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Abstract: Objective To solve the problem of poor biological distribution and difficulty in crossing the blood brain barrier (BBB) of

arsenic trioxide (ATO) in glioma treatment, a pH-responsive ternary complex drug delivery system of ATO-BSA@Ce6 was constructed
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based on bovine serum albumin (BSA), where arsenic trioxide (ATO) was loaded through the formation of arsenic sulfur bond, and the
photosensitizer chlorin e6 (Ce6) was connected through amidation reaction. Methods The ternary complex nanoparticle, ATO-
BSA@Ce6, was prepared by combining ATO and Ce6 with BSA through arsenic-sulfur bonds and the amidation reaction, respectively.
The particle size, polydispersity index (PDI), and { potential of ATO-BSA@Ce6 were measured by Malvern particle size analyzer. The
morphology was investigated by transmission electron microscopy (TEM). UV-vis absorption spectra were measured by UV-Vis
spectrophotometer. The fluorescence spectrum and the production of reactive oxygen species (ROS) were investigated by fluorescence
spectrophotometer. The loading of ATO was verified by Fourier transform infrared (FTIR) spectra. The encapsulation efficiency and
drug loading of ATO and Ce6 were measured by inductively coupled plasma mass spectrometry (ICP-MS) and UV-vis
spectrophotometer, respectively. The in vitro release behaviors at different pH conditions were investigated by dialysis bag method.
The cellular uptake, uptake mechanism and intracellular ROS level were observed by inverted fluorescence microscope. The toxicity
of free ATO and ATO-BSA@Ce6 on GL261 cells was investigated by MTT assay and LIVE/DEAD cell viability detection kit. The
brain targeting was investigated by tail vein injection in mice. Results The drug delivery system (ATO-BSA@Ce6) was constructed
successfully, and its morphology was regular, with a round spherical distribution and uniform size. The particle size and { potential
were (112.73 £4.91) nm and (—10.86 + 1.19) mV, respectively. The encapsulation efficiency of ATO was (66.72 + 1.43)%, and drug
loading efficiency was (10.83 + 0.21)%; The encapsulation efficiency of Ce6 was (91.50 = 0.51)%, and the drug loading efficiency
was (3.45 £ 0.32)%. The results of UV-vis absorption spectrum, fluorescence spectrum and FTIR spectra proved the successful
connection of Ce6 and ATO to BSA. In vitro ROS generation experiments showed that the combination of Ce6 and BSA did not affect
its ROS production. In vitro release study showed that ATO and Ce6 had pH responsive drug release. Cellular uptake and cytotoxicity
assay showed a strong ability of cellular uptake and anti-tumor activity in vitro. In vivo live imaging showed that ATO-BSA@Ce6
could across the BBB and reach the brain. Conclusion The ATO-BSA@Ce6 nano-delivery system can effectively increase the
transport of ATO across the BBB, enhance the cytotoxicity to GL261 cells, providing a novel strategy for the treatment of glioma.
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Malvern A 7 ; Infinite M200PRO bR X , Bt 1 Tecan
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FL6500 6 G EE v A AR 321 71 (Fourier
transform infrared, FTIR) JGiE4X. /Nah¥niEAA %
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Biosharp A 2/,7- “ @ AR MR Z LIRER (2,7
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YIERBAiKP T 4 CREN (BN
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Fig. 1 UV-vis absorbance spectra of Ce6, BSA@Ce6, and
ATO-BSA@Ce6 with the same Ce6 concentrations
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W, & 2 fizn, BSA@Ce6 fil ATO-BSA@Ce6 £
665 nm Kb BB 1) R ST, AT Ce6 7E 650 nm
AE T RSV B A B ®s, 3X T RE 2 I IS IR B
SEOR SR W

223 FTIR Y&l SR KBr JE %% ATO. BSA.
BSA@Ce6. ATO+BSA+Ce6 HI¥FEIR A ATO-
BSA@Ce6 AT LM 734 LSS IE ATO [ )2
No FEil K AL FIEHA 400~4000 cm™!, 433
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Fig. 2 Fluorescence spectra of Ce6, BSA@Ce6, and ATO-
BSA@Ce6 with same Ce6 concentrations
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WKl 3 s, fE ATO FOGigd, 7 800 cm™ Abta
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Fig. 3 FTIR spectra of ATO (a), BSA (b), BSA@Ce6 (c),
ATO + BSA + Ce6 physical mixture (d) and (e) ATO-
BSA@Ce6
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224 FifR5 ¢ HAIEE  53H BSA@Ce6 F
ATO-BSA@Ce6 KK /DVF, MG B2 TRHK
FiRE A8 ZN A G B O R FE SO & kA% . PDI
g AL, S5RNE 1. BSA@Ce6 I T-Hkiteh
(66.15+0.58) nm, PDI & 0.231£0.060, 1% ATO
JG ] ATO-BSA@Ce6 Fift i EIE K, K (112.73+
4.91)nm, PDI N 0.269+0.020, ¢ Hf7H BSA@Ce6
1) (=5.76+0.99) mV [F#K%E (-10.86+1.19) mV.
Fr AR AR ATO FIRIh F13k .

£ 1 BSA@Ce6 K ATO-BSA@Ce6 Hui{Z. PDI 0 ¢ Ba{iL
(Xxs,n=3)

Table1l Particle size, PDI, and { potential of BSA@Ce6 and
ATO-BSA@Ce6 (Xts,n=3)

FE i Fi4%/nm PDI ¢ HA7/mV
BSA@Ce6 66.1540.58 0.2314£0.06 —5.76%0.99

ATO-BSA@Ce6 112.73+491 0.269£0.02 —10.86x1.19

225 AMIER ralEUbE BSA@Ce6 1 ATO-
BSA@Ce6 GUKFLIEI, FHZTRKMRE 2 G IE R
&, B 10 uL T 200 H AR, =i,
F 2% A9 TR e, JRANR L BES IR YN, EIRE
B, WTEMEEN B TIE. 4R0E 4 Fos,

ATO-BSA@Ce6 Fifelg KT BSA@Ce6, #H—03&
] ATO F) N5 . ATO-BSA@Ce6 SEFMERHE,
TEASHEE, HHdgs), RiARTE 60nm 47, BE/NT
BIAS YU BOCRLEE CN 2 45 3 .
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TR N FATH fift - AR Al K B BV R 2 S mL J5 ik 0.45
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o
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Fig.4 TEM image of BSA@Ce6 and ATO-BSA@Ce6 (scale
is 100 nm)
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um JESE, ICP-MS #EFEE . &€ ICP-MS XA
RSE: WHIThE 1150 W, SE AR E 13
L/min, fiEh AR E 0.7 L/min, FALSAERR &
0.9 L/min, #Am2aim <. BRI AXIHE ATO
(P EPRFEZ B AN (66.72+1.43) %, (10.83+
0.21) %. ILIELIMRBNE Ceb [1ELEZF
BWESHIN (91.50£0.51) %. (3.45+0.32) %.
227 MEREMEELE K ATO-BSA@Ceb6 49K Hi
WIRTBCEAE 4 CHREOGIRAE, £ 0. 2. 4. 6 d HU&E
&, WERAE, ¢ AL, B EREN. 4iRmE
2 iR, 4 CHUE 6 d ATO-BSA@Ce6 Fifa Ml HLAL TG
HRAR, RA=TEAMIPKRAERBIRE N A
A RIS E R E .
2 ATO-BSA@Ce6 HIMEREM (XLts,n=3)

Table 2 Storage stability of ATO-BSA@Ce6 during storage
(Xxts,n=3)

T I A]/d RifE/mm £ HA/mvV
0 114.30+2.62 -9.96+0.77
2 115.80£1.70 —9.14%1.26
4 114.90+2.14 -10.78 £0.45
6 116.10+2.30 -9.84+0.93

2.3 ATO-BSA@Ce6 ROS 4 £ R
TEHGHTE T S K B0 G RS T /] 7742 ROS,
T 75 5 2 45 45 R T o ) R O 1 AR e AR A
DCFH-DA il ATO-BSA@Ce6 1E I8 5 72
P24 1) ROS. # DCFH-DA A NaOH (0.01 mol/L)
A0 30 min, A H KR DCFH, bl J5 OGS
(635 nm, 120 mW/cm?) &AH[E Ce6 FiEIRE (2
ug/mL) i) Ce6. BSA@Ce6 1 ATO-BSA@Ce6 V&K
5 min, F7AER) ROS GG H) DCFH A i
PG DCF, dlid 2G40 ot BEvHIN e FE UK K
504 nm. KK 529 nm AR GEREE . IR 3 W]
A1, ATO-BSA@Ce6 5 BSA@Ce6. Ce6 7F=EHI
ROS ZJ6H0 B To 0 1 2 57, R Ce6 £3 il 7711
7 S ATO B3 i At PR R A B, MR e L R B
%= 3 Ce6. BSA@Ce6 F ATO-BSA@Ce6 HJ ROS 4%
(Xxts,n=3)
Table 3 ROS generation of Ce6, BSA@Ce6, and ATO-
BSA@Ce6 (Xts,n=3)

F it SR
Ceb 608.28+31.32
BSA@Ce6 615.99+23.29

ATO-BSA@Ce6 576.741+41.13

) ROS A= AE 1T

24 RIMERER
= ICE AR RSN R AT N R i
MrikidtAr, {4/ pH 7.4 5 pH 6.5 ] PBS ZZMHiA
JIRETBN 5, BN 10 mmol/L () GSH. #4148 (g
BA A 4375 B 8000~14 000) B il A1 K B /)
B, BT 20 mg/mL ) NaHCO; 1 1 mmol/L EDTA
H B 10 min FEAT HUAREE, IR BAK B . R
1 mL ATO-BSA@Ce6 ¥ NN F 4b B2 471173 Hir 4%
W, P FHIET e K . BT 100 mL PBS %9 (W
R, YR (37.0£0.5) °C, #53% 100 r/min,
SYHIE 0.5, 1. 24 4 6+ 8. 12, 24 h YIS S
B 0.2 mL FEHT A IR, FFEINE 0.2 mL
P AHRLENTA TR FERIIN 2% hH BR VA TR e
F5mL, BENK, 4 0.45um WALIEREER, &8
I ICP-MS WlE i A& &, Ce6 S ESIR L
WL BIAT UV-vis 28T, tHEBBBHE, I
oxtREZ ML . RAMREISS il 5, JiEES ATO 1E
AN pH B ZAF NRBCR, AT 2 h BlE D&k
F90%; HH, gUKRi ATO /£ pH 7.4 1F TR
NGNS, 24 h 5 RARRE %9 (57.034+2.61)%.
fE pH 6.5 ZAF FHILAREBORE R, 2 h BFEPA
(43.5142.29) %M BERREZGR, H&WHEMN pH
100 =

-
—_—T
p 4
- 80
< I 3
M b 4 p 4
604 1 -3
& -
K
mg 40
[9 —a— ATO-BSA@Ce6 pH 7.4 =&— ATO pH 7.4
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Fig.5 In vitro release profiles of ATO-BSA@Ce6 (X £ S, n=3)
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ANFLHIE AT 12 FLEEFRIR P, 76 37 CH3%
24h 5, WeEREFEML PBS WEE 3 IR, RIIIANE
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HOMHEA, RGN, i A AR AT 45
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Kr R EUZ =T Ce6, £ ATO-BSA@Ce6 M5
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B AL (13 I A S5 m pU R ROCR
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HllE 5
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i, o3 AIAECL R 26 A B I EEAA: (1) 5 mmol/L
AR HEI N EENFRIREEH: (2) 10
mmol/L FJ:-B-FRMAS LI /N 53 £ A 2 (0 B
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Fig. 6 Flow cytometry analysis of Ce6 and ATO-BSA@Ce6
uptake by GL261 cells
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Fig. 7 Effects of different inhibitors on cell uptake (X £ s,
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Fig. 10 ROS generation in GL261 cells with different treatments (scale bar is 20 pm)
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Fig. 12 In vivo images of mice after treated with Ce6 and ATO-BSA@Ce6 (Xt s,n=3)
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