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Abstract: This study aims at the critical role of P-glycoprotein (P-gp) in tumor drug resistance, taking advantage
of the adenosine triphosphate (ATP) dependence of P-gp mediated drug transport and efflux across the cell
membrane. Mitochondrial targeted calcium arsenite/doxorubicin (DOX) lipid nanoparticles were constructed via
hydrothermal method and thin-film dispersion method for reversing tumor drug resistance. The results showed that
the lipid nanoparticles were uniform in size and well dispersed with a mean particle size of (261 + 7) nm, zeta
potential of (9.6 + 1.3) mV. The DOX loading efficiency and encapsulation efficiency were 22.6% and 84.0%.
The in vitro drug release profile was pH-dependent; the drug accumulation at mitochondria was significantly
increased, which then caused overload of calcium and inhibition of P-gp and ATP, thereby reversing tumor drug
resistance. The simultaneously released arsenite ion and DOX could synergistically kill the tumor cells. In
summary, the lipid nanoparticles prepared in this study have uniform particle size, high drug loading efficiency and
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encapsulation efficiency, excellent colloidal stability, pH responsiveness, and impressive ability to reverse tumor

drug resistance, which may hold great potential in further clinical applications.
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Schematic diagram of TPP-LPs-CaAs/DOX treatment

Figure 1
of drug-resistant breast cancer. P-gp: P-glycoprotein; ATP:
Adenosine triphosphate; DOX: Doxorubicin; TPP-LPs-CaAs:

Triphenylphosphine-liposome-calcium arsenite
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2 5% (transmission electron microscope, TEM; H A
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(TP Z VR AR A BR 2~ 7]); SW-CI-1FD i 1
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HRESIRF AR (NaAsO,; 405: 97%:; 1L 7R
PO AL 22 T A R A ), $h1R 2 ZZ th 2 (doxorubicin
hydrochloride, DOX-HCI) fif§ i (65%~68%) (L 5 il
LT AR AR A PR 2 7)), — K EBEERES [calcium
acetate monohydrate, Ca(CH,COO0), H,0; izl 2
WA PR A, fa4- 1 (FBS; Bl 2= A Al); %
& Eh 22 (PBS) 4% £ 2 W% (Biosharp A RHE A4
]); RPMI-1640 £ 77 % | 0.25% % 2 [ i (3% [F Gibeo
Aw]); Z A (DMSO; |~ ARG RH R A IR A
a); & BUBE S (DSPC). JIH i i AR & — Ak — i flg
P 1k Jig 19k £ W% 1% (DSPE-PEG,,,,) (L ¥ 3 RFEE 25 R}
F A BR 24 7]); DSPE-PEG,,,-TPP (1§ % 46 £ ¥ Rl 3
HIRAE); S EE MK R (H 254 B %R
715 R A #]); 2-(4-amidinophenyl)-6-indolecarbamidine
dihydrochloride (DAPI). & ¥ f4 & 5, 5% 6 48 £ (mito-
tracker green) 1 ATP K Wl 77 (S0026) (L ig 38 = R
W HCRA WA 7)) Babn i 5 A A TV VA I a7 2
(BCO515; b & E R A R A F); #@2li/K th Milli-Q
FARATKA AT 2 DU AR M S, (MTT; WM AR
HATBR A 7]); P-gp —Hi (ab170904) H- il % -3- 1 i i &
I (glyceraldehyde-3-phosphate dehydrogenase, GAPDH)
— Pt (ab181602). — #T IgG (ab6721) (3 [E Abcam 2
A)); R R (LR AR R A ).

dpm N FLERRE 2540 (MCF-7/DOX; i £k
AR A BR 2 7)) #5195 T4 10% FBS.0.5 pgemL
DOX. 0.01 mg-mL" 4 i & & . 100 u'mL" 7 % &
100 pg'mL" 5555 K 1) RPMI-1640 £ 77 5L b, B 137 °C.
5% CO, B F A i Y b 7% o

IKHCEHIE NPs-CaAs  HHHFREL30.00 mg NaAsO,
#1150.00 mg Ca(CH,COO),"H,0, 4+ % ¥ T 10 mL #

Ak, RA A 2N 50 mL B R B, H RN RN
30 mino HUH M D0 N R BL S H, 7R 120 °C R R
24 ho J P 5ERRJE A EI 2 IR, TR O HLH DL
10 000 xg &> 30 min, WAL PLIE, A K P35 3 IR,
A 3K, TITER N NPs-CaAs.

#l % NPs-CaAs/DOX  7E I i& 75 7%: 43 £ (1) NPs-
CaAs P2 I 2 mg-mL"' DOX-HCI, &t 2 mL,
IR RREESERE 12 h, TREEMGR 201 BL 10 000 xg
250 30 min, WCEEDTTE, AKX, HE ik
T, P I NPs-CaAs/DOX o

HlE& TPP-LPs-CaAs/DOX &% Fr L DSPE-PEG,,
0.72 mg. DSPE-PEG,,,,-TPP 0.18 mg.DSPC 6.30 mg-
JIH [# % 2.80 mg, B T 100 mL B L, A 5 mL
TR BEAT 10 mL oK 2B, B 2 A, T 40 °C
U e e T, B 5 WLV ) NN — 7€ & NPs-CaAs/
DOX 43 ik, T 40 °C/K At 20 min, fifi 5 X H 42 EP 4
#8754 min, B[ 75 TPP-LPs-CaAs/DOX. fI i A& T
8 000 xg B> 10 min, [ 2 A BENERE 7 o

PR zeta BALREASTAE  BCH|— 2 WK E NPs-
CaAs.NPs-CaAs/DOX Fl TPP-LPs-CaAs/DOX &, %
FH I JR SCREFE 3 AT A3 43 39 0 5 ok 4% A zeta LT
100 pL % 75 F W HUIE & 999 oK 203, % T 100 H ik S FF
FECAR D) FF 5 RS JE T, BT 40 A0 A R Dl T4, B S
I TEM 189K R AN RS

LKHNRBUME B & DOX-HCI. NPs-CaAs/
DOX Fl1 TPP-LPs-CaAs/DOX =il T A dE bt A, F4%
ANA] WA LT AN 200~700 nm Ak A8 &MU 25 .

IRSNR IR ST 3 pH H 43 51 N 7.4.5.0 £ PBS
KRBT BT, K % 5 U TPP-LPs-CaAs/DOX &
(DOX ¥ 50 pg'mL™") 1 mL, & T HAL B B HT 48 (FH
X4 F IR & 8 000~14 000) H, HERR S5 % 5, BT
10 mL B A b, F (37.0 £ 0.5) °CHE IR KB IR 3%
(100 r-min™), 4> B F 0.1.2.4.6.8.12.24 h BUFE 1 mL,
IS BRI 45 5 (R [R) pH AT 66 B8 O 0, FF o FH B
BRI 450 nm Ab TSR, TH 5 SR AR 24 2 I 2 il R 24
2k .

MR RME BRSNS B #0A K B 1 MCF-7/
DOX #iff, DL 1x10* A~/ FL3EF T 96 FLIR L, T-37 °C1E
BIEFAAPRE R 120 BREHFEEMASTE M
DOX 1 ATO EL i (1:0.5.1:1.1:2, ATO LA IG5 1)
i, TR) A S FBS 5955, B 9% 12 h 5 k%
FRIEANE 0.5 mgmL MTT {85955, 448374 h )5
£ 5925, I\ 150 L DMSO % fif F 3 91 F HEME ik
515 FH B ARG 5E 490 nm &b 199 S B, Il it Chou-
Talalay J7 % 1 5 8% & F5 24 (combination index, CI), 7
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55, NN 150 L DMSO ¥ fift B 8% 5+ F HERE R 2D B
PRI TE 490 nm A W BE, I T ST M A7 35 2 M 2
YR R

YRR AT AR K B 1) MCF-7/DOX 4
PASx10° AN /ALE R T HOG L BRI, T 37 °ClE iR 5
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bk, JF FH PBS ¥t 3 Ik SR 5 I\ & 5 #% 12 4% ¥} DAPI
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TR T Gkl S E T O R R R B
(confocal laser scanning microscope, CLSM) | M %%,

LRAPEIRES SR UEENE  BOTHAE K
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T 37 cCHE 5 IR AR H RE 9% 12 h, IIA &4 DOX 8%
H Y KR A& FBS 1% 77 2 (NPs-CaAs/DOX 1 TPP-
LPs-CaAs/DOX), DOX % &4 15 pg'mL's 35 7% 12 h
Jo k22 85 9% 2L, PBS ¥ 3 Wk, FH 41 B ) D U SR 41 e T
1 mL B0 Y, R A I IR B 5T A A 13 PR AR I FH 2k
R A A T P ARG R 7 S 5

A ATP EE2ME  HOE A K MCF-7/
DOX 40}, PA 1x10° AN/FLEEFR T 6 FLAR 1, T 37 °C1H
MEFEF LR 12 hy, A& A DOX 5% 2 40 KR
AN4 FBS 85 9% 5 (NPs-CaAs/DOX 1 TPP-LPs-CaAs/
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%&, PBS ¥t 3 ¥k, ATP & & A A I k%) &gk A7l 5 o

E B RIEENIEZ 3 (Western blot) 5% 48 P-gp
EHESE BUTEUE K MCF-7/DOX 41 g, LA 5x10°
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12 h, N DOX 8555 2H 99K K0 R 5 FBS 15 97 2%
(NPs-CaAs/DOX 1 TPP-LPs-CaAs/DOX), DOX & & A
15 pg'mL"'e 3597 12 h Ja bR 255 95 2L, SR HU4t i S 2R
H, FH BCA VLN E & IR FE, B 20 pg &8 H 147 SDS
0 TH 6 B9k i B¢ Ji2 HL K (SDIS polyacrylamide gel electro-

phoresis, SDS-PAGE), % I5, 5% JBi Jig 4= 93 3 P AR 45 7
PEPUE, 73 B P-gp —$it (111 000 7 ) T4 °CHi
Bk, TBST YRS A —Hi (1:5 000) S0 & 2 h,
TBST ¥ 5 & 52 AR, 159 28 [ % Bl &, A
GAPDH & A& E NS .

ZRE571S
1 NPs-CaAs. NPs-CaAs/DOX #1 TPP-LPs-CaAs/
DOX WIS FRAE

TPP-LPs-CaAs/DOX fill # i #2 WL &I 2A. &4k, &
i 7K #E A L NPs-CaAs, ) F # H W Bf 1 F 47 3%
DOX, #i Ji 2K FH # 5 /K AL i 1 % TPP-LPs-CaAs/DOX
Wi 2B Frow, 3% 4T HLBE 45 R TR i) % (1) NPs-CaAs.
NPs-CaAs/DOX } TPP-LPs-CaAs/DOX ¥ 5 BRIR &5 #4
HRiR$5— o RN L EUE OO 5 % 28 1 71T 35 7K
Hrki 4 L ) zeta AL, W1 2C AT 7R, NPs-CaAs (1 5 &
T A S 8Kk 2 FIROIRZS, K ERAZE AN (921 £ 12) nm,
zeta LA (-23.3 £ 0.8) mV; K W PR ¥ B 2
DOX, 11#; DOX J& NPs-CaAs/DOX 73 Btk A fir 3,
KA RLAE 2 2 (403 + 19) nm, zeta HL A7 Ny (-14.9 +
0.9) mV; &8 5 X5 T 22 5, TPP-LPs-CaAs/DOX
B B — 2D B, KA KRN (261 + 7) nm, zeta FL
75 (-9.6 £ 1.3) mV. 41 El 2D Fr7~, TPP-LPs-CaAs/
DOX ' DOX )4k 245 & At 3 2 733l R 22.6% F11 84.0%,
ATO M2 B E RN 23.1% M 75.2%. HE4-1]
D6 W AT 40 (B 2E), NPs-CaAs/DOX 5 TPP-LPs-
CaAs/DOX 7E 450 nm &b R USAEF BT 8G 01, zeta HE A7 A%
115 B2 B DOX 1) 67 2 5 1 T F i B 22 i s
2 TPP-LPs-CaAs/DOX R MNERFFR

2% %% TPP-LPs-CaAs/DOX [#] pH M 5 % i DOX
Kb, 2 i 1% pHAE N 7.4.5.0 (1) PBS 1F B A I
45 B4 2F Fios, £ pH 7.4.5.0 1 PBS 1 DOX HIBE i
H 5 F 53 3N 15%-60%, iiE B TPP-LPs-CaAs/DOX 7E
R MR T LA R I DOX R JAE 11, 76 1F & AL B IA 5%
pH 2 FHE
3 DOXFATO By 4HAE &4 K&t E1{ER

T UEH] DOX FATO (RSN FIFE R, SR MTT
EINR T 8 DOX A1 ATO % MCFE-7/DOX 41 J#l ) %
PEVEH, i PR R 25 1C, (. W EI3A~C iR,
MCF-7/DOX 4fiffi 1 DOX ] IC,,fE 4 15.0 + 0.6 pgmL",
ATO HIIC, fH M 17.2+ 1.8 pg'mL". 4 F KT Chou-
Talalay J5 ¥E 3 — 20158 7 DOX 1 ATO H) W [F4E H, 3F
FIH CTHT RGP . 451047 (K3D) BoR, 5% B
2 {43 #0 (fraction affected) %5 T~ 0.5 &b, ATO 1 DOX
()5 B A 201 I LA S i A W R R SOR,, LR 101
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Figure 2 Synthesis and characterization of NPs-CaAs, NPs-CaAs/DOX, and TPP-LPs-CaAs/DOX. A: Preparation process of NPs-CaAs,
NPs-CaAs/DOX, and TPP-LPs-CaAs/DOX; B: Representative transmission electron microscope (TEM) images of various nano-formula-
tions; C: Particle size and zeta potential of various nano-formulations (» = 3); D: Drug loading efficiency (DL) and encapsulation efficiency
(EE) of ATO and DOX in TPP-LPs-CaAs/DOX; E: UV-vis spectrum of free DOX, NPs-CaAs/DOX, and TPP-LPs-CaAs/DOX; F: The pH-
responsive DOX release from TPP-LPs-CaAs/DOX at different pH values. n =3, x+5s. "P<0.01, P <0.001, """P < 0.000 1. ATO: Arsenic
trioxide; NPs: Nanoparticles; DSPE: Distearoyl phosphoethanolamine; PEG,,,: Polyethylene glycol-2000; AsO, *: Arsenite ion; Ca” :
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Figure 3  Effects of DOX and ATO on the cell viability and half maximal inhibitory concentration (IC,;) of MCF-7/DOX. After treated
with various concentrations of DOX and ATO for 12 h, the cell viability (A, DOX; B, ATO) and IC,; (C) were examined, respectively; D:
Trends of combination index (CI) with different ratiometric mixtures of DOX and arsenic (As) for MCE-7/DOX. n=3,x+ s
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Figure 4 The distribution of drug in the MCF-7/DOX cells. A: Representative CLSM images of treated with DOX, NPs-CaAs/DOX, TPP-
LPs-CaAs/DOX, respectively. All the groups have the same concentration of DOX. Cell nuclei: Blue fluorescence; DOX: Red fluorescence;
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Mitochondria: Green fluorescence; B: Fluorescence intensity profiles of regions of interest (along red lines in the images). The group of
control treated with blank medium. Red channel: A, 514 nm (2%), 4., 605 nm, detector gain 700; Green channel: 2, 488 nm (5%), 4, 514 nm,

detector gain 700; Blue channel: 2, 405 nm (2%), 4., 453 nm, detector gain 500. CLSM: Confocal laser scanning microscope; DAPI: 2-(4-
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Figure 5  Cell viability (A) and IC,; (B) of MCF-7/DOX cells after treated with various concentrations nanoparticles for 12 h; C: The
relative activity of complex I; D: ATP content of MCF-7/DOX cells; E: Western blot analysis of P-gp in MCF-7/DOX; F: Corresponding
gray analysis of P-gp from Western blot. All the groups have the same concentration of DOX. n=3,x+s. P<0.1, "P<0.01, P <0.000 1.

GAPDH: Glyceraldehyde-3-phosphate dehydrogenase
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