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Abstract: Radiation therapy is an extensively applied cancer treatment methods in clinic. Radiation therapy
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can be conducted by either administrating/implanting radioactive isotope agents into the patients to irradiate
tumors from inside, or using external beams (e.g. X-ray beams) to irradiate the tumor from the outside. It is
well known that oxygen molecules play an important role in enhancing radiation-induced cancer cell killing.
However, as most of solid tumors possess hypoxic tumor microenvironment, the tumor hypoxia is well
recognized as one of important reasons that lead to the resistance of tumors to radiation therapies. In recent
years, owing to the rapid development of biomaterials and nanotechnology, many different strategies have
been reported to effectively modulate and reverse the hypoxic tumor microenvironment. In this article, we will
summarize various types of nano-biomaterials for tumor hypoxia relief and their application in radiotherapy
sensibilization, as well as the future clinical translation.

Key words: Nanotechnology; Biomaterials; Tumor hypoxia; Cancer radiotherapye

Funding: National Research Programs from Ministry of Science and Technology of China (No.
2016YFA0201200); National Natural Science Foundation of China (No. 21927803, 52032008); Jiangsu Social
Development Project (No. BE2019658)

Competing interests: The authors declare that they have no competing interests.

W OB BT ARGRITIE ST E R — ARG Rk, QAR RSN AT A
P ARG 5, (AoXHH ) XM 40 2 A7 B 00 SRR PR K. TR B
R A A IE G o MR AR KRR E R AR, T R E MR ie AR 2 AR BORIE, IPEB A

REHESRF GO ELRRAZ—, H5 R, MEEYHHF MR RGER, — 590 A 2R Fe
15 I 2 BB IR 6 H AR AR
WiS EHA: 2020-08-21; {EEIHHEE: 2020-11-12 ASHEA-BIEF RR T R TR E

Wy A6 B S 2 B R R B e Ak
FF¥EHEOP ey R, i AR AR R

EEGH: TEAAXFERALAA (2016 YFA0201
200) ; B R A &AF AL (21927803, 52032008 ) ; LH A4

oK JE R B (BE2019658)
fEZ L. 215123 H# M,
B RTE
WBIEEE: 2E (1982-) , B, HL+, &k, &K
FA YA R E SR, E-mail: zliu@suda.edu.cn
EERE N A (1990-) , &, ML, £BIF, £&
MFHREFHHRT

FMKFHRem RS B R

8 ls SR A AT B fe it it
KR SOREAR; AmitH; IR
FESES: Q819;R730.55 [
TR (IR SS) :
FRIRAZ(OSID):

- ERiLIE -



« 110 ADEERHa IR 2021 5548455208 Cancer Res Prev Treat,2021,Vol.48,No.2

0 3IF

IR TS 1T 2 M TS 37 Tl e Fg — ol
SRR Tk AR LA N A R 43 2
Ao, B yEFEFIA ZE XA T HLEUIM A
XTIk TR . 7
PEITIEIZR, KETO% AR B AR AL 1 1 7
it TR . AR IR YT T
AR H 552, EsOIRT Bk iR i 2L
FBrZ—o BRI, oy TS AR 1A 3l A 7E 2 4
(80 R BRI, T A 20 L g A A% A0 9 4
M i R A I AR, S BURIR O =
FRE T IR A AR Z B — & R R,

AR, AUOREAR SRR, b
2 AR T — RN TR STk
BB iR Jr 3 Tl i 7 2 T 4K 25 90 114 18
ML TE AT R LS SR P A6, i e
R Z EOT SR TR X T B S T
IR T — R AAR R, ALK A1
AR B IR P, DTSR TR PN AR R G R
ShifYT™ e A SR A i A S
PE AR ik 2 MR A, T L 2o A iR
PR I SR AR B i e AR AR, AT e PR =
FOFHROIOT " BR T RIRCIFEC RSN,
FEAS PR AE N B RIE ST A 1 e B 3o M) P 4 K
2y R A M RE A AT, B A TR A B X 4
SUHITHFE, LA LI N R B SR AR T MR
Sl ZE b, GORAEYIRDRHEOR R iR DSk
iR = A R T VR 2 Q08 s, Rk
I REGALAEAHIITE o

1 MEZSES5RITHE

TERUT R, A0 TaS S EREIR
DNARyERE, HRBA AR : (1) XHXK
S5 R AR O T LIRS 1, AR AR i
VRS, AR A AT DA SO A A FE DN ATE
AL N & R B R 1. (2) MBS
SEnl LUEARBIADNA A, (HAEZ S 10 25 1F B X
FIDNA$AT AT DL A N DN A BB 5, M
11133 BN O R 525 W0 AE R T A AE R PR T
e, TR T AT LABRGES DN AR AT 37 858 S A
1117 BHL AL A X LRI 52, (o A0 B B W Ak
KU ORI IRERR SR, T i R R 1R
(O A 2 B4 B BT R K, T 2 SRS T g
e 200 AT P T e ) R T U i SRR IR
RS o

o TR RO O ARG, A AR A e 5, P
PASEARBRE R R e e i Z I, g, Sk
it A 2 AR R S BUIRE R I PR BCER Y (L
15 A0 BRSO AR R N OT ) T 32 04 5 B it 1]
N S N I )7 S L AR SR P SR i g
Hi, FIHEESEM (hyperbaric oxygen chamber,
HBO ) HARFETE A B I P A 48000 e, A
T AR N B A, DU TR0 I A
PR R ORD TR AU R AR T 2 R4, ik
HMER HRE N B E WA ER A TRA AP E
AR (RGPS | AL P B FNIR A ) |
P, ZEASLEBINA RV T, KIE%
AT R A | R A T R PR B A
i, ST AT R E, R R
e RS 18 FH A4

2 ETFHREMIREIEZ S R

UTAEAE, AR5 YRR — A58
SRR R T o R R, A RAURAE Y
FHERRE YT PR HRATE] 1)z iR R
TE P A SR, [ NS 2 A PR i GE
T —RINEETHORAEYIA R IR = AP
NHCE I = R A, RTRAAg a0 R A
FEAR. (1) Mad Beag b N AR PR =
o (2) R AU AR B AMCRE S T ik
FURE AN (3) ML e P9 g PR PR 2L 4R Ak
ST A AR IR Z G (4) Tl 98 g R
AR B T AR A QR R AR AR M S T AE , AT B2 T
PR AL AR S i A EIRDURR SR, AT 2
W TR, MR e — 2 R I
2.1 e A AR A I AR R = 4

42 AU JR T L S T IR, LU R 2
o e LA, SRR R RA I LA R
W B8 A KB T I RDC AR YT, X LB BN
KBRS 2 /N B A AT LA A e s 1] (ST
i e B A8 S R AN, RDEPRARNE ) = S
[ UE- SR P SUEE N VS AR LSS R A
FUEZARIIEE S ) WA TR, el /ME
JEHY RRGS TR AT LA Rk 42 w5 Mo A 02 7 =) A il
B, T SEHIAYT T 2 A KR i H it AR
U201 SAF 1) — IR 9T & BL2E T MnS@Bi,Ses 4
KBPRHCHLY, AEARI R IE T ] LIS B
AL A THE (2943°C) M g, &
11 B2 WADEHIR YT IR 1 B B R B ok
K, AERFCR A Bt AT AR R — Bt ) 5 2



AYEBRH3a 372021 5548455520 Cancer Res Prev Treat,2021,Vol.48,No.2 e 111 »

FRETE, T s M = A8 R AR 27 S AR R AR
RS o X FEAL BRIl PR i XTI T, nl LA
AR, FLIE DR 5 A A T AR R
TR T I SG . B, FE AN BAARARRE T
JEFG T W [ S 2 A1 BER HOTT FIAZ 3R N BRSO
AR, A B RN 1 I A R T S mT
DA EM R N i A S AN =2 SRR A B ek, A
T PR XS 7 B A k>

Fif IR N A P AE W AV R A I B, EL A
ol LA S5 A AN RN, L S B R I A R S
AR BN o AN TR e B ) 1t A A R
NPT LR e AR ARG R AT DA S LA I
Ak, ANTTEE TR A 4 i 53—,
XE AR T LA S AR DA A4 i A/ o R v
e (& DR g . R E AN ) S AR
N, I3 A I R A R A A R S, AR
TR ET BT, 5 S R N A R IR AL, TR
Jitooed i (AN AR R I R B A
75 T IR I A T R SR T AT SO0 R iR =
L HEMR TR T A KR Y 7R
22 FETYARIMAR G N A kR

H T MLV P £LA0 N M £LEE P A U A
—E LR, TR R IR RS
— R 22 A 1 SR W T T AR A A
SHIDURFAR, T I 2 485 SR 0 K A S
2 3] 988 A BT B8 o 88 FR PR 858 v ) 4 5 1,
FREFIMAE AR KRR A s R, AR
TP T HT MELE A AOR A, mTLASEBA T
TEKSE I £1 AR FAAARIIURE b AR, i 9Kk
KLY EPRASUN 8l B2 T R R, AT A 28 T
IR L i, R =2 S R R .

75— RAG R IZ R AR ABAOR A K
SRR ST BT A AT R R T BT
ALY, BA B B A e PR A RAF AR
PRI o AR NARRAE > T, A T K R B
i BEARARG, R AE A2 0B mh A1 B s O T A JE
100Z T} 4 ALK BEF A TS0 T, AL AR
FRETII LSRRI, A 42804
FOR, WA & T 3T 4 i i A3 1>
(i TNEE S R | BE ¥ 3 NN R (B DN SN R PE =
Ul HAT, C2A 2 N i o 2EA T Ik R
BRI, A M T A 2 YRR A I AR B T Il PR
HER A, e AR B TR IZ TR,

ARPRI 2015458, A T 2P T 2k
AIEAK AR . Bl Z2 a0 JE WL K 0RE, AT LA

e A I e g A e, O T S B AR v I e
o N YR ATUR E B B MR N, AR AR
FET SRS BRI, AT 0 A e = S 3
MRS s AE S — T AR, BATHE—A
T UL ILIE 1A P18 43 B0 3R 1 4 S 4h oK 3L
W, AN LG i O S BN IR S, 7R
it 8 oY LA PR ARG P SR, R i Y A I
PR G G, AR BUET A2
i 20 K R 6 R 7R P R T AP R AR
AT, FRATTAE /IS BRI IR SR A A1 i 75 ¢
Sk, 38 6 R R R R, T LA S A
R RIS SHE IR N I S R ORI . R
TERS 23 AR 4 TR 4 KR DU AT L 3 I VAT
PRE M E T F A, At R A AT LA B A s ]
DA 75 B e PN A ik 31— A KO, E
T2 150 J IR X TSR 7 R i 7

FEILIERE -, 2017431 HE T —Fp I T4
TR AR LA™, 42 FU AN KR T 2140
MR EAT L3, AT RE R T 4Rk ks 2 2 2 TR
MLRAGIRBF ] o a2 i i R F 40,
AT LA (8 M8 A Mg PN, DT AT DA s 28 b 4
Ay TRk B MR S, SRR Z AR, 2
o JRE X ST )RR . 2 R AR AR R R R
LR, XSRS AR R B A — 2 1 I K
(A VI
2.3 FEFYORMEALTLE NI P A AR

AR A B s R 2 2 e A 2T A0 e A 2T
B A BRI, i E R R
BB N TR . X IR R, ORI T
i PR 8 1) LA 5 A R 0 AT o Fl T R A0 T AR ik
BT BRI I AR, T ELAE bR P9 e = 1 2 21
e 38 A7 1 3 AU SR, 5 30T M S 1 a4
PR HERN, e B nT LR BB GO SR, Al
X —B%, Zps kM, ik b &
o HLA 2o TR S T T 1 RO ek a6 21 e
PR, AT LAREZE o3 A e D st 1 o 4k 0™ A
SR, DT ) 7 s PR R 2 7 A A AR el
fifris = 4R X — SR A Bl A R Sk TR B
XA T HE A S R

201 84F AR P AT K I IR H FH B4 30 S 1 A R
WL-131hRic e EAL A I, K L S 5 AR CpG
DL K g BEFR AN AL 45 20 5 G VR SR A 1 5 3
iy PR S F T R R AN A SR T S AT LA
9 200 i 10 B8 v 1 465 2 - 285 DR LB ME
H - 13 1AR I 1 2 4 A SR [ 7 g 9, AT



112 - ADYBBRG 381372021 5548455528 Cancer Res Prev Treat,2021,Vol.48,No.2

3858 FACR I H AR I3 4 1 i it . S5t
I, i AT U T AR AL 23 A iR TR 5
(e S, T S AR A R = R LA
SESRIOT TR SRS T LA AR A - 13 17825
P A R SR BB AR R TS
Pl RS AR TR LA L2 S B R A Y S8 % K D S
T XA R TR Y T LA — 2 S SR BEifTr
Wty o 1M Z i S A R Cp G AT S 2 RIS i) 2
RE, DA 2 25 384 58 0 I g ik B 00 v 1) b e A
KNGS S I, FEM™ A e e (i
TR R SE S ) o 8 — 2D B S e A A
AT, AT LU A O AL A B i e R gtib
W R IR AR, AR IR, JF
A IRV B MR S K

JEALLIR) S W X T S B S 7 e nT PAGE o
20164F, AR RIE 1T —Ff o 28 d A A0 U Y
TaOx %5 D PR IORL . LG8 AR — 7 ThT 38 42 Ta
LR MR MACX - S 2 8 5t g PA) 5 i R R R DO AR A 4
B T R4 R, 55— 5 AR S 4 ] DA
FEE 0 A e P9 DRV i ST 0™ AR SR UM T 3 —
AHBIX-GHET o R SA B i — P ARGE T
—FEETPLGA R 73 1 A2 D AOKIBIRL, 7EGAK
R PA R e AL U, A UL Y 7 J2 2R 2k
e B SR A R0 A AN KR — T TR T LA o
1o S A S O IR = SRR RO, S — Al
VA Ao S B 0O S 107 I 7 £ 1 s i B 3
ROV, A i A B R R R A A I

Br 7 E AL AL, —SEICHL KA R
AR (MnO,) tdun] DI E BRI BEEYE, JF80H
TR AT HGE MO 24 KA —Fif
ARGF BOROTT B BN BERLETN S A 2R T
MnO, ] UMb AL S o i 21 405 AR IR T
MR, MnO2 HAE SR F ROV EI A <. W
I, FE MO T AR AL AT L 25 4 T
PR N B R S A i, T S ORI T 7R
2.4 JETYOKZGI I 3BT IR A R 47 300 e fe
=4

TE B3R = A RO R a5 45 R
PR KM IE R ORI MR = 4, #RR SR T IT IR
RS o R T R AR AR P, BT R A 2
A Z A, X E P EUE = A n)—
L3V IS i = N (N2 4L 7/ DINDOC i) 1)
A RER Q™ A AR T, DA Bl P T X8 TR el 3 B
M TEEER S BN, = HOSUNRAE S —Fh bl R 32
(o A 2 BB PRI IR T 25, R AT S8 45 2 M )

RERLACS . AP —IUWF R, SR XL
IRy 4 K i o A e ok 1 5 390 A 98 /0 BUAA A T L2
TE/INERUIRE N R A, RS R RSUBICTRT 4 A 2
AUREREACH, J R AR R P A ST AR P LU
RGN Z A, AT Bk — 2 34 8 S 17 %) A
T A GRCR S N A2 AR AT
NS PYDEE S > € P11 U AR R/ e
U IR Z A, RSB R] DL R I IR I R
W TC 5T, DT B DA R JRE 52 T P8 PN 1) S
B, LB AL IR AT o

3 BESRE

UEAEA, [ AR BT A WA R B AR
14 IR = AR MO I T Stk AT 1)z
FE, IS T NSRS SR as R . AR
AR AR B 22 B AR A2 bR B TR = 4
R UEAT TR RIS, ISR EAT % A 1Y
DURRIAN AL - i 32 TR Y i ik (i 4
IEHAL ) (SR SRR TH R &5 220 BE R , HAk
FRIA 232 R IR P LA 110 % JRE LA 21 200 L P 4%
SEREST; A R AR B (ol n 4 Felie
QUK ) AT LGSR I 2T 240 M A B 1% S5 RE T
Ik SR CUmEE R ) SEEUR A B AEUE
SRR, R RS R AR AR IR A2 B N LA
JER R, HAR B EE A —E /R dEd
T FoiIRE AL A5 Bl T o S Al U e R A 1 SR AR R
B TE R QK BERE, AT LA BT AR PN TR AN
i A iR = 0, HARE e Al DL, (3
X — TR A3 R = AR RS2 2 bR o 4 AL
S B BIRA 5 AT R B AACRE — F SIS ] L
A4 AR RE A QI 0 25 ik BB, G
iR PN AT AR R A MR = AR, (ELC R IR
R IRAT — 2 R FR.

BT B FA ) 0 = SR S, ROk
TR R 14 1 AR A A AT L Xl R R
S B 7 5 ok 18 F A [8] B4 b R = S s SR
e, T B I ] R R S B Y, R R
7 S8 A RES R eAcat e o, (46wl S 4R R
A Ty A 5 9 IR 16 P L o e 9 4 B R
TEWEAE I 4207 o TR T 7 EAR I )R 2241 1
MR N AR AR SR TR ),
R P = WA MR O EE , %
T S S A A A S SR e S
A AR RNk Z R = A, Rk
s VAT DIVED— P BT BE, e A el 5 Al T



AYBBRG 38372021 5548455520 Cancer Res Prev Treat,2021,Vol.48,No.2

113 -

Belicsy, MM AR A R R . AT,
eI RATSH PRSI T, R B = SR B o R ik
FrIRR g g A AU T A e U R
ARG XU, FEARA NG R T S8 P il 255
JE CUNTEREE = AR Jm L 2 ST ) o

T3 —TJ7 AT, T I IR 240 S i
JAE T RIGL R SR8 S A0t A Atk T 5 ek PR
WAL IZ I iR =2 A e AR AT LA
A oL 4 TSR X IR 14 B AR SRR T Y 17
R, T IR N SRR I PR S HAT 2 )
AE . A ST R B R A A R T L AT B
T-CDS TN ML AEMed A R I FITG AL, 5 iR AR
SR L I 2 L AR 2 40 il g M2 P 2R i) e 28 P47 g
M LI R (i A7 S 7 5 07 1) S 3 0
WERE VR, X T Th = S 5 R 0T B R
PR Rt oA F 2, X7 TR IS IR (E A
B RAG]

i bnd, HEHRIE R Z AR T AR A YRR
(R = SR e b, (T RHA R R AT
AW 2 e AP R T ARE . LR T sl R
HEBER/INT T 254, IRIREEALnTATPhaR . 2R, H
HiJ_E R SR B AR BRI AR5 B TE I R A 514
SR, AR AR AR FH A e 2 PR T
PEE W24l LSRRI 52 A AL R 55 7.
RBEAIE X R = AR SR R, A
BAEAGERBIM RS BTRTEE T 327 H Al R L
RO BN, OB HAT I BRI PR (EL

S 3K

[1] Begg AC, Stewart FA, Vens C. Strategies to improve radiotherapy
with targeted drugs[J]. Nat Rev Cancer, 2011, 11(4): 239-253.

[2] Horsman MR, Mortensen LS, Petersen JB, et al. Imaging hypoxia
to improve radiotherapy outcome[J]. Nat Rev Clin Oncol, 2012,
9(12): 674-687.

[3] Moeller BJ, Richardson RA, Dewhirst MW. Hypoxia and
radiotherapy: opportunities for improved outcomes in cancer
treatment[J]. Cancer Metastasis Rev, 2007, 26(2): 241-248.

[4] Zhang C, Yan L, Gu Z, et al. Strategies based on metal-based
nanoparticles for hypoxic-tumor radiotherapy[J]. Chem Sci, 2019,
10(29): 6932-6943.

[5] Song G, Liang C, Yi X, et al. Perfluorocarbon-loaded hollow
Bi2Se3 nanoparticles for timely supply of oxygen under near-
infrared light to enhance the radiotherapy of cancer[J]. Adv Mater,
2016, 28(14): 2716-2723.

[6] Jain RK. Normalizing tumor vasculature with anti-angiogenic
therapy: a new paradigm for combination therapy[J]. Nat Med,
2001, 7(9): 987-989.

[7] Li W, Zhao X, Du B, et al. Gold nanoparticle-mediated targeted

delivery of recombinant human endostatin normalizes tumour
vasculature and improves cancer therapy[J]. Sci Rep, 2016, 6:
30619.

[8] Gao M, Liang C, Song X, ef al. Erythrocyte-Membrane-Enveloped
Perfluorocarbon as Nanoscale Artificial Red Blood Cells to
Relieve Tumor Hypoxia and Enhance Cancer Radiotherapy[J].
Adv Mater, 2017, 29(35). Epub 2017 Jul 19.

[91 Zhang R, Song X, Liang C, et al. Catalase-loaded cisplatin-
prodrug-constructed liposomes to overcome tumor hypoxia for
enhanced chemo-radiotherapy of cancer[J]. Biomaterials, 2017,
138: 13-21.

[10] Chen Y, Zhong H, Wang J, et al. Catalase-like metal-organic
framework nanoparticles to enhance radiotherapy in hypoxic
cancer and prevent cancer recurrence[J]. Chem Sci, 2019, 10(22):
5773-5778.

[11

—

Zannella VE, Dal Pra A, Muaddi H, et al. Reprogramming

metabolism with metformin improves tumor oxygenation

and radiotherapy response[J]. Clin Cancer Res, 2013, 19(24):

6741-6750.

[12] Lomax ME, Folkes LK, O’neill P. Biological consequences of
radiation-induced DNA damage: relevance to radiotherapy[J].
Clin Oncol (R Coll Radiol), 2013, 25(10): 578-585.

[13] Dewhirst MW, Cao Y, Moeller B. Cycling hypoxia and free
radicals regulate angiogenesis and radiotherapy response[J]. Nat
Rev Cancer, 2008, 8(6): 425-437.

[14] Moen I, Stuhr LE. Hyperbaric oxygen therapy and cancer—a
review[J]. Target Oncol, 2012, 7(4): 233-242.

[15] Xin Y, Yin M, Zhao L, et al. Recent progress on nanoparticle-
based drug delivery systems for cancer therapy[J]. Cancer Biol
Med, 2017, 14(3): 228-241.

[16] Aghebati-Maleki A, Dolati S, Ahmadi M, ef al. Nanoparticles and
cancer therapy: Perspectives for application of nanoparticles in the
treatment of cancers[J]. J Cell Physiol, 2020, 235(3): 1962-1972.

[17] Cheng L, Wang C, Feng L, et al. Functional nanomaterials
for phototherapies of cancer[J]. Chem Rev, 2014, 114(21):
10869-10939.

[18] Song G, Liang C, Gong H, et al. Core-shell MnSe@ Bi2Se3
fabricated via a cation exchange method as novel nanotheranostics
for multimodal imaging and synergistic thermoradiotherapy[J].
Adv Mater, 2015, 27(40): 6110-6117.

[19] Wang Y, Wu Y, Liu Y, et al. BSA-mediated synthesis of bismuth
sulfide nanotheranostic agents for tumor multimodal imaging
and thermoradiotherapy[J]. Adv Funct Mater, 2016, 26(29):
5335-5344.

[20] Wang Y, Song S, Lu T, et al. Oxygen-supplementing mesoporous
polydopamine nanosponges with WS2 QDs-embedded for CT/
MSOT/MR imaging and thermoradiotherapy of hypoxic cancer[J].
Biomaterials, 2019, 220: 119405.

[21] Chen Q, Xu L, Chen J, et al. Tumor vasculature normalization

by orally fed erlotinib to modulate the tumor microenvironment

for enhanced cancer nanomedicine and immunotherapy[J].

Biomaterials, 2017, 148: 69-80.



<114 -

ADYBBRG 381372021 5548455528 Cancer Res Prev Treat,2021,Vol.48,No.2

[22] Gong H, Chao Y, Xiang J, et al. Hyaluronidase to enhance
nanoparticle-based photodynamic tumor therapy[J]. Nano Lett,
2016, 16(4): 2512-2521.

[23] Liu J, Tian L, Zhang R, et al. Collagenase-encapsulated
pH-responsive nanoscale coordination polymers for tumor
microenvironment modulation and enhanced photodynamic
nanomedicine[J]. ACS Appl Mater Interfaces, 2018, 10(50):
43493-43502.

[24] Fokas E, Im JH, Hill S, et al. Dual inhibition of the PI3K/mTOR
pathway increases tumor radiosensitivity by normalizing tumor
vasculature[J]. Cancer Res, 2012, 72(1): 239-248.

[25] Graham K, Unger E. Overcoming tumor hypoxia as a barrier
to radiotherapy, chemotherapy and immunotherapy in cancer
treatment[J]. Int J Nanomedicine, 2018, 13: 6049-6058.

[26] Feng L, Betzer O, Tao D, ef al. Oxygen nanoshuttles for tumor
oxygenation and enhanced cancer treatment [J]. CCS Chem, 2019,
1(3): 239-250.

[27] Murayama C, Kawaguchi AT, Ishikawa K, ef al. Liposome-
encapsulated hemoglobin ameliorates tumor hypoxia and
enhances radiation therapy to suppress tumor growth in mice[J].
Artif Organs, 2012, 36(2): 170-177.

[28] Wu W, Yang Q, Tao Li, e a/. Hemoglobin-based oxygen carriers
combined with anticancer drugs may enhance sensitivity of
radiotherapy and chemotherapy to solid tumors[J]. Artif Cells
Blood Substit Immobil Biotechnol, 2009, 37(4): 163-165.

[29] Castro CI, Briceno JC. Perfluorocarbon-based oxygen carriers:
review of products and trials[J]. Artif Organs, 2010, 34(8):
622-634.

[30] Lowe KC. Perfluorinated blood substitutes and artificial oxygen
carriers[J]. Blood Rev, 1999, 13(3): 171-184.

[31] Kuznetsova IN. Perfluorocarbon emulsions: stability in vitro and
in vivo (a review) [J]. Pharma Chem J, 2003, 37(8): 415-420.

[32] Song X, Feng L, Liang C, et al. Ultrasound triggered tumor
oxygenation with oxygen-shuttle nanoperfluorocarbon to
overcome hypoxia-associated resistance in cancer therapies[J].
Nano Lett, 2016, 16(10): 6145-6153.

[33] Chen Q, Liang C, Sun X, ef al. H202-responsive liposomal
nanoprobe for photoacoustic inflammation imaging and tumor
theranostics via in vivo chromogenic assay[J]. Proc Natl Acad Sci
USA, 2017, 114(21): 5343-5348.

[34] Chao Y, Xu L, Liang C, et al. Combined local immunostimulatory
radioisotope therapy and systemic immune checkpoint blockade
imparts potent antitumour responses[J]. Nat Biomed Eng, 2018,
2(8): 611-621.

[35] Song G, Chen Y, Liang C, et al. Catalase-Loaded TaOx
Nanoshells as Bio-Nanoreactors Combining High-Z Element and
Enzyme Delivery for Enhancing Radiotherapy[J]. Adv Mater,
2016, 28(33): 7143-7148.

[36] Chen Q, Chen J, Yang Z, et al. Nanoparticle-enhanced
radiotherapy to trigger robust cancer immunotherapy[J]. Adv Mat,
2019, 31(10): e1802228.

[37] Cho MH, Choi ES, Kim S, ef al. Redox-responsive manganese
dioxide nanoparticles for enhanced MR imaging and radiotherapy
of lung cancer[J]. Front Chem, 2017, 5: 109.

[38] Gong F, Chen J, Han X, et al. Core—shell TaOx@ MnO 2
nanoparticles as a nano-radiosensitizer for effective cancer
radiotherapy[J]. ] Mater Chem B, 2018, 6(15): 2250-2257.

[39] Liu J, Chen Q, Feng L, et a/. Nanomedicine for tumor
microenvironment modulation and cancer treatment enhancement
[J]. Nano Today, 2018, 21: 55-73.

[40] Song X, Feng L, Liang C, et al. Liposomes co-loaded with
metformin and chlorin e6 modulate tumor hypoxia during
enhanced photodynamic therapy[J]. Nano Res, 2017, 10(4):
1200-1212.

[41] De Bruycker S, Vangestel C, Staelens S, et al. Effects of
metformin on tumor hypoxia and radiotherapy efficacy: a [18F]
HX4 PET imaging study in colorectal cancer xenografts[J].
EINMMI Res, 2019, 9(1): 74.

[42] Yang Z, Chen Q, Chen J, ef al. Tumor-pH-responsive dissociable
albumin—tamoxifen nanocomplexes enabling efficient tumor
penetration and hypoxia relief for enhanced cancer photodynamic
therapy[J]. Small, 2018, 14(49): ¢1803262.

[43] Yang X, Gao L, Guo Q, et al. Nanomaterials for radiotherapeutics-
based multimodal synergistic cancer therapy[J]. Nano Res, 2020,
13: 2579-2594.

[44] E#R, 221, XPBR. Y7 HA PD1/PD-LIFNE UM iRy
[J1. ARG RAFSY, 2020, 33(2): 261-264. [Wang S, Li XC, Liu
ZC. Radiotherapy in combination with PD1/PD-L1 blockade for
cancer treatment[J]. Zhongguo Lin Chuang Yan Jiu, 2020, 33(2):
261-264.]

(451 FBl, BEAEIE. o7 5 5ty F e BT B AR SCHILH 2 o5
YRR (0], TP E IR IR R, 2014, 41(9): 547-550. [Yu JM, Teng FF.
Mechanisms and challenges in joint application of radiotherapy
and cancer immunotherapy[J]. Zhongguo Zhong Liu Lin Chuang,
2014, 41(9): 547-550.]

[46] Zeng X, Yan S, Chen P, et al. Modulation of tumor
microenvironment by metal-organic-framework-derived
nanoenzyme for enhancing nucleus-targeted photodynamic
therapy[J]. Nano Res, 2020, 13(6): 1527-1535.

[47] HARIE, 255, B0, 2 SUMEREE 5 I8 S e 24 (9], [l Bl
JA%ARE, 2017, 44(1): 31-33. [Xiao JJ, Li Y, Liang J. Hypoxic
tumor microenvironment and immune response[J]. Guo Ji Zhong
Liu Xue Za Zhi, 2017, 44(1): 31-33.]

[48] Park JE, Dutta B, Tse SW, et al. Hypoxia-induced tumor exosomes
promote M2-like macrophage polarization of infiltrating myeloid
cells and microRNA-mediated metabolic shift[J]. Oncogene,

2019, 38(26): 5158-5173.
[SRiE: L4845, BXT: HHEA]

YEE Tk :
O, FTAPRE LA, RS
X OE: eLFH



