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Abstract

Metal ions, as critical signaling molecules in living organisms, play a central role in maintaining im-
mune homeostasis and tissue regeneration by dynamically regulating the inflammation-repair bal-
ance. This article systematically elucidates the mechanisms by which iron (Fe), zinc (Zn), copper
(Cu), and other metal ions precisely coordinate inflammatory responses and repair processes
through oxidative stress regulation (e.g., iron overload increases ROS generation by 4.1x via the
Fenton reaction), immune cell polarization (e.g., zinc deficiency reduces the Th1/Th2 ratio to 0.8 +
0.3), and signaling pathway activation (e.g., copper complexes inhibit NLRP3 inflammasome assem-
bly, decreasing IL-1f secretion by 82%). Furthermore, it reveals the spatiotemporal regulatory net-
work of metal ion gradients in wound microenvironments (e.g., Ca* concentration increases from
1.2 mM to 3.8 mM, enhancing coagulation factor X activity by 3.5x), along with their application po-
tential in clinical scenarios such as diabetic ulcers (Zn-HA dressings elevate healing rates to 92%)
and osseointegration (magnesium alloy implants improve bone strength by 37%). Based on this,
three categories of functional materials have been developed: biodegradable metal stents (e.g.,
WE43 magnesium alloy with a degradation rate of 0.2~0.5 mm/year, promoting angiogenesis by
2.3x), metal-organic frameworks (e.g., ZIF-8 releasing 85% Zn?* at pH 5.5, achieving 99.5% antibac-
terial efficiency), and light-controlled systems (e.g., CuproCleav-1 enhancing Cu?* release rate by
12x upon photoactivation), which synergize pro-repair and immunomodulatory effects by mimick-
ing physiological ion release patterns. Future research should focus on multi-omics integration
technologies, dynamic optimization of smart materials, and development of targeted delivery sys-
tems to advance the translational application of metal ion regulatory strategies in regenerative
medicine.
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Figure 1. Mechanism of metal ion-mediated “inflammation-repair” dynamic regulation network and related biomimetic ma-
terial design strategies
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Wk BRI T & 23.5 £ 5.6 umol/L (IEH{H 4.7 + 1.3 umol/L), B Fenton /W HEALAE FE3E B H3E
(‘OH), FECZAE AR RARRRE AL R B 42%, FERFESRTHE R T 1L-6 (3.2 £i5)F1 TNF-a (2.7 %)
(IR o BISEIGAIESE, BB A7) 2 R (50 mg/kg) T A 255 B4 A1 B AL FE-VRE - AR A5 A 7R/ % P il v 0
e B SE A BEE TR CT B 61%), IR IEBRARASE SORE TR i (SB[ 5] (2] 2). B2 B9 1T S IR 2
MEHATE XA AR M AR BEAR T 15 pmol/L i, 385 TLR4/MyD8S 38 3 W 4 i) NF-«B 15
5, f# TNF-a 20 W B0 2.5 %, 10 4 BB 50 pmol/L i, @it B A20 £E48 5 (6] IKKS MR
&, f# NF-«B &% FAL 9k 73% [6]. F5 b, A B[ S 2 i 5 1E L BAA 238 00X R SRR . IR R 7E
R, MIERKECT 70 pg/dL i, R4 I Th B 2 T B 58%, (RIS FERE CD4+ T 40 MR
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Figure 2. Iron homeostasis in lung epithelial cells is a model of iron transport and iron homeostasis. Abbreviations: Dcytb:
Duodenal cytochrome b, DMT1: Divalent metal transporter 1, FPN: Ferroportin, Lf: Lactoferrin, LfR: Lactoferrin receptor,
Tf: Transferrin, TfR: Transferrin receptor
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KA (I ZNF217) 184 DNA 18 S8 XRCC1 RKIA( LA 1.9 %), IAEEE LT 4EA M a-SMA (+58%)F1 1 1Y
IR (+210%) & [ 10]. EAFER RS, SRV EIZRER Mg? (0.5~2.0 mM) Al 7% TGF-A1/Smad3 i#
PR TE 3.2 %), EREECE FAR I A I #0] IL-6 FIE(CFFE 67%), SEHl “Hisk - RIEE” 1
PrERLBE[6] [11].
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oS AR (0 LE D AT N 5 B4 RIS E A . BIITE T 4R ZhReEFTHLEI T, B8 1(Zn?hiEid ZIPS #%
IZR(SLC39A8 2K gmtd) i+ T 402 A(TCRY(S 5 FilEs, 52 Th 4UMEIEHE L. ST FIESE,
ZIP8 FILBEFEAK 60% 7] S5 TCR 15 558 T M 45%, HETTH0H] Thl 40 s S #E 5 K7 T-bet FiA(F
[% 38%), [FIFF{EEE Th2 AR EY GATA-3 RIE(LTF 27%) [6]. X— KIS IR MELLE R —3. Prik
Z BHF(MIFEE < 60 png/dL)sMA I Th1/Th2 LU & FFAK(0.8 £ 0.3 vs IEF{H 1.5 £ 0.4), $FRREEFRASNT T
i B A E AT B R R [12]

AR U 6 B 1 i 0L 0 2 A ML/M2 Wb e 2 158 (TR 1) 22k T 47 6 P
WIEZE 35 pM (IEH1H 10~20 uM), B EE NF-«B @M M1 BUbR &8 iINOS FRik(ETF 3.2 £%); i
Bk K (hepeidin) /S VRSN HET 2R IR FE PR 28 8 uM, @it STAT6 WL et M2 BIbREW Arg-1 Fik
(ETF 2.7 %) [5] [13]0 4T (Cu? )il i #aH EA Y AL BE 1 (SOD )i 1H: 5t M [ 155 241 i 421 S 38 1«
Hi =2 (<70 ug/dL) 32 SOD1 i 14 N % 58%, ff HO0p KT TH i & IEHE I 3.5 5, EEHEE M1 B E W
SR KRR 14] [15]

Rtz Ak, R g i T B B2 B4 R S TR S IR fln, R MR B B A I (NETs) T
MAZAS . BB T EIACT T (1) B (Ca)ilid STIMI-ORAIL £53iliE /5 P 5 AR, fil
NADPH S ALBEEHE$E 5 2.8 %) R4 5 (A JNEER 1k (Citrullinated H3)/KF BT+ 4.5 f5[16][17]; (2) BT
(Mgl 75 4 P45 & DNA f#BERFENHIH $ Ki = 0.8 mM), &K NETs BRUCRIE 62%. kAT &
7N, MRTERRE B IS B E < 1.6 mg/dL I, NETs 42 BRI H A0 3.2 f(p < 0.01), IESLEEE T-1E
WA B SRE I N R AR BAE F (6]

& s B I A 4 e T I S A, IRZI RS S 4H M AR AL S ThRE . ill, ZIP8 (SLC39A8)
AT Zn?' . Fe?' F Mn> IES I IR,  FLRIAKSAE T 200 as i B2 7H s, @i MTF-1 4% SOD 4%
PUABEEIIERIE, 9k T i SE AN 52 PE[ 18] TEEWEAMIH, FPN (BRELIE & F)IEAME— A
BAMEmIE, HARIEZ hepeidin 2RSS SOAEFRASE T hepeidin 1A 580 FPN PALB#E, TR BRE RS
NF-«B i, K5 M1 R HEBEE 2 7R 19] [20]. 52 B EIf) TER1 WSE I A 75 2k R (A 4
FRER AU 2%, — 2 B P e B VA Bk PRI 5 S N2 J Tl [21] [22] DMT1 AR A A0 G2 40
HOGEE ) I SRR EE 1, HIhREBETT 5 Rk RGttE Zn> Bk Z[23], FHCPMERAIME CD11b RIA TR
35%, HIFSatbEET, FFFTRE Thl/Th2 “Fif[24]. X Ledia & Fdid 171 48 &7 T - E 0 ROS 4
B: FPN 40l 51 A (18kid Bt Fenton ST H FHE =4, 1 ZIP8 /31 Zn? FaASilid MTF-1 14
PR R S, TERCEA R A b 18] AR AT 4E BB, &JF 5 il i 8 22 1015 S
P CRIE - B AP, IR, B0 KA TEAS S B R 4R AR ARSI O
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WA, &8 8RR W E A CHREERET , s E AT

TEA I S0, TR s . 1 5 IR AR R R B A AR B )5 24 /TN, 4H
Ab Ca?WRJEH 1.2 mM B{FHZ 3.8 mM, i E5 4 M i i 45 A B2 11 Annexin V S EEILE 7 X ($2 3.5
%), I 4E s AR AR KOKEM 4.5 mM FHE 12 mM, i 305 NLRP3 2/ MAE#E IL-15
SREIN 2.7 £%), - FHMERIEARSEEE(CD1 b A A N 4.1 £%) [9] [25]-

MAEQITH & A 1R, B8, BRES T RWh EE R RORE R (1) BT Mg ilid 456 5 M &8 &
FI B (MMP-2/9) i 45 M 38(Kd = 0.2 uM),  FHi 28 T RREPEIL 78%, I PREE 2 Ja) 0 v FH B R ok ]
R AR 2> 41% [26]. (2) BRAaZ&i T 4% HIF-1a/Prolyl hydroxylase 5 MR A : kit 3 (2 &
FH > 500 ng/mL) S EBE R IR & R0 2.3 1%[27] [28], WA 7728k I% (DFO) AL BRI T 7Y i JE T AR
WD 58%, UE SRR A Xt 4T AL HERR 1R 45 /5 [29] [30] .

3.2. SMEFRPLI “ERESME” KiE

IR R, “@BETML” FIRAES 2 PR A £ R E MG Sy R R ALAAAE B A O
B PRI R 3 I35 40 5 (>160 pg/dL 5i<70 ug/dL)5 HbAle &3 IEMIE(r = 043, P < 0.01) (% 1), HAHL
15 R R A A ) AL B (Cu/Zn-SOD) TGP T B (—39%) S BT A AL M e i 12] [31]. 2 BUBEIRG B
MLiEEE K623 +12.1 pg/dL vs 1EH1H 81.5 + 14.3 ng/dL) 5 CD4* T 4 & (r = 0.51) M2 Jii 15 5 2K
-1 (IRS-1)EX A BR B IR L /K ~F-(r = 0.63) 33 2 0 35 IEAH R [32] [33]. b4k, Wi 5 Rkt 3 (B&Em > 800
ng/mL)i# L% HIF-1a/VEGF B, ff ROS AR 4.1 5, HESESATHEML 4L HR = 2.37,
95% CI 1.89~2.97) [5].

Table 1. Biochemical variables between T2DM patients and controls [33]
F* 1. T2DM BE S RAE LT E(33)

Biochemical Variables T2DM patients (n = 54) control subjects (n = 54) P-value < (unpaired t-test)
FSG (mg/dL) 196.4 + 86.8 89.74 £ 15 0.0001
Zinc (mg/1) 0.744 £0.211 1.099 +0.502 0.0001
Copper (mg/1) 0.526 £0.148 0.343 £0.137 0.0001
Chromium (mg/1) 0.731+0.504 1.059 +0.545 0.0001
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(MOFs) M RHEAS AT 4 R ALIE £ F SEEL P S e A2 R DD BERORSHERE 55 DL B 7R B e ek U SR A% U R T
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4.1. bR € B T2 (Biodegradable Metal Stents, BMS)

HE W fiAt 4 i ST SR B I AR PR B A R RS B R 4 SE BN VR T DO RE A I SR B o B S 4R (N WE43 &%)
FEA PRI N I B R AT 45 T 0.2~0.5 mm/year o[, RN Mg (R EERLE 0.5~2.0 mM)iB i #
% HIF-1a/VEGF S R M 2 e hn 2.3 %, [FEEE STAT6 Bifgibfeidt M2 A E g gn fufieft
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(CD206 40 B LLBIHETH 2 68%) [34] [35]. #¥IE L HE(MN Zn-1Mg & &) 1EH 1B B WA S R R Zn2* (0.1~0.3
mM), JEHH] RANKL/OPG 3t B A B 40 B v 1 BRI 57%, FFilid Wnt/B-catenin {55 {2 1 BCE 40 il 4>
H(ALP JEPERR T 2.1 %) [36]-[38] IEIRBEALX HEIEE(NCT04568763) 7, HEEG &0 MESTLEMEA 6
AN H TG N R T R A G AR A b 41% (p < 0.01) [39] [40]. [ X A& @ 1Al ARG T 7 &
HRRE N R TR ) B S R, XK PR B T &R SR AR N VS R . N, BE A S
(tn DREAMS-2G)IE IS 250 J= M EE M BT H BRI R 2, (R4S 75 11 S ) 5 g N ] DAGRE S0 P %
TEAEAE AR A AN AR S R U ) R, 75 3k — DAL Pl R U 1f 8 B R[4 1] 170 Zn-Mg &4
(41 Zn-08Mg)id@ it R AL AN )8 Ak SR R, SEI0E GRS 200~300 MPa. $LH75 5 300~400 MPa
Je 30%IE Rt 5 2 B SCHE )% /R [42].

4.2. € BBEHIEL(Metal-Organic Frameworks, MOFs)

&8 HINELL A EHMOF s )it ik # $h 5 ) B T SE I 4 J8 8 T MR AR T8 A K A 42 (ZIF-8) 72 B T
FRIEIRES (pH 5.5~6.5) A e S MR Zn?* (24 /N BAVBETICE L 85%) (7] [43]. THAAKFLIE 571204 25
F-(Cu?*) ] LU T Fenton J B A2 -OH [ HI 2%, XoF i FF 48 176 AR < 5 1% 28] BR T (MRS A) I HT B 8% 14 99.5%
[44]. HRET(AgHThREI MOFs (W1 Ag@MIL-101)3d ik il 58 41 1 B FEAL(AY T B 78%)F1 DNA 5 il (i 1%
HELE R/ 92%) Sl IS H, [FIRPREIRE) Ag' (0.01~0.1 ppm) AJ 0 EGF SZARBERRAb(Tyr1 173 £ £
hn 3.2 %), hn bR AT R (KR G R 38 5 58%) [45] [46].

FE &R - AHUE B R B R BIIG RS /7. 75 B P B B IR R ) 2 v Re, 9
W1 UI0-66 25 Lo ORI AE AN N FE N B /N (O RSF RN, Hf K IR A 580 + 55 MPa,
W BRI 4.3+£0.5GPa, HL5RE(0.15~0.68 GPa-g '-cm®) S5EHENLIGE A RIAE 2, H R &bt n T A
GBS SR E[47]. SRTT, MOFs SR I AECEMEE . B KR IR o ZKEBEIAE N REM L, B
B 5 A2 AT () 5 R (0.32~5.92 MPa W] )R = FIPE (B ik 138 MI/m®), (B H i e 588 58 5 3 AN
JE[48]. ¥ MOFs H5/KERE &G, @ ach. B /EH SN, R ERIM B2 &G MOFs
P10 O 24 K A G (1) P 4 5 B (N0 IR 98 - > 40 MPa), 1T ZK I () SR X 4% 22 iR MOFs ik, [
TR H AR 2RI RE /T o XA [R]85 A A BHE BB 52 b 3 B & B v S DhRe is 1tk ——H )
LSRR A SUE AR PR E > 3 MPa, TEALZUPRIBUESREE > 40 MPa) il RS HEVC A K AR Z T
3R, [FEEE MOFs U IPTE & 71 Ag's Zn?") FIAEK R 7228, BREREAN B Gs XOnT (e ik i 8 26 il 5
HHAE, AERAEE IR T AR S S YIS BT R TT %[45] [46].

4.3. el & 8E#T ) (Light-Responsive Smart Materials)

et B RER R Gulid o) T I S 4 B8 1 R I 2 R v 1A 32 o 4 28 - B B4k CuproCleav-1 7E 650
nm BWOLAKE T, HAR EUREE B A S (B P2 26 0.32), {514 25 1 B IBUE 2242 1 12 £ (M 0.05 uM/min
M2 0.6 uM/min) [49]. FESERIBIEICTT R pr, JEFREIH Cu?* (0.5~1.2 pM)IE L 1] NF-xB A% A7 (6
/> 73%)F1 MMP-9 KIE(RFE 81%), G TT AR TR E K 62% . LB 7] 73 3% 255 43 81 22 (<5 min M)
JRLEFR]), 4% (EAR B PTIA S oK 4], R SRR R VR T R LB SR & [50]-[52].

G R A TIGUE T B T RBEM BRI 1. e A SR Zn-HA, B5 & 8.5 wt%)(EHE
PRI LB IRIT T, B R AR Zn2* (0.15~0.25 mM/d)E b AL FEFRTE 2.4 /521 RAAZ 92% vs X
MR ZH 38%), HPUEFFIEAE MRSA B4 H B IRMK[53] [54]. BG4 H BHZAT (Mg-Y-RE-Zr) fE/K N FEAR 12
ANHGE, B M2 il os TRPM7 il (i 2 B 40 M 4 (55 45 15 T AR 3G 0 210%), [ I 4t v 240
il TRAP 5P, IMKREGE R a8 A R R & & R E R m[42] [55].
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4.4. ZETHREFEH

ZE T FIEEMA LA A Z MRS TR EAME, S0 T R — B TER M R R, 7R
PEQIHE S I AR 3 . DA VR — AR IR 4% (R 52 SR 2 B8 1 /K Bk IR 2 A7 (Chitosan/Ions Hydrogel
Coated Gauzes) A, ZAEIRTZZS00 RG] HHIAS AR pH 1), EHR Zn'. Cu*'. Ag'%E%
FHE -, SCIBUE . R SIREE IR . ARAMSEEG R, Zn? @i (R a3k £ o7 40 M i A ok - _E Ak
(TR T 2.4 £%), Cu?"iliid Fenton S N7 KM 25 B (X MRSA #IFZ > 99%), 1M Ag* W@
NF-«B JH ¥ % TNF-a Z2 K K FRIB(CR % 58%). PRI FLRE— 0 EsE, £ 8P bR mT R Rk N 2E
HETERG RIFEVURRS A H A, s 4 VR4 (M1 — M2 A3 48 68%)Hilid JiF 48 F
SN, ARG B AR T2 96% [56]. BT HRE TR, 2B FMEHIZOIBET: © K
FPYE R — @l B RSN /15 % R U A B B R R . b . MR EAE):, @ &
(DA HEME——F DR F 2548 SR 0 B 16 B2 A s ) W RIS —— 215 5 I8 A X ARG YT
R 3).

B
Ordinary Gauze Ag*lCa‘“@Gauze Zn?*@Gauze Cu?*@Gauze
v TE 1 [ CS+M* l
O [| 0P — O A
‘—T T [ Freeze-Thaw
O H AR ' E}
C

Figure 3. Frozen-thawed chitosan/ion-hydrogel-coated gauze releases multiple metal ions to improve the healing of infected

wounds [56]
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