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Abstract

Achieving sensitive and selective detection of Bacillus anthracis is of great significance for pre-
venting anthrax infection. This work constructs a Luminol-Tb fluorescent complex based on phos-
phate (Pi) regulation (Luminol-Th-Pi) for the rapid, sensitive, and visual detection of anthrax bio-
marker (2,6-pyridyldicarboxylic acid, DPA). Under the regulation of Pi, with Luminol as the or-
ganic ligand and Tb3+ as the central ion, DPA can significantly enhance the characteristic fluores-
cence of Th3+ and cause quenching of Luminol. DPA acts as the antenna ligand of Th3+ to sensitize
its luminescence, and Pi enhances the sensitization of DPA by reducing the distance between DPA
and Tb3+. In addition, the coordination of Pi with Tb3+ can reduce the quenching effect by water
molecules, further enhancing Th3+ fluorescence. Due to the competitive binding between DPA and
Tb3+, the coordination between Luminol and Tb3+* is weakened, and some Luminol become free,
leading to their fluorescence quenching. Based on the dual fluorescence signal, the ratiometric
detection of DPA is achieved with a quantitative range of 0.2~45 pM. In addition, the visual detec-
tion of DPA can be achieved based on the fluorescence color change of this sensing system. The
sensing method developed is simple, low cost, and possesses potential in actual applications.
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1. 518

BRI & FHAJE ZF FAT 1 SR 1 — RN B SR S AR 49, e gt . mBoR R, Mot
2, P B NILEAT VAL B O A A B JE (1] [2] 0 BAFAT T 2F fl o PS5 HAT W SR 32 4%, BEAE i
HOMESS . Wik TR NSRS RS, BIERIEAT R R0, AR LIE &3
IS T ACEF[3] [4]e NAE— Tl 1y PRI s B SR B R ey, R N FiL T B i 104 4,
24~48 h WASKRIEZGYT, ATLASREBETC[5]. I, SEIURARIEAT B 2 1 S R FE RO TR L bRk DA%
HERRLINS T2 A2z 2 B E R . 2,6-MEhE R (DPA) R SIHF I /b it 1 24 5y, Hopi&
A ZE AT LY 5%~15%. H T DPA S\ 8 5 € SRR AR B BIE AT 1 R ME— B bn 54, Tl ke
T DPA AT LU 3 IE AT 1 24 F R FEEAT PG [6] [7].

HETC A 7 2 M 755 T DPA AN, il dn e i o 5 i & il . = ROBUH (iR AU B i
(EIX AT AR BB A& & B, HLCiR A Bl RadAs I 75 5K [8] [9] [10]. J&
RIZHTR &I AL AAGI e e 73 iR AN R 3T BOR BAT A E 8. RBEUE e RS U HE A S5 D8 s [12] o
% A% A B A AHAS PR L {7 (5 . WAL AR N B RO FEVE A TN DPA $24L 1 BB S
PRI, @SR SR BUE R AT TN DPA 5l U5 v BAT EELR O BRI, SOCHET IR RE P UL
SR T R AR R BR ) L3R N o 2 T8 R BOC D SR th T R RO dr . BRI Stokes fi7
Mo JeRaE PEBL R RN a2l SR AR AR TR AT AW RRAR UL RO i 3 S5 502 N, BT S ST
ST A TTR SO AL VOCIRE R AR R o L3R R R [12] [13]. Horf, MHLETHURSHRE, HRuOE
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PREF AT DU I B AR HE /N BB R0 AR 22 DA AN SRR BRI i T4, 261 SE 3t B AR 4
() R BRI I o e b, U SV R AR R AR A AT DA 5 R R AT S 35 M D R B B R, A R T SEILx H A
VIR IR T ARG DL R R A A I, B35 A A A U SR, I RS B AR [14] [15] [16]

AU S A TR 2 T R R (Pi) T4 &K 7 (Luminol)-Th %GR 4 (Luminol-Th-Pi) I T 2R JH AT
B AE AR EA(2,6-ME0E 3R IR, DPA)IPHE ., REL TR, W) % 1 fw,  BL Luminol A HL
Fetk, To* &)@k, 76 Pi (IR, DPA M TT LA To* REAE 7t S 2 15, [ B 5142 Luminol
W K. DPA BTG TO* A 44, M To BTt R B EUL L R Piidid4i/h DPA 5 Tb* 2 JH]
fOBEES, H99% DPA BULIER: tkah, PiiEid 5 To* HELALIE Al LU /K 215 To* (58 e KAEHT
HE— G358 To* 96k, T DPA 5 To™ H3e 445 &, i Luminol 5 To* ARC AL/ AUk ES, #543 Luminol
BBUR I A, HRERSFHIOCHRIRESEIN, SEETIH K. Wik, T To*RE5okig s
Luminol Zé e KRG 5224k, FISEHixt DPA RIS, HEARIFHRs S EMPTTaitt. sk,
BEE DPA WRFERIEIN, 1248 Bk R CBHT s AR A ZRE, TTSZILXT DPA AT M4l o
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Scheme 1. Schematic illustration of the strategy for the detection of DPA based on Pi modulated Luminol-Tb fluorescent

probe
FE 1 ETF PiiB#EHY Luminol-Th ¥R $T T DPA &

2. SCIOERSY
2.1, SLIRFI S EE

SR A BT R 2D R A Al . Bk (Luminol). 757K A AN ER AR (Th(NOs)36H,0) . 2,6-Mit
WE R (DPA), R 4H (NasPO) W B LRI T A F A R A Al . L-52 % BR (L-leucine) . L-% % 1R
(L-glutamic acid). L-}:Jit %2 (L-cysteine). D- & (D-alanine). &1 —f(GMP). IR — IR (AMP).
A= I3 (2 1 (BSA). % B (glucose) . F1EEER (citric acid). FREZ(uric acid). HHEZ (nicotinic acid). + 7%
(oxytetracycline). AL ANAN = ¥ I L G2 35k H e (Tris) I ) [ 265 5 AL 24l A B IR A 7] . HA N4 )8
B MBI A A, W E E 258 B AR R A R A ] . SR AE A Y 25 B 1 /K (18.25 MQ-em) He
UPKJ/UPT 47K R4t % -

FEA 2O E1E B F-7000 5866 (H 57, HAR)BATIE, BORGIENGAT, BORRR S k5435
R 5 nm, ORI KN 280 nm, Dl HLAF IR B A 400 V. BT pH I E 34 7E FE28 FrifE pH 1 (Mettler Toledo,
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2.2. WIAERBMZER X DPA BRI

7 5.0 mL [ LL A o, RN — & B0 R: 500 pL [ Tris-HCI 22 (1.0 mol-L ™, pH =
7.5).160 pL A Luminol ¥3((1.0 mol-L ™). 30 pL #J To* ¥ (5 mol-L ™)1 100 pL ) Pi ¥¥(10.0 mol-L ™Y,
KI5 Luminol-Thb-Pi Fie-& 45 Y68 %T

M RET 1 DPA ARV (0.2~45 uM)BCTIACBRAE , Aeda 25 /K E A A2 10.0 mL. FESIREI2)
JEAE IR N BCE 20 min, A SOOEHFEBUR B 280 nm,  WURBREEF K H4EE DY 5 nm &4
T KUK 2 &R 5L 7E 300~600 nm PN (156t . DL 545 5 423 nm A58 SRR (B AE Sy DPA MR (1) 6Ri
%, HT DPA HyE &, EikFEERier, HHEMAT BT DPA, KA ARIE R J7i%
BEAT AR, R FEIZ D ERED X DPA [FIEHEME, FHRFUATREILAZ YT DPA Rl 1 F-H ik

2.3. SERRRESNE

IKFERSE: TKFE R B 2t SR K FK .

IKFETRAL R : HCRHEKHEE 25 mL - 50 mL kedtrr, ## & 2 h 5, BCEER. K EIEHAH 022 um 38
ik g, SRJEFRE 100 £5 45 H -

AKEEMSE : [ AL R K ARE o In N — 2 R[] DPA (5. 10. 40 pM), 2R J5HIAREE S A 58638 Et
K5 FkE & i E e R, s o DPA & & .

3. SEWLERSITIR
3.1. TR AVATE X DPA BUA A )
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Figure 1. Fluorescence spectra of different systems. Luminol: 50 pM; Tb**: 50 uM; Pi: 50 uM; DPA: 20 uM; Tris-HCI buf-
fer: 10 mM (pH = 7.5); Aex = 280 nm

El 1. TR &FRNTILRER, Luminol: 50 uM; Tb*": 50 uM; Pi: 50 uM; DPA: 20 uM; Tris-HCI buffer: 10
mM (pH = 7.5); Aex =280 nm

Wi 1 s, fEECR KR 280 nm 244~ , WIE T Luminol-Th-Pi 4 RN DPA #ifJ& 17 e 6 i AR
fbo fEIN DPA Z i, Luminol-Th-Pi & & K45 Luminol FUHFEDSE; I DPA J&, 7£ 489. 545 Fl
584 nm KA L=, 5 BITRT To* ERIE(CD,~'F; (3= 6+ 5. 4), K] DPA N R LA A
To* 347 T e B ERS, UL ROE[17]: B4, I\ DPA J&, Luminol %95 H BLAR MK . iX 42 1T DPA
5 To*3edetEgi &, i Luminol 55 To> MECAI/EFURES, ¥4 Luminol BEBURIFE2s, HEREIFSK
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FOEIEBRASEIN, SR LA K[18] [19].

UeAh, ST BEEH Pi SR TGN, TEBUR K Y 280 nm A, [FIEHIE T Luminol-Th 44
ZIOA DPA Hifa BI5GB . S5 REW], FHXTT Luminol-Tb /&%, Pi 4%/ Luminol-Th & F X}
DPA EA T B E R, X &HT Pi E‘JJJDM@EMM:%HEM’EH%1“9% A R4/ DPA 5 Th* 2
IfARE B, 158 T DPA GAEF[20]; thah, P 5 To* (B IE i LI 7K 075 Th [ g
KAEA, 1 T %k [21]. Bk, 3T Luminol-Tb-Pi #8414 £ Luminol 1 Th¥ XU G155
Wi, T SEINT DPA [ HLZ 5 kI .

3.2. WARSHAB RIZBFHMAL

AR EST DPA B RSB A Luminol-Th-Pi 264, XHREMA R Luminol 1 Pi IR . &
TR pH LLEAZAREE X DPA [ N B 8] 45 Sz 56 2 AE R AT T HiAk o

3.2.1. Luminol iRE /L

24 Th** 9Kk — 52 B (50 pM), %t Luminol-Th-Pi 44 &+ Luminol M3 AT T 04K, S50 2 Fios.
LERERW, 4 Luminol W EERARET, EAR DPA Xt To* 9 Y i ik s R 40, {H2 Luminol 9615 54559,
Gy SECLRAR R, I AR RIPOCHER A G, BE#E Luminol JREEKI34 1, DPA Xt Th* %61
BB A, I, 2762 IEBIPRE A RGP AL, %45 Luminol ¥KFE N 50.0 pM
FIT-#%E Luminol-Th-Pi BC& 4R 4t .
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Figure 2. Effect of Luminol concentration (C_um) on fluorescence spectra of Luminol-Tb**-Pi complex system before (A)
and after (B) addition of DPA. Effect of C,,, on fluorescence intensity at 423 nm (C) and 545 nm (D) of Luminol-Th-Pi
complex system before and after adding DPA. Pi: 50.0 pM; Tb*": 50.0 uM; DPA: 20.0 pM; Tris-HCI buffer: 10 mM (pH =
7.5); Aex = 280nm

& 2. Luminol FREE(CLum)¥ Luminol-Tb*-Pi BE&MEZRMA DPA ZHI(A)MZ G (B)RHNIERIZM; CLm Xt
Luminol-Th-Pi BL & 494K A M DPA BifS7E 423 nm (C)F1 545 nm (D)sE AL 538 B B9 20 ; Pi: 50 pM; Th : 50 pM;
DPA: 20 uM; Tris-HCI buffer: 10 mM (pH =7.5); Ae =280 nm
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3.2.2. Pi iREBREL

Pi WA % Luminol-Th-Pi BCAIIA R DPA [Zem g B, A TR THEAFN Pi
RS AT NP CAREN X DPA M Righ 3 an sl 3(A). ¥ 3(B) BTz, fEIIA DPA il Ji& , Pi # X} Luminol
POCEA R T DPA JINJG, Pi iRl 23 ) To* B b9 638 . Pi #FEXT Luminol-Th-Pi
1 R AE 423 F1 545 nm AL TE 8 B (1 e g5 Rl 3(C). &l 3(D)ATvR. S5 HRFKH, BEE PiwkE Y
K, DPA Xt To* FIme ik /E F R i85, I H.24 Pi KT 50 uM i, DPA X To* ik /e Fil ka1
FasE, EDBEE P IREEI4kE K, TOMRHEZOL AR L B I TOEIE8 . 0% B TRE% Pi kG K,
Pi 5 TO¥™IE L RLAA Bk 7K 7o To 96 KIER . Hik, %48 50 pM /9 Pi FI T
Luminol-Th-Pi Bt &%t

A 350 [Luminol- Th-Pi —suM B Luminol-Th-Pi + DPA (40 pM)
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Figure 3. Effect of Pi concentration on fluorescence spectra of Luminol-Th-Pi complex system before (A) and after (B) ad-
dition of DPA. Effect of Pi concentration on fluorescence intensity of Luminol-Tb-Pi complex system at 423 (C) and 545 nm
(D) before and after the addition of DPA. Luminol: 50 pM; Tb*": 50 uM; DPA: 50 puM; Tris-HCI buffer: 10 mM (pH = 7.5);
Aex =280 nm

3. Pi iREXF Luminol-Tb-Pi EL& AR M DPA ZBi(A)FZ /& (B)RANIERIFNG; Pi sREX Luminol-Th-Pi B
BYMEZE A DPA BIFE7E 423 nm (C)F1 545 nm (D)iF K ALK Ze L3R EE YN ; Luminol: 50 uM; Th**: 50 uM; DPA:
50 uM; Tris-HCI buffer: 10 mM (pH = 7.5); e =280 nm

3.2.3. pH ik

X T8 RV B B R R R, TR pH BRI R VDL R B35 . BRI, b TAER
Fi 1 ANE pH fE(6.0~10.0)%F Luminol-Th-Pi 2658 BRI . WilE] 4(A) Bz, pH X Luminol f¥17€ Y58 5
HAREWEEmM, M/E DPA )5, Luminol %YaiF AR I B2, HHBIZ, pH X To* ¥R
JEEA BB, T FHREHMA RN DPA J&, T MITLsRERI% pH E S KR 4(B)). X2
HTEMRIEAM T, POY 5 RA/KME L HPOP M H, PO, SEULYS To* M & 1E Y, AAEAE R
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5% DPA 4] To* IR R, I HAREA B0k b K 510 To* M9 e KR : et 14 F, PO}
5 To* {58 ZU R £5 G il ity /b 43 7 I BE A 205 7 DPA X To™ RIS AE T, I 2B T /K4 T v
KAER . B, 27675 RV pH 520 DL S SEBRAE BRI, 1688 pH7.5 AT Luminol-Th-Pi #R%f X}
DPA A I 347
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Figure 4. (A) Effect of pH on the fluorescence intensity of Luminol at 423 nm in Luminol-Tb-Pi complex system before and
after addition of DPA. (B) Effect of pH on the fluorescence intensity of Luminol at 545 nm in Luminol-Th-Pi complex sys-
tem before and after addition of DPA. Luminol: 50 pM; Tb*": 50 uM; DPA: 20 uM; Pi: 50 pM; e, = 280 nm

4. (A) pH %t Luminol-Th-Pi BZ & 4948 & & Luminol 7 423 nm QLT SESREHISSIE; (B) pH XJ Luminol-Th-Pi B2 &
R Z R Th 7E 545 nm LTS HIBEEBIEZME ; Luminol: 50.0 pM; Tb*: 50.0 uM; DPA: 20.0 uM; Pi: 50.0 uM;
Aex =280 nm

3.2.4. MRZETEAAL

9 Fe e PR R B[R] R VRl AR M RE I B B S 8, Ak, RA T I —E & DPA /5,
Luminol-Th-Pi #REFA R 172¢ 6o R I (8] 12K O, 4l 5 Fios. 4583883, Luminol-Tb-Pi /& R7E 2
min P BIATSEELN DPA B8 AR, FEILUOEERETE 60 min PIIRFFERE, UL 2 min /E24 DPA £
N F o S [ o

A —t=m] B 140

Luminol-Th-Pi + DPA (20 pM)
120{ . ==

u.)
[y
(=) (= -] -
[—]} [—) (=]
"
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Figure 5. (A) Fluorescence spectra of the Luminol-Th-Pi system at different times after the addition of DPA,; (B) Fluores-
cence intensity of the Luminol-Th-Pi complex system at different times after the addition of DPA; Luminol: 50 uM; Tb*": 50
UM; DPA: 20 uM; Pi. 50.0 pM; Tris-HCI buffer: 10 mM (pH = 7.5); Ze = 280 nm
5. (A) Luminol-Th-Pi BE&#MAZR A DPA 2 fEZEARERTIE S A0F S K% E; (B) Luminol-Th-Pi BL&4IEZR A
DPA [FTEAREIITE S 895324k ; Luminol: 50 pM; Tb*: 50 uM ; DPA: 20 uM; Pi: 50 uM; Tris-HCI buffer:
10 mM (pH =7.5); e =280 nm
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3.3. ARSI DPA HIEE 4

1E IR, BATERIT T Luminol-Th-Pi 2 GERE X DPA kI MERE . WilEl 6(A)FTR, BEE
TREHA R b DPA KR (F3Z 8186 11(0.2~45 uM), To> (RIHFE ¢ YR ET 58, 14K R 5 Luminol [%¢ 61887
55 . I H DPA TE 0.2~45 UM [ B2 Bl P, 308 Jok 22 1) 5500 0 RO | 28 e LR AT 11 % i LUARL Froas/Fans
A1 DPA ¥R 2 A AF1E RAFRIZR MR R, Lt 19 5 F2300h y = 0.04893x — 0.21202, R* = 0.9891 (/4] 6(B))-
AR, BT LOD = 3a/k (o 7248 11 N7 FAE G SR PR HEIR 22, K 2 2[Rl 77 F2 R =, B 0.04893),
HHEASRNZPOCERE X DPA HIRE IR A 0.051 uM, %5721 LOD Sz ik T~ SR JELAF B 9875 AR (4% 451
(60 uM), FKHZALE T 5% DPA 1) R B P RE -

AN, FRATIRFEE B T AAEAE Pi I Luminol-Thb e &401k 2% DPA W RiPERE, 4554115 6(C),
s 6(D)FT7~. 5 Luminol-Th-Pi & YGIREFHHEL, Luminol-Th Bt &4k 2% DPA fma N AH X455, B DPA
Xt T [RIRFE 2 e LA F B A58, IF BO0OGHRE LS Faus/Faxs F1 DPA IR (M2 M R E, 1%t
Eb 45 SR I LT Pi Y Luminol-Th-Pi #%F%F DPA HAT 5w (G il R it

A 600 B 2.5
R>=0.9911 °
~ 3001 45 M 2.01
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2 4004 o
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Figure 6. Fluorescence spectra of the Luminol-Th-Pi complex system after addition of different concentrations of DPA (A)
and the linear relationship between Fsys/F43 and Cppa (B); Fluorescence spectra of the Luminol-Tb complex system after
addition of different concentrations of DPA (C) and the linear relationship between Fs,s/F423 and Cppa (D)

[#] 6. Luminol-Th-Pi Bt &4 RAEMA AR ELRE DPA BRI AILE (A) AR IZIREHAZR P Fous/Fis 5 DPAREZ
BIEIZMEXFR (B); Luminol-Th B &I REMARREIRE DPA REIRIAIEE (C)URIZIREERT Fos/Fis 5
DPA iRE 2 [BIHIZ 4 X% (D)

3.4. THERET X DPA HESZME 547

N T PR IO GERET 0T DPA K (1 SEBR R 77, % %% 1 Luminol-Th-Pi 44 £ % DPA Al 145 7 1%
w7 Fior. R DPA HEEREMA R 179 658 E LUAR Fogs/Faps HUEIE A, MAEMA LA G EDI(L-TE
12 (L-leucine). L-A %R (L-glutamic acid). L-3-Bt% 1 (L-cysteine). D-H &R (D-alanine). & — iR
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(GMP). IRF—BER(AMP). 2 1MLiE F & A (BSA). Hi%iF#(glucose). Fri& L (citric acid). JRER (uric acid).
YR (nicotinic acid). %% 2 (oxytetracycline)) 5 2 EHLE (K. Na*. Ca®*. Mg®. Ba®*. Fe**. Fe®'.
Cu®. Cr**, COZ . SOi . SO . NO,. CH,COO . CI" . Br)a, %o hi R Bm] B2k,
VLI IZ 2 ERET X DPA K A R AP i 8 1k

UeAh, U PPN POLIRE N R B KA 2 —, TEZ PRI T IMAFAE R T, B52
TAZCIREXT Luminol-Th-Pi #REFIIHTTHEME. SRR, AV LFAS T DPA e, He
Al REILAE I B T LT #A TR E . XN TR ATEEM AN, XSRS FERI AR
FEAEEAR, R DPA A B T3 T LLABE AT DA R &5 SRR BZ 2 IR E X DPA 1R 5 BAT 5 1)
WP, FESEBRFE SR o B — i SR T
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Figure 7. The selectivity and anti-interference of Luminol-Th-Pi fluorescent probe for DPA detection. The concentration of
DPA and all inorganic ions and organic molecules is 20 UM, 4¢ =280 nm

& 7. Luminol-Th-Pi IREHAZR XS DPA FNEEM ST RN, DPA: 20 uM; BHLULEPFTHEFIH5 20 uMm;
Aex =280 nm

3.5. #5 DPA BYRIE

Table 1. Detection of DPA in real samples
F 1. EPriESA DPA B9

IKFE IFRARE (uM) I 5E (E (uM) AU (%) FER o A 22 (%)
Lake water 5 6.42 108.35 4.9
10 9.31 93.07 5.0
40 36.39 90.98 2.2
Tap water 5 6.38 107.59 0.8
10 8.99 91.89 3.3
40 34.60 96.49 5.7

NS SR T A SE R, B BRI IR 5 T VAR S DPA 1 ISR AE L, e
SN L PR S IREN R RE i DPA Fr szl (3] g 22 7E 90.98%~108.35% 2 [1] , 7 i i 22 B AN i 0.5%,
YL AR T2 0] F X6 FE b DPA (W AT SE ARSI . (R, AR TAETF R B G ERET 7E VFAl PR ARE b o R JEAT T
WP T T A — % I R AT
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4. #hig

AR TAERGEE T —Fh ] T R BOE B VRS I BT B A Pbs 2540 DPA H L & Y 7 PR (luminol-
Tb-Pi). iZ4541 LA luminol A HUELHA, T B, 7E Pi fUUEEE T, DPA MIIIATT LS Th* HF1iE 5%
Y R, [F S luminol 2 K. Kk, FET DPA bt To* BRAE 5 e 458 A luminol 5 67
KEUE 52, SEHLT 4 0~45 uM DPA KI5 s Rill, FLiZa4Er T SEELxT DPA [ ks S M B T4 1
Rl gbAh, HET DPA Bl IIEREMA R EHE AR T LB DPA AT AALAI . A TAEFF R 58
FRIRTTIARAE T B A, FEARTIN I A Wb A4 77 TR LA R AT I N 0

EEWHE

AT H tH E K AR RS (No. 22106076) AT 754 K22 AE BT AL I ZRTt-RiIT H (No. 202310304102Y)
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