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Abstract: Due to the complexity of tumor pathology, the demand for the combined use of multiple drugs in
clinical treatment has become increasingly clear-cut. Multi-drug combination can act on multiple pathways and
multiple targets simultaneously to exert synergistic effects. However, the current delivery strategy for multi-drug
combination still needs to be optimized. Nano-drug delivery systems can carry drugs to overcome physiological
and pathological barrier to target tumor tissues and cells, achieve the goal of continuous, controllable, and targeted
delivery, and enhance the efficacy of anti-tumor synergism and detoxification. To meet the new requirements for
smarter and more accurate antitumor multi-drug combinational therapy, the nano-drug delivery system has been
well-designed to realize more functions. For instance, delivery of multiple drugs in accurate proportions and doses
can make the multi-drug synergistic effect more precise; stimulus-responsive drug release can improve selectivity
and reduce side effects; controlling the time-course relationship of multiple drugs can realize sequential drug
combination effect. It has shown broad prospects in the field of tumor multidrug therapy and has become one of the

new directions of research and development. This article reviews the recent developments in the application of
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tumor drug combination therapy strategies and their delivery systems, and analyzes the new requirements and

challenges of multidrug combination for the development of nano-drug delivery systems.

Key words: antitumor; drug combination; nanomedicine; drug delivery system; multimodal treatment
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Figure 1 a: Schematic illustration of macrocyclic-amphiphile-based self-assembled nanoparticle (MASN) to achieve precise loading and

ratiometric delivery of therapeutic combinations to tumors. b: Combination index of methotrexate (MTX) and chlorambucil (Chl) in 4T1

cells and the corresponding color bar. c: Total concentrations of paclitaxel (PTX) and NL G919 in the tumors of the mice treated with different

treatment groups. d: The molar ratios of PTX to NL G919 in the tumors of all the treatment groups. 7 = 3, x % 5. (Adapted from Ref. 27 with

permission. Copyright © 2021 Wiley)
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a: Schematic illustration of co-encapsulation of PTX and silybin (SB) into dextran-deoxycholic acid (Dex-DOCA) amphiphilic

polymers to formulate co-encapsulated PTX and SB ((PTX+SB) NP). And (PTX+SB) NP worked as a robust nano-platform provided with

prolonged circulation, eradicated stromal components and normalized tumor vessels for enhanced drug accumulation and potency in solid

tumors. b: Fractional effect-combination index plot of PTX+SB at different combined ratios. c: The biodistribution of free PTX+SB and
(PTX+SB) NP at 12 h post-i.v. injection measured by HPLC. n =3, x 5. "P < 0.01. (Adapted from Ref. 33 with permission. Copyright ©

2020 Elsevier)
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Figure 3 a: Schematic of the preparation of DOX-embedded degradable silica nanoparticles polycation (DS-DOX-PGEA) nanoparticles

and the resultant stimuli-responsive drug/gene codelivery process. b: Time-dependent growth curves, weights, and photographs of glioma

tumors after the treatment with different groups. n = 4, x + 5. (Adapted from Ref. 19 with permission. Copyright © 2017 Wiley). BTOCD:
Disulfide bond-bridged silane; TEOS: Tetracthyl orthosilicate; IPTS-Ad: 3- (Triethoxysilyl) propyl isocyanate-adamantine; CD-PGEA:

Assembled polycation; pDNA: Plasmid DNA
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a: Schematic diagram of cellular uptake and subcellular drug delivery of angiopep lipoPCB (temozolomide+BAP/siTGF- f)

(ALBTA). Temozolomide (TMZ) and siRNA against tumor growth factor f (siTGF-f) could be released after the nanoparticles being

oxidized by reactive oxygen (ROS). SiTGF- could down-regulate the secretion of TGF-# and further regulate the proliferation of the T

cells. The synergistic effect could obtain by the combination of the antitumor effect of TMZ and the immune modulation of TGF-f. b: The

regulation of TGF-f secretion after treatment with various formulations in vivo. n =3, x 5. "P < 0.05, "P < 0.01, ""P < 0.001. c: The in vivo

magnetic resonance imaging (MRI) images of brains in intracranial glioblastoma mice before and after injection of LBTA or ALBTA.
(Adapted from Ref. 44 with permission. Copyright © 2018 Wiley). LBTB: LipoPCB (TMZ+BB-PDMAEA/SPIONs@siTGF-f); LBTA:
LipoPCB (TMZ+BA-PDMAEA/SPIONs; LBTA-siNC: LipoPCB (TMZ+BA-PDMAEA/SPIONs@si negtive control); LGTA: LipoPEG

(TMZ+BA-PDMAEA/SPIONs@siTGF-f)
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FR) A% IR XU HE A miR-34a R 44 1 = Je 91 K & & W) PEU
DOX-duplex/miR-34a. 7E N = ATP (1~10 mmol-L™")
LR, BUBEAZ R 3& A 4y 85, DOX PR R i85 1T AE A%
ATP ¥ 58N, DOX 8 5€ f7 7 T 2 B & AR XS v, Ak
AR, DU B RAER
22 SMRIBELIRIEMNBPERABRERE BT
BT TME (1 AU 8 R0 50 57 28 298 0K 245 W ik 16 3R 4 4%,
e 728 Jir A7 25 T M R A T A R A AU R T
VE G 25 i 1% 22 48 10 v AU R LA . Xiong %517
Wit T — ML ZLAb (near infrared, NIR) fifl /2 11 H T M
WA ZARBA T (ER+) FLR R 1) =BTV (17 2kt
T7I7 R JERIRTT) K24, F T 2L T Rk e
(80%) [ ER+FLARIE B A 1697 W7 & 2 TRtk
FRALIT 29 DOX FI“BRFE T "5 5 A A ALk (FeCl,)
YH 3% % DF 4% &9, % DF e & )it — 238 i -n 40 B
1 H 5 8 S8 A B A B S S A R R (tannic acid,
TA) A3 AE &, BB AW-A - Tl B HegK
A% (DFTA). Fe* FI DOX e A AH H/E F mT g 5]
Fe’* dHUE 7322, 7E NIR BUK N R AR L7 BRIE OB
Wz, 7= AR IR, I BERTIA 60 °C. 1E HL T ERIT A
IR, Fe* M DOX HIAC A2 1Y B2 TA 1 - A0 AT 1 52
BIRIR, Ak 2 G Vi A4, AR i DOX . FeClL, il
TA. FeCl M1 TA LI IHOR 1) 24CR 7 42 K & ROS, M
1M #E 35 GSH, 75 5 41 B 72, 152 DOX 0 ol /88 41 i 1
FLHARE, EATR /N B AR A 82 3 T e 25 1 401 R
A KM, 55— AR T iRGD B 1 44 K KL,
FH 685705 k35 4% (indocyanine green, ICG) FII 4,
WOE AL TT 25908 hr #L M (tirapazamine, TPZ) 7] 3t
1%, NIRBEOGIS 5, ICG I F B8 1197 A TE AR
R, Bl Z A, 30 WEE TPZ Ui o 14, LAEAT
P EEIT
3 EREEFRRARAYEKBNKEERSE

YK LR 2 Z 4 mT DL I 1R T BC R 20 EAS [RfI
ISP R TR S AL ) RS JECIE =R, AT 428 1 2 B iR
I7 B NG RIS 2, LS I ok v 1R 25 2 2, i Ik
A RCR AR, e 1, 18 3 2 BRI 2 H i .

3.0 PRAMBEERGIIMAGYELER WA
A (196 9 AR, A I 75 2 P B 22 b 24 4 () 20 B T e
) 28 R A% AE T BL Gk B B A IR T ROR o B W IR
(camptothecin, CPT) 1 Jy— Pl 4 b J7: 44 flg 14161} 571), w]
PAAE A & OB 1) 77 X 4H 24 DNA 1 5 1) 2 RNA &
% A E 4A (cis-platinum, CDDP) 7] 5 DNA 45 &,

I DNA &5k . PIFH 2540 7] LAy ) 40 i DNA F 5 |
¥ %, AR DNA S5 K A2 BEZ0 JR FE T2, [ I 16 A ]
E BN EE A, S sRiE T ROk . LI CPT @ —
I HE YR B R O - R AR B AL R Y L,
F T AR 5 i i 25 W) RE TR B S S8 Rk CDDP
Pt-COOH & 1EH, it 7 BA R E SV
5E 45 ¥4 () CDDP 22 BE ) CPT-Hi 24 K¢ K (CPTP/CDDP).
DKL A G R IR R A H AR AR
BT EE R B AN KRL, £E 25 W) e B, B KPR 25 0
T H RS RE WK B AAE R, BB sk N
%, BAEVSRKB AL, W AR B K N b 258 A2
o PRI Z5 1% [ CPTP/CDDP A 4] 50 nm [)°F
BIAR 71 5 248 Sopk A8 WORLAR 0 A, A A T2 3k SE Ak
R R . ZAKAYEIE RG99 R H T CDDP,
AR Dy 4 Blrodes 771, 1 HLAE 78 24 S5, A £/ CPT
A1 CDDP F[R] 2 BT

32 PRABEREIINAYINFREER MK
W3 1% 2 45 A3 i 3ok 0% o R OB 2 i R I S b st
fH IR 25 5 IR — 2 U AR AE ] o Han 80V 80 1
— M T m AR & A (high-density lipoprotein, HDL)
AR 25k R g, 1T Sk g4 )30 25 3t
1%, SEILMEIGUMR AE R . DOX AT 5 3 i 87 41l K
A B IR ME AN AE T (immunogenic cell death, ICD),
PR T E - 5 R SEA% IR P 81 (oligode-
oxynucleotides containing cytosine-guanine motifs, CpG
ODN) F{ 3 FY 38 A 55 58 1 4002 1 IR T 3800 [ 4 g A
B SRR 4 I PR 70 32 5, AT RO R S A B A
FHE2S TR G, 5 DOX B F AT A g 26 76 i e 38 A 5 it
ICD F=AE B 5, FE R F CpG ODN (1 5 32 i 2 4E FH 2 12k
TP SR A o AZ AN K 25 i 1% 5 4t AR S8 HDL
&R LA, LA CpG ODN AILE AT A% B2 5] 1 F A% R i
R AS1411 & 5 51 (Apt-CpG) FE4/r %z — A fig Ik i
5 Bk 2 8% i% (1,2-distearoyl-sn-glycero-3-phosphoetha-
nolamine, DSPE) (Apt-CpG-DSPE), 31 H.A& i 7 HDL
o ¥ DOX $fi N\ Apt-CpG [F1IZE S S Xt v, LA 0
#% HDL 492K 254 imHDL/Apt-CpG-DOX . {E 3% % Jif
JEA ) FE Y, imHDL/Apt-CpG-DOX & 4G i il HDL
I T 19 SI-BR Rf 53t 1 45 & KL S MR, BETERA
DOX ] Apt-CpG-DSPE, 7E AS1411 [J/EH T N HFEA
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YL, T8 R S SRR (B 5a). WA 25 PR
JBUG , DOX 55 1CD A 25, A€ 32t /88 A 5% 1) B0 i 11
FEI (181 5b); B Ja CpG i 25 5 40 i Ao 4 5 1R 248 i fie
BEFUR S B, SEIUE BRI E (B 50).

AR T B B T “ 2 70 307 5%, Hao S8 H
TERIZBCR 36017k BIEAL I BRI BOR - B e
Ry T 53 $H 9N KB (platinum nanozyme, PtNP) [1]
TEPEZROS M B B | 245K ki (CPT-TK-HPPH/PtNP).
ROS 1 52 4L i 25 HH CPT FJEHGH [2-(1-hexyloxyethyl)-
2-devinyl pyropheophorbide-a, HPPH] i@ i i 45 7 I 48
MRt 4 1M % . CPT-TK-HPPH/PtNP # A i 983 41 Jfd Ji5
PINP B 56 A Uit FAL A (H,0,) 40, 7 AR A S

& % ' EPR effect &
I)SPI:-CpG-Apc active targetin;

5 i+ DOX
D = npoA 1
imHDL/Apt-CpG-DOX
L 'l‘ulnar

Intravenous .
injection 2>

v 0
Q Immunotherapy
Q \

ng’@

CD8+ T cells

G @ L .'\ 7 TLRY medlatedHCpG i O

AT LA A2 660 nm BOLIUS T HPPH 42 i ROS, i —
A SEHL CPT 2  BEI, BLIE 239 Rtk y7 - sh Jif
JTEREITIER H I BT 120l 78w BE AR T s B
Wik, 10257 V035 5 1) G 8 TR P 4 R A0 T2 B % R G
W AR IR 9 A BRESY, T B ) 1 AT B B B2 453 4 fi
Je A BL 2R T BT IR 5, Wang 55T
PR 3 JEUEA S A W 7K T SR NE 5 A 4 A 4 KR
(autophagy cascade amplification nanoparticle, ASN).
K SR K I E W ATGAB 1] 24 Ik TGF F153 7K 1)
JE ] F A A8 36 75 21 (cell-penetrating peptide based
amphiphilic peptide, C-TFG) H.f&, C-TFG H.{A % H 4
BTV R 1 FEL PR W T ) 8 SRR C-TFG, i K A A%

Dissociation

) Tumor cell
o e (activation Tumor collapse
.~ O®
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b
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Figure 5 a: Schematic of immune lipoprotein imHDL/Apt-CpG-DOX and the relay drug delivery for amplifying antitumor therapy. After
i.v. injection, imHDL/Apt-CpG-DOX would target to tumor tissues and undergo extracellular collapse on the recognition of surface scavenger
receptor class B type I (SR-BI). Apt-CpG-DOX would then be internalized in tumor cells and generate potent antitumor immune response.
b: The flow cytometric of A549 cells apoptosis induced by various DOX preparations after 12 h. ¢: The morphologic of RAW264.7 and

DC2 .4 cells after treated with formulations for 24 h. Scale bar: 100 um. (Adapted from Ref. 51 with permission. Copyright © 2018 Elsevier)
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T % [ VR 570 STF-62247; 41 2 8L & i/ 45 &
B H P 132 B 5 R - BV R HT 25 (oxaliplatin grafted
hyaluronic acid prodrug, HA-OXA), 15 2| £z 21571 ASN
HE R 40 0 J5 , ASN 19 HA-OXA 4056 B 565 38 5 il
IRIEAE W OB RE T OX A BA i % it 988 ICD, AT 42 5%
WS E . B S, B8R 1K C-TFG IR A AT LA
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KA ICD, FH B0 E W ATGAB i 3] — 52 /K P, STF-
62247 PUH BT, 10 h P RETBUA 2] 80% (& 6d), 1T WL H
R W) A28 2 filh N R, I 4% RN 7 1t R AR
1A PN 245 300 2 S i 44 R SR B, A% 00 N EL A A 4
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Figure 6 Schematic of the autophagy responsive nanoparticle for cancer immunotherapy by immunogenic cell death induction and intelligent

autophagy enhancement. a: Preparation of autophagy cascade amplification nanoparticle (ASN); b: Mechanism of oxaliplatin (OXA)-induced

immunogenic cell death and autophagy-mediated Dendritic cells recruitment; c: OXA release profiles of nanoparticles in the presence or

absence of glutathione (GSH); d: STF-62247 release profiles of nanoparticles in the presence or absence of ATG4B enzyme. n = 3, x * s.

(Adapted from Ref. 57 with permission. Copyright © 2020 Wiley)
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A2, )3 AL 3 4 e a0 4E B R (all-transretinoic acid,
ATRA) TE NGBS, WE T HHER SRR
ATRA/CPT-NPs. H:t', ATRA #I CPT 43 5 3 i 4 #0 f,
BFME AR T A 2R, R AR B SR 3L ik
R, TEMIETARIRERE T, REVWRR LR
JRATRA, 175 5 it 88 1 20 P 1) 35 14 48 2 £, 28 v 3
IT BURME . 7R i FE A, RN 2Rk R AR A O
P, iE YR T , RA IR A e R 1 SR R A, SRR
J CPT, 1 R 5 23 A4 () J 8 =+ 4 B 9 02 17 76 i Re
AT PR 20 M b, 58 W s SRR B e AR SR v v
AR S PR R TROR 24, R A AL

B 23 AR TC BRI A2 58 A4 (infinite coordina-
tion polymers, ICP) & — Flt B 4% 1 245 %) F1 42 J& T2 1 1)
CTCEAMTL K LAk Z, FR A G A7 8 B B & 2 4
VIR @ 1, HF Re AR HE 7 BT A LA, v AE = 4
A TC PR ZE A o R VR T AL ST AT VR AR
I PRATHIFFCH T 52 %3, SATH & (T 3024 AR O #vEE
e R AR B S AR T AT 259 55 1)/, 38 AN 3 21
RRPTR N T ARSI T AR YT IR )3, Luo
SO T — b 0 SOUH SR R I T B i S s
TR U EIE T o 9T K SRR 25 W T R 4%
REMEF 4 E, M & LREALREY, KB
1.3% G IR 780, Fi-C0 d5F ELAT JifoRg ¥ ) B8 /7 1 HA Ak
e, il £ 43 2 71 HL IR 780 19 3% B 7 IR 0. 2% 45 ) - Fe(111)-
JLZR Y JE PR BC AL 3R & 9Kkl (HA@IRGFE ICP NPs),
ST B B ) B ST BB RT3 — B R, 4Kk
JERE T IR 780 Fl ICPs, #EAT Fi H 1) 6 A4 Bk & ICPs 47
W FIEIT; 55 I BL, ICPs AR B RP Ak T 25 W0 RE i, S Bl
KA B A T, AT SZEL I B BOXUP [R] 6 R 96 97
WS
4 BEMRE

ZUBH RS TIMBT AN EEFR L —, W
2 24 B IR 25 VI e A ) K A . I R AR AT
W, UKL 2 RGAE DU AR A IR 9T U7 TH ST
RN TE 2k )oK T H . TR
1% FR G R 22 245100 SR 5 4% GG R T VA AR B
HAEEZ b hfetE, B2 S BEARRTR8R.
BT T, [R5 085 2 B[R] 254 B[R] B, BT S
DRI FH 2490 ) K HETRC A, A/ 5 o 5 5 g ol o B
P (%) i e SRR A, B T B S ) B R M T AR R
T, ShAh, I 25 PR A5 AR FE AL B 15 b 4 SE PR
YEIT HE R BRARAS RO 2R fi 8 4H 2R R0 A48 it T 2454
(R VB 2 24T 25 55 E F, TR Ak 25 P B F 1)
RO, FEN B E SR — AT BB T A B S5 /N
VAT SR, A ELE R N A S . (H K 254 I i R A

I R 3 Ak 2 Pt S5 L8 TR A1, 75 EER KA R VA
SECEE  # ) L2 ta e Y5 2 &R AT AR AL AN
T I W A, [ 7 R 24 M LA S K
29I IR B ARTE, 51 SR LA B R AT
TR B BRAT I 228 56 75 33— 0 IR 5% T i PR A 72 110 4
HE, I PRI 5 B FLAH G 1) M 45 e SR A 4, 1 A2 Ak
TR LW idi% 2 G000 I 2 2550 VR TT RS e R %
LR IR . 2021 44 H, CDE XK 254 ot 4%
T HAR S 2 JE I GRAT) ) (IR 2 AR I R 22 4
PR e E AR T IR GRAT) YAk 259 Ak I R 25
BN J1 50 A AR AR T N GRAT) ) AFFIESR =L,
AR K 2l R A LR & L) — 20 . BEE YN
KEJW) 1% F G B FE )R &, LA A2 i id it 5
EHUR AW 738, KRK A E 29K AihiE &
GiH T 2 2B SREE T B R IR T

& TTEK: VLS00 R K AR 58 A SRR IO 3R 40 B 'S e
R FA AP AN T Mo AN SCHR Y E A i A
TS FTA 15 75 WA AR A 25 0h 5%
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