.44326000

1.67908800

2.63660300

-0.01004400
0.09764000
0.03643300
0.08580200
0.07185000
0.10638500
-0.02263200
-0.14659900
-0.27273700
-0.39659300
-0.21777500
0.15460500
0.09472800
0.13235800
-0.15357600
-0.27712200

-2.64131400 -0.10041800

-0.58347800
0.05164200
1.78259600
0.64788500
-1.10796400
-1.09123500
-0.04375400
-0.43527100
-1.83344700
-2.46480800
-3.54864800
-1.70364200
-2.17064900
-0.29647900
1.74254100
0.36066100
1.89460000
3.06508700
4.03087900
3.00385400
4.04793100
3.45443400
3.94689700

-0.55901800
1.62405900
-0.00565300
0.05585100
-0.14868000
-0.18971700
-0.12779600
-0.07030500
-0.04929600
0.00180100
0.00719400
0.03741000
0.05919300
0.02763900
-0.03639900
-0.03010400
0.01535400
-0.01900700
-0.05371300
-0.04371400
-0.14999000
-0.17649600
-0.27098100
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1.48185300
-0.56257100
-7.24040200
-4.79842600

0.21328000

2.46688100

2.08379700

3.80667200

4.15135300

4.86775500

6.20659300
4.63646400

7.27481300

6.41488300
5.68641200

3.62105600
7.01864800

8.28912500

5.50756600

7.97225200
9.34395800

9.91911900

9.59526900

9.58145600

2.03294600
0.41403200
0.98701000
2.55348000
5.10331500
0.98859500
-0.02496700
1.22189300
2.25448600
0.23138800
0.66678400
-1.16530200
-0.22617300
1.73389300
-2.06385700
-1.54873200
-1.60474800
0.15467600
-3.13451800
-2.56911200
-2.17333900
-3.09980300
-1.58687400
-1.59386400

SCF done: -1732.43718763 a.u.
No imaginary Frequency.

DFT optimized coordinates for 2 optimized S; state Geometry by B3LYP/6-31G(d).

Oao@DZ oo Zz ™ gy,

-6.92399400
-0.08690100
-0.32164200

0.14932200
-2.07454900
-7.75589200
-8.83700900
-6.90399000
-5.52549500
-5.36523700
-4.09809200
-4.03202300
-2.94448700
-1.96705300
-3.06595300
-4.08406000

-2.64131400
-0.58347800
0.05164200
1.78259600
0.64788500
-1.10796400
-1.09123500
-0.04375400
-0.43527100
-1.83344700
-2.46480800
-3.54864800
-1.70364200
-2.17064900
-0.29647900
1.74254100

-0.08139400

0.29735100
-0.15126300
-0.08646000
-0.21516100
-0.07981500
-0.10503500
-0.05879000
-0.03785900
-0.05658300
-0.04642900
-0.06212200
-0.04413200
-0.04074400
-0.05965200
-0.06583000
-0.05092000
-0.03675500
-0.06295800
-0.04870200
-0.03663500
-0.03581300
-0.92793600
0.86296800

-0.10041800
-0.55901800
1.62405900
-0.00565300
0.05585100
-0.14868000
-0.18971700
-0.12779600
-0.07030500
-0.04929600
0.00180100
0.00719400
0.03741000
0.05919300
0.02763900
-0.03639900
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-4.34155500
-2.68769600
-1.90651800
-2.39913100
-0.52796500
0.44326000
1.67908800
2.63660300
1.48185300
-0.56257100
-7.24040200
-4.79842600
0.21328000
2.46688100
2.08379700
3.80667200
4.15135300
4.86775500
6.20659300
4.63646400
7.27481300
6.41488300
5.68641200
3.62105600
7.01864800
8.28912500
5.50756600
7.97225200
9.34395800
9.91911900
9.59526900
9.58145600

No imaginary Frequency.

0.36066100
1.89460000
3.06508700
4.03087900
3.00385400
4.04793100
3.45443400
3.94689700
2.03294600
0.41403200
0.98701000
2.55348000
5.10331500
0.98859500
-0.02496700
1.22189300
2.25448600
0.23138800
0.66678400
-1.16530200
-0.22617300
1.73389300
-2.06385700
-1.54873200
-1.60474800
0.15467600
-3.13451800
-2.56911200
-2.17333900
-3.09980300
-1.58687400
-1.59386400

-0.03010400

0.01535400
-0.01900700
-0.05371300
-0.04371400
-0.14999000
-0.17649600
-0.27098100
-0.08139400

0.29735100
-0.15126300
-0.08646000
-0.21516100
-0.07981500
-0.10503500
-0.05879000
-0.03785900
-0.05658300
-0.04642900
-0.06212200
-0.04413200
-0.04074400
-0.05965200
-0.06583000
-0.05092000
-0.03675500
-0.06295800
-0.04870200
-0.03663500
-0.03581300
-0.92793600

0.86296800SCF done: -1732.36920322 a.u.
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7. Cellular experiments
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Figure S7. Normalized absorption and emission spectra of 2a (a) and 2b (b) with 100 eq Cremophor
EL in water. (c) Absorption spectra of BSBDP 2a (30 uM) in THF or mixture with 150 eq

Cremophor EL in water.
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Optimization of imaging conditions

(a) 0.1 yM BSBDP 2a 0.5 uM BSBDP 2a 1 pyM BSBDP 2a 2 yM BSBDP 2a

Hela cells

Detection range: 660-700 nm
E——

(b)  Incubate with 5 min Incubate with 10 min Incubate with 60 min Incubate with 120 min

Hela cells
Detection range: 660-700 nm

Blue Channel Red Channel Merged image
DAPI 400 nM BSBDP 2a 1 yM

HelLacells Detection range: 410-450 nm | Detection range: 660-700 nm

Figure S8. (a) Fluorescence images of different concentrations of BSBDP 2a incubated with HeLa
cell for 2h, Scale bars =25 um; (b) Fluorescence images of BSBDP 2a (1 uM) incubated with HeLa
cells at different times, Scale bars = 25 pum.; (¢) Fluorescence images of BSBDP 2a and DAPI
incubated with HeLa cells, BSBDP 2a (1 puM) fluorescence after incubation for 2h, DAPI (400 nM)
fluorescence after incubation for 30 min, Scale bars = 10 pm.

Cell uptake study.
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Figure S9. Fluorescent intensity of BSBDP 2a (Acx = 638 nm; 1 uM) incubated with HeLa cells at
different times.
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Figure S10. LD co-localization studies of BSBDP 2a in HeLa cells and Hepg2 cell. (a,f) Bright
field. (b,g) Lipi-Blue fluorescence (0.1 uM, LD commercial dye) fluorescence, Aex = 405 nm, Aem:
420-460 nm. (c,h) BSBDP 2a (1 uM) fluorescence, Aex = 638 nm, Aem: 660-700 nm. (d,i) Merged
images of Blue Channel and Red Channel. (e,j) Intensity profiles within the regions of interest of
BSBDP 2a and Lipi-Blue across HeLa cells or Hepg?2 cells, Pearson's correlation Rr=0.91 or 0.86.
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Figure S11. Fluorescence imaging of ROS detection with/without BSBDP 2a (0.2 uM) and light
irradiation (655 = 10 nm, 40 J cm™) in HeLa cells and DCFH-DA (10 uM) was used as the

fluorescence detector.
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Cytotoxicity study
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Figure S12. (a) Cell suspensions were seeded in 96-well flat-bottom plates and varying
concentrations of the sensitizers were added to each well. HeLa cells were kept either in the dark,
or under illumination with a red LED lamp (655 + 10 nm) for a period of 47 min at 37 °C. (b) Curve
fitting between the cell viability and the concentration of BSBDP 2a. ICso = 61.44 nM.
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Figure S13. (a) Cell suspensions were seeded in 96-well flat-bottom plates and varying
concentrations of the sensitizers were added to each well. HeLa cells were kept either in the dark,
or under illumination with a red LED lamp (655 + 10 nm) for a period of 1 h at 37 °C. (b) Curve
fitting between the cell viability and the concentration of BSBDP 2a. ICso = 38.64 nM.
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Figure S14. (a) Cytotoxicity of HeLa cells treated with different concentrations of BSBDP 2a for
24 h as demonstrated by CCK-8 assay. (b) Curve fitting between the cell viability and the
concentration of BSBDP 2a. ICso = 10.5 uM.

S27 /543



8. In vivo phototherapy
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Figure S15. (a) Tumor volumes of different groups of mice. (b) Body weight of different groups of

mice.
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Figure S16. (a) Photographs of mouse tumors after 14 days of different treatment modalities;

(b) Tumor volumes of mice in different treatment groups after 14 days (n=4 per group, p <

0.01). (¢) H&E staining of different organs and tumor sections from different groups after

14 days of treatment. Scale bar: 100 um.
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9. NMR spectra for all the new compounds
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10. HRMS spectra for all the new compounds
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HRMS for BBDP 1a

100000

435.1724

70000

Chemical Formula: Cy4H,5BFN,0,S*
Exact Mass: 435.1708
30000 436.1758

4341742

10000 437.1686

14354296
4273844 429 1180 4382170

04 . L | T . S . - L . 1.

1970 4275 428.0 4285 4280 4295 4300 430.5 4310 4315 4320 4325 4330 4325 4340 4345 435.0 4355 436.0 4365 437.0 4375 4350 438.5
n/z (D=

HRMS for BBDP 1b

140000

130000
363.1512
120000

"1 Chemical Formula: Cy1H,{BFN,S*
0 Exact Mass: 363.1497

362.1554

364.1518

363.3049 365.1510

361.1394 3620088

3603297 3613442 364.3780
, | 361.9118 36%'3160 ‘ ‘ 363.6977

3600 | 380.4 | 360.8 | L2z | 3BL6 | 3B20 324 | 3B28 | 3632 | 3636 | 3640 | 3644 | B W52 BE6 6.0
n/z (D=

365.5156

S40 /543



HRMS for BSBDP 2a
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