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Abstract Based on hydrogen bonding self-assembly strategy, hypotoxicity and water-soluble cyan fluorescent
carbon nanoclusters (HAN-CNCs) were constructed to employ a highly-efficient green economy and room
temperature synthesis method, which used ascorbic acid and high biocompatibility coal-based sodium humate with
abundant hydroxy as raw materials. The as-prepared HAN-CNCs can be specifically quenched by Ag™ at pH of 5.0,

with a wide detection range (5.0—300 wmol/L) and a low detection limit of 27.5 nmol/L. It was found that Ag* can
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induce fluorescence static quenching of the HAN-CNCs, owing to the coordination interaction between Ag" and

amine groups or carbonyl groups on the surface of HAN-CNCs. More interestingly, the colorimetric detection of Ag”
could be additionally realized by visible color conversion (yellowish-rubricans) under the daylight lamp and the cyan
fluorescence gradually changed to blue purple under the irradiation of an ultraviolet lamp. From this, the HAN-CNCs
were employed in the fabrication portable test strip for colorimetry monitoring of Ag* via the green-blue (G/B)
analysis. In addition, HAN-CNCs exhibit an excellent reversible thermal response in the range of 20—85 “C and have
potential as a temperature sensor. Furthermore, the HAN-CNCs exhibited a low biotoxicity and an excellent cell
permeability when selectively detecting Ag® in living cells by fluorescence microscopy imaging, indicating that the
sensing system can be effectively applied to assessing potential risks and health security.

Keywords Coal-based sodium humate; Carbon nanocluster; Room temperature driven; Colorimetric fluorescence

detection of Ag"; Temperature sensing
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TEANME R Ag HEA T AR AT, e B ELAG e AR WA 2 RN At 2 1, A SR A 0 A R 4l X
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Scheme 1 Schematic illustration of the preparation of HAN-CNCs and as a fluorescent colorimetric

sensor for Ag*

1 SEIGERSy

1.1 RFI 5

PEEL AR BN (HAN) , ILPEAS JAG IR T AR EORME 5 b A5 HUIRINER (AA) , 43 bk, [=25 4R A
R B A 5 AHERER, A bral, KA AL T4 FRAF .

U-3900 % £8 #h-1] L4366 HE 111 F-7000 B2 640 A6, H AR Hitachi 28 H] 5 WH220-R RIZT 4b
LRI REDE P AR , T E Wiggens 23] 5 ZF-TND Bl i 46 28 = SR AMI AN, b 52 SR A BR 2>
#) ; Nicole iS5 HI e HL Hh 21 4F 6 4% /% (FTIR) A1 Scientific K- -Alpha X Bt H T RETE Y (XPS) , £ [H
Thermo Fisher 22 7] ; D8 Advance B X SR AT 5 (XRD) , 75 [ 4ji € 75/ F] 3 Tecnai G2F20S-TWIN 1%
SPHL - S (TEM) , 25 FEIZA A ; Gemini Sigma 300 T34 HL 7~ 5304085 (SEM) , 88 ] 3 ) .

1.2 LR
1.2.1 HAN-CNCs 894 5 ZBIFRKEL0. 05 g HAN 5 0. 05 g i AA B F W, JIAS. 0 mL 8 4l7K
WA TR, TIRAI921)5 T 25 "CHEFE 10 min, FfiJ5 5.0 (15000 r/min, 10 min) FFRERIR TG 20, H
0. 22 wm PEREUE , 5 FH B8 .04 (M,=3000) .01 1€ (4000g, 30 min) J575%] HAN-CNCs, B F 4 °C
VKFEIRAT . R T A8 AT SR O BE A HAN-CNCs, 8 e 45 il A8 Sk e k) B . OBE R R] . pH A K
A SR T T IR AL .
1.2.2 HAN-CNCs # Ag™ 8y M g 0% 55 2eili T HAN-CNCs #8022 k[ 36 ) 51, BHUH
pH=5. 0 1Y) PBS 2% i ¥%5 & s F% 4 % i HAN-CNCs T~ 2. 0 mL EP 45 /1, 23 510 A 100 L (0. 01 mol/L)
NGB BT (Fe*, A, Cr*, Co™, Hg™, Cu™, Zn*, Cd*, Ba™, Sn*, Mn>, Mg™*, Ca*, K*, Na", Cs"
A ERIHIR G ﬂJ’j FCE S min J& , 0E AN 26 (SHOR E : A,=360 nm, A,,=450 nm). )5
X Ag B RS T T, B B EUT pH=5. 0 1 PBS 2% i WA 41%6@ HAN-CNCs 2. 0 mL EP
Ep, JmA 100 HLKIEJ%%E%E‘J AgTEWBORAYIE), Tl BTN 2.0 mL, $% 1R A BRI 5E A 986
SR

Chem. J. Chinese Universities, 2024, 45(6), 20230510 20230510(3/12)



Jd EF 2w s ¥R
Eu CHEMICAL JOURNAL OF CHINESE UNIVERSITIES

1.2.3 HAN-CNCs th 6 7% Kok il Ag- S HSCHR(37 1071k, A5 £F 4 ug 4t e sk 8y oA TR AR
Biti 5 1% A HAN-CNCs 7K IR 24 b, BUH T4 5 3715 HAN-CNCs 05O 2R 48 . PR AN AR B 1Y
A RR NS HAN-CNCs 40 |, & FREFE SOMU P A 365 nm 54T B F40 BRI Bt A5 4k

1.2.4 HAN-CNCs #y 5 £ 2 B3 S RESCER[38 1771, B HL3. 0 mL A pH=5. 0 11 PBS % i WA %
4% B HAN-CNCs T2t e Ly, LT F 38 280055 500 5 i B M 20 “CF- s 28 85 “CH (Uit B 1]
5 °C) DRI 5 bt Jn PR B M 20 °C, MEEHTOLIR R T UK E .

1.2.5 HAN-CNCs £ 5% 28 5 A" SRISCER[39 5, B A ZLAR I A0 (MCF-7) B F 4 i 8% 32 4
(37 °C, 5%CO,) PIEE TR, FPAENEES , 435I & 1. 5 mL HAN-CNCs(1. 0 mg/mL) Fl HAN-CNCs-
Ag' (1.0 mg/mL+100 wmol/L) A5 B 5% F2 B e [H 55 32, ARSI 5 5. 0 h i, W R 5900 PBS %
W (pH=7. ) PEUE 3K . TeJe DO BB AT AN BAR AT, LA ASCAT AT A 3 %) 240 6 Ay %o L

2 GRS

2.1 HAN-CNCsHJiZit RE K

FCNMs 38 2 R FHZK B2 R0 4 Bl xd & A UL IE A e Tl AL i A5, 3K 285 B 0l L
EH, HFEHFERKEREE MBI, AMFE T AT a ek EHE . HAN L7
MRS | M EEFIYE e PRI —Fh s B Rt | FRIE . kg | ZREY | SRS AIRR IS S AR R AL A M 2
B Ry 142 Wang F W5 T ISHHIREN I 2 kB . B BUEEME | WS E M | (B S SRTE &
RAFGEVET, G5 R RS IR AN A BRI T B . ASCE AR —Fh o] T2l
TGN 5 200 B b A AL ) v 2 AR S M AR R oK 7 . S P e B R B B KR ) HAN Ay filk
U5, AAHIRJE], & B AA 5 HAN 2 [8] (9 S A0 i I S 2S A A L3RS, 723 T B 10 min
RP75 5 HAT 3 (98 6 19 HAN-CNCs, %31 8 % U Scheme 1 ffs . A 1715 8 A fe L 98 etk aE 1
HAN-CNCs, XJ S0 J5OBFEE o BFfa] 33 | pHAE DA B b AT 74858, 25 1 B . B 1(A)Af

Fig.1 Effects of reaction conditions on fluorescence intensity of HAN-CNCs

(A) Amount of AA; (B) reaction pH; (C) reaction temperature; (D) reaction time; (E) stirring speed.
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A, M AAFHER0.05 g, BEVHAN 5 AA JR& HN 1:18F, HAN-CNCs (928630 B k. BFgT R, [
41 J5T pH XF HAN-CNCs B RS | S5 SOGSPE BT A BB, &4 B HAN-CNCs oG — 1R 2, R
7] pH F85E T 7T LA AN R 2 SEHERE RN ST (I Ak A L. &1 1(B) KB, HAN-CNCs 7E pH=4. 0 B} %5
SRR A, I 1(C) AT LLIE H HAN-CNCs %'t B Bl 5N L3 T g kAR, 7625 °CF i
K. W 1(D) AT T 10 min 5 60 min B FTFS HAN-CNCs A 2¢ G BE B R, DA £ sk a] £ B2 e e £
FZ R B 1] 24 10 min. /1 & 1(E) 7] 1% 3 4 600 r/min I, HAN-CNCs ¢ 638 BB K. 28 F PR,
il & HAN-CNCs M 25 PR A0 « HAN 5 AA it 101, RO A [E] 10 min, S B 25 °C, %3
600 r/min, pH=4. 0.
2.2 HAN-CNCsByytFHEae o
TRAKTE A D RRE | SR R AR S T TR i, VB —FP I S 9 T /m A A W o B b 4%
. N TS HAN-CNCs BY62A R RE, B el T HS AN . B 2(A) /R H T HAN-CNCs
IR RN S JEORE G 8 21- 1] WL KO3 , 5 HAN A8 SE WIS AA 437 T 250 nm b AR KR ISIEAR HE
HAN-CNCs 7 220 #1280 nm A4 2 N HE I 4 , 7 360 nm 40 HVER 1S TEWR I, 45 RIEAE 7-m il n-o” Ha,
FERAE2 ) KT HAN 5 AA Z 0774 TE5G4E M . HEI2(B) AT I, HAN-CNCs 7E 450 nm 4b ) 9 %
KAHCRFE, 5 HAN FIAA ZEFRERIIRER AR . d I 2(C)n] WL, B & B H 330 nm & i K
£ 410 nm, HAN-CNCs P9 38 BE 5638 K500, S KA H BUAE 360 nm BRI, H i K98 & ST &
IR R A AR T ARk, R HAN-CNCs HAT 8 —0kidz /04 . i1 &1 2(D) P45 2] HAN-CNCs
A8 % KR 360 nm , S K & S R 450 nm; HoAd P 278 HAN-CNCs 78 H BT BT 23R
B, 7E 365 nm BAMEI T & M @O, BLAh, il i B HAN-CNCs 48X ¢ i 1 =%
6. 44% (EIS1, WA T HHER), 9674l 3. 28 ns(F S3, WAL HHE ), $2/5 HAN-CNCs H 77
TEBOR ST, HARSIBCERATHE 7 1. 96x107 s, [ IREERFEI], HAN-CNCs © & 8IF il T4 9
SIHTER . DS IR R E PERETE SE PR T AR O, PN HAN-CNCs IR AT T it A7 . R BR
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Fig. 2 UV-Vis absorption spectra(A), fluorescence spectra(B), excitation-independent emission
spectra(C) and absorbance, excitation and emission spectra(D) of the HAN-CNCs
Insets in (D): photographs of HAN-CuNCs under daylight and UV light irradiation of 365 nm.

Chem. J. Chinese Universities, 2024, 45(6), 20230510 20230510(5/12)



Jd 53 5Ky s R
Eu CHEMICAL JOURNAL OF CHINESE UNIVERSITIES

fif 5 A pH AR E HEWFIY , S5 R B HAN-CNCs i 7 1 N F, SRAMRIR 4. 0 h, 7 R 1 Sh VA o 58 1)
pH E FE (2~12) P AT LR AT RS e 1t (1 S2, WA S HEF D).
2.3 HAN-CNCs IG5 9HT

h 1 2098 HAN-CNCs B 258 4 BUFESUARRAE , X HAN-CNCs 47 12085, 25 R
K 3(A) TR . HAN-CNCs FIZEAME E H 1710 em™ Ab G IE R C=0 45 Ik shi% , 3600~3000 cm™ &k [
YR T N—H Fl O—H 8 45 R 51, 1676 F11589 em™ 4bAYIE Ky C=N/C=0 ff 45 R ah%, 1368 cm™ ZbHY
VA C—N P25 P sl , 5B HAN-CNCs & A SR IL R SL , R EA RAFMKEHE2. 1ok, 5
HAN F1 AA 2T 4GS A G, HAN-CNCs 7E 3550~3200 em™ Zb (R4 738 55, WA 43 18] S 40 A &
AR T 1 E HAN-CNCs FY e R AR S CA% A2, XEHGET T 7 XPST . F &1 3(B) AT W4 2] XPS
EIEPAAEC, O, NIEEARE, T80 58 55. 81%, 42.87% F11.32%. & 3(C)HN C, 1Y =43 3¢
XPS e, 251G 3] C LR MAAAEIE U 38, 4300 C—C/(283.72 eV), C—N/C—0(285.26 eV ),
C=N/C=0(287.28 eV); N, i & {71 398. 10 F1400. 8 eV 2L F4 2 AW , 1] U1 & Ay it i 80 R C—N/
C=N[EI3(D)]; O, F&r531. 37 F1531. 85 eV AL MWL LI 73 HIXT 1 C=0 Fl C—0 FE A i 8 0 45 45 fig
[EI3(E)]. DL EZ55RRM], HAN-CNCs &4 i dt | S LA, H HAN-CNCs FIAZ O OT R DAL 1)
TERAEAES . WA, 7% HAN-CNCs IWHB IR F 8000 F RIS TR A | IR R SE 1 TR, i — 2
AT T XRD AR . i1 & 3(F) ] I, HAN-CNCs 7F 20=21° Zb A7 ¥R AE U, XTI C B (111) S ia™, F2 8
HAN-CNCs & &8, 1 H. HAN-CNCs fI4%.0 LA iR T A ALE .

(A) HAN-CNs, (B) (0}
Atomic fraction(%)
\ Element exp. calc.
bt HA C 55.81 52.33

N

o 4287 4633
/_’—\/\Yv\/'\ N 132 133
f C
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R N
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Pem™! Binding energy/eV
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Fig. 3 Structure characterization of HAN-CNCs
(A) FTIR spectra and (B) XPS spectra of HAN-CNCs; (C) high resolution XPS spectra of C, ; (D) N, and (E) O, ;
(F) XRD pattern of HAN-CNCs.

Chem. J. Chinese Universities, 2024, 45(6), 20230510 20230510(6/12)



Jd B3 ks %R
EU CHEMICAL JOURNAL OF CHINESE UNIVERSITIES

FIFH TEM F1 SEM % HAN-CNCs FJESR IR ST 4T 7 3RAE . B 4(A) A I, HAN-CNCs S 3KIE R
H BB 5150 A, S R SF2 5. 0~6. 0 nm, o DLS 52 K ms /N[ & 4 (B) . M SEM BEF AT 145
HAN-CNCs JCE 23 B i EDS 2345, & 4(C) L /R HAN-CNCs A /NERIE ki, K 4(D) ly HAN-CNCs F
EDS /34, HR e 7 F R TR E T35, 715 C/O/N BT H A 1:0. 94:0. 026, K 4(E) /R C, OF
N LIS HCR A 1 I ) A, iE—20E8 T C O #5477E T HAN-CNCs Hp,

40
(6))
30F
S
kot
2 20+
=
3
S
~ 10t
. H M
2 4 6 8 10 12
Diameter/nm
4500 o[ ™)
0,
3600 Element At %
C 50.8
R | 0 479
S 1800 N 13
900
O L 1
2 4 6 8
Energy/keV

Fig. 4 Morphologic analysis of HAN-CNCs
(A) TEM image; (B) particle size; (C) SEM image; (D) EDS spectrum and percentage of major elements;

(E) the element mapping of C, N, O.

2.4 HAN-CNCs 3t Ag B4 5 R o et

T PEM HAN-CNCs X Ag' RS e , 78 pH=5. 0 4cF F %28 7 BA TIAERR R BB T2
m . A 5CA) PR, HAT Agh HAN-CNCs A3 BH S22 EHK, TS BHESF-AHXT Ag Il 5 2L K
JERIN, UL HAN-CNCs HA B m RS, v DIAVE s BRI Ag 1R e akads . X F— AN BRAR Y
WAL, bR T HA R AT ok, T2 1A m R EUE, B/ XT HAN-CNCs #2l Ag”
AT T RAEESZE . 1 e A I A T Tk, B pH=5. 0 (4 PBS AT, Ag M KRR fe
SR [EIS3(A)]; IeAh, XA aIES 7 T, & B Ag™5 HAN-CNCsAEH 5 min J& , 26N FHkSE K
[[#S3(B) ], filt HAN-CNCs S AERG I i 0] 5 € 49 5 min. 7ERAESAET L 3898 T HAN-CNCs 26658 J Fifi
AgVREESEINAAE ke, B S(B)FI(C) AT UL, FiE Ag W E TR, HAN-CNCs 2GR BB WAL . 76
Ag W FE R 5. 0~300 pmol/L Bf , HAN-CNCs B9 2¢ S 98 BE L (F/F,) 55 Ag" Wk BE 12 I R4 i 26 ¢ &
[E5(D) ], LetEilA TN FIF=-0.00286¢,,,+0. 87844 (R*=0. 9971) , #Hf /A= 3S/K 15545 246 Hi BR
(LOD) 4 27. 5 nmol/L,, W] HAN-CNCs Y2 GREAS 1E— i HY MR BE T N SE B0 Ag i fepril], B —
SEMIR A . e S2 (WA SCCREE B ) T UL, 12077 5 SCHRIRAE (1) Ag Rl ik A B, il 5 ARG
FE . CITREA I, T LS EEE  vE HAG I Ag”.
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Effect of different cations(A), fluorescence response in the presence of different concentrations
of Ag" the range of 5. 0—500 pmol/L(B), the plot of fluorescence variation(F/F,) of HAN-CNCs
by Ag"(C) and the linear relationship between F/F, and concentration of Ag" in the range of

5. 0—300 pmol/L(D)

Inset in (A): photographs with different cations under UV 365 nm irradiation.

2.5 HAN-CNCs Lt &#i Ag*

I BE

& e A I AT 22357 5

B o T 5T HAN-CNCs 2 7 B & It Mg

B AT E EL AT SN BRI B AR, XA A S T R

E, BB S AN R B R LT 4E IR 4TIR 0 T HAN-CNCs 15
W, TG 365 nm AN REST, & BN E 219 HAN-CNCs IR A0 B ot Fl6(A) ], 72 H K

20

1
40

1
60 80 100 120 140 160

Concentration of Ag™/(umol-L-")

Fig. 6 Colorimetric fluorescence detection of Ag* by HAN-CNCs
(A) Different images of folding filter papers stained by HAN-CNCs under 365 nm UV irradiation; (B) the visualization

detection of Ag" using the colorimetric filter paper under the 365 nm UV lamp; (C) the linear relationship between V/V,

and concentrations of Ag" in the range of 10. 0—150 pmol/L.
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ST IR (R S4, WA RS ). 247E HAN-CNCs IR 48 A R BE Y Ag ), AR IN T (498
HB AR, HREE Ag VR RIERmAEX [ 6(B) 1. [RIA, 3 1 B €0 73 #{ ORF ATEE G K AL B 1) 94
JeAs S G/BAE , A& = Ag. WK 6 (C) fir s, 7E Ag' e 4 10. 0~150 wmol/L i},
HAN-CNCs iAKW B A tb (Vy/V,) H Ag IR E R M R IF M AR, AL ST RBRERN
V/Vy==0. 00395¢,,,+0. 988 (R*=0. 9820). DNk, fdi FIIZAREE L (3 Bk n] SE BN Ag AL E A . T
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Fig. 7 Exploration of Ag* detection mechanism
(A) Fluorescence spectra; (B) UV-Vis spectra; (C) FTIR spectra of HAN-CNCs, Ag" and HAN-CNCs-Ag"; (D) UV-Vis
ahsorption spectra of HAN-CNCs in the presence of varying concentrations of Ag”; (E) fluorescence decay curves of
HAN-CNCs and HAN- CNCs-Ag"; (F) the linear relationship of F/F versus the concentrations of Ag” over the range of

0—350 wmol/L at different temperatures.
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Fig. 8 Temperature responsiveness of HAN-CNCs

(A) The fluorescence spectra of HAN-CNCs with temperature variation from 20 “C to 85 ‘C; (B) The plot of fluorescence

intensities of HAN-CNCs with temperature changing from 20 °C to 85 °C; (C) The linear relationship between fluorescence
intensities of HAN-CNCs and temperature in the range of 20—80 °C; (D) The fluorescence intensities of HAN-CNCs

when the temperature returned to 20 °C.
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Fig. 9 MCF-7 cells viability after 24 h and 48 h of incubation with different concentrations of HAN-CNCs
(A); fluorescence microscope images of MCF-7 cells after incubation with HAN-CNCs(1. 0 mg/mL)
and HAN-CNCsAg*(1. 0 mg/mL PEI-CuNCs and 100 pmol/l Ag®) for 5. 0 h at 37 °C(B)

(B) Scale bar: 50 pm.
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