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E T NaYF,:Yb,Er By 32N E S RIBY4A % & FRET 1%
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b4 4 KA BHUCNPs) AT 3d i 22 0 7 IO e KA B Uk Dl
et Bt 9t . UCNPs BATHURF A6 R, B4 S 06 v 0
PR, TEAEMAL T SE ) E. TR HRIO6ED.
FAAEE RO ERSE, B2 000, AR A, Y
FSAG DA S A 3 A S A ) AT R DU B4 T 2 b eT e, RS TR
PR ICRET R . He T 9O IR BE B2 (FRET) B 56k Il B A
RBUEE . MR, EEEAF SR A, Ea i RIEE EEMER .
PRI, ASCHET FRET HLELWHIG AL T =R EREr, oal T
HG 7K S o 5 B £ AU (paraoxon) s AR ILYE H R A & 2 (Ins) L K%
K I ERRRFR IV B (CIP), HEBHIFA R T

(1) A28 LARA G A ] 4 1 Il R B 22 1) _E 5 5 40 K 4 BH(OA-
UCNPs), Fl|FHBECAA #920% OA-UCNPs B0 4 5 ¥ T K A 15 R
ENIE T Al K A BH(Cit-UCNPs). 5,10,15,20 DU (4-BH:BE )k gk
(TPyP)FlIl Cit-UCNPs i i i Hi AF F &2 & il & th 22 e B & Mk Cit-
UCNPs@TPyP, %S &R AT LLH T353R paraoxon (A . 4
KIREFLL Cit-UCNPs fENRER MR, TPyP {ENRER /K. TPyP i
SAh-A] WO S Cit-UCNPs [ 986 AT IR IF I E &, Rt

Cit-UCNPs [ e F ¥, BT TPyP BB & K45#, paraoxon
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HAT B- S B (P=O) M =AU 1, AT (8] A BAE H 3 80F i)
1 &R A, paraoxon 5 TPyP IR _F [ EUR T 2 A A7 75 S A
HAEM. F, BT TPyP F paraoxon [K4Fi4, FRET M EHE
paraoxon RN TTIZHT F4MK, Cit-UCNPs 1%¢ Y65 B AN Wi 58 . 1%
KNE A MBI LATE 0-8.6 pM K BV B 5T paraoxon i€ & 73 #7
RIHIBRAY 0.20 pM. 1% B3 H 3 9K AR C D B2 A R 3 3
KM% B 1) paraoxon, 7R T EREFHESLBR R A T 77

(2) F) H Fe A& 28 #1581 OA-UCNPs 73 3| Cit-UCNPs, Cit-
UCNPs 1218 B(RhB)# FHE 1 HE[6]77 K (CPOY BB L i E & 41
Cit-UCNPs@CP6@RhB, H T A AN IfiiEH Ins. 7E1%E &KL H
Cit-UCNPs 1E yReEftf&, RhB {ENREESZ 4. & Cit-UCNPs 7£
540 nm AFHIRGR IR GTIE, 4k RhB 78 550 nm 724 H — A58 15
SR USCIX, I 3 % R AR HAE A B CPe A, AT 46 A
UCNPs 55 RhB Z [HJHJEEE, fefEfe&E M Cit-UCNPs ] RhB ##,
S5 FRET IFEMIRLE, Cit-UCNPs (56K, RhB %650 5 1
SR 2404 Ins 2 THIAZE] UCNPs@CP6@RhB H-&4)H i, RhB #
Ins B ¥, 7EIKE . UCNPs@CP6@RhB 7] LLEE 0-10 uM K JE T[]
X Ins FEAT & BAI, A H BRI 0.32 M. BEEER, %906
T & DRI T A LE 7 Ins A .

(3) FIFHIFWIRE &1 OA-UCNPs 75 23R Rs (.28 1) _E 36 3 K
M EHUCNPs@y-CD), i #iidt 2 etksr B(PB)A] LAHEAN y-RIFG
(y-COWIZE N, TERE & E UCNPs@B-CD@PB, H T#: il CIP.
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Hrh UCNPs 1ERREE MR, PB fENREE /K, PBfE 540 nm iifi
A—ATERLANRILX, 5 UCNPs 76 540 nm AbFI5% 6 K 56
#HS, v-CD /ENEREETLIYESE UCNPs 5 PB Z[HEE, 1§15
FRET Bl% kA4, RfFfEEM UCNPs ¥ %] PB, UCNPs [)5¢eH
Ko [ERFMA CIP J5, CIP A LLEE S PB K4 n-Il fif #6245 4F
J MV T K 10 48 4 WK BLAS FRET 248, FRET iof £% 4 o i,

UCNPs HIR WK E . 2R ICEAMEHE 0-45 pM W EEJaE X CIP
A B B R U R R, R IRMK R 0.23 pMe ASCH 3
5 ERSF- &, ATCAE B F CIP MR
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Assembly and FRET sensing of NaYF,4:Yb,Er upconversion

fluorescence composite materials

ABSTRACT

Upconversion nanomaterials (UCNPs) can convert low-energy
excitation light into high-energy emission light through a multi-photon
absorption process. UCNPs has unique optical properties, including large
anti-Stokes shift, strong penetration in biological tissues, photobleaching
resistance, small background fluorescence value, good chemical stability
and low toxicity, so it has attracted wide attention, providing a variety of
possibilities for the analysis and detection in the fields of sensing
detection, biological imaging and biological analysis, and promoting the
development of fluorescentially labeled probes. Fluorescence detection
based on fluorescence resonance energy transfer (FRET) has the
advantages of high sensitivity, fast response and good portability, and
plays an important role in analysis. Therefore, based on FRET
mechanism, three kinds of fluorescent probes were designed and
synthesized in this paper, which were respectively used to detect
paraoxon in fruits, insulin (Ins) in human serum and Ciprofloxacin
hydrochloride (CIP) in water. The main research contents are as follows:

(1) This experiment prepared oleic acid-coated upconversion
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nanoparticles (OA-UCNPs) by the thermolysis method and modified
them into water-soluble sodium citrate-modified upconversion
nanoparticles (Cit-UCNPs) using a ligand exchange method. 5,10,15,20-
Tetra(4-pyridyl)porphyrin (TPyP) and Cit-UCNPs form a fluorescent
composite material, Cit-UCNPs@TPyP, through electrostatic interactions.
This composite material can be used for detecting paraoxon on vegetable
surfaces. The nanoprobes use Cit-UCNPs as the energy donor and TPyP
as the energy acceptor. The UV-visible absorption spectrum of TPyP
overlaps well with the fluorescence spectrum of Cit-UCNPs, leading to a
decrease in the fluorescence intensity of Cit-UCNPs. Because TPyP has
an aromatic structure, paraoxon has a phospho-oxygen double bond
(P=0) and three oxygen atoms, and the interaction between them leads to
the formation of a I stacked complex, and there is also a hydrogen bond
interaction between paraoxon and the nitrogen atoms on the inner ring of
TPyP. Therefore, due to the association of TPyP and paraoxon, FRET
efficiency gradually decreases with the addition of paraoxon, and the
fluorescence intensity of Cit-UCNPs continues to increase. The
fluorescence composite can be used for quantitative analysis of paraoxon
in the concentration range of 0-8.6 uM, and the detection limit is 0.20
uM. The upconversion fluorescence nanoprobe has been successfully
applied to detect paraoxon residues on vegetable surfaces, demonstrating

its potential for practical applications.
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(2) Oleic acid-coated upconversion nanoparticles (OA-UCNPs) were
modified into Cit-UCNPs using a ligand exchange method, and Cit-
UCNPs were encapsulated with rhodamine B (RhB) using cationic
pillar[6]arene (CP6) to form a composite material, Cit-
UCNPs@CP6(@RhB, for Ins detection in human serum. In the composite
material, Cit-UCNPs act as the energy donor, while RhB serves as the
energy acceptor. Cit-UCNPs have a strong emission peak at 540 nm, and
RhB has a broad UV absorption around 550 nm. Through host-guest
interactions, CP6 effectively encapsulates RhB, shortening the distance
between UCNPs and RhB, thereby facilitating energy transfer from Cit-
UCNPs to RhB, which leads to the occurrence of FRET. This results in
fluorescence quenching of Cit-UCNPs and fluorescence enhancement of
RhB. When insulin molecules are added to the UCNPs@CP6@RhB
composite, RhB is displaced by Ins, and the fluorescence recovers.
UCNPs@CP6(@RhB can quantitatively detect Ins in the 0-10 puM
concentration range, with the detection limit as low as 0.32 uM. More
importantly, this fluorescent sensing platform has been successfully
applied for the detection of Ins in human serum.

(3) Cyclodextrin-modified oleic acid-coated upconversion
nanoparticles (OA-UCNPs) were used to obtain y-cyclodextrin (y-CD)
encapsulated upconversion nanoparticles (UCNPs@y-CD). By stirring,

fluorescent pink B (PB) can enter the cavity of y-CD, forming the
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composite material UCNPs@B-CD@PB, which is used for detecting CIP.
In this system, UCNPs act as the energy donor and PB as the energy
acceptor. UCNPs have a strong emission peak at 540 nm, and PB has a
broad UV absorption region around 540 nm, which overlaps with the
fluorescence emission spectrum of UCNPs at 540 nm. y-CD serves as a
linker that shortens the distance between UCNPs and PB, leading to the
occurrence of FRET. The energy is transferred from UCNPs to PB,
resulting in the fluorescence quenching of UCNPs. When CIP is added to
the system, CIP can hinder the FRET effect by forming an insoluble
complex with PB through n-n charge transfer interactions, interrupting
the FRET process and restoring the fluorescence of UCNPs. The
fluorescence composite has high sensitivity and selectivity for CIP
detection in the concentration range of 0-45 uM, and the detection limit 1s
as low as 0.23 uM. The fluorescence sensing platform developed in this
study can be directly applied for the detection of CIP.

Author: Ruoqgian Xu (Chemistry)

Supervised by Yujie Ding

KEY WORDS: upconversion nanoparices, FRET, paraoxon, insulin,

ciprofloxacin hydrochloride, fluorescence sensing, composite materials
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1.1 EFEHRENRA R IR

IR AR B (UCNPs) & — S B A SRR 6 2 AR D Re AR, 20 R
RACHUH 55 R M EAEAEA T X B . UCNPs 3@ % B ICHLEE AR NaYFa
SR S5 A P R (0 YO Ee )RR Y, o L R
A 538 1T 22 % 7 i R S IR T HE T R s (Stokes)™® o BT S, X AR
WA B B AL £T e GEH N 980 nm), il i 7% 4L A BAL s b L 2,
B RS R R Ah- AT LB 540 nm 4EY6EL 660 nm £09%). LTl E
VMR B2 Bl @R R ADCEUR, RS HIRRE R IDG, T R AN S
ZHR, TRIIRMENZ BREEE DGR, KRS RRERDE. BRI H AT AL
H AR T IR R FARL, R At N L& i IriEs 2.
1.2 PR GARIRIRY & SEHUEE

b Ion;’_'/ & 6
\Jonz ‘511“ \q )

1-1 ESA gkl & L
Fig. 1-1 Luminescence mechanism of upconversion nanomaterials

UCNPs KOGEREA R b — M RIFE e ik ot 2. £ 20 g 50 AT
BT FR R IR, ELE 60 4E1X Auzel F1 Wright 25 NBF 5L 1 EREH Rt
PIHLEL, FE9E H B SWIR(ESA). Re B 7% i HETU)A P [F 8k 7 45
(CSUYI =Fh F 3R AL e BEEHA R I, BRI K Bk i
ROGHVERAW B 563, HAl EEZA 0N M ROEHLH: ESA. ETU. CSU. &
XA BRCRFGTF I (PA), Wl 1-1 Fras.

BUR AW i Ie iR RO EEARNLHIZ —, & Bloembergen 7£ 1959
SEHE AU R R AN B BB S R D B 22 2B 1 B R AL A L A
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R 8 B A RAT B AR 2 B 5 TR R B s BEIUR RS, AR JE BB RERITE 20 4R
BRI ERIE 8 RIS

£ ETU 1, 38 {8 PIRPAS R SR AY s 8 (U R AR R — A B 2%)
K E EE . HSG, W RERILE AN T, R ST R A ISR
RJa il RE R IR IR, TR RE RS 5o — R T, AT i
IR A REGRRAE T1 v BE R ) AU e A e

K0y CSU BRIZERE I8 R AERERESN, FrbL CSU MR IEH KT ESA B(
ETU, ffEBimbrE Fdi e e, & BRSEREIR, HilEd R REsEK
7 ARAMEFLRCR AL, TS A B3 iU e iR TE 2 w70 R R

CR 2 AR I iE, REEAMSBRE TREF I E -1
MEAERREARL R . HACRSSRFIKEHEDIMR, E-FEIOL “WRE
FERNLE]” I E R, (El &I, CR PI#H TR UCNPs #IK
TG0 B A v R G 1 S A AL

K E, PAR—MEEEAE ESA IR A S A5 = 20 CR AR HI A
HLi PA BATAENR F A0 BUAE DA N & S R OR SRR A I BRI 2 e 5
EIVECE IR BTN ER G EEAD B LI [R5 R 2R
1.3 BRI 70

UCNPs FREF, H DU R & 1 B2 KRR SR oo iz,
XA FL B o B ROE R AN R AR E PRI 46 32 R . AHELZ R, W hH
W% UCNPs 38 RILH BURKISOCRCR . AR BA S T 50, A
FAAENUR R LA AL A A5 PR ZE IO BR s T 28 8 145 2 B LA Tk 7K
R, BRI T HSCPRN . £S5 T HARF RSB 2, UCNPs O AES
AU L N O E, B EAR TG REHRERE. Briedir k.
e A S I R AE . S HTHIEFE B SR BE PR ARAE T T R AT IR AR A S B
U R T, IX SEBLH A RE AL AN SE PR N R . H T & AR
UCNPs = 2247 it [ A G ik i I-Htleids s RBETRIRGR . IO ke
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1.3.1 =REHEEBGE

4 1-2 (a) BTO:Ho™ . Yb™ F i SEM l: (b)-(d)x¥ iy e s

Fig. 1-2 (a) SEM graph of BTO:Ho"",Yb*"sample; (b)-(d) The corresponding elemental mappings.

vt [ AR V20 JEURE (0 A0 P ANRIURL BE AT — e oKk, TR PR G IE I R 4 Ll
BN BT, 2k BRES B AN U IR &35 . ARIGTERPTSAT, 1E 1000-
1600 °CH i N B — € I (8] G2 B AR RHf 5E), Smdd vety . k. 2
BT IR B o 2T EAAERER . RER R, AR, R,
L2 Sl B2 m S5 n, o A RHI T

2024 4 Fan!"@id =R EAREGIE T — &5 BiTa;019(BTO):Ho ', Yb %
k3, £ 980 nm WOLRUK FRILH H tafaigt (i B4k G(UCL). i SRR
B BTO j&—#1{k i UCL 153, BTO:Ho’ YO W T UCL S AR AL,
B 1-2 SR T R E A 4 5OK BiTa01o(BTO):HO™ YO 5. XK
R e B LD A SRR T R SR AL 1 T 1 R
1.3.2 8 R-8R0E

VM- R R A — R IR R, W LA A Wi I b 2 S S VA I AR R
B, ARG B B AT AT, B BITCHLEUE G AR KR EE TR
DA — R, BEA ROB Futl G i A B mR A, R TR T
R W AHE o AR IG-BE R FRL A i B 5. RNV EIIK . e E R, T
FPEB R S hl A5k, R AR AP e R AU R
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& 1-3 ()F1(b) A Y 1 525 Ybo 16H00.00005 1 Y 435Gag 4 Yo 16Hop 00203 548K s TEM &)
Fig. 1-3 (a) and (b) are TEM images of Yis3Yboi16H0000203 and
Y1 .438Gag4Ybo 16H00.00203fluorescent nanocrystals, respectively.

B NPRIH TR G T G Ho™' 1 YO ' I Y,05 4k
fr s, I TEAN A 45 2% 8 IR B 4K B O PERE 2 g, il 1-3 Pl
Bartha %5 N\[VRI A - VA 46 T NaYFa:Yb,Er _FRHgiRbral DL HL 45 &
P
1.3.3 BRI

VA A TR SR AE ol T B I 2 AP T b o Ao P VB 7K B v il A LI AR o It
XS MPREBEAT & B T 1% . KNG IS — T B A BT 7T, BT S B d 2
IR 5T o

Spm

1-4 B-NaYF, s ARTEANE pH {H ¥ FE-SEM E1%: (A) pH =3, (B)pH =5, (C) pH =7, (D)
pH = 10
Fig. 1-4 FE-SEM images of the as-prepared B-NaYF, crystals obtained at different pH values: (A)

pH=3, (B) pH= 5, (C) pH= "7, and (D) pH= 10.
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£E 20 HEEEAR, ZRIA AR — iR RN & s L i B T & e 45U
IKIE BROT IR B A BAERE . BT RS P RRAR TSR 5 T R 3% Sk
B i, T A NV A R K Gk A T B RN R S A SR N
75 B-NaYF4:20% Yb** 1% Er’ fhfk, FEHFF T UCNPs KOG DL A E pH {H
IS, R T0 N G BCE A RO E 2 AR SE DL TR T R R E ) B-
NaYFy Y /Er RS 4E 7 —Fh Wi 10 7 i, ol HAR s &y,
W 1-4 Fros. RN TAE, Li K K A0k sl & i BT 55y
HUrE, Saha R, mARJCTERE, KRR 10 nm RRAE 9 55 e 5%k gh oK
CaFy:Yb’  Er’.
1.3.4 o RRE

TS AR ) 45 BT B UCNPs 20 B 75325 125 VE I8 7E T K TC U e 1
A REE )R T T, I A Eh S A HUERI G -\ IR i
N B R S WE R S T o e 2 AR FSAE T BT B 9 oK R, B AT 5 4 i
Al B RERORERE . RS — HR I R S . R, EOTIE TS
PRI e, i e S B U LS A MR AR YA A

100mmy
{—

B 1-5 £ 310 °C, 315 °CHll 320 °C F 1 % ) NaGdF:Yb*", Er’ 9K ki ) TEM &40

Fig. 1-5 TEM images of NaGdF: Yb*", Er’* nanoparticles prepared at 310 °C, 315 °C, and 320 °C.

Nigoghossian i1 [] 2% 411" F #4 it v SR F i R 1B M B ), E R
300 °C)sk 1 T 7 M A - S AL ) AT AR AR, R DD A& T B HOME 4B R
UCNPs(NaGdF,:Yb* " Er"), FEHFF T A FLEE FHl41 UCNPs &, &I
£ 310 °C, 315 °CHAFIL AR, 1E 320 CCIRFANTAHMIER, Wikl 1-5 FiR.
Wu % NUR F 6 B 0 — SRR MR T R 4% T YO ORI B R B 2k (K L A
o1, B OIS AN K BRI (NaYFe YD Er), FFFIF HC Bk
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b FRAS B R 4K R 1 51 2 BRAE K P . Ding 58 A USRI A iRl 4 7 iR o
ZEI NaYF,:Yb,Er ZKR0RE 0 et 2 -G I A4 L35 b ) ] s
1.3.5 BRIGESE

WA BETd e b I LA S R LR A IR Ak, R ORI e o e A g i
YRr iR BB RN TER, BRI RN B AR =)o 550 IRk T il [ AR 2R
BR RGPS, T2WBEM R,

& 1-6 NaYF4:7% Eu,10% Yb %¢ &4} ) SEM [El(a)Fll EDS St i &l (b)!"!

Fig. 1-6 (a) SEM image and (b) EDS spectrum of the NaYF,:7%Eu, 10%Yb phosphor.

Pathak 5 A\MHEIIREEIL A LT Eu,Yb JHB 24 NaYF, %06k . 1% AR
€ 1 BuBdR, JFREAL T Yo BAIREERS G . TR RERIREM . & 1-
6 Fras. Bl & B G 9K 2 & MPRHR T R 25 B B SIS ML S i
BRI, BEE OB X HEICHAESE T TR . hah, #orsg NP
I RBE AR T YO L ES B R BAACN R, A T R JeTERE. SEIRE
W1, 1ZJ7V5E ) UCNPs AT B I B, OO RS eI R .
1.4 LRI EIRIRETIREL

UCNPs HIR I K7 &H F 8 i iR eE, S0 w7k ARt
UCNPs {3 T HEAT A2 VAR L et LS B AE VAR H AR EEOR . 125
1k, WFFREF R Z M5 T UCNPs IR M Refk, Flanfidsc ek, Bofk
Ak, REAEE. BRI
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1.4.1 iR 3T ik

B 1-7 OA-UCNPs(a)f1 DMSA-UCNPs(b)[J TEM 2!
Fig. 1-7 TEM images of OA-UCNPs (a) and DMSA-UCNPs (b).

Fic (A 38 #eid: F R AL 5 UCNPs R I L8 70 AR A . 3 F I A4
AR T ELHE R 2 B (PEG)-BE IR G . KINMHIR(PAA). O MR(HAD). 3-3ikk
HIRGMA). —HEIEATRDMSA). FrIREE A5 R IR(DDA)SE, HAEAR
JFAT 5K P OA Fitfd. Chen % APUEREPE TN K& (1) DMSA, DMSA fiifk

FoRR B A E I 7E 98 K iR R BE AT BC AL, 19 3 DMSA & i 1
NaYF4Yb,Er, M TEM K0 LG HB S I A MRE R SE EARRRESR S BH TE
W AR AR AN EE AR, A& 1-7 o

1.4.2 BAiFASE X
\ / LS %}O

@-NHNOC~~~G ONHN-® € H,NHNO ;S«NVCONHNHZ
DOX d)ﬁo o{x
o O, O Q,
fe % LRET s %
v £

1-8 NaY Fy-Fi 25 R AR B (1 5 o i )
Fig. 1-8 A diagram showing the synthesis of NaYF,-doxorubicin conjugate.
7V FH B SR TR I R B e S A B K B AR B . LS 1) UCNPs
R AERERRE, ARG K D BA RIFRERE, mHHE
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THT=F 5 109 1 2 P AT DA AR B A ) 7 ik — P i m AR A A . Lin %A
(22048 iy . B2 1) A el K b RLE 1T Lemieux-von Rudloff 587714 i B2 A XU 4R
RCRIE, HA55K P NaYFaYb, Tm 4K B0k 2K, W 1-8 Fis.
1.4.3 REEREMNE

oleic acid

i

b

NaYF4:Yb,ErlTm

phase transfer
——

silica coating

reverse-microemulsion
method

NaYF4:Yb,ErlTm

silica-shell

hydrophobic UCLNP hydrophilic UCLNP
B 1-9 OA-UCNPs £ [T Ak 1 5 o 2 [
Fig. 1-9 Synthesis diagram of OA-UCNPs surface silanization.
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il g i B 1-9 Ffros .

1.5 A HRENRA LRI R
1.5.1Brfhgk&E

VEAER, RHIFN AR T ZFos A o i skmg, LAk B R,
PUZRHT T . R S B Oy IR A. B IE . 4IRS B U
R KGR R R e S ZRIE M B m L A NS A, AR R
IR ) T ARG 2 B Y, R R A A BN, R O
SRS ERAL T R > 20,



TR TR AR

Pl 1-10 22 0 Ef Al P 5 1 R Ty o A 2

Fig. 1-10 Screen printing patterns are applied for RMB anticounterfeiting application.
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7 NaYFgYb " Er Al NaYFyYb ', T’ ‘PR ki, KR & e oK e %)
FARBIE T HIEFAET WM 980 nm YEHE R SR 4k 058 Y6 1) — 4ERY
1.5.2 fEfER T FNEB[E)E 1

JERE OO AR BT RN, (R, EE2ESUIECR T 2 R AE Y Rk
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K 1-11 KillerRed-UCNPs £H % [ 25 & K FLAE R 28380630 SR a7 vh i i i)

Fig. 1-11 A schematic illustration of KillerRed-UCNP assembly and its application in the
centimetre-deep PDT

Liang % NPV B 7 — ot 10 A= 4 e ) — RN “KillerRed” )
WICEHE . ERVNRIA BRI I &R, &HT PDT. XMOGEGHK)
B, FERIOGHEE B N EBOAOE TS, B BRI %E AR . Liang
ENFIFH UCNPs FEflr 73X —BRHl. 1X% UCNPs Rt 28 1B IR B T 4L A0 i
oSS, Wi RHER KillerRed 7742 ROS, 18 BRELZUR)Z 3 R 40, 4
1-11 iR
153 BmE &N

Step 1:

. coll

Intensity (a.u.)

Wavelength (nm)

Step 2:

—— Non-target bacteria

Intensity (a.u.)
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@ ’ @N @

B 1-12 UCNPs %64 W& st i K i i 00
Fig. 1-12 The UCNPs fluorescence biosensor for E.coli detection
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(R SR BRRE (R AR D B, AR I 5 A R BT 7V

Yao 2 NP T —Fh “TFIR 7 TR, T PRI oK AT i .
FEARBETEH, Bra it UCNPs #HIERHA, GO@Fes04 Bk, 1EKImHT
B AETE T, ¥ UCNPs-Apt P0KEREN I GO@Fe;04 ERIES, TG TR 54
WK R IEAH R, ikl 1-12 s
1.5.4 SR RAFNE MR IK

8RB R ICARM B G0 5 AR T2 B AR B 1 0 48 P A ZH 23k
TER R P REFL A BB SR, HEMEREROL. FiER
JEA R R WGEE AN GRS R AR S A SRR, R T e AR AR
PIEZE IR o BT LR R R A G PR R {4 L (S/N) R TG G i 1 46

KE B UCNPs, 0] FF- A0 S5IR0 4 iy B0 T A AR B

100 [Cu 1(Lmoir)

1-13 AN[F) Cu® IR BE T BE 5 IR 1 CLSM R

Fig. 1-13 CLSM images of living zebra fish embryos with different concentrations of Cu®*

Shi U (A FPSIF & 7 —Fh 3T UCNPs HOR BE g KR4, T
HET%E%@E%%%@MC&WEﬁ&@oE%W§%¢,ﬂ%ﬁ%%@
K P AE L 22 3 UCNPs IS RIZT B k6. BhAt, BEEHETEAR Cu®' ik
FER3E 0, FHN S B RO EHE R, W 1-13 Frox. B, XITAENRATHE
Pt—Fh &t & 4 8 B AR I R 22 B A W AR R8T SRS
1.5.5 LB ERMBE SRR

T R 2 HOCU AT 2040 LRI & 48 TR 72 e ikl , - i AT G 38 BTt
REPUE AR NIR JCHEM S RPER, S 5 B mT WOGRE B8, TR
SEFIEP O, @R, e BRI #%  7E3E RS TR BB A R BN, il
UCNPs™ *, van 26 N\FUHIMER3H ) NaYFa Yb,Er 40K BURIE NF T, 1Eith
e IAEAE T, HBERIREE N BusPSe AifAAE K CdSe =¥ mlo i Ik HLf7 I ZFCAA

HHFTAE NaYF. Yb,Er #% FAK CdSe. fFiZ£&%H, 7 980 nm MR T W &3
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R, TENBERFEBNS RN FEH EC R HE] CdSe. %R EY N T
TER SR s B LS G L 2R AT

R FEREUR AT 5, K PHRE FLIB ) R e w5 i — DA T B A RE S A
7K. JEAESR, UCNPs 0l 24 mob RS SR rT AT 8%, BN EAT]
REMS K NSOGHRAE R £0 A0 B 0N my Re B 1 A] LB A e e, Bl e T
AR BRI, AT R AT 5
1.5.6 BF FRET B L& RN A

FRET i ffAA 5 32 4K b S AR AR - AR VR FH S L FRSR S R B e . FED I
RIS, AEUR SR REE T DU R BB S2R b fEME 5 3244635 5ot
HEBL S, FRET — SRR NZOGIHRAE RS, W 1-14 s,

} \\;_ C;E%Q>
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Fig. 1-14 Schematic diagram of FRET mechanism
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TR TN (1) BeE A REE 2 A (A )RR B b i s (2) it
TR 52RO IHES ) SR %08 L FRET (3R, (3) BUAMITOL kit 5
SRR AN 2 BB, Y FRET RGE5 T B 245 & 1) HAr o
Hrpe, FRET I FE4 M i BRI, 5125615 5 A sas, AT I 2106 Il 4 il
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1.5.6.1 EEMERFHINA

A AL IR AR S T AR RS AR M) 4y IRl G, A 2 2 sl g B P L A B
B, AFRMAED RS TFYN NaF EDSL TR RS S,
U M, LA R A AR 2 R T R R, R AR A RS R R A
UCNPs N BUBHI A AR s 22, gk aE M & 18 1 36 A A T B i b
NAURAED LIRS, FEE WA SZARRE R B AR ) o 7 HA R, H
PRI AT 53 130 S A AR o B S 2k, B AR IR S AR
A TCtE AN R . B AR ST RN A SZ AR 2 B AH ELARR A B TE P AR AR AL A
VBT, TR R AT ISR RN, W2/ s 50, ARHEIX
BeREE, AL TR D RE AL BT A R AT . R DI REAL S TR T T
Prok R . R A

&, =980 nm Y =980 nm

QQ?PO .
> O S,
g D  zZn2* 2 %
Dye Ioadmg - -
z ' 0* R :
S s
e PR
06
PAA-UCNPs 1-PAA-UCNPs 1-PAA-UCNPs+Zn2*
~nsnnn - Poly Acrylic Acid +- Compound 1 @3 : NaYF,: Yb/Tm@NaYF,

B 1-15 (a) 5T PAA-UCNPs FI kb2 RIS A AR 64 SE BT Zn® i)
Fig. 1-15 Schematic illustration showing the synthesis of chromophore-assembled UCNPs and
their response to Zn>"

R G TOHLES T B BEA AR, E e AT SEAE T R AR v ke e OB
Ve . IRk, R8T g o A1, Lin 2 AR H FRET M EEEIE 7 —
PRI Zo® (0710 %077k AR NS IR AS 1 X)L 3645 99 K M BH(PAA-UCNPs) Hy
BEE LR, Zn® MR GRER I | ONBE RS2k S YRARIC | IR T PAA-
UCNPs KT, K4 FRET 808, FENH K. Jkbrict 15 zn™ KA
HAER, HRBOEE RIS, WIS Z ki e85, R2HKk
FRET 2, S2HL Zn® (5 RABERM, Wik 1-15 i,
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[ 1-16 UCNPs -4k A7 S84 0O LR BE B R I HIV-1 % S T4 L
Fig. 1-16 UCNPs-Graphene oxide fluorescence resonance energy transfer assay of HIV-1 virus
antibody mechanism.

Chu % AP 7 —MEET UCNPs 19 RE R LA, L0047 8805 (GO vt
SR DN SR v e BRI R SRR T & o sEgailid B A RS
FURDIREALT) UCNPs, GO SkZREMLI) UCNPs R, GO Wi 7E R IH 551
WK (KA FRET). ARl yiik s, Puik 5 KB L peptide-antibody
SaY, WAL UCNPs 5 GO AREAEM, ff GO @B AkIhaEtL i
UCNPs ETHff UCNPs 76k . UCNPs 76 AL 5 Pk B 2 KUk
YRR, MTSEB sk, i 1-16 Fros.

] 1-17 Zn(DZ)s & UCNPs [543 5 S A 17 240 0 o S R o 2 i )
Fig. 1-17 Zn(DZ);-modified UCNPs synthesis and their application in hypochlorite detection in

living cells.
Mei 2 N\PHR 4G 7 —Ff3E T FRET ) UCNPs 14888, FH T EUBOR % 514 Hh

=
R IR o FEBEAE K ES 1 UCNPs 78 HRe R AUA, B AR i
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Wi N FLALES A Zn(DZ)s $RTERE R 24Kk Zn(DZ); BL &% S0 K _E R4 R
ERIMRAIREL G, i Zn(DZ); BL &7 I Zn-S-C i p s B AU W 24k 1T
Rl R &R 2L o X AT B E A B AW TREAL 0 b 3 A% g% O R ol B T3
HeLa 4 fifd th A [m] 302 R AMIE IR SR 2R 00 A%, Wil 1-17 Fzs .
1.5.6.2 ZEIMERIF TR A

e BRI K ANl ) 2 S RAL IR B A, 2 AKRIIESR . BT UCNPs it
BRI RO, REE T 2RI R, B #R e T i R i 5 A
VRIS CARES, AT LR TR B p g HLIS ek i e . B4R BT
B8 90 JEHLER B 710, a0 e A

S

n

#‘##‘

©: NaYF: Yb, Er UCNPs | : Oleic acid ‘ Polyacrylamide

{AuNPs v :Citricacid Vv :4-MBA < :Cu¥
1-18 “off-on”#! FRET #R4T 1y ] 4 75 5 BE & Cu®” fo ™!
Fig. 1-18 The preparation of “off-on” typed FRET probe for the determination of Cu*".
Shao % NPYHETH—Fh “off-on” [IZICHKIRE I TR Cu®, iZHFFURR
FAFF R e RN = B B “off-on” ZYHE REUFOGIRET 58 E T HIL S HAR
Hehiki, W 1-18 Fror.

O UCNP
@ AuNP
@ Pb

- ssDNA

& 1-19.H1 UCNPs F1 Au NPs ¥ 2 f#1 F T Po® K il (4% S 5 7 4 1 162

Fig. 1-19 Schematic diagram of a sensor for Pb** detection constructed with UCNPs and Au NPs.
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Wang %5 Nl 7 — R 3L+ FRET HUH %t B F 1 DI 2R 53 11
Pb*". Bt, FHERERALFE UCNPs LA BRu/K R MR, JFHIEE A (DNA &M,
AuNPs H T % DNA(DNA2)Zhfgft. H ik, L UCNPs ANftfk, AuNPs A5k
AL FRET #%i. 1T HAN DNA 7858, UCNPs F1 AuNPs Z [A] PR & 4 i 21
<10 nm, F5 UCNPs K%, HTERAKGEE S &ES 7446, IHE
P> EAE NS T G-DUsEfR. R, M@ DNA XURER KR EiEHae
LAfsE PO KUK EE, Wl 1-19 s
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& U PR
=~ S E ? Wia L=
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29 HEE
$ e
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1-20 Hi UCNPs #1 Au NPs A4 £ ) FF UO,” R il 1 44 Jee il 7 i )

Fig. 1-20 Schematic diagram of a sensor for UO,?" detection constructed with UCNPs and Au NPs

Zhang % N\ T FRET JFH, R T —M LEBRGERTF4G, L
UCNPs 1R ReE ALk, AuNPs fENREE 246 EATE I BOCIR & 8 XU
(HCR)I15 5 Kk & BRI B EE 2 (U0 ). 45l U0, i, AuNPs Al UCNPs
ZIAf¥) FRET 4T, UCNPs M5, LAULSEIERBERE i U0, R,
W 1-20 fior .
1.5.63 EREMBRERNATN A

B Z R R RIS RN LFE R, AR IR R & i Al
T MAEAWT 7835 . UCNPs MURF ) R G AL A HL o AR ) A= b 5 Ak o
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AR ANBEAG IO T AN, Ak 24k BRSO T
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% 1-21 F SPD =Kl AFBI [¥5& A% o i [
Fig. 1-21 Schematic diagram of the aptasensor for AFB1 detection with the SPD method
Wang!* A 7 — I T B0 AG I (SPD) ) R B0 e (A A% A o ok i i i
A ) UCNPs(UCNPs-3& BCAR) T AuNPs 2 18] () FRET S48 A4 R o () 2 i 55
#BE BIAFBL)#ATHH, W 1-21 fos, KBRS T &5 I e vk,
A A S AR L TR (i B DT

640 nm

¢
r:---zz--:‘: f £ OH <
ucnp UCHES 980nm _! 640nm ! - A Wﬂ)i>
i 0
| 44
SF S ‘/f\i’f\‘ 7 \ X | 3 i
% NS ) | & v '
== AR *4‘4, \ . (90 ‘ Emission |
\ » OO

i AR-RXM UCNPS@SF/AR-RXM A % quenching;

/] 1-22 3 FRET J5UH & S A4 AE 2 o Y

Fig. 1-22 Schematic diagram for quantitative detection of antibiotics based on the FRET principle

Shuai 2 N\VUHF R T —F 3T FRET JRUEHRIE H R BUG IIPTAE R I 77k, fF
M 2223 S (SF)A# ) UCNPs It e 7 i Bo A Yk ks, TR % 4
HRRXM). HITFHAERLM RXM EEW1ENREEZE, UCNPs {EAREE
Ak, IR HEE SF R EEHIZE 10 nm N, SEIL T HhIF] FRET &% 72—
FICRAS o R IPTAE RN T7 4, B BRIT OR A& A& 5 oAH DG ST A,
A Z IR G 1, i 1-22 B
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Graphene Oxide
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> & B-NaYF« Yb, Er
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] 1-23 & T FRET JR3 @ EAa I AR & E 7
Fig. 1-23 Schematic diagram for quantitative detection of diazinon based on the FRET principle

Rong 2 NUPF R 7 — Rk RELH FRET J53%, FIT &8 PRI ek
IR SE RS I _E e 4 40Kk T (Apt-UCNPs)iE it TI-1T A EAEH 5840
M (GO)IEHE, K7y UCNPs M1 GO Z[Ali) FRET 148, Frll UCNPs 26K 4L
THER. ARG, SRR S R4 &, FRET i R 8% 4T W3 5
UCNPs ZOGME SR 207 iR ] T SEBrke b IR I E , i %
A AT 7 R AR SR A, i 1-23 PR
1.6 RS IEBERKE EEZTE

BT FRET W26kl BA RBUSE S ma R, (B AE0 al, BIbE
ONTR RIS BENIEH . ARCIET FRET YLEBEF T =R o8 ey k7 H
THORM, BAARELT:

(1) W& T Cit-UCNPs@TPyP & &84t H T ALK 2] paraoxon HIfaill,
ZM R KA Cit-UCNPs 1ENfER bR, TPyP 1ENRERSZIR, i BT Cit-
UCNPs 7] LL5 77 IEFL ) TPyP(H,SO, FRAL)EL S A EAE 454, REEM Cit-
UCNPs [n] TPyP %%, JE FRET WM K4, Cit-UCNPs G K. TIA
paraoxon Jri, FRET i FE#EFHWT, Cit-UCNPs 9K E . %0 AL 8- G al LA
N T35 2% paraoxon G

(2) ## T Cit-UCNPs@CP6@RhB % H T N MLiEH Ins Bk, Z8R8% K
H Cit-UCNPs {E MR, RhB 1EARERZAR. BRI K N 980 nm K,
Cit-UCNPs 7£ 540 nm AL HA BRI FROGR S . W ¥ Cit-UCNPs AJ Ui i
HUAH BAE R 5 CP6 454, RhB 7] LU £ & ARHH BAEHIEA CP6 I IE A,
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MIMZERE Cit-UCNPs 5 RhB Z [A]f{)#EES . A A Cit-UCNPs [ RhB ##%, 3
B FRET i #2& 42, Cit-UCNPs 760K, RhB 5t A KGR, 244 Ins
7+ FIMAZ] Cit-UCNPs@CP6@RhB EA 4+, RhB #% Ins E##, Cit-UCNPs
KA o« RIUAZIRERET BT LU 9 AL 1 Ins K0 096 RO A P 6

(3) M T UCNPs@y-CD@PB E&#REHH T CIP mksill, i%#R%HEL y-CD
&) UCNPs /E AR R4k, PB{EARERE 2k, PB nJ LU £ &4 HH TAEH
AR y-CD B8, REE A UCNPs #4258 PB, JIA CIP J5, CIP ALl 5
PB K4 n-I1 fai 8 45 & A2 O T /K 4% &)k FHAG FRET 28, FRET i B
Fii, NaYFsYbEr (IR E . ASCHM@Em etk a, MU EERT
CIP [P .
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5 2EF XTF Cit-UCNPs@TPyP HIEELZR L off-on IRETXTEHL
AR AR AR

2153|8

A HUBEAR 25(OPs) K g 1= 28R A6 55 d g )iz B Aol A== vp, {H R
BEPE R PR R B [ FH O N S B 22 A AN IR T G ) S B K R o (AL
JERXT OPs 4 i 7 G A R AT B MR AR I 53, 0 i 2 S MERBE WA I 28 5%
=P H A HUBEAR 25 R0 T i L v 5k €3 L (HPILC) AU € 3
(GC)o BRI MR BT WA T 7). AL PR S5 hh i, HH 2R
MAET FRET 255 M5 HOR AR & RO Puadms ORI HE 1 S 3, Rk
NEESWTTE. B, C&@IPREJUAH TR, B aily
2l g B O P b U TR & IR 4K I RS

G AR UCNPs) R AR IR DG 5 BE, W1 Anti-Stokes K57, IKH
R L 7w BUY, BN TOCIREN A R . 1 N etk e,
UCNPs H A7 e RS L PR o ST R4 0 A A AP S A

FRET #:#]/&H Theodor Forster £ 1946 E3EH Y, &8RS R MDAt A T
PSRRI EE B AL . T RERSAEI 1-10 nm VE R A A S 2R E R T2 18]
MEEES, 2GR SR RIXIRE S G T FRET AMLRERESESY, T2
TY ML RS AT B ELFK FRET RCRMHrikas, wblisid 1%
WA E AR Z RS i g Sy 3 2 A S AR 0 B R R

HA7, 2T UCNPs i) FRET R4 &g & TR &8 5704, Es
T 2% Chen S5 NP R T — Rl L3 B3 -Fe gk 1A
REPFET B EYINTI9@UCNPs) I LK ARE R He® Y. Guo 2 AP0
B 7 A B (GO) R UCNPs 857 35T FRET HIIIHOGHRES, T ARl
P 7% SR . Liang 25 AP73E T FRET SRR T — 0 T KL &4
PrE 153(CALS3) I 1) R e B AR AL e Es . SR, HATICR A & T
UCNPs X} 75 AL A% 24 X6 52088 (paraoxon)3ge 358 A I 2 S R & FOATE ST RIE .
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- 7z£ Q° %
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Cit-UCNPs@TPyP

4] 2-1 Paraoxon 1% /& a5 4H 1 F s =
Fig. 2-1 The Schematic illustration of the assembly process for the paraoxon sensor.

NI, AWFFRE T —Fh BRI E A VLB ZS paraoxon ) FRET PUKIRE!,
WHE 2-1 fion. ZREMET FRET JEEE 5,10,15,20 PU(4-MEneE € )ik bk (TPyP) 5
P BRAMIE R (1 3 B g Kb BH(Cit-UCNPs) 25 &, TR R A3 g kAL Bas . 7F
525-675 nm 4&b, TPyP(SZHR)H—AFEMULIE, 5 Cit-UCNPs(H:A4R) ) A& A K
MMES, HEESHBEMIERNYS S, FRET dBEAKE, SEREM Cit-
UCNPs #4421 TPyP, Cit-UCNPs HIZIEA AN K . ARYESCHR,  IAMRAI DS 2 e 14
({31 ar P A AR e ) 2 ) Fy £ AR LA PR TI-TT R A i 72
RAM, K& T BRI EWERRFES. BT TPyp HAG J7ik4 i,
paraoxon A -E WU (P=0)F =AM EUJ5 +, BN TR EAEHSBUE 1O
HEBZ AW, paraoxon 5 TPyP IR L 5UR T2 [ A7 (6 S A AR AP,
Kk, BT TPyP Al paraoxon F%i&, FRET XUEKBE#HE paraoxon TN T IZHT
PR, AL, —FhE AN paraoxon 4L BT & B EE
2.2 K ER
2.2.1 £

BT [ J5A R 2 0 S 5 B A . 3 220 S IR AH(Er(CH5CO,)s,
99.9%) LIREE(YB(CH3CO2)3 99.9%) BEEREC(Y(CH3CO2)35 99.9%). AL #E
(NH4F, 96%). il /& 4/(CsH330.Na, CP). ¥ ER(OA, AR). -+ )\ J#(CisHse
90%)~ XA BEARIERF(1000 png mL™",  PIERAR )Y MBI R T3R50 A PR =08 35,
FEE(CH;0H, 99.9%). ¥ & %E(C¢Hip, AR). & A/i(CHCl;, AR). H Z(C,Hg,
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AR)H E 251 A IR A R, A7 IR =13 — /K& )(CsHsNaz07-2H,0,  99%)+
L T BE(C4H 1003, 98%). 5,10,15,20 DY (4-Hit e 35) Ak R(TPyP, 97%). it BR B¢
(MgSOs, 98%). FREEEE(ZnSO4, 98%). 7N/KEFALEE(CaCly-6H,0, 98%). &
FLER(KCL, 99.8%) FALEANACL, 99.8%). 7l %) HE(CsH 1206 99%)~ 2-filf JE 7K
M3 (CeHsNO3»  99%)3 MR B R R T 5 B K

222 LIILE

FAZRER R R BHE A F ) Talos F200S (137 S B 8% (TEM) X L &5 FRAE A1
EDS #HT 7 RAE, HBEAEREAR AR K] XRD-6100 BUATHHAT T XRD AL,
H 4 E Bruker 2 W [ 4L 4b O 1 A ¥ 4T T 4L 4 £ AE, DLS W ik 7
ZETASIZER+PRO BIG KK J B Az o A B A7 . SR BHERS L LS5 UV-Vis
JEHACRTE AT T UV-Vis IS lE . R Z T 84 "l 52 ROk
ACHATHEGIEN E . 9% T4 FLS1000 286634, L 980 nm BOG N K
U5, 3RAS T TE] 43 HE 5 A I o
223 EEMRRHIE
2.2.3.1 OA-UCNPs &

R 48 Sk 7 7 % OA-UCNPsP?. ¥ 0.2075 g Y(CH3CO,)s. 0.0844 g
Yb(CH3CO,)3~ 0.0083 g Er(CH3;CO5);« 7 mL OA 1 15 mL /U BT 100 mL %%
L, KR SLE Ny S TS 150 °C,  FF7E IR FHEE 40 min, 7T LUE
OB . ¥ 2 50 °CJE, I 10 mL 75 0.1482 g NH4F A1 0.7611 g
THERAN ) EEVAV, KR S YIFEEE 40 min, SRJGINEE] 100 °C, LA K
MR B, BERAE Ny FINFE 290 °CJe M 1.5 h, RGAHE=R. ¥
13201 NaYF4:Yb,Er I ZBEU0E, FH OREBREPEIR, SAJ5 70 BRAE 5 mL 3R Cbe
Hi,
2.2.3.2 Cit-UCNPs HI& A%

R FE SRR r e T A S 8 i ek R B ) 4 K R (OA-UCNPs)
&M MR K BByl K Bk Cit-UCNPs. f&1110 5 2, K 2 mmol ¥ RE = 4N
fRAES5A 1 mL KA1 15 mL — Z —F(DEG)H 50 mL =&, RS
BAAGFTERIZUBRE TN 110 °CHFEE 40 705, BHIE=IR)E, Ho8uE
3 mL &A1 2 mL H2RIERIRE I H 1 10 mg OA-UCNPs 212 i A 2k R,
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SRIGINFAZE 130 °C 60 7B DABR E SO 2R . 5, WU 180 °CIFFE
ZALE R AREE 2 DI, BEA AR ER G, @ik E.0(10000 rpm, 20 min)i
720, HHCEMEE TRV =1 DIRE=. BREMBE 1 mL £58 T
KA
2.2.3.3 Cit-UCNPs@TPyP AY%H 3£

¥ 10 mg mL™ ) Cit-UCNPs JIAE] 3 mL 14.9 uM (B ER1LIL i) TPyP ¥
WA AT IR, BiEE 24 he T B O TR THFERNESME Cit
UCNPs@TPyP.
2.2.3.4 X E AR R M

$£F FRET JEH R paraoxon I FEWT R ATs. ¥ 100 uL 300 mg mL™
1] Cit-UCNPs@TPyP #HHINN & A AW paraoxon H, KRG WIHEZR 3
mL, 7EZIRFFE S min. 285, I 980 nm kLTI R BHERE . HRIEHRE
SRR AT paraoxon [RSHEMIZE, TG RBER HIOCE GMEME 515-534
nm AL T FR(UCLs15-534) F1 534-683 nm AL [ T A3 (UCLs34-g3) FEAE 0

2 AME Cit-UCNPs@TPyP 4055 TH#I(Mg™ . Zn®'. Ca®'. K'. Na',
CeH120¢ 2-THIEARIN)IEAXT paraoxon HIEFEMEIEATING. BTN paraoxon
WEEN 8 uM, HEWMIBIREE S 160 uM (20 1), M5E T BTG R HHGHE .
2.2.3.5 EFFKFEm 3T RN E

XS AE SRKH ) paraoxon BEATIE, PAVPALZ 5 VA AE SEhR B A HH AT
KAL) BHREAMETIHRG, IFHEB KRG, REEFREK
T W53 O 8 IR FE Y paraoxon ¥ . FREX 5 ¢ HAEdh, BHRE, A 5 mL 4K
fi#, A S min, & 3-5 min 5, WHE LHER, 2 NMAERE Cit
UCNPs@TPyP % BiEH, #HH5), ME stk M6k, FFE, HomEm
paraoxon 81 2|2 HRKH, A AN E CitUCNPs@TPyP, #Hifkisz),
SE RGO .
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23 ER51118

2.3.1 TEM #A DLS &AE

(b)

Number (%)

3 S 40

25 0 3
Size (nm)

(d)

Number (%)

20 30 40 50 60
Size (nm)

] 2-2 OA-UCNPs (a). Cit-UCNPs (c)ff] TEM &; ki OA-UCNPs (b). /K Cit-
UCNPs (d)FI31Z8GHUH (DLS) 7 M kA 14

Fig. 2-2 TEM images of OA-UCNPs (a), Cit-UCNPs (c); Dynamic light scattering (DLS)
analysis of OA-UCNPs (b) in cyclohexane, Cit-UCNPs (d)in water.

W TEM RAEHE T B 9RR SRS, il 2-2(a) Fow, il
# B OA-UCNPs TEIR Ot /M Hl R AT 18 2-2(c) 3R TR R 2h e i ok
FORL I AR AR Cit-UCNPs 5 OA-UCNPs M H LT3 4281k, Cit-UCNPs 1R
BT AR K, FEN R A AT Sh A G EUR (DLS)ill &, Wi 2-2(b). 2-2(d)Fr
7, OA-UCNP H Cit-UCNP HJF- 23445 /)% RF 435109 31.8 nm A1 39.8 nm,
AL AR
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2.3.2 XRD FALTHM i ZRAE

— NaYF,:Yb,Er b Cit-UCNPs@TPyP
(a) — PDF 28-1192 ( )
1350
101 (201) 2852 1384
(110) (101) X 22 teyp 16311501
=
- . - 1350
g (100) 211 E 1384
=y E Cit-UCNPs 1631 1591
£ :
3 =
= & 1600
Ii I (210) = OA-UCNPs 1400
2852
I 2925 1561 | 149!
i 1 IJ L || )\ : T I T T T T
10 20 30 40 50 60 70 4000 3500 3000 2500 2000 1500 1000
20 / degree Wavenumbers (cm™)

2-3 (a)’4 OA-UCNPs 1] XRD F{E; (b)7; %l OA-UCNPs, Cit-UCNPs, Cit-
UCNPs@TPyP, TPyP [{] FT-IR Y it

Fig. 2-3 (a) XRD pattern of OA-UCNPs; (b) FT-IR spectra of OA-UCNPs, Cit-UCNPs,
TPyP and Cit-UCNPs@TPyP

F XRD X} NaYF4:Yb,Er st idtAT 7050, WKl 2-3()Fs, Frafin
UG S5krUE B-NaYF,:Yb,Er 45#J4H [FE(JCPDS 28-1192)°Y, ¥4 37 7 Al HiAth
RITATHNE, BRI NaYF, 24N S AR B Gi RAE ] 2-
3(b)FiR, AT OA-UCNPs, 7E 2925 Fl 2852 cm™ Ab i 55 W g e of 37 T e B K
K Bl R () 3 R S (-CH) A X R R BRI i B3 . B4k, #E 1561 em™ A1 1461
em’™ Ak 006 I TR 3 B R 3R 5 (-COOH) I S o R A R A IR 50 190). Al =
BA(Cit) X ER(OA)EAT IR HeJ5 , 7 1600 em™ &b B —ANHT 1R e, - [R] s
£ 2925 em™ A1 2852 em™ AR TR IS 2%, FRHA Cit BRI S T OA Filfk™ .
% T Cit-UCNPs@TPyP, 1591 cm™ F1 1350 cm™ 7] LA BV T TPyP rfiit i it
P e 245 418 h AT OB (C=N) B R 300, B TPyP iiZh 5 Cit-UCNPs 454+
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2.3.3 Zeta BB FRAE

30 1

20

10

1 cit-ucnps

Cit-UCNPs@TPyP,

Cit-UCNPs@TPyP
° +Paraoxon

Paraoxon TPyP+Paraoxon

Zeta Potential (mV)

=20 -

=30 -

i

2-4 Cit-UCNPs, TPyP, Cit-UCNPs@TPyP, paraoxon, Cit-UCNPs@TPyP-+paraoxon il
TPyP+ paraoxon ] Zeta HL{7 &AL

Fig. 2-4 Zeta potential distributions of Cit-UCNPs, TPyP, Cit-UCNPs@TPyP, paraoxon, Cit-
UCNPs@TPyP + paraoxon, and TPyP + paraoxon.

SEMBHINHREERES Zeta HALIARAL, WK 2-4 fion. Cit-UCNPs A
TPyP(FR R L) Zeta HEAZ(E S35 M-30.5 mV. 29.7 mV, 5 Cit-UCNPs [¥] 1L
AL, Cit-UCNPs@TPyP [HIHA N-7.0 mV, XIARKET TPyP 5 1EH ], X
B 7 Cit-UCNPs 1 TPyP s&ifid fi dafar &5 ik Wi far 2 (R i A BAE IR R &
#ME}L. paraoxon [ Zeta HEAI{E A-1.2 mV, [A] Cit-UCNPs@TPyP I\ £ ill4)
paraoxon J5, Cit-UCNPs@TPyP+ paraoxon [ Zeta A/ {E N-7.9 mV, X557
TPyP H I paraoxon H Zeta W HH: —FL, 9 paraoxon 7] LA Cit-
UCNPs@TPyP "] TPyP K445 5
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2.4 IR

2.4.1 FRET # &l

b 14 . Cit-UCNPs@TPyP
Cit-UCNPs@TPyP+paraoxon ( ) . + Cit-UCNPs
-UCNPs .

-UCNPs

of Cit-UCNPs@TPyP

of Cit-UCNPs@TPyP+paraoxon

~
0

-’
»
z
ES
3
3
=

Intensity (a.u.)

0.1+

Absorbance (a.u.)
Decay data (a.u.)

T T T T T
500 550 600 650 700 0.0 0.5 1.0 1.5 2.0 25
Wavelength (nm) Time (ms)

2-5 (a) TPyP, Cit-UCNPs@TPyP-+paraoxon J& ¥k (14 4N SOG G AT Cit-UCNPs, Cit-
UCNPs@TPyP, Cit-UCNPs@TPyP-+paraoxon 175K H1til; (b) 7 980 nm ¥k T, Cit-
UCNPs 1 Cit-UCNPs@TPyP 7£ 654 nm b5 5 i

Fig. 2-5 (a) UV absorption spectrum of TPyP, Cit-UCNPs@TPyP+ paraoxon solution and
the fluorescence emission spectrum of OA-UCNPs, Cit-UCNPs, Cit-UCNPs@TPyP, Cit-
UCNPs@TPyP-+paraoxon; (b) Fluorescence decay spectra for Cit-UCNPs and Cit-UCNPs@TPyP
at 654 nm emission wavelength, under 980nm excitation wavelength.

OA-UCNPs. Cit-UCNPs. Cit-UCNPs@TPyP. Cit-UCNPs@TPyP+paraoxon
H128 6 R BHEIEFT TPyP. Cit-UCNPs@TPyP+paraoxon &L 500-725 nm 2 [
IR SOEIE I B 2-5(a) s 4 REH, OA-UCNPs 7£ 525 nm. 540 nm Fl 654
nm ACEEERIIRIE, KIEMER Cit-UCNPs 2GR R AED B K. 15 525-
675 nm 4, TPyP A — A% W&, 0T Cit-UCNPs(fit 441 & 5 6 1% A1
TPyP(Z M) KIS TE Z MG B &, W2 FRET BB R 45, Cit-UCNPs
B e KA K . 1E Cit-UCNPs@TPyP &5 MK I paraoxon 5, B &K
£ 540 nm F1 654 nm ALIELSMRUSCH 2 R B, 525 nm AR FT S 5 .
R FRET it, MAMESIZ AN G E &b S5 8 a X0, Cit-UCNPs i fiH
(TR _EAAERRIRIE ), TPyP 4 Fi IEH AT (T HySO4 IFRIL).
U, R ) Cit-UCNPs A7 1IEHr i) TPyP 701~ H i AR EL AT A M AR
e, S8 Cit-UCNPs [ Ye K. HEHT TPyP Al paraoxon Z[RI[454,
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FRET %43 Bf% paraoxon MINIATG RS, Cit-UCNPs M RAEWME . 45
DA B A e N, ARER%ER T LLSEIR paraoxon If&/E .

KH 980 nm WO NBUKR IR, 1F 654 nm AP E T Cit-UCNPs Al Cit-
UCNPs@TPyP iM% N5 dr, LA —2PI0UE CitUCNPs 5 TPyP Z [a] [
FRET 17 N. W 2-5(b)fT7~, Cit-UCNPs EIFEEEEWIITE, &EKRIEHmN
396.6 ns. 1M Cit-UCNPs@TPyP [t dn FFEE] 367.52 ns, HAHMRIEEE
W, #E—252 B T M Cit-UCNPs F| TPyP [ FRET R8P,

2.4.2 BRI & SR RIMERIIL

Il 540nm 1.0
(a) 654nm (b)
0.9
—&— (654nm
—_ 0.8 —a—540nm
3
g =07
i =
= = 0.6
&
=
= 0.5
0.4
0.3
1 2 3 4 5 6 7 8 9 1011 1213 14 0 2 4 6 8 10 12 14 16 18 20 22

pH Capyr (M)

P 2-6 (a) AN pH R Cit-UCNPs 7E 980 nm & 3% 1 T [R5 6 A 5 6 0 oA bR 1
(b) TPyP HEX Cit-UCNPs AHXJ 2 S KL R . (Io & Cit-UCNPs [FJRIG5RE, 142
HA R S TPyP IR BH 58 )(Cit-UCNPs: 10 mg mL ™', TPyP: 14.9 uM)

Fig.2-6 (a) Fluorescence emission spectra of the corresponding histogram of Cit-UCNPs with
different pH at excitation wavelength of 980 nm; (b) The effect of the TPyP amount on the relative
fluorescence quenching degree of Cit-UCNPs. (I, is the original intensity of Cit-UCNPs, I is the
intensity for the materials with the corresponding amount of TPyP) (Cit-UCNPs:10 mg mL ™",
TPyP: 14.9 uM).

SLEPRFT T pH X 10 mg mL™ Cit-UCNPs %30 52, R pH PR
PN 980 nm 1) Cit-UCNPs 25BN, WH 2-6()fim. SRR, =
pH{E N 71, Cit-UCNPs H%¢ Y650 i 1F

W RGN SLITE LI TPyP il E. £ Cit-UCNPs@TPyP K]
& fE T, REFHAAR A HEALE, G TPyP MIKE, B[EIAFK Cit-
UCNPs@TPyP Z &KL, M1HE 2-6(b)fm. 45 REW, (lo-D/T, BE%& TPyP K
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FER NI 0, ELE TPyP MIIREEN 14.9 uM, (Io-I)/Tg EARAAE . X AR H T
B & SIS TS IR TPyP (W30, E& 8k TPyP EWMBE G, X TE
Cit-UCNPs I TPyP [ FRET XM 3E5%. 24 TPyP HEET 14.9 uM B, (lo-
D/ AR, XRFE NI TPyP KR LKA 14.9 uM, &K TPyP il
Al . R, 3% TPyP IR N 14.9 uM 3475256 .

243 fFRTE

3.0

@) .|

y=-0.0970x+1.5922
R?=0.9982

Intensity (a.u.)
- ~
n o
1 1

o
1

0.5
s : ; . : T T T T
500 550 600 650 700 0 2 4 6 8 10
Wavelength (nm) Cpmomn/pM
P‘ 1.6 4
(C) (d) ¥=0.0861x+0.8783
—) I - 1.54 R?=0.9832
- 3 1.4
3 =g
g paraoxon 8 1.3 4
= 3
= %124
e @
= 3 11
=
3 1.0
0.9 4
T r : . 0.8 T T T T T
500 550 600 650 700 0 2 4 6 8 10
Wavelength (nm) Caraoxon(M)

K 2-7 (a) EAh-A] WARIGIE Cit-UCNPs@TPyP JlI paraoxon; (b) 7E 654 nm 4k, %%
A paraoxon K2 [BIZRMHE G R (c) Cit-UCNPs@TPyP ¥l paraoxon J& 176 V6 &
5161 (d) Lg[UCLs;s.53/UCLssass3]5 paraoxon ¥ FE 2 [H] [ 42 74 55 & (Cit-UCNPs@TPyP:
10 mg mL'l)

Fig. 2-7 (a) UV-vis absorption spectra of Cit-UCNPs@TPyP with the addition of paraoxon;
(b) Linear relationship between UV-vis absorption and paraoxon concentration at 654 nm; (c)
Fluorescence emission spectrum of Cit-UCNPs@TPyP with the addition of paraoxon; (d) Linear
relationship between Lg[UCLs;5.534/UCLs34.633] and paraoxon concentration. (Cit-UCNPs@TPyP:
10 mg mL™")

K 5 Ah-TT W WA O 1 3 A0 5% Ol O 1 ik 4R 5T Cit-UCNPs@TPyP Xt

paraoxon HIfL/&KEESI. £ 0-8.6 uM JuEIN, BE% paraoxon WRFEERIIE N, Cit-
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UCNPs@TPyP £ 525 nm Kb SMRISGR A /MRG58, 75 540 nm &b 158 7K
WA /NIERERIFEAIG, 7E 654 nm ALTEEAMR SR FEAG B R I REAIS,  dnl&l 2-7(a) BT
7No IXAEH T TPyP # paraoxon Z 8] 4l & 14 8453 TPyP (1158 ZMR UK AR 2
A%, [AlIE Cit-UCNPs 7F 540 Fl 564 nm 4b )76 K S 61ES TPyP BRI
i 2 B ) EE AR N W N, P 2 B FRET A3 AN W B4 . Cit-
UCNPs@TPyP 7£ 654 nm 4[58 S 5 paraoxon WREHA —E LR R,
HLEME T FEN Agsa=0.0970C paraoxon +1.5922 (R*=0.9982), U1& 2-7(b)Fi 7= -

wmE 2-7(c)fi7x, £ 0-8.6 uM JE[E N, B paraoxon WKFERIIE N, Cit-
UCNPs@TPyP f£ 520 nm A& KIS AMBRCA /M@K TS, 540 nm AL HSAMRCH
ANTEFE I FRAR, BRI 520 nm AT 540 nm Kb RO 9 E5RE AW IR E . Cit-
UCNPs@TPyP £ 654 nm &b EESMR R BEA B W0 FEAIK,  Frbh 654 nm AL (1) 5%
SRR R R, RN RS R A i A, XM T TPyP
55 paraoxon # HAFE FI T2 HZ & 1k 248 TPyP SR AMR IR A= 2438, FRET 2R %
fiX, Cit-UCNPs MZOGKAE TIRE, 4iRKW Cit-UCNPs@TPyP H] DABE F ik
T paraoxon A 24 .

Kl 2-7(df R T Cit-UCNPs %% 0t B #2 & Lg[UCLs)s.534/UCLs34-683] 5
paraoxon ¥WKRJEZ AR FR . HTBOREZ K paraoxon 5 TPyP KA KM,
FRET it f8/™ E 32 FIPHAS, FTLL Cit-UCNPs %GR Lkt sn, vy
F£ A Lg[UCLs15-534/UCLs34-683]=0.0861Cparaoxon +0.8783 (R*=0.9832),

MR IZE S PR I 2K % Leg[UCLs)s.534/UCLs3ass3]s £
0-8.6 uM WK FEJLE I paraoxon HIfEHIL T, AR (LOD=K Sd/m)it & H A
BR(LOD). HH Sd ANz AFEMREAAMIFREE: m 2R NKEE S paraoxon HJE
MRl . K ZAEAKT, BEEEN 3, R LR FEIHEHE LoD A 0.20
UM
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AN A A
2.4.4 FHIRLE
Blank 0.6
(a) g™ (b)
Zn**
Ca**
—K “»_-:_10‘4_
- Na* z
; ——CH,;,04 .-‘lr
=~ Paraoxon g
E‘ 2-Nitrophenol =
] .f[ll
2 @
E | 2
=]
L 3
. 300
/M, \ -
. : : . 2 & & & L s & B 3
500 550 600 650 700 750 g 2 & & ~ = 2 8
o
Wavelength (nm) = (_If g 5
.‘Z.I=
~

2-8 (a) £ 360 nm UK T, K& FTIM A INE] Cit-UCNPs@TPyP 11172 't & 46
#%; (b) Lg(UCLsjs-534/UCLs34.683)5 paraoxon BHAR TP 2 6 AR I [Lg(UCLsys.
53¢/UCLs34.683)0 /& Cit-UCNPs@TPyP [1)JR4A58)%, Lg(UCLs)s.534/UCLs34.683)/% paraoxon 5§
ft T P W i 3R ALg(UCLs)s.534/UCLs3s.683)=Lg(UCLs)s.534/UCLs34.683)-  Lg(UCLs)s.
535/UCLs34.6s3)0] (Cit-UCNPs@TPyP: 10 mg mL™)

Fig. 2-8 (a) Fluorescence emission spectra of various interfering substances were added to
Cit-UCNPs@TPyP solution under 980nm excitation; (b) Histogram of fluorescence recovery of
the nanoprobe at 654 nm with paraoxon or other interfering substances [Lg(UCLs;s.534/UCLs34.
683)0 18 the original intensity of Cit-UCNPs@TPyP, Lg(UCLs;5.534/UCLs34-683) is the intensity with
paraoxon or other interfering substances. ALg(UCLs;s.534/UCLs34.683)=Lg(UCLs15.534/UCLs34.683)-
Lg(UCLs;s.534/UCLs34-83)0 (Cit-UCNPs@TPyP: 10 mg mL™")

B HTT PSS T FTMEE R FRET 26 A MR paraoxon 6 fIi%
B, N 160 pM (20 ) TP Mg™ . Zn*'. Ca**. K'. Na'. ##&jHE. 2-
THEE R ) A 8 uM paraoxon HEAT THLE 7S84 . MK 2-8 ATLLEH, TIA
paraoxon Ji &AM EHK] Lg(UCLss.534/UCLs3a-6s3) W1 IG 0, 11 0 I Ath B 0L
TG B A M B DO B AR AR, 3B S T A 2 %
paraoxon HIRZIINE TP S5 RUEIIIZZEEE A IEIXT paraoxon A 40 163
M.
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2.5 SEFReE sl
2.5.1 EEMRIXTIKANE S h 3 R BN
& 2-1 /KA A i paraoxon [l 2 25 5

Table 2-1 Spiked recovery results for paraoxon sensing employing the assembly materials in water

and bok choy.

FE b R/l &~ m R/l WE R RSD (%,

paraoxon paraoxon paraoxon (%) n=5s)

(uM) (uM) (uM)

kK 0 1.73 1.73 100 1.81

0 4.74 4.73 99 2.37

0 6.05 591 97 3.86

H 0 1.73 1.72 99 3.53

0 4.74 4.78 101 1.90

0 6.05 5.92 98 2.76

NT VPN AT VLRI R . EEMAEEEM:, (A ZIRE X B R AK 3
W paraoxon BEATRGIN, £5 R W 2-1. U0 paraoxon [ EIE N 97%~101%,
RSD A 1.81%~3.86%. #iREKW, Fr& M e Al BUH T KRN 75 3%
paraoxon PG .
2.52 5 HE M RRAIXTEE
S AR, W BRI IPEREHEAT LU, X EESE Rk 2-2 fos.
# 2-2 5 HAMSTHER AR

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

HE RR R E SCHR
MC/CB 0.12uM  0.2-8 uM Lee et al. (2010)
et B v 02uM  0.5-150 uM Tang et al. (2014)""
AChE/PB-CS/GCE 3nM 0.01-5 pM Song et al. (2011)!"*!
ZnO+EDA/AChE 0.5nM  0.0005-5uM  Fallatah et al. (2022)!'°1
EREN:S 452nM  4.5-49.5 nM Sun et al. (2011)!'%
Cit-UCNPs@TPyP 020uM  0-8.6 uM AR TAE
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dhAh, F 2-2 S T IEZREN S TE XU P AR IRE RN paraoxon FIXF L.
MR LLEH, BT sm ks Hoah s ikt BA a&E Mg
EEp 1Y oalll]E
2.6 £518

T FRET HLEE, AL 7 — M RO . ik 5 PR I /K A0 55 35 o
paraoxon [¥] FRET #R%F. Z4KIRE LA Cit-UCNPs 1EABER LA, TPyP {E N
B4, TPyP [ERAM-7] WO HE S Cit-UCNPs B 5 GIEA R E S,
Kt Cit-UCNPs 1% Ja5m E &K . #£ paraoxon f£#E N, TPyP Fl paraoxon 2 [H]
TE G AR R AL TPyP ARSI 58 5 T %, FRET RCRFEAR, {15 Cit-UCNPs
M5 . Cit-UCNPs@TPyP G KEREN 0] LIVE 7K RIEESEH paraoxon 175 2L
RIEIOCF & .
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% 38 *F Cit-UCNPs@CP6@RhB Bt & =X off-on IR T
R B EERIAIR

3.15|8

b B IR AR BV 2R 3G N, AR AR DG R IE M U H R R . B
PRIGAE N — s WIS, & — 4 DA 0 o R A AR 3R L, @
H % 5 3% (Ins) 70 WAAS SR B Ins 1R FHRE 2R 5106, 10F 11 5 S50 6708 R i S AR ) 5306
Ins A DAJE I {2 300 46 &8 A N JFEIE g R s AL A, AT S 810978 15 Bk
IKAEYD TR ANER S AR TS 1 Ins 400 5 AT S S5O0 PR AN
R FRIUE, WK, . QUG OIER . JERE. TR Z R AT
e S IRy, RO T B AR PA W N BT A, Ins KT RS
PRI E A bR B, Ins MR ARSI DON TGRS W 22 0C E 2, 17 HX
THYFRREHEMECER, ELEWLHER, SMONTEAR, SRy
RN/ € <2 TN =7 7L N AN =1 =7 SRR A % /TR
e S P E g R AT Ins A0, BARX LT IE LRI
BE, (HENTPBR ZHBORAE 1. BRBUR . BBt et . DR, et — b
fa . AR PO Ins WE 7R 2+ b B

FERI AR IR T, IBLER|H Forster SLARAE R (FRET) DA AEY R4 T
KILT T Z 020 . BT FRET (758 af6 B 1 T H ORI M B, JERA
P A% RE 77 DA RAE SRR 25 46 BT R 115 0 SR A ke U AR 4 4 - (Be 0, 1E
IR )2 e Y. W45 Theodor Forster K¢ FRET ik hy—Ff
JEfR T, BE BRI RE AL R, I I AR 2 A 43 1 2 R) PR B S A A -
AR TRE . SR FZ AR SOR RN, XS RRERCh “ObiREE R
fr s e

RGP BHUCNPs)ZE I &+ LAE 13 3 73N K . UCNPs ik
R RS A IENIE, BOEITRE s EERRE, 0 R AT 1t
B KA G TOETI. AREII . RUFE A . AR
FASHEFR PRI AE M RE S IR B E . BT R AN BOR R, UCNPs A
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FBARK B S 5O6 T, AR KIS T 5001 10 6 B A R s el o,
I, UCNPs # I\ R 5 A i Al i R BT Tns A2 YA o

124 M1k, BT UCNPs ) FRET #R4F Dl & FH TUE a7 e
W H A U TRA BT B P %% . Ding S AP T — R A RN
2 BE 5 b B VD B (ENR) 8 R BORTE B AR AR I 38 . i AT R b & 1
#%7¢ UCNPs [F6 ISR & A HIHEZL(MOFs) AR 5 I B M FIGE /). Chen %5
NP2 7 Bt FesO4 1B 1M(MNPs) 4 40K 7 (GNPs) A4 3% 74 h g AL 1
UCNPs 41158 Se g K45 TRl Pb> . Li 2 A2 a4 s 7 UCNPs 5
KI5 B BH(ZEN)IE AR 1) SE A% B R & 5 RS SR, A TR oKk
ZEN.

“\\770
o W
p
s Q Cit-UCNPs@CP6@RhB

Quenched fluoresence

Cit-UCNPs@CP6@]Ins

Recovered fluoresence

Cit-UCNPs@CP6

K 3-1 i H] Cit-UCNPs@CP6 1yt T3 G+ T2 AR TR I HEAR ) Ins 2800 4% 8K
Fig. 3-1 Fluorescence sensing for Ins using Cit-UCNPs@CP6 as a donor based on competitive
host-guest recognition.

BT, AR T AL T FRET LR Ins BT IO Z0K 54, 0
3-1 flizn. Cit-UCNPs Al RhB FJ LUdid 3 24440 B A FH A 80 b BH 5 14 (6]
JRE(CPo)EE, MIM4E%E Cit-UCNPs 55 RhB Z [AHEE R . B Cit-UCNPs
1] RhB #:#%, S8 FRET WREMKLE, Cit-UCNPs %K. 56 Ins 4370
AZ| UCNPs@CP6@RhB E&5¥)H i, CP6 g IEHKIAMTE & E] Ins 7011,
Ins 7 B4 [ N-A i 58— MR IR S Phe(S R EILER), HTTH: CP6 U7,
fliH Phe 1164 CP6 L5 G AL kBT 70 7 X042, JF HAF LT i A 5 440 1) -
TGS, CP6 o = H e b5 U IR 2 1] 1 e LA 4 PR ik ) e AR PR U,
RhB # Ins EH#t, Cit-UCNPs %MK . Kk, 3T FRET MR T BRI

Ins (IAEME T &
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3.2 K ER S
3.2.1 SEB

BB W RS 2 0 S 5 B 10 . BEFR B (Er(CH3CO,)3, 99.9%) 4
R 4 (Yb(CH3COy)3, 99.9%). [ M2 #0(Y(CH3CO,)3, 99.9%). % b 45 (NH4F,
96%)~ HEREN(C1sH330.Na) JHER(OA, AR). +/\J#(CisHzsr 90%)I5I MBI HL T
WA AR A A 8, S 45(CHCL, AR). H %#(C;Hs, AR). H E¥(CH;OH,
99.9%). M CFE(CeHias AR)H E 25 A IR A mlHe (. AR =8 —/KEW
(Citrate, 99%). . W (C4H 003, 98%)- VUIRALER(CBry, 99%). 1,4-XU(2-¥%
e LA FE) IR (CroH 1404, 98%) = ZKFEBE(C1gHisP, 99%). TE7K Z BE(CH5CN,
99%). ZEHE . =MAM(BF;-OEt, 48%). & ALHI(NaCl, 99.9%). iz 4
(Na;SO4, 99%). = FZ(C3HoN, RG). K . 1Bk . — & W %E(CH.Cly,
99.9%). MAREAT(CDCl3, 99.8%)~ JM/K(D20, 99.8%). %' 8] B(RhB, 98%)+
[ 5 % (ns). L-2E W& FE(L-cysteine, 99%). H & B2(Glycine, 99%). 2k H ik
(GSH, 98%). JRZE (Urea, 99%)- 7% f#(Glucose, 99%)¥3 H IR & F & MW K o
NI B FE T 28— N R EE B it
3.2.2 LIRS

FH#EBR K JRBHE A K Talos F200S 3% 5 H1 485 (TEM) XS H T 25 45 A AN
EDS #HT 7 3RAE, H Escalab 250XI JtHLFREWEAHAT T XPS KAE, H BEAX
BHARAFR XRD-6100 BATHAL(CuKa 5 5HE/T XRD FAE, FEEAE T
B A R/A T AVANCE ONE 500 MHz A% GRS SCGHAT T A% SIS A
B RAE, 3B E Bruker 2 A MILLAMERESON AT RAE, Zeta H
ALIARAT DLS MR 7E ZETASIZER+PRO UGN BE J AL 3 AT 3t AT, 4R
M7ESE B TGAQS00 TA #RE Al Edkdr, M HHEFERIR) LSS UV-Vis Jhik
BGHAT UV-Vis R, SR % T 68 A R R AL B3 5B SGEAT 2 e e vk il
€, FZ T FLS1000 766, LL 980 nm MW NIUKIR, KA 1 I [E15
PR G -
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323 EEMRIAH &
3.2.3.1 Cit-UCNPs Bl &

3 I e SR T % OA-UCNPsP?, K 0.2075 g Y(CH3CO,);3+ 0.0844 g
Yb(CH3CO,)3+ 0.0083 g Er(CH3CO,)3+ 7 mL OA A1 15 mL +/\J/& & F 100 mL %%
L, CEIRAYITE Ny 58 R InAE] 150 °C, {#FF 40 min. AW EIZE 50 °C
J&, AN 10 mL 75 0.1482 g NH,F 1 0.7611 g WHIEGN ) RS VAW, 4kEE4$E 40
min, SRJEMM#AE] 100 °C, VARR KWL SR S, WEBAE N, FI#AE
290 °C/x M. 1.5 h, RJFAMAEER. ¥133H NaYF.YbEr H ZBEUTE, HaO
BELEBI IR, ARG /- BE S mL FR i

R FH STk b TR A S e VAU e R A 2 AR KB B e 4 2K R (OA-
UCNPs) &1 1 5% 7K T 6 R B A5 41 1 b 7 e 999 K JkE (Cit-UCNPs). &1 M0 5 2
¥ 2 mmol S ZHNVEMAESH 1 mL /KM 15 mL — 2 —F%(DEG)H =2 Bl
Hr, FEEIRAILE Ny W T IIFAE 110 °C, RIZIBEHE 40 min. SRJE KR &7
H, B ELAE 3 mL EAT 2 mL FEORER IR -S4 1) 10 mg OA-UCNPs 4218
MAZMEZR T, SRIEMAZE 130 °C 60 min AR ES IR, 85, HR00m
A 180 °CHEZIRIE FIREF 2 /N, Bid A 20)E, it B ool =4 3t
CIERM LB TRV =1: DBREK =R BRI HTE | mL 257K
3.2.3.2 CP6 BIA B

0

2O (CH,0), o)
@ CBr, / PPh, BF;=OEt, : NMe,
_ _ CHZ B —
CH,CN CHCl, CH,CH,OH
o] OZ o 6
20 Br 8

H Br
Compound 1 Compound 2

H

P 3-2 CP6 [14 &
Fig. 3-2 Synthesis of CP6
ek EN S, AT CP6, AR LR B 3-2 Fs
A 1 (Compound 1) A . ¥ VY EALAR (39.8 g, 120 mmol) 7k INA
B 1,4-WQ-FF O FE )T (10.0 g, 50.4 mmol) M=FKFEB (31.5 g, 120 mmol)
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TET/KCHE (025 L) R ERmdEd, REEEMREFE 0 °C. A
JRTERA A MR TSR A YIINAE 25 °C 4 /N, @#RIMAAIK (0.2 L) fiif=
YrcuE, EpEREAAR, FFEE/K (3:2, 3x100 mL) ¥eigk. K=o M EE B 45 5,
23 3 ARSI EY) (10.1 g, 65%)-

&) 2 (Compound 2) &, MALAEYI 1 (5 g5 15.4 mmol) F12 5
(0.92 g, 30.8 mmol) I (0.3 L) & H A BF;-OEt; (4.38 g, 30.8 mol). Hf
SONVIREPILE Ny U T AE 25 °CHERFF 3 /M. 17K (2100 mL) AT &
K (2x100 mL) Bk R BREY), HHRERE T s ez rEkRs Al
fik; S BOAA Y, HFRIAGEEEEY 20.71 g, 14%).

CP6 & . L&Y 2 (1.0 g, 0.59 mmol) AT =HFZ (6.4 mL, 24
mmol) ¥ ZBEER T . RIGTE Ny U PR FTRR G YINEZE 90 °C 24 /M,
AHIZE 25 °Cla, ERA TREEN, RKIRRMIEMAEKS (20.0 mL). IEH
W, RRERRER . BEIAGEARR CP6 (1.16 g, 86 %).
3.2.3.3 Cit-UCNPs@CP6@RhB BJ & Bl K Xt B 5 3= R 461

¥ Cit-UCNPs@CP6 5 RhB {EBERR Hh 2 i h #5304
3BT ). 1E 20 mg mL [RARETE P IR FIIREE Ins TR, ik,
SRIE T AT T 90 RS G
3.2.3.4 RSB RAEEMEMNR KX A LS RS RHITEN

¥ 20 mg mL' # Cit-UCNPs@CP6@RhB 4t 2> il 5 T L4 i 18 & (L-
cysteine. Glycine. GSH. NaCl. Urea. Citrate. Glucose)*t Ins )ik £ HE4T #F
Feo PR Ins WREEDY 10 uM, TR TIKEZN 200 uM (20 %), E 1 EA]
[R5 i .

KRR UE IINEREAT B BT . BN B REARE R AN MG H Ins & 29-
172 pmol L™YF/KF#RE 40 5112, B pIE 208, BEEEMREIME, midh
IMAAFIREER Ins, HHEHIS. KM FERERIE SR EIR ISR &S,
BEAT 9GRS E -
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3.3 G RERAE

3.3.1 TEM # XRD $8EFKAE

Number (%)

~
(=
~

Number (%)

20 30 40 50 60 70
Size (nm)

(e)

B

Number (%)

40 60 80 100 120 140 160
Size (nm)

K 3-3 OA-UCNPs (a), Cit-UCNPs (c), Cit-UCNPs@CP6@RhB (e)ff] TEM [&l1%; OA-
UCNPs (b)fEH Tz, Cit-UCNP (d), Cit-UCNPs@CP6@RhB (f)7E 7K T B A 6 Hs (DLS)
i<

Fig. 3-3 TEM images of OA-UCNPs (a), Cit-UCNPs (c), Cit-UCNPs@CP6@RhB (e);
Dynamic light scattering (DLS) analysis of UCNPs (b) in cyclohexane; Cit-UCNPs (d), Cit-
UCNPs@CP6@RhB (f) in water.

KM TEM RAESCANS Bl & AR RSN RS #6471 R G0 ir. il 3-
(@), & EKIE OA-UCNPs 7R3 Cibe F i R 4F, EAZZ94 31.85 nm.
B 3-3(c) R WIFT IR IR 3 UM I K BIOKE (R TR FIORLIE. Cit-UCNPs 5 OA-UCNPs
LT3 224, Cit-UCNPs 1R % 5 70 BUE K H . WKl 3-3(e)mT LA Cit-
UCNPs@CP6@RhB fE/KH 73 B3 5), BEAHIA T K. 8T 3h& LU

(DLS)M & — B uEsE 7RI 434, Wi 3-3(b). 3-3(d). 3-3(DFias, OA-UCNP,
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Cit-UCNP Fl Cit-UCNPs@CP6@RhB P33Rzl /722 R 143508 33.5 nm,
45.5 nm F1 96.0 nm.
3.3.2 EDS. XPS 1 XRD F&1E

1 (a)
- 3
=~ 4
HEH =
=) £
Yb =
Nay
MI- 8
A
Ybll [¥b Y
SEr A Y
v T y T v T T T T
o s ) 15 20 1200 1000 800 600 400 200 0
Energy (keV) Binding energy (ev)
Na ls
(©) (d)
= 3
G N2
& z
s g
= =
T T T T
1066 1068 1070 1072 1074 1076 166 164 162 160 IS8 156 154
Binding Energy (eV) Binding Energy (sV)
aon ey @iy — Cit-UCNPs
(E) ({:)'m (o) —— OA-UCNPs
Vb 4d ( g = PDF 28-1192
= %
3 =
= = 211)
£ & oy @m (
§ ; (110) (101}
E £ (100)
\,f Taae
. N | BT T VRN P IPE T TI
193 I92 |9l 19() 189 188 1 B"I ]86 185 10 20 30 40 50 60 70 80 90
Binding Energy (eV) 20/ degree

3-4 (a) OA-UCNPs [ RE & i X S 28 EIE(EDS); (b) OA-UCNPs [1] XPS Jtilf; OA-
UCNPs 1] Na 1s (c), Y 3d (d), Yb 4d (e)XIf¥) XPS Jilf; (f) OA-UCNPs, Cit-UCNPs 1]
XRD

Fig. 3-4 (a) Energy-dispersive X-ray spectroscopy (EDS) of OA-UCNPs; (b) XPS spectra of
OA-UCNPs; XPS spectra of the Na 1s (c), Y 3d (d), Yb 4d (e) region of the OA- UCNPs; (f) XRD
pattern of OA-UCNPs, Cit-UCNPs.

M EDS 708 i€ 1 & L UCNPs BIoe a4, 45 R WE 3-4(@)ffiw. M
Kl LA, B EH Na. Y. F. Yb. Er o, KEWFE 0 jpxl,
WESZH Y(CH3CO,)3:Yb,Er 5844446 4 NaYF4:Yb,Er.

M 3-4(b) NaYF4:Yb,Er 41 ihm] LUE L& RO A B [F] I A7 7E Nas
Y. F. Yb. Ern&, H FHIEEN T 684.8 eV, Er KJIEEA T 172.78 eV

WK 3-4(c)fFin, Na B AT 10705 eV. Y IIE(EAI T 159.8 eV, WK 3-
40



TR TR AR

4(d)Fi7n. Yb 4d HIE(ETE 186.8 eV, HWIE 3-4(e)irn. 5 CHRH T Bor A —
HU, FIREW T UCNPs HI RN & Ko

P 3-4(f)7 A Cit-UCNPs £1 OA-UCNPs (1) XRD fi7 41 &, MiZE e LA H,
FESAE MR, X el (A B ShrdE R PDF:28-1192 #Ixf B0, X% m
e TR T 47574, FF H Cit-UCNPs H: A A8 i AR 1 30
3.3.3 #xBEARAE

@ e e Br . (b)
| [ b%
a
a
a
o C d
b |
1 I
© I
|
d c
a b
| | b |
©
g‘ £
a . dc- g

B 3-5 a1 (a), thAE2(c), CP6(e)f) 'HNMR EAE; &Y 1 (b), L& 2 (d),
CP6 (D] °C NMR A

Fig. 3-5 "H NMR characterization of compound 1 (a), compound 2 (c), CP6 (¢); °C NMR
characterization of compound 1 (b), compound 2 (d), CP6 (f).

¥4l 25 1) compound 1. compound 2 A CDCL i H1, CP6 A D,O %
BT REE S ARG R RAE, W 3-5 Fion. S U R B 5 STk A 25 2 14 1)
frEAM I, LWEREWT CP6 MR K, 3-5(a)F(b) 7> il 9
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compound 1 IR HEE G A IR : "TH NMR (400 MHz, CDCls): & 6.828 (s,
4H, Ph-H), 4.258 (t, 4H, J=6 Hz, -CH,-), 3.605 (t, 4H, J=6.4 Hz, -
CH,Br) ppm. *C NMR (100MHz, CDCl3): & 152.83, 116.09, 68.71, 29.29
ppm.

K 3-5(c)F1(d)% B~ compound 2 A% G A FIAZ BERRTE : "H NMR (400
MHz, CDCL): 8 6.789 (s, 12H, Ph-H), 4.161 (t, 24H, J=6Hz, -CH,-), 3.878
(s, 12H, -CHy), 3.550 (t, 24H, J=5.6 Hz, -CH,Br) ppm. "C NMR (100
MHz, CDCls: §150.20, 128.54, 115.86, 77.30, 77.05, 76.79, 68.98, 30.66,
30.33 ppmo

B 3-5(e)M(H 55N CP6 [IAZRES e A% B ik i : "H NMR (400 MHz,
D,0): §6.889 (s, 12H, Ph-H), 4.491 (s, 24H, -CH»-), 3.931 (s, 12H, -CH,-
), 3.735 (s, 24H, -CH,-), 3.097 (s, 108H, N-CH;) ppm. C NMR (100 MHz,
D,0): §149.74, 129.01, 116.14, 65.04, 63.30, 53.97, 30.04 ppm.

3.3.4 ZIHMHIESRAE

@ | : (b)

2%_’ Z)HZC“ lIC\ Ps@ Cl‘6 iR RhB

1611

1351 1052
1383

1631 | 1591
Cit-UCNPs@CP6@RhB

295 1631

Cit-UCNPs

Transmittance (%)
Tranmittance (%)

OA-UCNPs

2915
2852

1417

1561

T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™) Wavenumber (cm™)

K 3-6 (a) OA-UCNPs, Cit-UCNPs, CP6, Cit-UCNPs@CP6 414N %% (b) RhB, Cit-
UCNPs@CP6@RhB 2L 4N

Fig. 3-6 (a) FT-IR spectra OA-UCNPs, Cit-UCNPs, CP6, Cit-UCNPs@CP6; (b) FT-IR
spectra RhB, Cit-UCNPs@CP6@RhB.

HAHBEM R AMEE I 3-6 FiR. X OA-UCNPs, 7£ 1561 cm™ Al
1417 em™ VAR Tl B T R I (-COOR) A FR AN AR 4 R 3, Bbabh, SHER K
ot B8 R ) 0 FR B (- CHL) AN FR A B 441 s 7 2925 1 2852 em™ Ak ) 55K
SgUget 2, FPIg IR = 4h(Cithf OA HHATELAASCHR G, 7 1606 cm™ AbHIL—ANHT

(RIS UG, [RTINEZE 2925 em™ A 2852 em AL IR WA 2k, 2B Cit T A8 e
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THHBROA)YEA! ), X CP6, 2957 e’ Al 2852 ecm™ 2 CH, A1 CH; (#1454
), 1630 cm™ £ 1403 em™ AL fhHRSN, 7F 1207 em™ A C-O-C Fifififik
I, #E Cit-UCNPs@CP6 1 £L A1 it i vt i B e 27 AR i I, 33X 25 k%
Cit-UCNPs F1 CP6 [HIIh4E & . 1591 cm™ (MRS A RhB F1(CEIRE 22 C=C)H
45 3k 3 %, CittUCNPs@CP6@RhB ' i Bl RhB [ 4 U, K B Cit-
UCNPs@CP6@RhB HIEIh & i

3.3.5 Zeta BBALFIAERAE

(a) 100 4 (b) 120] ——CituCNPs@CP6

80+ —CP6
105 ——Cit-UCNPs

60 4 90 4

40 4 751

60

Weight / %

20

45
Cit-UCNPs
0

CP6 Cit-UCNPs@CP6 304
-20 15

-40 4 0 100 200 300 400 500 600 700 800 900
Temperature / °C

3-7 (a) CP6, Cit-UCNPs, Cit-UCNPs@CP6 1] Zeta H17E; (b) Cit-UCNPs, CP6, Cit-

UCNPs@CP6 (1) F 43 H7

Zeta Potential (mV)

Fig. 3-7 (a) Zeta potentials of CP6, Cit-UCNPs, and Cit-UCNPs@CP6; (b) TGA curves of
Cit-UCNPs, CP6, and Cit-UCNPs@CP6.

L Zeta FALMNRAF 7L T Cit-UCNPs 5 CP6 2 [ 45 &kett. MK 3-7(a)
ATLLE ., CP6 M Cit-UCNPs [ Zeta A/ {E 5374 87.2 mV. -32.1 mV, 5 Cit-
UCNPs [FHAZAALL, Cit-UCNPs@CP6 [ HA7E % 53.3 mV, XIHEF CP6
Fr I IE T, X R T Cit-UCNPs Fl CP6 St f FL i 5 1T FEL A 2 1) f 8
MEEHSETE T —i.

A5, EESF T Cit-UCNPs. CP6 Al Cit-UCNPs@CP6 (1] #
Fasetk, ZRmE 3-700)Fim. T Cit-UCNPs, 7EZ] 600 °CHWREE 85
26% M ERK, XZHT Cit-UCNPs & % B GeHl I #i#. CP6 ££ 300 °CH
FIRHILKERE, 1E 600 °CH R EAEILE] 86%. Cit-UCNPs@CP6 B &HEHE
300 °CAG T CP6 Wi A T 2RI B ER K, 1E 600 °CH i &4 k1A
|7 69%A 4. Bk, M Cit-UCNPs Al Cit-UCNPs@CP6 2 [F] B &k %
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THE HAE Cit-UCNPs _E#1) CP6 N 43%. iX—45 R tF ] CP6 Tkt 3
Cit-UCNPs I,
3.4 RSERE M

3.4.1 %% FRET BU#1IE

‘SJ-‘Z_"IIS.'Z ?_«\ill'g'\'?il]’s 1 = Cit-UCNPs@CP6
(a) f— N acrs g ) Cit-UCNPs@CP6@RhB
— of RhB -
3 3 =
G = ]
z ] s
2 = é 0.1
] = =0
= g ]
= = -
<
@
- - T - T 0.01 T T T T
475 525 575 625 675 725 0.5 0.6 0.7 0.8 0.9
Wavelength (nm) Time (ms)

3-8 (a) RhB /KIEW ) UV-vis UL L& RhB, OA-UCNPs, Cit-UCNPs, Cit-
UCNPs@CP6 (1] % ¢ & 5 J¢ i ; (b) 7£ 980 nm ¥ & F, Cit-UCNPs@CP6 Fl Cit-
UCNPs@CP6@RhB 7£ 540 nm Ak ()54t 75y

Fig. 3-8 (a) UV-vis absorption spectrum of RhB aqueous solution and the fluorescence
emission spectrum of RhB, OA-UCNPs, Cit-UCNPs, Cit-UCNPs@CP6; (b) Fluorescence decay
spectra for Cit-UCNPs@CP6 and Cit-UCNPs@CP6@RhB at 540 nm emission wavelength under
excitation at 980 nm.

RhB AN IOEIE AT OA-UCNPs. Cit-UCNPs. Cit-UCNPs@CP6. RhB
e ke, ik 3-8(a)fias. MEIHAT LI 1, UCNPs (1750 K 55 6 M
FEFA SRR T ECT Hyn—"Hisp (520 nm). *S3n—"Lis» (540 nm).
Fon—"T1s (660 nm)FRILP, FrEEREN%T OA-UCNPs Btk )5, /K% 540 nm 4k
(e e B s ZL e KAE U, fE CP6 BEa 2 E, WMTANRRIRSREXT
LB PRI MR KAERH, BT UCNPs (17286 R S50 B A BT 4. RhB
YENREREZARAE 550 nm 72 A5 — D FERIERAMBILIX, 5 Cit-UCNPs (#1526 K 5
JEEEE, MWAHET CP6 IfF(E, Cit-UCNPs il EAEH S CP6 44,
RhB i3 T 2544 BAE AT LAk CP6 ()77 i, Cit-UCNPs A RhB R & 2 1%
B, (FRGI&NZOEEAMENT UL FRET df2. BT FERT K4, fif5
Cit-UCNPs 7£ 540 nm ALH)Z6H K, A Ins J5, Ins 5 RhB RAETESIERI,
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RhB # & #:, Cit-UCNPs 7£ 540 nm )76 E . Cit-UCNPs 7E 660 nm AL
PR LA, XEERBT RhB L4MIIKE 660 nm A HI7 6 A
HE, WHE FRET.

Cit-UCNPs 5 RhB Z[H][f) FRET R AJ LAdd 675 A A3 2 1 — 2 5
iE. 7E 980 nm UK &M T, MELIMIAL R B, Cit-UCNPs@CP6@RhB 7 540
nm K1 HFF R CitUCNPs@CP6 B 4%, X —ILRIESL T REE M Cit-
UCNPs [1] RhB B ¥ . K 3-8b)fian, £&K A RhB FER, Cit-
UCNPs@CP6 1] %% )t 75 fir R Ot 73 fw v 123.8 us. 1 3% RhB 7 £, Cit-
UCNPs@CP6@RhB {1267 FF%E] 63.5 ps, #E—BUEB 7 M Cit-UCNPs %]
RhB /] FRET %M .
342 TWEHRIRIL

0.45 1.0 1.4

0.40 (a) (b) (C)

0.8 1.2+

0.35

0.30 0.6 L0

-1/,
(1,-1)/1,
1

0.25
0.4
0.20
0.15 0.2

0.10

0.0 4+— . . . : :
0 5 10 15 20 25 0 5 10 15 20 25 30 23456 7 8 910111213
Cepe (mg/ml) Coun (1M pH

3-9 (a) CP6 BN R AR RN SO KAEEE (I-D/Tp (I52HE (I 9 Cit-UCNPs 144
FOGHERL, TRIMAMML CP6 i & )5 HI52 658 %) (b) RhB &Xf & & APEHXT 96 KA L
ffIs2md (I & Cit-UCNPs@CP6 f£ 540 nm [{JF4R5EEE, TRIMAAFWKE RhB J& H7O6H
) ()EAMEEARR pH F 585 nm 55 540 nm AR5 He A3 KL (¥ 500

Fig. 3-9 (a) The effect of the CP6 mass on the relative fluorescence quenching degree of the
composites (I is the original intensity of Cit-UCNPs, I is the intensity for the materials with the
corresponding amount of CP6); (b) The effect of the RhB amount on the relative fluorescence
quenching degree of the composites (Ip is the original intensity of Cit-UCNPs@CP6, I is the
intensity for the materials with the corresponding amount of RhB); (¢) The effect of pH on the
fluorescence quenching degree at 585 nm and 540 nm for composite materials.

CP6 HIH B 25T FRET 2N — P EEK R, FYRA RhB 7% % CP6
A RETE T FRET 2. WI5L 7 CP6 MIMIEXS FRET L A2MISZNT, W&l 3-9(a)
Fizm. £ Cit-UCNPs@CP6@RhB il &t #2H, PREFHAD LA, 2 CP6
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I, B2IAFR Cit-UCNPs@CP6@RhB, 73 AT 540 nm AbHIZ 658
FH SRR B (To-1)/To, NI AT LU i (Io-I/1 BE#E CP6 FH B FSE In i 34
R F) 22.5 mgmL s

PAFERER 720, B8 TN RhB i fEHE. £ Cit-UCNPs@CP6@RhB
il gt A, DREFHAMA I B A, S8 RhB BKRE, F2AFEK Cit-
UCNPs@CP6@RhB E &KL, & 3-90)fin. 458 EH, 1-D)/1, FE#E RhB
R FESG DT o, B A 20 pM. X ATRESE B TRl S2 00 -H R I RhB 3,
SE&FE R RhB FE W2 80, X438 UCNPs M1 RhB Z [i] FRET R 1%
B. 24 RhB FHEET 20 uM B, (Io-I)/1o A K, XZEK A &R RhB @it
gtk Rk, B RB RSN 20 pM 475050

SLIHHE T CittUCNPs@CP6@RhB & &M EHEATE pH T 1) FRET 15834
F, X Cit-UCNPs@CP6@RhB # it 47 12 Mk, AR pH TEIKEK N
980 nm ] Cit-UCNPs@CP6@RhB 7£ 585 nm(RhB 1% 5)5 540 nm(Cit-UCNPs
RSN GRIE AR Tsss/Tsao FEARIE, W1 3-9(c)Fr. S5 REN, %4 pH A
9 7, 585 nm 5 540 nm AEHJE{E R K, Cit-UCNPs@CP6@RhB [#] FRET 1%
R ES 5308
3.43 ERxEFE

(b)

y=0.0726x+0.2273
R*=0.9892

Intensity (a.u.)

500 550 600 650 700 0 2 a s 3 10
Wavelength (nm) Clys (M)

3-10 (a) Cit-UCNPs@CP6@RhB (20 mg mL™") 5 A FWKE Ins 15 & J5 (756K 51,
(b) Lsao/Isso 5 Ins WRFE I ZRME R R

Fig. 3-10 (a) Fluorescence emission spectra of Cit-UCNPs@CP6@RhB ( 20 mg mL" ) after
incubation with different oncentrations of Ins; (b) Linear relationship between fluorescence
emission and Ins concentration at Isso/Ige0.

AHFFEIL L Ins WA Cit-UCNPs@CP6@RhB % Yok FEFIRE M, 1A
TIZRAEEMEIRIM R EE. 76 0-10 uM JER K, B Ins WREEMIEN,
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ZIOCEGMEHE 540 nm ALMHOG RS IREEYSE, WA 3-10(@) iR, X EE
T Ins 5 CP6 1454 RECKT RhB 5 CP6 454 A& %L, Ins W] LLEU/R RhB,
FTW 7 FRET i #21'),  Cit-UCNPs {1586 R A K . Cit-UCNPs £ 540 nm AL
e R A K A B WAL, R W] Cit-UCNPs@CP6@RhB #K [H /3 #5457 . inf&
3-10(b)Fi7~, Cit-UCNPs@CP6@RhB £ 540 nm 5 660 nm( 61 50)Ab 15
S HUAH Tsao/Teeo (PR 2L T H0) 5 Ins WE A —E MR R, Ham)y
FEA Ls40/1660=0.0726 Crpst0.2273(R*=0.9892). H A LOD=KSd/m 5 HA H R
(LODY!™, Horp Sd A I EE bR AEZ, m ZTOUKEES Ins IR,
K ZAME/KT, WmERER 3, W¥E LR LOD 4 0.32 pM.

A A3 A
3.4.4 FHORLE
1
(a) L cysteine 12{ (b)
s 1.0
=
3 3
2 _—Eo.s
g T 0.6
: 3
E = 0.4
V[LZ
0.0 —_— | s—
500 550 600 650 700 z 2 : = g s = :
= : ¢ 2 = i £
e & £ 2
- < o

Wavelength (nm)

K 3-11 (a) 7£ 20 mg mL™" Cit-UCNPs@CP6@RhB ¥ T AN & FhFH 5 15 ' 4 5t
J6i: (b) Ins AR P BER N R -GAEHE 540 nm AL 6K BT B((Tsa0/T660)0
JRUATEREE Cit-UCNPs@CP6@RhOB, Isso/Igeo N 10 uM Ins 8% 200 pM H AR T 5 A H T 1)
SR

Fig. 3-11 (a) Fluorescence emission spectra of various interfering substances were added to
20 mg mL" Cit-UCNPs@CP6@RhB solution; (b) Histogram of fluorescence recovery of the
nanoprobe with Ins or other interfering substances. ((Isso/Isgo)o is the original intensity of Cit-
UCNPs@CP6@RhB; Is40/I6o is the intensity with 10 pM of Ins or 200 uM of other interfering
substances)

TP E DI B 2RO B 6 I 7 2 R — AN E T .
g, WEFT T TR BT T Ins U SE YR FEVEM BT HAVERERT, Ins WK
FEN 10 uM, BT T3 B F(L-cysteine. Glycine. GSH. NaCl. Urea. Citrate.
Glucose)N 200 uM (20 fi%). 1 3-11(a)Fis, A Ins J5 Cit-UCNPs £E 540 nm
AL FR e iR B TSR A, T A SN 5O B B BB AR 5 D i R R S e R X
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No MANTIH )G Cit-UCNPs@CP6@RhB & &47E 540 nm 4L F1 660 nm 4L [F) 5%
G Tsao/Toso HIAEAL, G1FE 3-12(b)FTn. Z5REH, ZEAMEIN Ins BH BRI
FakEErE, Rt, Cit-UCNPs@CP6@RhB 49K & &AM R AT LA F A MLiE A+ Ins
) B A
3.5 SERRHE R
3.5.1 EEPRIRT AR IE 5 R & R A

* 3-1 EEMRE AR IIE 1 Ins RN 45 2R

Table 3-1 Detection of Ins in human serum samples by composite materials

=i SN Ins M Ins WwE RSD
(uM) (M) (%) (%, n=5)

1ME 2.0 1.92 96 1.05

4.0 441 110 2.59

8.0 791 98.8 1.86

K FNZDRE R NG H Ins S EIATIE R 3-1), RGN T
VIR . PR BV SO M RE R AR . WA Ins FIEICERCH 96%~
110%, KEZEREIMSTIRZ RSD N 1.05%~2.59%. 45REH, Fré i ifawer
AT LS S Ins BOAG
3.5.2 SE M Bk RIRTEL

S HARSTHR, XS IRE BRI R AT E i, 6 FL s SRR 3-2 B

3¢ 3-2 5 A TR E

Table 3-2 A comparision of the proposed sensor with previous reference for Ins detection

et LHEEHE Tor i fR SCHER
Ni(OH),/Nafion-MWCNTs  1.5-40 uM  0.44 M Martinez et al. (2016)'">"
7CB-LC 25-500 M 25 uM Satya et al. (2024)'%°
5CB 0.1-1.0nM 0.1 nM Chen et al. (2022)!"°%
AgNP@ONP 0-225 nM 0.2nM  Bhardwaj et al. (2022)!""
TPE-Z-IGA3@GO 1-100pM  0.42 pM Zeng et al. (2023)!"*%
CC/TiO, 7-1000pM  2.7pM  Ramya et al. (2024)!"*")
Cit-UCNPs@CP6@RhB 0-10 pM 0.32 uM K TAE
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dbAh, 3 3-2 45 T EZAREN SR 25U T L ABREAS I Ins AR EE . AR
R LA, BTEESL VRS A CHRE T VEAR B, B A3 0 4R Y LR
Far il R
3.6 518

HAL T AT FRET HLEE O SOEIRE XS Ins AT iZ90KIRELL Cit-
UCNPs fERRe R4, RhB {EARREZM, 7B Cit-UCNPs AJ LLid i e
MHAEH S5 EHM CP6 454, RhB Al L@ % A0 B AE 3k CP6 17 i
W, MIM#4E% Cit-UCNPs 5 RhB Z [ JEER . BEE A Cit-UCNPs [f] RhB ##2,
FE FRET FEMRA, Cit-UCNPs 26K, RhB 7GR AWIE 8. 250
Ins 43 F I F| Cit-UCNPs@CP6@RhB & &)+ i}, RhB #f Ins & #ft, Cit-
UCNPs 2IGWKE o BIMZAKIRE ] ME S AR LS T Ins KUK 28058061
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2 4E xTF UCNPs@y-CD@PB HILL 3 off-on #REH X EhER
TRV ENERMR

4158|8

BRIV R (CIP) R —F I M T N & B % 9 W B 25 hi A 3=, CIP
B2 AR T K MR G K A 0 I T A BR R SR 8 i A A AN Y,
YD BAE A SRR R (A7 D A AR A, RIS CTP 7R A /K iR B A
2 0@ IS AN R 52, Gk %O AR, TR R R v T T e R O™
)@, e B S e AL « X H 2™ B K PR I Gk R AT SE A I
Ry TEE. HElHE AR CIP AT A A TAEAN M E R
F L (HPLO) M B 4145 HE Pk (CE) 01%% . B IX 867 A I CIP ) SE 31
MR AR IR R, (EIEE AR R . FERS K. BRER 4S50, LS 72
R bR SRR AR R B RS . AR, FRESE. il
TREEPREERR T, SZBITCE 1)IZ RTE

Forster JL 4R A8 & # B (FRET) /2 W AN LB OB E AR “ k7 f “ %2
PR )2 IR R S AR e B R R . A AR D L A A IR R I, R
PR R Z A PR B AE 1-10 nm G, 0T DK RE B R4 S PR 7%
B2 ARG 1o FRET (8002856 % it A4 5 o't FH R 524k 5 o B 2 ] 7 B 2 v o2 A
I8, AL R SRR 43 AR AR F ARG AR AN H (0 47 198,

AR AR A R (UCNPs) A SRR 1 6 1 A 1, 38 5 MR e 7 A Bl B 22 M1
BT LAMNIR)E T, RS — AN B (0 48 b= 7] WL(UV-vis) 71 P01, Gl
RFETEA AR, Bk B . UCNPs BA @6 FR0E. KB R,
% H R IR S RO DA R R I AR AR 2 M A Ak 2 R RS 1L G g
A4S UCNPs 75 £ B 2R oy b 2 A e A i 5,

24 NIk, 3T UCNPs ff) FRET R CAHIT R T8 etk B g,
A AR TN A A 4y B0 L Rong 2 AT HY T — i DL IR R R AU
(PDMS) NS, L5 UCNPs(CS-UCNP)f] PDMS 1F 48 7~ 71 i AT B 40 [F 24
R AR RAT I IR TR (AM) o 5B FURR R 5 M /R (FITC)il i FRET 4 25
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WK T BEH R AM 5N SR8 G BNERA, 5808 KRR R4
S, FEFEEEWE . Han 5 AT RO RS, LB AL
(CoOOH) M AEAL K L UCNPs SRAGMHTIA MAZ(AA). Wu 2 NPT UCNPs H
G YRR T (AUNP)Z 8] () FRET, BET 7 —Ff Al % R 0 Fot 25 11 ity 2 FE40 1) 750 7
GRAL RS o

FRE

o
i T (® ® = @
s Q70 o s e
@ & D@ o ',ﬁ@ 'a"boﬁ@o

@@@ @@@ ,@EQ.
o OFF ® o~

‘ UCNPs Oleic acid @ ¥-CD ® ® o

4-1 UCNPs@y-CD@PB il CIP fyHLER &
Fig. 4-1 Mechanism diagram of the detection of CIP by UCNPs@y-CD@PB

BTk, AR T R EEAGI CIP 1) FRET 40KEREN, WK 4-1
N, IEEZRGH, y-CD &1 UCNPs /R RE R HATE 540 nm 4bA —AMRBEMY
FOCRGTE, TR LL BPBYWE NAEEZAATE 540 nm 7o 4G B AMRICIE, -
CD fENERAR T LI JE UCNPs 5 PB 2 (Al fEE 310l T bk i 5 e R 5
P 5 2RISR O 2 B E RIFIE &R R, X {H15 FRET RN KA,
REE M UCNPs ¥ 2] PB, UCNPs HJ26H K. 1A RPN CIP J5, CIP 7]
LLEE 5 PB RAE n-T1 i B 4% & AL BMEVA T /K (48 50K FHLRS FRET skmitol,
FUfE FRET 9355, UCNPs ZGHE 3R, A SN CIP BRIl #4177k M A T
KA CIP R, 3R T FREMAER . RN R B A B S RRHE T .
4.2 LR ERSY
4.2.1 £

Fie A 0 SR A LR 2 3K 5 AR . BE R (Er(CH3CO,)35 99.9%) &
R 4% (Yb(CH3COy)3, 99.9%). [ M2 40(Y(CH3CO,)3, 99.9%). % 1k 4% (NH,F,
96%) THMERHN(C1sH330,Na). JHEZ(OA, AR). 1 /\J#(CisHssr 90%). WIGHELL
B(PB, 97%). ihFRIFTA VD E(CIP, 97%). & ALF5(CaCly-6H,0, 99%). SAEE
(MgCly, 99%). S ALER(MnCly-4H,0, 99%)355 BT i TRk 7714 BR 2 &) Wy 3L, F

fE(CH;0H, 99.9%). ¥ C%i(CeHin, AR). LA (H0,, ARYHE 2GR A
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R A F ML, y-FR MRS (v-CD, 98%). S ALER(AICL, 99.9%). &AL HI(BaCl,,
99.9%). 7Nk = H L AL 5 (CTAB, 99%). % 0% WJZ(PEL, 99.9%) M
RIRHARR T 6 B3

4.2.2 LIILE

FHAEBR CH R B 2 5] /9 Talos F2008S 3% &t H 8 (TEM)XT H A SHRFIEF EDS
BT T RAE, F SR AR AT K XRD-6100 BATHAEEAT T XRD FRIE,
XPS AR FH 5 FE F8BR 6t R BHEE A "4 4L 1Y) Escalab 250X1 )6 HLFREWEAX,
#[E Bruker A ) LT AMEEAGHAT TAAMERENER, B BRI LSS B
ST W IEHE 3 A G AT T R Ab-1T RSO TN, R Z T & A R SRt B
A SO AT RO E .

423 RAEBEMRIEEI &
4.2.3.1 OA-UCNPs I

HRAE ST BRI AL 1 77V T LA 4 OA-UCNPsP?. 3% 0.2075 g Y(CH3CO,)3-
0.0844 g Yb(CH;CO,);- 0.0083 g Er(CH3CO);« 7 mL OA A1 15 mL + /\/# & T
100 mL B, FHRAMIE Ny SR E] 150 °C, FFAEIER T IREFE 40
min, A LAERGEHFIEGHER. AHIE 50 °C/, A 10 mL & 0.1482 ¢
NH,F A1 0.7611 g JHIEREAM FHELE, KRG A EE 40 min, SR)5 A
100 °C, BRZACH MIE R Z GRS RAE Ny T IIFE 290 °CJ M 1.5 h, A
HMEEIRG, HOBREEWK, REHE 2 NaYFeYb,Er 7 7E 5 mL (3
BT HTBCE VAR A, DL S S
4.2.3.2 UCNPs@y-CD R &

UCNPs@y-CD H13Ci#k A 7721 46U, % 12 mL 20 mg-mL™" /] y-CD /K%
WS EETE 60 mg OA-UCNPs ) ZEEA/K(2:1, vv)IRE . IR EYIRIZ1$H
P20 h 5, WEBROFEG, REHEBE PR OERREBHTRE =R 153
(IR i 23 BRPE 25 B8 T /K BRI AR 1 v 77
4.2.3.3 UCNPs@y-CD@PB BY2H 2 K %} CIP B94&35)

¥ 30 mg UCNPs@y-CD 5 PB 7EMER SR 2 M 3 HE 24 h, L &0
Ve, TR R53] UCNPs@y-CD@PB, 7£ 10 mgmL™” & &M RHA R T
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NN FEREE R CIP W, WAL 30 min, 23 5i50E 5K AN SO G HE Ao O & 5
W, JREEAT AT RALE
4.2.3.4 CIP R F MR

K= AFE UCNPs@y-CD@PB 4355 THiM5 (Ca*" . A", Ba™. CTAB.
H,0,. Mg®". Mn*". SO,*. PEDX} CIP [kt TR . PN CIP WK
N 20 uM, TIPS A 600 uM (30 1), T5E T EATR T e,
4.2.3.5 37K CIP B9 TA

SR VAR U I8 2l s SE B b CIP B &7 i, B 10 mL S T & RORE A
5 R KU TR S T 5 N RIS B BT (i KUY, 4R 38 s, A Bl &
KVRFER) CIP, ¥4 [F % &AL SN UCNPs@y-CD@PB % HT, Il 5E 7%
RS
4.3 BRERIE

43.1 TEM & XRD BUtEERIE

X X

s (b)

21 22 23 24 25 26

Particle size (nm)

NaYF;:Yb,Er@y-CD|

——NaYF:Yb,Er
—— PDF 28-1192

RS
30

10 20 40 50 60 70 80 920
20 / degree

(d)

Intensity (a.u.)

K 4-2 NaYF,:Yb,Er f) TEM K(a); NaYF4Yb,Er FJHL1E 5045 K (b); NaYF,Yb,Er
HR-TEM K(c); NaYF,:Yb,Er il NaYF,:Yb,Er@y-CD 1) XRD &, HAF2 284 NaYF,:Yb,Er
FA R HERE L (d)

Fig. 4-2 TEM diagram of NaYF,:Yb,Er (a); Particle size distribution of NaYF,:Yb,Er (b);
HR-TEM plot of NaYF4:Yb,Er (c), XRD plot of NaYF,:Yb,Er and NaYF4:Yb,Er@y-CD, the red

line is the standard data graph of NaYF,:Yb,Er (d).
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WL TEM RIE, R T GORKFHTESUFIER 4. B 4-2(a)
A LLTE 2 HLE . OA-UCNPs(NaYF4 Yb,Er) & 31 H 35 51 BRI A B Bl o A
Kl 4-2(b) T LAE i, NaYF4:Yb,Er BFEIKAEN 23.66 nm. M 4-2(c) K 73 7%
FIES BT BB (HRTEM)EE AT LU Y, NaYF4Yb,Er K ##& Al FE Y 0.52 nm,
X5 NaYF4:Yb,Er [F(100) & [HIAHXT B

F XRD *f NaYF4:Yb,Er Bl a5 #4347 7 0H95. &l 4-2(d)9 NaYF4:Yb,Er
H1 NaYF4:Yb,Er@y-CD 1) XRD K, M ] DL AR &7 S iR bR A~
Fr(PDF 28-1192)A0— 8", A AR I, L0 T BTl AR 4610 N Ty
FHT o
4.3.2 EDS FRAE

Cps (eV)

Energy (keV)
[/ 4-3 NaYF,:Yb,Er [1] EDS EAiF
Fig. 4-3 EDS characterization of NaYF,:Yb,Er.
KH EDS X} Bl 2 1 L3 g KRR REEAT T e R A b, & 4-3 Fios.
MBI LLEH, MRS H Na. Y. Fo Yb. Erjo&, 530k —8,
FRZEM T NaYF4:Yb,Er (830 & ko
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PA
4.3.3 XPS HIHHKRIE
a &
1.0x10° 4 @ = ®) Yb 4d
8.0x10° 4
3 5
& 6.0x10° G
£ £
5 %
5 4.0x10° s
= =
2.0x10°
0.0 -
1200 1000 800 600 400 200 0 196 194 192 190 188 186 184 182
Binding Energy (ev) Binding Energy (ev)
(©) F l§ (d) Na 1s
3 £l
3 g
Z k=
z 2
g e
= =

T T T T T T T T T T T T T T
694 692 690 688 686 684 682 680 678 1078 1076 1074 1072 1070 1068 1066 1064
Binding Energy (ev) Binding Energy (eV)

P 4-4 (a) NaYF4 Yb,Er ) XPS #%%, (b) Yb4d. (c)F Is. (d) Er4d JGZE [ XPS it K

Fig. 4-4 (a) XPS spectra of (a) NaYF,:Yb,Er, (b) Yb 4d, (c) F 1s, (d) Na 1s elements.

FIF XPS B, #E—L#F7 7 NaYF,Yb,Er (c R4, WK 4-4 Fis.
ME] 4-4(a) NaYF4:Yb,Er H)2 1% F 7] LAE A& AR [F I A2 7E Nay Y. F.
Yb. Er o, Hw, Er FIEEAT 1744 eV, Y IBEAT 1592 eV. WK 4-
4b)Fi7n, Yb 4d HIIE{ELE 185.5 eV. F UL T 685.1 eV, WK 4-4(c)fiw,
Na FJIEMEAL T 1071.8 eV, W 4-4(d)FiR. 53CHkF TR —87, %
17 OA-UCNPs (K]l I & e
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4.3.4 LTINFEIERAE

—— OA-UCNPs

—— UCNPs@y-CD
1637

2923

" ——ucnes@y-cp@pB |41/

Tranmittance %

2852
2924

4000 3500 3000 2500 2000 1500 1000
Wavenumbers (cm™)

] 4-5 OA-UCNPs. y-CD. UCNPs@y-CD. PB. UCNPs@y-CD@PB £ 4 i
Fig. 4-5 FT-IR spectra of OA-UCNPs, y-CD, UCNPs@y-CD, PB, and UCNPs@y-CD@PB

BB BN A 4-5 B, 7€ OA-UCNPs J6it, 2851 cm™ #H
2924 cm™ {40 5V & 0 FH L AR R RIS K BB 4R Bl ,  7E 1562 em™ Al 1460
om™ A 1A R TR EE I A BRA B A 4 R 21, fE y-CD i, 1027
em™ AL FE RISy C-O/C-C AR A RSN, 2929 om™ LLAMEFE I A-CH f i
ZafRsh!' . 7 UCNPs@y-CD HIZLAM s st B 7 AR IR ORI, RIT T y-
CD RIhHIELZEH] T UCNPs b 7E PB FIZL4MERE T, 1462 cm™ A1 1560 cm™
#5-2,4,5,7- D0 IR-6-5 5 R L JE (125 B HR 30, 1241 em™ #1353 em™ y44-2,4,5,7-10
TR-6-S R R TR FE K C-H M 4Rz, #F UCNPs@y-CD@PB ML 4Mit i
W BT A E SN, £ T PB B4 I UCNPs@y-CD 45 & i
UCNPs@y-CD@PB.
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4.4 TR

A
4.4.1 &% FRET RIHIE
Intensity of OA-UCNPs 1.2 - — 1.2
(a) 1.8 ity of OAUCNPs | L o (b) Intensity of UCNPs@y-CD@PB
Intensity of UCNPs@y-CD Intensity of UCNPs@y-CD@PB+CIP
1.6 Absorbance of PR 12 L0 Absorbance of UCNPS@y-CD@PB L 1.0
14 Absorbance of UCNPS@y-CD@PB+CIP
= 07 Tos Lo.g o
£ 121 i x Z
210 08 ] <
ER 2 G0 H0.6 8
£08 06€ & E
8 0.6 2 Zo4 04 3
5 04< 2 <
4 -
0 Loz 0.2 L2
0.2 M i
0.0 0.0 0.0 0.0
500 550 600 650 700 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

4-6 (a) OA-UCNPs. UCNPs@y-CD %R HE1E LA & PB AR IOG S ;s (b)
UCNPs@y-CD@PB. UCNPs@y-CD@PB+CIP (175t & Stk LA K S8 AR it 1

Fig. 4-6(a) Fluorescence emission spectra of OA-UCNPs, UCNPs@y-CD, and UV
absorption spectrum of PB; (b) UV absorption spectrum and Fluorescence emission spectra of
UCNPs@y-CD@PB, UCNPs@y-CD@PB+CIP.

PB 4 AN AT OA-UCNPs. UCNPs@y-CD [ 52)6 & 5 titk, K
4-6(a)ffim. MEFETLIEH, OA-UCNPs 7E 525 nm. 540 nm F1 654 nm 44 &
g, 18 y-CD BEZJE, BT ANURIIRS R L 8 I POeH — 1
WRAER, BTLL UCNPs B 586K S 58 AT P b fiC. PB 7E 540 nm 2 A H —/M
(LSR5 UCNPs ££ 540 nm &b G K SHGIER R ES, v-CDE
NIERAK, fif UCNPs f PB [WEE & B H:0E, [Flk UCNPs@y-CD@PB i 2 &
42 FRET KA %A

UCNPs@y-CD@PB LA K UCNPs@y-CD@PB+CIP 175 4 55 1 A48 48
ok, Wk 4-6(b)Fi~. BT XA FRET %5, UCNPs@y-CD 5 PB E&/5,
UCNPs@y-CD #£ 540 nm ALK AR K, 565 nm ALHIURH) PB KATUE,
UCNPs@y-CD@PB 148 AN U IELE 555 nm 4b, 5 PB 48 AR G AR LE %
UCNPs@y-CD@PB 4Nl kA4 7 /b Efmt% . 4inA CIP 5, CIP 7] LUl
i$5 PB KA n-Il i #5456 4 TS T /K25 & W) K BHAS FRET AR,
UCNPs@y-CD@PB+CIP HJSA/MRWRSS, FfE FRET J&55, PB HIZOGREK,
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UCNPs % ctam, MIMSEET CIP Bl . 224 PA EAHT el sn, ARG n) AL
KT CIP 4% %
4.4.2 LIS EHHIL

(a) 1o{ ® (©)

Intensity (a.u.)
(Iy-D/1,

2 3 4 5 6 7 8 9 10 11 12 13 T T N T T T 2 3 4 5 6 7 8 9 10 11 12 13
pH 0 5 10 15 20 25
Cpy (M) pH

4-7 (a) 10 mg mL" UCNPs@y-CD 7E /A [A] pH F 540 nm AL %65 EAIRE ;. (b) PB
[fpi EEXE 10 mg mL™ UCNPs@y-CD E A MRHE 540 nm KSR K EE (=11, FIEEI, (Lo
NWIIE 7 EHREE, T AMAARFERER PB J& %5 E); (c) 10 mg mL”' UCNPs@y-
CD@PB A pH T 565 nm 5 540 nm 40 ()52 Y658 ELAE A IR A

Fig. 4-7 (a) Fluorescence intensity histogram of 10 mg mL" UCNPs@y-CD at 540nm at
different pH, (b) Effect of the concentration of PB on the fluorescence quenching (Io-1)/I of 10 mg
mL" UCNPs@y-CD@RhB composites at 540 nm (I, is the UCNPs@y-CD fluorescence intensity,
I is the fluorescence intensity after adding different concentrations of PB), (c) 10 mg mL’
UCNPs@y-CD@PB Histogram of fluorescence intensity ratio at 565 nm and 540 nm at different
pH.

AW FeE T RGEMRANE pH 2644 F 10 mg mL" UCNPs@y-CD 175 )6 & 5
FRIE, BRANIRIT T pH EX D60 B SR . ANFE pH TRy 980
nm ] UCNPs@y-CD 7 G5aEHAREI A 4-7()F . GREY, 4 pHEN 7
i, UCNPs@y-CD [#)%% Y650 B 5 i

PARIFER T2, BIEFE TN PB s fEFH & . £ UCNPs@y-CD@PB il %
g, REFHARYI B EAZ, B PB HkE, B2AFE UCNPs@y-
CD@PB &KL, W& 4-7(b)Fur. 4R KW], (Io-D/l, B8 PB LG N
fhn, HE 16 pM. XA 62 H T REE LG e PB G, Sa ek
PB =iz 3N, X255 UCNPs M1 PB 2 [A] FRET RV 5%, 24 PB H &
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mT 16 uM B, (To-D/I AR, KEFAIA PB FIfEREN 16 uM, it
=1 PB @ At s, Rk, %8 PBIRIEN 16 uM TS50

UCNPs@ v -CD@PB & &+ 8] FRET A& /& GEilE T 980 nm Uk 6 N K%
MR HAT 7RG Tt B 4-7(c)f87R T 565 nm 5 540 nm 4b 5 R S IE
SR LLAERE pH AL, LR E R T AN pH 245 N A kHE
FRET RUFZ 5. 5REKW, X pHIEN 78, 565 nm 5 540 nm AL LLAEH K,
UCNPs@y-CD@PB [1] FRET & /&R 4f o

=t M o
443 RR%EFE
0.16 0.14
—_— 0pM
(a) — . (b)
—_— 2 M . -1
o1z —— M y=-0.0023x+0.1239
- — &uM .
= e 0.10 4 R*=0.9928
- — 9uM
= i — i1l pM -
g 0.08 — 20pum {ﬁ 0.08 -
E 0.0
= 06 4
Z 0.04+
0.04
0.00
0.02
475 500 52\:'3 } S?ulh . :";5 600 625 M 0 20 2 0 20
YAV |l
E Ceyp (1M)
1.6
(d)
¥=0.0207x+0.6079
1.4+ ‘
R*=0,9927
= 1.2 4
-
= g
z 3T
&
E
0.8
0.6
. - : ; : r : . v
500 550 600 650 T00 0 10 20 30 40 50
Wavelength (nm) Ceyp (nM)

K 4-8 (a) FEHIN 0-45 uM CIP J5 10 mg mL~' UCNPs@y-CD@PB 7K 1 5 1 42 MR U
i (b) /£ 555 nm AbFIESMRIE CIP IR LM RIE: (o) 10 mg mL™ ) UCNPs@y-
CD@PB /KIETRAEMA 0-45 uM CIP J5 17563 ()R A Lsao/leso 5 CIP W SE LR 1%
K&

Fig. 4-8 (a) UV absorption spectra of 10 mg mL™' UCNPs@y-CD@RhB aqueous solution
with the addition of 0-45 uM CIP; (b) Linear relationship between ultraviolet absorption and CIP
concentration at 555 nm; (c) Fluorescence spectra of 10 mg mL™' UCNPs@y-CD@PB in water

with the addition of 0-45 uM CIP; (d) The linear relationship between the fluorescence ratio

I540/I60 and CIP concentration
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AW FCEIL RIGIR A T CIP IREXT UCNPs@y-CD@PB 45 4N A58 755 Fl ¢
JGERPERIEN, AESRIR TR E S M BN R . W 4-8a)fi, 1E 0-45
UM G, % CIP (380, 1RRIE 555 nm 7 A7 (05 AMRICHR 55 127 MK
XAt THEE CIP IREERIIGIN, Bk ZM PB 5 CIP KAKE, AREET
KR AYiiE. W 4-8(b)FT7R, UCNPs@y-CD@PB fE 555 nm /A7 14541
W (Asss) 5 CIP IREAFAE—ERLIER R, HEMETEN Asss=0.1239-0.0023
Cerp (R*=0.9928).

WK 4-8(c)ffin, £ 0-45 pM JulE N, 4 CIP WRFEAMIIE RIS, 12580
BHE 540 nm AW 2G A s BEEET G 0, X FEER BT CIP ATLLE 5 PB &
A oI 4G, AR TR GYIRILEG FRET 208, $Uff FRET J#55,
UCNPs 2R . T 660 nm b5 6K FABE B, FEZHT PB
I AMRISOGHE S 660 nm ALRICKGHEAES, WA KL FRET . #£
540 nm b5 G B AR R A BE AR, REANFRIKER CIP/EH T, UCNPs
TR T B BRI ST PR . SX KB y-CD (A7 /E 8 5 UCNPs R4 J7 [l it &
BAEH . X4 1R, UCNPs@y-CD@PB T /E A CIP K] R Bt AL K as .

NTESEEL CIP fEEARD, B 4-8(d)FfiiA T UCNPs@y-CD@PB 7E 540 nm
5 660 nm &M OGHREE LUAE Lsso/loso 5 CIP WREEZ AN ZRIE G R . BlE BUORER
Z 1 PB 5 CIP KA454, FRET IAEHFTHr, 1E 0-45 pM VEHIN, ZEGIREELL
1B Tsao/Tgeo M1 CIP HIMRBEEAFAELANER R, HEMETTIEN T540/1660=0.6079+0.0207
Corp (R*=0.9927). MRHZAREL 96 MG IEAE 540 nm AL IFIEIKE R 660 nm ib5e
G WA ES, ERIMARKE CIP G T, M4 LOD=KSd/m(F+ Sd
NAREZE, m SRR L E Lsao/leso 5 CIP IREMIREE, K@&EKY, EHEEE
N 3) A HER(LoD)! Y, HFE K LOD A 0.23 pM.

60



TR TR AR

4.4.5 EERIAA ERTFHAAN

054 () AP 0.4 (b)

0.3+

< 0.2

Absorbance

0.1

475 500 525 550 575 600 625 O e AP B c'“cxmi—o Mg M SO, PEI CIP
_ !
Wavelength (nm) * H0: eSO PE

044 (d)

e o o
— N w
1 1 1

Intensity (a.u.)

=
=)
il

(sg/Tg0)-(Lsgo/Tg0)o

s s
& =
1 1

T T T T T
500 550 660 650 7(')0 Blank AP Ba* Ca® CTAB H,0, Mg" Mn** SO,* PEI CIP

Wavelength (nm)

4-9 (a) 10 mg mL™' UCNPs@y-CD@PB ¥ H A 20 uM ) CIP LA K 600 uM £ Fh T
WR (AT, Ba®'. Ca®*. CTAB. H,0,. Mg®>'. Mn®". SO,*. PED)JG7E 555 nm AL 4£4)
WRSOEEE ;s (b) I CIP Bl J& sl HARF P )58 AP SR AR (c) 7E 980 nm UK T
10 mg mL" UCNPs@y-CD@PB ¥ H AN 20 uM K CIP LL A2 600 uM & FF 345 (AP,
Ba®. Ca’". CTAB. H,0,. Mg*. Mn*". SO, PEDIZEREGIE: (d) i CIP 2}
b = A 5 1) 7 't i 5 AR A AR B (Tsao/To60)-(Lsao/Tes0)o. ((Isao/Teso)o 9 ER 46 5 & UCNPs@y-
CD@PB, Is40/Ise0 N 20 uM CIP 5K, 600 uM At TP 1 FI R A58

Fig. 4-9 (a) UV absorption spectra of a 10 mg mL™' UCNPs@y-CD@PB solution with the
addition of 20 uM CIP and 600 pM various interfering substances (Al’", Ba>", Ca>", CTAB, H,0,,
Mg*", Mn*, SO,*, PEI); (b) Histogram of UV absorption changes before and after the addition of
CIP or other interfering substances. (c) Fluorescence emission spectra of 20 uM CIP and 600 uM
various interfering substances (A13+, Ba2+, Ca”, CTAB, H,0,, Mg%, Mn2+, SO42', PEI) added to
10 mg mL"' UCNPs@y-CD@PB solution at 980 nm excitation; (d) Histogram of fluorescence
emission changes upon addition of CIP or other interfering substances (Is40/Iss0)-(Is40/Is60)0-
((Ts40/Tg60)0 1s the original strength of UCNPs@y -CD@PB, and Is4¢/I¢go is the strength under the

action of 20 pM CIP or 600 uM other interfering substances).
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NVEAE TR EE ) FRET MR &% CIP kil e Btk . At FUEAT F- e sl
W, CIP WKEEAN 20 uM, FfF T (Ca®'. AP Ba**. CTAB. H,0,. Mg,
Mn*". SO, PEIN 600 uM (30 f5). MK 4-9a)f(b)al LLE H, A CIP J&
UCNPs@y-CD@PB 7£ 555 nm ALHTEE ARSI R AR,  Foft 5 W07 J5ox 22
JCE A MR R SRS B A B R . WE 4-9(c)FI(d)Frx, A CIP J&
UCNPs@y-CD@PB £ 540 nm 4t [)75¢ Y658 5 B B0, (Tsa0/Tss0)-(Tsa0/Tseo)o tFE
Z W, AR W TR A R SO LA R . 4
REW, ZFNE AR CIP BB g HEME. Bk, UCNPs@y-CD@PB
ZNARIREN AT Tk CIP B B A I
4.5 SEBRAF cte
4.5.1 E AR SEPRFE S R BRI 1D 2 R4

7 4-1 bRk CIP Iz A I

Table 4-1 Fluorescence detection of CIP in spiked water

A MW CIP %N CIP K CcIP WwE RSD

(M) (kM) (kM) (%) (%o, n=5)
B kK 0 5 4.89 97.8 1.85
0 10 10.2 102 3.31
0 15 14.9 99.3 2.73
7K 0 5 4.92 98.4 3.39
0 10 10.1 101 3.15
0 15 14.9 99.3 1.98

AT T BT R IO RE R KR CIP AT e sk, RGIPAL T
FITIER A R W M Re i br . HERRTE. A VEREREME. W CIP 19 [Elig
N 97.8%~102%, Frllgs HAAHNT %% RSD N 1.85%~3.39%. FrftfziR
R, FrE SUERER T T K CIP R .

4.5.2 5EAM I ERRIXTEE
S HASCHR, XS PRE A R AT LU, X g Rk 4-2 B
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R 4-2 55 HoAh SCR XS B

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

Wt LiEvaE A9 BR SCHR
bt ik 50-200 uM 0.029 uM Li et al. (2024)"""
SF-CQDs/CuAgNCs 5-200 uM 3.3 uM Kang et al. (2024)!'7
GO-SPCE 1-8 nM 0.3 uM Pan et al. (2021)!'"!
ZnS-PANI 0.75-50 uM 0.5 uM Ali et al. (2023)!""!
CD 10-100 uM 0.56uM  Chaudhary et al. (2023)"77
CD/riboflavin 0.5-200 uM 0.13 uM Lu et al. (2019)1'%*
UCNPs@y-CD@PB 0-45 M 0.23 M K TAE

BeAh, R 42 gt T ZARE 5 22U T HAREREH I CIP XS EE. A
KPR M, BT mds R CHaE s, BA &Sk
FORG B o
4.6 512

A IR T RGN CIP () FRET 20GAEES . AE1%REH,
y-CD &1ifl] UCNPs FIfEREE bk, PB /EN—FiEER 20, AT F & A
HAEH#E y-CD A2, Mifi4i%E UCNPs f1 PB 2 [Alf{EE S, AEE M UCNPs
2| PB, 33T UCNPs KPR AER K. fEARRPINA CIP J5, CIP AJLL
W5 PB KA n-IT faf % 458 & 25 VA T K48 S VIR FEAS FRET (8, FRET
R T, UCNPs MK . A ZOUERTE, WTRLEEHT
CIP sl .
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50 8N EL

ASCLL FRET HLEELNERE, &t T =M T eaekifg, MR e
AT AL B

1. # TPyP 5 Cit-UCNPs &5 &, B HHAIZLYRALIKES, FFE Cit-UCNPs
5 TPyP 2 [a] k4 FRET M. Z%#F%r Cit-UCNPs 78 4R &ALk, TPyP 78 4ft
w2, TPyP AILLELE M E/EM S Cit-UCNPs 454, fif Cit-UCNPs 5
TPyP 2 [H]IBEES 28 3fE, FRET IFEARAE, FEHEEM Cit-UCNPs #F% 2| TPyP,
Cit-UCNPs )58 6 K AR K . 4R, T TPyP Ml paraoxon 454, FRET id#%
W& % paraoxon [0 N TMIK 99 . Cit-UCNPs [ 5% )¢ K AW E o 1% A% K 28 %t
paraoxon H. 75 B 1) R GBUERE RN, LN EEA 0-8.6 uM, KHIRN
0.20 pM. 1% BRI CPURIRER S R T4 75 S 4 1 5k B ¥ paraoxon,
IR T REHE SEBR R T R 7

2. Cit-UCNPs 1ERfig @k, RhB ENREEZME, Cit-UCNPs 7E 540 nm
WA TR BRI K ST, RhB 7E 550 nm A2 456 — /56 (0 AN X, Jld 3= 2 4 AH
HAERBE R CP6 fdt, MIiM4i% Cit-UCNPs 55 RhB 2 [AlfFE S, fEEM
Cit-UCNPs [} RhB ¥, 33 FRET &M K4, Cit-UCNPs 68K, RhB
PWNCHREIR ., 296 Ins 2 T INAF] Cit-UCNPs@CP6@RhB & &4 1}, RhB
B Ins B, PG . B, #EE T M EERN Ins BAEYMLESE G %58
JCEEMEHE 0-10 pM JEENXS Ins B RIFAEFRIEM R BUE, R RICE
0.32 uM.

3. UCNPs fENREREMEAR, PB fENAER /K, UCNPs 7£ 540 nm 40 45m
(R ST, PB7E 540 nm /245 A — A6 R AMRILIX, 5 UCNPs B2 R 51
WA ES, y-IHE(-CDWEAERARTT L4if UCNPs 5 PB Z[AJFRE, 3
B FRET 2% 4, fEfEM UCNPs ##2 5] PB, UCNPs KPR, {EAA R
N CIP J&, CIP A L@ 5 PB K4 n-TI 2 4% A28 OME T T /K (48 Aok I
% FRET #(., FRET 2P+, UCNPs [tk . ZALEasxt CIP Af
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B i R AR, ZeEma NG Y 0-45 pM, A PR 0.23 pM. AL
HWE O &, " LERM Ti5KH CIP K.

52 FBE

UTAESR, UCNPs BRI AR 162 R ke, W51 T RSkl 22 (A 7038 %
o XLRFEASE RIF DGR E A R e . WEFER . BIKKE K
R BN IR BN L AR, 5 312 76 7% 4 MR/ 3 49 S5 v 3R AR
5. &4, UCNPs O/ 2 M H TR B A ZHEERE. AWM.
JCHVRTT . GBI IIIRIT MU, R R AERREVR T T UG TT B T R
k.

HAF—F52HI/2, UCNPs A 5 Al L7 24 2 B BB AR, 8 b 1 Ot
MR FIN TR, XA Ee W R AR T A A A R . E
#E—2F, UCNPs 0] LIRS AR AP R 75 R BEAT Bev- Fle ), e 7 HAERR
AR RS 7. BEAE M OCHOR AR AR, T3 — SRUERs 20 Sk W7 1 Tk
DA UERE 2 AR RE VR YT 1 K B8 2 B il TR DT

BT FRET KB AR RA REE . msipR, (B S mes, &
AR RN T R 2 . EAMERT TIZWERR I, e Ak TR T RCR,
MR T A 257 MV R g

5T FRET H) UCNPs BERGH ) Z RIS G T, Feil @& e VB 5 .
Bln, ESEE S FASIH, FIH UCNPs R @tk el E AT A i)
BT, MEHEA BER 7. Beoh, ZEORWEEN M T4 AR . Jhe 5 1112
Wi, FREETS LI DL R i e e 2 U BRI AR, R
FRET A R REH 2 82 WAl i i (i S 2 T A

ASCLL FRET HLEEONFEAY, it 7 = A F B UCNPs ZOGA0KIREE, Fré
JH) UCNPs SR O DX SRl i AT 7Rl (TS ORAEAE — S R IR, 4
BRI KEHZE, RIS TR B Z = &5, B, KR
TR B PLEIL R UCNPs FIR AR W5k FRET il F2M0R0CR . FEAR I 2% pliAS
ST . RIS, WA R e FRET SRS HAE I H R i, Gk
Vaie, MEZYEE., sEEElTE, WRARKESTK—AHEET .

g S H
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