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Construction and in vitro evaluation of a biomimetic nano-delivery system for alleviating hypoxia
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[ Abstract | Objective To prepare doxorubicin (Dox)-loaded hollow mesoporous manganese dioxide (H-MnO,)
nanoparticles encapsulated with pH-sensitive fusion membrane (MP) (MP@H-MnO,-Dox nanoparticles), and investigate
its characteristics in vitro. Methods With solid silica as template, H-MnO, was synthesized by alkali etching. Dox-loaded
H-MnO, (H-MnO,-Dox) was prepared and was coated with MP to construct MP@H-MnO,-Dox nanoparticles. The particle
size, drug loading and proportion of MP coating carriers were investigated, the oxygen production capacity was evaluated by
tris(4,7-diphenyl-1,10-phenanthroline)ruthenium( Il ) dichloride (RDPP) probe, the drug release in vitro was investigated by
dialysis, and the celluar uptake and distribution were investigated by confocal laser scanning microscopy. Results H-MnO,
was successfully prepared. The drug-loading rate and encapsulation efficiency were (79.0%£8.7) % and (75.1+7.5) %,
respectively. H-MnO, could be coated well with the mass ratio 1 : 1 of MP to H-MnO,. The particle size of MP@H-MnO,-
Dox nanoparticles was (178.019.5) nm. The results of RDPP showed that H-MnO, possessed superior oxygen production
capacity. In vitro drug release results showed that MP could delay Dox release, and the Dox cumulative release amount of
MP@H-MnO,-Dox (pH=6.5) was lower than that of H-MnO,-DOX (pH=6.5) ([42.0+5.1]% vs [60.0£3.7 ] %).
The results of uptake experiments showed that MP@H-MnO,-Dox nanoparticles had strong cellular uptake at pH=6.5.
Conclusion MP@H-MnO,-Dox nanoparticle is successfully constructed. This biomimetic nanosystem is expected to be a

multifunctional drug delivery vehicle for alleviating hypoxia and targeting breast cancer.
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( doxorubicin, Dox ) , L) pH SUEF AR E w40
Jif fE A B ( pH-sensitive fusion membrane, MP )
B £ H-MnO, I, # & T 1if 4= 41 Kk 2 MP@
H-MnO,-Dox 4HKki (] 1) o KL RE S HE ] i
JeA FRAE A IR B MR GO B T A R 5% H-MnO,,
JM# TME WY HyO, 77 A2 S8 KL G2 gtk 4, [R]I Dox
B e e 20 M A s R RO AR

@ Doxorubicin (Dox)
'E Hollow mesoporous manganese dioxide (H-MnO,)

pH-sensitive fusion membrane (MP)
El 1 MP@H-MnO,-Dox HXKAIREE
Fig1 Sketch of MP@H-MnO,-Dox nanoparticle
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( X-ray photoelectron spectroscopy, XPS) 43 #71%
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1640 55 57 3 (35 [ Gibeo 22 7l ) 5 2K Y KL Ak ok 98
( phenylmethylsulfonyl fluoride, PMSF ) . 2 ffd i
EASMMRE AR S ( DR KAEYE
AREWRAF) 5 BCAEAEREIAN & ( Lg%
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AR B A RS R s HAta=70) 1 R 4 Hr 4t
12 @i B RAW264.7 &6 10%
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1640 }5 32 HE7E 5% CO,. 37C &M FiE3:, fRIE
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RN VAR B i L, I . B
Pk AT RS20 A B i (solid silica, sSiO,)
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20 pg/mL, HpH=6.5 i) PBS H 2. ¥ LidiRA
AR, A 250 uL H,0, (0.1 mmol/L ) J3,
2 min 5% 1 X RDPP 9% G5RE (A, =455 nm/
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FErh iR SR, 24 h )5 B4 5 A Dox. H-MnO,-Dox .
MP@H-MnO,-Dox (pH=6.5) . MP@H-MnO,-Dox
(pH=7.4) Myt i FR3t, HEE 4 ho W RIHM
BRFRAk, FH PBS VEVR 1 WK, FHITIA Y 2 2% FH ]
7E 30 min, PBS¥E¥% 3 . M HL 8 uL 1% A DAPI
EOE S g R = 2 8 WO L A1 A 8 e Gan L i
AR — s T 578 DAPLIR NI A b 7E3

YL R A s T WS iC % Dox 7E 4T1 4
A DL A L

1.8 itz J SPSS 22.0 BTS20
Bro IERSHMEHR X £s TR

2 & B
2.1 H-MnO, th k#8945 %c  XPS Hras B

B 2A, TEGKRIT 2 653, 641 eV AR EILT 24
Bl g, A3 )R T A AR Mn2p,, il Mn2p;),,
FH] AR R AT 4 B AS  ASR BB
S A RANE 2B s, AR IR R it 2 IV
A, H¥ RN HL AL, RUARES /LA H AL
¥15) o 2 AW B S g I vk T B L R T AR
335.475 m’/g, FLEXTFLARS A WK 2C, SEHFLER
H 4.5 nm, 45K H-MnO, WiI& /L, HALEKR
INES BN 25

321 ——H-MnO y. N
30 — Baseline Mn2p., T,y 3007 —=—Adsorption 'g 0.014¢ -
~ ] . —e— Desorption . =0.012}+ . n
S 2.8F Mn2p,, ) “ L L _ .
= Jel 2Py ', \ £ 250 P 00,010} ._.r
: 1 ==t o .
- ! s} L - -
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=225 : 2 150} g = 0.006 "
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S 20 \ Z 100} grett - ! )
1.8} = o 20.002F .
< o
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Binding energy/eV

Relative pressure (P/P,)
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& 2 H-MnO, KRFMEHEEER

Fig2 Characterization results of H-MnO, nanoparticles

A: X-ray photoelectron spectroscopy analysis; B: Nitrogen adsorption/desorption isotherms test; C: Pore-size distribution curve.

H-MnO,: Hollow mesoporous manganese dioxide.

22 Dox## &5 a#%E Dox M5E AR
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W AT IR B .

23 MP# &% & & 4e I & MP 1 # H-MnO,-
Dox 4475 A= 48 KORL 35 17 R 2R 11 0 % &, 45 Rl
4A, 7EMP 5 H-MnO, [ # LA 12 1 IR B, 0
A YRR T B 4 1 i S Bt L B —E A
Kettks KF 1+ 1B, P A gRr %) 2 f  8 5 =F

IS4
s

UHEEUT A, 25 R R L 1 0 1B MP JE LUK
H-MnO, fL35, J5 LA FL B E 7325
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5% . .
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£5
§ £ Encapsulation efficiency
[ST=}
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A AR R R (R

Mass ratio of Dox to H-MnO,

B3 H-MnO, #KHAIXT Dox B X R B EHE
Fig3 Drug-loading capacity and encapsulation
efficiency of Dox in H-MnO, nanoparticles
n=3, x+s. H-MnO,: Hollow mesoporous manganese dioxide;

Dox: Doxorubicin.
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WO AR AR I3 BT A0 2 235 SR 4 1#] 4B, H-MnO,-

Dox B4 15 A (169.0£6.5) nm, -G 443 #0b: F5 54
(polymer dispersity index, PDI) A 0.1414-0.024,

MP@H-MnO,-Dox Y %7 12 4 (178.049.5) nm, PDI
9 0.20620.008; H-MnO,-Dox HL{i7 fy (—34.01+4.2)

mV, MP@H-MnO,-Dox i/ Jy (—40.0£5.5) mV, 5

MP fYHLA (—39.0+3.4) mV AHIT, AT#IE K MP (1)
WL . 7 B HLBE 45 R AK] 4C, H-MnO,-Dox
LA FLEEERIE, Rt 2y R 182 nm, X 57KA RiAEH
755 BT W] LA 2 75 3] MP@H-MnO,-Dox #M T —
R, B Rt S5, E—IERH T MP R
Uit

NTONNINTNTYTYT X S
Mass ratio of MP to H-MnO,

H-MnO,-Dox MP@H-MnO,-Dox

lop H-MnO,-Dox
“ 14F - MP@H-MnO,-Dox /r\
£ w < 127 [~
% g; > 1oy / \\1.
2= Z o [ L
jShes) — 4f q vy
SEC) Nl ] \
S L0 .. A 0 . . . » . B
S XY N NN NN 0.1 1 10 100 1000 10 000

Diameter/nm

4 MPHIBENRRIEER

Fig4 Coating and characterization results of MP

A: Optimizing the ratio mass of MP to H-MnO, nanoparticles by bicinchoninic acid assay (n=3, x+s); B: Particle size of MP@

H-MnO,-Dox nanoparticles and H-MnO,-Dox nanoparticles; C: Transmisssion electron microscopic image of H-MnO,-Dox

nanoparticles and MP@H-MnO,-Dox nanoparticles. MP: pH-sensitive fusion membrane; H-MnO,: Hollow mesoporous manganese

dioxide; Dox: Doxorubicin.

24 AR RN MBERE R KINY)
B i 5, 24 h i MP@H-MnO,-Dox ( pH=
7.4) . MP@H-MnO,-Dox ( pH=6.5 ) . H-MnO,-Dox
(pH=7.4) . H-MnO,-Dox (pH=6.5) ¥ Dox &
RN (15.024.5) %, (42.0£5.1) %,
(38.0+2.1) %. (60.0£3.7) %, 455% FH MP
KAET pH MR IVEH, A ERR TR T 2
fift o Mn® ", R IE T 25 BB Wl — pH A& T
MP 7] LLAE 2% Dox FRE i, FRHH MP 8 H AT —x
RN
25 WASKEGFREAZE FRNE 6, M
MP@H-MnO,-Dox 44 K7 B V7 (%770 pH=6.5
FIMEIRERZE ik ) HF A H,0, Jii, RDPP (%G5
JEAE 6 min IEK, IFAERR)S Y9 4 min NAERFAERLAR
K-, R B SR B TR i MP-Dox +H,0,
20 A MP@H-MnO,-Dox 41 ¢ Jt: 5 J& A P&, F
— A IE S AR R AR R R R A A e HL0, B

Y. H-MnO,-Dox—+H,0, 41 RDPP [ %¢ Y5 J& th 7
6 min WK, HPFl G REFAERARKT, B 4
MEE LA B = A RE . ELRER TRl 35 2 Fhal
SKREAE 10 min Bk BAHIT 977 48808

oo}
(=]

(=N
(=)

H-MnO,-Dox (pH=6.5)

MP@H-MnO,-Dox (pH=6.5)
H-MnO,-Dox (pH=7.4)

1]
(=]

MP@H-MnO,-Dox (pH=7.4)

(=]

Dox cumulative release/%
B
S

48 12 16 20 24
Time/h
B 5 MP@H-MnO,-Dox 1 H-MnO,-Dox ZKHi7E
E pH FH TR 2
Fig5 Release curve of MP@H-MnO,-Dox
nanoparticles and H-MnO,-Dox nanoparticles
at different pH values
n=3, x*s. MP: pH-sensitive fusion membrane; H-MnO,:

Hollow mesoporous manganese dioxide; Dox: Doxorubicin.
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-~ H-MnO,-Dox+H,0,

- MP@H-MnO,-Dox+H,0,
- MP@H-MnO,-Dox

~ MP-Dox+H,0,

RDPP quenching

2 4 6 8 10

Time/min
6 AREMRBHT=RENERER

Fig 6 Oxygen production capacity of different

nanoparticles

n=3, xts. H-MnO,: Hollow mesoporous manganese dioxide;
Dox: Doxorubicin; MP: pH-sensitive fusion membrane;
RDPP: Tris(4,7-diphenyl-1,10-phenanthroline)ruthenium( 11 )
dichloride.

2,6 AEMKEGRABEIGEN BOLILRER
e T Dox 7E 4T1 AN A an &l 7, Hoar
B L Dox, i (7¢ 183K DAPL, 1iF 2§ Dox
HA TP, H-MnO,-Dox ZH ) &t 7 H A 5 1Y)
%6, MP@H-MnO,-Dox (pH=6.5) 410 EL.A &
BRIV, KU MP (1AL GE AT U HE G KA i
ELPIHE AN

DAPI Dox

o . . .
MP@H-MnO, -Dox
(pH=7.4)

E7 HtREAREERIEUR 4T1 HAEA Dox By
BRI WIER
Fig7 Cellular uptake and distribution of Dox in 4T1

Merged

MP@H-MnO,-Dox
(pH=06.5)

cells by confocal laser scanning microscopy
Scale bar=25 pm. Dox: Doxorubicin; H-MnO,: Hollow
esoporous manganese dioxide; MP: pH-sensitive fusion

membrane; DAPI: 4°,6-diamidino-2-phenylindole.
3% i
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(75.14+7.5) %, x5 H-MnO, AR KM L 1H
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H R 5o MP FE I 5507 i by T PE AR,
S0 B 25 H-MnO,, K L AR A 58 78 pH=6.5 Al
pH=7.4 THLLWReIL, RSN S R KN MP A
AIRMESAHEURAT Hy, U 259 7E TME Rk
PHE T &, FERRTER HO, 51FF, MnO, #k 5
M Mn* 148, B 2H,0,+4H " +MnO,=4H,0+0,+
Mn*" . 0] LIS 44T RDPP £ 58 MP@H-MnO,-
Dox X iR £ H,0, i L, 44 % i) RDPP [ 2¢ 2%
BEVEK . %58 H-MnO, RSN "5 R 145 KW,
AR AER TME 8 H,0, W 51 F B mak
=4 RE T, R ik e S s s A A AR KA S
i, P 45 B4 0E B MP@H-MnO,-Dox 44 K ki A
S IERE ), WUESE T A 9 KR R % 25 )
F AT

ZE b ik, ARSCR A H# T MP@H-MnO,-
Dox ZKFLIF-HEFT T 2245 Ll . R A5 S G
IRIMFYE R 5, A R KRR R AT R 2 4 |
ERR B [ 25 2536 3% RGERIE 1o TR IIFRATH



1368

BRBESREE 20214E 12 H, 42 %

T JEE PRSI R B 2 AR S A N OBl P L 2550270
iy, It — DR DU R RIBLH] o

[Z % X #k]

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

NUNNERY S E, MAYER I A. Targeting the PI3K/AKT/
mTOR pathway in hormone-positive breast cancer[J].
Drugs, 2020, 80: 1685-1697.

VAUPEL P, THEWS O, HOECKEL M. Treatment
resistance of solid tumors: role of hypoxia and Anemia[J].
Med Oncol, 2001, 18: 243-259.

HOCKEL M, VAUPEL P. Tumor hypoxia: definitions
and current clinical, biologic, and molecular aspects[J].
J Natl Cancer Inst, 2001, 93: 266-276.

RANKIN E B, GIACCIA A J. Hypoxic control of
metastasis[J]. Science, 2016, 352: 175-180.

MCEVOY L M, O’TOOLE S A, SPILLANE C D,
MARTIN C M, GALLAGHER M F, STORDAL B,
et al. Identifying novel hypoxia-associated markers of
chemoresistance in ovarian cancer[ J/OL]. BMC Cancer,
2015, 15: 547. DOI: 10.1186/s12885-015-1539-8.
HUANG J, HUANG Y, XUE Z, ZENG S. Tumor
microenvironment responsive hollow mesoporous
Co0,S;@MnO,-ICG/DOX intelligent nanoplatform for
synergistically enhanced tumor multimodal therapy[J/OL .
Biomaterials, 2020, 262: 120346. DOI: 10.1016/
j.biomaterials.2020.120346.

ZHU J, XIAO T, ZHANG J, CHE H, SHI Y, SHI X, et
al. Surface-charge-switchable nanoclusters for magnetic
resonance imaging-guided and glutathione depletion-
enhanced photodynamic therapy[J]. ACS Nano, 2020,
14: 11225-11237.

LIN T, ZHAO X, ZHAO S, YU H, CAO W, CHEN W,
et al. O,-generating MnO, nanoparticles for enhanced
photodynamic therapy of bladder cancer by ameliorating
hypoxia[J]. Theranostics, 2018, 8: 990-1004.

CHANG CC,DINHTK, LEE Y A, WANG F N, SUNG
Y C, YU P L, et al. Nanoparticle delivery of MnO, and
antiangiogenic therapy to overcome hypoxia-driven
tumor escape and suppress hepatocellular carcinomalJ].
ACS Appl Mater Interfaces, 2020, 12: 44407-44419.
PANG L, ZHANG C, QIN J, HAN L, LI R, HONG C,
et al. A novel strategy to achieve effective drug delivery:

exploit cells as carrier combined with nanoparticles[J].

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Drug Deliv, 2017, 24: 83-91.
KRATZ F, WARNECKE A. Finding the optimal
balance: challenges of improving conventional cancer
chemotherapy using suitable combinations with nano-
sized drug delivery systems[J]. J Control Release, 2012,
164: 221-235.
CHAUHAN V P, STYLIANOPOULOS T, BOUCHER
Y, JAIN R K. Delivery of molecular and nanoscale
medicine to tumors: transport barriers and strategies[J ].
Annu Rev Chem Biomol Eng, 2011, 2: 281-298.
ZHANG Y H, CAO J, YUAN Z. Strategies and
challenges to improve the performance of tumor-
associated active targeting[] 1. T Mater Chem B, 2020, 8:
3959-3971.
YANG G, XU L, CHAO Y, XU J, SUN X, WU Y, et al.
Hollow MnO, as a tumor-microenvironment-responsive
biodegradable nano-platform for combination therapy
favoring antitumor immune responses[J/OL]. Nat
Commun, 2017, 8: 902. DOI: 10.1038/s41467-017-
01050-0.
YOUSEFI H, VATANMAKANIAN M,
MAHDIANNASSER M, MASHOURI L, ALAHARI
N V, MONJEZI M R, et al. Understanding the role
of integrins in breast cancer invasion, metastasis,
angiogenesis, and drug resistance[J]. Oncogene, 2021,
40: 1043-1063.
ZHU X F, LIU Y N, YUAN G L, GUO X, CEN J Q,
GONG Y C, et al. In situ fabrication of MS@MnO,
hybrid as nanozymes for enhancing ROS-mediated
breast cancer therapy[J]. Nanoscale, 2020, 12: 22317-
22329.
CHENG X, HE L, XU J, FANG Q, YANG L, XUE
Y, et al. Oxygen-producing catalase-based prodrug
nanoparticles overcoming resistance in hypoxia-
mediated chemo-photodynamic therapy[J]. Acta
Biomater, 2020, 112: 234-249.
FANG R H, KROLL A V, GAO W, ZHANG L. Cell
membrane coating nanotechnology[J/JOL]. Adv Mater,
2018, 30: e1706759. DOI: 10.1002/adma.201706759.
YOO J W, IRVINE D J, DISCHER D E, MITRAGOTRI
S. Bio-inspired, bioengineered and biomimetic drug
delivery carriers[J]. Nat Rev Drug Discov, 2011, 10:
521-535.

[(AXHE] Tt



