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Abstract: In this study, we synthesized six tetrazine-dipyrromethene boron difluoride (BODIPY) probes and

achieved a remarkable up to 14-fold increase in singlet oxygen yield via tetrazine bioorthogonal click-to-release

reactions. We systematically investigated the photodynamic activity of these probes, revealing crucial structure-

activity relationships. Additionally, we evaluated the stability and release kinetics of these probes and identified P5

and P6 as ideal candidates for photodynamic therapy in live cells. This innovative strategy opens new avenues for

fine-tuning the photodynamic properties of BODIPY dyes, thereby expanding their utility in cancer therapy.

Key words: photodynamic therapy probe; bioorthogonal reaction; dipyrromethene boron difluoride; click-to-

release reaction; tetrazine
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Figure 1 Bioorthogonal strategies for regulating the singlet oxygen yield of dipyrromethene boron difluoride (BODIPY') photosensitizers
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Figure 2 Synthetic route of BODIPY-tetrazine photodynamic probes
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Table 1  Photophysical properties of BODIPY-tetrazine photody-

namic probes. “L-mol”-cm™; "Stokes shift

Probe ,/nm A./nm &x10° AJ°nm
P1 553 585 2.81 32
P2 699 750 9.70 51
P3 695 753 6.78 58
P4 694 750 3.07 56
P5 531 552 8.62 21
P6 535 556 4.75 21

Br T2

P2: R, = Me, 64%

P3: R, = i-Pr, 46%

P4: R, = Ph, 50%

NN
Nj/N
o
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B+
FF



TR A AR IEAC R RS R A GBI 5% D' Bl 3 BRI R 4 B 7 3403 -

REF P1.PS.P6 (1) 5 K 0 K A7 T 540 nm ff
I, B KRS K AL T 560 nm BT, W3 50 W A B 7
20 nm 7 475 $REF P2~ P4 1 B KU K AL T 690 nm
BT, B K & B KA T 750 nm BRI, W7 46 58 W 67 7
1E 50 nm 75 A7 YA PRE IR R ZR T Ot RBGYTE 10 80E
oo IS LB FERE IR S KR R S A, 95 R
£ P1.P5.P6 N 1] WOGHREL, K5 P2~ P4 AL 2L 4MA
EF. U84 BODIPY BEf%Z FiGE# 3L i gs MRS, AT 15
SRR FE TR, BRAT e B PR AR, WOK BT 7R Re & /), Rtk
W/ R TS LT R, B HE s AL R K
3 IRETXTAEEN SIS B VEE BE 1K

i B 1,3- 2K 5 53 K JE W (1,3-diphenylisoben-
zofuran, DPBF) 1F 4y 54 35 Sk k77, 2R AT 1R b B2k
AR e S8 . I IRE P2~P4 5 4e-TCO
TEVEW A R BLRT G IR RS R (0, FIF- SR
LW HL(K), R 7 DY G AR 2L 5 meso-1E 2 BODIPY-
VUREEREE 3 R A RO R o 8 I E BR 4 P
P5.P6 5 4e-TCO 7E I [ N HIF J [ B 2R A8 S 77 28,
R FCR IR I L 2R A 5 meso-Tif I BODIPY-PY B4R 41
HTRB R R . LIS R 2 FiR.

Table 2  Singlet oxygen yield of BODIPY-tetrazine photody-
namic probes. TCO: trans-Cyclooctene. ‘DMF, @, = 0.39; "EtOH,
@, = 0.49; ‘DMF, 'O, generation was determined by 1,3-diphe-
nylisobenzofuran (DPBF) decomposition under irradiation at
520 nm, 5 mW-cm?; “DMF, lO2 generation was determined by

DPBF decomposition under irradiation at 660 nm, 5 mW-cm™

Probe ()] K/s
RB* 0.390 0 0.007 9
MB® 0.490 0 0.0163
P1° 0.030 0 0.000 7
P1 + TCO® 0.423 3 0.008 2
p2° 0.109 5 0.003 4
P2 + TCO! 0.460 3 0.0147
P3¢ 0.093 0 0.002 8
P3 + TCO* 0.703 8 0.020 0
P4¢ 0.091 4 0.002 6
P4 + TCO* 0.573 0 0.0159
P5° 0.143 6 0.002 9
P5 + TCO* 0.607 8 0.012 1
P6’ 0.3592 0.002 9
P6 + TCO* 0.507 3 0.004 3
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Figure 3 The stability and the reaction release efficiency of BODIPY-tetrazine photodynamic probes. A: Determination of the stability of
P1-P6 in MeCN/PBS (1:1) at 37 °C; B: Determination of the stability of P5, P6 in MeCN/DMEM (1:1) at 37 °C; C: Determination of the
reaction release efficiency of 4e-TCO with P5, P6 in MeCN/PBS (1:3) at 37 °C
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Figure 4 Determination of drak cytotoxicity of PS and P6 with
or without TCO-TPP (A), evalutation of the cytotoxicity of P5 (B),
P6 (C) with or without TCO-TPP under varying intensities and
molecular structure of TCO-TPP (D)

6 INE5

KA T 6 > BODIPY- DY 6 5h ) £ 41,
i 5 4e-TCO R A AW IE AL s i B R, 35 A SE IR
XA BODIPY = A= Bp. 25 25 580l 28 1 1 428, o v T 458
Fra S HOEE 14 4% . @I X VY R BUAR I K meso- 17 B
FERBIRE T, RIN T 5 A 5L DU I meso-or B4 4H 1%
LI IRE I AR E P R AR B . etk
IR 2 Sz 06 26 B, $R 4T PS5 P6 B AT v (1 A B A 35
FoE P, BSR4 M S AR AL . i — 2B nAE



TR AW IR R - R BSOS U S 2 e 2l AR ¥ TR 4 A7 5L 3405 -

T 2 I K P 1) 6 B T 45 66 10K A2 R SR A SR U 1A
ASCHe T — s ik PU R AR 1 A A - R N T
2 BODIPY Yk} B 28 25 50 = 2 (BT S m o 1% SR 5 Y
% & BODIPY H fe A 2 A RIFHeAVE, e 17 YA
WD IE A R - B RO () S FH G L, DR o' 3l ) ER A 1
RS T Rr

SCIGER Sy

'H NMR F1"°C NMR ] Bruker # i & 37 3 1% 1%
(£ M5 (‘H, 400 MHz; °C, 101 MHz), PY FF 3 fik Joe
(TMS) AR B HEE5E (HRMS), A Waters Q-TOF
Premier PU A A 55 366 AT IS R] 52 1% (36 ) W€ H A
FluoroMax-4 % J¢ ) & 11 (Horiba Jobin Yvon) | 5g 7%
Y6t Quawell Scientific Q6000+ & 7 W B it (35
FE]) Wic 2 55 b — T LR WSO 1l 5 55 [T v 20 A — o 1 1R
H (HPLC-MS, “ZHEBHE A BR A 7)) Bl A=) 158 =
N5 I Js2 87 A8 FH B 2 S R AR, T B S TR
Tk T A TR A 75 563 77 9258 B A8 FH 1) 520/660 nm
WOtAE, W A KA B B AR IR A A5 Herocell
180 S ALBRE: TR 48 (i B AE MR A TR A 7)) 1%
B AR R 3 B A R R 200~300 H B
300~400 H, lWHRZE V6. £HIREYH i
W TCRERR ULEH, BT B 38 R 40 B 4l I R
H 2R B R A A5 453,50 B 2t & 45 A R
AF] PR A IR AT A % () R T
RIEH MR A FAE R BEHS A R~ F AR/ f it
St M M A 549 SR IF T A S8 = R A7 41 SE U0 AH S FEAL
B EREFE .
1 REMEALAEY T1-T3 LR TCO-TPP A /K

AP T1~T3"LL & TCO-TPPHIH Ny B AL &
W, 275 TR G ko
2 BODIPY RER{TEMIHIE K
2.1 &4B1°. B3 B4 B5P!
S HRE .
22 EMB2 {EG SRR, B1 (150 mg, 0.27 mmol)
AL £ (144 mg, 1.08 mmol) JI A F 25 mL [z M
W, M 14 mL )8 4,8 2.1, 80 °C IR 4 15 h, &
2 gk (TLO) Ml R M e & )5, H 4B &1
(15 mL) FiB& S B, 0.1 mol-L™" HCI (10 mLx3) ¥ ik,
KV, B HUAHEZ T 7K Na,SO, 44, i ik 4, K A kR
HZEMr 4tk (DCM:MeOH = 5: 1), 38 (0 [ R L &4
B2 (118 mg), #% 4 & : 97%, W % : 80%. 'H NMR
(400 MHz, MeOD) ¢ 8.08 (s, 1H), 2.53 (s, 6H), 2.37 (s,
6H); "C NMR (101 MHz, MeOD) § 163.17, 155.10,
143.60, 139.02, 127.60, 82.55, 14.60, 14.17; ESI-HR-

B E R EY,

MS (m/z): 544.920 1 [M+H]".

3 BODIPY-TURENENHIRETHIE AL

3.1 REP1 EGESRYTE, ¥ B2 (25 mg, 0.05 mmol)
AIPYEE T2 (10 mg, 0.05 mmol) JIAF] 10 mL &N P,
AN 1 mL AR, FIABRREET (1.4 mg, 0.1 mmol) F
18- /-6 (2.5 mg, 0.001 mmol), i (25 °C) #iE$k 13 h,
2 TLC AR N 5E A2 5, H GIR GERAHL (10 mLx3),
AHLAHZ T 7K Na,SO, T4, i Il 48, R H 4k A )=
Mrafift (PE:EA =5:1), £y (1 [E &L 54 P1 (17 mg),
WSS : 98%, YW 53%. "HNMR (400 MHz, CDCL,)
8 5.93 (s, 2H), 3.72~3.64 (m, 1H), 2.61 (s, 6H), 2.26 (s,
6H), 1.54 (d, J = 1.5 Hz, 3H), 1.53 (s, 3H); "C NMR
(101 MHz, CDCL,) 6 175.59, 164.20 163.99, 159.35, 147.68,
147.09, 143.64, 124.48, 124.00, 119.11, 85.96, 65.88,
31.45, 30.20, 21.25, 16.27, 15.45; ESI-HR-MS (m/z):
680.994 5 [M+H]".

3.2 REtP2 fEEALRYTF, # B3 (20 mg, 0.016 mmol)
AIPYEE T1 (6 mg, 0.032 mmol) JIA £ 10 mL 2 N &
IO T mL YR, BN BRI 28 (3.2 mg, 0.032 mmol)
A118-7& /-6 (0.85 mg, 0.003 2 mmol), % (25 °C) HiiHE
2 h, & TLCHIAR 5645, F 4R CFEZEE (10 mLx3),
A HUAHE TE K Na,SO, T4, i JE vk i, K ik R A 2
Frafifh, (DCM: MeOH = 10: 1), 158 5 [ 444k & ) P2
(15 mg), {ZHEALE: 98%, WHK: 64%. "HNMR (400 MHz,
CDCL,) 6 8.13 (d, J = 16.6 Hz, 2H), 7.48 (d, J = 16.5 Hz,
2H), 7.28 (d, J = 1.7 Hz, 2H), 7.15 (d, J = 1.8 Hz, 2H),
6.95 (d, J = 8.5 Hz, 2H), 5.94 (s, 2H), 4.23 (dd, J = 10.4,
5.9 Hz, 8H), 3.89 (dd, J = 9.6, 4.2 Hz, 8H), 3.78~3.72
(m, 8H), 3.70~3.62 (m, 16H), 3.54 (ddd, J = 11.7, 5.7,
3.6 Hz, 8H), 3.37 (d, J = 9.7 Hz, 12H), 3.15 (s, 3H), 2.33
(s, 6H); *C NMR (101 MHz, CDCI,) 6 169.23, 164.82,
163.95, 151.98, 150.87, 148.97, 143.54, 140.61, 130.42,
130.15, 122.09, 116.88, 114.44, 114.23, 71.95, 71.94,
70.90, 70.88, 70.71, 70.58, 70.55, 69.78, 69.65, 69.17,
68.75, 65.71, 59.06, 59.02, 21.44, 15.90; ESI-HR-MS
(m/z): 1 499.365 4 [M+Na]'.

3.3 BREP3 AEESRF, ¥ B3 (30 mg, 0.022 mmol)
AIPUEE T2 (10 mg, 0.044 mmol) JIAF] 10 mL N &
IO T mL YR, BN BRI 28 (4.4 mg, 0.044 mmol)
A1 18-7 /-6 (1.17 mg, 0.004 4 mmol), % (25 °C) HiiHE
6 h, 2 TLCHiA RN 54 )5, FH 48 ZEE2EEN (10 mLx3),
AHAHZETCIK Na,SO, &, i sl 4, K LA 2
Frafifl (DCM: MeOH = 10:1) J&, 15¥ 0 il 444k & 4
P3 (15 mg), A% G 4l & : 95%, U % : 46%. 'H NMR
(400 MHz, CDCL,) ¢ 8.13 (d, J = 16.6 Hz, 2H), 7.48 (d,
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J=16.5 Hz, 2H), 7.30 (d, J = 14.6 Hz, 2H), 7.14 (d, J =
11.6 Hz, 2H), 6.95 (d, J = 8.4 Hz, 2H), 5.94 (s, 2H), 4.23
(dd, J = 10.4, 5.6 Hz, 8H), 3.96~3.83 (m, 8H), 3.79~
3.72 (m, 8H), 3.66 (ddd, J=12.9,9.7, 5.6 Hz, 16H), 3.58~
3.50 (m, 8H), 3.37 (d, J = 9.5 Hz, 12H), 2.34 (s, 6H),
1.56 (d, J = 6.9 Hz, 6H); “C NMR (101 MHz, CDCl,) ¢
176.66, 175.55, 164.08, 150.82, 148.93, 140.61, 140.58,
130.16, 123.50, 122.10, 116.88, 114.38, 114.20, 71.92,
70.85, 70.67, 70.55, 70.52, 69.76, 69.62, 69.13, 68.72,
65.90, 59.06, 59.02, 34.58, 34.57, 21.25, 15.88; ESI-HR-
MS (m/z): 1 527.397 2 [M+Na]'

34 REP4  EGAAYF, #B3 (30 mg, 0.022 mmol)
FIPUEE T3 (11 mg, 0.044 mmol) AIAF] 10 mL B & M,
I 1 mL IR, BN IRER E 4T (4.4 mg, 0.044 mmol)
H1 18- k-6 (0.6 mg, 0.002 2 mmol), Eif (25 °C) itk
6 h, &2 TLCHIA RN 5E4 5, F CBR CBEZEET (10 mLx3),
A HUAHZ 57K Na,SO, T8, 1 JE Wk 48, K et A =
Fréaifh (DCM:MeOH = 10:1) J&, 158 € [ 44k &4
P4 (16.8 mg), % Wi 2 % : 95%, W% : 50%. 'H NMR
(400 MHz, CDCL,) § 8.70~8.59 (m, 2H), 8.13 (d, J =
16.5 Hz, 2H), 7.73~7.56 (m, 3H), 7.48 (d, J = 16.6 Hz,
2H), 7.28 (d, J = 1.8 Hz, 1H), 7.26~7.25 (m, 1H), 7.15
(d, J = 1.8 Hz, 2H), 6.94 (d, J = 8.5 Hz, 2H), 5.99 (s,
2H), 4.23 (dd, J = 10.5, 6.0 Hz, 8H), 3.89 (dd, J = 9.5,
4.2 Hz, 8H), 3.78~3.72 (m, 8H), 3.70~3.62 (m, 16H),
3.54 (ddd, J=11.7, 5.6, 3.6 Hz, 8H), 3.36 (d, /= 9.9 Hz,
12H), 2.35 (s, 6H); "C NMR (101 MHz, CDCL) §
165.32, 164.87, 163.84, 150.78, 148.90, 143.56, 140.59,
133.57, 130.98, 130.13, 129.50, 128.62, 123.50, 122.08,
11691, 114.31, 114.13, 77.37, 77.25, 77.05, 76.73,
71.92, 71.91, 70.86, 70.84, 70.67, 70.55, 70.52, 69.75,
69.62, 69.10, 68.69, 65.86, 59.06, 59.03, 15.92; ESI-HR-
MS (m/z): 1 561.380 9 [M+Na] .

3.5 IREtPS  FEESORYF, # B4 (17 mg, 0.029 mmol)
APYE T2 (8 mg, 0.035 mmol) JIAF] 10 mL N5 AN,
SO 1 mL A FR, BN BRERE AT (6 mg, 0.058 mmol)
18-7& -6 (1.5 mg, 0.005 8 mmol), i (25 °C) #t+E 18 h,
Z TLCHINR N 5845, FH 418 LBE A H (10 mLx3),
A HUAHZTE7K Na,SO, T4, i JEIk 4, K F kAT JE
4tk (PE:EA =5:1) Ja, 13k ([ 4R 1L 5 % P5 (7 mg),
WREAiE : 96%, YWH: 34%. "H NMR (400 MHz, CDCL,)
8 5.77 (s, 2H), 3.74~3.63 (m, 1H), 3.55~3.43 (m, 2H),
2.85~2.74 (m, 2H), 2.63 (s, 6H), 2.54 (s, 6H), 1.54 (s,
6H); "C NMR (101 MHz, CDCl,) 6 175.26, 170.91,
164.67, 156.34, 142.40, 131.20, 86.96, 86.87, 63.26,

34.78, 34.47, 24.43, 21.29, 19.09, 16.25, 16.23; ESI-HR-
MS (m/z): 731.008 7 [M+Na] .
3.6 1R§TP6 {EA LRI T, #B5 (36 mg, 0.058 mmol)
AIPYEE T2 (15 mg, 0.07 mmol) JIAF] 10 mL &N 7,
IO T mL AR, B0 R 4 (11.6 mg, 0.116 mmol)
F118-7ek -6 (3.1 mg, 0.011 6 mmol), % (25 °C) 4 18 h,
2 TLCHiINR BE 2 )5, H 48 S BRZEEL (10 mLx3),
YU T 7K Na,SO, T4, i Je vk 4, K kIR AL 2
Hrafifk (PECEA = 5:1) Ja, 138 [ 410 &4 P6 (9
mg), &AL : 97%, UL 21%. 'H NMR (400 MHz,
CDCl,) 6 8.30 (d, J = 8.1 Hz, 2H), 7.42 (d, J = 8.1 Hz,
2H), 5.99 (s, 2H), 3.75~3.66 (m, 1H), 2.65 (s, 6H), 1.55
(s, 6H), 1.38 (s, 6H); °C NMR (101 MHz, CDCI,) ¢
175.19, 165.17, 165.02, 157.42, 145.03, 140.14, 139.48,
131.02, 130.70, 130.23, 128.41, 63.80, 34.45, 31.88,
27.19, 25.51, 22.66, 21.24, 17.22, 16.08, 14.09; ESI-HR-
MS (m/z): 779.008 9 [M+Na] .
4 BESSENR

@ ¥ ¥R%H A DPBF ¥ 5% 5 mmol-L™ ff) DMSO
W, @ FIREE S 4e-TCO Mk /£ DMF HY, {3 EREH 40K
51 mmol-L"', 4e-TCO ¥ &N 5 mmol L™, 4 J B A&
RET37°CKmTIEE,; @ 4 HPLC-MS % & R4t
55 4e-TCO 564 & B H B H #5 BODIPY; @ #4441
2 7= ) BE W FI DPBF # B 7E [7] — DMF ¥ 7l H 43 21 £+
DU, P B o L) 2 AT R W SO, A 45 R IV R 7
g WOE AR K AL (520 660 nm), WIE 4 0.5 4,
TE414 nm AWRE N 1.5 K54 ©® Z£B0k# 5 mW-em?
HES, Kol DMF A DPBF B0 G R I (] ZE K7 414 nm
Aab () AR IR AR 4K, TRD B VP A PR AT IR BR R A S A
At 77; UL DPBF [¥] DMF i W 7E N = 0 A, 10 5% 7
AHTR] 52 56 26 4F R 23 (0 RRALLE 414 nm AR WO FE B 1)
A4k, FF R #E DPBF 1) H S AL AL A APE R DABCER
21 43 A N 520660 nm B B8 SR 1R S 56 %
FRUZH, 0 SR 7 A [R] S50 2% 4R T S 56 %) BE 4+ DPBF 7
414 nm ARG FEAE AR 10, F T BB BT AR S Akl
B T B 2 A S = AR R RS
5 RREMMNK

@ ¥ 5% 0 £ £ 1 B 1 mmol-L™ i) DMSO £ ¥ ;
@ BUE & PREBERF 5 DU 7086 B 22 10 pmol -1, 1E
NRENE, 37 °CIKIBIEE ; @ A7 I 8] 2 B H
100 pL A5 900 7AW, 3 i HPLC-MS M5 9 H: 7E 520 nm &b
1) UEE T AR (@) e 3t A A B (1] 50 P 0 T AR LU AR, TR SR
BT fa e i .
6 FEREMA

O #4541 mmol-L () DMSO £, 4e-TCO



TR AW IR R - R BSOS U S 2 e 2l AR ¥ TR 4 A7 5L

3407

Bt /% 100 m mol-L™ ) DMSO B ; @ K BEf FH A7 I %%
7R R 2R R (BREF &M N 10 pmol L7, de-
TCO £ & 4 100 umol-L™), /F A5l ¥& 7, 37 °CK
W E ; © TERFIET ] S 100 pL A5 I R, 8 i
HPLC-MS i A5 I 0 (R 8™ 10 520 nm AL 1 Ui
T AR @ 388 3 A3 AN B[R] =) (1 e T AR LU AL, o 54
TARET R TR 2

PEE DIk R 5L A B BT TR, Bt ST %
TR A G TTEAT S TS A A AR 15T
KA W, TS ST SO, R E A TTIRAEIT
FRAS o

MR (1 75 W AR A 2 R
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