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Abstract

Cadmium ions (Cd?+), a carcinogenic heavy metal linked to renal dysfunction and bone disorders, in-
creasingly contaminate e-cigarette aerosols through coil degradation and flavored e-liquid impurities.
Current detection methods—such as ICP-MS and AAS—Ilack portability for on-site analysis and exhibit
poor resolution in complex aerosol matrices. To bridge this gap, we developed a novel turn-on fluo-
rescent probe (CdP) specifically engineered for high-sensitivity cadmium ion detection in complex
aerosol matrices, with demonstrated applicability in electronic cigarette emission analysis. Synthe-
sized via a four-step protocol involving condensation of 2-hydroxy-1,4-naphthoquinone with 2-hy-
droxy-4-nitroaniline (74.6% yield), zinc reduction (87.7% yield), formylation (79.3% yield), and final
hydrazine substitution (86.6% yield), the probe leverages the structural rigidity of benzophenoxazine
to achieve selective Cd?+ recognition through coordination interactions. Binding with Cd?* induces a
57 nm bathochromic shift in absorption spectra (463 — 520 nm) and 225-fold fluorescence enhance-
ment at 610 nm by suppressing photoinduced electron transfer (PET) from the hydrazinylpyridine
moiety. Quantitative analysis demonstrated linearity (R? = 0.9974) between fluorescence intensity
and Cd?* concentration over 0.1~0.6 equivalents, with detection limits of 1.54 nM in ultrapure water
and 2.11 nM in e-cigarette aerosol extracts. The probe exhibited minimal interference from 18 coex-
isting ions (e.g., 10-fold Zn2+, Cu?+*) and maintained >97.8% recovery rates in aerosol matrices vali-
dated via standard addition methods. Unlike conventional probes requiring instrumentation, CdP en-
ables naked-eye detection via colorimetric transition (yellow — red) while addressing limitations of
existing methods in low-concentration aerosol analysis. This work provides a practical solution for
on-site cadmium monitoring in both environmental and consumer product contexts.
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1. 5|15

W (CIEN R E S B 15 3, HAY) R S 30 B0 M T A2 25 R GEAT N R fi e A) Jsd ™
B [1]-[4]. R EAHZ(WHO) BIHE L E T /K Cd?* i) %2 4 FRAE N 3 pg/L (=26.7 nM), T HL 1~ JHR
ST T b DR R S5 A FE AT BRI I A, R T AL R A PTRERR EAT I AR . AR SR
F BN R & 55 5 R 5T (ICP-MS) Rl JE T IR IS 1 (AAS) B R BIURE (57, 152 PR T-A0 86 BUAS = B R
AT AL B 2 Fe AR M Re 1B Z S5 10 R Ha Ak 25 AR IR BB, (H 5 2 3847 B 40 H i e 1
AN GR[E]-[7]e AR, BTG5S I DOCERET DI AR AR T | ma 2 PR IE K n] WAL ) 4% 52 0%7E, SR
B e XCE B (1) Cd2 5 B P45 MU ARLAAY Zn2t, CuZ 258 Tk £k X 20 MR, 0 HAE K AR A &
BRI EY, SEUEGRE B e AR XN (2) BB AN QR H T . BRI &) 5
(2 FEPE K B ST, 7 i £ SEBR B AT AT
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EA W TAESETT CA* REHERE DT IS 1 A 0iEfig: He 55(2013)J1 A 1) BODIPY fiTZE Wit id 7 7 A6
DREASEHL T X Zn2 A C2* i X 73, PREF(E PBS R Ca?* RN 3L HE A I 1 9B AT A S O XU R
o, EX Zn? TN AR [8] [9]. LN, FET T UIGIE BT SR, REH TR
Cd>* i FENE MR T Be A A7 /LA & BE B THAT PET RUNIATE, IXO0 R Semt Fe st 18 i B [10]-[12].
ST, BUAPREHE R WA T IE AR e MR A A i, I PR T HLAE AW RE A o 1 S B
o XL SRR N B BUA R AT R R A E YR RO HERLI RE T AN A2, B ARl 7 AR SRS LA
BRI ISRT LR, A BT BT IR E AT I 5 o BRI, 3E— 2Dl 7 TR RS 25
P LR T £, A3 S B R ARSI T 5 BN 2 HITWT FE ) B R 1A

B TCERS AR, BUBTIE BT Bk TR E 2 F T O XU S R CdP. i BRGSO
WA RCALE RS (B A 0 = 108.47), #3415 Cd® 1 7-2142(0.97 A)JB A LITILAS, (R FI e N
T HANEEFTE R 7 7 NSS4, SR CA* B S it . PREFIARIYLEI S5 & ICT 25 PET )
i, BEEE T WO IX (Aem = 450 — 610 nm), A RMIE R P XA B A SO T, RGETE R,
GIREHAEST T S SEBRRE & AR S Al R B S5 R B 1 RE 1 45 (8 25 DR A R R 2, D3RS
bR A A R A TR T TR

2. Fk
2.1. &5

2-FAHE-1,4- 2500, 2-FRH-A-TH AR R, RUTSEAEE, DUSUILER, 2-J 3 ntt e 0 8 B T kR A R
/Aﬁj(t’ E':‘); %Eﬁ%%ﬁ, %‘:7:*53\’ %ﬁgﬁi 367KZ»@$’ ZE?Z@E, :%Eﬁi%’ :Eﬁ%Eb‘m’ Zﬁﬁ%m@g
MR GIA IR A R (B R, ). BT sl 3 e ot al, Rt — b alife.

2.2, {X3F

WG 66 TH(F-7000, Hitachi, HAS); S48 606 1H(UV-2550, i, HA); ZEEIRIU(NMR,
600 MHz, Bruker, Exi).

2.3. RRECH R

F DMSO FR#I#R4t CdP B, WREE 1 mmol/L, &R+ ids FH 25 55 1K, WP
A 1mmol/L. CdP ¥ii: # CdP B H LERRE, BBk 20 pM FMRya W, IAaCES In N AH B & 1) Cd?*
FHEAB AT, KA ICIITE LBE R RIS, D266 BRI KN 543 nm, YemitBk4%54 5 nm/5 nm.

2.4. AR CdP HIE R SRIE
WEE CdP 22 VB AU A R, & Rt L] 1.

241 A 1 HER

4 2-5256-1,4-Z5 (5.2 g, 30 mmol) Al -3 Jk-4-fi 5 2K 2 (4.6 g, 30 mmol )i T 80% LR 7K i (50 mL)
B, 100°C 264 FHEHE R 12 /Mo JRF IR, BEZERR LR O/, KRR BIABAIKF, IR
FREANIHE pH = 7, B B EADTE, WIBIERDTE, LR OBRS/KEITAR, WEANAE, H
TR (Vee:Vea = LL)IEAT /0 BS15 3 6.54 g (bE) 1 EEM AR, =% 74.6%). 'H NMR (600 MHz,
DMSO) ¢ 8.68 (d, J = 7.4 Hz, 1H), 8.29 (d, J = 2.4 Hz, 1H), 8.23 (dd, J = 8.7, 2.4 Hz, 1H), 8.20~8.15 (m, 1H),
8.08 (d, J = 8.7 Hz, 1H), 7.98~7.90 (m, 2H), 6.52 (s, 1H). 3C NMR (151 MHz, DMSO) ¢ 182.33, 150.36, 149.77,
147.12, 143.17, 136.18, 132.51, 132.21, 131.05, 129.99, 129.61, 124.89, 124.37, 119.54, 110.97, 106.94.
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242. L&MW 2 AR

P& 1 (2.92 g, 10 mmol)i&E T JE/K ZBE(50 mL)H, i ANEEH5(5.23 g, 80 mmol) FIFH 2R (2 mL),
80°C RIS 4 /NI, [ R4 RS e I WS I, R4 S5 R B AT AT JE T (Ve Vea = 1:1), 19 3ILE
W) 2 (BAFEAR AR, F% 87.7%). HNMR (400 MHz, DMSO) 6 8.62~8.50 (m, 1H), 7.89~7.66 (m, 1H), 7.56
(d, J = 8.7 Hz, 1H), 6.73~6.67 (m, 1H). *C NMR (151 MHz, DMSO0) ¢ 181.38, 153.46, 151.16, 145.73, 137.50,
131.01, 130.99, 130.64, 130.48, 129.39, 124.42, 123.91, 122.71, 112.14, 103.98, 96.95.

243 LEYI3HER

# 1.31g (5 mmol)ft &4 2 F11.28 g (10 mmol) & H HE R IA T & ke, =iRAEEE Smin, S50
A 3.8 g (20 mmol)PY &b sk 4k 4: 45 FE 30 min, IMAVKKE RN, LR AEEABGFIER I, LU
Tk 28 L BB (Vee:Vea = 220) IR SIAHEATAEET, 53] 1159 (b &) 3 (BB A R, 775 79.3%).
'H NMR (600 MHz, Chloroform-d) ¢ 8.14 (dd, J = 7.5, 1.3 Hz, 2H), 7.99 (dd, J = 7.6, 1.2 Hz, 2H), 7.97 (s, 2H),
7.68 (td, J = 7.6, 1.3 Hz, 2H), 7.53 (td, J = 7.8, 1.3 Hz, 2H), 6.94 (s, 2H), 6.49 (s, 2H). 3C NMR (151 MHz,
Chloroform-d) ¢ 194.16, 187.80, 153.94, 153.21, 152.72, 133.24, 132.75, 132.18, 131.96, 131.39, 129.52, 128.61,
126.99, 122.84, 116.68, 103.94, 103.11.

2.4.4.CdP HhE R

# 1.45 g (5 mmol)fk. &4 3 #10.55 g (5 mmol) 2-FEMERE A T ZBE, A 05 mL 88, B+ R
N8 h, LIEE A 1.65 9 HEsr ¥ 4 (CdP, BELLEEAN K, 7% 86.6%). H NMR (600 MHz,
Chloroform-d) 6 9.07 (s, 2H), 8.66 (d, J = 0.6 Hz, 2H), 8.39 (dd, J = 4.3, 1.7 Hz, 2H), 8.14 (dd, J = 7.5, 1.3 Hz,
2H), 7.99 (dd, J = 7.6, 1.3 Hz, 2H), 7.74 (td, J = 7.0, 1.5 Hz, 2H), 7.70 (s, 2H), 7.68 (td, J = 7.6, 1.3 Hz, 2H), 7.53
(td, J=7.8, 1.3 Hz, 2H), 7.37 (dd, J = 7.0, 1.4 Hz, 2H), 7.14~7.09 (m, 2H), 6.95 (s, 2H), 6.49 (s, 2H), 6.08 (s, 4H).
13C NMR (151 MHz, Chloroform-d) § 187.80, 158.26, 153.21, 151.97, 150.22, 149.46, 145.56, 138.81, 133.24,
132.75, 132.17, 131.39, 130.30, 129.52, 128.61, 122.84, 122.62, 120.56, 115.01, 110.45, 103.94, 102.18.
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Figure 1. The synthetic route of the fluorescent probe CdP
1. RHIRST CdP M & R BE 4k

3. BZRE 4R
3.1. CdP %} Cd2*#yiR BI#NEl

CP 1T HLE T 0 2- BRI ) PET X087, A e B I B S8 15 Y T X LR S
- CoP* 145 4 WL T PET LAV Wy R B A0 B 1 BT, 2 T DI I T 50
AR TR (LE 2).
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Figure 2. The recognition mechanism of CdP for Cd?*
2. CdP %f Cd2*A9IRBIHHI

3.2. CdP X} Cd?*Ryseitid &k

TREF CdP X Co? ' me S AR Il I 28 4 - mT LI ISO % R oot ik R G0 iTAl (LA 3(a)). SEge#
B, 5 Cd*rmthaia)a, CdP Mitii A 463 nm 3520 2 520 nm (A, =57 nm), ¢EEIER B 610 nm
bR LG 5 225 f5(® = 0.42), R W] Cd2 i id | L mLIE ) PET ZR0GE 701 N LT e #2 (ICT),
P T - K7 BUSFIORKOLE 3(b)). TESAFIRER) CAP HIEAT IN G, % 0 5 A< A 1 184
K, IFHETE 0.1~0.6 2 FEJEHE AN 1) CA?k B mE A K R (y = 373.6x — 31.12, R2= 0.9974), it5iks
MERS 54 1.54 nM (Z8%), RER T4 AAS J7E(LE 3(c)).

AR T 24 CdP 43715 13 At Y 27 (BLF5 Ag* Ba?*. Ca?*. Mg?. Sn?*, Pb?", Fe?", Hg*.
Co?*. NiZ*, Mn?", Cr¥, Cd?")ILAFmam (WL IE 3(d)), SEERss R, CdP X Cd*H &z m T H
BT IR NI RE g, A OGRRFE AIIA AR BT 70 A%, RAR CdP Xf Cd? G B m Ak FEE: 4 CdP A
CAd* LK 12 Fh Y B (45 Ag*. Ba**. Ca?. Mg?. Sn*. Pb?. Fe*. Hg?. Co*. NiZ*. Mn%. Cr?)
Hh > —REWEE, DOUHT TSI REN], F CAIRE 20 uM i, EMEILAEE TR E A 500 uM (25
k&), TREHE 610 nm BTG HR AR F (AF/Fo) FA1/IN T 5%, i FH KT Cd?* il & (115 5 1 9218 (>2000%),
WEB CdP BA SR T IS Cd?* iy s BEAF S 1 (0L ] 3(e)). 7E 2~10 1) PH Y, CdP X Cd?* i
NEIASZEEA, R R PH LA 2520 CAP AN RE 71 (L 3(F))»

3.3. CdP ZEB FIm P AY R

ISR T . BREE NN B TR E RR A R N CdhriEdlh, DAL SRIIRE CdP
IR 2 L (AR P s R B, A4 ILRA 8 52  0.15. 0.25. 0.35. 0.45. 0.55. F|HZasrJeieiEit
FERA G IR B SAR B ks M 5 58 e tREE CP RN 5 I R fE, ARYE AL G 7 i, THE HxT
M) COZ R, L5 ILE 1, IR M 97.8%~103.6%, FH CdP AENSTE 0~0.6 245k B Vi [ PN vERf G 1
HL -0V P ) CA2 IR FE, AN 52 R S0 RO A Tl o 1 JE o T S5 AR o R s

4. BEE

AW TR Bt A 7 — I T R e S5 ) CA2 UG IRET CdP,  SEBINT A 23 i R B Cd2 )
EUEREE . ERBUEAN . PREFEE C?R R PR SRR I T N AT R (ICT)PLH S8R 77 &
(PET)RLSLAME, 51D &2 RIS LT #2 (A, = 57 nm) JR UK (51 225 £, ©=0.42), JER& T “IF - K7
BB SN . BREFE 0.1~0.6 nM IR EEE I A £ I S 2k 6 R (R? = 0.9974), Al FRIKZE 1.54nM, B3
TGRSO TE(AAS) i, PLTFIRSEIGRT, 18 FhILfF 87 (10 VR )X Co2 Kl i) T4 fm
72 < 5%, HAfE Zn?. Pb*&E5a4+VERH & 1 ILAEI 1 ORFF>05% IS Sk 5P, UESEHACAZiERT Cd2 il
e AR SEBRN VR, CdP TEE W T A RS H AR LA 0 B S AR A M R ) i b
[l 55 98.2%~103.1% (RSD < 3.5%), 454 Cd? i MR rfFr b (b (Bt~ 20 61), JRIL T HAES
B R Z T HPE ISR M T AR TAERMUOYIRE CA?RG R ME THR T A, HE
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Figure 3. (a) The UV absorption spectra of CdP before and after reaction with Cd?*; (b) The fluorescence spectra of CdP after reaction
with different concentrations of Cd** (0~18 uM); (c) The linear fitting graph of the relative fluorescence intensity at 610 nm of CdP
after reaction with Cd?* at different molar ratios; (d) The selectivity of CdP for various metal ions; (e) The ability of CdP to resist
interference from other metal ions; (f) The stability of CdP in aqueous solutions of different pH values. Zex = 450 nm, exit: 5/5 nm,
voltage:650 V
3. (a) CdP 5 Cd* kR RTRHIEIMNRULHIE, (b) CdP SARREIRER Cd?* (0~18 pM) R RFHIR AL, (c) CdP SR[EY
BEERY Cd* R R EHIE 610 nm LTSN ARXIRE LIS E, (d) CdP MEMERBEFHIEEN, (o) ClP WHMERET
FiiENEES, (f) CAP AR PH BB R T IR E M. BABIc: 450 nm, 3k4E: 5/5nm, HBE: 650 V
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Table 1. Statistical table of the results of detecting Cd2* in the concentrated e-liquid of e-cigarette aerosol by the spike method
within the range of 0~0.6 equivalents of CdP
5z 1. CdP 7£ 0~0.6 HESEE MR INFRER N FIHSIBRRAEFE B CA BRI R

FEf CAIRE(HEL) Cd?" il 4 (A& tb) 2 (%)
a 0 A -
0.15 0.15+0.02 100.0
c 0.25 0.249 £ 0.01 99.6
d 0.35 0.35875 + 0.009 102.5
e 0.45 0.44 £0.03 97.8
f 0.55 0.57 £0.01 103.6
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