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Abstract

Thin-film-based fluorescent sensors are gradually becoming a major research frontier in the field
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of metal ion detection due to their significant advantages, including high sensitivity, rapid response,
ease of device integration, and support for in situ real-time detection. This paper systematically re-
views the research progress of thin-film-based fluorescent sensors in metal ion sensing. Firstly, the
core fluorescence sensing mechanisms suitable for metal ion detection are expounded, including pho-
toinduced electron transfer, coordination-induced intramolecular charge transfer, fluorescence res-
onance energy transfer, and aggregation-induced emission. Secondly, the material systems and design
strategies for metal ion-sensitive films are summarized, covering the functional modification and
recognition site design of fluorescent materials such as organic small molecules, conjugated polymers,
metal complexes, nanomaterials, and metal-organic frameworks. The preparation technologies and
structure control methods for thin films are systematically introduced, and the effects of porous struc-
ture, specific surface area, and active layer microstructure on the mass transfer and sensing perfor-
mance of metal ions are discussed. On this basis, the application progress of thin-film sensors in the
detection of heavy metal ions (e.g., Hg?*, Pb?*, Cu?+, Cr(VI)) and light metal ions is comprehensively
reviewed, and the recognition mechanisms, such as coordination, electrostatic interaction, and hydro-
gen bonding, along with their influence on selectivity, are analyzed. Finally, the challenges faced by
metal ion sensing, including complex matrix interference, simultaneous multi-component detection,
and practical sample application, are examined, and future development directions such as sensor
array construction, intelligent detection platform development, and portable equipment fabrica-
tion are prospected.
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Figure 1. Common sources of soil heavy metal contamination in agriculture [1]
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Figure 2. Fluorescence generation mechanism [6]
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DETCIREIF e AR 25 T W % 0o B 255 X R —— PR ET 43 1 R IR S RS 545 5 A e JB) A0 A ELAE PR AL At
Bre Wil 2 fios, o FIRIBOG T E, 23 FEZS (S0)id i 21 BB 28 M IR A5 (Sn, nZ1). TEZ DR R P 304
HAREN L G, AR EE RS S)MIRINES . Yo Pl Em M ST S S0 &5
I, LRSI G[9]. 2% IBE K FE 2 BT e A BRSSO B B 98 e 1, IR UK
AAHE: ICT [10] [11]. SbiF S HFHFZ(PET) [12] [13]. #AE S TN T4 (ESIPT) [14]. Forster 3t
PREEEFEFE(FRET) [15] #ES T BILHIMI AT [ 16] DA K GBS LB IR 98 Y6 (TADF) [17]55. BhAak, ANE%E
LIRS [18] MR MIR[19]. ERMAM BEAEM[20]. EBIEAK[21]. W3R (IFE) [22] 814K
R [23] 2 R EOR A, TR T39O R RS, Ah, PRI G el RN RS
B[R —/ME R

3. MRMBRIT5EEHERAR
3.1 RAMBHER

R BL PO AR R I VERE B S IR T 2O R RO BRI T 54k 22450 . H AT R ZE M RHE R EHEA
BN EREREY) . S BE A UL 4 8 A HIHESE(MOFS) LM A HHELL(COFs) 5 [24]. A AL/
ST (UNZH 54, BODIPY. 4% - Bk it Ay VUK CIm AT AR S5 At 2 TAB IR &),
BAEFR LI T 16 5 R A RE SO K (ACQ) [2]. 5I N KARFEUARIE (Un48-Beilife . LN ) 3R H 3R
LT ROG(AIE) T TG AW m-m HEAR, SCHLEIAS . YRR AWM “ T LR L
ORI PRAK 2N EE R 0 o IV SR LA Ru() Ir() BA KHEGERA, & T ALK
FEFE A% . MOFS/COFs KA P fLiE . KR TAA AT LR, AR TAE A AR EIEH, BN
BB GEEA RH25] .

3.2. MREARSEHRE

BUREA Yo B LBRER . B, o FHES e tE, BIEEmafE LR . TIRNR IR AR
SIVEZE, Dy COMMERR BN [4]. BEIRIENRER] S ISR S, BRI, WM I gk A
Y TR IR R ) R U Bi[26]-[30]. B RS 22 MR R ALBR 2 . KILGRTAR M AR 4E I, HFT Mk ACQ
. 2 H AR (LBL) nUE AR I B R, [T RE R FE1A R . Langmuir-Blodgett/Schaeffer (LB/LS)
FR AT & F A 7 B a2 (1 B2 802 2, G I P SR T IR LR R . [ 2% R R (SAM)E
bR e e T, R e, TRDBRE TR AT SEILIE BRI . 20T IR SR R FH AR AN 1 P T A
ZHEZ AL, e B R TR AN A a5 B o ST PRI BN A 4 S T 3RAT B SRR, JE R
W5 o, JeReE LR, a0 TPE 9K B0 = H ik H FRAK % 0.13 ppm [31].

3.3. THREMIE I SIRBIRL AR

FINHAML GRS EREFEIE oS8 . ARAE H AR HT BT, RIS RSN BAL/EAI (N O S
RIFF)HTEBEFRI, 0 P (Fmoc-Thr-OH)H A SRR FE Y FIRR Cr,07 s S AH AR FIEH T
By BERAE/N 15 W AR LA T B M), s IE A A BE I B e S Cr(VI S 1A LR 51 2]
et I RS B el — 1, AR R TP SRR £ R SAS I 4 s oy T RN EOR B S H AR
T EAMAOANE, & S AR TR 71[32] -
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JEAR) PTG B[] — 5 e R A 2 A A S, TR IR T TR AR AL [33] . AN G ) A I 1 T AT
P IER AR Y HOR: RBUZ S+ . 2 LA RSL O R LR AR A B ANAE R RN, 1658 B 2 mE 1[34]- 1L
A A R P A B ] E T, AR AR MRS IR o SRR A AR RSN T 5 T o
Rl

4. ERBETHRMNNAMREHER

T LI ' A SRR AE S R T DN U IUAS 1 TR FU R o 2 T AN IR AR AL B AR LT 3R
W, WEFEADITR T A 2w s T R a2 RS, Wi 7R R E SRR LR ME TR N2
DFER[32] [35]. AT HIGR LR R WINE SRS 7K, RAELHAHACRIERIBT FLit .

4.1, REF(Hg™ )l

KETFREERENESER T2 —, REERMAKE T X e R ITE ™ ®5E, K
TR o R AT 1) Hg2 A8 7 92 B B 357 3. Suin [36]4% 4 90K 7% (AUNC) 77 3 T 21 4 K 43 K 27 4E (CNF)
WA, M AT . SR S6(365 nm) T I ECEUAOE, HET AuNC [
REPE, [FIRT CNF T 8 R (1 4 e PE AN i AL IR 44 o T Ho? Rrl i, A5t BRAK T 10 nM. Btk 2 4,
He %5 [37] MR H rI ik - Wil SE % # (RAFT) IS, G T =Fh5e AL JOGILRY), i 50 ik
% A% (BODIPY) I SR ek B 5e S8 85 b, SEEL 17X Ho? /HO 1 “TF)a 7 Budsma . Hrr P pe st
LR R T IR ZE 2.7 £, T TR L iRl B AR R T IR AR e iR 4k, & T A I

IR A AR B 2R S AR . BT AUNC/ICNF (1A% B3R I FH 9K 41 4L 1) 2 FLE5 F 5 AuNC (1R 4
B RIS )E - A EAER, Sl 7Rk HER (<10 nM),  H. CNF J56 B A RIFHK A H 5 4 B
PERE, & TKAETRE He2 I REUGI . SR1, AuNC HIFEE I 5 3200 pH. B 158 J3 25 K 3K 5,
HAZAM Fl RPN TR B R, v REZ BIFLAE KA T8, M T, Fe RSO R R
I E I3 = R 1) 51 L P = v O o /3 S = N1 B B O 1 7R i A S 1 BB 77T S 6 P g A
SR TEZ IR 5. B RAFT REMEMX T, RV BEEERE.7 %), ELhRER
Fe 5 b K SRR s AT T R A PR AR IRAIE . AVARTIT S, AT 7 REBUE S AR 2 The T (S AR,
JEHEABENE S E ST AR KR — PR R E A RLRGEW, Wk & R BUE KAk
SR TREMIET S, ORI RES 2GR K

4.2. SEETF(PL>) 4

BYE TR, . PRSI E I, EEEE R, EANKENME, G, §
JUES IR A AR GG M AR T, DO P . RN PP R U R HLER . Wang F5[38] 8]
CsPbBrs RDLBUK GG E, K CsBr BRI T AN RIS IR (BB MAER) L, IS P2 lilsk . %
VBN P22 H v BE e 3 (10 R D me S (U T A B B CsPbBrs $54KA),  H R MEERL R TR EH i AL
Gy RIS s MK TG e e 5 . SA VLGSR L AR LE,  CsBr R EH R e tE L. I MIPR AR, 1k
A, A8 R I IR S0 T HE S R TR P L, JBOR T 2 EARIIE ). Btz 4k, Olorunyomi %5 A
[BO]HF R T — b & AR K BORL AN B s A EAZ T (1) NHo-Ui0-66 [B 75 A& RIS, Rl %€ ) i KB s =X ey
R AT A K Pb>, SR 80 ppt.

PRI AR BR & BRph, WAPENRRER . CsBr/AERT ML BERIME . N B, RIERLRM T4
PREMEIE B, HIK T EE T Coiall, 0k 7 SEitE. EHANGE R =T MOF LK,
H. CsBr i BLAE R 2% 7Kk o r (KRR RE 1k 0 J6 A7 B8 7 I IE SR LD Ra it — P IiiE . B4, %A B T
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o FUR T ARAN AT Bt ALIE, 456 SRR SRR sl B P R/ 5 SEBIL T ARAER (RS, L PRORT B 26 1) T O 34
EHTUHKFIRE P ks HEREIN . SR, & k2 BB S E S, MRAE R SR KR [
Gy SERSEA KA, B Au S EIRIE NS FIHLE M HIRADT L. SRS, CsBr Bk Hid A TR
A A BTS2 R 5, T MOF A% EEAE IR 70 A 5 2RI II th AL 5R t o ARSR TR ZORE A ER0 10
RIS MOF [ SR RE IS &, BUAJR EE AR BB G IR DL o i B — ey A2 P H0E [

4.3. $AEF(Cu?)Rm

S e R B E AU . A T R R T AT MR K, KR B i S5 K AR AR AR
RSO B B . A PR B AR — RO K AR B 55 B RN B K Ay . EIE ), BRI R AR
FEM) Cu kI J7 2 B SEFR & L. Zheng [40]FIH Langmuir-Blodgett (LB)FEARTEK - 2= sk @ A - =5
FRI & TR PR Z R, T KR Cut PR R . % TARCRA T FFh T30 S —=2
BB T EAEE YOGS ERAE R — 0 F A (G FAEE), R E BRI R ¥ (52 5 AH 5
TER). PIFPSEmS SEC T AR RAT R, H LB B 5 n@ 5 BRI R K R, SealnT
LK. AN, Wang ZE[A13E T LR SYITR 1 R ICAKLT YRR . MBA TR Eu(TTA)s2H.0 FL& 5
ROt PET 30IR, RS OF YT 27EH13 GPET@EU-NFM B . ZJEARELT 20 & 5t o
REWR, 5 CuPEAlE RAETOUHE K, B KIS Cus ikFEM pH (A3 RAMEARIE, I H X
FEREE o BB R EE SR K R T A R T PRI 3R Cu?r, SR fE 4 el

LB JEMLATET 2 T E RS MRS v 4%, Ll vt 70 7 A 801 181 VE PR R 1 3 A B L),
AP R A RE T I R T M, &S VIIERE SR E A . SR, LB B & F B, 7
AR W R B R &, M DL A 7= AN S BRI S A, HK G SR RHEE AR Hh A R MR A BRI
FHEEZ T, # Y 2 PK AF 4EE (GPET@EU-NFM) B = LU R T AR . SRk M =4E 2 L4850, AR T
Cur MOl BOR 25 &, W Sd BE R B L2 22 ik nT R 4, T8 — MR SEAS I o 122 15 [R] B ey 157
Cu il pH, 24t B F 5 MG E . AR K 5 52 3 A7 4 )8 3 50 pH a4, s
Ed g — P R IEM I DA MR SRR E M SPORE AR IR G . KNS, LB EE
T A SE AR R 5 R T AT AL IR, T F T 22 AT TR ARG IR — VM A SRR B A 5 L3
RKF AR LB M TR S Sy 2 M ml R H S g6, BUT K 3B 1 5 a e DL il
BRI

4.4. BEF Cr(VDIM

YERFD™ AR S TG SR A5 34, /S B (Cr(VI) ISR E R, BERS Il I 2 Fhik it
RNAEYIR, 752 DNA Hi473 H KRB0 XU« ZP0)5 O 38 B AR B By i R S5 905 44, T T
A A AU E LA K P BRABL ™ KA T 0.05 mg/L [1]. PRI Cr(VI)iE H DA B AR R KR (Cr,02 ) AR iR
MR(CrOZ YEAAEAE, XK. 398 K B B by B 7 S8 [ 2] o

Lu [42]55 NBFFEAR S 7 —FhoK A g i BH & 55 R 417%  Th-bppCOO, ZHIRLE) V21 pH JEHIA
(4~10) R I AL T H A0 2 RR BUR AR 8 T o TS AR B 1 RO e Ml i R S v K LRI 38 1 CrO% i
Cr, 05 WA, 7E 0~80 i M ¥R FEVEL [ 9 R L R AFAOZE A Stern-Volmer 25 (10/1 = 1 + Ksv[Q]). K
RN T Th-bppCOO il 55 365 nm Ak Cr(VI) WIS/ 58, (B S0 BH B0 1 7E W B I e 5 4
BOR G, I SEELG Cro2™ Al Cr,OF B M, K IUFR 43734 148 nM AT 58 nM. 1th41, #% Th-bppCOO
A PVDF MR, fRoR T HAEN/KIER Cr(VIE RS T3 Kt e s itig 7). Britkz 4, Li 55[43]
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WETERIER 7 —Pn] B2 /KB T Cr(VIES TR e A I, DU (1-B8 T BR) AL Bk ] M BR NN
LERIEY) . 1985 THZ LR L5, PPBA-SA HEAER ML 1 34558 1) B TR f B IE FVE VEAL 2, 1IR3
T RS2SR B TR TR R L % RS U AE 16 R B BT AN 22 R BH B T b BRsE e IR 5 Cr(VI),
FEMIPRIE 1.99 M, F CL7EPURGESERE A I A3 BI36E . Ih4h, 5 Cr(VI)45 &1 PPBA RI{HfE ik, &
MHAE 24 /NI N 1 B fif 26 s 72.4%.

Th-bppCOO/PVDF i JIE [ 3445 T4l 72 1A [l A7 (1 7l S« Ko g el A (/K A e 1, 7
BE pH YEE N ORERIERE, H PVDF BB ft 7 HUGR AN 5 T B R, EE I e EiRE. A
1M, FASIRR(58~148 nM)AHXT R 1, A LAY & BIR & Cr(VIRSII RS =K S KA A 5 4 6 I, T R
2 B A7 ) TR s A AN T T4 PVDF AN]SR 37 Ja AEE TG 4. ML Z T,
PPBA-SA 7Kt IS E 1 AR AR AN PR (1.99 nM), IR BENEM T, FLISFEIRENIEM B & R AT 2E P14 fk
PEQ24 /IR > T2%), FFALHEDHI TS, HZALMB LM B2 i, mpnaRE, CER
SEBRSERE i HPIGIE . H KRR BN R I AR T R AW, AL AN A AR e MR D0
flis PPBA 5 Cr(V)IIZE& 2Bk BOWIAT, (HER(EDIRAEX 4%, AR T mi@ sl SRS, 9 RH15%
[PVDF MEHEA S pH 24 T I PR 7 £, 177 0T B4 A 7K T8 e 70 IR e s A RO A 5% At BB A ki
FERITTHARH TR . AT 0k 5 R R 1) e e e 5 /KB I A= P B A 1 I 2 FLES AR A &, BUR
Ji L 3 B R DA IR A — KA 48, 2 AN 5T 0 Cr(VI Bl 7 5K .

45, $HBEEF(UOS )

BIE RN G R, E Tl B E R HMNE, (AR SO A, iz koK
W UOZ St iseiE A A5 05 MU o 7E L, Lin 25 N [441 350 A0 L3 38 b A0 1 4128 20 2 Hn 1 ik ALE 35 PR
L5 3 R DU SR T 205 30 43 R 5 I I e A P B B DR 4, Wi I T — ol (R0 B T 2 1 v A%
S PRI R R, WAL AR AT DA By SR UOST , VBN 0~0.5 uM, SRS I PR
iK% 32nM. 24 XPS. NMR. MS. I [ 73 3 2 J i A SO G & (I 5 5, 2GR K e B AL T2
NI 2 TR B UOS 5L teah, ML Ra T UOST BT ik ik, RPHHERER
VO™ A T 2198 17

4.6. $HEEF(Co™ )kl

BRI RTIL. W B SR SRR T R, el 2 5T f b e % 51
WFF AR 2y o SR, BRI T AR DL R IR B A A B, CAE Co?His YR ™Ik 1)
PREE in) . Tanmay Vyas S [341 307 T 2 Tk &1 U I G A i O B, TR K B S e .
BeAh, IS 2 AR F B CQD R HEHET T RAE, JE RGP T HAL LR 1% I RE 0% SN
BLORR BN BR IO EE SR R T BRI, e 2R (R 1 438, Al PR > 0.006~0.019 ppm, £k B
TR 0~100 uM. fEFLSL/KAEH,  FOFPE 4 8 A I HER T 100% % 103%2 7], iR ah R i,
CQD P B, HA&ATER J4K IR b s Ble 4 @ DU I 7% 17

4.7. BREF(Fe*H%M

PR RGP REEN TR —, EMAEAE. SSHMEE. DNA &R s E A
BAE AR R ke o SR o AR T B AR RN, A Pk B v B IR T RE S
He [1]55 A5 T-B B T oc e sieis, DU ALY (LEUR) TR O RT SR, 6 T AvEA S IR AR AN 4
FRER I A TR o JE L A2 B 81U (NaWO4 A1 NaaMoO4) IR EE , 18 ] 1 £E il 26 I e v J= 18] A 4= o
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R EERTERAR TS AR 2 AR A, R8T LEUH [a) S5 4HMR SIS ) “ VA AR - P4 dR” B ML) o
AT LEUH, ZEEAE Fed AU I rh R B M R & RTTE /7. NaBu(WO4)2/NaEu(MoOa), H# A
B BN AR RO, HAE~617 nm AL 2B EVRHIEZDGR S, XA HA NSO RE B AR % .
LT PSRN, Fe* 8115 Bud A O A ELSE 4 RE ST, b 7 A PR S A R 0 o T e %
TRIE A CHRIE A4, LB e iy bR JEL A -

5 P SERE

LREA L MIRERIXT EE T DA Y, iR 5 M RS R B B T A U R U R, (S
TARIE RO & I RAS 2 RO o — T3 T RABE SR FENE 2 18] (4% SR IF AR AN FTHT 8 ——1 PPBA-
SA KBkl % FL I 46 5 55 A RO BB RIBE T, RIS SEEL T 1.99 nM DR AICAS: HE BRANOIE 53t F 26 45
P (HIXRRIhEBIIE DA, AL RGN T “ mikik” o g R AN, B i, R
S e S B IE F ik = W AR T ORI 007 IR Wi ] R 4 5 B2 SO B T30, PR
(“TF7 MBS SAREAE S RIERE AR, TR A B WAIEMEE TR E Tk 2 k. ARST
FEFERLLSER AR, AT B LE B -

Table 1. Comparison of key performance characteristics of different types of film-based fluorescence sensors

1 AEIFREERE AR KR RERTEL

IR AR A HirE T Kl R (LOD) TR M J&2 5] 8] FasE FRA
PHAKE AR Hg?* <10 nM rp 4k i — 1%
REWIReN Hg?*/Hg* <10 nM U — hag Hhag
REWKEK Cr(VI) 1.99 nM 5 B Hhs 1%
LB £/ Cu? <5nM BT g 3 =
EPEET: =) uoz 32nM =1 R B s
TEM LA - Fe3* — et M e rhrgis
MOF %5 4 Ji5 Pb?* A BT IS B B
PGB [ Pb?* B = B B8R {lis
RET AW Pb, Ni,Mn, Co, Cr 0.006~0.019 ppm £/ 1 min Rk &g

TN R B FIRAE TR e I DA R S AR B ST P2 B AN 2 o B LB BEBRBEFAE . CsBr
VB B AT R A DB AR AL, 46K 2 B SR T PR AR 8 YE R DAk R T 3R, T p Ak B 7
REAE (6 A H)FVE M RE DR T LT 25 (. RIS, SRIR =i A A — OB ok nM & pM R IFIK
PRREE, HZBEAR AL ] 45 208 ——MOF 2GS A LB I aeth R HxELLE ™, CsBr fl CQD
YR UL 1) % (5B KPP 130 O RS B R o TR — IR MR AR 2% 5 ] B R A AR SK S A R 5t R K
KRR, RGN TEALET .

UeAh, 240 4y [RIEAS I e g i ok ) SRR I . HET, BR Vyas 251 CQD/GET ¢ & AT [F] i
K FLFh SR Ah, 48R 2B RO AT B — B 7, IR RO TR K RO AR I 22 PG 25 7 3k
RGO EFRHENIVERE PPN A R FFEZIA R ——— M LOD. Zethyul . BRIt 240
U VAN NV N e et C @R el e N e ST 2 T2 T S S N A S 7
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