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Abstract Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized by memory loss, confusion,
and a variety of cognitive disabilities. The self-assembly and aggregation of B-amyloid (Ap) peptides is a main feature of the
brain of Alzheimer’s disease, which can aggravate the nerve damage and cognitive impairment of AD patients. Therefore,
inhibition of the aggregation of AP peptides is recognized as a potential strategy to alleviate AD. Photodynamic therapy
(PDT) is a creative method that has wide applications in suppressing amyloid aggregation or eliminating the amyloid aggre-
gates. However, most photosensitizers are excited by ultraviolet and visible light, have a low penetration depth in biological
tissues, and cause serious tissue damage, which limits their application in biomedicine. Herein, we report a dual-targeting
upconversion nanoprobe excited by near-infrared light to inhibit the AP aggregation process. The core-shell structured up-
conversion nanoparticles NaYF4:Yb,Er,Gd, Tm@NaYF; are used as light converters, and the photosensitizer chlorin-e6 (Ce6)
is loaded through the hydrophobic coating of the amphiphilic polymer 1,2-distearoylsn-glycero-3-phosphoethanolamine-/N-
[maleimide(polyethyleneglycol)-2000] (DSPE-PEG-MAL). A blood-brain barrier targeting peptide, TGN, and a A target
peptide, QSH, are simultaneously modified on the surface of nanoparticles via the specific reaction between maleimide and
sulthydryl groups. The results indicate that UCNPs can transfer the excited-state energy to the photosensitizer Ce6 through
luminescence resonance energy transfer (LRET) process under the excitation of near-infrared light irradiation. After transition
to the excited state, Ce6 further interact with the surrounding oxygen molecules to produce singlet oxygen (102) and irrevers-
ibly oxidize B-amyloid, thus effectively disassembling AP aggregates and reducing the cytotoxicity associated with Ap. In
addition, UCNPs-Ce6-TQ not only exhibits good biocompatibility, but also can effectively cross the blood-brain barrier and
target AP42. This nanoprobe may be a powerful tool to inhibit the accumulation of AP in the brain and alleviate the neurotoxic
damage caused by Ap.
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Figure 1 The mechanism diagram of the upconversion nanoparticles with dual-targeting and loaded photosensitizer to inhibit AP aggregation under
near-infrared light irradiation. Under near-infrared light (980 nm) excitation, the upconversion nanoparticles emit 655 nm visible light to excite the photo-
sensitizer Ce6 to produce singlet oxygen ('0,) to irreversibly oxidize AP peptides, thereby effectively disassembling A aggregates
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Figure 2 Transmission electron microscope images of (a) NaYF,:Yb,Er,Gd,Tm and (b) NaYF4:Yb,Er,Gd,Tm@NaYF,. Histograms of the size distribu-
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Figure 3 (a) The UV absorption spectrum of the photosensitizer Ce6 overlaps with the upconversion emission spectrum of UCNPs-PEG in aqueous
under near-infrared light excitation. (b) The upconversion luminescence spectra of UCNPs before and after loading the photosensitizer Ce6. (¢) UV-vis
absorbance spectra of UCNPs (1 mg/mL) loaded with different concentrations (0~110 pg/mL) of Ce6. (d) Comparison between the UV-vis absorption
spectra of UCNPs-Ce6-TQ, photosensitizer and the two peptide chains labeled with the dyes
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Figure 4 UCNPs-Ce6-TQ photooxidation inhibits AP aggregates in vitro. (a) Fluorescence intensity of ThT at 480 nm. (b) Circular dichroism spectrum
of natural AP peptides and A peptides co-incubated with UCNPs-Ce6-TQ under dark or near-infrared light conditions. (c~¢) AFM images of natural A
peptides (20 pmol/L) and A peptides co-incubated with UCNPs-Ce6-TQ in the dark or under near-infrared light conditions. DLS particle size distribution
of (f) natural A peptide and (g) AP peptide co-incubated with UCNPs-Ce6-TQ under near-infrared light irradiation
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KA Z 78 o i e PR e D (W S15), X REZH AR A2
T #E A BRBE A UCNPs-Ce6. W1 5b fiTs, 47.08%1)
UCNPs-Ce6-TQ % i bEnd.3 i -3 N F = (BL). K%
TGN f&1fiff] UCNPs-Ce6 JL T AR %t A4+ BBB 7.
AN 2B ZZ B, UCNPs-Ce6-TQ HI T1&M5 T TGN RL T fE
A 2005 o i i o e
2.7 UCNPs-Ce6-TQ #lill AR RS 24
97 5E UCNPs-Ce6-TQ Xf AP SR EE AR L it 75 12 1)
S, AMER T 3-(4,5- - F3E-2-MEM)-2,5- 2R
A D G0 W I 3 (MU TT) 20 BT 92 SR A0 O B8 6% 40 e e 4
Mu(PC12 A AFaERE . B %, BATEI T UCNPs-
Ce6-TQ X PC12 A A M ER 1, #5E T ORI RINAE
A YE. WA 6a fiss, UCNPs-Ce6-TQ 7E 0~0.5
mg/mL [5G FE P o 80% LA 4l U 7735 2%,
IEB] UCNPs-Ce6-TQ H A RUFIMAEMFRME. 2 )5, &
fIT9FA% T UCNPs-Ce6-TQ X} AP KA SR 1)
Rfgne /1, WK 6b Fiw, HT AR HRMARL4E1E S
I E B, WS BIIATIEHR KT AR REARS
H; PCI2 HIAEIE KR 40%. BE 5 IS R
UCNPs-Ce6-TQ FEfh 5 AR REAEMRILIG & 5 7F B HE 14
T AHBAE T N 40.81% 42 =1 2] 47.46%. HL[FIEE AB
FHERE UCNPs-Ce6-TQ TEILZ4ME(980 nm, 0.76
W/em?) RE AN [F] ) 8] J5 4B A TS 2R 3 m &2 70% A B (]
S16). AR B 5AF WK UCNPs-Ce6-TQ 7EIL LI 4
(980 nm, 0.76 W/cm?)[I& 5 25 min, &EJEIE 5 min [B]FE¥4

(b)

504

404

304

Permability/%

204

104

UCNP-Ce6-TQ UCNP-Ce6

Bl 5 (a) #A4h 5 A A R 2 K. (b) UCNPs-Ce6 £ UCNPs-Ce6-TQ K44t BBB 15351
Figure S (a) Scheme showing the design of the blood-brain barrier model. (b) /n vitro BBB permeability of UCNPs-Ce6 and UCNPs-Ce6-TQ
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204 204
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Concentration/(mg-mL") frogal - 005 o1 02 03

Bl6 i/ MTT 4 HriTf UCNPs-Ce6-TQ HIAE MM ZE HEAIIT 2L MR IR N UCNPs-Ce6-TQ 5t AP k5 5 M4 A EE ML E . (a) AFREE (0.
0.1. 0.2, 0.3, 0.4 #10.5 mg/mL) UCNPs-Ce6-TQ 15 PC12 Al & J5 4HMIAF G247, (b) RIR AB Ik A K £ UCNPs-Ce6-TQ ALEE 1) AB

O SR B £ AN IR 4 1 T 0k PC12 4 i Ja R S

Figure 6 MTT analysis to evaluate the biocompatibility of UCNPs-Ce6-TQ and the inhibition of AP peptide-induced cytotoxicity under near-infrared
light excitation. (a) Cell viability analysis of UCNPs-Ce6-TQ incubated with PC12 cells at different concentrations (0, 0.1, 0.2, 0.3, 0.4 and 0.5 mg/mL).
(b) Cell viability of PC12 incubated with natural AP peptides and AP peptides treated with different concentrations of UCNPs-Ce6-TQ under dark or

near-infrared light irradiation conditions

#1'5 min PABA 1E3E #4( & S17), 0.3 mg/mL UCNPs-Ce6-TQ
fEIS AN PAT I 3t — D3R T+ 5 73.26%(F 6b), £
ZLAMEIR SN UCNPs-Ce6-TQ IS AL AT L 2%
IS AR 15 A0 M EE .

3 g

RIME 2, AT T —Fhix 2680
B RN K AR R UCNPs-Ce6-TQ KA AP HIZR4E
TR, NMZEM Ap B Wi, &itm
UCNPs-Ce6-TQ MMYUEA RIFHIAEMM A, mHAER
ZLAMEER Pl LRET #RER 58 26857 Ce6,
ERBRERBRESESHBEMASR S TAER AR
SHE(0y), Nl EN A, HREEES p-TEH
AR REEM, BRIK AR REMRMMA TN, &1 T TGN Al
QSH WAL A ik 55 ) UCNPs-Ce6-TQ 1] LASZINA %4 5 i
I B B IR F T AB. Z48KAA &R S e KA
#il AP FISREEIRIT AD I .

4 SKIGERSY
41 HIHBRENEK

Z: ]SOk i 7 vk BoAR S B RO R B S
mmol i AL LnoOs I A 20 mL iR ERERH, 70 C
PR P 1~2 h BEREEEW G, BARR 140 C
BHEFET, BFIEEHEE LaCly Bk, K LR S5 2K
LnCl; 5 30 mmol JHEREN I 20 mL 1%, 15 mL #84li/K
H135 mL DlEHR S FIF, T 70 CREIR 5.5 h. £k
NSERG, W SRR 2 i 2 i, IR
AHUH, FA YU BAUK R = R)G, EERRET,
42 Ln(oleate); J5 A 20 mL 1-+/\}% (1-octadecene,
ODE) Al 20 mL W& (oleic acid, OA)F 50 °C ¥4 fi#
Ln(oleate)s.

Acta Chim. Sinica 2021, 79, 1049—1057

© 2021 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

4.2 SHER1EH UCNPs (OA-UCNPs)EE R

R Z 2 df A AR KV B O -5 45/ UCNPs,
0.75 mmol Ln(oleate)s [n(Y>") I n(YB*") I n(Ef") :
n(GdT) @ n(Tm3")=67.8 : 20 : 2 : 10 : 0.2], NaF (20
mmol), 10 mL OA 110 mL ODE V& & VA7 3] = 1k
i, RRMETE, EEARY M T ARE 120 C
KRB 1 h, AT B R RKAES. B G FHRAE
290 ‘C B2 hJE, FRERFMA 0.4 mmol ¥ T 8
mL OA 1 ODE &I Y(oleate)s, 4kEE 1 h
J&, kg, AHEER, MIRER EEREOFR T
NSRRI T K LB, BOWEAGTTE. FHOakE
WG DTIE BRI =G, AR 112 ek kg
TRAWUIHE UCNPs, A&T=9) 0 8T 805 h IR A7, K15
NaYF4:Yb,Er,Gd,Tm@NaYF..
4.3 DSPE-PEG-MAL &%) UCNPs B4 R

¥ 2 mg OA-UCNPs 5 4 mg DSPE-PEG-MAL 7t
500 pL S5 RS, AR, FHERMHES
WRT, BfJEINEBZEK 2 UCNPs (RIKEN 1 mg/mL
RBFE A BURMR, LR 37 CIMB AT R 40 min,
YAV 13000 r/min 250 18 min, F3F FIEEM, 4k82K
Ve — IR, mASET A KT &H, IREN 1 mg/mL
UCNPs-PEG.
4.4 DSPE-PEG-MAL B XHFIMAK K RHIME

7] 15 2] UCNPs-PEG ¥ H S8 I A A [FIARFR 1) 6
57 Ce6 (1 mg/mL, DMSO), %€ 1 min. $%% T 37 C
WWEMT M 4 h, %E 13000 r/min =IE 0 18 min,
Fite T, FKEE—IR. DT B K &,
W N 1 mg/mL UCNPs-Ceb6.
45 LEEBRIESKEFINAEE

FH =32 F AR 2 P e 3 R 3R (Tris-HC) 22 P WK
9K A4 2354 7] UCNPs-Ce6 W #EATRFEE 1 mg/mL,

http://sioc-journal.cn 1055



o F 5 R

F 980 nm GRS WO _E LR G, FFMEEALT 655
nm ARG R K. @I AN AT W e e
TR B 0 J5 bl i R O B SR B S I Ce6 IR
FE, M5 UCNPs 210 )G BGR 7 3&

4.6 WIS UCNPs-Ce6-TQ 4K RMIA R

i & TGN (TGNYKALHOHNGC) 1 QSH
(QSHYRHISPQVOC) A b it 2 IR _FFiHE A UCNP 3£
THI ) SR I WP e s I B AR 42, FRIDUE & TGN A QSH
JRBE VR T R Ak, o» BIECHI B 1 mg/mL
TGN 1 1 mg/mL QSH /KA. 1%H TGN Fl QSH fik%E
5 UCNPs #KBiR Rk v 105 B, )
UCNPs-Ce6 ¥ A I\ TGN F1 QSH 2 Jik KA,
£ 37 CHWEE M P RE R R MR G, AR s
B0 13000 r/min B0 18 min HHAT /G40 HE, EFH B
TR, FEUTTE 4k SRk — IR a7 BE B 4K, i3 2%
W N 1 mg/mL ] UCNPs-Ce6-TQ V4.

47 KA ZRPEERKENAEE

NT BRI AKE R L REE &, 20
{8 F FITC JeRlbric i) TGN fkEE AT TAMRA JkHRic (1)
QSH fik# k%L TGN 1 QSH, 4 FITC-TGN A
TAMRA-QSH 435I #E 477 nm A1 557 nm 40 FEIWR B i HY
PRt 2R, T CRE R AR RO R A dE O A
P 5 L35 FITC-TGN Al TAMRA-QSH WG, #R
L AFOT I (1) BE IR RO R B I 2 Ik, AT A
BT UCNPs 2 [ ik B 10 &

4.8 FEMS A

BT ABDA LA T IR A 9K A 2 AR K
'0, HIfE S, KistE ABDA 7E#: 10, EALG R 7E
433 nm KbTRICHREEARAL. SKIGH LR IEN 8 umol/L
ABDA #10.5 mg/mL UCNPs-Ce6 7 pH 7.4 f] Tris-HCI
Mk R, XHRAE 8 umol/L ABDA &Wi. fEH L
NIR YaREZAE TR, TSR G R ) s dd il 5o 2 e e
& ABDA 7E 433 nm R 9% 638
4.9 Ap BEHFAFIE

FREL ABa 5 TH1 1 mg BT EOFH, IIA 1 mLos
ST N EE(HFIP) S, KBRS 10 min, EHEHFE 60
min, $4 RITCH BB O 4R, Bl E AR AT SR
T HFIP, 7R EE LR (i R, B+ —20 CiK
P RAE S AL WA AT, B35, mEOE i
A 11 pL — HEEVH(DMSO) B S J ik %, 7 1 o
B0 539 pL Tris-HC1 (10 mmol/L, pH=7.4)i% ety %], &
T 37 CFIE.

410 ThT #7)

W05 5 (1) AP VWA ThT W0R & B2 vhili b, i
BRAIREN 20 pmol/L 1) APs ¥, 100 pug/mL
UCNPs-Ce6-TQ 120 pmol/L ff] ThT ¥ T Tris-HCI (10
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mmol/L, pH=7.4)Z Mk R . fEILLLIME 980 nm Dy &
290.76 Wem? Gl 5, @it %567 6 BE TN & ThT %4
BHE 480 nm [5G HRER I EE APy IR FE.
411 EZ&iESH

i — BB OORHE 8 ARy [ 25, FE LT
20 umol/L ABs+ 20 umol/L ABs, 5 UCNPs-Ce6-TQ F 7
BIRETEW, EITLLAM6(980 nm, 0.76 W/em?)[E ST 30
min K B KAEAI G, KA SO, BT
JeRE 1 mm AL AENF, BESEHRREA 1 nm,
ERTIMEIRAFAE T, KM 190~260 nm JEH N IS
5, Uk Zs Milli-Q M5 S1E ML, EATA MRS,
AR A 200 pL.
412 AFM &1

B 10 pL % & 3 1) A ¥ V0G0 2158 5 D11 1) 2= B
T b, ARG 10 min J5, P840 7K 8 s ) V3
PG, FERRFI R SR T, B AFM DL
HR T AFM R, TS EGIEH BEA 512X512 1%
RO PRI 1024 X 1024 {3 R 5 PR Tie 5%,
413 DLS 9tk

7E =I5 T AEH ZS ZEN3600 BRI 2> B AT
BAEMIE. XFT DLS W&, KA ARy £ 5
(100 umol/L, 200 nL)Fi%EZ 1 mL, A5 & T DLS [tk
i, — =0T
4.14 UCNPs-Ce6-TQ BUZHREE 14

UCNPs-Ce6-TQ HIZAHMIFEMERH MTT J7Aaill.
5k PC12 4HHRE R T 96 FLIR R, EH-& 4 10%524:
MIEF 1% % R /85 X WFL IR R Eagle £ 774
(Dulbecco’s Modified Eagle Medium, DMEM), 37 CH7
7= 24 h. BSOS A AFERE UCNPs-Ce6-TQ 1A F
(0. 0.1, 0.2, 0.3, 0.4. 0.5 mg/mL)IHr iy 53k 4k s:
BFE 24 h. BRESAEMENEEFRE, FHHSHE 20 pL
MTT (5 mg/mL, ¥ T B8R 25 2% i % W (phosphate
buffer saline, PBS)H)F#r 55 72 L 4. Jk4L0FH 4 h
Ja, BpiEgREE, SFLAMIN 150 pL DMSO =35,
B FRXAE 490 nm Abill & FT7S 16 HEBEROGE, ARAE
(S8 2H W' 2 /5% HEZHL IR O B ) X 100% AT T S5 40 fifd A7 3
415 FEIi{A5 BBB t=E!

# bEnd.3 LR T Transwell 12 LA, 8/
A 10%64 MG 1% 8% /55 %5 2 ) DMEM #5774,
BT 37 C, 5% CO 7+ ME. fR#E—k, EH
BRGNS OIRL. 4K 3~4 d S
P 2 ARl B J RIS AL 34T TEER 5256, {3 A A BRI
B BT E Q). A R B (Qeem?) it 57
3 (52 50 20 FE P (B — 6 BECZH R PHE ) X AR 24
TEER fH KT 150 Qeem? B}, R J5 ¥ 0.2 mg/mL
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F F R

UCNPs-Ce6-TQ 0.2 mg/mL UCNPs-Ce6 Al A =5 /1 34
BB E 18 h. A ZOG/ ORI F AT =
s UCNPs-Ce6-TQ il UCNPs-Ce6 ik /% .

4.16 UCNPs-Ce6-TQ X} AR i SRR S 14

T IRFAE AP T T H UCNPs-Ce6-TQ ALBE 5
(AR AEE S I, FRATE PCI2 4HA4FtE 96 LA,
RFER IS 24 h )5, K 10 pmol/L KAk APa ik, 7532
WG BT 2140 980 nm, DJZEE N 0.76 W/em? JElE 25
min, &L 5 min [A]FFAHE S min LLBG LT H, 5RTH
W0 0.1, 0.2 A1 0.3 mg/mL)[#) UCNPs-Ce6-TQ H 1
B ABx K IMBN MG FR I, AR IR E
24 h J5, SEA kBRI, JFHEA 20 uL MTT #H(S
mg/mL, T PBS ") AH iR R A B e, K 96 FLIRTH
E 4 h. HEDFLHIA 150 uL DMSO A i 45
PSR, FH B ARAAE 490 nm BTN & LW 2, i i Iy
SRR A AT 2. A S Lo T A A,
ANFEESPATI 4 4, Fris sl RECEE.
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