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High-sensitivity Detection of Silver Ions and L-cysteine by Carbon
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Abstract: In this study, blue fluorescent carbon dots (B-CDs) were synthesized via a solvothermal method using p-
phenylenediamine and o-phenylenediamine as precursors, with a fluorescence quantum yield (QY) as high as 73. 63%.
A fluorescent sensor was constructed for the rapid detection of Ag* in aqueous samples and L-cysteine (L-Cys) in livestock
meat. At the optimal excitation wavelength of 370 nm, the fluorescence at 450 nm was quenched, while the signal at 604
nm was slightly enhanced and red-shifted with increasing Ag* concentration in the range of 20. 00-120. 00 wM. A good lin-
ear response was obtained between the ratiometric fluorescence (F,50/Fgp) and the Ag* concentration. When L-Cys at con-
centrations ranging from 0 to 200. 00 WM was added to the B-CDs/Ag* system, the emission peaks at 450 nm and 604 nm
converged to 500 nm, and the fluorescence intensity at this position was enhanced. A favorable linear response was
achieved between the B-CDs/Ag* system and L-Cys concentration. A smartphone-assisted visual detection platform for L-

Cys was further developed. The sensor exhibited excellent anti-interference ability and reproducibility in real sample analy-
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sis. The proposed method was characterized by simple operation, low cost, high sensitivity and good reliability. The fluo-

rescence off-on response provided high selectivity and signal controllability, indicating promising application prospects of

the dual-target detection in environmental monitoring, food safety and related fields.
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Preparation of B-CDs and the ratiometric sensor constructed therefrom for detecting Ag”

, the B-CDs/Ag" composite sys-

tem sensing platform for detecting L-Cys, and the construction of a responsive “and gate” logic gate based on the “on-

off” type response
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2.1 #HR5RAF

XF 2K 1 (p-Phenylenediamine , PPD) AR
Jt# (o-Phenylenediamine , OPD ) i B2 4R \ S fL AN 5
PRk BRI BK A PR AR R R R R B AR R B |
SALE SRR | L-2F e 282 (L-Cysteine, L-Cys) |
BR&IR ATBIR A BEH K DTN IR | RERE N &
P2 e W R VAL TR B IV AL TR U B (v 22 ve
MAEACRH B AT FRA ) s Tok S A AL
R (R R Al A R A W) s vk 2R (R
T RS AL 23K ) s BER (JH & T B A
FRSW)) s 25 77 (B B T A AL B R A1
PR 2% W] 5 A T i HoS0, P11 i 1 100. 00
WM B R 25 T A A W . PR 50,00 pM
H,SO, 5 B GE 25, FT A4 18 W B W0 1R O 3 R
s/ T 0.05) 5350 2 o Al 5256 K
EET K.
2.2 UFEHEE

&9 B M ( H A& JEOL A /), JEM-
2100, Transmission electron microscope, TEM) ; X
S} 28 77 91X ( B A Rigaku 2 & , Rigaku Smart Lab
SE, X-ray diffractometer, XRD) ; {8 H I A% 6 21 4
3% A% (35 E Thermo Scientific 2 7l , NicoletiS20,
Fourier transform infrared spectrometer, FT-IR) ; X
Bk S B 1% 1 ( 32 [E Thermo Scientific 24 H] ,
K-Alpha, X-ray photoelectron spectroscopy, XPS) ;
SHNAT W3O I (R R ER AL A R
7], UV-2300 I , Ultraviolet and visible spectropho-
tometer, UV-vis) ; %643 600G BE 1 ( B iR OGHR
H R 2 Fl L, F97Pro, Fluorescence spectrophotome-
ter, FL) ; Zeta sizer Nano ( ¥ [F T /R SCAY 28 BR 2%
w5 R B R S KT R A (L v AR A SE B AR A
FR ], DGG-9030B) 5 Ly HIL () 1 I3 52 6 3 A%
PRIT A PR A H1850) 5 R VU SR &0 P (L it
AP AR s pH TFCR M B 520 05
AR T LST2100)
2.3 FHiE
2.3.1 B-CDs#y#l &

FREL 0. 20 g ) PPD F10. 20 g i OPD T 20. 00
mL OB G, 35°CTF B b B, T 58 4 i
Joi e T R B B ) S 17 48 v Y SR DU S 20 AT o
SNG4 E T H PR R X TR AR b, BE IR B
180°CJ fH IR 2 I 6 he Ff SN 45 R 2 J5 , X

NEHRRHEEER, 18 T B-CDs R . %
$£ 8000 r/min Y 15 % 34 B0 15 min #f B-CDs KL ¥
TP AT RE AR BA A 8 4 RN I T R A 0K 2% 5 15T U
F B, B SR b T8 BT 0. 22 pum B4 BFL 3 9 B X
L E W EAT R UE 5 R RS B0 1) B-CDs I 7R AR
(4O RIEH .
2.3.2 REAEFISE

e F A X 2 0 E B-CDs Y 99 i 7 77 &
(Quantum yield, QY) , 3 FH B f2 25 7° E A A 1 X
HEEL (100. 00 uM, 1t £ 77 2 8y 54.00%) o 43 57
JE B-CDs ¥ W -5 B B2 25 T bi 1 i W 19 UV =vis O
T K9 T (R K 370 nm) |, Ry ik /)N B 0%
WS I A T I v A e s oV A G G W O
AHIE H /T 0,05, 9GS m(F) S
Xif 1z W BE (AR AT R AR (D T3

n> AF,
6.(00) = b,(2)

o, MR EE ) B-CDs B2 G B T 728 (%) ;
o, FFRIEYI B IR 45 T 1) 9 6 i F 77 2. (54. 00% )
n HIEFIPT R (EARK R PRIRE T T W
B H ,B-CDs i T LB T /KH ,n/n~1),
2.3.3 B-CDs#j & 4L

K FH TEM Xt B-CDs Y J% 50 #F 47 W %%, If- 3 2
Image J PG 1t 53 Hr Hobi 42 534 . AL FL 3RAE
B-CDs [ 5624 1 5, ¥ B-CDs R R B, i e TR
A1JE B 3. 00 mL & F AL, 7 360~380 nm i
RPN AT 4 Be A i, SR 4 300~700 nm
RS U AR DX TR A 2 5 3 48 A R R A R %
K5 RRIE & G W, JF 90 SoAE N 2 s B L i — 2P
fdi FHl UV-vis X i B J5 19 B-CDs PEAT G RE I 2 , LA
8T KME A S, 1E 200~350 nm P K 78 Fl
R OGS, BB S BB 1 nm, P 4% 58 B
2 nm) , FH B R R S5 A FLOGIS B 25 B 4
FrHOCBOR R PE . #36 R ] FT-IR, XPS 1 il 5
43 B B-CDs . B-CDs/Ag’ \B-CDs/Ag'/L-Cys = {&
WA AE (0 Ak 27 5 46 RN T 3R R AT 43 BT R A
Sk it 25 43 A A I A4 2R £ e R AL A
2.3.4 B-CDs 8 # il & 4 £ 4L

RO I VEBE , RS % % T Wi B 4L pH
XF B-CDs 2 R PRS2 M . B 5, O 3kt A IR Vi
W B o 5 L 915 5 BE AR, 4 B-CDs 3 W 247 6
JE R O I Ol B 4R I 3k B D R L
R R RS BN T IR 225255 . [WI A, 8% 400. 00
M MO BRI RS R IRARF L 1 1 1R A

x 100 (1)
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T B-CDs 192 i BE AR Ak o 38 3 X LU 3 i 1z
152 B-CDs B9 e HEAG I pH 2510, K 5 2215 18 B
P AL Y BN AR

2.3.5 HMEB-CDs#m Ag b 45 & B

14 1.00 mL 3% B A% %0 B-CDs 5 1. 00 mL
BR 2% M W 4 A e AR R AR &R L 43 S 1. 00
mL A 7] ¥ B 19 Ag™ (20. 00~120. 00 pM) , %18 &
WRZWHEIRS) G, 7EZ R T #EE 10 min, b5 £
ARG A DR R AR A3 9 615 | K PR
HERRETD ASHIMA , S TERAT 450 nm & 5 15 2
J5 604 &b 7 £ B 09 A 5 0 1 5% 450 nm T 604 nm
Qb ) R AIE 2 O 5 BE A, T B ¢ O 5 BE LU L Fasol
Foos, T AT BRAE Y 0T = RFAT o 36T Frf- 5l
I FH 53 A0 B0 ST A Faso/Fooa 5 Ag e 22 TR Y
PR 2, 15 20 2t 13 5 AR M DG REU(RY) LK
i BR (Limit of detection, LOD) J2& 4K #5 24 X LOD =
3a/k i, 2 7 B (Limit of quantitative, LOQ) &K
P A3 LOQ = 100/k T3, Hoh o 2 94125 1 50 50
PG T B 0 B v i 22, kR A o 2R A Al RS
Wk UL P4 1% B-CDs H R 9L g &
Rl Ag i) REE 5 AT ATk
2.3.6 #MEB-CDs/Ag'# Ml L-Cys 5 & F &

FEUESE Ag A I K Y-CDs 2 1 3L Al I
E— W58 T L-Cys Xz K R 56 ZAEH .
Je g i 1 Y-CDs (il M BE A% 400 BR 22 v i (I
i& pH) A1 Ag"(10. 00 M) 45 1. 00 mL £ A (9 5 il
T F& 50 50 m AAS [6) W BE /9 L-Cys 3 W (0~
200.00 uM). ARG, W E HAE 370
nm AL T, 500 nm b 5 TR BE (Fs) , BV
AT =R
2.3.7 #3# B-CDs/Ag" T AL 4 M| L-Cys # &
F &

W 3R SO R B A I TCE T 45 365 nm
AR RE AR AL T R T
BILHC A5 0 €0 P 00 B A SR B 45 Mk BEE L-Ciys X I 5 T
(19 9 G, I 38 b B SR O X A R .G B =
A A B . WS EENE =R, BT
JIT 3R A5 0 B K035, DL L-Cys H& B 0 R AR b, LA 9%
6 B W W AE (R+G /B 1 F B1{E R G\ AL b, 8 4
2R 1 15 A ST bR AR

xid

F AL B-CDs X 5 42 8 Ag Ak PR 0, e B T
Na' Ag .Fe” A" . Cu™.Zn" K" Mg” Mn* Fe™ (i
FE¥ 2R 10. 00 M) 47 58 B i % . KF B-CDs
i BV BR 22 vl il 5 & T 43 s B VS AR AR R I
L1 LR A, ZEME 10 min J5 0052 ¢ 650 B
1 A X O B W AR R ) BT 4
VPl B-CDs X Ag 4t T HE M BE 1% B-CDs 7 B
W Ag W (W K 1.00 wM) \BR 25 Wl 5 4 T
Yo 4 )8 B W (W B2 12 10,00 WM, R Ag'ik
FE 10O R 1.1 1 LIRS HEIFE 10
min J&7 I 22 450 nm &b (4 92658 FE

Wk — 2 % 52 B-CDs/Ag 1k & Xt L-Cys ) 3£ ££
PE,EHL-Cys X 2R N AR IR RERE BT
87 N (IR A R NN O =N N R T L L DR A
MR SN A5 Z2 R AE TR (W BE 1 2R 10. 00 M),
TEAH [F] 45 48 T DU 3 2% O e 7 . B B-CDs i B
WA IR (A E 0,50 wM) BR 2% Wi 5 & i
IRV AR 1:1: 1184, Z M F 10 min
Je 5 e G5 B 38 o EU R A X O HLAT W
AR AR5 VR N ) o e e 1AL B-CDs/Ag % L-Cys
B9 40Pk BE LB B-CDs B B . Ag™ I Wi . BR 2%
R L-Cys ¥ W CHRFE Ry 1,00 pM) 5 45 T34 hin
7RV W (e JEE 29 04 10,00 M, i L-Cys ¥¢ B2 /9 10
FEOFEARBIE 1111 LR, IR E 10 min J5
W52 500 nm Ab 145 658 &
2.3.9 BREFE A E RS A

AL B-CDs b R 58 6 A% AR X Ag™ 1Y 55 bR
A I M B A F 9 358 BRI K A B R K AR Sl S BR K
FEIE TR . K BE B SEAE 10000 r/min 25 14 R &L 10
min, 2 BR AN Pk 2% T S R R TR, T
220.22 pom oL U8 B Gk 8 A5 fr DU RE R
53 i ) b B B9 KA HOIMA 1,00 mL R FE R 0
50. 00 & 100. 00 pM () Ag" ¥ &, I A 1. 00 mL
BRZE WP WY , 70431 50 5 B R I K8 370 nm
HEAT DTG 2 o 26 i A0 2 & A 4%
TR S AR 22 78 450 nm A1 604 nm &b () %€ 56 R i
G B0, 0 SR PR A & B I8 K B8 S (B A L, AR Al 2R Pk
U5 T BT ERE G AgT iR SNk B R 5
SR [8] B0 55 A0 X A U I 2% (Relative standard de-
viation, RSD) , UL it 2 Gt P-4l 1% A% J 28 78 SE B 7K A
o Agt R R ORS I o R RS R S SE PR IR
M.
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F %58 B-CDs/Ag B G A5 AR R AE R 24 B i 5
J T 6 L-Cys B0 B8 7, 16 IO 85 4 1R 5 0 TR A
fh 4% 5. 00 g, £ ¥ FAL B S 43 B0 25. 00 mL 4
LA SO mL L. IREYEAIRZALFE 10 min,
3 L 30 min, B S5 7E 11000 r/min T 2.0 15
min, YWHE FWEWR, 1L 0. 22 wm BEMR, T 15 98 1 4% &
IET 4CIRAE MLS BT o PPN AR Iy
TESE BRAE B AT SE 4 2F — DB — &R 41 L-Cys
%7(0.50. 00,100. 00 wM)HL 1. 00 mL il A% 1. 00
mL B FESL R I 1. 00 mL BR 2% /R,
1.00 mL Ag' ¥ ¥ (100. 00 wM), 78 73 1R 2 )5 1% 8 %
R 370 nm HEATHOEIEIEI E o i PO
TEALIN 22 5 A 45 IARFE i K R 7E 500 nm Ab (1 2¢ 5
e 1 A7 250, 1 S A 2 SR B A AR 2 S, R A e 1 4
BT R ARE SR L-Cys B9 S0 B 0 i 5
PRI 5 RSD, BT I Y3047 = P47 5250 .

mELFRN 100 (2)
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SR IV O AR R it 00 (L T SR R R 5 NS DR R
T 5 AR B R TR 5 N R A TR
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3.1 B-CDsHIRIE

B-CDs i TEM E R U & 2A B 7R , B-CDs k7
Sy LIS, JC I AR S B Y SR ER T R B
B-CDs [N ¥ £ 76§ 46 fi1 5F 2 40, [ B 24 2 0. 21
nm, XF W A7 A% 19 (100) - 1 (& 2A 46 &) o 3 i
Image J 3 1F e 3 JF 22 i 7 k042 43 A B 5 1l (8]
2B) , & Bl B-CDs A9 ki £ F 2 4 T 1.75~
4.25 amZ A CE¥R AL NRN2.75  am, FE
CDs # UL (9 9% & RUEE ¥R 1E . XRD & 3% 78 26 =
21.39° kb — A~ B & (4 A7 5 g (1| 2C) , J& ik
#RE(002) T, 2 B B-CDs B oA 46 12 A 7 il 2%
AT B TR 5 P TR) R 0 T A 15 B A R 3R 1R DL
& 45 H h F . 5 CDs # kF 0y B B 55 8 fiE
— ",

21.39°

FTSf 58 /2.,

s 20 25

Wit

30 3. 50
R /mm 20 (°)
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Fig. 2 (A) TEM image of B-CDs (inset is HR-TEM image) ; (B) The granularity distribution histogram of B-CDs; (C) XRD

pattern of B-CDs

3.2 RFMEERIE
B-CDs ) UV-vis Jt §i% 7£ 233 nm Al 263 nm 4t
275 P WY SRR AR R W 0 (5T 3A) , 233 nm 4k
F14) T8 WA g 5 5 VTR T C A O s Al C=C Y
w-m*EH, T BRI, SO B-CDs % 0 1Y) sp” 22 Ak i 45
49,263 nm Kb (14 W Wi e D) AT R b5 3R TR % 0
O/% N B REH 51 1Y n-m*BRT A ", 1] B-CDs
FMAFAE— € M2 5 FE M s m ae Al . 78 H G
T, B-CDs ¥ W 2 90848 €5 (18] 3A 4 (K1 42) | i 7
365 nm AT A H W & K €0 92 6 (1] 3A 4
KA ). JUAEZRRE, kK R 370 nm, L
R T WS (BLRZE T QY N 54%)™, A, 4y
H0.077 a.u. ,A, 2 0.38 a. u. ,F, K% R F.H
0.27 f% , K 4 B-CDs [ QY 1 ik 73.63%. B-CDs
(1 25 COCTEAE R B R 370 nm B, T 450 nm &b

B B A R 0, T HL B-CDs & S 06 1 7 B AR £
Bl A5 I R I R T D L S AF LR TR MK R
(E3B).

3.3 XEERBARTERIE

FT-IR Y6 1% 32 W Y-CDs 1 & & 75 & 45 # &
O AUE Re WL, HURRAE M 4 X N O A C—H .C—O0
K O—H RSN (K4A) . A Ag')a i &
Ak BRAE I = FAE P T 1639. 96 em™ (C=C/C=0) I
3250. 88 em™ (A4 AT C—H)™, F 1] Ag it 7 5] &
R F LT,

XPSIC & 4 A it — P 7R 7 R AL 2 RS 1
Ak, XPS 44K (K 4B) 78 ,B-CDs 1 C N, O,
SPUFI LR M. 7E Clsi & i (€ 4C) ,B-CDs 7F
284.15 eV 4k 1Y F XS I C—C/C=C # , in A Ag’
& L W B & 285.07 eV, WL T C-N 5§ C



3
==

—— UV (B-CDs)
6.0 i — UV (RERZET)
llnex — FL(B-CDs)

KK
2.01 R 72X 400+ .
‘\ “ //' Aem \\ 200 ,_
1.0 | |~ 450 nm N 2004
0.0 - —

240 300 360 420 480 540
WK /mm

#1600 5 410007
4 S < 4

0 :
320 400 480 560 640
KK /mm

[#13  (A)B-CDs U2 Z8 77 9 UV-vis W OGS F1 B-CDs 89 FL G (3 8124 B-CDs 78 H 64T F1 365 nm 48T FAIIE ) 5

(B) R RIS B B-CDs 196050 Y6
Fig. 3

(A) The UV-vis absorption spectra of B-CDs and quinine sulfate and the FL spectrum of B-CDs (the inset shows photos

of B-CDs under daylight and 365 nm UV lamp) ; (B) Fluorescence emission spectra of B-CDs under different excitation

wavelengths

—O0—Ag Z A, M 24 L-Cys il A J5 , 1F 284. 47
eV .285.88 eV i1 287. 07 eV 4b i B =443 1%, 43
%R C—C/C=C.C—N/C—0 K C=0 # , ) e T
L-Cys ¥ FHh 2 CIRF RSl A Nlsi & 8
(¥ 4D) , B-CDs ™1 By ML E 2 FE A Ag' )5 5% 78
Tk e AL, R A mTRE S & N BRI & A T BC AL, T
1E L-Cys A S5, P 3 v [a] s 20 3077 it e 40 A
S0, UL IR R N 19 b2k IR AR AR 5 2
O1s 3% & 75 (B 4E) , B-CDs 7F 531. 94 eV AL I &
TREEE M C=0H, Y Ag 5| AJa, N7 8 E
B & 532,75 eV, KU ER 43 & O H A (7] fig & —
COOH B My R IET I C—0 ) 5 Ag &L T HIER
Be AL AR HT, O Jst 5 J] il s - 1] Ag™ I A% 1T 3048 &
ReThim , MBEE L-Cys I ,Ols 45 A RE Rl % &2
531.96 eV, T L-Cys TS 3L 5 Ag JE il 17
B RS E 1 Ag-S BC A B, S 4 R K Ag” A B-
CDs F /Y O BL AL A5 45 6 ok, DI AT 75 D A
Ag' LBl 0 & VR R AT R B4R DL AR &
FRUCIE 2 T 38 4 e A7 S 980 “ J K 1R 52 1) BRI
et Bk 8h 11, S2p ik E R (B 4F) , #E B-CDs/
Ag R Z T 168. 53 eV Ab H BLAYIE IH & T—S0,*
AT RE K B ETIK AR B BT, I AE N A L-Cys J& 1% 04
Iy 4N 163,52 eV Fl 167. 48 eV H A~ 16, 43 5 % i
Z P I S—O0 BB F XL T L-Cys 43 F i
IS Ag B A T RS SR ECAER B
T Ag—SHE,
3.4 KEERK

A B-CDs 19 5 S A6 I M fiE L 5 %58 T 0 B¢

58S pHIE RS2 M . SEER R BT, Y B 2 80 %
B, B-CDs 76 4k RF R 47258 a8 B (9 [7] B, A7 280k fe
TV B A R A AR (B SA) U S g
PR MM E . pH R WA 5T 8w, 7 R M & b i
Z A (pH 2.73~7.00) F , B-CDs %% Y 5t J3 JE A {1
R, T 7E B ME R B (pH 7. 00~10. 00) 124 5
5 B 2l BT (K SB, C) , {H 2 FE pH 10. 00 2 J5
YE 5 B 1 R RE B e 59, IR I % 4 pH 10. 00
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Tab. 1 Comparison of B-CDs-based sensing detection system with some methods for detecting Ag" and L-Cys
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Fig. 8 (A) The synthesis process of B-CDs; (B) The response mechanism of the ratiometric sensor constructed by B-CDs with
Ag", and the sensing platform of B-CDs/Ag" composite system with L-Cys; (C) Zeta potential; (D) The responsive logic
gate constructed based on the “on-off” response during the detection process
®2 ETB-CDsXAgML-Cysti@BEITHWEEREIRERRAMEBEN
Tab. 2 Shows the truth table of logic gates constructed based on B-CDs for Ag” and L-Cys and the actual fluorescence color

changes of the samples
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