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Fig. 1 Schematic illustration of the molecular design and NIR-1I photothermal antitumor application of the
bis(triphenylamine)-conjugated hemicyanine dye ZZ.

KR FERR,; EAMXES; SAdER; 808 nm H%; MBI
PACS: 87.85.Pq, 87.64.M-, 87.64.Kv

HEE: BEFE LSRR “RiEAEMHEAR” EAET GRS 2023YFC3402903) | &4
FARELE A FIE GHES: 2026A1515011379) FNRYITTRHL QIR E (e :
20231120175730001) ¥ B8,

T IEEESE: BENI, Email: zhgyang@szu. edu. cn
135I§

iR #IAIT (photothermal therapy, PTT) I F 6 G 1 REHE b R JR S #4 B
TEFbg DX 3= A 25 [ AT i, w1 Ra s g 51 S sy i et AL
NGB G AT, 8 TS T2 TR AT 20 e Fme S22 s )82 8 7y
FAGRNIE T A AN AR S o SR A B ARG &, TR B I Wi T X3 R4
IEHURITE I 5B, 340 4h X (second near-infrared window, NIR-11, 1000 - 1700 nm) E
AR LB FELSS 1 B R 26T 5 AT S A 2 8UZ 15 M LE 51, NIR-IT 2%
TGO THREF R R, KBRS S RIS G RIRIT AR BEE 3% B2 T I R O,
I, YA NIR-IL 297 MRS, BRFHR A SR AL, IE BRGSO R L e R R0



Sk A A RN,

YA NIR-II ek RAFESEHRM B PSR 8 LHREDRE NN
TEERA, THBER AR BRI 2 BAE A AT BRI B 3,
(EMEMZ O RIECAR . AR R AL 3836 HoAA Py 47 R HAT S malel, g HL N7 T 63T
(K1 53T S5 A0 W, (T30 45 S MRS EE o LA P AT A R R0 i 7 45 M-l il Ot P g
Z B e R Y. L)1 Gkl 2 AT LA R A IR T T I T 6 BRI
B IR E A I NS AR AN L €7y e T e e o DA B = SN NS S T
BRI MG . 20K AL AN T RE AL SRS Tk e N F 41 e 2R &« J63) 737697 (photodynamic
therapy, PDT) fl PTT 25375112, NIR-II & /N7 FAREF A5 4R34k (donor-acceptor,
D-A) BURERINERTE, o GO 2RI i 54 5] NANK IR LR R34t T 401
Wik,

. PEE TR JORMA R D RWERE TR R RS A B e, REIRES . 4T
PN FELA 2 7% RN AR S AR AU A2 AR e L e Bk g U100 T SRAR L 1| e b R KA
SEARRZBEANES TAE <520 NIR-IU g Z 5o il 2 Thae s 7 4epl o, 45
SPARGERIAG KA K FE AT LARII 32 R NIR-IT 9996 J6 A AGA BRI, Rk &
o1 T SR T 1 SR AR S I DR PE R NIR-TT eI R, Ui B 407 [l Tt 1
PG AR E AR RO, S ORISR LT O NIR-IL A HVN > TGRS 206 Fy
BRHR R 5 2 B JUR R SO Y ki 2200 AR FEXUE — I (benzobisthiadiazole, BBT) 4%
B0 2 A KA SR IR 25 - 32 AR -4 & (domor-acceptor-donor, D-A-D) 4y FiE— 35 Jeor 7 Kl
NIR-IT IR 2TT Z [ S5 A Bk iR MO BENLEIE, D-A 431 (1l A
TR A RARN I3 N 12 3)) 2 A it 5 AR SR S S Yk i) 3 g 22230 AE AW 2 2 18
200 Ff 45 1 AR i S AT SO S R GRIFE AR A R R E AL B 2 P g S DL a2/
AR 2t 22 S ma e ' 2 JAr ARG T I R 2627

AT EZ AL, R 7N T8GR Bt SRRt 7t . TTHLECEE &9
KAR R B A R SZ A% OARE RiAS . SRTI R MBS M 3L m s, p—gmE RS
i 2 ) R O0 RS B AR 8290 gy 1k R 7R B R R AL AR B 2 2 03 T R A e SR AR i
THRBOR,  HEIRE SN 5 S A VP M P Bl 2 35500, K A A 75 A 366 126 SR ] LA
B B AR T, (BRI oA AR NS BR A 2 A B IR E RS2, LN T



HAR TGS ST, AR KRS 5 a0t A I RE S 4. Y TR m oY
WO AR T BB, 5 ARSI S g A R T f e AR D B K ILAEE S 3 R A VT R
R , W] REIE R K DGR A AR 7 B T B s A= P o b i i A
FE RS, A 7E B AR R, R 4R ARSI LR (photothermal
conversion efficiency, PCE)  fE¥ AaE 1 4 A N A 4 #4435 2 [0 1) R G LI A 2
BO37, B B 48 b i BRI AR A 23 i3 A A B N, 358 B /N1 5 A 4 57 4T
EAFEGR — S 5T T S #r 8L,

BT BRI, ARSI EIR I Gkl ZZ AR R, G S N
PN 450 . RSOl B GH N A SR PURE R . ZZ T =R g BT T
592 52 R B BOK RN - o f-52 44 (double donor- 7 -acceptor, D-D’ - -A) HYL
P, 1zt BIESAFHAT L AMRI, IR ST BB 950 - 1300 nm. L&A1 22 NIR-IT [X
I AR SR FH T — V4 2D g B R T SR PG 45 3 R ), 15| W 2% (indocyanine green,
ICG) 7EMI VAT FTH 808 nm AWK FE (Asos) FUAHFIBOEAAE FAE X IR, LUK
T MR A 22 53 B m A 40 . FEULEERE b, ASCE IR BERE MR . 4T1
NP AR AT fpR /N R AL, 552 Z7 I3 H RE 15 3 — I VR P 22 5 24 A
J5 s 2B A A N R AR AR . AR SCANARYE B — 43 T L EE R ROR R KA
ARG 4 5 VPO AF O e SR T 5 17

2 ERMHESERZE

2. 1 SR SRR

TR 28 (ICG) « —HEEA (DMSO). FE i HE S5 N i i Ak k71,
FSIG EOR A o 4N S 7R AH O B HE G 4 G (fetal bovine serum, FBS) .
Dulbecco's modified Eagle medium (DMEM) . & 22 1 £h 7K (phosphate buffered saline,
PBS) AIXPT (penicillin-streptomycin, PS) ", H.H1 FBS i H £ [H Sigma A F, DMEM %%
FrEEPBS AUHUN H 55 [H Gibeo A F] o HARSY T ZZOW=2KIEH-35 ek, CorHaN2028 ",
XS 7 I 871.34) SATHLE GRS, SRR LK 2. Hisn T Z2Z ZR3HRIE A
S PSS N GG, TR0 SR AEY)SEE



2.2 BRGNS HR 5

¥ ZZ 53 7% ISR it AR [ 0 AR AR A ORE s BT I AR S IR WSO AT
WK FRE S DU S oA, W ZZ BRI TR T, RRA RS
TR AR, Ve, ZZ WRIEN 5 oM, AT REMERERF, T
BB TSR G HEAT R M

I -] W LTSNSO S S BT ZZ TR RS R R I K SRR IE, SRR
L9 I 5 FAE 2L R IFAT N IR R . D LLBUE RIFASEXT ZZ WP ERIT AR
BRI, ARYE SR AT I S HOH . e TFREEITE AR (D FiR, ek
¥t A dnat (2) , Stokes MifgitHAXWE (3) -

E=h _hc_1239.84 (1)
—ETTT
1 107
V= —= -1 2
V= inm(cm ) (2)
~ 10" 107
Av—m-m (3)

XA HALN eV, ALY nml'el,
2.3 ISR IE ST 5

¥ Z2Z #1455 DMSO ¥R (100 M) H ORI 1T ZZ ik Pk
HHVINGT, #E DMSO 1 B A BUF A AR A G AR T v, TR I 6 3 36 1 e A
DMSO H—VE A R hilg, PSR 7 AR a e se ) 4 R T VR Z2Z 1)
T 7, AR T A B KAHER R S48 255500 N B0R YT PERE . B 1.0 mL FE S IEBUINA
FaIm, 7E 808 nm P~ FARWOLA IS Tidf AR, ThEEREHN 0.5 W » em?; iR
EET GG RAEE, FlR ARSI, 1CG 1E X IR, 5 ZZ fRREH A
FHTR] Asos (0.68) FIAHF OGS, LALLE I A GURLLE [F] — 25 111 T I Re- v e e 4 g
RAEFHR-A AL, %A Mae B P AT EOC RS R P, i E AR (4 Fr
7N

_ hS(TmaX'Tsurr)'Qdis

(4
I(1-107%0)




A, hSHEMARE S ZIAEFIREL, T AEOEHR G BRI 1) i AL
Toure AP BEIRIEL , Q i JIVE FIFIRE Sl W (K5 SR AT, DI BOG I, Agog NFERRTE 808
nm A& HJROE R .

2.4 JCRIEF AR E N E

FEAIE IR R 1R I L AMBOE I 7 k. ZZ VR EE 9 100 M, 7E 808
nm OGN IER RS, WOLThFREE N 1L.OW « cm?. FRRIES 3 min f5 B0, #RE R
AR B YRR, Bt NN — R RRGR EEAE, JLT 5 IR IRIC R E
AL
2.5 ATL 4 HGER

KA AT AL AT ZZ AN . AT1 AR PR R A7, R I5I0%
REGFREEH : F 7k R AT FBS AIXUHLH) DMEM k. 400l 5 X 104 cells *mL-
VAT 96 FLIR, £E 37 C. 5% CO2 MAEErPINEERS R 24 h 5, IIAARNKE ZZ (0.
10, 20. 50. 100 M) JFi¥H 8ho BE/EREFEM 7 NEOGALEANDGIRAL, SEREALR A
808 nm WO (1.5W = em™) MU 3min. WUNEHR)E, 18R A0S &-8 (Cell
Counting Kit-8, CCK-8 il 40 iy /1, H-KH Calcein £t H 4 J: /i (calcein acetoxymethyl
ester, Calcein-AM) /BALPAIE (propidium iodide, P1) Ji&/5E 4t M S22 B S 4R A5 o
2.6 AT1 fapJ& /N EAR N PRANY

KH AT g /N AR PEAN ZZ 1 SRR i O #vsons, #2403 . & 6 pron st
oA, (B4, DMSO BAKBEAHOEA . 0.1 mg ZZ BEAWOCALR 0.2 mg ZZ BEA
BOGUL. AT1 AEE IR B LW TR S, VR IFH % 4S8 b 7 3 BRIV Jo B
RSN SRAR B BR 7d JE, BB 2 RURIGIT G, SRl SHES T 1% -
2% P AERR R . BE S 4% AT A 4525 808 nm OGN 180 s FLLAMARUEL .
RITEWEE 18d, JHIRNC MR ARFFIAR R, If LU VG T I (R R A AR Vo R ZEiETHE
FER IR AR V/Vos W52 45 TR 5 ML 32 B 28 1HEAT 5 A -7 21 (hematoxylin and eosin, H&E)
et

2.7 S SR IR %A



AW B B SRR 2 IR YIK 2 SE B S e 1 st , VFPTiES: SYXK
(H) 2022-0302, SELGSLH 5 245 R4k & 181G H X LR sV 8 FAH S E & ARRIVE 2.0
e, SIGFT s N MEYE BALB/e /MR (6-8 JEIRY, 18-22g) , 1AFET ThEE A
& (specific pathogen-free, SPF) AW 55, £ 22 + 2 C. MHXHEE 50%-60%. 12h %
RG24 T B IR B AOK . IERSERRTET 3-7d EMVEETR. R4 2. OB
FLLAMABAGE TR, N R U AR (1.5% - 2.0%) o AR IR S\ iE
KEG, LB R S % SR A

3 ER5idiE

3.1 220y 1l 15 G5 R AE

NIRAFHE LM B GOSN NG 1, ZZ RIRUER AR - o Hr-32 4k (D-D' -
n-A) R (B 2) o ZRERICE N A, TEE SR — 2 RS RS TN
Hfi #5%% (intramolecular charge transfer, ICT) FITZLAMNRUST: 3@ FEIEE T1EAHE T
A, JLR EL T LR S A T BN 5 A > T B RER - 4- W EUFEIR IR B =
e T P E KSR FE IR WOR S R R RE L. O AR R 5 AR ) s o i
(RISEMAAT) 5 45 G i 7= 2R AN [A) 0 FO BEE— D B0AIE, AR SO LA T8 AL B 2]

ZZ W& AR CORRAN 2K O RC AR JERE, 7 P AR B R AT HEdE . BEREZH S 1c &
Vilsmeier-Haack FFEEAL . ByF2 ke b A Suzuki-Miyaura 38 AR =20 [ BiR1E; &
#h 4X 4 Friedel-Crafts Bk, Claisen 4i6 BBkl Grignard JNs-0 YD I
P53, 1c 5 4X & Knoevenagel G152 EARS=W ZZ, E7=ZY) 3.9%, WEHENE
SRR (U H nuclear magnetic resonance, ' HNMR) #1743 ## 51 it (high-resolution mass
spectrometry, HRMS) #jiE. 'H NMR (500 MHz, DMSO-d6) , 37X & 8.91 ppm Al
8.63 ppm AL P A BRI 43 ) U T o R SR BE M I I T T AL I SR PR o« AL 6
6.98 - 8.13ppm AHESMFHEFXET, mHX 6 4.01 ppm ALHJFIE (BH) JHE T
i AL, 8 2.89 ppm. 2.78 ppm Al 1.87 ppm ALHI=ANHE (£ 2H) 3 HIAJE TR
C IS4 3R B =40 R L5 7. HRMS (ESI-MS) 45 m/z=871.3260 117 75
T (M]+) , H5HH5EAE CaHaN202S W) & .



iR NMR A1 HRMS 25 RALFEFE T ZZ PN =28 & D-D'-n -A HHig5
SR, HY RIS R FAEGEEE ICT FRIE NG SHRIT L AMRIL B0 #de 4 )
2R P9 AN RS RN T TSR AL T SE R SR

N N
OH K,co Pd(PF'h O \©
P, DM OH_K.COs . DMF ©\ /@’ 3 3l o
“cHCl; Taen \ O

sS<HP N @*/\m QO**“J@’ @
@ ZnCly, CHZCl, 40°C/5 h @ NaH, Toluene 120°C 2 h © TR ©

CHyMgCl, HCIO, ‘© AC,0, Piperidine
T THEN, \ 61T

2 ZZ W9r T AL .
Fig. 2 Molecular synthesis pathway of ZZ.
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Fig. 3 Steady-state spectra of ZZ in the film state and different solvents. (A) Absorption and emissi
on spectra of ZZ in the film state; (B) absorption spectra of ZZ in different solvents; (C) emission
spectra of ZZ in different solvents.

3.3 77 Wyt ERE. 166 X SR Fa e

FEOLIEMNALE Al b, BE— P H R 77 WO EAT . 455 3 WAL, ZZ AE 808
nm Bt 2AT I IR, REREUTRC 5 SOt G K LA I R SR EE A B vh R L
IR SRS, BITRRESRE T GEE 2 L FEMNR R, AR bk
fitte & 4A 7R, ZZ ££ 100 » M DMSO & Z&H1T 808 nm ALMITOGEE A 0.68, £E 808 nm
WO MR ZW T, ROKETHA19.5 °C; RHBOLE, RAREEAR TR, B
RFHETHE A H i NG SRS BB AL 5, ZZ e R AR M A N
76.1%), B 4B R, TEAHENAF MIF Asos (0.68) FIAHENSOIEHKM T, 1CG ik
BRI BT HAEN 32.6%. STk - DU RITHE E NG S 1CG B, Hob#dh



LR 29.0%, S5ASLLG AR 32.6%40 T [F]— & Z 140, 20t MRk 7 IR B2 272 el oK
(RISZme, o5 B W R GORIE Rl — R A R R ZE R 456 1CG T N 5
BERIAR 25 R s 10, 27 TR R R i G AE 7T

oA SRS PR A B R E M DG R B S SR AR Y SIS 1 AT SR . B 4C R, ZZ
1E 5 YCHOGTT ARG -3 BE 58 BT HIR AN AR PRI AR, A A R e ey L P AR AR/, 10 B
FAE S SO OREF T BURE RO Rm 8

(A) * ; G2T 5 “(B) T o ATz i, P00 c *

344 i P e 10 4
T30 oo _ S0 =
g ] z g > 2354

o 0 200 100 600 800 1000 1200 1400 0 500 1000 1500 2000 0 500 1000 1500
Time (s) Time (s Time (s)

4 77 (R SERS . 106 XL SRR E. (A 22 [FHR/AH 2k RO R R
By (B) ICG HYTHE/ ¥ T2 SO P AR5 (O ZZ 1) 5 IRBOGTF R A g 1k
Fig. 4 Photothermal conversion performance, ICG comparison, and cycling stability of ZZ. (A)
Heating/cooling curve and photothermal conversion efficiency calculation of ZZ; (B) heating/cooling curve
and photothermal conversion efficiency calculation of ICG; (C) cycling stability of ZZ during five laser
on/off cycles.
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Fig. 5 In vitro photothermal effects of ZZ. (A) Infrared thermal images of agarose gel models containing
different concentrations of ZZ; (B) corresponding temperature-time curves; (C) Calcein-AM/PI live/dead
staining images of 4T1 cells under different treatments; (D) cell viability after treatment with different
concentrations of ZZ with or without laser irradiation.
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Fig. 6 In vivo thermal response and antitumor effects of ZZ in 4T1 tumor-bearing mice. (A) Representative
infrared thermal images of different treatment groups before and after laser irradiation; (B) temperature

variation curves in tumor regions; (C) photographs of excised tumors at the treatment endpoint; (D) tumor
growth curves (mean =standard deviation, n = 3).

3.6 27 MR N YA BN

U P A7 5 TN 5240 2R B B 5 F AR 2 e . AT S 207 5
SAUNRATERAL, FEEERITARURIG . e B i, %R BRI HAE Y.
K 7A SR, TEMAMENA, SR TSR R, KL R, 7B
B, SR TR MR L] BITE SRR EK R . LR R,
ZZAEABI S 7R IR RIS 3010 B BT (0 P 2 21



(A) (B) Heart Liver Spleen Lung Kidney

"{'%F\Q!RN Blank
= :

—a— Blank
—e— Laser Laser
—Aa— DMSO

—v— 0. Img ZZ|

0 22 pMSO

Relative weight (W/W0)
e o o e
o L) -~ w
|

=
'S

0.lmgZ7Z ,

=
w
1

0.2mgZ7Z

e
]

T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20
Time (d)

72Z WRRAN ARSI . (A ARENAIT A/ AR E RN A A 2 (18 + brdfE
%, n=3) ; (B WITGEAES4VNREESE OOy L B Bl B K H&E JLtEIR.
Fig. 7 Short-term in vivo biocompatibility evaluation of ZZ. (A) Body-weight curves of mice in different
treatment groups (mean =standard deviation, n = 3); (B) H&E staining images of major organs (heart, liver,
spleen, lung, and kidney) collected after treatment.
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Photothermal conversion and antitumor effects of a bis
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Abstract:

Organic small-molecule photothermal agents operating in the second near-infrared window

(NIR-II, 1000 - 1700 nm) are attractive candidates for tumor photothermal therapy owing to

their well-defined structures, tunable optical properties, and favorable biocompatibility.
However, for dyes that combine deep-near-infrared (deep-NIR) absorption with NIR-II emission,

establishing a coherent relationship linking molecular structure, spectral response, photothermal
conversion efficiency (PCE), and biological performance under comparable experimental
conditions remains a challenge. Here, we report ZZ. a bis(triphenylamine)-conjugated

hemicyanine dye featuring a double-donor- 7 -bridge — acceptor (D-D'- m -A) framework. ZZ

exhibited a deep-NIR absorption maximum at approximately 850 nm and NIR-II emission

spanning 950 - 1300 nm. Systematic steady-state absorption and fluorescence measurements in

the film state and in solvents of different polarity revealed pronounced positive solvatochromism.

Specifically, from 1.,4-dioxane to DMSO, the absorption peak red-shifted by only about 11 nm
(from 840 to 851 nm), whereas the emission peak red-shifted by 91 nm (from 973 to 1064 nm),
accompanied by an increase in the Stokes shift from 1623 to 2352 cm™! and a decrease in the
emission energy of about 0.109 eV. This behavior is consistent with intramolecular charge
transfer (ICT) character, in which the more polar solvent preferentially stabilizes the charge-
separated excited state and enhances nonradiative decay. Under 808 nm laser irradiation, ZZ in

DMSO (100 u M) produced a maximum temperature increase of 19.5 ‘C and a photothermal

conversion efficiency of 76.1%, markedly higher than that of indocyanine green (ICG, 32.6%)
measured under matched solvent, absorbance at 808 nm, and irradiation conditions. ZZ also
retained stable photothermal performance over five laser on/off cycles and induced
concentration-dependent, light-triggered cytotoxicity against 4T1 cells (cell viability decreased
to 13.2% at 100 1 M). In 4T1 tumor-bearing mice, intratumoral injection of ZZ followed by




808 nm irradiation generated localized heating and significantly inhibited tumor growth, while
body-weight monitoring and H&E staining of major organs revealed no obvious short-term
abnormalities. Because no nanodelivery system was employed, these findings establish the local
photothermal potential of ZZ rather than its systemic therapeutic performance. ZZ therefore
provides a structurally defined molecular scaffold for deciphering the structure — photophysics -
photothermal relationship and for the further optimization of hemicyanine-based photothermal
agents and their delivery strategies.

Keywords: hemicyanine dye; intramolecular charge transfer; photothermal conversion;
photothermal therapy; antitumor effect
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