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AU S S5 ) B AR A T 2 (G0 58 A 2R R | 35 e B R B SR OB A . R AERIR N, ROSS 5 i {5
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e R N 37 5 7 HIAEAE 25 5. ESRA] BLEEAR MIROSH B i35 Rp 26, A& Rimik &, SavLHmrs, HR
WA, %% RERKRERER, ARG, SIERSR WOCTRENER I PRAC, Sk R, &6 s gl i
KA N ROSHISHAS AR, 15 5 2 AEHE T 1 M & 8 5T HURA W J500E 40 BT nl 6 ROSHT A= ¥ kAT v ik 8 1k
M5 e, EAMTEIAHE, RN RERER, 5 EERIERE . A, & T 5 M ik EROS L i
B, (EAS I PR e v R VR . CLE — Rtk 2 e B B P AR R OGP 5, 8 SR 2 18] R AL SR e B 7
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EAEBOR T O N PR AT 7 T 4% B, NROSKE I 5 s 8wk 70 4t 1 B B B (11).

ROS o)
detection e

s ECL
e

Bl  (MARFE)MAMICL, BL. ECLARIIROSHIHLERFI
Figure 1  (Color online) Mechanism and applications of liquid-phase CL, BL, and ECL for detecting ROS
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(KMnO ) 1 22 A1 F g S Ak v, 8 R M S5 1 5 308 JR 571 s o7 A i 8 % 2 MInO, 3 &, 38 F T3 AL & 4F 1
ROSH I8, S K 7k RAEBE 260 N 50, BIH, 0, B, 28 S8 FR T Jt r [ 4 48 77 A= i % 25 N- R S g
B, K4H6ETRY pah, A ALYICLAR &b, DY (2-50 5 3 ) B R s (TCPO) A A (2- 5 4 5 ) 2 1% Jis (CPPO) t
W T ROSH B 720 e i 5 H,0, % N A B m BE A 1,2- —AUAREF © B oh )44, b Aok Re BB
YW SCMIIR, A FLOR HEAE [F B BB R 6. TCPO S CPPOME & AR 38 7E T ROt i K . (S5 faE, o
3 A X HoO 25 A B2 FIROSHEAT T REBG I, 47A KRG, B KIEEST EROSH T, JeiERE T4 7K
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BT B K -H 0.0 R, Lige NPT R T — R AT DRA RS AR JOK BT B BE RO CL T V. WRTUR I, 7E KK
i R, BT AR BT R AL, & FEREROSIFFEL /. 2k T 0k, K JOKHFEdh 51 N &K -H 0, [ B A
R, @R RILCLE TR M E K FH0 0 B g Whan, HR eI E 4. IR AR TRk RRFLE
(1 3 S A S 0 HoOL (R HE AR AR Y, (e it T ROSI FpIa) 7= ) A i, T4 5 7 CLR MR 3R, ik — 2B S R WA,
CLf5 5 5 J52 It KK P 2 38 0 T 48 5, 7 5 AN PR I T 5 BT v U T o, Sk 17 Bl o S AE 5 ROS /K 1
AN AR Z . TR, A A AN AT A 0 DROK o B B P AR DR (T ROS /KT, 3 AT R 426 9P Al H S AL E 5
s i 224K

TR R E KR R R BUE S R85 T, Gao%E N COBLT 364 B T — i LA BS 1 Ay w8 K 1 A IE A (1
ROSH# B 8 FL A7 5 A P 4R 5T ——Cu-Lum@NPs(El2(a)). % PREH 8 291 A HL.0. 00 fif, R & K il R 4
CL M. MELT &K A R, Cu-Lum@NPsHIA GR35 1 213004, HAOGFFELN A B e K. X — 155
RO EE VAP TR A 45 R e CLR B2 I AL 5 e Az s A . AE DI RERZ A A, Cu-Lum@NPsSEBL 1 28 E 21 2R
ROSAHH < A1 405 AT ALAL, 87t HCAE S8ORE RGO 24 490 B N2 DAl v 0 2 98 7. g 0l S A2 36 A/ B S 36 v
ARE FEHL T U0 00 AR L S AL B TR, N CL i R B A AR SR 1 7 JE .

12 R R EECLA R

YN KA R DR L () 2R THT N R~ 808 e ml A 5 R L B R, AECLAR R AR R B R4 4R Ak P R
e R ae Y. 5] N FIR R gk b RE, TR 3 3R mROSH A AR s R A 3E C L N 1o e o i
R, WA BULKCLE S, TR R G S, Bk, 90K e 2 H T4 @& Thag Ll A CLF
&, CASZHLGHEE E ROSH B 243 #r .

TR B4 KA kL, 4k £ (carbon dots, CDs), K 5 TR etk S5 mT R, i T ROSHE 2 Bkl
Wang % AN B LLAR 2 — Wy Tk, SR FH I8 70 0% & R 06 % 5 (0-CDs), HHA BB g0, /NEOES
PSS, S OHIEA A S, B J5 A FH H,0, % o-CDs 4T 32 1% A4k, #1145 1) AL Bt 25 (ox-CDs) % T % #& ! K
HIHHALS, W5 OHRAEEBURN, BB ERE I AR FICLE S . ZIREX0.01~150 wmol/Lif & il (1)
"OHM B 28 1 R 47, R PRAKZE3 nmol/L. 1% J5 V245 B Th B B 46 I A5 00 R iSO 00 55 R 7= A2 1 OH, R HE R
U B9S2 FE e R R 5 5 3 1
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Figure 2 (Color online) (a) ROS-sensitive luminescence of Cu-Lum@NPsE%. (b) Diagram of the synthesis process of Co-BCNE, (c) Prep-
aration of the long-lasting CL nanohydrogel (L-012/Co** @NGs)F®, (d) Schematic illustration of the preparation of CPPO/BSA@AUNCs and
the generation of CL1%

BACHHE (9-CaN)F B T L2 & 0 5000 5 A0 R AT I OG PR BE, 7 ROSHR BT A4 8 b J2 B0 H AR %5 Zhou
2 NB3 o 45 2446 B 7 (EUP) M 2 7 K T g-CaN, [ 99 K - £F Eu-CNINPs, SZHL 71O, (¥ ik 3 PE CLIG M. 46
T 5 59-CoNy IR AL s B AL, AT 5 R RE R S5, BTHA TR B AR, £ 5 MR A7 5w hn ik
ROSA: i, JUH R HEO MK . AR HA ROS LT oM 2, (HAE O/l Rl B EICLK S, BA
. Eu-CNNPs T L Eh AT T K I PMo s FE 5 B St 8577 (1Rose Bengal fIRiboflavin) = 2E [1110,, £k 147
FEl 90.167~16.7 umol/L, PR 40.136 pmol/L, B&E T A & ARt 5 20 4 vb i 52 B s A7

EIRAREIR RSB, WU E L eSS, TR 2 HUKROSHE & MICLIE 5. Qian%s AP id &
PR A BT ST B 2 1 4 B - - 4 K BUORE (Co-BCN), 3 LK e 6 T AR 5 AL g SR A 0 v, mT i



B iR E ROS, AT UK & K iR R I CLYE 5 (2(b)). 1E & Ki-H,0,/4k & F1 il A Co-BCNJ&, CL®E &
EHETE. AHUAEAL R (BTN LR . 2 I H R AN Bt 2 BR ) I A7 AE X AR R CLE 5 A MGIER, HimsE
FE 5 A I BE LR R O, K6 HUBR 20 1) 290,026 0.21F01.0 pmol/L. % 50 4 Bl Th i - 8 i 45 S v Ak
iR P RE JTRIR NG, RIS R S 4 U B R R AL BE 1 (CUPRAC) it B — 3%, Wi 7 A&
o Jo B 4 1 RN 0 S T TR R 9 R A S FE AR R

1.3 REPMEERACLAR

REYMEHECLIE AR R R 2 EARS, RHARTHRE TR . L KAT S 157 5L i R 136 58 A P A1
PN RIE T B B, Sl B S WS I S BT, R R ) S S AT BT T RO R
Msh 1% 12, IRREME T I ThRe b ¥ &, MIMTEE Z A58 (Wiik i) H SEBLROS I =y R shAS . AT Ak A Il
5z,

IKEEREAE R —Fh He BB M T S B ae TR Thee M kL, ECLIE 5 MRSt i 54K KRah S W0 &
Pl AL B, Zhang % N B T — FhTh RE 1k 99 K K BRI CLAF 45 (L-012/Co** @NGs), HI T 75 8 1k 7 it 72
Sz WS TROSAR AL (B12(c)). 1% & R L0 A7 A5 I B- IR MRS B AR S BRI J — 4k 2 FLEE M, 3R & K2k
A L-012 1 Co® AL T, 7K B 1B 1 %2 FL W 4% S 35 IE 2% T HL,0, 3 1%, Co®* 5 TrisZE b 44 4 (1 1 [R] i Ak it — 25
5 T ROSHIE L 5 CLI . 14K RAEARSPXTHL0,. "OHSEROSEI R I th =y vk #F A R BUE, CLAE 5 HF 42
MKk AN, (5 SRR T 7224%, K MIFEAL 8.9 nmol/L. B H E 2, % F &y T /N R 1 ROS
MR B BE, 76 KB TG, CLIE 5 7E157 8tk R0 (E, KRS mT WA 215040 &h. X —F 70 B IR SEBL T i
A B ROSH 25 Zh 2840 (I CLYE I, N f% 51 5 F RS HE VA IT 32445 738 T .

BEMERE BA BT UG R 2 YA B, S S ik M ROSHL & . GuoZs ARz T
BT IE B % (PO IR A Y45 SH-PDI, Al Tk BMHERIO, ™. £ ~HETRER S+, O WS ZREY
43 F H BB I 3 ] (S-H) A Bt i (S-S) M S b N AR 1, BRGR ZIICLAS 5. A T it — B m Kt 5k
1R, K SH-PDIL 9 55 M R e FI L U0TE, T K T 40 K ki SPPS NPs. #H LLSH-PDI, SPPS NPsXfO,” A
A6 T v 0 B R B R CLIFL R, £ PEAG I 3 Bl J90.25~60 pmol/L, K ilFR%8.2 x 10® mol/L. B4k, SPPS
NPsf 8 K& 6 5801710 nm, Az F ARG E O, B4 RIFMALTE S, E/RER G, Rl ZHE
EF I SEIL T X G 2 055 S S SO AE T IR PE O, I AR Y A%, R B AR R AR iE P P AN CL G5 g
1, N SE IR AT AL MR I T T FEL

1.4 JE4ACLEREE

R i CLE AR AEROSHS I HH i Bt 5 v 1) R BB AR e vk, (RO K 2 A T o WoBya e, ZRT
AW S B S R, I TR A B, A DA 2 0 VR B 2H 2R ROS (1 S I M U RN A HE AR TR oK. T 4 4b
CL(NIR-CL)¥R 4t il ik A& o vk 4 1 4 22 700~900 nm L 22 Bz ¥ 25 % [T(NIR-11, > 1000 nm), 7&K 505
P SRR AR L R A B e 7 T R L R, TSN ROSHG I AT i A s 1 B384,

S 0 R A5 v T W £ 455 e AR R 0 o 5 52 1 25 25 1), Zhao % NPUIF R T — Rl 41 4 CLIR 4T DCM-Cy,
H - 1E 63 131697 (photodynamic therapy, PDT)id f% i S i i B2 O, M 4 Bl A . 1% 4R B 38 i B B 6 Tk 465 44
R SRS, A T B RO RSN, ANTITBRARES 5005 5. [EIF, K SR A D <6 Mot 45 1) 5 45 0 SR R 1
WThE, 18I+ 7412 iE 21615, DCM-Cy RGN T I LA X, AT A5 2508k S ml L B U S5 W, J6xs
Y0, B A m e B FInmol/L 2% RS, fE'0 4748, DCM-Cy R A4k, AR E 1R AR 3 By - — S 2 b v 1]
i, R B R ORI G, AR BRI H L4 ANCL. fERAM R T, ZIRE T H
T 38 B HeLadl i & 4 3% (0 4] %) BR B fEPDT AL HL N IMROSHEE AT Ay, 7EA/R PN IR A 8 b, DCM-Cy s Bl T =i 15
W LG (G 9545 ) M SE I ifg, 3z T 1% L o e AR A (5 M LL AN 4.44%). RIS, 23R ET R I H I B A Y0 A0 25 14 (4
MIAFiE % > 81%), NPDTIHIT i FEH MROSHG IRt TR &= &/ MR A T H.

FE 3R TF 4 43 2 3 T B M B A B % M 75 T, Wang 2% A W20 1o ¥ CPPO T 2 - AL A I 414N AR 15 S RO
(aggregation-induced emission, AIE)FF % 1) 4 IfiL 3 1 25 15 678 < 99K 7% (gold nanoclusters, AUNCs) 1, #& it 7 —
i T 75 4138 6 JE UK INIR-CLYA K 4R £H CPPO/BSA@AUNCS, S 3IL 1 1 38 iy i ROS 1) 1 28 4% (1 2(d)).
AR R CPPO 5 H0, e N A il e IR K 1,2- — 2230 T e B, @it R LR B R
(chemiluminescence resonance energy transfer, CRET)F= AL £L41 & Hef5 5, X H,0,f K I R 90.286 umol/L.
T ZE R FROCHOR, MRk 7S ZOCRBAE 7 @R T YRR, %R /@27 mm.
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JRAGAS ELFEANZ IR FZ, st A TR 8 SR AR T 2 W RS 51 5 R b ) S2 7 7

2 BLAFROSKH

BLEZ HAEME NI TR TOCREERIMEAL T, L RN RSP YIFREIOE TR RE, HAK
TG, R AT, E A TR R BRSO R R 0 SR R 9Ok & 7E = B MR IR 1T (adenosine
triphosphate, ATP)ELO,%54f B K 7 195 5 N AL A B e v R4, op (4R 20 TR BBOR 25 70 , ORaES7r
¥ (7] 38 32 28 IR TR 52 K K

PTG R R E R (1) s KRRERAER, RIeHR e 5ATPIERINE R, TSR 9t R
Wk, BEEOCZ 5 FEA LN —E R T S M, iZrh ko i AR S A RO R, iR B ASN K
ML OO, (2) WAEEMERER, M F AL OAFAE N 1l i 21 W S A A p 1, 2- — S DY A B LA, 7> figt J 72
RO PR R DG, (3) MR PR R, FOLRMERKER AL R R LZHFRNS 5 TR
B Ab, A RO A TR, R RS I RO S . X MR R AE R IR | SRR s M RRS WU B 5 I B
EEEESR, BIE K RERIOCHE R B S T RN LTRSS, BhR A RE SR KNP E&E, Rk R
RSB R TE T AR

21 GURMPRIEEAIBLIAE R

e GBLIA RIBHE FERCKEAIR . B 5fRwtE 25 R, M DL x0T sy R 808 A I 8] 5 1 7% 3R
N ARX BE PR, T AR SR AT T A KA R S AR GEBLAK R, 45 A AWk 6 IL IR Bt B 5 #% (bioluminescence
resonance energy transfer, BRET)#Lii, & e Tt TR R R SR, ¥R 17 HAEROSHK M H iy 2 A
Y5t BRET2& — Mt T ILRBE B A 10 4R S 72, BLALAK (2 Y6 R BE- I 2 & W) 75 K6 N2 A6 0k
AR R AR B AT R, 51 R A, AR AN e IRk, I ok 7 5 EH KRR
NI T4, AR EBRETIRENN, BHE FWEMNEM: HESZAZ MEFEASRBIFH LRSS, UAHES
J¥) PR B RS 43 (< 10 nm)  BLSE I S Ak RE R

N T IRTFBLAR R ARG T SR e S TR ENE, Liao NPT R T — Rt T EAKBEELERA
(aequorin) 5 CdTe/CdSe & 7 £i (quantum dots, QDs) B4 i IBRET R4 Aeq-QD. 1% & 4t ft 2 56 8 % myik
35.6%, HIEER FralfaeRA@E 15K, R R E M ED M. fEIhaeiuEH, BF 7 8 5 B
R 28 B (1) 21 B (LS /N SR W 4 i s 3 B 22 e . 7L e 4 P 0 SR 68 SR A i ) 72 A2 O, Aeq-QDERET 35 AT S )
ARG, FMER 4 pmol/L. BEAN, ZERERIE BT N F /0N B R B o iR P ROSZK P IS R 1%, B8 IE
T AR VT S A L R B R GO B R AR S TR R R B

7E R EEA 1, YuanZ5 AT T — R 5L T BRETHLAHI 0 2 HRENIR- 1T B & St/ T 5 —CLPD(J&3(a)).
Z TR A BT R A Bl K A BRETHA, TEAM KL T r=4:20450 nm1) #5615 5 ; Chlorin e6
(Ce6) NRER 324K, FURAER G 77 E10,; iBid O A AL S5 Ky b ey BT, A ITTEENIR-TT [X & . 4k A 4 s
564t B WK, CLPDYER E AL 5 ROSE & IR 5 4 fE 3R 5 b RE P ma i, P AR SR ZUMINIR-TTE 5, H T
1E0 LR 2 R A, ML G 0] W% R 6HRER, CLPDIINIR- 1T &6 BB 32 5 7 UG 55F AT EE, A
B BRSSP dE R N SRROSHUG $R 4L T 1 T A

22 FREBLER

R AR R, SR KOCTIRE 5 2 2 AR R S T4, THEEMRFEROSHE S M
BOR R ARG b, ARG S M LR R S, D, BT R TS R BLAR AT O ME & T4 R
BHEEEE, RN H RETE R 2 ROSZAF R ikid, MUE Sk L3NG E s ps, 3 55w B 3%k 3% 1 5 plA% o6t LU R
X PR AT 3 O T ROSHIUR SE [ 6 JEe W 1) 5 B2 AR 4 s g 150 3@ i ROSA 5 1) 4k 2 e S0 R T R G A4, M
T S B2 1) 5 e T gk e i g

I F E ROSHS T MR AL 2 R S 141, TT LASE L 6 S (4% 75 B T . O Sullivan e A B 6 H,0, 4 Wi 1 )
FEIEMI R B R B 5 N ROGIEI T, TR T R AR ATPRIBLIE £, LA = A IR R (DTZ) A% 0, 75 3
TR 16 78 51 N J5 e & = #ibor-DTZ. fEH,0,1E I R, bor-DTZE AL /KR DTZ, DTZRf 590K % &
g /e N, PEAE R RS IBLAS 5. SEEG R BH, bor-DTZX} H,0, B A vy ik 14 Al vy RUE, 2k PEV I 240.05~0.25
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mmol/L, Wl FE>50.01 mmol/L. 7EFLARME A0 b, ZEREN B Th I T A 76 7 B 40 i P4 A1 (R HL 00K P AR 4L
AR T AL AR FATP I ¢ e K B R B, bor-DTZAE AN KRG 40 H R 2R A RT3 R o2 R Oe O B, B3E A T REE
AR 25 AL 2500 FER S R I ROS R 14

1o 22 ol 5 K TR L WS R T RS R R OGERET B, TT LA AL ROSE) A48 Ak i M I 75 5K . Lz ABAIT K
T =R R BBLERETF Probe. N Probef1P Probe, F-T- Sz W I EA 1k I7 i 72 O, HISERT A4k, D-¢ W & AE
NBLIR IR, =5 AR . X A Ji 2Rl 1 36 AN — 2R LB 3L [ 43 3ol o = Fh R T B O, i B 3 [4]. O, firk & o
BHUR R BL, BEIID-K ek, D-RICRIEE KR EZMATPIIER T, F4EBLE 5. H 1, P Probeft & 4h
LI XF O, W R, KPR 5.84 pmol/L. fEAR PN SZIG A, P Probe%&ﬁizrbﬂ%?"ﬂm I S 10, K
Fhvr, 52 B 40 R i 9 RS AR (BI3(D)). IR Ab, Z R e Sl i B e R 3 P T & H A ROSHS .

T T 4 K S T WS AR R B, AT DL S BIURS HE R B 5 X 2 AR Larsens A PSR PR 2 AL ) (superoxide,
SO)%D#%W(.E(nitric oxide, NO)xiéE%/%éﬁB’Ja‘%%}Hﬁﬁﬁ F & T A BLEREF 7 ) K SOFINO. 2 1 L )
SO, IEFE HFMAE W E N M ER, B oM R EEN R R NE P REE L, REHEL £SO
ERT, BREFLH B4R 2K By ¢ AL BT, 3 — 2Dl SR A A ik Fe T RO AR T, B S B R KRR A I B A AT
Mﬁﬁ%%ﬁﬁz%ﬁﬁ?%ﬂ@w& I FEEEE, K ER AR B ER, TR B 1) 7Ot R 5 SO E L.
T ARMING, EHEEFEAMREE A S v B, f 5 &R e ot Rl R A E S BIRE 2. iZ IR E 5NOX N &
AL RN RE e B S E R KRR &R VO R R, B i N BREE ARS8 L KB, T LAXENOREAT
BT
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Figure 4 (Color online) (a) Schematic illustration of the configuration divisions of representative dual-signal ECL sensors®. (b) Schematic
illustration of the fabrication process and working principle of the 3D ECL sensing platform FRAC-hydrogel/TF®

3.2 ETBRSAESFEMHIKITHRE K

FEECLW S AL A Wy 47 F2 (75 5 T 0031 AIESE WS 1 5] A ik A RE B S 3R 0 7 3 k1%, Gao%s A5iE
L Zn** A F I AIER AUNCsZL %5 (Zn?*-AIE-AUNCs), SZHL 7 B&EH FRECL, FFXHO A7k B bEm B, ERIR
R, Zn* -AIE-AUNCs 5 = 2l 377 (1 i Ak 22 B AR A F 2 {2 6 Zn®*-ALE-AUNCs [ A 2 R B R, 5 4%
HiUCKE A B2 25 Zn? - ALE-AUNCS [ B B 55 7 4530,, A U R 1070, %508 AN PO, (K I 32 448 T % 7
5, T AIERSEIEECLF IR 71, AROSHIR IR 4L T8 it T R

I T 5y T 45 R IR SRS, = 4E T ae AR 5] N TE$E FHECL R Gt 11 32 1 4k 5 A= ) 5t T Sife 23 1 7 T 8
PO EE AR A, 7 A SR AR ) IS 2 N A0 FL A . KRR I 1 LB R N ECLR IR FE At
TEAEME TG, 2T TECLIRaE M, [FIN AECLIMEAL B B (0 ¥ it 424t 7 AT BE. ZhouZs NIF & 7 —
ﬁ:ﬁal%@$n,%é%%ﬁ%S%@%%m,%%ﬁ%ﬂ%%ﬂﬂ%%ﬁﬂ%Hﬁdﬂqm.ﬁﬁaﬁ
BERME, KEN-(4-Z I T 3E)-N- £ 3 55 & K % (ABEI) 5 B8 14 2 38 B2 Fmoc- K & B2 (Fmoc-R) H: [A] #k A Fmoc- — 7%
A% B (Fmoc-FF) R 7K 8t i i, A4 38 20 82 2 1) = e FL I, Fmoc-RIISI N RES A R MECLE 177 %R, [A

9



I, BRIGIR I =4 2 LA A DUE B AR B PR AN 3 B, 38 W] DU A = 2 4 i Pl AW T = 2 &4 0 335 9% 3 i
VLPC, CAZEJE 7 Fei8 it A%, %A% S AR AL T8 W BN S ML) B 25 AR, A s 0 48 RS JC I IR B H,0,, £ pH
7.4 KL DI FR 90.023 nmol/L. ZH B S U6 e W, R 52 L R A R A2 L s 4R TP HL Ok P2 8 25 IR T AR 76 7%
Pk 2L %8 A A I LB . % = 4R ECLAE W A% JES 1 5 e o X e 4 ML I M, D L g T 2R ) A
P Fe s 4t 7% T A

4 ZGR5RE

L5 EPTik, WAHCL. BLSECL=2RAK LI/ ROSHL M fre It 45 I %5 A R 4F FLAME. BEE DhRe 9K
M OGRS S A BTG ARSI, ZRROCHORIE B R . {5 S IORRE ) IR
5 E G B IR LSS TT I AT B, B IR R IR RS A R R OR ST I L 25 R T A K B gk
P d 7 M 58 22 B S 37 5 (R 1).

KL A FA B AR AR F) B
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(odlkv] RN RIGEAR P B (mol/L) VLR (mol/L) SCHR
Sy 7 CL / / [29]
CPPO/BSA@AUNCs CL 2.86 <107 / [42]
bor-DTZ BL 1x10°° 5x107°~2.5 %10 [51]

H.0, Gk ECL 1.97 x10° 5x%107°9~3 1077 [57]
/ ECL 0.75 x107%° 1x107°~0.1 [58]

—11 -9
Rk ECl 23 %1074 g:gﬂf:ﬁl [65]
10 DCM-Cy CcL / / [41]
2 Eu-CNNPs CcL 1.36 <107 1.67 x107~1.67 x10°° [33]
SH-PDIE &Y CL 8.2 x10°® 2.5 x107~6 x10°° [37]

0, Aeqg-QD BL 4 x107° / [45]
P Probe BL 5.84 x10° / [52]

‘OH 0-CDs CL 3x107° 1%107%~1.5 x107™* [32]
L-012 CL 8.9 x107° / [36]

HROS AUNPs-& K i ECL 8.9 x107° 1x107°~2 %1077 [59]
AUNPS/TiO,NTs-# k% ECL 2x10° 5 x107°~1 <107 [59]

S H AT % 2R R AR AE ROSKL N Ty i O 28 U AR Rt Jg, (HAg AR 7 ik BT 8 ks X TROMCL, O
5y B PR B FE M pHI 2, BR T HAE A o B T . R SR 7 N B8 A T BE R LR B it . CLiZYT — 4k
T SR S SRS . W RER AR, HESHCLEUR [ il & W] S M U RO e 297 7 Rt BEE
MELRNE VIR AR 0 W55 2 AR R G, WO CLAR R AT BAE DO L0t L 7 0P A A4 358 25 8 1
P G R EERER . X TBL, R AL R )2, o PREN T RE T A IR IE R AR, R
R FT AT AR LA T3 TR AN HEHE: 51N REM SR B 55 #E 1) 308 2R 8, SR THROSEREH A4 57t 4 A0 2 8 e
T, Ga NLTEBESNEEBER, LIROSHERIBEL S ATHLAL; BE— 03 RAE IR DIRE, KK
a7 R R, WU, BEE 2 2 B RS R, 3% T BLAYROSH MIT- & H5 78 JE fifi BF 72 15 i PR I
FOFp SR EEARE AL 0 TECL, JELEECLAK R AR R B AR E B A6 A N AR, NG SRR, R
ROSHISIRBIEFENEA IR, 552 Z AL EY) T, REARK, ECLIAREROSK I o 13t — 20 A # T
LR AL —J5 T, /I eE T ECLAOE L I ZE A B 7T, SRR E 2 WIREEOR S S S AT N T
REARL, 55— 00, SERaanas 1« AT & AR AR IREOR, R B T SEIG ROSI 2% 73 i 1 S 3 45
. G558 RESE S BRI S 70 B, ECLAR F A B2 iy B4 (A ) 3 BOIh e 28 4R 12 W MU 2 T — AR R BT B B

10



S 3CHk

10

11

12

13

14

15
16

17
18

19

20

21

22

23

24

25

26

Kwon N, Kim D, Swamy K M K, et al. Metal-coordinated fluorescent and luminescent probes for reactive oxygen species (ROS) and reactive
nitrogen species (RNS). Coord Chem Rev, 2021, 427: 213581

Huang C, Zhou W, Wu R, et al. Recent advances in nanomaterial-based chemiluminescence probes for biosensing and imaging of reactive oxygen
species. Nanomaterials, 2023, 13: 1726-1749

Madamanchi N R, Vendrov A, Runge M S. Oxidative stress and vascular disease. Arterioscler Thromb Vasc Biol, 2005, 25: 29-38

Valko M, Rhodes C J, Moncol J, et al. Free radicals, metals and antioxidants in oxidative stress-induced cancer. Chem Biol Interact 2006, 160:
1-40

Sameenoi Y, Koehler K, Shapiro J, et al. Microfluidic electrochemical sensor for on-line monitoring of aerosol oxidative activity. J Am Chem Soc
2012, 134: 10562-10568

Su Y, Song H, Lv Y. Recent advances in chemiluminescence for reactive oxygen species sensing and imaging analysis. Microchemical Journal,
2019, 146: 83-97

Takhar V, Singh S. Nanomaterials ROS: a comprehensive review for environmental applications. Environ Sci Nano, 2025, 12: 2516-2550

Nosaka Y, Takahashi S, Mitani Y, et al. Reaction mechanism of visible-light responsive Cu(ll)-grafted Mo-doped SrTiO3 photocatalyst studied by
means of ESR spectroscopy and chemiluminescence photometry. Appl Catal B Environ Energy, 2012, 111-112: 636-640

Wang Z, Ma W, Chen C, et al. Probing paramagnetic species in titania-based heterogeneous photocatalysis by electron spin resonance (ESR) spec-
troscopy—A mini review. Chem Eng J, 2011, 170: 353-362

Wardman P. Fluorescent and luminescent probes for measurement of oxidative and nitrosative species in cells and tissues: progress, pitfalls, and
prospects. Free Radical Bio Med, 2007, 43: 995-1022

Nagarajan S, Skillen N C, Fina F, et al. Comparative assessment of visible light and UV active photocatalysts by hydroxyl radical quantification. J
Photochem Photobiol A Chem, 2017, 334: 13-19

Chen T, Hu Y, Cen Y, et al. A dual-emission fluorescent nanocomplex of gold-cluster-decorated silica particles for live cell imaging of highly
reactive oxygen species. J Am Chem Soc, 2013, 135: 11595-11602

Kshnendu M R, Singh S. Reactive oxygen species: Advanced detection methods and coordination with nanozymes. Chem Eng J, 2025, 511:
161296

Li Y, Zhang W, Niu J, et al. Mechanism of photogenerated reactive oxygen species and correlation with the antibacterial properties of engineered
metal-oxide nanoparticles. ACS Nano, 2012, 6: 5164-5173

Zhang Y, Dai M, Yuan Z. Methods for the detection of reactive oxygen species. Anal Methods, 2018, 10: 4625-4638

Yu W, Zhao L. Chemiluminescence detection of reactive oxygen species generation and potential environmental applications. Trends Anal Chem,
2021, 136: 116197-116212

Nosaka Y, Nosaka A Y. Generation and detection of reactive oxygen species in photocatalysis. Chem Rev, 2017, 117: 11302-11336

Zhou W, Cao Y, Sui D, et al. Radical pair-driven luminescence of quantum dots for specific detection of peroxynitrite in living cells. Anal Chem,
2016, 88: 2659-2665

Han S, Liu B, Fan Z, et al. Chemiluminescence detection of trace iodide with flow injection analysis of KMnO, - carbon dots system. Lumines-
cence, 2017, 32: 1192-1196

Wu D, Wang Y, Qi W, et al. Long-lasting chemiluminescence of lucigenin/p-aminophenol system for detection of p-aminophenol in environmental
water. Dyes Pigments, 2024, 223: 111959

Syed A J, Anderson J C. Applications of bioluminescence in biotechnology and beyond. Chem Soc Rev, 2021, 50: 5668-5705

Tung J K, Berglund K, Gutekunst C-A, et al. Bioluminescence imaging in live cells and animals. Neurophotonics, 2016, 3: 025001
Kirschbaum-Harriman S, Mayer M, Duerkop A, et al. Signal enhancement and low oxidation potentials for miniaturized ECL biosensors via
N-butyldiethanolamine. Analyst, 2017, 142: 2469-2474

Lang G, Zhao K, He Y, et al. Carbon dots and gold nanoparticles doped metal-organic frameworks as high-efficiency ECL emitters for monitoring
of cell apoptosis. Microchem J, 2021, 171: 106787

Zhu H, Zhou J, Ma C, et al. Self-enhanced electrochemiluminescence imaging system based on the accelerated generation of ROS under ultra-
sound. Anal Chem, 2023, 95: 11526-11534

Al Mughairy B, Al-Lawati H A J. Recent analytical advancements in microfluidics using chemiluminescence detection systems for food analysis.
Trends Anal Chem, 2020, 124: 115802

11



27

28

29
30

31

32

33

34

35

36

37

38

39

40

41

42

43

44
45

46

47
48

49
50

51

52

53

54

12

Deepa S, Venkatesan R, Jayalakshmi S, et al. Recent advances in catalyst-enhanced luminol chemiluminescence system and its environmental and
chemical applications. J Environ Chem Eng, 2023, 11: 109853

Xue H, Zheng H, Xiang J, et al. Chemiluminescence of CI-NCDs and KMnO4 systems based on waste pomelo peel for erythromycin detection.
Dyes Pigments, 2025, 239: 112734

Li L, Zhang Y, Gu Y, et al. Detection of the freshness of rice by chemiluminescence. Luminescence, 2023, 38: 109-115

Gao H, Sun T, Wang W, et al. Self-llluminating copper-luminol coordination polymers for bioluminescence imaging of oxidative damage. Anal
Chem, 2024, 96: 16434-16442

Zhu H, Huang X, Deng Y, et al. Applications of nanomaterial-based chemiluminescence sensors in environmental analysis. Trends Anal Chem,
2023, 158: 116879

Wang C, Fang Y, Zhou D, et al. Surface oxidation of carbon dots enables highly selective and sensitive chemiluminescence detection of hydroxyl
radical. Nano Res, 2024, 17: 9275-9283

Zhou Y, Zhou Y, Gou J, et al. Europium-functionalized graphitic carbon nitride for efficient chemiluminescence detection of singlet oxygen. ACS
Sens, 2023, 8: 3349-3359

Qian F, Zhang D, Huang Y, et al. Development of the cobalt-modified boron-doped metal[Initrogen(carbon nanoparticles (co-BCN) for the
chemiluminescent determination of the total antioxidant capacity of beverages and fruits. Food Chem, 2025, 485: 144517-144526

Wu X, Deng Y, Xu Y, et al. Activatable fluorescence and bio/chemiluminescence probes for aminopeptidases: From design to biomedical applica-
tions. Adv Mater, 2024, 36: 2409893-2409930

Zhang M, Wang K, Li M, et al. Highly efficient and long-lasting chemiluminescence-functionalized nanohydrogel for imaging-guided precise
piperlongumine chemotherapy. Anal Chem, 2024, 96: 19833-19839

Guo Q, Feng Y, Song H, et al. New perylene-based chemiluminescent polymer nanoparticles for highly selective detection of the superoxide anion
in vivo. Anal Chem, 2023, 95: 15102-15109

Feng Y, Yang X, Rao Q, et al. Persistent Luminescence Lifetime-Based Near-Infrared Nanoplatform via Deep Learning for High-Fidelity
Biosensing of Hypochlorite. Anal Chem, 2024, 96: 7240-7247

Dai Y, Zhang K, Yuan X, et al. Novel Near-Infrared Iridium(l11) Complex for Chemiluminescence Imaging of Hypochlorous Acid. Anal Chem,
2023, 95: 8310-8317

Rao Q, Zhou J, Su Y, et al. Near-Infrared Catalytic Chemiluminescence System based on Zinc Gallate Nanoprobe for Hydrazine Sensing. Anal
Chem, 2024, 96: 6373-6380

Zhao M, Lu Y, Zhang Y, et al. Ultra-high signal-to-noise ratio near-infrared chemiluminescent probe for in vivo sensing singlet oxygen. Chin
Chem Lett, 2025, 36: 110105

Wang M, Liu R, Li J, et al. Self-llluminating near-infrared chemiluminescence nanosensors for tumor imaging. ACS Appl Nano Mater 2024, 7:
13809-13819

Xie J, Leng Y, Cui X, et al. Theoretical study on the formation and decomposition mechanisms of coelenterazine dioxetanone. J Phys Chem A,
2023, 127: 3804-3813

Lee J, MUler F, Visser AJ W G. The sensitized bioluminescence mechanism of bacterial luciferase. Photochem Photobiol, 2019, 95: 679-704

Liao W, Pan Y, Fu J, et al. Bioluminescence resonance energy transfer sensor with tunable conjugation efficiency for highly sensitive detection of
superoxide anion in tumors. ACS Appl Bio Mater, 2024, 7: 8709-8717

Yuan M, Fang X, Liu J, et al. NIR-II self-luminous molecular probe for in vivo inflammation tracking and cancer PDT effect self-evaluating.
Small, 2023, 19: 2206666

Wu W, Li J, Chen L, et al. Bioluminescent probe for hydrogen peroxide imaging in vitro and in vivo. Anal Chem, 2014, 86: 9800-9806

Liu X, Tian X, Xu X, et al. Design of a phosphinate - based bioluminescent probe for superoxide radical anion imaging in living cells.
Luminescence, 2018, 33: 1101-1106

Tang C, Gao VY, Liu T, et al. Bioluminescent probe for detecting endogenous hypochlorite in living mice. Org Biomol Chem, 2018, 16: 645-651

Ma Q, Shao H, Feng Y, et al. A new bioluminescent imaging technology for studying oxidative stress in the testis and its impacts on fertility. Free
Radical Bio Med, 2018, 124: 51-60

O'Sullivan J J, Heffern M C. Development of an ATP-independent bioluminescent probe for detection of extracellular hydrogen peroxide. Org
Biomol Chem, 2022, 20: 6231-6238

Li Q, Chen Z, Su L, et al. Constructing turn-on bioluminescent probes for real-time imaging of reactive oxygen species during cisplatin
chemotherapy. Biosens Bioelectron, 2022, 216: 114632

Larsen M A, Valley M, Karassina N, et al. Bioluminescent probes for the detection of superoxide and nitric oxide. ACS Chem Biol, 2025, 20:
56-61

Chen R, Wang X, Wu K et al. Voltammetric Study and Modeling of the Electrochemical Oxidation Process and the Adsorption Effects of Luminol



55

56

57

58

59

60
61

62

63

64

65

and Luminol Derivatives on Glassy Carbon Electrodes. Anal Chem, 2022, 94: 17625-17633

Li Y, Kuang K, Chen Y, et al. Exogenous coreactant-free electrocatalytic reactive oxygen species-driven dual-signal molecularly imprinted
electrochemiluminescence sensor for the detection of trenbolone. Anal Chem, 2025, 97: 3198-3206

Yang H, Zhang Y, Gao W, et al. Cathodic electrochemiluminescence of boron and nitrogen-codoped carbon dots for the detection of dissolved
oxygen in seawater. Talanta, 2024, 279: 126529

Cheng L, Yang Y, Lin S, et al. Sensitive and quick electrochemiluminescence biosensor for the detection of reactive oxygen species in seminal
plasma based on the valence regulation of gold nanoclusters. Anal Chim Acta, 2024, 1330: 343284

Du D, Wei X, Huang J, et al. Real-time monitoring of ROS secreted by Ana-1 mouse macrophages by nanomaterial sensitized
electrochemiluminescence. J Electroanal Chem, 2021, 889: 115230

Shen Y, Qian X, Mi X, et al. An ultrasensitive electrochemiluminescent sensing platform for oxygen metabolism based on bioactive magnetic
beads. Bioelectrochemistry, 2022, 145: 108086

Gu W, Wang H, Jiao L, et al. Single-atom iron boosts electrochemiluminescence. Angew Chem Int Ed, 2020, 59: 3534-3538

Tang Y, Liu Y, Xia Y, et al. Simultaneous detection of ovarian cancer-concerned HE4 and CA125 markers based on Cu single-atom-triggered CdS
QDs and Eu MOF@Isoluminol ECL. Anal Chem, 2023, 95: 4795-4802

Zong L, Ruan L, Li J, et al. Fe-MOGs-based enzyme mimetic and its mediated electrochemiluminescence for in situ detection of H,O, released
from Hela cells. Biosens Bioelectron, 2021, 184: 113216

Li X, Du X. Surface enhanced electrochemiluminescence of the Ru(bpy)s**/tripropylamine system by Au@SiO, nanoparticles for highly sensitive
and selective detection of dopamine. Microchem J, 2022, 176: 107224

Gao X, Zhao H, Wang D, et al. Selectively lighting up singlet oxygen via aggregation-induced electrochemiluminescence energy transfer. Anal
Chem, 2022, 94: 3718-3726

Zhou Y, Wei X, Chen J, et al. A three-dimensional electrochemiluminescence sensor integrated with peptide hydrogel for detection of H,0,
released from different subtypes of breast cancer cells. Anal Chem, 2024, 96: 13464-13472

13



Recent Progress in Chemiluminescence Techniques for
Reactive Oxygen Species Detection

Hongyu Dai', Honghong Sun®, Weijiang Guan®* & Chao Lu>**

! State Key Laboratory of Chemical Resource Engineering, Beijing University of Chemical Technology, Beijing 100029, China
2 Pingyuan Laboratory, College of Chemistry, Zhengzhou University, Zhengzhou 450001, China

* Corresponding authors, E-mail: wjguan@mail.buct.edu.cn; luchao@mail.buct.edu.cn

Reactive oxygen species (ROS) play crucial roles in a wide range of physiological and pathological processes.
Consequently, their efficient and selective detection is of significant importance for disease diagnosis, therapeutic
monitoring, and environmental analysis. Chemical reaction—driven luminescence techniques, including chemilumi-
nescence (CL), bioluminescence (BL), and electrochemiluminescence (ECL), have emerged as powerful detection
modalities, offering high sensitivity, intrinsic background suppression, and operation without external light excita-
tion, thus minimizing photodamage and autofluorescence. Over the past five years, these platforms have undergone
rapid innovation in molecular design, materials integration, and system engineering, dramatically expanding their
capabilities for ROS sensing in complex biological environments. In CL systems, advanced architectures incorpo-
rating nanomaterials, polymeric matrices, and hybrid composites have yielded substantial gains in analytical per-
formance. These enhancements have increased photon yield, extended operational stability, and enabled multifunc-
tional sensing—imaging platforms. The development of near-infrared (NIR) CL probes has been particularly trans-
formative, affording deeper tissue penetration and improved in vivo imaging resolution. BL approaches have capi-
talized on resonance energy transfer cascades and activatable probe chemistries to achieve highly selective,
low-background imaging of specific ROS species, facilitating longitudinal monitoring of oxidative events in living
systems. ECL strategies have progressed through the synthesis of novel luminophore-doped nanostructures and the
engineering of functionalized electrode interfaces, enhancing signal responsiveness, operational stability, and bio-
compatibility. Notably, flexible and bio-integrated ECL devices are emerging, enabling conformal interfacing with
biological tissues for localized ROS sensing. Despite these advances, fundamental challenges persist. CL detection
remains vulnerable to environmental fluctuations in pH and temperature, constraining stability in vivo. BL probes
often suffer from poor substrate stability, limited penetration depth, and the risk of perturbing normal cellular me-
tabolism. ECL typically requires high voltages or non-physiological electrolytes, which limit direct in vivo applica-
tions; additionally, its selectivity for distinct ROS species is often insufficient, with signals susceptible to interfer-
ence from a wide range of redox-active biomolecules. Overcoming these limitations demands innovation in molec-
ular probe chemistry, adaptive materials, and system-level integration to enable simultaneous multi-ROS detection,
robust biological stability, and theranostic functionality. Looking ahead, the convergence of chemical luminescence
technologies with cutting-edge innovations is poised to redefine ROS sensing. Future research is expected to focus
on smart-responsive mechanisms capable of adapting to fluctuating biological microenvironments, seamless inte-
gration of multi-modal detection platforms, and Al-assisted data analysis to enhance signal interpretation and pre-
dictive modeling. These advances aim to propel ROS detection toward high-throughput screening, real-time visual-
ization of redox dynamics, and precision medicine applications. The design of next-generation luminescent sub-
strates with superior photophysical stability, optimized quantum yield, and tunable emission wavelengths, combined
with synergistic integration with complementary imaging or biosensing modalities, will further elevate spatial res-
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olution, molecular specificity, and background discrimination. Such progress will not only deepen mechanistic un-
derstanding of ROS-mediated signaling and pathology but also accelerate translation into clinically actionable di-
agnostics and targeted interventions.

reactive oxygen species, chemiluminescence, bioluminescence, electrochemiluminescence, probe
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