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Abstract The tumor microenvironment with low pH and high-level glutathione is different from other issues, which provides
more possible strategies for designing drug delivery systems (DDSs). In this manuscript, we designed a microenvironment-
responsive Mn3O4+/DOX@Lip nano-DDS. Mn304 nanoparticles were prepared by thermal decomposition. Based on coordina-
tion of the chemotherapy drug doxorubicin (DOX) with Mn atom, the Mn3O4 nanoparticles could load and deliver DOX. A
layer of sensitive liposomes was assembled on the outermost layer to further effectively prevent the leakage of DOX during the
delivery process. X-ray diffraction (XRD) and energy dispersive X-ray spectroscopy (EDX) analysis results showed the man-
ganese oxide was Mn3Oa4. The morphology and particle size of Mn3O4 were characterized by transmission electron microscope
(TEM) and dynamic light scattering (DLS). Results showed that the Mn3O4 nanoparticles were a relatively uniform polyhedron
with a particle size of around 20 nm. The drug loading of particles was 100 pg/mg. In weakly acidic microenvironment of
tumor cells, the liposome membrane ruptured. In addition, the high-level glutathione microenvironment was also conducive to
the decomposition of Mn3O4 and the DOX was released in cells. Confocal imaging results demonstrated that after co-incubation
with the Mn3Os4 particles, the fluorescence of reactive oxygen species (ROS) probe in cancer cells increased significantly,
indicating that the DDS could trigger an increase of ROS in cells by down-regulating the content of glutathione. The amount
of ROS depended on the concentration of added particles and the incubation time. MTT and flow cytometry experiment results
showed that Mn304/DOX@Lip had more cell cytotoxic compared to the single chemotherapy drug. It might be ascribed to the
Fenton-like reaction triggered by the reduction product Mn2", which converted the H>0 in the cell into the more toxic *OH
and promoted apoptosis. The ROS-mediated apoptosis and chemotherapy played a synergistic effect to enhance the ability of
cell apoptosis. This proposed Mn3;O4+/DOX@Lip nano-DDS uses exogenous substances to stimulate endogenous cytotoxicity
and enhance the effect of chemotherapy drug, providing new research strategies for tumor treatment.
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TR T A A A, SR REER. S
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Figure 1 The preparation and application of tumor microenvironment re-
sponsive Mn;O04/DOX@Lip drug delivery system
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Figure 2 TEM images of Mn;O, nanoparticles: in cyclohexane solvent (a); after treated by PAA in water solvent (b); Mn;Os@Lip (phosphotungstic acid
negative staining) (c); SEM image of Mn;O, nanoparticles (d); hydrodynamic size distributions of Mn;04, Mn;0,/DOX and Mn;0,/DOX@Lip particles in
water (e); the zeta potential of Mn3;04, Mn;04/DOX, blank Lip and Mn;0,/DOX@Lip (f)
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Figure 3 X-ray diffraction pattern of Mn;O, particles (a) and FT-IR spectra of Mn;O4/OA and Mn;O4/PAA (b)
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em ' FHH HHBLEISCE & PAA HFRIEFRAENE, R
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DOX J&—F BRI i Pim 2459, R
TH 2 7 TE FEL AT YD, R0 O i A FH A B 2 Mins O 992K
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TR B 5B . MinsOs GKKL T N 0 T4 T 2
[ 52 A, AT PATE M 2Pk .l sttt AR 2
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AT T Mn;0/DOX FiF 25RO, 34T
AL T ANE pH AEXTRBE M. 75 pH {54
5.0 A1 7.4 PR R, 24 h BUS 23 A 47%F0
23%[#) DOX B (B 4a). FRIEA R AT LLE DOX J5i
Tk, JEMA S MG MnyOs K IH M. XA
pH 7.4 I FR MR A pH 5.0 B AR S50 i . 28 W -
Mn3;04/DOX HIZPIRE AT LA FH 5 pH AEF5 1. g 4
faH = 1) GSH 223t MnsO4 AR, HEmife
HE DOX ML, BE% GSH WREZRIH N, 5, 10, 20
pmol/mL), DOX B HUE Z AL (& 4b), WEM T
DOX BEjfEXT GSH IRFEImiPE. fEAHF Y GSH K
B ST, DOX TE 55 & 14 PR35 A (10 e JHOis 2 L A P PR 5
FREE L 4c). B 5 N GSH (10 pmol/mL) 2% 1 ¥
T (pH=5.0)F A [l B i) s S I 2T MnsO4 GHKKL T[]
TES, BEA B ] K, MnsOs KR T 28T i 1. 1%
Lo 25 AR W], MnsOq 1E N B I BAk, REXT MR
YA EE (1) = I GSH VG pH (B AIICA BT B, A
T ] 9 B4 i 2P0 R s H .

2.3 HIFmxR M=% -OH

Mn;O4 KK F7E GSH {ER FHEJE A Mn? 26,
Mn? i ST S B T LA 4 R K HaO, 38 JiR s B A=
B N PE R «OH. FoATTH 7 Y R W PP A 1 2825
NP COH R, «OH W] LA 0 F L 85 70 i, [T,
VR A T FR S R ) IR OB 1) KN B R T R <O (1)
W, K6 LLAEH, WHEIETE 665 nm 4R IETE
TR, UEBIEUE MnsO4 PKRLF5 GSH RS 7= A2 1
Mn2" 1] L5 H,0, [ Mt — 25 72 42 «OH.

2.4 {RINEBEFEME SIS

BTATEEAT 7 MTT A LLPFAE DOX, Mn;04/DOX
PLK Mn;04/DOX@Lip % MCF-7 40 A 44 g 2 14
FIFHA R 250558 T BV A7 7S 2R VA MCF-7 40
2N HIBURYE. 25 A AR Mn;04 F1 Mn;Os@Lip 75K
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Figure 4 The cumulative release of DOX from Mn;04/DOX (a) in dif-

ferent buffer solutions (pH=7.4, 5.0); in different concentration of GSH
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Figure 5 TEM images of Mn;0O,4 nanoparticles in buffer solution (pH=
5.0) including GSH (10 pmol/mL) for 2, 8 and 24 h
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Figure 7 The cell cytotoxicity of MCF-7 treated with Mn;O4 1 Mn;O,@Lip (a); Free-DOX, Mn;0,, Mn;0,/DOX and Mn;0,/DOX@Lip (b) for 48 h,
respectively. Error bars indicate s.d. (2=3). "P<<0.05, " P<<0.01 (two-tailed t-test)
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Annexin V

B8 WioHrd DOX 3 pg/mL, Mn;O, 60 pg/mL A FFHE 5 MCF-7 0t & 24 h 5S4 ME T, 8 Annexin V-FITC/PI Je{t (1) XJH&
#H; (I1) Free-DOX; (111) Mn;0y; (IV) Mn;0/DOX; (V) Mn;0/DOX@Lip

Figure 8 Flow cytometry analysis of MCF-7 cells apoptosis induced by different formulations with DOX 3 pg/mL, Mn;O, 60 pg/mL for 24 h, using
Annexin V-FITC/PI staining, (I) Control; (II) Free-DOX; (I1I) Mn;04; (IV) Mn;0,/DOX; (V) Mn;O4/DOX@Lip
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Figure 9 Confocal microscopy images of MCF-7 cells incubated with
Mn;04/DOX@Lip for 12 h. Red fluorescence was from DOX released
from drug delivery system, and blue fluorescence came from the cell nuclei
stained by DAPI to local the site of the complex. The red scale bar is 50
pum
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Figure 10 Confocal microscopy images of MCF-7 cells (a) incubated with 20 pg/mL Mn;O;, for 2, 4, 8 h, respectively; (b) incubated with 5, 10, 20 pg/mL
Mn;0; for 4 h, respectively. The green fluorescence came from the DCFH-DA probe. The red scale bar is 50 um and the green scale bar is 75 pm. Quantitative
median fluorescence intensity (MFI) of DCFH-DA in cells. Different incubation time (c); different concentration of Mn;04 (d). Use Image J to analyze at
least 40 cells each time.
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A TAER R T — AN T 22500 S, 5o e B
B R K 2R R iZA R MnsO4 AR B
B FIFEICER SPURZY DOX I A, ¥ DOX
W AE MnsOs R 1H, SR JEEHAMBAZE A PEG MR
BUTR I3 7R (MnsO4/DOX@Lip) T A 2 T 9K I 2514k &
A 2 I R RN o A o] DAYR /D 3k 245 0L 75 R B A 40 i 2
AT Za it s, 5 HA R T 40 i P 4. 22 8 i s
Mn;O/DOX@Lip WAL S, il e 4 i i) 55 R 14 AN e ik
J GSH %5 S T Mn;0/DOX@Lip [ i#. MnsO4 24K H
Ty M2, JKEEPER) Mn2 0] DLl HEt 2040k,
T T AR EMA AT ZFKHIFEME. BT MnsOs 40Kk
TS5 GSH &M, N T GSH #KE, B3R T 5
BREM-E 1, #inT ROS MI&E, 5l REAMMN
B FDRECE A RGN Mn? ", B R A
FINIETE HoOn FeAk hy m d1 B B L -OH, HVH #E4H
MPLEALTT GSH LAY 1E-OH #iERRB2. 7844k M i %
BT, BT IR RO S PR R SRR, R
TAIT RT3, ROS /- SFHI4HRT TS DOX /i &
AL =TT IR B [ RURE, AR T RO K KR &L IRTT
RERE AR R BB G M2 R B R ThiE, B
B3P ST — MR R R SR — RIS A

4 SKIERSY

4.1 A MnsOs K BE BRIFEY & AR

2 CHRPS, HT — L@ i sal, FIH A R
TR AL 1 7 A B A ALY (MinsOy). B 583 K T i
AR E Y. % 20 mmol MnCle4H,O 1 60 mmol S
RV ARAEIR &5 77 (30 mL 7K, 40 mL ZEEAT 70 mL 1EC
ey, BEAIIEEE). IR EVIINAE 70 CHFrstx
Ridh RMGHRIGE, P50 KA NAERE, Hoa
W P A o> B, U R E AR, R KBERIR. KB
S B AR 28 R bR B A AL, 15 22048 0 ROIR
Mn-oleate B X 4.

W TS AR A i R B e i, =R NIRRT
50 mL )\, SEATRA BRI In#AE] 100 C,
FF4: 30 min, FFRHATHREFAHE: 4% 3 °C/min F3E N4
B 150 °C, HAE 150 CHL M 30 min; 0 H
200 °C, HFFEE: 30 min; MNFAE] 280 C, FFHFLE 30 min;
o] 320 °C, FHFEFS: 60 min. 24 S NI EELF] 320 °C
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B, ROSLRIZL R AR, FEUGIE B R R0 €z 8 44
B NRE A, BN IKG R, B E AR N TR L RN
GEH, WEVEEIESE, N 40 mL AERE YN L, B
OSBRI

SR SCRRCOTI 732, K e A R =47 2 45 B K AR
t. FREXL 600 mg PAA (Mr=1800)% T 60 mL —45 2
W (DEG) & I, W 1404 4y B AL W #
110 CHIERE T BB, K E—AN D IR 2 1 R
BE MR EERE D ER O, R 2R%EE
IN. XA RS | b, IR ST =8 240 °C, FF
422 h KMEER)E, AEIEER, K LM BRI
BRI, HOEIKAERREA 10 D2 RE LR,
KB Ok, BRI BRI H, BRI H PAA
HUPER MnsOy. 65 C 254, 15 21784 [ 7ok K.

Zx W SRS 1) 77 2 ) 46 BRBBUIG A ¥ &% Fh g 28
W) R % — 2 B9 ) & 1t DOPE © CHEMS
CHOL : PEG-DSPE=33 : 16 : 23 : 4.5 GfRESE M1 5 H
FEFIVR AR (ARRREL 4 0 1), B EUNE), ek K
PR A HUIER, TR — EHAR. B2 A I i b 23 5%
RHET. F PBS ZEPF AR (pH 7.4)H8 75 2 Iy i v,
LR
4.2 #HKIBHEZFR Mns0/DOX@Lip BIHIE

DOX & 4 T A5 BB R 2] MinsO4 49K BRI
FREL 2 mg MnsOs [EARE SE K38, FEIIANAS AR
) DOX fif & (1 mg/mL)EL i Bl — F 51K B 1I¥(50,
100, 150, 200, 250 pg/mL)#% K& %L 7, 180 r/min. B0
B 33 R W0 L S AR . DOX ) 47 B 1T LUK
DOX Frift fi 26 3E47 & BT H s,

F LGP MnsO4 49K KL - (Mns04/DOX) 73
TERR R R, HEA . IR R, B O A B S
A1 B AR B MOy E AW
(Mn304/DOX@Lip).

4.3 HYIRMEIHR

N T W FEAE iR 4 B P O S5 T 24 0 R T S
M), FRATHEAT T AN pH EAIAS [FIVR B 17 e H IR 2% A
TR, B =1 MnsO»/DOX Ri T4l 5
BLAE 100 pL pH=7.4 Fl pH=5.0 BIMZErhvaw, HON
PEIRh, Z5i, 180 r/min, 24 h J5 B O FiBTR. X
—E &1 Mn;04/DOX 7EZE il ~, 7MHUE 100 pL & AN
WL GSH (1, 5, 10, 20 pmol/mL)H, SNSRI, 180
r/min, 24 h JE B LWE LER. M — 2 &M
Mn;04/DOX 43 H)4 BLAE 100 uL 2 GSH 10 umol/mL [
BERR 2P (pH=5.0)F1 PBS MR M(pH=7.4), Ei&
TIRRIR, 180 r/min. 7 2 AN TH 4 B[] ) B 25 00 Wi £
IETL FEINEARL R A GSH FIZE . Kl 1
TEGE AT WG AE 480 nm I K ANEEAT E BT,
53] DOX HIBIE.
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4.4 AIFWHR =5 OH B

BATH IV H 2 #5 (methylene blue)fE 7R 7), Wil
TYiMuAheOH B4, ¥ Mn:O4 (1 mg/mL) 7 BUE & A
GSH (10 pmol/mL)ZE M (pH=5.0)F. = T, 7R
RAFHRY 4 h. BEOHCEIEBIMA 100 pmol/L H,0, F1 8
pg/mL WP HIEEEWE, H UV-Vis 7006 TH R I
EHTE 665 nm Ak BT UL,

4.5 ZHRERYIEF TR AR SE AN

SEISHE Y MCF-7 4080 3144, MCF-7
4N F DMEM (Dulbecco's modified eagle medium)5g 4=
R IR (B BON 10% 065 iS5 K-
FOE 37 C, CO» B HCH 5% B FR4H R AR S IR,
I MTT RS AL DA R A [ 48 24 771 6] 4 g
MM, TR0 M A K, PR B Al A e, e
F A PR FEFNLE 96 FLIR TR G 10* AN/4L), 24 h IR B )5,
TN & A A [\ BE 7 3 1) DOX, Mn;O4/DOX  Fl
Mn;O/DOX@Lip FIFT R FRIACE IR G, g s
48 h J5, #EEEFREE S, A 100 pL &4 MTT (0.5
mg/mL)FET 5725, P A 4 h. A5 0 100 uL —
FEH(DMSO)RE R 4 55 77 45, DMSO #i# 96 LR
Pt i ik, A K2 Dhag s 3G 490 nm
AETIR G, 50 REZH R L, 19 B4R A7 TS R

NTHEFE MCF-7 40 BRI TR, FoAT1 5k
1T Annexin V-FITC/P1 ¥ E et szu6, PLELEA [E) 77
FEFANARFE TR AIRIER, K MCF-7 4iffefbh 2]/
FLARH, BN 2X 10544, 1637 C, A E0N 5%
(1] CO, TWFE 24 h. AEFEEEFRW, 7SFLAR s &
—EWE(DOX 3 pg/mL, Mn;04 60 pg/mL) AN [F 245471
RUGB et 200, L 16 h. WEHM, BOMPEG
J&, MO\ Annexin V-FITC (5 pL)Fl PI (5 pL)Jett, &
FRMEAL 15 min, #8548 A i U4t G & FL1-H AT FL3-
H IS 2 650
46 HEEEMERE

IR A TE 20 R P 1 A B R 25 W R TS A T LA
i R RAG M. ¥ MCF-7 40 e fh e JL B A,
Y E B J5 5 MnsO/DOX@Lip 3L &, FH PBS BRis4h
HIPE K 5 F DAPT Jetig 7, i 3L R AR BB AT ik
1B, WEEZGES. BN AT MnsO4 IR HT R
(1] DOX %%t LA K 4H M i (1) 7 .

N7 IEHILA ROS M &&=, {4 ROS i& 1A
MARF & Arid T & AR RN = LR (DCFH-
DAREF AT LI ROS Ak BA 99 6 i — &l
J % (DCF). MCF-7 20 b e Fr /2 2L SR AR L rp 40 IO
BEJ5G 5ANERE ) MnsOo/DOX@Lip, £ AN i ] 3%
W8, FEATH PBS mlk, AEIMASH DCFH-DA(10
mmol/L) 1) G 175 FIHT i 75 72 3L i EE 20 min, A PBS
M E AL R AR BB SO, FE Image T B
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