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Fig. 1 Design strategies for achieving “ zinc overload ” by zinc—based nanomaterials
Bl SEMRGRSI“ SEBE 7 IR
NPs: #4 K45k (nanoparticles) ; EPR: 4R % i ¥ (enhanced permeability and retention) ; iRGD: 1] P {LAYRGD ik (internalizing

RGD).
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Fig.2 Active targeting and biomimetic delivery strategies of nanocarriers
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infrared) ; TME: MR 838 5% (tumor microenvironment) ;

oxygen species); ZDCIE: ZnO(DOX)@COF(ICG)@EM.

2-MIM: —HIJEBKME (2-methylimidazole); CAD:
FA: R (folic acid); pH: FERH&{H (potential of hydrogen) ;
| HUH A B % 2 8 (glucose transporter type 1) ;
GAPDH: HilEE-3-B R I U (glyceraldehyde-3-phosphate dehydrogenase) ;
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kinase inhibitor 1A, p21) /41 Jfl &l #i & 1 Bl
(cyclin B1) f5*5im s, FHA4nfm, dF—2
HUIRERCR . IZAK RS0 L EM AL S 910
)ik 5N Al, R T Zo MR A1 i AT
T-WRA, A Zo* THITIE AL T3 A Bz 1t
B

SRS T ZRVEERR G R 2 T U 25
PR, AN e T IR 1. BT
TR A S ) SR, AR S EPR &30 S 30 i 97
WA, W AERCRARN AR HE R, i H R A
A [FIL 2 IR Rl I RACR s i — 2D 0 = 2l ) 3
W, e 3 T A A 39 e e g 4 1 AR e M TR
A, BRSBTS, (R
WAz BOIARTRE s 5 TR A AR 26 S, 0
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#l (TCPP-Mn@GOx@ZIF-8, T@G@Z), MT %
B GYT (B 3a) o izobh Rk ik B i ks S
J& . SEAE EPR AN A n] I & AR T Mo AL . AE
TME 844 ZIF-8 2 AR R WAL IV, 45 KA Ik figp e i
Zo* o T 2o R, SR AR N ROS
N CFIZRAR T RERRAT , SCHL T “REREE JRTT .
[, ARbE 2 i B T Gox 5 TCPP-Mn, B
T AP E RS, EIRLAME RS N T 6s)
711897 (photodynamic therapy, PDT), i i 1p[A]
BN P A R TR YT AR .

Bifi 5 A BIFSE 4 B0 Zn®* D L 200 b 5 1 1) T 4
i K s S B LA B T Il K J . AN, Yang S PN
T — M T Znr B4R IF R S
(disulfiram, DSF) 41 fL — H AL ik 41 K F &
DSF@ B B R A FL = S A i gH oK ik (dendritic
mesoporous silica nanoparticles, Zn-DMSNs), DA
TE TME H R S 4 i) oy SI2 B0 245 ) (4 s 1R B il 5 s
(El3b) . FESSIRIEMEE T, 49K 6858
Zn—O R LR R Zn™,  [RIE £ 25 A DSF 7E
1= GSH ¥ BE A B A o e AR H e le . ™
BTEMEE R KA IS ROV, AR ISR BEPE A XL

e -5 52 EY (zinc-diethyldithiocarbamate,
ZnET), ZE G YREA RGHE T IR 40 i 0 T IR
Bt [RIET, S i Y Zo BEAE U b id M i 3 gt
B, BEOE ) B WRE—2E OO S T ICD i 7 Y
KA AL TAST (chemotherapy, CHT) 5
SBENRI TR, B B RNARITRCR, IfA
AN T IR R A

R Tt R AE Zo AR PR T TME W g g,
BREEFIFRIREN 2o 5 1AL B A s i = D he )
Sy FHEATER R L SR, BN, Zhang 55 1 A
HEEFR (gallic acid, GA) 5 Zn* ORI AEH
M T — G AL SR G W) 98K R T R B R - B
(gambogic acid-zinc, GAZn) - " EER R A
% (polyethylene glycol coordination polymer,
PEG) NPs, 7£ TME "1 GA 55 Zn® 2 W i B il
Zn* P [f] GA #1% cGAS- T i 2 3t 4 ] ¥ & 1
STING (stimulator of interferon genes, STING) #
PEF T iE I, fEdE DCs B T AR , K i
AH G B W 48 IR Ak e g 1 ML AL, 32 S e 41
TR EE s [A]I GA FE [m 4 HSPs By K35, wllk
TR AR, DT R T R R SR A S
() Jry BRI FCR, ,  FReamast XUE MIL R Sl 2 o g
I e o IXEERIETE RS T Zn* TE IR fo e el
T OVERT S P, SRR AL T T Zn 12
JEVE 1T DI RE ) e B B HEZR RN A R

Bl 5 6 B — B IRYT R BRIE TR AAIR, (UK
i Zn® BORT I S bR 20 A 4%, (HAE IR Y TME J7
T AR — . RFCRA MR, XELL 41 v IR iR
SR SRR AL . B, YRTPFR C A —
BT UIRERIZHE, F ) 2o 5 H A A Y TE M Y
PRI, DI 2 s UNRA T IR R, SEEXT
TME [ R G . X — RO T RS A
[F) 85 —F P SRR A 3000, SEIR DI E B AR5 R[]
B, MM RGP e 98 TME, Ok Rrge i 4t ib
TARPEN, I MBI R R

Z 5 A 5 K FH SR L4 L s A R A R
RGO E, FeW) BB  E T TS P ) 1
5 SR AR . BN Ding 55 Y 1T T RERE (R
BTt 2 Ak te LN B DR IR R o (R B AL B
(zinc sulfide, ZnS) 5 ZIF-8 /E K Zn* fit4A, i i
KR )2 )7 B R ARG BT BAA e A I oK
Wi ki ZnS@ZIF-8@ % 2 5 (calcium phosphate,
CaP) (ZSZC NPs), T haeAE®E A (&
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3¢) o ZMBHE TME H 2 e [ 73 ff B ik HS . Ca™
Mz, i T “ZiEERE AR IR IT RS .
H,S 5 Ca* Prlml e R hi iR Thfig . il s AL b
(oxidative phosphorylation, OXPHOS) i ##, Zn*
O[] B 00 ot 5 T oA S v 1% 79 o OC B T GAPDH Al
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PG, TSI 4 A e F R . X AR
VEFAEIAR PN A4 S8 T X5 eI 114 5 4 0 o o i 2 2%
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ARAGRLNL , e 1) TRy S 3R e 1 TRy BT W e
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POEA T B A AL 9K BORL (zinc-manganese
oxide nanoparticles, ZMONPs) , T Hij % 7w 6
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WM N 53 R Zn® . Ca® . 0,15 STING |
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TME S E B[RV, Zn* 5 Ca™ Bip[R] s ICD it 2
diABZI-2 7% cGAS-STING i@, = IL[IEIE T
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SRIMT, IR SRBE AN E — R A AR T M
BIERHGR, S T ANFEEESN 3K, TR SRR
B0 SRS e 4 9 9 AR BRIE B, Chen
A5 U8 3E i R TR A BT R A R M R XL 4 S
A4k (ZoNi(OH),) 24K Jr, T M fereif
IT o TZGIK A AE 55 TR TME Hon] i o7 1 R i J ik
Zo* N, 305 I ] 125 A% e 50175 5 o e 4 A
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7k, AT LGEE ST S SR, B
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TR R R, 222 DCs iz Mz CD8' T 4l il
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programmed cell death protein 1 antibody, aPD-1)
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WEAT BT BRISOL IR L 3 R 8 2 4 I v e A )
AR, I RAFAYIG IR )
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20234F, Fengf " JT & T —FZ7c 45 M 94 K-
., QUHERS | AGELLAMD RN, W T IR
NS PIEER” P EIEE I Zo R SE . TEA YK
R P S A, BESE A B TR T
ACZ-PYAN-15, Jdid J i ik 7 6 45 B EPR 2%
N TE I AL A, H Ce/Zn FE I G A BHS FEAE
TME gm0, B Zn™, Rl IT£0AM G B A
B YRR AR B IREON T E— 2BAlE E Zn—O B
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Fig.3 Environmental-responsive release strategies of nanocarriers

B3 LK EAR AR 0 R A R R

(a) TQG@ZWHALERM IS “BEMEEL” 5
Ca> [ RIRY T M ;
W SR AR .
ROS:

(dendritic mesoporous silica nanoparticles) ;

CRT: #5 M & 11
TG PE4 2 (reactive oxygen species) ;

HMGBI :
T@G@Z:

(calreticulin) ;

(catalase) ;

J-3-BE AR 0A (1,2-distearoyl-sn-glycero-3-phosphocholine) ; diABZI-2:
ICD: e tE4nigstr- (immunogenic cell death) ;
PSS: IR LML EL (poly (sodium styrenesulfonate) ); PAA: %

IFN: DRFH2 (type I interferon) ;
PVP: R JGMLIESER (polyvinylpyrrolidone) ;
R (polyacrylic acid) ;

dehydrogenase) ; TAC: —JRIRIEH (tricarboxylic acid cycle) ; BP

molecular patterns) ;

Bel2AHEXH H  (Bcl-2-associated X protein) o

(b) DSF@Zn-DMSNsi# it i i SC3 “FE#”;
(d) A-CaO,-Zn-LNPil RN 53 “BEER" 5 Ca> M A e i okms s (o) APRHLAR A Zingerili il iR ST £1 7ML
BT REHEEIBL (high mobility group box 1) ;
(TCPP-Mn@GOx@ZIF-8) ;
PEG: R Z & (polyethylene glycol);
AT IRMESTING B 712 (dABZI STING agonist-2) ;

LDH: FLi# i % 6 (lactate dehydrogenase) ;
Mgk (black phosphorus) ;
iRGD: " F{LAIRGDAK (internalizing RGD); Caspase-3: PR3 (Caspase-3);

(c) ZSZC NPsili i R i SC 8 B 5

CAT: if A fb Al
DMSNs: B AR A AL = S A A 40K FkL
DSF: X4 (disulfiram); DSPC: 1,2- —f# & HE-sn-H
Type I
DAMPs: #i45i#1 565 T3 (damage-associated
GAPDH: H il % -3- B 2 i = B (glyceraldehyde-3-phosphate
2-MIM: 2-F LKk (2-methylimidazole) ;
Bel-2: BNk ELE2 (B-cell lymphoma 2); Bax:
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LIRSS I T R ARSI RACER
BLABOE R G e T BRI Iy, SR, 25
PR8N ) e KA TG HE TR P i i d iz, A0
Zn* B AR FH A7 38) e O B 110 BBk B R —— 2ok
R CAPIIESE X — RETTE A
TR, JELE AR R BT Zn* Ak R 2k
R, DATITAR K M 5 HIBY P AL EE . 111, Zhou
A DR A A A R ZIF-8 5 R 8 g oK
(black phosphorus nanosheets, BPNs) Ftd} 25 i
BPN@ZIF-8 K5, KMt iRGD Jyaefbn

BB AC A BT — 7 B R 7 A R Y 0 K AL s A
Zinger ([&3e). —JrTfi, 1E TMEH Zinger 1) ZIF-8
HUWRESBEAME, F—JrH, MRV ZLAM GRS
T £3fii & BPNs FOGHAIN , 2 A BT AR A 24 R ik
BPN@ZIF-8, ‘o3& N T ZIF-8 f) 43, ML B
I R A SRR . A, Zinger il i 1E H MR S5
TR LR AR 2 RIS FBAVE ], Sl m T & 4R
TLRARTRN,, HEARS TLRARBE A T 5T
RERRDG, ROSKIANL, It 445 p53/B 4 itk
%% 2 (B-cell lymphoma 2, Bcl-2) /Caspase-3 i
PROEEANE TS, SEBL T U0 RO BIBR BT IR BCR
2D AT W) TR LR IR 5 e
G, AOURSEHINL, BB EH R IR e R
5. 140 Guo 4§ ' | F ZIF-8 4y ¥R i 245 4y 1L i
B (banoxantrone, AQ4N) 565 IR-780 fil
f£¥ (IR-780 iodide, TR780), #fi5| AL ELHEH
A Z B 220 i AKOE  R 2
[ e T /2 Ak 1 ZIF-8 44 K JBURE 2k 671 28 AQ4N Al
IR780
imidazolate framework-8 nanoparticles co-loaded
with AQ4N and IR780, DZ@A7). & 5Gi%# K h
(IR ZIF-8 2376 TME Hug il 25, H R 2 WK
Fo)A 2 5N GSH &A= AR )i R g, 1H#E GSH
O LRI 1B 2= 5 N O N 8 S ¥ S TeA R S ST
TGN, S ZIF-8 5 R 5 58 )2 H B
fitt, LT Zo WP R B AR R . B 4AE PDT,
“PEEEC . CHT = PpEHLE T #0E S- I AH A4k
B TP R FL M & 1 (S-nitrosylated stimulator
of interferon genes, S-STING) ¥ il %, fi&if
DCs U T AT , e 2 S B0 e 25004 it i o 9eg
THER . R S AR feyi .

22 BHFEHR
ESEREE 0 B BEORBEAR L, B E R ML

(polydopamine-engineered zeolitic

PTG TR AR Can L s 20 )
(2 A A I B A e 2%, 1T HL Zn? )2 B
FAE R TERidR o Bt LART LA FH e 210 B oA ) i 3
BMRRE SR E T (AnCu™) VBRIl &4,
W Zo NSRS, SCB Zo> 1R . PR
SRR S P[] D) e () RIS

T, Lei 58 7 Ml Xie 55 ' 43 5l 11
THRTRARBL PR KR RS, JBR T
BT E R I LA T B TME J845 7 T Y LR
W, B, Lei% ' it Zn™ 5 KK ZRRMLAK
(carnosine, Car) ACf7 HZL%E, G T @AM
%% (metallodrug network, Zn-Car MNs) 44 K &
(El4a). Zn-Car MNs i A M AR5, BT Zn-
Car MNs iy IEHLfar, A5 1) T4 1] 21 58 LR AR B 07
G Cu® R B X Car FLAA Hh (R DR 0 2 A 285 65
FAT), I HHESYRE H R E ST Zn™,
I Cu BB#E & A= 5u e PEBCA., 23X Zn-Car 4544 FL
fife R BEf0R #1458 23 i Zn-Car MNs H Zn™ 11y
B, T RIS Zn> F1 Car,  [R]ESHE FE 40 L
WITERS Cu™ . X — B B B EA Sk serE, H
BRI, AT SRR 2 Y R B AR B
FEMH A R C AR TG E, FHAT OXPHOS
AR B Zn® 38 A P NAD 00 A
R, Car A< B 0] LAREAR A L PN 2L AR & >k il b
PoEfif it A . T PR I] S U RE 40 B ATP AR ™ B 52
BH, [FIEF 5] RS Zpi R B 7 T B . ROS Fhimy, Hx
LA T S TR T, Dok
IR S 2, IR . PUR 5P A YIEE
B, Xie 5l Zn 5 E G D-H &ML (D-
penicillamine, D-PEN) TEBMEZAF TR, &AL
T Zn-PEN G KE4E (K 4b) . ZMEMER “& 8
AR Uk, sl R R G A i Lok
R Cu™ 523 Cu™ FB3 5 Zo™ MR, SEBL T —
FACR . a. [FIES4H] OXPHOS FAHE I i 175 S L ik
IR ARREAET; b, AR Zn* AL N 1 240
W, TR HAR IR e iR I VE s e Cu FEvB
P b B 1) B b il B, [RIEE Zn® 25300 ¢GAS-
STING fe sl i . VAL 3 SR MRl Se 8l 1 sk
HAAE, 28 BRTA, SR B B AE MR
PRSI “BRERE” BUIRYTORNE, I A A
) e ARREE, VRSB, I8 A R
R, AR TR T T R — B R B
Refl . BRI T ) R R
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Fig.4 Ion exchange and biological regulation release strategies of nano carriers

B4 MARENEFERSEMREEHRE

(a) Zn-Car MNsill i B T E # S0 B “REEZL”;

“BHEE” . NAD':
oxygen species) ; MMP-2: % )& M2 (matrix metalloproteinase-2) ;
patterns) ; LOXL2: %ﬁiﬁm’:’ﬁ{t FEFEA H2 (lysyl oxidase like 2) ;

(phosphorylated interferon regulatory factor 3); p-TBKI:
{6, 2 ¢ % fk Bl W FE IV (cytochrome ¢ oxidase subunit IV) ;
i B i iR (hyaluronic acid) ;

Orial :

(polyethylenimine) ; HA:

(mitochondrial membrane potential ) ;

L, RBOX—S A TN “IBIEA R
a2 0 M B VT SO & 2T U N L L
P Zor A, TR i R S TR S i A i
A, Ezh kM MR AR SRS IE . XA

AR AR S G, AR R 2 P
TEAEAN AL FEREE AT, 2 “PREET STk

GRS R R BB W], ilin, Jiang 55 B¢ SR
)25 A ARG UL SR AR A0, B FR
WIRAMEIR N . AL SIO, A &4 xR . Ra
I R%E (polyethylenimine, PEI) JZ. ZnO,)Z1E N
iR . HA S, LR E T —FZURegkE

(b) Zn-PENI# i & 1 & 4 52
i@ﬁ%ﬂ’ﬁﬂﬁ% M — k%2 (%A46AY) (nicotinamide adenine dinucleotide (oxidized form) ); ROS:

IFN-B: BT 42 (interferon-p);
AR fL TANK 45 &34 1 (phosphorylated TANK-binding kinase 1) ;

TEOs:
PDT: Y% 3h J1 % ¥7 ¥ (photodynamic therapy) ;
ERERCEG 5B A A1 (calcium release-activated calcium channel protein 1)

“BERBZL”; (c) UHSSPZH NPsil e 45 41 ffa 1 BT 2 S5 80
GRS (reactive
95 B 6 7 THE 3 (pathogen-associated molecular
p-IRF3: @b TP R M HF3
COX 1V: #ijf1
1E fif B2 DY & BE  (tetraethyl orthosilicate) ; PEL: % Z 4 W Ji%

MMP: £k hi 4 B AL o7

PAMPs:

GARE R K R -5 22 Bk R @ FL =S8 Ak
@ & W W He-/N T 3 RNA@ 1 E AL B @ 15 W 5
% (UCNPs-Hy@mSiO,@PEI-siRNA@ZnO,@HA ,
UHSsPZH), #4517 “Haki” 5 BB WEIIHE
it (El4c). “Bki” 5 : ZnO, 18 I iR #h
b oyl Zn®, PR SBIREERAS .
il H FAE e I 2 i M IEPE ROS 7728 5 “BHIT” 5
T : BRI siRNA U BESS 12 85 11 ZnT1 BRI 3KGK
ISEL VT ek 4 g A HE S Zo® B9 RE Sy X Rl “BELIT A1
H7 5 “Ehdeh” RS 2o R
2 AR OIOR . SORL RS A R AR =
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Table 1 Design strategies for achieving “zinc overload” by zinc—based nanomaterials
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Abstract “Zinc overload” has emerged as a promising strategy in tumor nanomedicine, wherein exogenous
modulation of metal ion homeostasis selectively triggers cancer cell death. Among various bioactive ions, zinc
(Zn*") stands out due to its unique ability to simultaneously disrupt energy metabolism, damage mitochondria,
degrade mutant p53, and activate antitumor immunity. Notably, tumor cells exhibit greater sensitivity to Zn*"

overload while normal cells maintain higher tolerance. This review systematically summarizes design strategies
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for achieving “zinc overload” using biodegradable zinc-based nanomaterials, focusing on two fundamental
questions: how to specifically deliver Zn** to tumors (targeted delivery), and how to trigger controlled release at
the tumor site (release strategies). Current challenges are critically analyzed and future perspectives are offered.
For targeted delivery, the strategies are categorized into passive, active, and biomimetic approaches. Passive
targeting relies on the enhanced permeability and retention (EPR) effect but suffers from poor enrichment
efficiency and rapid clearance. Active targeting conjugates ligands (e.g., folic acid, hyaluronic acid) to recognize
overexpressed receptors, significantly enhancing cellular uptake. It is emphasized that hyaluronic acid-modified
ZIF-8 can co-deliver siRNA for GLUT1 silencing, achieving systematic energy exhaustion. Biomimetic delivery
using cell membranes confers immune evasion, prolonged circulation, and homologous targeting, exhibiting the
lowest off-target toxicity. This approach is considered to guide future nanocarrier design. For Zn** release, 4
mechanisms are discussed. Endogenous environment-responsive release exploits acidic pH to degrade materials
like ZIF-8 or ZnO, causing mitochondrial dysfunction, reactive oxygen species (ROS) burst, and autophagic
blockade. Incorporation of other ions (Ca*, Mn**, Ni*") enables synergistic metabolic interference and immune
activation. Exogenous responsive release using near-infrared light offers spatiotemporally precise activation. For
example, a nanorobot combining black phosphorus with ZIF-8 accelerates Zn’* release under dual acid and light
stimuli. Ion exchange represents an elegant trigger: zinc complexes (e.g., Zn-carnosine) have higher affinity for
Cu™'; competitive coordination releases Zn** while depleting Cu**, dually inhibiting oxidative phosphorylation and
glycolysis. This mechanism is proposed to hold promise for overcoming metabolic reprogramming. Finally,
biological regulation—silencing the ZnT1 zinc transporter to block Zn*" efflux—represents a paradigm shift from
passive delivery to active homeostatic disruption. This “block and attack™ strategy may prevent acquired
resistance. The therapeutic consequences of zinc overload are multifaceted. Zn** causes lysosomal membrane
permeabilization and impaired SNARE complex formation, blocking autophagic flux and inducing a distinct cell
death termed “zincosis”. In mitochondria, Zn*" inhibits glutathione reductase, causing oxidative stress and
electron transport chain blockade. Meanwhile, Zn*" suppresses glycolytic enzymes (GAPDH, LDHA), leading to
ATP depletion and reversing drug resistance by downregulating P-glycoprotein. Moreover, zinc overload triggers
immunogenic cell death, promoting dendritic cell maturation and CD8" T cell infiltration. Combined with cGAS-
STING activation, this reshapes the immunosuppressive tumor microenvironment and inhibits distant metastasis.
These interconnected mechanisms endow zinc overload with a unique advantage over single-modality treatments.
Despite remarkable preclinical efficacy, challenges remain: systemic toxicity from off-target release, potential zinc
tolerance via metallothionein upregulation, and insufficient pharmacokinetic data. Future directions should
prioritize: (1) intelligent stimuli-responsive materials; (2) combination with immune checkpoint inhibitors;
(3) theragnostic integration; (4) deeper mechanistic studies; and (5) artificial intelligence-assisted screening. Zinc

overload therapy is expected to become an indispensable component of integrated tumor treatment.

Key words zinc overload, ion-interference therapy, zinc-based nanomaterials, targeted delivery, environmental
responsive, ion exchange, bioregulation
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