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Nano-delivery systems based on hypoxic microenvironment in tumor therapy: an up-to-date review
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[ Abstract | Hypoxia is one of the important features of tumor microenvironment, and it is mainly caused by the
imbalance between oxygen supply and oxygen consumption of tumor tissues. Hypoxia has an extremely important effect on
tumor growth and metastasis, such as triggering drug resistance and radiation resistance, so it has always been regarded as a
major obstacle to tumor treatment. Meanwhile, hypoxic microenvironment is becoming a favorable target for tumor therapy
because of its uniqueness in tumor site. Nanotechnology has high targeting ability and good histocompatibility, and has been
widely applied in tumor therapy. This review summarizes recent advances in new nano-delivery systems based on hypoxic
microenvironment in tumor chemotherapy, radiotherapy, photodynamic therapy and immunotherapy.
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1B R A (S RE 188 2o SR I RE 114 1 15 15 1 A 2
W ( enhanced permeadility and retention effect, EPR
RO ) FEMRETRALBUR, i T LUAE R 18 1 e
SRR U 32 S0 e MR AR, FREIAY TSI &R
GEMERETE, KSUEIRI TR . AKIIR RGERENS oA
GAL BT G KIETE2E | AR R AR e
PRI A A RSB R B AR T .
TR PR S S A A A KA [ 128k R GBI
A YT RIS . A SRR T T AR R T
SR B B IR AL BT L AT sy
TS PR DA IR BRI DT HERE, LAt
— IR AL LSRN R A DT R 9 K8 1K 2R
GEARBIHTRITERE I, e Bt ey T ER TR .
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ik A AT 15 5 IR TR PR B A — S 4 i PR - 4
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inducible factor 1, HIF-1) E&E NS T LA
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HIF-1 J& BA 7 st i PE R R A L Hy HIF-1o F 2
A HIF-16 3 B 20 Ji. 76 % % & 8 T, HIF-lo 78
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FEfeE . HIF-1p fE 4 i N o 3R 3K, 450 1
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N P 5 PR Sy s 2800 B B R (hypoxia response
gene, HRG) , 7£ HRG ™13Z HIF- 1o ¥4 14 3 R )
4 HIF-1o AR E DR 3ok S0 EE PR ) J5 31 B30 o
T EFE AR AR N o (hypoxia response

element, HRE ) , 2 HIF-la 454 7 &, HIF-la
5 HRE 25518 it skl i S G0, 5 shl 5L A 4%
SRR Z MY, SR — RSN (B 1) o ]
n, BRELME R HIF-1 7] 5 VEGF 3 3 F X ) HRE
454y, 51 VEGF ik By, A s i 4k
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Fig 1 Diagrammatic sketch of molecular mechanism of
tumor hypoxia
HIF-1: Hypoxia-inducible factor 1; VHL: Von Hippel-Lindau
disease gene; EPO: Erythropoietin; VEGF: Vascular endothelial
growth factor; PFK: Phosphofructokinase; GLUT-1: Glucose

transporter 1; HRE: Hypoxia response element.
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A5 R W, FE M sk AU A B, HIF-1
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( P-glycoprotein, P-gp ) . #iiZj#iH7 2811 1( glucose
transporter 1, GLUT-1 ) F13&Ji 4> J& 25 F1 i 9( matrix
metalloproteinase 9, MMP-9 ) 5, M2 1k
SEITI 25 o Xu I AR s HIF-1 )
il 770 Y BE ¥ (acriflavine, ACF) MFhARZL L &
((doxorubicin, DOX) FJ# T WINAEAR 1A DOX-
ACF@Lipo, FiREHi ) ACF Hl DOX 43 5l BEA7 204
il HIF-1 JIREFI DNA & Hild . (R A ATIE4E R
7% DOX-ACF@Lipo £ 1 P-gp. GLUT-1 Fll MMP-9
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Fig 2 Diagrammatic sketch of nano-targeted drugs
delivery system based on hypoxia-enhanced tumor
chemotherapy
DOX-ACF@Lipo, HR-DOX and HSA-PTX-ATZ are nano-
targeted drugs. DOX: Doxorubicin; ACF: Acriflavine; Lipo:
Liposome; HR: Methoxy poly(ethylene glycol)-block-poly
(glutamic acid)-graft-6-(2-nitroimidazole) hexyl amine; HSA:
Human serum albumin; PTX: Paclitaxel; ATZ: Acetazolamide;
P-gp: P-glycoprotein; GLUT-1: Glucose transporter 1; MMP-9:
Matrix metalloproteinase 9; HIF-1: Hypoxia-inducible factor 1;

HRE: Hypoxia response element.
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Fig3 Diagrammatic sketch of nano-targeted drugs
delivery system based on hypoxia-enhanced tumor
radiotherapy
TaOx@PFC-PEG, Au@MnO,-PEG and "“'I-HSA-CAT are
nano-targeted drugs. PFC: Perfluorocarbon; PEG: Polyethylene

glycol; HSA: Human serum albumin; CAT: Catalase.
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WA, BFRFEANTR R R T 08t H b =
(catalase, CAT) {3 O, 4= pl ki 5 fit S (K 45 &
TE I NI O, IR+, DL v i dif S0RH DG ik
SHATF R . Song " FH4 L4 ( tantalum
oxide, TaOx ) 44K 7243 CAT 4 5 U IR YT 7
B, TEIZAED AR 7% TaOx LR 4R ST RE B4R
w3 iR L B DNA 5843, [R) B CAT W] Pt e
H,O, 43 i 1 O, LA 5 IR ke 4805 | S i 5 S itk . =2
J&i, HATTHE TaOx 40K AL 1 78 b AU A 42 SRl Ak ik
( perfluorocarbon, PFC ) Z K& AT a1 4L,
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P R R R, R T A R P
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49 S SR AR P e e 8 o7 W R R DR B, 3R A g
A OGO S JE B O, S AE Y i kAR R AR
A RS, AR MG (reactive oxygen
species, ROS) , MM 453 473 I Jd 38 o7 2 11 o S 4%
BRAE W) 5%, SRR A0 M TR AE L 0,
TE PDT R H E2E, SR e 3 o7 i ke S R A 1
FEE RS T O, # 4k ROS BYAICR, MmisZm T i
o8 PDT BIRIT RICR . AR, BEE 9K HOR AR
HURE, VFZ2BBgRM BRI L R A . i
B35 PE B ROS F= A g Ty S vkfg, #) iz W H T
JEVRYT O, HAY, Al LU LR A i 22 A e
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T R ARG, bR AR S A i B (EP R
57 L BN O, 4845 Cao 2450 G T B ML &
1 (hemoglobin, Hb) E LA, E A XOETF W IK
PEREAY XL EE [bis (pyrene ) , BP] FIYGHE] & 4L
21 (rose Bengal, RB) #1490 K % S 1A R
BP@RB-Hb., 44K 2 A& 5 703 55 06 0] A= M) 2 1
28 T, SR ROCR LM A . B G IR T
38N, Hb LR T i A8 A A AR R A,

SCEL O, BRI, $E6 PDT MURCR ., RN AN 5IE
S5, ZANAKBIE R G EA RO YA K
AR ZFBEVERE RIS A kR, XFhZ IR K
A B SO /Y PDT FEMRIGYT
IR PRI FH . Wang 45 7 K BIGR] DU R SE AR S0
Wk ( tetrahydroxy phenyl porphyrin, THPP ) Fl%5 4%
PEG 3Bk, i J5iAL B FE SR G Jr ik X CAT # 47
f5E, R T —Fh CAT-THPP-PEG 4K k% R 45
X il CAT-THPP-PEG 44 K i 75 it ik 1 4 )= BE 6 5L
] (e, Ok ik S i ged 9 UM HLO, 19 03 i AR
0,, MIMIRKZ MR kE . CAT-THPP-PEG i#ix
PR AR LU PmTe frid, “mTe'" 254 THPP )
nherkgt Ay, SR AT IR N ST RO T R ST REL
Wr IR AR, ARG RIS A

H T i 9 AL T AR 2 IR RD R v A2 R B
it AR b g B R R L R R 24 1 4 D AH G
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GDYO ) 44K J 2 i 4 7 iRGD K& ¥ (1) £1. 48 ity
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i-RBM ) FJEE( 4B GDYO 99K 1, FIFr£r4t
RS RO fie A K B S8 A, HETTRE L O, I 2B i
AR ('0y) o Ji4, GDYO Gk A 7 SE B bR
B [ ) [N B R IR R, HOGHES
AN 60.8% . 1% M AR T A [+ P S B R
AN R 1 ARG 5 PDT BT IIR vA 78308

— FORE T 2T AN 6T Ak S P R AR A LAY D'
#JF L (photothermal therapy, PTT ) 4% At i
MR, Wu % B Au/Ag-MnO, 25 0 44 K Bk (Au/
Ag-MnO, hollow nanosphere, AAM HNS) | £ T
— PR BOLEGH Ce6 M Z DI REIMEBLN KA R AAM-
Ce6 HNS (¥ 4) . AAM-Ce6 HNS 7£ iff £1. 7} ¥ IR
S BA BE DG REE T, BRI R s
6] I5F MnO, 44 K KL i 4k N TR 1 HL0, £ 1 O,, 1
5 PDT X R 22U B A0t s MnO, 9Kk 118
R A B IBOR B Min™, i & ELA IRE T, G 1
5 MRI{5 5 WFFE4R3EW], AAM-Ce6 HNS ifn]
SO AR (/6 /MRIL) 5154 PTT/
PDT B A iggiayT > o
24 REEIT MREIEE. REEZMEEE
SR, AMUS A BB 988 A6, W
AT G RGOS A BAE R . R4
Wiz 3 H B R RGN, X IR AT R RS
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Fig4 Diagrammatic sketch of nano-targeted drugs
delivery system based on hypoxia-enhanced tumor
PDT/PTT
PDT: Photodynamic therapy; PTT: Photothermal therapy;
AAM-Ce6 HNS: Au/Ag-MnO,-Ce6 hollow nanosphere; ROS:

Reactive oxygen species.

dift S — 5 TRDRIR 1 HIF S 005 26 3k 1 iy, i
Jed S FOUOABE 43 1 Z2 Fh A il 8 A )R 7, Al i S
G IRES 0 S By R T e SR 1 O RE 6 % |
0 ) A 9 2 R A Ak, BRI T 4 AR B AR R 1 4
YA G VE T, Ao ok 9o 200 1 EL A S ks BE Sy b
TeA U 5 T 1) St SECRI O E T 22 o i g SR AL
A F75 G5 2 0 A R0 P AR S A B B
it HIF-1 % 5/ 4 VEGF . 5 5t 20 fd 777 A= T+
( stromal cell-derived factor o, SDFa ) . IL-8 Flfi
YISV R 145, A BT R S 2 2 i B
BUOFIHE SR IR R B b, IR A IR A DG FL
20 Mg ( tumor-associated macrophage, TAM ) Fl ‘f
A4 ok %) 410 P4 40 B ( myeloid-derived suppressor
cell, MDSC) . X LE40 il 7 £ EfF 5 H H 3A
( semaphorin 3A, SEMA3A) , SEMA3A 5 #f &
HH 185N TR AR B IX . B,
HIF-1 T SEMA3A Kk, e i 4
TEBRE X . AEIZIA P e R — LA, A4S
IL-4 1L-6, TGF-B. HiI%/i# 3 E2. VEGF HIROS 4%,
A F T X LA 531 R v M2 Y A i R A

FAMDSC, T 72 A iR e b 3 7 e
i) 240 A e PR S X R R, T s A S g T 32
ML el 3k Rt i = e W, AR e e

B X e ke A P B R A g2 A i TR SR 1
MK i 1k R GERERE I R IR TR (B 5)
A T BB hRE £E A6 T . Zhang %57 AR 43
¥ 1 1% B i R (low molecular weight hyaluronic
acid, LMWHA ) XJ 7 fL ¥ 4 +- ¥ ( mesoporous
Prussian blue, MPB) # 17 3 i & i, & B W
LMWHA-MPB 4K ki 5 n] 7 2y Sz B e 40 i e A
PN O, KAAR o AR 431k 135 W BT i 22 b
REAE HE A [R] 1Y 98 5E A i A 5 1977 24£, LMWHA
A S 2 e A 2 LTS RS R DG A2 R
A BT, NI EE 2 TAM R A (BUE B M2 -8 Bl
ML) , FEJRALEAT B WAl i f% AL 857, MPB AMY
LR YR, B EA 0 CAT G, 7T LM
WIE M H,0, 7= 4 K& O, L2 i s s 4. 1R
PLPEE LB 45 R 7R, LMWHA-MPB 71 481 7 3
HR) i Pk B F ik (hematoporphyrin monomethyl
ether, HMME ) Ji5 n] 38 1o e 35 b g e S IR B A7
SO 4T b 988 200 i 1y 389 5 A6 % . Yu 250 JF
KT — P S GO 55 RN e 9 SR E TR R ((tumor
immune microenvironment, TIME ) M i f*) £ T GE
YIKIBIL RS, DLEA RIFAYAHAVER 2 107 A
T [ (bovine albumin, BSA ) N Z5¥ #A, £ E&
MnO, F1 PI3Ky 11 #1 1 IP1549 ¥4 £ 44 K 4% 1A BSA-
MnO,-IP1549 . MnO, [} fiff 75 44 K7 % fifr g 1)
FRPE AR A H,0, & 42 1Y X Sl BERUER, MO, i
1 H,0, 77 A O, 45 40 K 8 3% 7 45 i A O Dl B
JUCIPIS49, [R] B 7 AR 1 O, 2% fif til 42 JIr S0 4 i e
FPESET- AR 1 ( programmed cell death ligand 1,
PD-L1) 1 b8 (PD-L1 J2& — Fft e 28 410 81 43 1 1
BeAd, LRI AR e il ) o Siah, Bk
(1% TPTS49 15 5k 54 100 41 40 L 1= 1) PI3Ky 25 & 3K
TAM 1Y M1 B A8 40 il P4 T 7bk 2 200 B 0 35S
LR B R e iR T i B Y
25 A TREHRATHNBHIAFTEGH R I i
FAFG R M O SR AR O R E, — T
T AT 5 g A A A g A (A IR AR R I Y 7
A ), 35 THA AT e s A A ) 5 A A
A7 o0 Chn e 40 M i R bk ) MO L A R ST R
T B el SR AR A B A A B S A A B IR R
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High O, pressure
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660 nm 1 HOE MR AE T 7R/ BUS R AL = &
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Fig5 Diagrammatic sketch of nano-targeted drugs delivery system based on hypoxia-enhanced tumor immunotherapy

PI3Ky inhibition

@& pisky

<l Neuropilin 1

BSA-MnO,-IP1549 and LMWHA-MPB are nano-targeted drugs. BSA: Bovine albumin; IP1549: PI3Ky inhibitor; LMWHA: Low
molecular weight hyaluronic acid; MPB: Mesoporous Prussian blue; TME: Tumor microenvironment; HIF-1: Hypoxia-inducible
factor 1; HRE: Hypoxia response element; VEGF: Vascular endothelial growth factor; SDFa: Stromal cell-derived factor o; IL:
Interleukin; G-CSF: Granulocyte colony-stimulating factor; IMC: Immature myeloid cell; MDSC: Myeloid-derived suppressor cell;
TAM: Tumor-associated macrophage; TGF-f: Transforming growth factor B; PGE2: Prostaglandin E2; ROS: Reactive oxygen species;
Treg cell: Regulatory T cell; PI3Ky: Phosphatidylinositide 3-kinase y.
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