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HWE.a¢ MHE—+ M L4 H25 K Bk (upconversion nanoparticles, UCNPs) 5 5% B4 #% *B % ( chondroitin sulfate
CS) % 42 693484t , 7+ Z AT 40 B.J% (hepatocellular carcinoma, HCC) -F814 W69 77 ik, F ek vh & =82 = BB (adipic
acid hydrazide, ADH) A #7 % , # % UCNPs-CS 484, #2£,CS £ 1-(3-=—F R/ AR L) -3-T &3 = T e 2 ig 2
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X500 wg/mLE} 24 h G o9t e % R R T 60%) , LR BRGLRFiEN, T RN HKT G ERRME, FRED
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Construction of polysaccharide probe based on upconversion
nanoparticles and its application in tumor bioimaging
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Abstract: Objective To develop a probe for early diagnosis of hepatocellular carcinoma ( HCC) by connecting upcon-
version nanoparticles (UCNPs) with chondroitin sulfate (CS). Methods The UCNPs-CS nanoprobe was constructed
using adipic acid hydrazide (ADH) as a bridging agent. First, CS, which exhibits tumor-targeting properties and serves
as the targeting moiety of the probe, was functionalized to synthesize CS-ADH under the catalysis of 1-(3-dimethyl-
aminopropyl ) -3-ethylcarbodiimide hydrochloride (EDC) and N-hydroxysuccinimide ( NHS). Subsequently, NaYF4.
Yb,Tm@ NaYF4 UCNPs with a core-shell structure were prepared via a solvothermal method. The synthesized UCNPs

exhibited fluorescence emission bands around 800 nm, making them suitable as fluorescent reporters for in vivo imaging.
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The UCNPs were rendered water-dispersible through polyacrylic acid (PAA) surface modification and then conjugated
with CS-ADH via carboxyl-amine coupling to form the UCNPs-CS nanoprobe. The morphology, optical properties, and
chemical composition of the UCNPs were characterized using spectroscopy, nuclear magnetic resonance ( NMR),
transmission electron microscopy (TEM) , and other analytical techniques. The cytotoxicity of the probe was evaluated
via MTT assay. To assess the probe’s in vivo imaging performance and tumor-targeting efficacy, hepatoma-bearing
mouse models were established. Furthermore, the activity of different antitumor drugs was evaluated using in vivo ima-
ging. Results
35 nm and a shell thickness of about 3-4 nm. They had good dispersibility in water. The constructed UCNPs-CS probe

The prepared UCNPs with core-shell structures had uniform morphology and size, with a size of about

had good luminescence performance ( excitation wavelength 980 nm, fluorescence emission wavelength 800 nm) , cell
compatibility (cell survival rate greater than 60% after 24 hours at a concentration of up to 500 pg/mL) , strong tissue
penetration ability, and could achieve in vivo imaging at the animal level. The imaging results of liver cancer mice
showed that the constructed UCNPs-CS probe had good tumor targeting ability, and the imaging radiation intensity was
positively correlated with tumor volume. Conclusion The UCNPs-CS probe provides a new tool for early visual
diagnosis of HCC, and also provides a new idea for the activity screening of anti-tumor drugs.
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1.1.1 FERH

CS(ZHE> 99.0%) W A M & R AE L TA R
], Y(CH,CO, ) -4H,0( £li>99.99%) . Yb (CH,CO, ), -
4H,0( 4li#>99.99%) . Tm ( CH,CO, ), -4H,0 ( 4[i J¥
>99.9%) W AT TR —HiMEE R AR, & R —
kM ( adipic acid hydrazide, ADH, 4fi % >99.0%) .
1-(3- — B & 36 3 ) -3-2 ik — B £R R R

[ 1-(3-dimethylaminopropyl ) -3-ethylcarbodiimide hydro-
chloride, EDC, 41i [ > 98.0% | . N-¥% 3 5% 311 it V. fi
(N-hydroxysuccinimid, NHS, 2 ¥ >98.0%) .1-1+/\
% ( 1-octadecene, ODE, 4fi & >90.0% ) . B N 4 2
(polyacrylic acid, PAA, Mw =3 000,50% 7/KiAEW ) .
ROR T HE (21 >98.0%) ¥ [{ LRI hr T A4k
B FR 2~ |, iR (oleic acid, OA) .NaOH
(4ifE>96.0%) NH,F (4% >96.0%) . T % 5L i
24N ( sodium dodecyl sulfate, SDS, 4% >97.0%) .
WO be | Sl [ 245 A AR A R A E], T
NIk = H L VR AL &% ( cetyltrimethylammonium bro-
mide, CTAB,4i/%>99.0% ) g A KET Kb 248
T, NH, -H,O (4l 25% ~28% ) W [ RStk
i TARA A, PR A RET S F TARA
"] HCI( 46 36% ~38% ) W FI 3 BH 7 el Ak T4
BN ], BRD (26 >99.5% ) W F R ik T FR
AT, Bk LB (L >99.0% ) W F 42 skl A
PR\, 25 B oK BCA € Milli-Q 267K & 4,
RPMI 1640F0 [ifi 7 [1 fi-- EDTA I [ 3% [& Thermo
Fisher Scientific 2 &), fifi 4 1L 35 W8 B #7 VTR A AE )
BHEA AR, 78R -85 R WA MTT 41 i
B A PRI R S A st RS A A TR
O] AR | 5-38 R 1% BE ( 5-fluorouracil, 5-FU) ) H
K [H Sigma AT,
1.1.2 FEUE

HT7700 #4315 5} B, - i 73 6% ( transmission elec-
tron microscope, TEM ) W [ H 7. & Hr £ K 2 A
(HITACHI) , Smart Lab 3 kw #5730 #F X B A7 5
(X-ray diffractometer, XRD) Il [ H A< 2 2= B AL B
441, Thermo Scientific Nicolet iN10 % f# H -7
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52 S 21 AN A ( Fourier transform infrared spec-
troscopy, FTIR) I H 3¢ & 3§ 2L € /R BH A #],
Bruker AV600 R HARIEHY (nuclear magnetic reso-
nance spectroscopy, NMR) 4 [ 78 [ 4 & s Bl 47 A Al
FluoroMax-4 /5 REELE ZOEEREY (980 nm k)
I H H 7K Horiba /7], PerkinElmer IVIS Spectrum {%{A&
BURF G0 B R FE a5 R ERIB A A PR A

1.1.3  SEEsh)

HEPE KM /NERL 40 H IAT R 22~26 g, 10 A |
TS LI S A R TR AR, AR A LA KR
S BB S YR B A ZE 5L S UE (SYXK &
20190005) ,

12 Fi&
1.2.1 5EFR R
1.2.1.1 NaYF,: 20% Yb, 1% Tm )& hL

FIFZFIFGE il NaYF,: 20% Yb, 1% Tm(fA]
5H NaYF,: Yb, Tm), #HL Y (CH,CO,), - 4H,0
(3.16 mmol) \Yb (CH,CO,), - 4H,0 (0.8 mmol ) , Tm
(CH,CO,), + 4H,0(0.04 mmol ) F* 500 mL = [,
B 40 mL OA i1 60 mL ODE,i&# N, 20 min J& , i
PEIFE 160 °C , 4542530 minfdf [§ 14 58 4 9 O 1R
E¥5], AR H EE , A E&A 10 mmol NaOH
A1 16 mmol NH,F A9 40 mL HBEATR , 76 N, (-9 F
THEZ 50 °C [ %40 min, 4E2: THE 2 110 CHE1k
A B R O 2 295 C U 90 min,
RIVESH G e B, INATCK B ESOUTTERL
Wa R, 138 [ K NaYF,: Yb, Tm,
1.2.1.2 NaYF,: Yb, Tm@ NaYF, &

B 2 mmol Y (CH,CO,), + 4H,0 F 250 mL =
FBefiis, A 12 mL OA i1 30 mL ODE, i A N,
20 min, FEFEIMIAE 160 T , -HF 30 min fff [F A 5E 4
OB GIA], AR EIZE 80 C, AW H A
SECE 12 mL SR EH ) 3 mmol NaYF, : Yb, Tm,
Pi+k 30 min, HAR IR %2 50 T, iMA 10 mL &4 5
mmol NaOH FI 8 mmol NH,F ) H B, 76 N,
P47 B 40 min, BHITHEZE 110 T, FHEZE 300 C
SN 90 min , LW G5 H G S HI B E R, AT K
Pt B U UTE BT , $5 8 1 A BIA% 5E 45 44 1) [T 44
NaYF,: Yb, Tm@ NaYF,,
1.2.1.3 NaYF,: Yb, Tm@ NaYF,@ PAA HJ& i

B 80 mg 1.2.1.2 Hil & 1A A5 HF 2 mL ¥R
e A 20 mL % 0.1 g CTAB RYZEREK , I 21
FEEIR C e 15 & W CTAB E) 3ii i 41 8, fin A
45 pL 2 mol/L NH, - H,0,30 pL 0.2 g¢/mL PAA /K
VW, B 43 HE 30 min 5, FE AW RE T 2 A

40 mL 5S¢ EE, FHZE TR K VR B0 5 8 VR T 45 2
NaYF,: Yb, Tm@ NaYF,@ PAA [fl{4
1.2.1.4 CS-UCNPs-Tm AY4 ik,

/5 A L CS-ADH,, #ERfiFRIL 100 mg CS & T
&K, A 400 mg EDC #1 58.5 mg NHS, H
HCI 875 pH & 6~7,37 C/KIBIHALREE 15 min, i
A 880 mg ADH ¥ 95 pH £ 6 ~7,37 C /KU I
24 h,7KiENT 3 d(#BT5> =4 000 Da) , {2 VR T4
33 [F & CS-ADH,

4 W CS-UCNPs-Tm, FKHU 100 mg NaYF,;
Yb, Tm@ NaYF, @ PAA, Jill A & 7K 3 8 75 43 B
45 min, #XHL 80 mg EDC F1 11.7 mg NHS, i T/ &
K IMAST Y NaYF, : Yb, Tm@ NaYF,@ PAA
IKVEW, BB REA A, 37 °C 15 min Ji&, K5 %5 FREL
100.0 mg CS-ADH, 37 C, #if# 24 h, b 45 ) )7,
5000 r/min#L> 10 min, J IS, KET 3 d(#E
rF i =4 000 Da), ¥ U T 415 3] CS-NaYF,:
Yb, Tm@ NaYF,@ PAA(f#5 #y CS-UCNPs-Tm) [&l{45
1.2.2 A dEral

I MTT S22 5~ 500 peg/mL Ji ik
FilPN CS-UCNPs-Tm 441 %F Bel-7402 41 g (1 85 14
96 fL Atk 1 I & L X L AT 5.10,25,50, 100,
250, F1 500 wg/mL # i L, BOWE A K0 rY TR
JIFE 2 Bel-7402 , £ R B AL)S , In A PIAS R FR
PR 240 L 50 A5 R B 24 19 4K, 800 t/min 200> 5 min,
AN 8 2 AR E B B, LA 8 000 />4 e/ fL
FERD T BRIAZAFLAME 96 FLAR 1, e de P i 96 £L
M F 37 T 5% CO, 18 53756 T b5 75 2 400
BE BRI 430 1] JE LR BEFL A A 100 pl 5¢ 4>
YRR IR, RE S F LR YOI A R 5 4k 11 CS-UC-
NPs-Tm #5380/, ARG =47 IF R 12,24 h
Jo WU IE 5 KR AL T W, FHJCTA PBS Y% 2
W, BJa, &L A 90 wL 5841532 LM 10 pL
MTT A, RS AE IR S R A6 A 4 h, U &
FLINA 110 pL Formazan ¥ fif W, 76 F2 IR AR P
%10 min, FHEFFRYTE 490 nm ASFE IR G H .
1.2.3 sh¥yrsts

W52 95 )5 1 H22 /I BRUFF 98 40 A E i B 5% 107
A~/mL A0 B, I8 s T 4T 200 wL TR,
16 25 CIEHHEE R 7 d, f5/ N RUE B &4
H22 AIAEAIAE K S, EUE K T 25045, 1 000 r/min
B0 5 min, 1 0.9% A= FLER KPR 2 WK, 5 L,
0.9% £ BREL K FE & 1x107 4>/mL A48 IR,
INEESF R B2 T S 200 L, @55 6 d 224, BB AT L
FERRERALIE B 70 mm® (R B, 3% B b e A 7R A
B, P TR 2505
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1.2.4  FREFLE MR LA ) v
1.2.4.1 g2 W

PL0.9% 4= BEER K ), ¥ CS-UCNPs-Tm 45
FHBCHI S mg/mL VAR, SR 3 HR R/
[ () far 98 /0N B, R e K 3 0.2 mL SREHR WS, 4%
SE T /N Sh W T R AR R G b AT S, 4 BT
1530 min, 1.2 4 .8 .12 .16 .24 36 .48 172 h WELHf:
LU R A AE /N BROR N 1 BRI L, 5 R R
CS-UCNPs-Tm F14 it $#18 [ia) 44 Ko FLAE g 38 47 1) 4%
WP, R K R 980 nm, B2 K A 800 nm,

VEHR 5 i/ N, BT 3 L A AR R B AR
R, R EEFIKEST 02 mL FEHRE N 5 mg/mL (1)
PREVVAW, 2 h 5 Al /NSl ) L AG A R AT I e AR
HFFEATIE KM /MRS INS IR AR G R
1.2.4.2  HulbiE 259 M i 51

T e A B A T B AR — B0 15 H AR
KM /N, BERLAT A 3 2. 28 O IR R4 5-FU
M, RE s K, 25l s A LAI4A 2 mg/kg , 5-FU
25 mg/ kg 25 25500 1 B R M s v 4 0.2 mL, %5 I X
R B R MG s 3 5 0.9% A= BEER K 0.2 mL, 4 KXt
/N B AR J5 2t R o e AR LR A 7000 i OB E AT 1 A2
b, #5582 10 d Je , B /NG B #IKESS 0.2 mL i
R EE A 5 mg/mL AIHEEE CS-UCNPs-Tm, BRI 5

.2 |

AT AE AT T 25 F 3617 FTIR RAE, 458
7~,5 OA 17 1Y NaYF,: Yb, Tm@ NaYF, i,
NaYF,: Yb, Tm@ NaYF,@ PAA ##KH7E 2 855.01 cm™
F12924.64 cm™' BHIE Y C-H S 27 iR 31 W i gk 557
JFHAE 171679 cm™ B =42 T80 C=0 SR h4nd
Bl T PAA DI TE NaYF,: Yb, Tm@ NaYF,
L, WK 2A,

CS 1 CS-ADH [ FTIR #F45 B BR, 5 CS
HI ., CS-ADH (1) C=0 Mi4iZ s 1 603.19 cm™ i@

| Wom| g 8 Pt i W

K1 NaYF,:Yb, Tm(A) NaYF,: Yb, Tm@ NaYF,(B) #l NaYF,: Yb, Tm@ NaYF,@ PAA(C) i H55 18 (45X 4 200 nm)

Figure 1 TEM images of NaYF,: Yb, Tm (A), NaYF,: Yb, Tm@ NaYF,(B) and NaYF,: Yb, Tm@ NaYF,@ PAA (C)
('scale= 200 nm)

HT/NYIER AR ST LR BT 3 4
KM /NMRBYBAGAE DL . BURSS G | i) 3 /N,
U T e 0 b e AR 25 5 TS AR BUR S5
PRI} CS-UCNPs-Tm R EFTEVEAN BT I8 245 90 (9085 7k
J7 R A
1.3 SitFEaE

K H SPSS 21.0 Geit2# M, A Edi L x£s
FIR R 5 0 5 50 1 7 22 40 BT LU A [m] Ak B
PRI 2V FH IS A (] B[] 57, 200 JH 355 07 R o 6 B oK 22
S, B AN AR I o 22 5 5 /N ERURE R FR A
HR ORI LU SR R 2R 07 2250 B R E B X 27 4E
t K, KK UE a=0.05,

2 # R

2.1 IRETEMRIE
L AR AR B B B 4 4 K R T NaYF,
Yb, Tm 75, JESHE— , RSFTE 35 nm £247 ; #%5¢
SRR NaYF,: Yb, Tm@ NaYF, (5¢)2 R 21k
3~4nm RifEH5) R T REGOR R RS 2 KR rh gk
IR SL RN, ABFFE%F NaYE, . Yb, Tm@ NaYFE, #47
PAA fiiAbAbEE #5587 NaYF,: Yb, Tm@ NaYF,@
PAA S RAE, I 1,
» “ © .-L: g e

o Ji

#3501649.71 cm™ , [RIBFAE 1 551.85 cm " Ab R T
-N-HE 2 i 4 s, X & CS Hil CS-ADH 1 i it
J2 A B e I B 25 R, UL 2B, 34, 'H NMR
B~ ,CS His a B2 i fe ol 1.94, /03K CS h
SRR H A 2E R AE 3.50 ~4.67 N 1Y
W J& CS B E R4 H; CS-ADH Hhile b Tl ¢ L3R
ADH FRFFANE 3L F 9 H, R CS F H Agfb2pEREs
BT A A Bt K A T ARk, BT RASE ]
PLFIBE CS Fl ADH 28R T /S Zh s Be, Wik 3,
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K2 FTIR &
A:NaYF,: Yb, Tm@ NaYF, #1 NaYF,: Yb, Tm@ NaYF,@ PAA; B.CS #1 CS-ADH,
Figure 2 FTIR spectroscopy spectra
A; NaYF,: Yb, Tm@ NaYF, and NaYF,: Yb, Tm@ NaYF,@PAA; B: CS and CS-ADH.

A 2.2 IREEFEMERRIE
PO . HOU G B R, % 980 nm W%, NaYF, -
Yb, Tm (& $1H FEEHTE 475,650 L) S 800 nm
3T, 2 %t i F 1D2—3F4 . 1D2—3H5 . 1G4—3F4
Lo HYRESIRT, W 4A. 5 NaYF,: Yb, Tm L, &
5 4 3 > i 5 FC45H NaYF, : Yb, Tm@ NaYF, b5 i i i
B = EHER 2N RRY 17 15, PAA RiE RS KR
D,0 R B A B AR B B ERR A ek, (EATh
PR TYKAE NaYF, : Yb, Tm () L &G,
WK 4B, 5 CS-ADH HERJG , M R L0 & G
. JE BB , (05 A S 4 B A B Y CS-NaYF, .
C
S o Vv NV E— Yb, Er@ PAA Hl b, H & G50 B 0 g 3 i | W T 1
K3 CS(A)FI CS-ADH(B) HJ'H NMR [&l 800 nm Ay, Hid A /N e s AR A%, ULIEL S,
Figure 3 '"H NMR spectra of CS(A) and CS-ADH(B)
A B
NaYF,:Yb,Tm
NaYF4:Yl),"l"IT|@NaYF4
5 NaYF,;Yb,Tm@NaYF,@PAA
=R & | =——CS-UCNPs-Tm
W | = o T N M 758 ¢
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4 BEHGE (A, =980 nm)
A:NaYF,: Yb, Tm; B:NaYF,: Yb, Tm NaYF,: Yb, Tm@ NaYF, NaYF,: Yb, Tm@ NaYF,@ PAA il CS-UCNPs-Tm,
Figure 4 The UCL spectra (A, =980 nm)
A: NaYF,: Yb, Tm; B: NaYF,: Yb, Tm, NaYF,: Yb, Tm@ NaYF,, NaYF,: Yb, Tm@ NaYF, @ PAA and CS-
UCNPs-Tm.
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Figure 5 The comparison of UCL intensity between
CS-NaYF,: Yb, Er@ PAA and CS-UCNPs-Tm
(A, =980 nm)
2.3 RS MEIRE
£ 10 ~ 500 wg/mL Ji 7 ik & v Bl 9, CS-UC-
NPs-Tm 5 Bel-7402 4fijffd 737 4L05 5 12 fi 24 h J5
AMIAAIE R ITE 60 % LA b, HY PSRBT BT8R A
5~25 wg/mLEF, 12 h 4119 240 A7 76 % 5 F 24 h 4
(F = 14.971,P=0.008 ; F 1y = 34.438 ,P<0.001;
F,;=4.928,P=0.005) , LKl 6,
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H L )
Figure 6 Cell viability of Bel-7402 cells incubated with CS-
UCNPs-Tm for 12 and 24 h, respectively
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JFEFIKTE ST 30 min J5, iR 07 FF 4 3 2R
WS b 4 k6, AE 2 h B B e R M S B T
Wik, 75 48 h I IAT b T S 1R TR, 72 h 5 B il
PLE BRI CR B . IR, RRIKTES 2 h
PRET R ) e st TR i R, S AR iR A 4 20
XiF EC AT AL, riil 45 1 CS-UCNPs-Tm %4 HA R 451
SRR I, S5O0, i T IRET A AR SR BRI, B 7
PR ARER , B AT/ N Bl s ot B T — e R Y
J6, W T,
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7 FRERIKIEST CS-UCNPs-Tm #R6HG R0/ BUZE S ) 0 % (A) RIS SRR AIACR (B) ( Fpypge = 3.516, P=0.197,
F s = 15.962,P=0.023; "P<0.05, “"P<0.01, **"P<0.001)
Figure 7 Imaging ( A) and radiant efficiencies (B) of tumor bearing mice at different time points after tail vein injection of CS-
UCNPs-Tm probes ( F o e =3.516,P=0.197; F =15.962, P=0.023; "P<0.05, ""P<0.01, """P<0.001)
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Figure 8 Fluorescence imaging images (A) , tumor sizes (B) (F=114.131, P<0.001; "P<0.05, “"P<0.01) and radiant efficien-
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Figure 9 The imaging images (A), tumor volumes (B) and weight change curves (C) of tumor-bearing KM mice injected with
CS-UCNPs-Tm probe through the tail vein in the blank control group, cisplatin group and 5-FU group
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