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F A B TATTRON, BTy R (AwS! | Kk
BRLD™ AR IR (Fe) ™) 85 (B SRV IE
(POAE. JTAER, —Le g B LAY, B E A (F
fh#% Auranofin), B H IR REEYY, fufhiHrm
TEEARIH BESARS-COV-2.

ERAYE e B G YIE GBI, —
A W) Rt 2 201 42 60440 K RV EA L B ).
RO L RCVF 2RI —2& 258, (HEHT
A DE NI B e IR IR YT, an4eek
0 [ AR ATV IR, AR H AR B 25385
Hp IS AR L -E AR, SR, 5 A R AR R
MIALST 259 —HF, B2 X gt R 4 204 7™ F I I
N, A I R g X AR I 2 . Ak, RS
FALEY, AN 25 Trisenox TM(As,03) . 42 & FE
B PEZ D (55O To) B8R (P Ga)), LA BRI LR
(magnetic resonance imaging, MRI)1&E ) (A%L(Gd)E
G, WHHLAER TR A2, 2R, 5 Ak
Sr2W—FE,  HETIG R K 25048 T S 25 W& it
I — 2 Jey R, T3 K 22 00T 2 5 LA I iy S ] B
P b AR A B R A L R = TR I M (v R R
Ru(IDfL AHINAMI-A) . 23 (1) B S Bk 22 3k
(YDFNE) B B BRI B — S ALEOAHDC. X TE—E
FERE 1 PR T 48 254 A e AR 0L AR (i)

I304FEE, HKE2ATE Y RUEE ik . SRS
Jy s th RPN AT, MGE T — RIS
TR EENE Z RIS, LTk, 4 JRaik2ayhF
RSP /N B G2 . RETE . LSRR, TRl
HTETERNRITEUR, TEAUOKEFGU T AT &
JEHT . XL R YIOKR Y B R A A A
AT A PR DA R AE A Tl P R AR R R B A AR e
WTEHLEE = T &R 25 R Im R A, [l i id A e
MR AGERETE] Bt A o0 A LU AR SERE 85 B 1 & AR,
AT SRR EIE A, AR AN
YRl A S L R Je e R 22 2 I B iR
RAFEEAEH. Fln, b T ARG R BUREA RS A
KRR B RE T, E AR A& S RTE A B = H v
BARE T LSS IOERER20) A 2o 4 8 JLg R ok: i T
B A FENEYT, A R S AREsE T ML,
2 AT Rl AR FE TS0 A, 4 Jm SRk R A ]
FA TR OB (v, X 2R A i r AR R
AR, VPAN 4 I FE AN K 259 1) Wl AR 0 25—
HIEZEIK. &8 UKL 28 Allf RIS,

Hrh, BT EHMFeMPUR 5B T4
Fe;0,40 K ki (Nano Therms) 2 FIHTO, 44 K Wi ki
(NBTXR3)P 2 2345 RO 24 50 A B Rt . e Ak,
TNF-E 2 KR (CYT-6091) . 4 -4 A fik 44 K ik
(AuroLase)™ | k-4 K Uk (CNSI-Fell) > L K& 4>k
PO ek A RIS B BE. R, 42JE 254k
TR AT 5T R B 4 e AL S W 25 ) B ROR N2 e,
A R A2 R g

Yo RGEAE AL F AT B T5 TR A 2 G Y
ER. ARG R LT TR0M . LGRS B A, FEF N
XA A, AL TERCT N S e B
(human immunodeficiency virus, HIV)®® | SARS-CoV-
) N 7 &Y = B L AR P AN L i U K
KE . RGEMELLBEAGE | BRI AR, I, TS
RGN DI REFF IR T SBE BN R B 4% T s HAT B2
RO I PRANIE R ATEE R, SBeiayT & B 9K 254)
IETERGEE DG, A B A I [ G2 AH DG 1 7 Y
IRIFB. AR, & ERK 2 e S E ity T A
SR T Tz fiGE. 2T AL Mn, Zn, Fe,
CaZ5 4 JE TUR AN K 25 W) AT AR A2 B AR R RN A2 18T
RGN S5 A O SRR, 4 R T R
AN, REGARTEMTHE TR EB R IB TS
B LG A 24 ) () FE AR AR B A R B2 B 53 9 A
HARR, JEXSHAE PG T TG eah, FRATib#t
— UL T A R OK 25 5 A ) S 2 ) AR ELAE
FHRFS vk, IR T IZ U kA A Sk
TS, BT 2 DA A e DT [ (141 1),

1 SIRIEAR A e e e a2

YK B2 AR SE— PSR S R G RE R T
Bt REMER A A S e, RIS E IR 7 P e o
A ORI RRE TN, 4 R Kb R g
VEIAE 244 0 L R Ay, A T e B N A TR R
JiReg B 36 LA S RAEPEBRIR YT T A EE AN A, |
T YR & JE FE YK 25 ) e e AR B RO T
Al. Mn. ZnFIFeSE LM & IEITER, AT RIZ NS TiX
L 4 i FL K 2 Wil o PR G RGN, OF
I B 4 JB S0 oK 245 9 1) S I PR I FH AT S (e ).

1.1 AUEGKZ4)

i PR L A4 BR AR R B A S S A B R TR 1,
EATTEAK I IR URLAE S 1~20 pmP SRR, KM,
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Figure 1 (Color online) Metal-based nanomedicines for metalloimmunology and the immunomodulatory effects

HARZIH100 nm I ERAKFRL(AI(OH); NPs)ih T H 1t
FE TR T LU SR BB, ZR I L B R A 2 TG 4k,
HE— 200 JF T P e B A A0 I T BT R 4 HR R 42
L2440 MeenaZE AT HHEEFLRR (polylactic acid, PLA)
2 KUk A 22 SR AL AR FISARS-Co V-2 32 AR 25 A 4l g 4
FRELREE R, Nk 1G2a (1gG2a)/K-F-
XA B b R BRI I BV R R EE AR . IEAb, 4k
FAbER e 5 B REER (polyacrylic  acid, PAA)K
AR RRE S ECDA T . TR R -y Alfigg KK
KAz, IS BCA RN Th RN, 3858 1 /s
A R AR T3 Moyer®s AV B 2 i
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JIg Wt 22 %R (phosphoserine, pSer)¥% 3k2H 1) & R4
PESRIAT LSRR R, 308 T HUE S LS A,
FER T S R AR R . 5% 50 0 ER R B S i
AR, eI A EC ] B pSer i T IR 4t =y 1 A &
TN /1707 NS S 1 710 % NN TR VA 1 B s i s )
9 SR BRI AR e, AR TR AR
N T A B AR g b, O TR B A
P, Zhu® NN AW A ik, FE T ik
NG — S MYYE6(Chlorin e6, Ce6) I A AL
M (bovine albumin, BSA)ZHKiki(Al-BSA-Ce6
NPs), EACE RN 1 g 4, 1 Ho 755 s
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Table 1 Immunomodulatory applications of different metal-based nanomaterials

JLE R EL HREIRY T 1N g PR R SCifk
AI(OH), J¥hEE SR IRT T SRR R A0 ML 1) AR [44~46]
PLA- Al(OH); SARS-CoV-2%%1Hj TIEDC; fIEZhiikIgG2a7=E [47]
PAA:nanoAlum T G CDA T [48]
Al pSer-Alum WA TR LA RE T 7 SR ENTIR A [49]
Al-BSA-Ce6 B S DCHIE 5 A TIHCT bl 20 020 i 2 1 Tobk 2 4 i [50]
Ragel-RBD B L PR R s [51]
Al-MOF Jili B P B TR ok B G 8 S L [52]
Vit d il it A [53~56]
MnO, JihEE S IR T G cGAS-STING [57.,58]
" 55 B AN ik [59]
MnARK SARS-CoV-2Jgijx PTG cGAS-STING; HE MR s, SR BCIZa0 [19,60]
MnP J¥h R SR T % cGAS-STING [61]
Mn-MOF@PEG Jih e S TRTT P SR AL T S K i [62]
Zn0O e RN AE T [63]
HZnO BIGCD4™; CDS T4 [64]
Zn ZnS@BSA JiEE G VR T G AAAET S, cGAS-STINGHLE [65]
Zn-LDH G ANAEISET; cGAS-STINGHIE [66]
Fe-ZnO@HA G AN AE T [67]
Fe,0, Jih e SR 75 AN AR Ak [68]
Fe;0, Jih e SR IR e RN AT [69]
Fe SAEVELT it S AE [70]
WE+iE o e s 75 B g ik [71]
WS GREEPEISE L (721
PVP-PEG Ag HIVHEE A5 O AR e TR [73]
i PVD B e BTG s A A T [74.75)
TiO, HLA RSN BN oy 1 [76]
CeOy; Cuy 50 RIEPETIRIRTT W A AR AL [77,78]

IR A SR S i, B T R AR R R R R
R, MAh, FulE AP R T RRAR 2K
R Z ) A A, IF455 SARS-Co V-2l 8 85 11
ZAREE A W) R RE——FeE S A2 IR S5 B 45
43 (recreational business district, RBD), %11 T —Ff &
JEN 25 25 1Y A B S /K BEIE % T Ragel-RBD, T A4t %t
TG Y S N B B AL T — BB 9 S m% . Stillman§
ANPTRIFHZ LR & T 4 )8 A HLHES (metal  organic
framework, MOF)ZNATURL, nJVE W AL 5] K& L
GePE RN, 45 3R AR FEMOFAE R B n] W AAF, 75
i ER e v 4 A B B RIS ).

BRI Z5YVE R — Bl B i s S e A, AR
REAZ 0 2 PR T2 i 1 SRR, I8 B Tk e # bt
JRAEE . SEGAAERIALL, BEIITTERIEIUARR R

SR AT WA S SOV T T SE AT 2L, BERS P Th
S Th2 e A%, Ik CD4 T4 K HAt 40 A PR 1443
e XA RS TIG TR SRR O R S
FRE SR RR, - H A T A LAk, TEfpeinyy dus— H
B ERBIDTTERE ).

1.2 Mnkgkzith

b TR e Yt B TP R TR,
JE LR T T RGP L, AL A 5
. SERAEG . FERSREAUKAREE. AR LB, A
FbER(MnO,) HAT EAL BTG, AT LMEEALH, 0./ 53+, 38
SR S E IR T O (S I A, M B T AR
WEA KR RISV RN, ©RERE T RRGMP-
AMP A -T2 TS & M (cyclic GMP-AMP

903



M4 F b & 20255538 £70% FTH

synthase-stimulator of interferon genes, cGAS-STING )i
BT AN G R IEDNA TR U, ¥4 JLIA
BALSOME 7R T Mn? e 3G S8 A 28 IR 40 IS (dendritic  cells,
DC)FEL W 20 470 J5t 52 356 B8 1 D7 TS SCBEE H, X —
T FEEAUZ S T CD8 TAMER /L AE Ak, s T
FI SR A Ui (natural killer cell, NK)#IEPE, JE4-7 T
ICAZYECDS TANM . LAk, Ml i & B Mn™ 5
SR AT AR G, BeRS U RS2 BT R 2L
B, WHPD- IR A . (AR SEHEA 2, Mn™
SHPD- AR IR AR 7 58 C i 58 sl A 1
55, 5 BRI IR, AEMI R R M AR R
o T EAMUER T TR A, el 1 HAR
SRR, JFIIIRIE T B E X iRy T B . KR
FMnIEGRAT RIS 10 G028 PR 800, Wang S5 A1
J T — R G H A R S A SR AR AN K TR (MnARK),
JFiE L # A A S RBD H 2128 T — Bt X e
ARIREERIGREE 1 (MnARK-RBD). 5 1&50 AW B
RBD¥ 11 (Alu-RBD)#f L, MnARK-RBD {2 #1455 T/
SURBDH: S MEIgG(1045) FlIgM (S5 s i, i T3
TR EE (LY 27018 AT 5 15 (845 ) PT Al 2R G2 148 B 56
N E R 1 € S A N T N ol DN ST R L
M B2 S, kb T 0GR AT SRR, S TR
RUEEAR G B 09 A R . i — 20, RSN SR
MnARK5 RBD [a] i — R AL AT 1 B4 0 5007 5 11 1=
RO S . fEdEplas 5 . BIE MRS IBAI |
PEHEICAZ B P2 A= S bt 7= A, DTS I e
gz,

WAL, ERBEEGA AR ZT W LE S IR O L TP
(robot operating system, ROS)AHERY.. B WE4H Itk LA
KA A TIRER, SRRV 55 T T ke 5 O 5
FEFH. 40, MurphyZs A MnO, NPsd:f5 21| R 3L i2-
LB Y (poly(lactic-co-glycolic acid, PLGA)H, &
W IPLGA-MnO, NPsA 2 H T i 4ENKANEIAYY. Gao
A NOURI P2 58 2 — i (polyethylene glycol, PEG){&1fii
(B SR (MnP) 2K S0 IR e e inyy. [RE, Ra
TR S MO F 45 g A1, 388 528 38 o o7 i Jgg f R B v
DCHE AT Se KU S, XHRAR MR R B A
BLATIETT AR, BRIt Z Ab, S SEGOR 0L T L5 1E
HUFT AL, TR B AR S S A0 S se 4 d. SR,
R o T EGEE, b RS I,
HIAIF ST 7 3 — 2D U gl KA Y 22 P R 2K
PEULEE 4792 B R AL

904

1.3 ZnJ&aRestn

BEFELERR % 2R GE 00 Se S e AR PR i 2
B, RGP G R, SR B Y
KR FREANM A D LA K G S (4 AT H A
BN, W9 L R AN KA A I B I s o g
£ Jif0 48 1 PR TR R e 88 AH DA 5 B A 3 1 1.
Roy % N\ B2 15 5 S8 AL 5% (ZnO) 4 K 44 )5 90 375 45 14
(ovalbumin, OVA)Z5E, WFFE T ZnOXF T 4% 5t 4
OVASUH/ N BT IR S S8 IV 54 IR, B ZnO
AERS ISR WA AP F AR P SOV . Hanley 25 A 5m i
B RS AT ZnOg K BUoRL, PN T BT A FELA
SRR AR, & BRZnOYN KUk AE IS5 S0
RANPEA FIFN-y, TNF-ofMIL-1209774E. X5 H
ZnFEURB R R T IR AR AL T — e L. 25,
Wang %5 N LIBRGCKER AR, SRAFRIE A SR T
25 L ZnOYKER(HZnO), IR H MR E S e 16T 1)
7). AT OVARIER LT R M 15 R T HZn O il T
e A R ) I VAR L 25 (6 B . A, i FLR
AR AT HZ0O B A S0 i Blfs & % (UL, CenZe 1O
Wi [ AT VES A ZnS@BS A KFE, TERRYE NS
TS SRR B 7, R E T IR CDS TR
IRIEFIDCHIZE SR, SEMHE 1 X0 20 i 1) S
IBITRCR. [IFEH, Zhang®5 NHE I T —FhdE T Zn>
B R AE SE AL I G AT, EANML T LLSE
FE G E R, T8 AT LB & SR AL e g2

BRI ZAh, ZBbgk 25 e v S A i T, iF
M % R4 9 JE - (immunogenic cell death,
ICD) LA K 41 55 CD8 " T M At Al s A A 28 A0 i i,
5 W AT M2 TR i ML BRI A, 3T e o G i it
FEAE I Z BN MR . JREE I, BRiESICD
Gb, BESLYR AR G2 PR R O T AL A T i — 25
RAIRTE, AR 28 AR e iRy h v ).

14 Felgkyy

V2R, AL ERGKR ISR AT LL5 3 4
MERMIBfE, fEHFROS . TNF-ofl—% LA (NO)H*
Az, IF AR A K. Bn, G NN & BE vk
JHAE R AL BRIk i, AR P9 4K B s 18 hn v DA
15 A F«B&E H(nuclear factor kappa-B, NF-«B)[5%
T [, fE B2 AR S TINF-oubH S Y G 2 S0 AN S E
V. XIS AU AT A5 5 B 4
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it B G R B e P TR ARRAS, 7 A R IR R
T A, FAERGOKIFORLA REE I A B S BT
P AL AR R, T TIRI 7 IR . JAE . JE
P, BBV . BB AR, AR
PR P R AR T AR BERE 0 5 IR TROS & 4k,
e HEE MR AN MM AR Ak, DT S I P A9 D e
KRR BEAR I RIS BB A A2, /N
FesO AN AR MURLAERR M 251 T &35 AL S M, BE
P HL 0,70 b IFE TR SR A P2 58 A Rk, 175 S 4 AT
T BRI, ARG RGO UL AT AT b R AN ) e T
PARIRT T A FILR.

T LRI R, B Rk
A& EE/EA. HouSs N\t T — A A H g d-
Mannose, Man)f&Hfi (%)% %% % 544 (hydroxychloroquine,
HCQ)Hyhas /- FL %4+ 5 (Prussian blue, PB)IK R5
(Man-HMPB/HCQ). ‘B LU EMHMREERK . 5
IR AR OC B AN M B AL . (R R4 MM Tl L A0 i
W BGERZ EUMREE. AT, Cano-Meijia%F A5
J T — b R ) i AR ORI (PBNPs), JF44 H
CpG Lt AN R ZE &, T M. CpG-PBNPs. CpG-PBNPs
AT RBYITLLANBIRE T, ATLUH LYk, filk
FEE A MIAE T, JEREBOUM R AR SCHTIEL, MTTHE e .
AT A AT R RIS AR, SR I RE AN R
PR T — T i A

BRYKAA LD H AR B W B AL S R, IR
FLAT AR TR, B S RN TS ) e 126 ) AR 200
YT RPE RGN IRME, MR IR &0 AL RE
HESRIE R AIRCR, B RER IR IR REE. TR — U,
BRI I RL S TollRE 2 AR SlR) A HAt AR R 045 5, g
0% fiuh ¢ 2o FLARPEE FE, Il e A T 2 i b R A%
VAN 75w b A % & SSN N i 2L Il RSE 7S
GURA BRI H], A BEIT R R e B E AR i
A5

15 b EmaR LY

BR T iR LA L G S AR AL, R T STIIE
W AT G 1 PR ) A 8 TR SR AR 25 Wi A VF 2
S PERIE, AR R ABR(TiO,) T R i 54 4 A1
TP AR HEIRDCHY LR, M 40 HEC D4 T4
JPL. G AR R S — o o 2 (R R AR ik 25 )
AR, DFTERW], SAKIORL AT LATE A FIiARS T
NIRIL-1835 T A SAE SN, A8 F B e fE o in

7P B EEAE S XY BRibz Ak, —se B fiEfk
T PE R TTHLA KA 2 1 TP R TG T
Liu ANUSIHGE T —Fp e g6 ORI 458/
Cus JOGKREEF Ik, AIVE TR FRNATT & FROSH
KRAETESNR. H/NCus ORA ZREEENE, BEARUH
FRROS . HHINF-xBid i, BRI TIKF, xh 2tk
JHA5s PRI 422 B SRR . S B 0 0 A A
MRIT AR, & B BLA YR RN HAT Z RSP,
Tl A SR 40 K RE BLAT 28 106 H IR LA D o A A i
PE, BB MR AL, (R HESIE R R, 51R%E
K", #/N =48 (Pd. Cu. Fe)A&4iKil
o, [7] B 2 A a4 Ak Tl R A I T et 4 Ak il T
AEIE I 5 A Fenton Sz W R A iR . A Siiah K 4 H H
A 10 4 )R SE A P fR i (superoxide  dismutase, SOD)
Fad AL R ERE P, AT ORI A E 4 s 2ok AR e A
AIROS, JFEHTIB T aiin &S, [N, i
KEGH T Ce™ /Ce BA ZAUSODM E R, Al
HMHROS, [FEALMIE MELN M A A AL R, i i
TG S5 SRR E R A M M2 AL, A HEBTRAE,
A BGARTT /NG BBk i A RGBT 2. S50k,
FVFZ W5 F FGOR A R BTG Mk T &2 ROSTE BRI,
RS RAEVERR 1 1 A E B M43

G AR ML BRELSEE MR R TR e R OT R,
JE VAR TR 1 80, TR YT (radiation  therapy,
RT) | i 7 L VA g Ve A S A, i cfesal T L
FEARGR & B 4 i O U, RTS8 i el e TR,
AR S B 2 200 Y P 92 3 RIS B 75 5 e R A Y Y
DNAF A, il A Rg e s O RETS, 18Iy T2H M 3
. 33X 5 0 R B A B A S N T IR e e B 2 A O
Du% N5 1A iR 27 FEM K BE R (polyvinyl pyrro-
lidone, PVP)FIAM{E -t & (selenocysteine, Sec)f&ifi
fBi,Ses N K PURL(PVP-Bi,Se;@Sec  NPs)VE N B I44
KACEFTHEREGR, AR T g 2O U, 16
B Y f LA LR TR 250k, R B AT AL
SRR R RIMERT, eAh, SR A S S R
Yot ) S 2 M LR 0N, T TR B BCRGYT, 9
4 AR RIME. Liao%s NPOURH T —Fh 3L T4
KR TICT HE BBORN, Tl R U B T, 1
SRR AN K A 4B T, TR e IR AR P SR G 2y, O
PTG 4 B YU e . Xiao% NPHEE T —Fh 4
YRR AL BIAZC AR S5 Au@AgBiS,.  TERBEX
SRR, gkl b B & 5 P U BT R
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U Z 0y ReE, $Em 7RO U, [RIETgE A
PRI ) /D e R B o R O e Ry, ik 2 4 v R
SRR,

HMIMEZ, #TAlL. Mn. Zn, Fe. Co%4&JEcHR
(4 K 245 ) 368 2ok 80T B e RN A RS S BE iR YT . B A
97 1 AN AN R R DA S SR AE PR IR YT Th R E PR
H. 04 8 FE9 K 25 W Ae SR i 48 L R IR AL 55
T3 THAAFAE— 22 (R BRYE, TRASRR AL LS AR
P A W A R R 4 T KA R AR R Y 2 R T ).

2 BRIEGR AP Gy L

B I RGN TR B R G032 A B AR A= 2
KEZ. AT, FRAOTR N R e diMifE 55 5
T2 I 92 5 R R S A 8 I N — T TR AR 4 i
YR 2GR G E R G RAEA R IR T BRI AL
3 ([212).

2.1 BRIEAHUREGYIS SR e s e S

FRGIERGE, WA AR IR RS, A
AL B 5 — B B2k, E RE S i [ S ke i
AR, T8 AR 51 37 1 (pattern recognition receptor,
PRR) N A 38K, DA firh & S AE F i,
A BRI, RIS AMA R S, (e
JRARIIERR. SR RGEA A R, X ZFR
IRFA BHEVE, AH T Rl i P i 22 45 10 B0 FAs
SO E N A T MBI ). FE ROk, FRATE I

211 & BEMKAGYME LR k4

Hh ] 40 R SR 2 R G i 2R 4 Y R R AL R
& @ FEGK 25 T E PR R R S 5 R E
IS S G MaoE AP 1 fa7 Bl W AE e
Ag/Ag@AgCYZnOZ ML K ZER R A K EER Y, SRIE
AT NaOHULIER A ZnOGK L5 1P L3025 5% B,
Ag HZn® RS RE RS RIS, 72 K 4 1 4
LT P 4 L X ,E!ﬁéﬂ§2~41i), AT = A B BT
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Figure 2 (Color online) Immunoregulatory mechanisms of metal-based nanomedicines
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noMn), H:H1, Mn® 38 i3 #47E cGAS-STING R #E I T3k
R, ISRy 5 .

A, Zn* X cGAS-STING Y It A Fr i 5% .
Ding NN i (1 41850 5 00 A ML 4 TR 2R vl
(ZPM@OVA-CpG), TERRYESMF RS T Zn* #EDCHY
VS TRt VAR e 8 TR PR B v 1 S SRR TR T S )
DC, WEMiRcGAS-STINGIH S, E#EDCREAPL I
TN, HSCDS TANEsRZG L. RIRE, el 2k
FfRERAL, Bz, B bR 4R R R T,
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A E X B EAILE], AT SRR ORI AR il
2. TP SN 7 B B R T 40 0 A8t A R 7
PEBUR A=A AT I 42 I8 90 K 2595 i B2 i AN
TN SR EL AN, DR S A g AR S0 S5 A
T, PRV 430 1oy P G 28 7 225 AR AL it Az .
221 & BESKGYRAEMRE 4R

TR 38 5 Hp A ) 2 T TR 2 A S5 0 D S i 20
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Figure 3 (Color online) MnARK enhances durable immune response“g]. (a) Mechanism by which MnARK promotes immune response; (b) titers of
RBD-specific antibodies after vaccination; (c) percentage of germinal center B cells on day 56 and immunofluorescence staining of lymph node GCs

after 90 days
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With the rapid advancement of nanotechnology, the developments and applications of nanomaterials have become research
hotspots. These nanomaterials, particularly metal-based nanomaterials, have attracted researchers’ attention due to their
distinctive optical, thermal, electrical, and magnetic properties, which offer enormous potential in the biomedical area.
Their applications span across disease diagnosis and treatment, antimicrobial applications and biosensing. Recently,
metalloimmunology has received extensive attention and progress, in which nanotechnology is leveraged to improve the
targeting, effectiveness and safety of metalloimmunotherapy. Metal-based nanomedicines exert their effects in the
prevention and treatment of tumors, bacterial infections, epidemics, autoimmune diseases and inflammatory diseases, as
well as in diagnostics, by modulating the immune system, balancing oxidative stress, serving as drug carriers and imaging
probes, etc. Despite the promising applications, a comprehensive understanding of the intricate mechanisms by which these
nanomaterials regulate immunity remains an area ripe for exploration.

This review delves into the unique biological effects of metal-based nanomedicines and their roles in immunoregulation,
including four main points: (1) The composition and classification of immunoregulatory metal-based nanomedicines,
which includes understanding of the physicochemical properties that contribute to their immunoregulation capabilities. (2)
The applications of metal-based nanomedicines in disease prevention and therapy via immunoregulation, highlighting how
these materials can be engineered to target specific immune responses for therapeutic benefits. (3) The mechanisms of
immune response mediated by metal-based nanomedicines, including their regulation of both innate and adaptive
immunity, which involves the interactions of metal-based nanomedicines with the immune system at the molecular and
cellular levels to elicit desired responses. (4) The relationship between metal-based nanomedicines and biological matrices
(nano-bio interactions) including the biomolecules and immune cells within lymphoid tissues, as well as the analytical
methods used to investigate these interactions, which is crucial for understanding their safety and efficacy.

We provide a systematic summary of the immune regulation mechanisms of various metal-based nanomedicines and
their applications in disease prevention and treatment. We detail the interaction of these metal-based nanomedicines with
key components of the immune system, such as T cells, B cells, macrophages, and dendritic cells, across three aspects:
mediating signal transduction of innate immune cells, which is critical for the immediate response to pathogens; regulating
immune responses of lymphocytes, which involves the adaptive immune system’s longer-term memory and response to
antigens; and inducing mucosal immune reactions, which are vital for defending against pathogens at body surfaces.
Furthermore, we place a special emphasis on the intricate interactions between metal-based nanomedicines and
biomolecules, organelles, cells, and tissues during the immunoregulation process, as well as the analytical methods since
the nano-bio interactions are essential for understanding the optimization of immunoregulation and assessment of potential
side effects. Last but not least, we summarize and discuss the limitations of metal-based nanomedicines in regulating
immunotherapy and the challenges faced in immunoregulation and clinical translation. We also provide insights on the
future development of metal-based nanomedicines and their abilities to harness the power of the immune system for the
treatment and prevention of diseases.

metalloimmunology, nanomaterials, immunoregulation, nano-bio interactions
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