Reviews and Monographs ERud=gars

0) )L S i R
Progress in Biochemistry and Biophysics
' 'j 2026,53(3):623~642

www.pibb.ac.cn

WK B FZNIE R TT 29 R M R IR

2 @Y

EHE RHAKD

n

(V AEAEMTR Tl =B b R TR R, BEYT 0650005 2 JLat Tolk KF bt S A faRl ¢ Bef & . JbaT 1001245
R B AR @Y TSR TS R AL R SR, AR 350002)

WE A R A EAH R IR B RPN Z —, RS ARG I 70 T3 R AT R AIGE BR B H 2
BUARIE (AuNCs) WHE/NRGE | AR RO A VAR A, TEMYRORTEEIR T OU R B B Ty . R
e a. TR B 1 3 T T AR R R 25 A AR b, AN By HAT S HEAL 5 B UL A JE (thioredoxin reductase,
TrxR) MG PE, RERCRAN RN AR RS, OGN T s oo BR T WSO T4 HAe o Pt DUR U AR, ST
WOEROE T Re e A BRI E A b, A SRS (reactive oxygen species, ROS), i T i75 & di 4H A A4 I8 T 5K SE 5
d. 300 2o 1 5 SR S R S Al i ROS AR A, S E AR TV YRR o 3 4 AR LS B 2 AL AR P [ 36 B T IR S

fiie ASCRGLR T AuNCsHENE BEBIE RGBSR |

I 70 B o RO 3 RO CE BB R T P R BT L, 4

I HIBAL GRS T Ir IS IAZ PR, A IT A8 — B Z TIREG KIS 7 S SR e el .

KR AVKARE (AuNCs), BREGTT, 29k, Wir2sty, Surdil, Horii, bR

FESES 065, R73, Q599

SRR S BRI B AL T A PR R 5 —
REGEH R, HFFER I A R P LR T
SRS T IIREE G, SRR R A
JEAS TR e 2 R B P e sl iR 22
JEAEIRTT TR 2, BEAETAR L Y. AT,
FLIEGRY T RIRER TS . TR E TR e
WRRAE , I DIRR MR SEIARIG s AT TR T
BRSO MM, & TR e
e 3t R 2 2 kA e A R, (2R IE
RS AL S, AR BALRENE . NRTHA
JrRCR, B RNA YT M RBE IR T 5 B B SR s L 1
Ao BEIRIIGY I R S R ST R AR 5
IR, SCBURHER DT s iRy I S e
B A B RIERGE, i IR TS Tk
W anie =

AR PR R AR R SRR, R
HARTHM R SRR . SR 2GRS o BN R
P K[R80 R SRS s AL IAAE T 5
AP PERERTI . —J7 i, SRR IR T SR

DOI: 10.3724/j.pibb.2025.0423

CSTR: 32369.14.pibb.20250423

A, A5 B b 21 2URe A 13 B % 5 i R
(enhanced permeability and retention, EPR) %),
2 G iEm s MR 2R 5 . AR IS RE
T DR b L [ 9 32 BEL T s B He vy, S 8 4
Ji—Jr T, & B AE AR MR S ) EAAR A
AT 3 BRI 2 3 B L 2 R ) B R ST R
(R kR ) NP NV SS TR R % (1) e RN 7
Bim b oT s ZRNasT AR TR —Ek, A
g iP5 (tumour microenvironment, TME) 3£
LG R REE AL S R, BEmHESh 297 A
GRM R R LR AR R T kiR S
JEFRIHRCE 2 BRI, Aok AREHS 20 i Fn
ALV MR H S AT AR A AR, BARER T
AT R/AN, JBAR . REEIZE AT o 22
SYPKARR (AuNCs) 18H 238 UL 25

* [H5E [ RBIERES: (22274006, 22576010) FEBHIGIH .
s IR o

Tel: 010-88236727, E-mail: gaoliang@bjut.edu.cn

W B 2025-09-25, 3% H I 2026-01-26




$624- EMUFESEYIRHR

Prog. Biochem. Biophys. 2026; 53 (3)

TAEET A, RO B IR LAY
Bl RSP AN 2 nm 19— TR =0 i T
Au NCs YRG5 HFIORPH S, Hpr 700
EARR T YO RIS e T FAERS, A ik
Z LRI RE T A5 AR 10 AF B T AR (surface
plasmon resonance effect, SPR) i, iR
LU R S Rt Y RS ST S b
PEHLAT 2250 PR B AT e 2 SRR
BUROE P AR . X SRR B PR RE A AR AR )
Bep U F LT ALK & S A

FIRT, Au NCs 1A 9 GU3s H RECRT 43
T ENAR . BRIk Y
RIE, EMEARIEIMEEA . mEK, ERR. £
JIk. DNA KHABBCRZE (K D). EWatrishi &
TR NEY T R AR AT

Jik
EAFR (IBSAZ) \

AUNCs
DAPV T .

DNA (A& k%) o R

| e
T W
N HAhm
(HR &), 2R

PREEREME (IGSHEE)

AR TR RE C

/NF2 nmf & @ %0
\ ) A

L 25
/T Y

SRR s AP DO AR . G IR . X
LML BRRIRYT T LB R . AR
GUBSIRIRYT FIMRIRYY o FEMRIRYY I, FCiRS
BT 4 Au NCs AER o34 . B IEVS B L g 45
WA At . BlansR BT i TR S . R
B HEGERA, MR RESN . LRk
AR, A KRR RGeS ™. |
F 2009 4F, XieZH" E4AMEEAEH (bovine
serum albumin, BSA) AR A G A Au,, NCs A B IE
B A BT A I AS B 0 AR ) Ko IR
AuNCs. M5, ZFRREARLEGZIE (A0
APEH AR (glutathione, GSH) ) £37#) Au NCs #H
mhl e, HX AR R P S ot sh sk 32 30 i
SRR M VERE o

- i s

1
@@ — i

N~ :9/

Ziicsik

Fig. 1 Synthesis and biomedical applications of ligand—protected gold nanoclusters
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Fig.2 Schematic illustration of Au NCs as drug delivery system for tumor therapy
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Illustration of Au NC@ZIF-8 as delivery system for tumor therapy
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b, Luds " KB, AuNCsTEIRIT A tkghin &1
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AUNCs P i ; ’if prig
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Fig. 6 Illustration of AP,P,—~PEG NCs synthesis and

antitumor mechanism %!
E6 AP P,-PEG NCs&RREITMENFIRER""’

(a) APP,-PEG NCsE AR . (b) AP,P,-PEG NCs¥ili i [l A

KALHI K. AuNCs: S40KHHE; P, P,: WSEJK; APP,-PEG

NCs: PG HIA e H K-S 90K R LR, DSPE: il A5k

IEWEARME LM ; PEG: L BE; Calpain: F58 (A #; Casp3:

We KX E A EF3; Casp9: PERFEEEF9; Caspl2: Mo KEABFI2;

Rock: RhoAflOCHHAG; elF2a: HAZBIEELIAINF2a; ATF4: HUE

FESENF4; Ddit3: DNABMGIA SR,

[ 7] LURe St oA T45 0 (TRBSE 45 1 %
SEREVEREIRN ), 175 A W5 0 5 A L ) 55 NG P 3
fine WFFE R Au NCs 7] DL B 20 i i R+
B2 #H ¢ Al ¥ 2 (nuclear factor erythroid 2-related
factor 2, Nrf2), il 4 K T «B (nuclear factor
kappa-B, NF-«xB), Ml 45 M1 A E 40,
BOEPTR M2 BB REAN I, R R AR RIS,
Au NCs i RER L EAH MO AR S A M1 A 5 Ay
M2 AL, Bl S5k W HCBE AT G2 i 2 e LUIR T
4, NOA] BH M AR DA TS 45 S T 0 kR R o

HI AT DL, Au NCs (9 7E IR 6 97 i 3L
PRE], BT e B R 75 3 IR 400 B N ) B AT TR
P, IR P S R B i G R (R4 S AR IR VR YT
559 75 LU () BF 25 R IR] 3K TF J2& Au NCs L 48
ST IRZOIEEY, i Bia fe ik 2 e g I %
SR, B Au NCs A B AT TN AR )=
R HAEYE e B T RS Sk mifk ey, (HE
I R = R A A PR TR X T
HA R AT A5 5@ LR A ATRA It
Gb, G A AT ST R, 2
SR RA AR OGR4

3 Au NCsrzh4

TEFR T Au NCsAE AL 259 1 56l |, i —
AR IR A G SR A B X TR
5 PDT 6T ¥ (photothermal therapy, PTT),
AR IREIGYT . PTTIRIT Y, TEAME
FeHESE R, Y6 (photothermal agents, PTAs)
W W I L e AL S R IR SE SR 4 L . 7E PDT
Hr, YERETROBRGR (photosensitizers, PSs) MR ISCER
FE R TR B W ) ' fig 1 e B 21 BBl Ao
AR ASE ('0,) FFROS, fEuEE Ay
JHT-BIRBE P Au NCs 5 By 28R e P Al g
ARG 25
31 EFAiEST

PDT HYRCR IR T3 ML B R BROL,
PSs FIIROS %/ Poderys 5§ **) FI 44 405 nm A9
6 R BSA-Au NCs,  #5ll 2]'O, Fl H A ROS., 4
Juscarh, ANFLEIREAIME MCF-7 (I AL B
WEZIRHEARER) & MDA-MB-231 (=
PE. ER IR R) AR BSA-Au NCs J5 #E17
8 HAFIE R 5 F 2] 13% F150%, Geng %5 7
SR R RV 39 150K A i Au NCs 326 51 BSA 9 Kk Bk
H, RITEMIRR ST, AuNCs@BSA [19'0,



2026; 53 (3

B, % SHRAKXMERTAMNERIKERERE +631-

FraE TS Au NCs, I H A& 7675 S T f
il NER AT 1 Bfed 7 i B A3 4. Santhakumar 45 %
fdi 112 1 =k DCG (Asp-Cys-Gly) FIDCS (Asp-
Cys-Ser) 1EREIFFIHeAREH, Hl&4RB0 Au
NCs (DCG-GNC #IDCS-GNC) ., B4t 7 &
TFre R 5%, EFHE17 R 5] 51 PDT,
i DCG-GNC 1 DCS-GNC 3 H K 416 ik BE
1, AEFLIRIE AN M N P2 A ROS, it A 2 b A i e
ek, FHFAMMET.

Ak Au NCs JEHUSCR , Xia 55 ™ il & 1
fEH (protamine) FiEHJEEL (hyaluronic acid,
HA) T4 AuNCs. HA 54 3% 11 5 36401k
% 44 (cluster of differentiation 44, CD44) ¥4
SpELE A B[R] i 8 AT LA AL Au NCs i HL 745
PR RAGEBROR,, IO E R, T n
5 HON I e 4TI TR A5 i Ak R S 4 5 PDT
AR . Huang 55 PV G T —F T A
MMy e6(Ce6) FABRE 2 A Au NCs(Au NCs@SiO,-
Ce6), ik iRk = PDTRCR .

BSA

®)

548

JCUEAE N PDT MG EE R, DHR &1 —E
B T IR MO TE T T L AR A U
R Yang 55 Y B EE| AR (TIO,) 49K
OB BRI, B =28 SO I R 2 A S 30
FOROERAR2E Y, B I—FP AuNCs B &R A
Bk —E ALK AN K PSs 45 (Au,y/B-TiO, , NTs),
A5 ' ) 07 1 [T 58 A X 3R e 2] 1 ] DL X
B, HE B B S AU R I LD MG IX
H Au, 4K AR B T 2 A MR rh 53
i, TE4JE-TiO, F Y ik 58, #F— LT H
FHERMES, 15 T PDTRURE.

TME B4 & R PDT AR, Dan4s ) &
I Au NCs £ 1% 528 U0 Ul 6 PR B ZE TME 43
B H,0, /4 0,0 ¥R W, ITLLINEOE
WESTE, AuNCsYEREUR O, LR 'O, 1A [ HE2E
oA AR B E ER T r Bt R ) (7)), il
32 PDT e /N BRI SRR Lo R 3E m 1 5 4%
IR A T B0 PDT I7 80A (] S 4 T BAR £
RIT%

e ETANI R
e AL 1

- TS s
BSA@Au NCs

Fig.7 Scheme of NIR-II BSA@Au NCs enhancing PDT [**’
E7 BHEIELIMIFKHAIBSA@Au NCSIEEEF HBTFREE )
(a) NIR-II BSA@Au NCsfi) & . (b) BSA@Au NCsHHRIPDTIA YT FLAREE ML /R Kl o NIR-II: JTZ040 X ; AuNCs: & 40KH%;
BSA: AU AEM; H0,: WFMAE; 0, LB 0,: & HO: K.

3.2 ERBST

Au NCs i 57 i) SPR &N 5 g I 44 m] 4 Tl
2140 (near-infrared, NIR) Wik, FHGE/NRSHRTF
RIZMRE 2%, FOCRER SR AEE, NIMTTER
I B A PR T g R R R, A O T — AR
PTAs %L

Katla %5 " &8, Au,(SG) (K HAIFER L H

SRUTZLAMRIS S R RO IR ERE , /) UM AR
F, {1 808 nm, N 10 Wem® HOE AT S
JEAIEAE T 100%., Yang &F 1OV 38 o Fic AR TR
b Au,NCs, & W12 97 ¥R 5 Au,MBA,-Cy7
(MBA: 4-%FAKHR; Cy7: EHIGLRE), HF
UL LAk — X (near-infrared 11, NIR-11) Y& A&
(photoluminescence, PL) FIY:7 (photoacoustic,
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PA) S5 FHEAE PTT (Bl 8a), 1ZIREHH T H
£ 5 K&t (aggregation-induced emission, AIE)
KN JE Au NCs 4@ S i 4, 1S9 Au,, NCs 1Y
NIR-II PL {55, [R5 Cy7 b i e Hade 4k
R0 b v AR B JUE Y R 3 RTHE SR A9 EPR RN
PRIRET ST AR b A 5 AN S I B 5 5 | 5
PTT.

BT RS TER R PR St T,
B TIBRA I T, AR T B B R TE TR KA
PPETIERETT %W""’%H@ﬁiﬁtﬂﬂ‘ . SR
KRR RIE R, X — i PR AR SRR
FRANNE, ST ICD RN . R AN T
E 40 g (cytotoxic T lymphocyte, CTL) 21,
Ifih Kz A B YRR DU S e SN, D T 22 Rl AL

©

v ok o 2 ¥
3 [] N 9! )
i N O NH, S W L) ¥
w0 . f o cy7% s P,
3 N, @ %/ i 7 2
w”;‘""'r.h 3» - ?M Njf;t. &%‘fﬁj‘* HAud, ﬂ(:::(\gu(l));cow) ®
*‘ oH poly(Au(D-LA;

U e
Au, MBA,-Cy7NCs (CY

Au,MBA, NCs EDC/NHS
Au, MBA, -N,NCs

. @ :AuNCs
s HEAERE

o :Ca*

e EALE

® 4

M SRPERITI TR T BB, (H PR = EaL
AERESFRBONZ MR . Zhang 55 ' #1117 —F
XU Au NCs 2R B IR YR (N-53 P9 i P A4 Tk
Jfie-b- NI ) BEGW) (biIGC@PNA) (15 8c),
B$45 (radiofrequency, RF) FEHT T biGC@PNA i
1L EFRALN A Fenton-like 52 W A= i K1 ROS,  #43E
TR RO . SILFEIET, A ER IR ib2eit
Ik 4e (D B4 (0) 755 Mg ai ik A4 &
o, IS RE A 178 D (gasdermin D,
GSDMD) i, BEMCRAER T, ARIERITREF
PEAMMIAET -2 -1 1K (anti-programmed cell death
oPD-1) PG T BB Mg 7 2 (&l
8d) o IZMFFESLBL T GRS AR TR SRR
SPRIP RIS R, AT IAY TR TR

protein-1,

Au(I)E? Au(0)EF

2]
ST 25°CHESEAK M 37°CHSEAK M
=

Caspase 3fis  FEHAICaspase 3

GSDME

—_— 04
| GsomE —

GSDMEN ~ GSDME-C

BEIRHMGB-1, ATP:

i JHJ(IID

b

f/gmum
é/'é ( oPD-13ifk

R
55 oPD- 1%{5/‘*?

Fig.8 Tumor photothermal therapy and the synergistic PTT/PDT process of Au NCs
E8 Au NCsHI#IIETT SPTT/PDTHEEST
(a) Au,MBA,-Cy7 NCs )45 A K e A 7 B 105 (b) Au NCs@PMLE/Ca®' /K ¥ i 44 3 FIPTT/PDT B[R] 1697 7 7 I 103
(c) bIGC@PNARJTH # 1L BRAEAK-HAKFE A 125 (d) blGC@PNAﬁLﬁﬂﬁtu%%E‘FHW MM FE T GO . EDC: N-(3-—HIR
FENIE) -N- ek W ReER R ER ; NHS: N-ié%ﬁﬁfﬁ@%]m", PTT: Je#Wrik; PA: St/H; NIR-II: iTZ04h—IX; PL: J63kot; MBA:
4-FIIRH L ; biGC@PNA: UG A K AR ERZ MM E AY); DCT: HipifhiE; RF: §1J; Caspase3: BERHEE3; LA: B
fiit; HAuCl,: S4:f2; NaBH,: WS {L#H; PMLE: GJELEnHEH4; AuNCs: S90KHFE; PTT: Jedy7ik; PDT: Jedhiyrik; Ca*':
M5B ; GSDME: (M %ED; GSDME-N: GSDMEMINiH Bt ; GSDME-C: GSDMERCliii i Bt ; DMLDGGO: GSDMEZ [ BT ¥
FEIERRITY); HMGB-1: BT BREEMBL; ATP: MAF=#R; oPD-1: HUEIFHEItT-E A -1k,
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3.3 LIrtTrihEIE R

BARIT FIAH DG UG H AR IR & —FP i 5t
IR RIE 2T RS, (e A2 BIE AR RE . —
FE 2% TME s () ™ B BR . Rt R g 48
LU R ST A AR USRS | B Z DI Re 9 K- 50K
W IR IR A B I B TR B O B

Yang %5 "% ] B G 8 se - $EHUY) (premna
microphylla leaf extract, PMLE) H* 4= %43 [
A A 8 R RS 47 57, ot — B ik AR AR
Au NCs@PMLE %>k V- 5 . PMLE #l TME H [ 4
() Ca> LIV, JE 7 14 8 Au NCs@PMLE/Ca* 7K #E
JiE . NIR OGS, PMLE BEJE PSs, XAl LA
FHALTE A Y 2 4 A S0 & 43 i TME oy IR %
H,0,7% 4 0, "% Au NCs 7] L NIR 0% fig i
fe i, FB R E A PT UL ARE ST M PTT AR,
AT L E] PDT %00 A A6 53 TME H H,0,4: i
O,, MMt — L WE Mg B e G O, $2 %5 PDT &4
% (K 8b), A& PTT/PDT W [FIA T 24k T 37
M

V2R IR ST 45 A, ERIERT T LR
IR = S G S O R ) S S AN 4
(carrageenan, Carr) A5 K}, J5A7 A AL Au NCs,
XA R TKEEIR T . ZJETEIZKBERE I kXt
T U ) BT 25 ) S-SR WEWE  (5-fluorouracil
5-FU), FHHRIBEH ) BCAZLAERR (lactobionic acid,
LA), 15%] AuNCs/5-FU@Carr-LA 44K 58 it ks .
TR i R A A A T R R I R e 7
Au NCs/5-FU@Carr-LA 7£ pH {8 4 5.0 i & 50°CH}
R e . Au NCs 4391 b FH T8 1) PTT A1
PDT, Jf H i TGRS 13 B T A fi i
AR R PR B R BT R, B4k T 254
5-FU. PRMN/ANSESGZE FUEBH , T2 90 K e i 0k e
IR R 47 PDT/PTT/ARYT Wb Rl Bt g 50 R FoE 44
WARRE ST o X FRXEA TME B £ B s, ¥
PDT. PTT#AULSTHREINEH T IEGYY, (EAS i —
PR HAYEORE, DLEBG ARG TR 20
M H

ANk, Au NCs ZEIEI7 400 1) o FH AT 32 BT LA
TILEL: B, DGR AR IR
FALGAHCHON S RISk a5, FRE TIAYT
PR S HaR, M staforsE o™ E 2y
PDTYFa, RETAH AAtES, (HHMFSA]
BRI e, 20T RR T/ N
B, HOGRR S5 NRSEBRIGYT I L 458 TR

FEAFAER RS, InPREGALRT AT .
4 HEHETTIEE

BRTECIT R R EAMER], Au NCs 76U 1
TOT It R B SRR LA (E S BB S AE AR i
YRR IR 23 025 R R 2L, HRI ARt
M o B ) R RO R AT DAE AR X RN
LRMFRRTFIET, HoKPREHARBR R I &l
VEFH o BIARL A 5 B S 07 ELAG 558 o A S S 7 44
SRR . R R R AR S (FE4LSURAN K
)L RIFIAE AN (SUKETE) AR
IEERRSE, DLk B = A AR, R
PEAE LS, T EGR AT o PR 1 AR
YA DA R AR S B AT T 2 TR E
e A AT RGBT 5 A0 A 1 L 00 S B4 5550 (9 T i
{AAFAE = AR EIAE L ) B Pk A il 2 75
PR PO R EREAN G ) 5 2 BUh S R TR
HAER, T LASRZIME S | AR AN R K AR G e
g, DATTAE AR v R SR st S B8R S S R e
X AL = A A M A O

2RI ARG R Z R & @ 3k, 1 2 204F
KX AR A SR AR KIS R A W B 2y FH AR At
TVRZHARL 1 e geKkiikl (AuNPs) K4
R IR R (2=79) ] i 25 4R T b e Jeh 38 e o
il o Sop R R B A GTRRSRAS R G
[ ELEEAR B . AR S (S 52k . X5
£k) iy AuNPs T, Au NPs 8RB 005 SHE, B
ST el FEREIE T ARERE R
JETAE, Wb (A IR E) Bifis
15 JE R g 2 20 ) BRaiT, Y24 Sk EERA 1
KZ% Au NPs [ RS [RIEE (>50 nm) 5 9 AR Y
% R 4¢ (reticuloendothelial system, RES) ik,
SRR IR, /G E R TT v o
R, KR RN AT RES | R T, AuNCs
DRI /IR T8 A ) 2 R LA % S S5 R T S 4 S
(A RE T R R8T S R 8 o)

20134F, Xie BREIZH "7 Gl T GSHARY Y
/NAu,NCs (<2 nm), 4E7R T ECARAGAE PAR 201 DA
F& T SR Z M A BAE R, a5
140 FRL A R B 5 %500 #6147 DNA. % A GSH
HhsE i i 2 4 IR T AE IR N R AL R e Ak
FE /N RS H i EPR A500 7 e N & R g
PEFt. AL, ARSI Y GSH-Au,, NCs
(KA RiAE~2.4 nm) 7R HHAE & B 200 B IEE bR
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MR BRI AR BRI BSA-Au,s NCs (KA 4L
~6 nm) WIRNAEBL A IEA RCERR . X TAEE K
] AR T Au NCs 1 ki AU i S 36 #5550 Br 2 A
() iR R R R | S B iR LA % v IV PR A
SR FLIG PRI P — 2L Rl 1

Iz JE, Xie B U — LAk Au NCs 25
F o AR GE T A B T SR N RS
Ay, (SG) g, AT Aty s (SG),,, 2 AE A e i 1]
BB AT CRIGIT o Y S A R R
Ay s (SG) ., PR 1 b 958 B R AE T 23 24 h 5 oh
8.1% ID/g, HASIIAYT o gd (A FR 55 X REZH AH L 45
INGYT6% , AR AZ AT /0 BRI (A R i D>
2y 66%, H e B, i, kB
Auy, 1, (SG) 0, BITH YR GSH 5 Au L% (490
12 D), HEMRAMELH GSH A TARM£E
JIK, AT DA B 9ok oy k3% RES Wi, Jfmlfig
WG MR A GSH iz, i —25 2 g
AT Au,g,,(SG) 0, AR TFHIFEHL . 52 Xie E
HTAEMNR &, % EE HATET Au NCs B
B A 32 2 0 EPR RO FE MR R AR R, 5 &
S ) A A HL AR AR, Liang 55 O ffi R
AR IR R AE S A il 28 T ELAT 988 4 M HE 1) 1 719 A
NCs, ZIPRKAT LA S 1) o, B, 38 A5 28 FHAE 19 e
Yif, DIPE Rt DAk Au NCs A4 BRI 2 i
P S5 LA e 3 S 98 A 114 L ) 3 6 R LT
SRIRITRCRIRTH S UL ER Y 70 R M TR IRA
R

BR itz Ah, A3 W5 3% B 3R T FR 467 43 52 T Au
NCs A5 40 . 25408h Ty S my vk, A
S AT AR . Wang 25 1) ] GSH &4 i
/INRSE AuNCs, sl JREREE A (FE, i, h
PE) AT 3PP AR S 1 RSP AR 40K R, IF
RGMTE T HARNAT R ST HSHLE] . 90 d AYiE
BESLUG RN, Fin o R 2510 Bl Sy 2R R
LA Au NCs 2 I H AR 1) B R Tk 3 R0 5 7
IR i B AR T, BT R R S A R iR T
W15 Pk Au NCs 7] g J2& Fi T B 40 i ) 4k
R TR Hh sy B4 s B ZE 4S5 I 1 FL AT Au NCs
SINTAIJE I R Ged i i, H.90 d AT 58 Ak
R

SEARGE W) T BlRCSTHIR IT (stereotactic ablative
radiotherapy, SABR) J&—Fill i 22 £ FEAG E SR AR

S, R AR R R R S AR R AR
SPEAR . ST HEL, SABRYFREEE, REH
il s 4 B PR AR AL R R, $EETRITRICR 1,
851 51 SABR & BM I R IR AE VAT A H T B,
H AR R G 5 S A s L
B ARG I, SRR A U R SR AT A 15
Wi . SR Au NCs A7 B P RFE TP APy, (HIL
Il R e Ak 52 BR T AR I BRPEREANFERY S . Jiang
G E T — Foar A o g 4 H R
(metabolizable binary supracluster, BSC,,), H:HiFH
B Au NCs VEA T HOR 5] S e il £
B SR E R 1 (galectin-1, Gal-1) B/NHE
RNA (small interfering RNA, siRNA) Hiz5&, Jf
3 38 A e 1 P SSRGS K MR G A B rh 4 A
M TEARNIRFERE T, A=W R3S 5 F A %4
fit , BSC,, 5% 70 i /N B9 e BOT BRI Y siRNA
(E9). #4254 )5, HBSC, KNG EREN
90.3%, X HE T A= Wy i RS AR E R R TE
At 4 A A TS S 8 SR v v R DL A T Xl
SRRSO JCHE ST o 38 4o B2 A A A
DUER A S e 8 i S AL, BSC,, 1 1S5
SABRAEM, 1AI7RBORME T I R HT Gal-1971% . 1
MALs 7 M aPD-1+ SABR VL. #F—2%F BSC,, 59/
PN 0 05 A0 i 2 ) B 25 2 2 AR EAVE IR A 9T &
L : a. BSCgal REE e 1 il 14 1 4 M (Ln 4 i
PETAM . AR O M1 B W20 ) 4]
TME 2/ ; b. BSCgal 1] L3I 3 bk B 241 B 43 i 8
RAGE A BEPCRI S B; c. BSCgal HEF S e i 2
TEAZHE WAL ) 40 B A 5 T4 . B R,
TR RO S S e iRy T I RIVE T, Bt
T BRFRREE, SRR Ty 58 L Ry B i S 7 58
LG RS M 1, A BTN IE T Au NCsJ7
LEIGIREAL, MR A PRI fF 21k
50 R PR AR T o (YA T A AR SE R TR
RN SR AR S AR . SR AR TR
TR A AT AT RIR , R S 2LR AT
fifr D

JMTH 2, Au NCs 1E7EBCAJEE U YT H
AR SR Z —, RRA BRI
PN ZE 55 e B B BT . N — 3G B R Z AL
[F] . M/ BB BIIG R A% Ak, e se Bl “w] Fiil |
AL AT BORSHERURSGEOT 6 -
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Fig. 9 Schematic illustration depicting the construction and ir vivo self-degradation of BSCgal, alongside its synergistic
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mechanism of immune checkpoint silencing and SABR radiosensitization for enhanced radiodynamic therapy™
E9 BSC,MHE. EENERERENTHARBEIETERE, REREKRE SBFIRST 371587 RSABRAYTIE &
FE{ERME ©
SABR: SZARRE FHAMEUENGYT s BSCyy: “IUHIZEMIRE; Gal-1: PIUMBEAER; AuNC: &4VOKAFE; PEG: RLTE:; RDT: MU

ATk siRNA: /NFHERNA.

5 BESRE

Au NCs FHEAE DL AE Mg 67 Sl i i1 H 5
N TS R i, A SO H 2 D gen H 0 7
HA RBRE#AT T 28480, BE, AuNCs i
AN AT G S AT ot B S R S8 i, Rt R
MR 4> F . K TME $E47 2590 4 i Bl s
JEAE 2 3%6 R GE, SLEALIT 5% . R . PSs
DL Rchode SR s o s i . R, Au NCs A
BWE—ISHRN gk, HAYEERA
T 1) NG 1 B TR £ 0 O o =3y A= e S YA
PE . AT E R TrxR, B IR 20 i N SR A ad - A
DL 5 R RRSE ER W, S AW SR TE 5 E
#%. feJ5, AuNCs Al LIAER PSs. PTAs Fl 3G
R, FEMZ TR mETHEM
eSS em i e RE S . i I R EA TR ME S

PR (A5 TiO, . JKEERAS &), HoEmaE
[ RERFAHCR MR AL A 2L, PTT A
PDT R ke Ve 5P A B 5 5 Tt . AEiiayr+,
NG REA RGBS BRI E S TR, i
S5 Jey AR R AR S B e R A, [T L R Y
JUETR R M R T A% 48 Au NPs BRI PEERT, 3
MEERES “ KA izgy, MAEY R HER
. EREY TIORER” RESRITRCR I Z D RETER
J T Au NCs 7ERE IR T RO P
A, HET Au NCs YR G RHERR &7
L T ASE B EIE AL . B0, Au NCsKf NIR
WO RE B AL D P T PTT B4 W] 3 ] DA fk
TME H H,0, 73 A= 1 O, B8035 Mg il S v Dl it —
AP ) 2 i D REVE A (Y PDT 2800 . A3 B 54
Au NCs 124 PSs 1 PTAs [ [ i i 1 S PAARL N Al 7
I 28RN B &, LD 54097 B RA
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J¥ . B 2, Au NCs FEAE Homh bk o0 B Ak
FEVMRIAYT TP Z DR ORI f 5, AL
ARG T R B R R, B A AL B 5
ST 14127 BYRERRN .

JUEEEXT Au NCs #2448 N H AT 5% i 52 ]
W1, BRI 2 R A R D RE PRI A+ ARAT TS i
H, BEMTE G R ACHESE, JET Au NCs (11l
PR IR 6 7 AT I I = K iR o 28 B O R A0 ) A, 1
e, BHRIHEIE N G AT LLA R TR GO
AuNCs, {HE MM ™ Hahk . RF. &mifk
SR A BRI ILIRMER o FCAR R Bk
SOV SR 1 AR T FIBH AR N 22 5
RSB T A AT RO R Z 5, Rk, 2
MARORERE S B, DR AP f# Au NCs
AR A IR, T R A5 A5 5 /N T 25 IR e
FERE L RTBCOR bR AR A P R R AT R ) PR AR
PR ARG IR SRR AR A
W, fA7EREmT 3R 7. MELAR GRS S EEE A
B FEULTS 50 R, MLASSE) ON T 5
I AR A58 71 T . MLAR2E 2 AR RE A 1 47 Ji
EL & e SCRk g, [RIBF R K AR o, QA
B S5 4 0 BE R B . ISR, AR SSON 1Y pH (BN
RS SR, WU AR R A AR T 3RS H AR
Au NCs 19 B T HE %, DT 396 1] 4 5 55 56 &%
Jhreeesl SRk, FRATA BELHIXT Au NCs 2549 5
PEREMARE HEFN 5427800, MR PERRE B R K
Cnplifg . 225 fEfk), FREEH e £,
B A S BN ZR AR B m T | AT A v I R
FeAb . HIK, AuNCs RPN sh 22 5K 015
PEVEAG AR R, JUH MK R R S B A e
B BPERR R RN . MRS — (Rl b
JRUAE I PR AT p e 4 T R 251 3h 2
HEAEY, b, JRRBIETI A PR RS G
2, AL SN — R, DLSEBU A
P Au NCs 9 SEBTIE BR S5REHEVEAS , A5 S8 ik i
Fi AL . Au NCs AR BE IRIT R 05 —Fh
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Abstract Malignant tumors remain one of the most critical global public threats to human health. The early
diagnosis and precise therapeutic interventions are pivotal for improving patient survival rates and prognosis.
Gold nanoclusters (Au NCs), distinguished by their ultra-small size (<3 nm), tunable optical properties, and
exceptional biocompatibility, have emerged as transformative agents in precision oncology. This comprehensive
review systematically summarizes the multifaceted applications of Au NCs in malignant tumor treatment. We
discuss their roles as follows. (1) Intelligent delivery vehicles for targeted chemotherapy and controlled release
through surface functionalization. (2) Therapeutic agents for chemodynamic therapy (CDT). This capability stems
from their intrinsic enzyme-like catalytic activity or potent thioredoxin reductase (TrxR) inhibitory function,
which disrupts the intracellular redox homeostasis and effectively activates downstream apoptotic pathways.
(3) Direct therapeutic agents are characterized by their energy conversion capabilities: they can either convert
absorbed light into heat to directly kill cancer cells, or transfer that photon energy to surrounding oxygen
molecules to generate cytotoxic reactive oxygen species (ROS), leading to cell apoptosis or necrosis. (4) Potent
radiosensitizers that enhance radiotherapy efficacy by enhancing localized radiation dose and promoting ROS
generation. This review systematically summarizes the recent advances in Au NCs as intelligent delivery systems,
direct chemotherapeutic agents, phototherapeutic agents, and efficient radiosensitizers in tumor treatment,
elucidating how Au NCs overcome traditional therapeutic limitations through synergistic strategy. It establishes a
robust theoretical foundation for next-generation nanotheranostic platforms. However, the translation of
laboratory findings into functional clinical technologies confronts three significant challenges. First, although
researchers can synthesize atomically precise Au NCs, achieving large-scale production of batches with
completely consistent structure, size, and surface chemistry remains extremely challenging. To effectively control
the final synthetic product, a deep understanding of the characteristics and formation mechanisms of Au NCs is
essential. The traditional “trial-and-error” experimental approach faces inherent limitations when dealing with
vast combinations of variables, which is time-consuming, labor-intensive, and struggles with systematic
exploration and reproducibility. Machine learning has emerged as a powerful tool to bridge fundamental research
and clinical application, which can guide experiments in reverse by predicting synthesis success through data
mining and multi-variable analysis. In the future, we anticipate to achieve precise prediction and on-demand
design of Au NCs’ structure and properties. Secondly, a systematic framework for evaluating the in vivo
pharmacokinetics and long-term toxicity of Au NCs is absent. To address this gap, it is crucial to develop
advanced imaging methodologies and integrated theranostic platforms. Au NCs, serving as both a therapeutic core
and a highly promising photoluminescent material, are key to constructing such platforms through integration
with other agents. These multifunctional systems are designed to achieve optimal synergistic therapy by
combining multiple treatment modalities. Finally, the investigation of Au NCs is still largely confined to
preclinical cellular and animal studies. Progress necessitates comprehensive clinical research to rigorously assess
their safety and efficacy across a range of human cancer models, thereby ensuring broad clinical applicability. In

summary, Au NCs-based platforms hold immense promise for translation into clinical anticancer therapy.

Key words gold nanoclusters, tumor therapy, drug delivery, chemotherapy drugs, phototherapy drugs,
radiotherapy sensitizers, synergistic strategy
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