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Recent advances in NIR-II absorbing small-molecule photothermal agents for
photothermal therapy

LIANG Xiaoqing, LLIU Zhipeng”
College of Materials Science and Engineering, Nanjing Forestry University, Nanjing 210037, China

Abstract: Near-infrared II (NIR-II, 1 000~1 700 nm) organic small-molecule photothermal agents (PTAs)
have demonstrated remarkable potential in deep-tissue tumor therapy of biomedical field with their tunable pho-
tophysical properties, structural versatility, high photothermal conversion efficiency, excellent biocompatibil-
ity, and superior tissue penetration capability. This review systematically summarizes recent advances in repre-
sentative NIR-II absorbing small-molecule PTAs, with a focus on the structure-design strategies and
performance-regulation mechanisms of the molecular platforms, including cyanines, benzobisthiadiazoles, and
boron-dipyrromethenes. Various molecular engineering approaches, including w-conjugation extension, charge-
transfer enhancement, and J-aggregate construction, etc. are compared to elucidate their influence on key per-
formance metrics, including absorption wavelength modulation, photothermal conversion efficiency, photosta-
bility, and aqueous solubility. These comparisons highlight the intrinsic relationship between excited-state
energy-level regulation and photothermal functionality. Furthermore, this paper discusses the integrated de-
velopment trends in nanoparticle encapsulation, biological targeting, and image-guided therapy. It also ana-
lyzes the existing challenges in clinical practice and projects future applications in precision photothermal
oncology.
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Figure 1 Schematic illustration of photothermal therapy

VTS AR | 22 Tl 21 A0 6 BGR B TF R R HESh T
A AR A IR R A R Y Hoh A — X
(NIR-I,700~1 000 nm) ¥ #4519 BIF 5% B8 AH X B2,
LA THLGUK MR PR G MA N T 52
FREAS . ML Z T A VLN F S T 45 M i
B B S VR AR W AR A T A O T A2 B R S OC
Fo SR NIR-TH N AEHAFEERE BREST
P H R AG 53 B2 07 1 AEAE A SR R BRI T AR R
HB MR VAR YT T R 2B N . k(R AR 5T R H Ok
B 28 ) AR A 3T 20 40 — X (NIR-1T, 1 000~
1700 nmDO % H, AR FHATT 10K HEPE TR B o

S T 4 T8 AR ORI G oK
FHOTURN 4 R AL 4 A O ML AR 7R YRR
FG I 55803 Ty TR AT O3 (H A= ) R e v 22
TR M AR R, ™ BRI IR e AR R s
HETANTE RETAVOCHA B IF &, E 24
B0 R A Y RAG DL/ 3T ROR G RS . SR, S
PR AW BR A R E WA, AW FER
R o R TR G MR R S5
W A B AR AT 4R G LN AR R R i A=
PIRRZSVE (G5 48 AT 8 P S S A By I IR 5% Ak g 71, 1
BOELET S AR . LAMS|E R 4% (Indocyanine Green,
ICG) Ry, A Sy 8 A 55 [ 8 24 0 1 B 48 B )
(FDA) #t #E FH F I IR 1 45 3& 52 09 A AL/ o+ 4

RIS O PRt B TR R IR IR T AT
REPE2

H AT 5L T 485 28 9 0UE — s 1 JgC B — bk s 25
SR BN FOERARI B T2 T NIR-TRUR &
JEHGEIT L IE R T IR R B A i I
P ) 3 - SR A A 5 SR, 3 6 43 R {SOHE W A O
LT H R B NIR-TT X, 30 55 45 5 4% (1 RE B A1 3 o
F4 A 8 5 R R, S BT A O B B ik D
ARSOKG R G0 R AR I T A = 28 4 A NIR-TT
FEHGR B TR S OE IR IR kR (E 2), H
S BT A BE R AR ) AH 2 I —
A T/ T GG AR I DR 2 k3o B o T I ) Bk
% e A o & Je i 3t o

1 3T NIR-TTW W R A AL/ o 5 G FA kA L

H i, & F £ % (Cyanine) | 7K Jf XU g — mk
(BBTD) 4l — it 1% (BODIPY ) %5 25 8 5¢ Sl 41 iy
NG B R o R RR R KR TN
i 5 7% (ICT) A J- TR A IR A g (18] 3a) , SE B 1
W e 3 4 M NTR-T 3 NIR-TT B =5 &k 20 % (1& 3b) .
BN 8 R e ko 4 T AR R R
F4) W82 WAz 3 K AT A 25 1 000 nm L 5 38 5 il (Se) Ji
FHUCBBTD H A 8 (SO 57, B 3 48 o 17 L4 7
TP, {5 W2 T 04 2T #% % 1 120 nm; i 7E BODIPY ‘&



260 MR ARER

20254 9 H

Q!
EUa NIR-II T 7Y
AN F
JeHE Rl
o T
é\\ 2 Q""!,b,’o\ g
S =
P & $:‘af,
5 &
@2& R 0‘&0

2 NIR-IUNG FR MBS
Figure 2 Classification of NIR-II small molecule

photothermal materials
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Figure 3 The design strategies of NIR-II-absorbing organic small-molecule photothermal agents and their

representative molecules
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(a) Design strategies for NIR-II-absorbing organic small-molecule photothermal agents; (b) Chemical structures of representa-

tive small molecules and their maximum absorption wavelengths
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Figure 4 Chemical structures of various cyanine-based molecules and infrared thermal images of mice under laser
irradiation at different wavelengths

(a) Molecular structures of PF, LET-1052, CY-1234, FN, and IR-1061, along with their corresponding nanoparticles; (b) In-
frared thermal images of mice bearing PF NPs under 808 nm (0. 65 W-cm ?) NIR laser irradiation'®’; (c) Infrared thermal im-
ages of mice bearing LET-1052 NPs under 1064 nm (0.6 W-cm™*) NIR laser irradiation*; (d) Infrared thermal images of mice
bearing CY-1234 NPs under 1 064 nm (1 W+cm™?) NIR laser irradiation™’; (e) Infrared thermal images of mice bearing P@FN9
NPs under 1 064 nm (1 W+em »NIR laser irradiation'’; (1) Infrared thermal images of mice bearing IR-1061@HSA NPs un-

der 808 nm NIR laser irradiation**"’
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Figure 5 Chemical structures of benzobisthiadiazole-based molecules and infrared thermal images of mice during

1 064 nm laser irradiation

(a) Molecular structures of IR-SS and TPABT-TD along with their corresponding nanoparticles; (b) Infrared thermal images of

mice bearing IR-SS NPs under 1 064 nm (0.08 W-cm ™ *) NIR laser irradiation'?”’ ;

(¢) Infrared thermal images of mice bearing

TPABT-TD NPs under 1 064 nm (1 W-em »NIR laser irradiation!*?
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Figure 6 Chemical structures of BODIPY -based molecules and infrared thermal images of mice under laser irradiation at

different wavelengths

(a) Molecular structures of BAF4, OTTBF, BisBDP2, and SW8 along with their corresponding nanoparticles; (b) Infrared
thermal images of mice bearing BAF4 NPs under 1 064 nm (0.75 W+cm™?) NIR laser irradiation™*”
of mice bearing OTTBF NPs under 1 064 nm (0.7 W+cm ™) NIR laser irradiation™**’
ing BisBDP2 NPs under 1 208 nm (0.8 W+cm ™ ?) NIR laser irradiation™
under 1 064 nm (0.5 W+cm ) NIR laser irradiation™*"!

(¢) Infrared thermal images
; (d) Infrared thermal images of mice bear-

; (e) Infrared thermal images of mice bearing SW8 NPs
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Figure 7 Chemical structures of diverse small molecules based on different core scaffolds
(a) Molecular structure of BFF™; (b) Molecular structure of FE-IDMN""; (¢) Molecular structure of FTQ"
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