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Advance on nitric oxide combined photothermal therapy for
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Abstract: Photothermal therapy (PTT) has attracted significant attention due to minimal side effects and high
treatment specificity. However, it often requires very high temperature to achieve complete tumor ablation under a
single PTT. Such high temperature brings obvious thermal damage and inflammatory response to the body, affecting
the therapeutic effect. In recent years, nitric oxide (NO) has been used to significantly inhibit tumor growth and
enhance the sensitivity of tumor cells of temperature and drugs, thus enhancing the therapeutic effect. However,
compounds as NO donors often have some disadvantages such as poor biocompatibility and untargeted delivery,
etc., therefore, this medical application based on NO therapy is limited. In conclusion, the organic combination of
NO donors and photothermal agents (PTAs) is expected to overcome the shortcomings of single therapy and
achieve the antitumor effect of "1 + 1 > 2". In view of the rapid development of NO combining with PTT in tumor
therapy, this review firstly introduces the antitumor mechanisms of different types of NO donors. Then the
treatment strategy based on NO combined with PTT is discussed. Finally, the prospects and challenges of this
combination therapy strategy in the clinical treatment of cancer are discussed.
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Figure 1
bined photothermal therapy (PTT) for tumor treatment. NONOate:

The schematic illustration of nitric oxide (NO) com-

N-Diazeniumdiolate; PTA: Photothermal agent; NIR: Near infrared
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Ii% & (nitrate) WP A (furoxan) &, N K 73 1 0 BH 2%
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Figure 2 The chemical structures of some NO donors. A: NONOate; B: S-Nitrosothiol (SNO); C: N-Nitrosoamine; D: Metal nitrosyl com-

pound (M-NO); E: Arginine; F: Nitrate; G: Furoxan
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FEIRIE/NT 1 mm, B AR 78 A 4 4008 0 o2 F
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fift, B 47 Hh SE 0 SNO TE A M A I B FH o &R - L
HEZEH4 KL (MOFs) & — 2B H 241 2 FL kL, B4 @
05 Z B VR R, V4 251 N 25 8 i 31 = 4k 5=
], ELAT i LR (098 90% 1 e AR RTE K
(9 EE F T AR GBI 6 000 m*-g?), T HH 4> AL
W5 T ER EVHEAEEL . 5T X,
MOFs f& A FH T fifs 47 il i 1% 25 Ff NO At 119 08 57 4%
PRI, Ah, MOFs Ay — Fift B2 A8 (1) 98 E 697 99K F
G OZF 2 K vEN, 2018 4F, Zhang Z5CVF] H A
MK 2" B 1 5 Mn-TCPP (TCPP: 4-#& & 7 K- np
Ry 2%, B T B G TR R e M RE 10 2 ThiBE AN

Table 1 Summary of typical nanoplatforms with NO combined PTT for antitumor. MOF: Metal-organic framework; CT: Chemotherapy;

NRs: Nanorods; N-NO: N-Nitrosoamines; N-GOD: N-doped graphene quantum dots; PFTDPP: The strong electrophilic molecules diketo-

pyrrolopyrrole (DPP) were copolymerized with strong electron-donating substitutes; DAFDA: 3-Amino, 4-aminomethyl-2', 7'difluorescein

diacetate; DAN: 2,3-Diaminonaphthalene; MCF-7: Human breast cancer cells; BEL-7420: Human hepatocellular carcinoma cells; SKOV3:

Human ovarian cancer cells; HeLa: Human cervical cancer cells; 4T1: Mouse breast cancer cells

NO donor PTA Light source Detection of NO release Type of cancer Anticancer mechanism Ref.
NONOate CuS 1064 nm, 1 W-cm™ Griess HeLa NO/PTT [31]
Cu, Se 1064 nm, 1 W-cm™ Griess MCF-7 CT/NO/PTT [32]
SNO MOF 808 nm, 1 W-cm™ Griess MCEF-7 NO/PTT [33]
Au NRs 808 nm, 1 W-cm? Probe (DAFDA) MCF-7 NO/PTT [34]
PFTDPP 808 nm, 1 W-cm™ Griess MCF-7 NO/PTT [35]
Bi,S,@PDA 808 nm, 1 W-cm™ Griess 4Tl NO/PTT [36]
N-NO Bi,S, 808 nm, 1 W-cm? Probe (DAN) BEL-7402 NO/PTT [37]
PDA 808 nm, 1 W-cm? Griess MCE-7 CT/NO/PTT [38]
PDA 808 nm, 1.5 W-cm Probe (DAFDA) MCF-7 CT/NO/PTT [39]
aza-BODIPY 808 nm, 0.5 W-cm Griess SKOV3 NO/PTT [40]
M-NO N-GQD 808 nm, 1 W-cm™ NO electrode HeLa CT/NO/PTT [41]
Fe,0,@PDA 808 nm, 1 W-cm? NO electrode HeLa NO/PTT [42]
MOF 808 nm, 1.5 W-cm Griess 4Tl CT/NO/PTT [43]
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Kk MOF (Mn-TCPP-NMOF). il nhipksy 7 5 SNO 4
T HILHEAE L 4 NO fit 4k 4 F 5 NMOF 7 Jth 2 4,
ST MEFEAR G R T B NO FDL P V69T .
L, B NIR UGS s3I T PTT ATNO (¥ A] 2 RE T,
BRAE TR o, S A o BB IKE S, AR SE IR BoR
NMOF-SNO ZEMIEFA A B A . 7ENIR (808 nm,
1 W-em?) BB SF N, PTT P A4 I # R (54 °C) BEXT ik
A TEERIVE R, 51k T SNO BEA R NO B ik, i Fh
YRYTT 75 B 8 FH R I e A 0 e 0 1) 2R
449K ¥ (Au NRs) 7E 600~1 300 nm Y iy
W BIFTE R “iRYT & 1) B A B R m 2
SR T RSLIR (LSPR), 4 B 58 T T 204N, Au
NRs B A 1R 58 BB, £ 30 RT3k 47 1% B0 10 5 35
BT . AR R R M U TR (e A T A
K5 T AV SRR 25, Au NRs 76 BB e #3677
(8 B R T2 474, You B4 i AR B E I
HSP-70 #1 fil] 7] 2- 7% 2, % 6 Bt % (PES) 2 % | Au
NRs@SiO, I, f¥% SNO 4 & 2| 2 M) e 4 K 5 & 4k
W I A T — AT AL B TR PTT B F NO )
JR Va7 G . — 5, fENIR B, 7248 1 S mi b
Jed 1) B, T HLM F PES A R HSP-70, SEBL 1K
WPTT; 5 — 75 T, 7= A= i 74 & mT 5] ke NO 78 4F 5 3 A7
(IR ZLRE T, 77 A6 1R NO AT A5 2075 5 40 9 T2 B AE,
M I3 PES 4t 5 1 %2 B PTT Bt w205 (18 3).
A AN FOAA P S2EGVE 52, PTT 34 98 7 NO SR S7 % A
SR BRI, A BRI
P ARG RGBT B BRUARIG
PERE 25 T 1T VR E 1 e AR A, FE DG IR 52 B ok

2 ) OGVER Li P B LI v R (1 44k
4% (SPNs, PETDPP) 5 SNO 28 NO £ (S-Nitroso-
N-acetyl-DL-penicillamine, SNAP) £ #l 45 &, & Jo5 il
SRS Sy NORIR: BN R R AR EL P S A
(PFTDPP-SNAP NPs). £ NIR [{E 5 T, S8l 16
PR, [F RS R SPNs R4 1 0 #4 5 4 74 ik S
SNO ] 1] NO B, 5 28 5290 J7 (8 AL 1 00 B 5] v o7
(NO/PTT). 4H M & P 5250 3R B, NO BK& PTT Ak 2 1)
S i 1 Ll B — YR T 7 VA A B ) A PR e B R

B Z B (polydopamine, PDA) J& 52 3| i U1 vp 2
bR R A B — R B R S, BA R AR
VIR 2R IR 5 B0 D VG MR RE L R R A S O
O (F 8 LA o A0l i 285 460 R0 22 58 245 40 6 TS ) 7
MU A5 TSR 3, 75 i 8 B0 1) 245 366 38 A VB IT &R
G AR E T T MY, Huang 2P0 B A O #otE
BEY PDA .55 7F Bi,S, 25 oK BRI T, T A% 52 4544
I8 K 22 AL #4 R (H-Bi,S,@PDA), 2 Ji i i %t PDA &
T ) 37 214, S2 B H-Bi,S,@PDA 5 #4 # SNO 4 1 [)
4t 4 (H-Bi,S,@PDA-SNO). ffil % ¥ H-Bi,S,@PDA-
SNO g2k & A 1 RHE NIR B8 5 T F A 54 46.13% 1)
SRR I 2R, I Hod i AR A NO 44 (1) S-NO
i, SCPLT NIR fih & 7] # NO B, iX A NO 5 PTT
() B RT3 B A B — YR 7 B X 2 X4 ) iR A= e 1)
YEM .

DA FEAE B AN [R] 25 2 (1) PTA 5 06 BB NO fit
P SNO & A A SEPL = 241 NO A e K BB VA 97 -
2.3 N-TFEBZEES PTA  BNN {878 (1) N- 30 it i
FENO fbAf, BA B iR e M, DRk m] ek o /5 A P 2%

Figure 3  Schematic illustration of the preparation of PEG-PAu@SiO,-SNO nanocomposites and the process of mild heat-enhanced gas

therapy under NIR irradiation in MCF-7 cells. (Adapted from Ref. 34 with permission. Copyright © 2020 American Chemical Society)
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R BEAMEINO. 7ENIR 5T, PTA 1 3K15 82 w5 (1
Jr U BE, 5 BNN ) 23 it A NO R T, 3% 28 1 o
{875 BNN A PTA (¥ 2H & BERT 4 J9il A1) PTT 57, 1
AME N $% T BRI NO b4k . Zhang 2P #2872 F
B Ak 8% (Bi,S,) 44 K ki Al BNN (1 94 K & & #1 kL, 15
808 nm WO 1 HRGS , SEBL T 1 (10 VG e 0R A%
FRENO. HF 5T 3 B E Wi ] R 37 40 A JkE e FL BT,
1M NO B A7 8 7] PR 1E X Bl OR 37 4R, 0 28 Ji 988 48 A 1
PEARA, PR AR TR R AR (—~46 °C) mltm S ELX i
IR A AR Bk o b Ak, A F AL 78 3% B, BNN-BA,S,
FEA AR I NO MY AT 3 R g i B B8 B
RE 77, T EL AT ) JE R A, R R R T R

YK % F 5 v PR ) P DR S IR (1) v AR T
At T TR FA S AR BT 75 10— Fh B IR 4E 2R
F, V2 R 20 B dn 90 SR 5 6 FA G AR 5 R TR0
RE 77, 1 G g 1) 2 iR I 3% T 6 — P RR IR 00 B o
I A, AR R L 45 A FA, SRR N R 32 44
(folate receptor, FR). 18 i X Fks 2k AE FH, W% 5 FA
GG ZY) 5 T BUZ YDA B ) B 5K 6 i e 4
2019 4, Wei PG 1 7 —Fhopr AL R -5 &
(FA-PEG) 1& 1fi [f) T £ [ & (PDA) 44 K K (1 FR
FAPPs). #|H 73 ¥ 8] -z AH ELAE F 3 1) 4 % BNN6 F1
DOX, HJ BNN6@FAPPs #l DOX@FAPPs, i iz [A] 8 45
2, SEPLRAMRARST D6 I S BT VR 1R IT MDR R 1) H
(196 HH T FA a1 1 b 68 40 B B0 [ea) 2k, SICEL 17 e g ) v 2
B, W, %K BNN6@FAPPs v 5 ] MDR i /3
(MCF-7/ADR) /)N AR P, 3T 20406 HE S 7= A () #h
51 & NO [ R 7, NO A 2 il MCF-7/ADR 4 1 P-gp
(103t 15 R 20 PR i, BELUBT T BB IR R 4%, SR T I
P ) MDR. 2 )5, 4 DOX@FAPPs 1F A )t #—1k
ITAUK A B IRESS, G R P AR A E R K=
DOX 7 i 88 &AL R, S BT Y697 54097 A,
KK 3% 7 %F MDR 8 (96 97 30 3 o R RE 2 ) H
PDA (¥ 6 #4451, Du 2509 46 T % 58 45 M 11 D-a- 22
B Wy 5 £ B 1000 3% F R Bs /- 7L 5/ 5 2 2 i A
YK RLL 25 R 58, FH T 513, DOX Fil BNNG6 (] Fx NO-
DOX@PDA-TPGS-Gal, & 4A). HF 7T b 15 &b 3t Fi) FH 2
FLBE & 5 2 MR RS R S AR R e, TR T 4K
95 245 2 G0 A 1) e, 5 R T DOX ORI NO 7E JiF
T A0 B 2 SRR (B4B). 1T PDA G HVE; I, 78
NIR JES R, S28L 1 PTT X Jed 4 A 1 3 sk, o FL {2 3t
DOX F1 NO [ BT - 25 F 3K, tH NO-DOX@PDA-
TPGS-Gal ZH B B A SAR/AGTT D i BT IR E AR
AT 24 T 20 PR EL A AR S (0 P v 1, B K
T T 245 A 9 /0N BR ) A o

A HLPTAs HH T B A WIGE Bl & i 2 o] A= 1 B fi
G AL, O I N T MR ok AR T R O it
1% (BODIPY) A H A7 A& 9 & 7% 5 0l — 1t % (aza-
BODIPY) 28 Ju A} H T~ iy 1) JBE 7R W s 5% L R Ac T i 8
FITLANX Sk R IF R 6AR e TR R m R e TP,
W VT BRI o AR
ITIEIT o XufE "R & BT —Fh 0% = N-TE A i 2
1L 1) aza-BODIPY HE AL 454 (S-NO). FJ FH i i 4
()6 78 AN 5 A 2SR ), B 2SR AR K M A A A 25
R IF 4 NO I PTT I Hi R 48Kk F & . BlF 55 R W,
B T 9 K 0 S AR T8 %) vy 3 1 A B R, R U 1
YK G 0T S IR 1) A 2 e SR P R . E 808 nm
JEIER, S-NO P 4 fRFE U NO, B P2 YR I
R 208, 3658 T T 0 AR, BRI T R & T
B, WERE 7K G ERE . AT
NO REHRE 77 AT 5 (1) 7= T8 50 P B8 S 91 ok Je 8 2
/N BRAZ I 2R 7 AR A T A B ORAE, 7R 4h 5 A 4 sk
96 45 AMAE S T 90K 697 & MU AR, M Bt
IR TT 3K o A TN TR G B B B MR R 9T T &
Rt AR S
2.4 M-NOEXAPTA W5 KW, M-NO {1 4&JE-NO
FETT7E NIR BRS¢, AT REUNO.  Shi %™ 4 1
TR (V) BTG AT - TR EE2E NO fiE A 5 PTA T
— RGBT & . B, K (V) w2 A
PRI T NO ik (57 - WAL &4, Ru-NO)
b, KRR ONO FITHE 25 A1 FA [H] IRHE 4 7E B Ol #
MR NS A B E T 54 (N-GQD) I, &
£ I e 91 KR 9T P & (N-GQDs@Ru-NO-Pt@FA,
Bl 5A). fEIEZLAME IR R, N-GQDs M Wi+ % 3¢
R RL U fid K 4 oK SF & Ru-NO 1) W 8, 2R )5
BEIIUNO. AN, 91K 7 & = i FR $2 ) 14 A B T 2
7E FR i R 1A 19 HeLa 40 g P 3L % 1% 40 (1) A1 NO.
N-GQDs@Ru-NO-Pt@FA # HeLa 4l i £5 5L 5, 51 (IV)
I 24 94 30 D5 Oy e 240 R P 9 P (9 B (D), (DT, NIR FRLSF
753 NO BT, 41 Bl 5 0 57 G EGRORE, e B Ak g7/
HEIT/NO =3 W [FIE 7 AR . 2020 4F, % PR A2
SCF Ru-NO A4 FA oA 285 & 31 5 A B R A
e M BE 1) Fe,0,@PDA 44K KL b, JE B2 A3 FA ¥
7] ) % NO-PTT T — 44 (1) 4 K Bt b 988 A1 P 1 °F &
(Fe,0,@PDA@Ru-NO@FA, & 5B). 1Z49KF & ik
PEHb IR AETE FR O 2255 14 Il Jed 20 i A 37 515 00 oo
H Y, IETE 808 nm i £1 41 6 HE A T 75 5 NO B AN
SEPLPTT, AT 38 58 1 44 &0 R4 3 B b sg AR . 7
NIR Y i R, i 4 Fe,0, 448 K Ki Fl Fe,0,@PDA 4/ K i
(A /0N AL B AR AR 2R B0 B S 1 P A K I 4 L, (E
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Figure 4 A: Strategy to fabricate doxorubicin hydrochloride (DOX) and N,N'-di-sec-butyl-N,N'-dinitroso-1,4-phenylenediamine (BNNG6)-
loaded polydopamine (PDA) nanocomposites with a D- a -tocopherol polyethylene glycol 1000 succinate (TPGS)-galactose (Gal) shell
as NO-DOX@PDA-TPGS-Gal. B: Illustration of the anti-hepatocellular carcinoma (HCC) and multidrug resistance (MDR) reversal
mechanisms of chemo-PTT using NO-DOX@PDATPGS-Gal (Adapted from Ref. 39 with permission. Copyright © 2021 American

Chemical Society)
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Figure 5 A: Schematic showing N-GQDs@Ru-NO-Pt@FA and its targeted attack on cancer cells through an intracellular conversion of a
Pt(II)-based drug, release of NO, and PTT under 808 nm NIR light irradiation (Adapted from Ref. 41 with permission. Copyright © 2019
The Royal Society of Chemistry). B: Schematic of Fe,0,@PDA@Ru-NO@FA for target-directed delivery of NO and production of PTT
under 808 nm NIR light irradiation (Adapted from Ref. 42 with permission. Copyright © 2020 American Chemical Society)
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oy 5 H & AL S L (m-PB) 8% & AL £
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