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ASSEMBLY OF FLUORESCENT NANOCOMPOSITES AND
FRET-BASED SENSING

ABSTRACT

As an emerging research field, fluorescent nanocomposites are at the
forefront of the rapidly developing field of nanotechnology, and
fluorescent nanocomposites are attracting more and more attention in
sensing or bioimaging due to their diversity of size and shape. Fluorescence
detection based on fluorescence resonance energy transfer (FRET) plays a
crucial role in analysis due to its high sensitivity, fast response time and
portability. Therefore, based on the FRET mechanism, three fluorescent
probes were designed to detect coumarin in cosmetics, Cu?" in
environmental water samples and carbendazim in food, respectively, and
their main tasks are as follows:

(1) We constructed a FRET nanoprobe for direct assay of coumarin.
In this system, CdTe QDs act as energy donors and Rh6G acts as an energy
acceptor. B-CD serves as a linker was used to bring the donor and receptor
into FRET proximity through specific host-guest interaction, thus
shortening the distance between CdTe QDs and Rh6G. Energy is
transferred from CdTe to Rh6G by FRET process, leading to the

fluorescence quenching of CdTe QDs. When coumarin was added into the
1\Y%
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system, it replaced Rh6G because the binding coefficient of coumarin with
B-CD is larger than that of Rh6G. Since coumarin is not an energy acceptor,
the FRET process is blocked and the fluorescence of CdTe recovers.
Therefore, we established a biosensor platform for direct detection of
coumarin. The sensor has high sensitivity and selectivity for coumarin with
a linear response range of 5-25 uM and a detection limit of 0.64 uM. More
importantly, our quantum fluorescence sensing platform has been
successfully applied to the detection of coumarin in cosmetics, showing the
potential of the probe in practical applications. The results of this study
provide a new perspective for the practical design and application of FRET
nanoprobe.

(2) CsPbBr;@Si10; acts as an energy donor and rhodamine hydrazide
(RBH) acts as an energy acceptor, which are bound together by
electrostatic interactions. In the presence of Cu?', RBH undergoes a
coordination reaction with Cu®*, resulting in a fluorescence emission peak
of RBH at 580 nm and a UV absorption peak near 550 nm. The UV
absorption spectrum of RBH overlaps with that of CsPbBr;@Si0, , and the
FRET process occurs, with the energy transfer from CsPbBr;@SiO; to
RBH, the fluorescence intensity of CsPbBr;@SiO, decreases and RBH
fluorescence enhances. With the increase of Cu?* concentration, the
overlap area between the two increased continuously and the FRET
efficiency was enhanced. Therefore, a biosensing platform for Cu?" direct

v



TR R A8 3

detection was constructed. The sensor has high sensitivity and selectivity
for Cu?" with a linear response range of 0-23.5 uM and a detection limit of
only 1.26 pM. More importantly, the fluorescence sensing platform has
been successfully applied to the detection of Cu?* in environmental water
samples.

(3) The emission peaks of NaYF4:Yb,Er modified by y-CD as the
energy donor, RhB as the energy acceptor. NaYF4:Yb,Er emission peaks
are about 522 nm, 540 nm and 655 nm, and RhB has a wide ultraviolet
absorption region at about 550 nm, which overlaps with the fluorescence
emission spectra of NaYF4:Yb,Er, and NaYF4:Yb,Er can be effectively
encapsulated by y-CD through host-guest interaction. Thus, the distance
between NaYF4:Yb,Er and RhB is shortened, and the energy is transferred
from NaYF4;:Yb,Er to RhB, resulting in the FRET process and the
fluorescence quenching of NaYF4:Yb,Er. After adding carbendazim to the
system, the binding coefficient of carbendazim to y-CD was greater than
that of RhB to y-CD. RhB was replaced by carbendazim, so the FRET
process was blocked, and the fluorescence of NaYF4:Yb,Er was restored,
so that the detection of carbendazim could be realized. The sensor has high
sensitivity and selectivity for carbendazim with a linear response range of
0-35 uM and a detection limit as low as 0.92 pM. We applied this method
to the detection of food samples and obtained reliable results. This method
has the advantages of high sensitivity, fast speed and good selectivity, and

VI
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has high application potential in the detection of carbendazim in food.
Shi Cai (Chemistry)

Supervised by Ding Yujie

KEY WORDS: nanomaterials, FRET, CdTe quantum dots, perovskite

quantum dots, upconversion, fluorescence sensing, composite materials
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Fig. 1-6 Schematic diagram of the synthesis of PSINPs@Fe;04 fluorescent nanocomposites by
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HOOC COOH Iil |
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COOH / S 0 FRET, °
NH, \ I szf

‘ ) L J L J

&1 1-12 B S A1 S gk e FRET 2R SR 7 % Hont Po2* prp 120
Fig. 1-12 Construction of Carbon Dots and Gold Nanorod FRET System and Detection of Pb?*

Liu 2 NP 7 — R (035 T FRET FIEFR G J7i%, H TR EL S
QL 4R Po®, Wi 1-12 s . 1ZAREHE A CDs fEARE R ALK, AuNRsfEH
REE 2K, “ItE A CDs f1 AuNRs Z B IMFEE, H THEA K FRET £ 4.
SIGEE R, DLEMECONMEZ, CDs 1 AuNRs Z [A]&4E FRET R4, CDs %
JRAEFER, 4N Pb* i, Pb**M CDs-cysteamine-AuNRs & &) 5 1
BEizr7, BHAT T FRET A8, MMFTIF 7 AMERESHIO6E . HT XL
WG, 45T FRET A BAERUCREN AT P2 A .
142 REBAREE EMHE

W JBAUK B B — R B RGO B EESBAKBIFERIR
T FORREKAE BT, SEAKBIENELEEETHIE T NS
BerRES, EPUE KW AR . AT RO, K0 TR ERL 2, 5
RGP K BRI L, & R4k AR R I TR R JeRE S T H ARk fase
Py BE 5 TR RSO AR DL SR AR AR A 1 . B 4K TR R T
RRROPERT, FEARIRR M AR SUR, "SRRI RO S H Al 5122,

X
PVP +:::+ + >
ascorbic
acid + ¢ B
PVP-CuNCs <+ curcumin Q quenched PVP-CuNCs

K] 1-13 PVP-Cu NCs foril| 25 8 2575 2 1123

Fig. 1-13 Schematic illustration of the detection principle for curcumin based on PVP-CuNCs
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Yao &5 NP W7 —Flog 1 9 6 SR g, B E I 58 A Wk % Jo i S A 110
CuNCs (PVP-CuNCs){E N RIGIREH Rl Z e 2=, & 1-13 fizx. PVP-CuNCs 1)
SR S L BRI WG A R ES, —F W LURAE FRET %
N, JIANZEHEZEG, BT FRET 53 PVP-CuNCs 98 JEHEK . X Fhud el 77
A BT AR E I BAAMERERNT &, 0Bk rT a8 E
ZE AR R B R AR A D7 R SR AT ) R
143 AEHETFRESHH

A S BT S(GQDs) 2 H 5 Z B2 J2 A0 SR I 2 UV e A 4 i, L 15 J BA
FJ%. GQDs BIHAMIFE M. RIFEKBEFIREIESER A, 2T

RE 5N A ) 46 22 AU 240,

360 nm 460 nm
(aptuneplobea 4:
e NHAAAAY 6\}'
OOH — —>
¢ EDC/NHS Talgeta b’ H
! ~
- - e /_/ AuNP
“apture probe S
SHAAAAY 7 ‘ Q
AuNP — AuNP - @ 2 @
4 ,J"l '
Sl

1-14 GQDs-AuNPs 1% JE 2% J P A I A7 24 12 2]
Fig. 1-14 Mechanism diagram of gene detection by GQDs-AuNPs sensor

Shi % N2 GQDs #1 AuNPs AHZ: &, #%E 7 —Flopi ) FRET A 91% %
A, AT DU T 20 BR A e e S DR R AR, Al 1-14 Frzs. % GQDs-AuNPs
A WA SR R SRR T < (R BR T A R, A A B A
AR 07 A o BV R SO0 A I R e 5. R T &
144 XS EFREEMHE

PGk S R EBI-IVESII-VIE TG R AR, & A Bl g k.
2 e 5 A% ARG E VEF A0 Ao B R T S, AT A G MV AR K
MR —FhE R B AR, R, SRR T SRR, 2
Yifix, BERNAITEZ AT HEAR] T TZ R .
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Fig. 1-15 Mechanism of AA detection
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TP 1-15 . —ZREPHDPC)E QDs HIAAE by kR
Z(DPCD)LAJE 1L QDs-DPCD A 5, A LAA R 4E AL 3R C BEAT A .
145850 EFREaMl

BN B RU(PQDs) B A VF 2 BRI DL 1 Re, Bl i aEUR I G(PLTEREA
AHOGTE RN A 7 . B R e, T, 5458 7R
tt, PQDs fE Ak 2x 3R fE 5 i i) FRET 23 A1 58 4F (1) 43 #r 1 e

FRET Perovskite QDs
dlstance <10 nm
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@ NaGdFYb,Tm %
) NaYF.YbTm 4 9\«04 94'99‘
“ W s00c O

0 Perovskite QDs

\ Ethanol UV light

“~.__ Heat

NaYF,:Yb,Tm-PQDs

NaGdF,:Yb,Tm-PQDs _ Stability and
luminescence property

1-16 UCNPs % PQDs ff fig B #5127)
Fig. 1-16 Energy transfer from UCNPs to PQDs
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Ruan 2 \RTEFAEAZ VLG ¥t T PQDs-UCNPs gk E-& 68, WK 1-16

Jli7n. # UCNPs Al PQDs 45 54— MUK SR T O A AR ik . 68
A UCNPs FIBEE 2K PQDs 7£ [ — 9K ik p it R g 4iils, —H LUK
42 FRET 8% KA ANF SRS H ) PQDs M1 UCNPs 454 LIS I jrlis b i 2k
FCRAE S TR S5 A ZHOR AR, 3K ] AR 5 P 2 [ f) FRET 28GR AR E 1
1.4.6 LERARELT B &4 1

i = JC R B 2= 1) B g KR T (UCNPs)E S — P AL e bRk, BRI
AR LTINS B BB A7 dr A0 ST 16 R E P 5% HY 8 (1 1k
1M 52 RUERS. UCNPs 52— F i W [l (a4 k), PR FLAE g TR 1 V8 77 S5 P45
HH R AR B PR T 26 B2 A SR, i R U R 1B AR AR B VR ) B e RO
P, Cegg ZRNATEOE. Bty A8 AR JAT, AL
VIrsifG . A A IR A Dl o U EL A T S 0 7 T 00

980 nm \

& m

b

_ 550nm
” protamine * heparin ) UCNPs
O AuNPs () Asggregated AuNPs * protamine-heparin

] 1-17 UCNPs-AuNPs A& 84 2 1 AT 25 (o i B
Fig. 1-17 Schematic diagram for fluorescent detection of protamine and heparin using UCNPs-
AuNPs
Qian 25 ABURJE T —FpJET UCNPs 1 AuNPs [1)5%¢ 6iR4Er, HTRaREEA
M ZRIAERE, B 1-17 Por. ZERRGAAEME R, LMEEHE%. e
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UCNPs-COOH/RDP

® ' UcNPsCOOH SN == =

—

W *5:"5_‘ €
1-18 T ICHREF )51 % B 285 08 A % s ) 52
Fig. 1-18 Preparation of fluorescent probes and sensing detection of chlorpyrifos
Wu 25 A\ B2 2% 7 —Fh =T UCNPs FIELA B IS P74 20 (RDP) 1 B 25 Th

EOUKTOCIREY, HTHEAEM RS, W 1-18 Fivn. %K% LL UCNPs
EEMEA, DL RDP NAeR A, T 3 [ FRET (%, UCNPs H)70H#
RDP %K. RDP TEffi 3R SEMERT F A ONIR N ERIE 2, X P25 1 A8 T ABH IR &
i) FRET R8N, JF8E#3 UCNPs FZOGKAERE . IX U 5T AL I £ PR R
FE R RILH TR R, BT DA T A T B SRR B
iRl
1.5 AP EBMBREFETE

BT FRET W26kl BA RBUSE S ma SR, (S50 e, RIAE
SNTRRIEE EEMER . ARCIET FRET HLEEBT 7 =MLk REr H
THORM, BAARELT:

(1) HE T CdTe@B-CD@Rh6G HARENF Tk it P & SR AR, %4k
R KM B-CD &1iff) CdTe 1E NAEE A, Rh6G 1ENAEEZ M, Rh6G A LAET
FREMAA AR A B B-CD i, BeEM CdTe ] Rh6G ¥, T2 FRET
HFERIRAE, CdTe WMWK, MAEFEZ)G, FRET IFEEHE, CdTe 1584
W o ZF ARG 0] DL T SEBRRE A S 3R iAo

(2) 1% T CsPbBr;@SiO@RBH R H T HE/KFEh Cu®* [ksill, 1AK%

KM CsPbBr@SiO: fE N fEE AR, D ITHIN I RBIIE N RER K. Bk
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K4 360 nm I}, CsPbBrs@SiO.@RBH 7 524 nm &b B A BRI DN RS A
Cu*" J&, RBH 7E 550 nm BT I 17— AN AMR SIS, 7€ 580 nm AL IO K
Sk, BEE Cu? IRFERIIGIN, CsPbBrs@SiO: &1 £l 5 e R AHEIE S RBH [
SN 1) B B SR8 K, FRET RCR AR 3. %40 7T LR
HIEKEE R Cu (A BB IR 6

(3) M T UCNPs@y-CD@RhB H & H T Z B R Mkl e L y-
CD &1fiff) UCNPs /£ N BEE K, RhB {ENAEEA21k, RhB 7] LS 3= 244
HARFAE A4 y-CD ks, fEE M UCNPs ##2%] RhB, MALH ARG, £H
R(CBZ)A] LLiE It 5 RhB %4+ 3 5 v-CD 45 & K [HAS FRET %5, $U{# FRET I
559, bEREBIOCIE, SEIL TR 2 B R A
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28 2 & CdTe@p-CD@RN6G E &M RIFVAE R B S RGN

2155

FEF M EZMBEMEYI, EEMFEET 2R mt. fERh—
ot 2L (R B RSy, Wl VR R R S P B R BRI, F T B A A
HABIEMBoE T, & 2R IEIX 5 o 1k L% 52 37 46 R BRI B3, R,
X7 R AR T AT IR AR O B R AR SR AR I T VR L e RO
VL (HPLO) BRI S AR (357 (GO)B e AL G5 e T AR B T L AT (5 1
FAAEAE T B K E A A ML R R BB A A2 S B0, 286 M BR DL
REPEE - mSARFEIE ML S S i R EEWEA. BT, 24
TR LR TAR B TR, 4 @A N L0, B mio 4 g i 43
A4 @ 4K %

PR E T S TNGURARL, T A 1 RGBT, T
KB REFEHe . BB . AL AT B T )2 OGNS, MR POAE RES
PR R A ORI AR AR AR DA R A A B A AR R

BT ETOCEAEMEDE MR R T AR T AR, e RS
EMRIREYE, NERATOLE T AR . EXREEME, &R IR
FES B RE, R LR RIS, R se NS, Bil, |7 REEH
BHE T Z N T 24302 Al AR, K BH B B SR 55575 4

FRET /& — A Efa i A - 7R xtid 2. FRET HLER AT IR @ i 4%
VERN R, [ ST & R 4 A 01, FRET I F80) A4 A 52 4 2 1]
B R R 2R, W 2RI/ T 10 nm!', T 3R45 TEAF (¥ FRET ¢
N HTYERE, AU R AAH FLAE O, 2R AR e I O I R
O A 52 R S AR R PR B 2 i

HAT, 81 UK LS 431 1R 0 5 70 2 18] 9% 2 I F 50X 37 12 I A
P i T RO, fE LR [, Feng 25 NIPYJEF FRET 2B it 3F
T g-CNQDs@Zn-MOF ZO6HRE, T4 & By s 30 B4l
Ganiga % \PFIH CdS QDs fl =2k EF& i 7 — Rl F4E4E R C 2% Iafil i

15



TR R A8 3

FRET &%, Zhu 25 N0 %& 7 32T Hlafa g ) CdTe QDs FIFT R BRINAR & 1)
SYUKRLTF FRET $8%F, T RS8N MLRFE & R 23 B H BRI A . Zhang 45
NS RAMFLBE G T CdTe:Zn/Si0y, ‘EAE NPT RE B AR 50Ot &
SZARE P B AT BTG, F TR He*' . SR, HAresA %
THT BT RTOCYURM B Fr G R E BRI 5 PR (it FiARaE

¢ ¢

Wi
T ¢
o s

FRET

¢

CdTe . p-cD Rh6G 4 Coumarin
B 2-1 7 5 H AL S A R

Fig. 2-1 The Schematic illustration of the assembly process for the coumarin sensor.

NN, FRATR R T —FP BRI E SR 1 FRET 90KEREr, W1l 2-1 FioR.
ZIREF LA B-FRMIKS (B-CD)IEM ¥ CdTe (QDs) AR RALAK, 1 554 nm AT B
WK, D P 6G (Rh6G)E NAEEZIRAE 525 nm AL H A IR,
Rh6G ] LAJE IS 3 & A4 AH FLAE B B-CD dt, MMi{Ef3 QDs Al Rh6G 2 [l
BRI . BT QDs MPOE RIS Rh6G IS AMRIOE IS H ES, XA]
Refi FRET RN K4, BefE A QDs ## 2 Rh6G, QDs RIKAER K. HTHE
%5 B-CD M4 & RBKT Rh6G 5 B-CD ML & 2%, HEFEDRWIMARAR
B, BCRAHUIC Rh6G, FRET RN, QDs HIIGARLMKE . Ak, T
FRET M8 T B IIE 2 R EDRETE.

2.2 SKIGERSY
2.2.1 LB

FIAE WA 2 S e e A FE Y . 2R &AL (CACL-2.5H20, 99%)-
FiFE LR (TGA, 95%). MIEA LY (NaBHs, 99%). HFERHN (Na2TeOs, 99.9%)+
B-¥A #i K5 (B-CD, 98%). % F} B 6G (Rh6G, 95%). 7 5 & (99%). EDTA
(C10H16N20s, 99%). & HFEZ 4N (C7HsNaO2, 99%). HZ R (C2HsNO2, 99%).
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HEEEE (CeH1406, 99%). HIl (C3HsO03, 99.7%). HEEEEZHN ((CeH706Na)n). SR
# (CHiN20, 99%). PR (CsHsO7, 99%)FIFTHEREEEN (CsHsO7Nas, 98+%),
B EBMRZ AN G LI« B HoAth o 7700 78 43 it 08 75 ik —
R4
2.2.2 LGN ER

F B A SR HOR A | XRD-6100 BT AT 7 XRD #&fE. F3EE FEI
O3] (135 5 BB (TEMYX FOB S RFAEEAT TR AE. FEEE Bruker AR LMY
WASGHAT T LLANEAE . R _EHERSRL LS5 UV-Vis Yol ACHHE fh 4T T UV-Vis T
W BRI o 2GS A H 32 F-7100 2560 GOGEETHIE . %2 T £ FLS1000
FOCHIEAL, B 360 nm WOGHBURIE, 3RAF I TA] 4358 8
223 EAMRIATHI&
22.3.1 CdTe EFRHERK

R4 SRk, AT CdTe =T 417, ¥ 0.4110 g CdCL-2.5 H20 T 90 mL
AWAKHIFE T = ORS8RI K 0.277 mL TGA 435 i,
Fi 1.0 mol/L NaOH ¥ pH H 5 10.5, 7E No M85 A R ERiAW H VA iR E . £ N2 N
JEN 0.1 g NaBH4 1 0.0222 g NaxTeOs, FF4E 100 °CF In#[alym 2 he 15 27K 1%
CdTe QDs.
2.2.3.2 CdTe@B-CD@Rh6G RYZH %

RIE SRR, AT B-CD BhAEL CdTe QDs (CdTe@B-CD)7, 4 1g B-CD ¥
T 50 mL ke, IIANFH] &) CdTe QDs W H1, £E 100 °CJRIR 2 /N, 155
CdTe@B-CD. ¥ CdTe@pB-CD 55 Rh6G LA 1:1 IR LIE S, BiFE 24 /N, 18
TEOLTREE TR EEMEL.
2.2.3.3 EERHN AL MR

¥ 5 mg CdTe@B-CD@Rh6G AT 10 mL 25 & 17K H . 100 pL #REHE R 0
ARFRENEE R, AofERE, BREETEET 60 8. HZ g
E 400~700 nm ¥ K LT T IR B HIDEER ST RE .

K2 A ME CdTe@B-CD@Rh6G 735l 5 TR IR AN Hl. & 2t
ELEE . EDTA. WFHEEREN. HEBR. RHRM. K&, HBEATER)IES
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X 2 RS REAT I . T AR E S RIKEN 20 uM, HEVIRIKEE N
800 uM (40 fi5), WIE T EATRI IR 1.

2234 EmERPE I EANE

M EIRTFENE T &R f h B SRR . BEH 1 g FER (DR

i 5555 FLADA 10 mL B EEVE WG 75 3% 30 min, ZR)5 VR AW RN 10 mL

FEETK, BOEE 1 mL EEBINA CdTe@B-CD@Rh6G B+, 1l E 76K

B
23ER5THL

2.3.1 TEM #1 XRD FR1{E

Percentange(%)

20 nm

2100 nm

20

Percentange(%)
Intensity(a.u)

S

W

6 8
Particle size (nm)

K 2-2 CdTe B TEM K (a) A Fi42 5 4i ¥ (b);

T T T T T T T 1
10 20 30 40 50 60 70 80
20(degree)

CdTe@pB-CD@Rh6G ] TEM K (c,d) & Fifs

A (e); (f) CdTe &7 A1 XRD RAE, 428N CdTe HIAs R K(JCPDS15-0770)

Fig. 2-2 TEM image (a) and particle size distribution (b) of CdTe; TEM image (c,d) and particle

size distribution (e) of CdTe@p-CD@Rh6G; XRD characterization of CdTe QDs (The red line is

the standard data graph of CdTe (JCPDS15-0770)) ().
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N T LS P E it s KR T SRS, #5497 1 TEM R4k, Wil 2-

2a fli7n, CdTe ®mF M K 28, MWE 2-2b 7 DLUE H,

CdTe & T & HI°F13

RF2153.20m. B 2-2¢. d A CdTe@B-CD@Rh6G 212544 ) 3% 5 H 5% B4

M 2-2e T LIWEER], EAMEINERZN 6.0 nm,
MR R 7RI 2-2f Ty CdTe &1 £l XRD 75K,

BEMBRSTAER, FFH7

SEf i N G = B AU EAE

MIZER LR, FEAE 23.8°, 39.8° Fll 46.4° AbF = MR, IXUCIERILL B

5 JCPDS 15-0770 brtERF LA B E V&

s I EEAIATEE S ) 5 (111,

(220) M1 SR THIAHXT B, EIRGERAUESL T CdTe &1 sl DI il 4%

2.3.2 LTI FEIERAE
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Ldlm:BLD /.\ " A~ 450 4
350 4 [4] 550
ﬁ " | | || 690 400 +
300 4 280 1954 1566 | |_ - 350 -
.. 1251 IO’ 187
=250 M 23004
2 — v M. [ . 5
gzm}-“\\ p-C ”;v’ Vo™ 'r-\." ﬂsf\/ |:E 250
g \ % v 571 =
£ o] \__ /932 lesd 1150 Ezm_ W |
= 423 f(’JJ"’\ 150 4 ' ’ Iﬂm lss-t
lﬂﬂ*_w —— | U\/ .
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2-3 (a)% A CdTe QDs, B-CD Al CdTe@p-CD ] FT-IR Jt:i%: (b)7> 54 Rh6G

CdTe@B-CD@Rh6G (1] FT-IR J:it

Fig. 2-3 FT-IR spectra of CD (red), CdTe QDs(black), CdTe@CD(blue) (a) and Rh6G (red),

CdTe@CD@ Rh6G (blue) (b)
B BERPRI AN RER ALK 2-3 Fras. EF 2-3(a)F, CdTe &1 A 7E

1386 A 1581 cm™! Ab 1 W Wig I /2

FRFLA e IR B, TAE 2500-2600 cm™! 4L T

U, XKW T TGA 731 LM E 7 rURE TR, X5 F R A e 9K Btk A

877 1E A K R [ 2 L8

FRRs), £Y B-CD W HEC A EFL T
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2.4 TSR

2.4.1 FRET # &l

1.75

3000 s B = CdTe@p-CD

- : +  CdTe@p-CD@RNGG

vl -

2500 Li2s 10004
~ % =
2 2004 0 3
S ¢ =
Z 1500 0755
g g 2004
= w2
8 L £ =

10004 0502

F0.25
500+ 2
t=0.00
0 104 * 2!
: . : ° : -0.25 0 20 40 60 80 100 120 140 160 180 200
400 450 500 550 600 650 T00 - i - =
Wavelength (nm) Time (ns)

K 2-4 (A) CdTe QDs (a). CdTe@p-CD (b) F1 Rh6G (g) MU Git, CdTe QDs(c)-
CdTe@B-CD (d). CdTe@B-CD@Rh6G(e) Fl CdTe@pB-CD@Rh6G+coumarin (H7E 360 nm 4%
THBOCREERE: (B)/ A CdTe@B-CD F1 CdTe@B-CD@Rh6G 7E 554 nm A )% e 75 i

Fig. 2-4 (A) The absorption spectra of 0.5 mg mL ! CdTe QDs solution (a), CdTe@p-CD (b)
and Rh6G (g); Fluorescence spectra of 0.5 mg mL™! solution of CdTe QDs (c), CdTe@pB-CD (d),
CdTe@B-CD@Rh6G (e) and CdTe@B-CD@Rh6G + 25 uM coumarin (f) at 360 nm light; (B)
Fluorescence decay spectra for CdTe@B-CD and CdTe@B-CD@Rh6G at 554 nm emission
wavelength.

CdTe QDs. CdTe@p-CD 1 Rh6G £ 400-650 nm 2 [8] W O e B 2-4A(as
b Ml @), G5REM, £ 525 nm 4, Rh6G H—ASHEHIMILIE, 1 CdTe
QDs. CdTe@B-CD #£ 525 nm ALI&AHWRYIE. 7£ 360 nm BORIGIE T, dsx 1
CdTe QDs(c). CdTe@p-CD (d). CdTe@B-CD@Rh6G(e)F! CdTe@pB-CD@Rh6G K]
FOCKEGIE, Ik 2-4a(c. d. e M DR, QDs 7E 554 nm ALH BUHRHA G,
AL 5 SROGHRIE T R FLR PR HLAL & VI IR S A3 2 ) 2 23804 1R
S, 7E Rh6G ik — B & J5 K AT P bk, A4 FRET #ig, Atk
R RE AL S B E A OG0, T QDs(HEA)H) KRS G AT Rh6G(3Z 44) IR Ui
M MEEEESE, 1 FRET BN AKA, SEETARZOUHEK. HHT
HHEREB-CDMEE REKT Rh6G 5 B-CD S & 24, FMAELTER)E,
S FE A DU Rh6G, FRET A2 FHNET, QDs Mzt kK AEWE . LG oy

BTl ASEREE AT LASEHLN A G 1R
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NT 2P 50F QDs 5 Rh6G Z (B ) FRETAT A, LA 360 nm Bt U I »
7E 554 nm AP E T CdTe@p-CD A1 CdTe@B-CD@Rh6G VTR [117¢ e F i . W1
2-4B Fi7r, CdTe@B-CD 2 =MEHCERISRE, HKZRCHFWN 289 ns. 1M
CdTe@B-CD@Rh6G 1% 67 FF&E] 12.4 ns, HEPIKIREEER, #—F%
i 7 M QDs #| Rh6G HJ FRET 271,

2.4.2 MR & SR RRETE) AU 1L

061 a —=—— | os{ b . .
0.5 1
0.4 4
= 0.4 =)
2 2031
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Blank
—— | min 350 — g
20004 C et d ././- " —p—n
3mi =
s min 300 A /'
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~ 1500+ 20 min 250
3 30 min
il 40 min
? 50 m?n Z 200
5 1000 60 min
= 70 min 150 4
— —— 80 min /
——90 min |
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500 4 —— 110 min ./
120 min !
130 min 50 Nz
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D= — i e 0 —_———
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Wavelength (nm) Time/min

4] 2-5 B-CD Jii & (a)fll Rh6G & (b)tf S AR HE K FEERIRZM (T Ny CdTe@p-CD
WD TR, 1 ABEAEAIG L ERE; (c) CdTe@B-CD@Rh6G 57 H & 7E 360 nm
WO T A [ 5 BN T 7 € D R SR D6 1%+ (d)AS [R] e 82 I (8] 2 ' 58 B 1R 2K BE (A T=ToeD)s
(CdTe@B-CD@Rh6G: 0.5mgmL™', FEZE: 10 uM)

Fig. 2-5 The effect of the B-CD mass (a) and Rh6G amount (b) on the relative fluorescence
quenching degree of the composites (I0 is the original intensity of CdTe@f-CD, I is the fluorescence
intensity as a function of the conditions; (¢) Fluorescence emission spectra of CdTe@p-CD@Rh6G

with coumarin at different reaction times excited at 360 nm light source; (d) The quenching degree
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(AI=lp-I) of emission intensity in various react times; (CdTe@p-CD@Rh6G: 0.5 mg mL!,
coumarin: 10 M)

B-CD & 5UM FRET RN 1) — M EER K, KN HRHA Rh6G HEAF p-
CD ® 4 BEisT FRET df%. KMEHIGE 1 B-CD F&EXS FRET AR, (£
CdTe@B-CD@Rh6G il % fEH, A B-CD HIFiE, REIAFEM CdTe@p-
CD@Rh6G, 73 7R 554 nm AL HEHE K EE(lo-T)/To, Nl 2-5a FraR. 45K
W, (To-Iy/Io i B-CD HIIG R TIIE K, Xu[GE2 T B-CD & =AM Innr LLZE4h
B Z ¥ Rh6G, f#15 FRET R, 4 B-CD IVIME KT 1.0 g, (To-Iy/1o 254k
ARk Bk, #EF 1.0 g 1) B-CD HEBTHE 9256

H Rh6G X CdTe@p-CD HIZ G KIS REREAT 1 RAE, FEOGIE A 2-5b fir
7No {ECdTe@B-CD BN Rh6G J5, CdTe@pB-CD 75 't A 5 5k F5E 32 i B A
) CdTe@B-CD 5 Rh6G B s LLIEINA] 1:1 B, BRBFERFAEL, XiE
CdTe@p-CD 5 Rh6G MmN 1:1 WEE, MidER Rh6G #ykf.
b, EARI R R LA 11 T A R

N T E B R S TR, W& T CdTe@B-CD@Rh6G 5% 5 R AEA R M
I [R] R 12 6 S 61 (B 2-50) Rl 7 HARRR FE T 2R (K] 2-5d) . 45 R,
E 100 min A, 5EIGHE K FE B S S ) RS n g g . BRI, %64 100 min 5%
A L T [ EAT 10— 2B B A IR S

=t 3 a
243 R EE
1400 0.8
12004 QA 0.71 '
1 25uM b
\ 0.6
1000 - | C .
? coumarin 05
2 800 _
% =04 ¥=0.0299x+0.0207
= = R“=0.9901
59007 ~ 0.3
E ~—
400 4 0.2
200 4 0.1
004 =
0_
T T T T T _Ol T T T T T T T T T T T T T
400 450 500 550 600 650 700 0 2 4 6 8 10 12 14 16 18 20 22 24 26

Wavelength(nm) Ceoumarin/tM

2-6 (a) 0.5 mg mL™' ] CdTe@B-CD@RN6G /KA 5 0-25 uM & E R 1E 360 nm K
TR (b)554 nm AR BOUIKE E 5 S RIKEANMICRIE, 1o AWIIER G Ko
B, AR SR 9OE RS
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Fig. 2-6 (a) the fluorescence spectra of 0.5 mg mL ! CdTe@B-CD@Rh6G added with 0-25 uM
coumarin at 360 nm excited light source; (b) Linear plot of fluorescence recovery and coumarin
concentration at 554 nm, Iy is the initial fluorescence emission intensity and I is the fluorescence
emission intensity at different coumarin concentrations.

N1 RIRGUKRIRE I RBE, W T HEERIKREX CdTe@B-CD@Rh6G
PICHRE IR (B 2-6a). TE 0~25 uM G, FEEFERIRERIEMN, AR
7E 554 nm AbIR S G TR R ETIESR . 7F 554 nm &b, FOGUEL B RH I B AL,
RPEAFREECRAET, BEF R BECNES, X2&HT B-CD Bi4/E
NP R R A e QDs REEH MR E HEEMEM . XL ],
CdTe@pB-CD@Rh6G FI/E s 7 528 () R AL 2 ds

NT RPN F SR E RGN, K 2-6b iR T E 554 nm A5 eIk R FEE
S5HEGRIREZMMEMERR. HTBREZ &S ZIA T Rh6G, FRET i
P2 BIBAAT, 1E0~25 yM VBRI, FOCIK SRR B2 Ve, HEMEIT i Ad-
10)/1=0.0207+0.0299 Ccoumarin (R?>=0.9901)

MR ZIRE HOOGHELE 554 nm AL TOGIREES, ERINAFREE TR
5O, FHAR(LOD=KSd/m)tH & H A H RLOD)!. Hr Sd Jy=s (=l & {H 1)
WEZE; m VOGBS &S RIREMRIE, KEEKT, @HEREN3,
MRIEFTIA T A2 T B LOD 9 0.64 pM.

AL L) A
2.44 FHIAL
1600 0.7
a Blank 0 b —
1400 w— BDTA 8
sodium benzoate 0.5
1200 4 glycine
mannitol 0.4
~ glycerol s
1000 sodium alginate =034
< ; -
x4 carbamide i
2 ~ 6 : =
= 800 4 A — citric acid 0.2
S —— sodium citrate
:_5 600 coumarin 0.14
00l HE [
400 D I:[ D D
200 s @
= 9 & = 3 CEl - L e
7 ] - = = o = 23 = =
¥ 8 £ 2 £ 8 § E ¢ £ ¢
T T T T T ’é =0 : —;3 E‘l -g -E' g é
400 450 500 550 600 650 700 g - ol 8 © _'-5= o
Wavelength(nm) ?z - 1
3

2-7(a)fE 360 nm K T, 0.5 mg mL"' CdTe@B-CD@Rh6G W H I 20 uM (7 &

LUK 800 pM A A H WWI(EDTA A RSN, HERL. HEmE. Hill. ERRm;. KRR,
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FEBE R AR I BRAN) I e R BT et (b)) VEAKARENFE 554 nm AN E B R AL T3
B 2 SR 2 B BT B (Lo A0 T 23 A NN S 3% B4 o T /s 1R 2R O iR )

Fig. 2-7 (a) The fluorescence emission graphs of 0.5 mg mL"! CdTe@pB-CD@Rh6G added with
20 uM coumarin or 800 uM common substances (such as EDTA, sodium benzoate, glycine,
mannitol, glycerol, sodium alginate, carbamide, citric acid, and sodium citrate) at 360 nm excitation.
(b) The bar graph of the fluorescence recovery degree for the materials at 554 nm added with
interfering reagents or not (lo is the original intensity and I is the intensity with coumarin or other
interfering substances)

ARITFAEFI AN Z PR BUE, RATX B @ 1) FRET f£8&-F G 7E#&
SRR T R BT TIRAME . VM TR AR, HERIREN
20 uM, TRTA TN 800 uM (40 £5). ZKHREY. HEER. HEEEE. Hl.
IR JRE . ITERAFT RS TR PR A T i i . B
2-7 WIUEH, IAESRGERER SR, 5] N H AR I 5 0 TG B
Ak, AREW, SRS SR B AR RN, BRBER S, T
5 X SEBRAE AT I TSR . [, CdTe@B-CD@Rh6G 44 KA74EF T I T4k 1k
it A LR A ELRE A
2.5 SERREE ARl
251 EEMRIIHEIZRPEI RN

28 2-1 Aola b RE R P A R A 4 R
Table 2-1 Spiked recovery results for coumarin sensing employing the assembly materials in

cosmetic samples

A BMEER BUEER LS RSD
(M) (M) (%) (%, n=5)
97 WG 7 5.0 4.8 96 1.89
W 5.0 4.92 98.4 3.6
L 5.0 5.28 105.6 2.9

TV AT IR e . BB R, A8 B IRE A T
SERBTEN, gRNE 2-1. BNESRAECEN 96%~105.6%, RSD N
1.89%~3.6%. Z5REH, FArée e v LUH AL b & B R R,
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2.5.2 5EthrRkAIXTEE
2 HoAh SOk, XTSRRI R IPEREEAT EL e, X EE g SR 2-2 Fios.
& 2-2 5 HAth SCk o b

Table 2-2 Comparison of the performance of different methods for coumarin detection

Ti ¥ BAR@M)  ZEEFEE M) SCHR
Fe;0sNPs-RB 0.11 3.4-171 Yang et al. (2022)/*]
NaYF-cit-CD-Rh6G 0.74 2.5-32.5 Yang et al. (2019)74]
RICICIEE 6.9 13.7-82.1 Polacek et al. (2015)7°
GC 84.8 170-3420 Rahim et al. (2011)17¢!
HPLC 1.37 3.4-684.3 Hrobonova et al. (2020)¢!
CdTe@B-CD@Rh6G 0.64 0-25 AL TAE

BEAh, 224 T ZARE SRS F TLAE Fp AR AR I R T . A
RRALVE N, BTz gk s B ks ok m b, B A s ik i Vi
ARG PR o
2.6 Z5ip

£ FRET HLEL, @507 —Mm REUE. snkfEriaiiiict s b & SR
FRET #4F. %99k 54H L CdTe QDs E Rk T ftfk, Rh6G 1FJ9hE & 21k,
Rh6G [ 4h- 1T IR IS % 5 CdTe QDs FIF il A R IFHIE B, [ QDs
FOME K. EEGEMLET, HTEHELTES B-CD L& REKT Rh6G 5
B-CD M4 & R4, Rh6G #a& B, MM QDs KT KM R EIKE . 4h
KK, CdTe@B-CD@Rh6G A KEREF AT LA Jyfbol it i 7 &2 35 ARG IR
p it =8
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2 3 E CsPbBr;@SiO.@RBH & & #1111 AY2H 38 &2 Cu? &

3.15l5

BT (COHE N AR B S AR TT B E e R 2 —, AR
B REEM MO, Cu? (ENEBE IR ) — R &85, nT LA B4
LM, HEAh, RS AR USRI, Cu?t ZE AR I R Rt
RFBE MR, WP R SHEEREROL IR0 ] 5 i PRRE A B
RN AN, AR Tk B AR R BT KR R ERREIAR, [
Vet M ER T R AR T VR R AT K Cu WS AR A B ER . LG
Cu® BMEEART : KA T IO IETEEY, AR A 2588 TR 5 7 R S i ik
(ICP-AES)SIFIEOL e ik F A 5 45 B 71K 5 5 A (LA-ICPMS) P04 . R iX 4k
JIETEMER VRSBV AR AE S A, (HETIA R Z A TE T FEA 1 15
WeBGS AR E AR BRAE P IRE B, DARA B B TR K71, R Hdk— o
I o 5 o AT IR JH v B ) R A ek R 7 (58 B0 11 i 2K 7 38 T A P 7 A3
£ 8,

FRET ;& — g it A A8 i 1, AR BOR A& R Sodd 70 1 8] FL A Al
IR ELAE FAR I A 3L 2 AR 900, 7F FRET R4, ZRAMARIDOE R H i
HNZARBPER IR A S, SRS A 2 (8] 1 BE 2 2 R i #2309, FRET
R JREE AR R G v FE I REOPE ANt (e 154, 4 o B8 1 R ) 4tk ) 38 A8
.

LN AL ES R & T R(PQDs)FER 25 JLAE iP5 21 1 3 20 1 A e,
PQDs H AV Z BARKDG R RE, B an0GEUR G(PL)AE 410-700 nm Y EEAN AT WDl
XA RS P R QY)BIE 90%0> %, HTxeh, Sk
T AL, PQDs 1E A IR AL TE & (1 FRET BCR M LTI B ke . SR,
PQDs R4 5 52 B8 HoO A1 O S, BRI 1 HAE HAd S 0 B2 FH L, Oy
THIRVGX A, Z AT R A RE T SR R, AR s e ),
TR REYE RPN, X7 AT UREFIFRE PQDs KA E T
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24 N1k, RETHERT & T A0 FRET 34 O & H TR A 915 1-
GEETHNG T, Lo & ANPUFR T —MEET FRET M ZOGPUKRALIRLS, 1%
PRI R T A RE AN i L B KRR B4 TEHL CsPbBrs & F s A Ak
A, HATRNE S KAEDFES PP 6G, X KFRE N &1 A0
FE TR ARAL S P T RE T — 4681848 . Ahmed 25 NUOOLE i JF A7 — 35 BR ¥
CsPbBrs £ 1 i 5 3 A WK AE SE (ZIF-8)JE B (E — i, SEIL T X 4-s 2K e fn 2
BH W Rk o T IR E R

(a) 360 nm 524nm  360nm  pRrpT -24nm \ FRET
L. e ;| N ° ( 7
| ) i | 580 nm
Yy ) c:> o 2
RBH u . -
() CsPbBr,@sio, RBH @ RBH+Cu?*
NH 0 + Cu?* - H,0 ouc’
(b) % NHS 0 PO w0
R OR’ - Cu?* R OR' — R'OH R> <O

3-1 (a) CsPbBr:@SiO>@RBH il Cu HLEEE]; (b) RBH 15 Cu2*f [ BiAL#
Fig. 3-1(a) Mechanism of Cu?* detection by CsPbBr@SiO»@RBH; (b) Mechanism of RBH
reaction with Cu2*

FF o, BATE T R ELENE Cu®t i FRET 99K454r, 4l 3-1 Fior.
TEZ R G, CsPbBr@SiOx fE e &bk, Z'FF UL (RBH)IE A RE & 214,
CHEN M EEHS S, /£ Cu¥ f/AEN, RBH 5 Cu® RARNLKX
Bz, SHRBH fE 580 nm Ak I —A 26 AT, 7E 550 nm MEZHIL 7 — A%
SRR USIE, RBH FIERAMRIOETE S CsPOBr@SiO: WO R it A E &,
FRET R KkA, fEmM CsPbBry@SiO: 53] RBH. BEHE Cu WRE RN,
CsPbBrs@SiOx ff1%¢ Y650 FE AN P4 A%, RBH % J65m AN Widfse ., Kk, 2T
FRET RS T B4 Cu® AEMRIRT & .
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3.2 K ER
3.2.1 SRR

BT AL S 5 #0221 o 32 AR IR KA (CsBr, 99.9%) JHII
(OAm, 90%). JHEZ(OA, AR). IEHERRHEE(TMOS, 99%). —iR{LHi(PbBr2,
99%). N,N-—_ H %t B [t [Z(DMF, AR). /K & BEN2HsH20, 85%). Ff MR &5
(MgSOs, 98%). Z'J}8H B (RhB, 98%). & ALHI(KCI, 99%). FALEi(CoCls,
99%). FALEMNCL, 99%). & ALAE(CaCly, 99%). SEALAR(AICLE, 99%). &
HEA(CuCla, 99%)FI AL EN(BaCly, 99%), L% MIRRIRFIT & LWL .
CEE. FRIE A 258 (P E R,

3.2.2 LIRS

JH 26 [E FEL A 7] (3 5 BB TEM)X OB S RHERT T RAE, B34
ARAFEH XRD-6100 AT (CuKa 8 51)3E1T XRD #4iE. H Escalab 250XI
HLFBERE (AT 7 XPS RAF, 8 FHfEE Bruker 2 [LLAMERE SO F LT 4G
BEATRAE, N W B-I B IR ZE Micromeritics 3Flex 4= LhREMY 22 F W BRHASGEEAT
Zeta HLATIIALE ZETASIZER+PRO HBUGKHNLEE K LA A0 AT A Btk AT, FH gk
FBHE LSS UV-Vis JHEAGHEAT UV-Vis S, A H LA AL F-7100 2%
4 6 BE VAT 2 S 1 5
323 EEMRIAE &
3.2.3.1 CsPbBrs@SiO: HIHl &

I O SR T, AT CsPbBr@SiO, T 510, 42.6 mg ) CsBr 1
73.4 mg [¥] PbBr2 £ 5 mL DMF H#5i#: 30 min . 2850 517ES 0.5 mL
OA 1 0.2 mL OAm. #EHEWE, K 1 mL PRI E] 10 mL (1) HF 5,
8000 rpm &> Smin, FF BIEW. VIVEPIHF RIEVEHRIX, &IGHEET 20 mL H
ZH, {E CsPbBrs B I 1.6 mL TMOS, 40 °C J< 12h, 0.5h JGHIA
100uL M5B FK, BEREH AN CsPbBr@SiO &1 Al HIH ARGV IXGE
SR AIAE 50 °C BATAH T 5 /i, A 135 CsPbBrs@SiO2 & 1 £
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3.2.3.2 RBH B9& A%

NH,NH,

.- iiipno'

Ethanol, reflux

N\ /_)

3-2 RBH 14 1k
Fig. 3-2 Synthesis of RBH

WSk 7%, AT RBHMY, SRRl 3-2 . Bk, 4 1.92 ¢
W2 FHH B AT 30 mL B/AKAEGE T =HEiT, =i NRZEE, Bk
SIS RS, K 6 mL KA HHB0%)ZIEIMABNR G+ . e, #Hi
PEUF IR AL 85°C JMIB R EIR 12 h, REAHEEIR. e AR GA 2 74
P, B VAT 60 mL B EREE( mol- LY BEJG, FEAKHEFE FK 70 mL ()
NaOH (1 mol- L) n#| bk, M2 A G, KUiie H 281Kk
BILIK G [ SR A PIAE 0 T 1% 24 /i, BIAT43 2] RBH 4= .
3.2.3.3 CsPbBr;@SiO,@RBH BI& B K& XT Cu?t BO&M

¥ CsPbBrs@SiO, ¥ i 5 RBH TEBSRR ELZTIE R P i HEI 1, B O
FHEAT R B I 7). 75 5 mg mL! EREHAR M FIIR 1 Cu W
SRIGR HLREAT 1 96 R SR 6 BE AN G AR O i It
3.2.3.4 Cu®* BRI RIS ER T KA Cu?™ FE1TAN

% 5 mg mL! ] CsPbBr;@SiO.@RBH #4145 T B TR A (Ca*'. AP,
K*. Ba?*. Co®". Mg*. Mn?" )X} Cu*" BEFESATHI L. FTIIAR) Cu* WREE
NS uM, FHEFIREEH 300 uM (20 %), WE T EAIRFE 6. HE 4R
BE7KAE A ) Cu® HEAT T IR, K [R5 5 A AR i In N 31 CsPbBrs@SiO.@RBH
A Cu* R AR, MR
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3.3 B AERAE

3.3.1 TEM 1 XRD ¥ FR4E

®

77777

100 nm 4 5 6 7 8 910111213 14151617 18 19 20
O Particle size (nm)

CsPbBr,@SiO,
PDF 75-0412(CsPbBr;)
PDF 85-0621(Si0O,)

(110)  (200)

(211)

|
| WMM‘W

l ' b ool d 'I‘l‘llvll‘l(“ll\ll‘l

13 2 33 53 63 73 R

Intensity(a.u)

43
20/(degrees)

& 3-3 CsPbBr;@SiO; ] TEM [ (a). CsPbBr;@SiO2 *ﬁﬁéﬁj\(b)\ CstBrg@SiOZ
ff] XRD #AiE(c). CsPbBry@SiO: ] HR-TEM [&(d)

Fig. 3-3 TEM plot of CsPbBr;@SiO; (a), particle size distribution of CsPbBr;@SiO; (b),
XRD characterization of CsPbBr3@SiO; (c), HR-TEM plot of CsPbBr;@SiO> (d)

N T AT IR E AT M RHTE AR ST, T T TEM Rk, B 3-3(a)il
G ) CsPOBr@SiOr 7 iU N 5], RIARAEMW WL A, XM T
TMOS K fift 7= A= 1) — AL EEWR Fff /£ CsPbBrs & . MK 3-3(b)a] LLE H,
CsPbBr:@SiO: HIPFHKi4A A 12.4 nm. /] XRD, % CsPbBrs@SiO: Kz
FREAT T RAE, Wk 3-3(c)FTan. 20 = 21.375°, 30.409°, 37.422°H =ANBHE
ATSTIE, SUERIAIE S CsPbBrs FrifEi R (PDF 75-0412)%F R[] (110). (200)F1
QUI)A4 AR R, X B CsPbBrs diA L /3L J7HH, 7E 20 = 21.478° Kb HAFAE
FTHTHIEIRAE 1 RELR E MM, Bhat, B 3-3(d) 1 A HERE S L
MB(HRTEM) IS K B CsPbBrs@SiO: K imt&AlEEA 0.29 nm, *fT CsPbBr;
[FI(110) §h1H -
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3.3.2 XPS FA4E

Ols Cs3d
a b #
' :
f
£) A 1
£ £} I {1
2 < f .
2 2z 1
5 g ¢} A
= 5 \
= Cs 3p Cs 3d E '/ -‘ / \
| i / \ ! \
VI‘ o ’ )
e’ ‘J\//J . Pd 4f; 3o —/ ! 4
L2 SN
“-‘Lk T T T T T T T T T | T
1200 1000 800 600 400 200 0 742 740 738 736 734 732 730 728 726 724 722 720 718
Binding Energy (eV) Binding Energy (eV)
& Pb 4f Si2p
£} )
< g
z >
s g
£ E
T T T T T T T . . ; . : .
150 148 146 144 142 140 138 136 134 110 108 106 104 102 100 98 96
Binding Energy (eV) Binding Energy (eV)
Br 3d Ols
e i
3 3
G S
> z
H =
T T T T T T
7 7'l 7'0 6'9 6'8 6I7 6l6 6'5 64 540 538 536 534 532 530 528 526
Binding Energy (eV)

Binding Energy (¢V)

3-4 (a) CsPbBr;@SiO; i1 XPS i/, (b) Cs3d. (c) Pb4f. (d) Si2p. (e) Br3d. (HO
1s TR XPS &

Fig. 3-4 (a) CsPbBrs@SiO» XPS spectride, (b) Cs 3d, (c) Pb 4f, (d) Si 2p, (¢) Br 3d and (f) O
1s elementide XPS spectride.

A X LI TR (XPS)EIAR, X CsPbBr@SiO: 7T R AL AT 173
fr, Wi 3-4 fioac. MWEIH AT BLE tH Pby Cs. Bry O, Si JT&RFN £ T
CsPbBr:@SiO; W', X5 CHRF iR g5 —2, Ui T CsPbBrs@SiO: 1)

e i O,
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PA
3.3.3 ¥z WAL
£2257 £3938 588 E
35559 g B i
] 83525283
"""" (- - - 2% . V. XV AV §

| R 8{
2 8 s
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203 }
205 A4

oA
8%
S22

T T T T T T T T T T T T T T T
7.0 6.5 6.0 55 5.0 4.5 40 3.5 30 2.5 2.0 1.5 1.0 0.5 0.0 -0
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3-5 RBH ] 'THNMR #AiE
Fig. 3-5 "HNMR characterization of RBH
¥l 25 1) RBH I CDCL R HH BEAT MGG RAE, &l 3-5 fis. &U¢
(R B 5 SOk - 2 G o A — S50, SRR 45 SRR WY T RBH M) &
3.3.4 LI9MKIEFRAE

CsPbBr;
2925 i 1631

3432
o [CsPbBry/SiO,
3 o 803
2853 )
.§ - 1628 1081
=
g RBH
- 9 1704/ \
- 2974 1520 13 1121
3436
CsPbBr,/SiO,@R
\ 1704 "\, 803
2974 1520122258,
3432 121

4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers/cm’!

] 3-6 CsPbBr;. CsPbBr;@SiO>. RBH. CsPbBr;@SiO>@RBH HIZLAM: 1
Fig. 3-6 FT-IR spectra of CsPbBr3 (black), CsPbBr3@SiO»(red), RBH (blue) and

CsPbBr;@SiO>@RBH (purple)
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MR AN B 3-6 Fi7n. 5 CsPbBrs 404G AH EL,
CsPbBrs@SiO: 7£ 1081 cm™ &b H I T — MR, 3X 2 Si-O-Si [ R0 R iR
2y, UESE T HikE 2 eI, 7E RBH MZ4MDEREH, 3736 om! AR I ] g
SR I AL BRI IS, AE 1121 A1 1222 eme! A ARSI 43 53l & C-N AT
TR AEUBE IR S0, 454 RBH AR REIEIREGEIEY] T RBH ORI &M 1 H
Ko fE£ CsPbBrs@SiO@RBH HREEHIL | CsPbBrs@SiO2 I, HIL I RBH 1Y
%, W CsPbBrs@SiO>@RBH [ & i«

3.3.5 No MR- Bt B B Zeta BB AL ZRAE

§ -
W1 g il b
B 2501 d
» ] 2
2 ;-
'E 200 1 ! S 17 CsPbBr,@Si0 CsPbBr,@Si0,@RBH
= / EX) .
_% 15[)_ :: é*l' RB“
< oj;‘ .‘1:.’. -2
< 100 40 S
2 e = -3
= o bt
S 504 Y N 44
O OO »0a0aa00Y i -5
o] & -6
T T T d T T T T T T T =71
0.0 0.2 0.4 0.6 0.8 1.0 e

Relative Pressure (P/P,,)

Kl 3-7 (a) CsPbBr:@SiO> M & Wt Ff-Mt B il 26, (b) CsPbBrs@SiO. RBH LA K&
CsPbBr;@SiO»@RBH [ Zeta {7 &

Fig. 3-7 Nitrogen adsorption-desorption curves of (a) CsPbBr;@SiO», and (b) Zeta potential
plots of CsPbBr;@SiO,, RBH, and CsPbBr;@SiO2@RBH.

NT B E CsPbBrs@SiO2 F1 RBH Z [Af 45 & 72, #4717 B B-Mik
Bt LK% Zeta HEAZINR . & 3-7(a) 9 CsPbBrs@SiOa HI R FfT-Fii b i 2k, 7] LI H
ZMZ e TR &R 2k, U] CsPbBr@SiO2 % A fLI, MK 3-7(b) T LLE
CsPbBr;@SiO; Al CsPbBr;@SiO@RBH ] Zeta HLAL{E 5371 4-7.32 mV. -6.5 mV,
55 CsPbBrs@SiO: [ HL A7 A7 EL,  CsPbBrs@SiO@RBH [ HL A1 7 0.82 mV, iX
JFE T RBH F i 1E A, IXE B T CsPbBrs@SiO» A1 RBH & i i 1F Hifif 5 it
LA 2 ) (i A EAE LSS A7 T — i
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3.4 IR

3.4.1 X4 FRET HI¥IE
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3-8 (A) 360 nm ¥ K ¥ K F, CsPbBr;@SiO; (a). CsPbBr;@SiO.@RBH (b).
CsPbBr;@SiO»@RBH + Cu?* (c). RBH (d)f1 RBH + Cu?* (e) %06 K56, RBH (f)-
RBH + Cu?* (g). CsPbBr;@SiO@RBH (h). CsPbBr;@SiO,@RBH + Cu?* (i) 48 4R OGE
(B) CsPbBr;@SiO@RBH 1 CsPbBry@SiO2@RBH + Cu?* {E 524 nm 4t 756 75 i

Fig. 3-8 (A) Fluorescence emission spectrum of CsPbBr:@SiO: (a), CsPbBr;@SiO,@RBH
(b), CsPbBr;@SiO2@RBH + Cu?* (c), RBH (d), and RBH + Cu?* (e) at 360 nm excitation
wavelengths, RBH (f), RBH + Cu?* (g), CsPbBr;@SiO@RBH (h), CsPbBr;@SiO@RBH + Cu?*
(i) ultraviolet absorption spectrum; (B) Fluorescence lifetime of CsPbBri@SiO,@RBH and
CsPbBr;@SiO»@RBH + Cu?* at 524 nm emission wavelength.

RBH %f Cu*t B EikFEM. B 3-8A(d. o)A 3-8A(b. )7 HIZH TN
A Cu*" )5 RBH 1 CsPbBr;@SiO.@RBH 1% & 5161, A LLE i RBH Al
CsPbBr;@SiO2@RBH 7EARMA Cu®™ B, JLFAKZN, £ Cu* f£/E~, RBH
5 Ccu* KARCLAL, RBH HFUBEIR, P24 TamZin e e kgt Bl 3-8A(f. g)fif 3-
8A(h. )43 45 H T I Cu®* /7 5 RBH 1 CsPbBrs@SiO-@RBH 4 4N i
RBH Fl CsPbBrs@SiO-@RBH fEARMIAN Cu?" I, %5 H B AR Ui, (e
Cu* fA7EF, 7£ 550 nm AEHIL 7 —NUI S SR AR, X2 Ay RBH 5
Cu®" 2 I8 &4 T B AL Jx NP, 3-8A(a)% H1 7 360 nm K WK F
CsPbBrs@SiO: 2 e & HH 61k, 7 LAE HAE 524 nm &b —> CsPbBrs@SiO: [
POLRMTIE, 5 RBH 7£ 550 nm ALMPEAMRUIE R R K ES WA BT
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CsPbBrs@SiO, 5 it L, RBH ¥ IEHL, 2 A LLIE I g A AH B A E— e
Ik, Frfil & 59K 2 A M BRI FRET KA 1A 2 A%

N T Bt EIIE CsPbBrs 5 RBH Z [AJf#) FRET 28, LA 360 nm FIHEUR K
T, MEHE T CsPbBrs@SiO2@RBH £ FI¥A Cu*™ HIHNL FLE 524 nm Ak
(5% e F5 . N 3-8B Fiian, EA Cu®' f77ER}, CsPbBr@SiO2@RBH %%
A R RIBHOE W, mKKOEFHFMN 6.15 ns. 1M Cu®t fFELERT,
CsPbBrs@SiO.@RBH 5% Y6 75dn N %2 3.23 ns, 2 IRIEHEW, #—SiEH
T M CsPbBr; ] RBH [ FRET 271,
3.4.2 CsPbBr; 1 CsPbBrs@SiO: HIFE S R

6000 0.25 10000
a 300 nm b CsPbBr,
— 320 nm -
CsPbBry@SiO,
5000 - i 111 SPOBG@RI0 | 8000
——360 nm 020 1
= 40004 365 nm =) _
i —_— igg m |3 6000 2
> nm o | S
£ 3000 —420mm | §°P z
5 £ Z
= g 4000 S
2000 2 E
0.10
=2
1000 4 2000
0.05 -
0 T X ’ ! T T T T T 3 0
500 510 520 530 540 550 400 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)
6000
—— 0 min
—— 5 min 4000
5000 1 10 min
—— 15 min
S 4000 20 min = 3000
& — 25 0N &
2z 30min | 2
g 3000 - —— 35 min g
i £ 2000
2000 -
1000
1000
0+ T | - T T T 0+ T T T T T
400 450 500 550 600 650 700 400 450 500 550 600 650 700

Wavelength (nm) Wavelength (nm)

3-9 (A FIBECR BT CsPbBr@SiO: 15 R 61, (b) CsPbBrs@SiO, H1 CsPbBr;
S SMIOR AL, ISR DB, V), (R T CsPbBrs I T,
(DA [FIET 8] T CsPbBrs@SiO, il 178 6 it

Fig. 3-9 (a) Fluorescence emission spectra of CsPbBr;@SiO, at different excitation

wavelengths. (b) UV absorption spectra (I, II) and fluorescence emission spectra (III, IV) of
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CsPbBr; and CsPbBr;@SiOa, (c) fluorescence spectra of CsPbBr3 solution at different times, (d)
fluorescence spectra of CsPbBry@SiO; solution at different times

N T HiE CsPbBrs@SiO: KK, ME T CsPbBrs@SiO: fE AR
KWK TR, W 3-9()fin. MEHFRTUE I, B BB 3,
CsPbBr3@SiO: 7£ 524 nm AL B GHRELZH N, MUK EKIAE] 360 nm I,
PNCIRIT I 5o 1M 24 BOR KB 360 nm B, CsPbBrs@SiOs 7 524 nm 4k
8 BE A WO WK R I T 85« DRtk FRATIE SR 360 nm 1E Ay i RIUK
Wk, RSP LLZBEKAENFREK. WE 3-90)Fw~,
CsPbBrs@SiO; MM SOt 5 CsPbBrs 2 AAH[F, HH CsPbBr;@SiO: 7E 524 nm
KEFITE AR 16 5 CsPbBrs AH EL 3R A BT R B¢

AN, FRATEELE: T CsPbBrs Al CsPbBr@SiO: fifa e . an&l 3-9(c. d)fT
7~ CsPbBrs fE/KIEH 35 min 2N, ZEGHRA S TR, 1 CsPbBrs@SiO: i#
WRAE LR Z NG EE L PR FFAAE, 3% 2 B T HEIR 2 AR AE R RSG5 1 454K
BT A AR E PO,
3.4.3 SIS & HEHIEIL

——OA:OLA=1: 1 |
8000 i 0.9 b -/. . -
1 —
1 0.8+
6000
=
N = 0.7
) ;\ 1 ]
Z 4000 1 5
2 = 0.6
8
2000 4
0.5 /.
0
" 0.4
T T T T T T T T T T T T T T
400 450 500 550 600 650 2 4 6 8 10 12 14 16 18 20 22
Wavelength (nm) mggy (Mg)

&l 3-10 (a) JERFIIHZ (K LL B X CsPbBr@SiO, 2GR FE (MR ; (b) RBH ¥ #X0 &
EIRCHE K B 15 (1o 9 CsPbBrs@SiOs MANAAFOGHREE, 1AM R RBH 172
TR E)

Fig. 3-10 (a) Effect of the ratio of oleic acid and oleamine on the fluorescence intensity of
CsPbBr;@SiO2; (b) Effect of the amount of RBH on the fluorescence quenching degree of the
composite (Io is the fluorescence intensity of CsPbBr;@SiO; and I is the fluorescence intensity

after the addition of the corresponding amount of RBH)
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RIS R, IRTT T I ER AN AL EL KT CsPbBrs@SiO2 U 5 B I M,
B 3-10(@) 7~ o A RT L 2 B0 ON i R R AR R L S 201 B
CsPbBrs@SiO; M7 o fE i, BRIk, FRATEBEARALL 2:1 N B A i
fe ikl Bh4h, A RBH X CsPbBrs@SiOa HI %% R K FEHEAT T 9¢,
M35 RBH i, B34 E K CsPbBr@SiO2@RBH, 73 AR 524 nm AL A2
PR JETo-D)/Mo, 40l 3-10(b)FT 7~ . 7£ CsPbBrs@SiO, i+ i\ RBH J&,
CsPbBrs@SiOz B9 6K 8 LB W %, =4 RBH JIAKIBIE 10 mg o,
CsPbBrs@SiOs H A KIE BEFE A ORAF AAL, PR e+ 10 mg () RBH &= 3E47
B35 S

344 1ERIEE

0.14 0.8
s a B
ol 1 i il
0.12 5uM 0.9 .
7pM -1.0-
Z0.10 9 M
g —113 M 114
< 15.5 uM =
2 0.08 4 SU—.Yy % a
5 1ou < -12 y=0.0236x - 1.5129
e e = R =0.9908
2006 —25mM 13 e
<
14
0.04 f = -
\‘/\ -1:5.
0.02 - i
T T T T T T '1.() T T T T T T T T T T T T
425 450 475 500 525 550 575 600 0 2 4 6 8 10 12 14 16 18 20 22 24
Wavelength (nm) Cep2/uM
2000 0.14 q
1800 - c
1600 0.124 y=0.0038x+0.0428
1400 R?=0.9904
1200 il
- 2 0.10
51000 - g
£ 800 &
2 0.08 -
£ 600+
4007} 0.06- .
200
0- I T T ~T- ~T- 004 T ) T T T T T T T T T T
400 450 500 550 600 650 700 0 2 4 6 8§ 10 12 14 16 18 20 22 24

Wavelength (nm) Ces/iM

K 3-11 (a) I 0-23.5 pM ff] Cu?* I} CsPbBr;@SiO.@RBH 4 #h I i it (b)
CsPbBr;@SiO>@RBH fE 550 nm A My MWL 5 5 Cu¥ WM &M X R E; (o
CsPbBrs@SiO-@RBH 7£ I 0-23.5 uM K Cu* 7F 360 nm R R HIR S (d) Tsso/Isoa 5

Cu? R FE R 2tk 5% 2R &
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Fig. 3-11 (a) UV absorption spectra of CsPbBrs@SiO,@RBH when 0-23.5 pM Cu?* is added;
(b) Linear plot of CsPbBr;@SiO2@RBH absorption intensity at 550 nm versus Cu* concentration;
(c) Fluorescence spectra of CsPbBr;@SiO@RBH with the addition of 0-23.5 uM Cu?* at 360 nm
excitation; (d) Linear plot of Isgo/Is24 versus Cu?" concentration.

N T RIRGURIREN R, & T Cu®™ IREEXT CsPbBrs@SiO.@RBH
WAL 588 P AN Y B P MR . 1B 3-11(@) BTz, 7 0-23.5 uMSEII Y, B Cu?*
WEERIIE N, Bk Z ) RBH 5 Cu®* KA )M, X530 RBH 7E 550 nm 4t
2 MRS FE AT I K, Rl CsPbBr@SiOs 7% e Kk it 5 RBH HI44h
MRS 1 2 T (¥ S B T AR AN T AR O, AT A 73 35 2 [A)[¥) FRET 2% A o o
B 3-10(b)f7~, CsPbBrs@SiO2@RBH 7E 550 nm 4L HIW 58 E 5 Cu?t ikFE A
HEMEME R R, HEMETFEN InAss0=0.0236 Ccu®™-1.5129(R?*=0.9908).

ME 3-11(c)TLAE H, £ 360 nm R IEK N, BEE Cu® IREEMIANET E
T, K RAE 580 nm A& RBH W% % & 5 o JE B W 9 98, 7€ 524 nm &b
CsPbBrs@SiOx H17%¢ 6 R 5T R FE IR K . B 3-10(d)R I, Isso/lsa 5 Cu®™ W
HA B R, M FEN 1ss0/1524=0.0428+0.0038 Ccu>* (R?=0.9904).
F12 X LOD=KSd/m i+5 A H FR(LOD)!), Hirh Sd s (il 8 b 2,
mEPOEIK R S EHE G RIRERRR, K EAK00, #BWEE N3, R
JIFETHE H I LOD A 1.26 uM.

3.4.5 FHIXEE

A FAEMNZ P HEFIER T, SE—DVF0 T AT FRET A&
SR Cu?™ [REFEE . FEVPN BT RMERERS, Cu® WREEN 15 uM, FifT THLES
T4 300 uM (20 f%). FIMEFIEEAALLE T HEKFEH, 0 Ca*. AP, K'.
Ba*". Co*". Mg #1 Mn2*. MK 3-13(a. b)TAILAAEH, WA Cu®' oWk
I, 150N Al PR 7 NTE ) A, X & T RBH 5 Cu* RAE
TR SN HAR TS A S RBH FAZFTE. M 3-13(cv ) AT ELE Hi0
AN Cu?' JG, TIeHKkE AFEIE 580 nm A1 524 nm AR5 6 3 HE (Iss0/T524) BH
BAEKR, WMAET Cu 8l HAL T E TR, RICHKE S BHE 580 nm Al
524 nm AT E H(Isso/Ts2a) BAA K . WRALERF I, ZAEES Cu?t B
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HBUFIERENE. R, CsPbBrs@SiO2@RBH FUKIREN AT HI T IR EE/K o Cu®

SORER 2 walll8
1.0
—— Blank 1.0 b
Ca2+ a
0.84 AR* 0,84
_K* s
5 0.6 Ba':
& Co?* 64
g Mo?* e
g 0.4 g, 2
'g Mn* <
2 Cu*' 0.4
i - —M
&//\“‘\X i3]
0.0
450 500 550 600 ol ﬂ |_| I_I |_| |_| [] |_|

Wavelength(nm) Blank Ca?* AP" K' Ba (Co¥ Mg* Mn** Cu**
2000 0.20
Blank
1800 o {\ 5 015 ] d
1600 AP —
—K 0.16-
21400— Ba?*
51200 Co?* 5 0147
55 Mg2* =
Z 1000 1 & 3 0.124
5 Mn~ 0
E 800 0.10-
600 -
0.08 -
400 - i\
0.06
l | O m W m
0 T VI T l" T 0.04 - v - L)
400 450 500 550 600 650 700 Blank Cu®>* APF" K" Ba®’ Co*" Mg’ Mn*

Wavelength (nm)

& 3-12 (a) 0.5mg mL-' CsPbBry@SiO@RBH A 15 uM ] Cu2* i1 300 uM T4 51
(Ca’". AP*, K'. Ba?". Co?". Mg Mn*")fJ&4h-n] WLARUL TS, (b) A 15 uM ) Cu?*
Je 300 pM H At T B 1 5K A0 RIS FE(SS0 nm)FE AR Bl (o)7E 360 nm WK R,
CsPbBrs@SiO.@RBH JIIA 15 uM ] Cu®* & 300 uM HAth T30 8 7 2 6k, (d) A 15
UM ) Cu?* J& 300 M H AT P T 19 58 5 58 B (Tsso/Ts2a) FEAR

Fig. 3-12 (a) UV-Vis absorption spectra of 0.5 mg mL"! CsPbBr;@SiO@RBH with 15 pM of
Cu?" and 300 pM of other interfering ions (Ca?*, AI’*, K¥, Ba?!, Co?", Mg?', Mn?"), (b) UV
absorption (550 nm) with 15 uM of Cu?" and 300 puM of other interfering ions , (c) Fluorescence
spectra of CsPbBr;@SiO>@RBH with 15 uM of Cu?* and 300 uM of other interfering ions at 360
nm excitation, and (d) histogram of fluorescence intensity (Isso/Is24) with 15 pM of Cu?* and 300

UM of other interfering ions
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3.5 SEFRtE AR
3.5.1 EEMRIXIFEKEEF Cu® B9
2 3-1 LA RIRTFREARE A Cu2t FOREISH S

Table 3-1 Detection of Cu?* in environmental water samples by composite materials

FEA i Cu?t KM Cu?t PRE R RSD
(LM) (LM) (%) (%, n=5)

K 5.0 5.2 104 2.57

15.5 14.8 95.5 2.95

23.5 24.54 104.4 1.61

N TV AT HER I . R VR, i FZARAT I E T B AE
HCu®, FR AR 3-1. 0 Cu* HIRICR N 95.5%~104.4%, Far il 25 5 1) AH
X iRZ RSD N 1.61%~2.95%. ZiREN], Fra BERE AT H T HEIKAE T Cu
RIS o
3.5.2 SH M CEkAIFTEE

SHEIASTHR, XS TRE BRI M REREAT L, 6f H s SRR 3-2 iR

3¢ 3-2 5 HASCHRACIT E

Table 3-2 A comparision of the proposed sensor with previous reference for Cu?* detection

Wet SZHEEE @M BRR@EM) SCHR

DNS-Cl/CopC 0.04-11 7 Zhao et al. (2019)!%
UCNPs/Au NPs 0.02-1 18.2 Shao et al. (2022)!'%

Au NPs/RB-PEG4-N3 0-108 5.8 Lin et al. (2021)!1%7]
Flu@Mea-CdS 4-14 0.17 Wang et al. (2022)!1%%!

PEG-UCNPs 0-1.57 0.11 Shi et al. (2022)!1%]
CDs/OPD 0-10 0.019 Zhang et al. (2022)1]

CsPbBr;@SiO>@RBH 0-23.5 1.26 AL TAE

BeAk, R 3-2 4ath 7 iZRE ST U T HARREHAS I Cu* B EE.
RPATLE M, Prgsfyiik s B ooy i te, BAadErgit
ARSI PR
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3.6 45it

FENL T —Fhm REUE . S EEER KR Cu® 1 FRET 84, %499
KAREFLL CsPbBrs@SiO: 1EAfERAA, RBH 1ENRERSZIR, il & A
HAFRSEEE—#. £ Cu® {27 F, RBH 'S5 Cu*" KBRS, 3 RBH £
580 nm 4b H L — N0 e R BT, 7E 550 nm BT HBL T — /AN AN & . RBH ()
KAMNROEIE S CsPbBr@SiOs OGRS~ £ 88, FRET dfEkAE, it
M CsPbBrs@SiO, ¥ # % RBH. [fi% Cu*" iREZRIIE N, CsPbBrs@SiO, %%
SR PE AN WA, RBH 2G50 ARG R . Isso/lsa 5 Cu?" BIREELNE G R RIT,
PR AZ AR R E R AR KAE o Cu?™ (A BB IO & .

41



TR R A8 3

28 4 Z UCNPs@y-CD@RhB E &M RIHIEE R ZE RN

41518

Z W R(CBZ)&Z — M RUREE ) 1SR WM, wT LA R 87 B 3 56 51
MAREY . ReomE B BEAREWET . MK RERCRGE S, Ok
N R — M2 SR, VRN — R AR, 2 B R BEERRE T

AR A B a I, gt R, ZHAERMEAFTA I, RE
] 3 ARt X 7 it ANt ) 22 B R R 2 Bk B St T A, R SRR T 2
RE B KB BRREMRLYA 5 mgke!'Sl, BT EEE RIFFLEREM, "L
KHAAAE T I ), @ 4N 2 1R R Bk B vT Re 2 0k N R0 A o5 i 1 I
BT, PR, R — P SR B i R 2 B R AR R A T R R R . W T
WS 2 ERNKREE, FEZSMRNTE, ¥HR2 5 R 725G S
(GO, 3 OB AR € 1 2:(HPLC) M), 3 AR 5 1 3% 125 (LC-MS)[120)
BN LUK (CE)121% . SRTT, X SeRRAEAE T BRI A 5 & RS
FH ELARG T = ks s U2, IR AR R H R ) 1 B A I S s A 245k B8 ke ) o ()
Mo ROGRME AR HEEG REE . BEWME. TRE5 18 mEE RS
FErl, ZBIWHFRE W) 2 K0

FRET $ A F e LA R PR 47 ARG e St 5, 22 2R 00 53 1 23 A RS
R E] T2 M U124, o T 3R FRET FOBCEAIS BT PERE, a0 1%
A ELAE RO, R E A 0N W PO e 1 T A A2 A 5 A 1 R B R 0%
k.

40 T Fe 3 DI RHEAE KOG B R PR LS 5T PRI,
X ALAF EANAE S bR B 32 2R KPR, AR 4% e A BLUCNPs) I 2 A
BhFEvERE, W DASE IRAE G T R 0O R Bk i U2, B RO IDRL R HoAL
FRUETELF . EMRER. BHE RIOCTIEN A, AR, VUGS TT
T s R 3400260, %54, NaYFarYb,Er A A2 55 o 2 1 B4 ok
MELZ —, EADR I U I T BRI 1,
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AR, BT EERGUEM R FRET 41 @80T & M A A9 4
FUBI ) B FU2VRN B2, Wang 5 APOLL UCNPs AR A, L4yl
KHKLT(Au NPsWEARER A, Wit 7 —MHTH FRET 70k Bas, ATRLA T
P> HIRGIN. Li 2 AUSUSEH] UCNPs AP B 3£ B PRI IF Ak 7 — Rl TR
BRI U E A I8 R FRET ROGIE . Wu 558 AP 7 — FpgE T
NaYF4:Yb,Er, Gd@NaYF4 fll MoS [IHT Z4 X FRET 1445, HF miRNA f&ll, %
F G AT LAJE] A — AN it B A miRNA, R &

\
1} OA-UCNPs  V-CD RhB # CBZ

4-1 RhB-CD-UCNPs &l CBZ I E

Fig. 4-1 Mechanism diagram of the detection of CBZ by RhB-CD-UCNPs

ET b, AT T M EEANZE R P FRET 90KERE, Kl 4-1 fr
e fEIZZRGH, y-CD &Ml NaYF4:Yb,Er {E N fE EALALE 540 nm 46 — MR
SR 6 R T, 2P B(RhB)E A RE &2 ARTE 550 nm 7e A5 A 58 AN, -
CD 1ERIEFAR T LA4i ] NaYF4:Yb,Er 5 RhB 2 [ BJRE RG], B T4 05
R 5 AR AMROE T 2 AR RIEFIES KR, X1 FRET AW
KA, GERM NaYF4Yb,Er ## %] RhB, NaYF4:Yb,Er IR K. FEARZR AN
ANZWRJG, HTZHEREy-CD IS & REKT RhB 5 y-CD 454 2405,
RhB # % & R FTHEUX, FRET i F2 4PN, NaYFaYb,Er 2043 LLKE, Pl
AT DASEILN 22 18 R AR IN o FRATTRE % 2 R T8 SR A I, R T TR
MR, ZHkEA RS R HEWR. GRS, EaERhZERAMN
RS v HAT 85 v ) LV 6
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4.2 K ER Sy
4.2.1 LR

FIT A AL 2 P B 0 2 e e 28 B2 1K o R R P (Er(CH3CO2)35 99.9%) L TREE
(Yb(CH3CO2)3, 99.9%). B FREC(Y(CH3CO2)3, 99.9%). # AL #(NH4F, 96%)+
TMAREM(C1sH3302Na). THIER(OA, AR). +/\JE(CisHssr 90%)¥I M $7 T iR5FA
B AFESE, HEE(CHsOH, 99.9%). ¥ CLbt(CeHiz, AR)H [E 2454 A IR A ]
AL, y-IRRIRE(y-CD, 98%). 2 FH] B(RhB, 98%). % R(CoHoN3O2). FilkE
i, WRM. ARG FRAUAE. MEHME. EEE S ARBRERR T & B
4.2.2 LRGN ER

F B BAX R R A\ ) XRD-6100 BUAT5HHX#AT 7 XRD #4iE. FZEE FEI
O8] (13 5T F BR(TEM)XS OB A RHEREAT T 3RAE . 36 288K KRB A )
[¥) Escalab 250X1 J¢; B T AE4T T XPS R AE. I E Bruker 2 [T 40 i
BGHAT T AN ei . i SR LSS AU Ah- AT WG W GEAT T %
=TT WIRSOEIE . SR 2 T 88 A FHRHER BR85S ACHEAT 2R G 1 I E o
423 EEMHIEYE &
4.2.3.1 OA-UCNPs Ryl &

OA-UCNPs HR4 Sk 75 v2: 1l 451135 1361, 3% 0.2075 g Y(CH3CO2)s+ 0.0844 g
Yb(CH3COz)3+ 0.0083 g Er(CH3CO2)3+ 7 mL JHERAT 15 mL + /A E T 100 mL %%
A, KR A YIE No SUE R IN#E] 150 °C, FE7E IR R {R-FF 40 min, 7] LK
FGE W BB (. #2204 50 °CJa, M 10 mL & 0.1482 g NH4F 1 0.7611 g
THERAN I VA, BHIRA I EREE 40 min, SRJEINIAE] 100 °C, PAKRZAKHE
SVER . BEJG, KRRV No FINHE 290 °CI Wi 1.5h, REAEIE=E. K5
# () NaYFa4:Yb,Er FH ZFEUT0E, FH ZEEDEW IR, SRIG 0 HHE 5 mL FI3 Sl .
4.2.3.2 y-CD-UCNPs Byl &

y-CD-UCNPs H SCHR 777451 41300, ¥ % 60 mg OA-UCNPs [ 12 mL Z.JE-7K
(2:1, vIV)ESZARBY 20 mg-mL! ) y-CD /KIFRIES . BIBSVEZRET
FIZIEEE, BEEWHIRT. HEE 20 h )5, WEEBDGEEC, e EE 7K
WA B Vet =Ko A3 BIRIRE ST LA HIEE 25 B 1K B A AR P T 570
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4.2.3.3 UCNPs@y-CD@RhB HJ4H 2 & Xt %% B = B0 4&M

¥ 30 mg y-CD-UCNPs 5 RhB 7EBERR Eh g2 s P it P i, id @
Ve TG AR A2, 16 5 mg-mL (IRENE R IIANA K FE 1) 2 B
RUEW, SRIGRIHEAT T 9GRS G EAI R SR O 1
4.2.3.4 ZERAHAFE MR

¥ 54 UCNPs@y-CD@RhB 73 5l 5 T HA B BT REE . Wi SRR
FEALME L WL BN 2 R BT . BTN 2 R IR
20 uM, TR E N 400 uM (20 %), TE T EATHZR GG
4.2.3.5 37k RAF M 2 R AT

AR SR 0 5 A AR T BEAT TRALFRONTY, ] B, 7E BE AR AN T A T
ST — 2 R 1 2 B R ARV . K S g AR INN 10 mL S e
B EAREVER G, KR SYIIAE 50 °CTF /KB 5 min. )5, #3345
MIWNA 2 mL DMF 1, SRJ5H 10 mL @B4UKFR. & 1 mL BRI
UCNPs@y-CD@RhB & H,  5E ROG R H G .
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4.3 ERLFRIE
4.3.1 TEM K& XRD H9$8 & FRAE

20 21
Particle size (nm)

(101 —— NaYF,:Yb,Er
f (110 Qo) — PDF 28-1192

211)

Intensity (a.u)

elw ol

10 15 20 25 30 35 40 45 50 55 60 65 70
260 / degree

K 4-2 NaYF4#YbEr ] TEM [E(a); NaYF.Yb,Er [ 4042 4 #i B(b); UCNPs@y-
CD@RhB ] TEM [El(c); UCNPs@y-CD@RhB k4% 734 El(d); NaYFs:Yb,Er i) HR-TEM
Kl(e); NaYF4:Yb,Er ] XRD &, FHZ 284 NaYF4:Yb,Er (IR El(f)

Fig. 4-2 TEM diagram of NaYF4:Yb,Er (a); Particle size distribution of NaYF4:Yb,Er (b); TEM
plot of UCNPs@y-CD@RhB (c); Particle size distribution of UCNPs@y-CD@RhB (d); HR-TEM
plot of NaYF4:YDb,Er (e), XRD plot of NaYF4:YD,Er, the red line is the standard data graph of

NaYF4:YDb,Er (f)
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N T BB E GUKRLT BRI RSE, #5477 TEM RAE. MK 4-2(a)]
LI 25 HUE H NaYFa:Yb,Er R B S BRI A i o st . AN 4-2(b) FT LA
H, NaYF4Yb,Er P35k 4% 19.98 nm. & 4-2(c)y UCNPs@y-CD@RhB E &
MEE TEM B, WEF T UUEHE S MR 2B S . WE 4-2(d)
UCNPs@y-CD@RhB Hyki42 50 A B v] DL, Z990KE &8R- 2k
20.6 nm, EEGHIA PG,
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Fig. 4-3 EDS characterization of NaYF4:Yb,Er (a) and UCNPs@y-CD@RhB (b)
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4.3.3 XPS BUHHXFRAE
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Fig. 4-4 (a) XPS spectra of (a) NaYF4:Yb,Er, (b) F 1s, (c) Y 3d, (d) Yb 4d elements
FIF XPS Bk, b5 T NaYFaYb,Er (e A, WK 4-4 FioR.
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4.3 .4 LTHNEIERAE
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Fig. 4-5 Infrared spectra of OA-UCNPs, y-CD, y-CD-UCNPs, RhB, and UCNPs@y-CD@RhB
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4.4 FHERE N
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4-6 (a)0A-UCNPs. y-CD-UCNPs. UCNPs@y-CD@RhB. UCNPs@y-CD@RhB+CBZ
%6 ST 6 B & RhB 5 AR SO 1 : (b) £E 980 nm #K T, y-CD-UCNPs #
UCNPs@y-CD@RhB 7 4S3,—*1152 BKIT A 5% Y6 75 iy

Fig.4-6(a) Fluorescence emission spectra of OA-UCNPs, y-CD-UCNPs, UCNPs@y-
CD@RhB, UCNPs@y-CD@RhB+CBZ, and UV absorption spectrum of RhB; (b) Fluorescence
lifetimes of y-CD-UCNPs and UCNPs@y-CD@RhB at the *S3o—*I;5» jump under 980 nm
excitation wavelength.

7£ 980 nm [ R KK, OA-UCNPs. y-CD-UCNPs. UCNPs@y-CD@RhB
YA S UCNPs@y-CD@RhB+CBZ H2 &G RhB SN ISO L, ]
4-6(a)ffim. MEIF AT LAE H, OA-UCNPs ()& S KZI7E 522 nm. 540 nm £
655nm 4k, A HIVAJET Er' B 2Hin—Hisns *S3n—Tisns “Fop—*isn BRAEN,
RhB 7E 550 nm A 45 H — AN SR AMRILIX , 5 OA-UCNPs (1756 K ik A &
&, AT y-CD I94F4E, OA-UCNPs Fl RhB [BR 5 2 s 35r, Bk, il
I A MR 2 KA FRET KA A%

geAt, M 4-6()Ff LB, 7F y-CD E& 25, HTAHURRIIRS)HE#
LB TR B IV RAER BT RA R R 51 R S i AT P AL
BT X4 FRET %, y-CD-UCNPs 5 RhBE &J5, WHRAERK, 24N CBZ
JG, HT CBZ 5 y-CD W44 23K T RhB 5 y-CD 454 2%, CBZ W] LK
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17 5 )

Fig. 4-7 Effect of the concentration t of y-CD (a) and RhB (b) on the fluorescence quenching
(Io-I)/Ip of 0.5 mg mL-! UCNPs@y-CD@RhB composites at 540 nm (I is the UCNPs@y-CD@RhB
fluorescence intensity, I is the fluorescence intensity after adding different concentrations of y-CD
and RhB)

y-CD HH &2 50 FRET U8 — N EE R Z, KA RA RhB 7143 y-CD
A REE T FRET 8. W7 y-CD iREX) FRET f2RU52m, Wik 4-7(a)fr
7No f£ UCNPs@y-CD@RhB il #2 i, friFHAN AR, 572 y-CD Bk
fE, 3EIAFF UCNPs@y-CD@RhB, 43 H1IHA 540 nm Ak %< 61 K (To-1)/ o,
MEIFRTPLE S, (o-D)/1o FE%E y-CD WG ImisG N, & nlik 20 uM. X A] eI
KT y-CD ¥R BE A 34 i a] LA 9N 58 22 () RhB, M #E UCNPs A1 RhB 2 [A] ) FRET
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ORI, 2 y-CD IR ST 20 uM I, (To-T)/To FFF. IXFELG T AE 2 T4
P AEAEL B 1 y-CD B, — &4 B B RhB 43 AT Lod e s K 78 NI
B y-CD (2, RIEHE N OA-UCNPs %5 1 () RhB 238/, §3 UCNPs I
RhB Z [A]ff] FRET %9k 55. Fik, i%#F 20 uM ) y-CD WK EHATHE— D)5k
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PALRIEER 720, FATIESE T I\ RhB i fEH &. £ UCNPs@y-CD@RhB
& FEd, REFHARY M EAAE, 8 RhB KA, 5348 F 1
UCNPs@y-CD@RhB E &KL, WK 4-7(0)in. 48R EW, (o-1)/I fE% RhB
HOMR R i, B2 80 uM. X ATAESE BT BEA S5 - N8 RhB B9340,
HEMEH RhB (EWEZ G, X233 UCNPs 1 RhB Z[A] FRET 2483
. 4 RhB HERT 80 uM B, (Io-I)/IoZEAK, X7&F AN RhB )&k
FE4 80 uM, 1 F ) RhB i 2ifb e [MIG, i%4% RhB R 80 uM #E4T
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INANEHRE CBZ (56 K S 5 E

Fig. 4-8 (a) Fluorescence spectra of 0.5 mg mL™' of UCNPs@y-CD@RhB in water with the
addition of 0-35 uM; (b) Linear plot of fluorescence recovery at 540 nm (Io-I)/Io versus CBZ
concentration, Ip is the fluorescence emission intensity before the addition of CBZ, and I is the

fluorescence emission intensity with the addition of different concentrations of CBZ.
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Nl 4-8a iR, £ 0~35 pM JulE A, 24 CBZ WEEAWIE RIS, 1250
EHE 540 nm AL 56 R 58 R WIG 5 . X2 F BT CBZ 5 v-CD & &
AKX T RhB 5 y-CD 454 &%, CBZ nl LAEUX RhB, MFHNT T FRET i
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Fig. 4-9 (a) Fluorescence emission spectra of 20 uM CBZ and 400 uM of various interfering
substances (atrazine, furan, dimethoate, chlorpyrifos, imidacloprid and chlorothalonil) added to 0.5
mg mL-' UCNPs@y-CD@RhB solution at 980 nm excitation; (b) Histogram of the fluorescence
recovery of the nanoprobe with or without CBZ or other interfering substances at 540 nm (I is the
fluorescence emission intensity with CBZ or interfering substances, Iy is the initial fluorescence
emission intensity).

AW FAEIANZ R T FIE I T, 3t BP0 7 P52/ FRET 18 &
XF 2 B R A IR FEE . PP PITIRVERERS, 2R RIKEDY 20 pM, T AT
(BT RFRLEE . BRI . SRR FEAEIE . MEIRBE. T ENE) Y 400 pM (20 £).
ME4-9 0T LI, IR T R 550 S8, i HAh & W I o R et 2
JCIRE R LLEL 99 . FREBH, 2B AN 2 B R B A Bk . i,
UCNPs@y-CD@RhB ZKEREr 7] H T & 4 2 0 R 1 BRI
4.5 SEBRAE an A
4.5.1 B AV SIRRALR o % B R AR

R A-1 INbRBE i 218 R A5k

Table 4-1. Fluorescent detection of carbendazim in spiked samples

FEA ¥ CBZ ¥l CBZ S RSD
(uM) (uM) (%) (%o, n=3)

T 5 5.15 103 2.83

10 11.15 111.5 3.71

At 5 4.45 89 5.78

10 11.74 117.5 2.64

N T AR A DT RO HERRE . R YRR R E, 8 AR A 7 AN B e
2 8 RBATRIN, 253N 4-1. RN 2 58 R AR 89%~117.5%, Al
SERMXT IR ZE RSD N 2.64%~5.78%. FT{FHI4E SRR, Fré R Er vl H T
il 2 R IR .

4.5.2 SE A TERRIFTEL
S H A SCHR, WS PRE AT R AT LU, X s SRk 4-2 BT
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R 4-2 5 H Al SCRR X L

Table 4-2 A comparision of the proposed sensor with previous reference for CBZ detection

wer SHEEEEM AR @EM) SCER

MOB/CPE 0.29-6 0.12 Silva et al. (2024)!14%
N-CQDs/AuNCs 1-100 0.83 Yang et al. (2020)14!]
Cu/UiO-66(@aptamer 0-22 0.022 Wang et al. (2022)14%]
ABT-Ag NPs 10-100 1.04 Patel et al. (2015)!!4]
Pt—-RGO/GCE 25-115 2.96 Pham et al. (2022)144]
Ir-probe 3-40 0.5 Ding et al. (2022)!!43]

UCNPs@y-CD@RhB 0-35 0.92 AL TAE

BeAh, K 4-2 g5 T IZRE S e 2 U TP AR EH R CBZ X EE. M
KPR M, BT mds R CHaE e, BA &Sk
FORG B o
4.6 LEit

PATBT IR T — b F R AN 22 8 R ) FRET 2GR G . FEIZ4R e,
y-CD &1 NaYF4:Yb,Er FIEGER LK, RhB {EN—FEERE 24k, W LLE 3
FARM HAE I y-CD A 232, AIM4i R NaYFa:Yb,Er Al RhB Z [A] R B ES, R
=M NaYF4:Yb,Er %% %] RhB, T2 T NaYFaYb,Er ZOERAR K. Uik R
FRINZ BRI, RhB 42 W RHU, FRET FEH W, NaYF4:Yb,Er (172
W . AR ZAEIRT &, ATUVESEH T2 B Rkl
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EEEENREERE

5.0 8BRS

A3CLL FRET HLEONAEAY, b T =FOR R ZOCG0KEREE, IR T &
AT BRI

1. BT CdTe@B-CD@Rh6G YKIREN, AL T —Fhim RS, migsi
R b 75 SR 1) FRET AR T 6 . 149K IRET B CdTe QDs E N fig Rk,
Rh6G 1EARER K. Rh6G HIEEA-AT WKL HE S CdTe QDs B 56 K S i
AREFMES, KL CdTe QDs ZOGHRERL. EFGHERMAET, HTHER
5 B-CD 45 & RECKT Rh6G 55 B-CD (W44 2%, RhoG B SRR, M
& QDs (ARG RITBREER R o AL AR LM R 5-25 uM, Kt BRA
£ 0.64 M. R EY, CdTe@p-CD@Rh6G HKAF4EE 7] LIE At it h & E &
W BT &

2. G T CsPbBrs@SiO@RBH gKRE, SLHL 7 XS KMEH Cu*™ R
Mo ZAKEREF L CsPbBrs@SiO: 1ENREE b4, RBH 1EAREEZMA, 3@
MBS AT . £ Cu® 778 F, RBH ML AR IE S
CsPbBrs@SiO, B %% Yo K & ik rF= A E &, FRET I AL, &= M
CsPbBr;@SiO: ¥ # 3| RBH. B Cu> IKEEMHE NN, CsPbBrs@SiO 1% 8
RWFEMK, RBH 9GHEE RWIHISH . Tsso/lsoa 5 Cu? MIIRIF LR R RIF. %4
BT Cu? FRR IR R R, MmN EEDN 0-23.5 uM, A H FRAK
£ 1.26 uMo BRI PURIREN AT DUE KR Cu® B RUE A& .

3. A1 UCNPs@y-CD@RhB #K#REF, Mg 17 —Fh HIRAG I 2 3 R
FRET {4848 . 1E1Z4RENH, y-CD &1 NaYF4Yb,Er fENGER 44, RhB {E
NEEE A, NaYFaYb,Er W] DUEIE 3 ZA4RAH AR y-CD A2, M
#3 NaYF4:Yb,Er #1 RhB 2 [A] (P & 2 W5 3530, A& M NaYFa:Yb,Er ¥ % £ RhB,
MM S8 FRET [ F2 /& 42, NaYFa:Yb,Er (5 KA K. Sk RPHRINL H#
RIEf, RhB #Z W R, FRET i #2457, NaYFa:YbEr K56 . %A%
RN 2 R FIH T R B R U AR, MmN E R N 0-35 uM, K
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PRAEZE 0.92 uM.o FRATKFZITIER T/ 5P 2 R AR, 38 7 T HEms R,
AR IR &, FTULEZH T 2 W Rl
52 REE

FT FRET W76kl 1T HA REUZ m . Wi, iV S0 a, £
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ASCLL FRET HLEAHERL, Wit T SRR 56 GORREr, B4 b
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SERET B T R _E S W g K JBORE 1 2 T MR AT AE — B R gk
BHPRTHE AR . BT s 0 3 4 il i DL 27 S i 48 55 o

IR, N BRI R A 715 2] T KR 2 BN L E, HA%
G R ML, BRSO AT DO AL RO GK A RL R PO S
PLEg sk s, WAL SRR E TR AT, BN, EMREAC, BE SV IS A
M2 RE. MEREFEARIIKE, RS EME NG EAMA LAY oA A
YRGS SIS A B R R RE R . 124 81k, XTI aikE e
RZ, RS ITE. AP AN T o 5 SURE A R R IR, HaE)
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