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Reactive oxygen species stimuli-responsive nanocarriers
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Abstract: Nanocarriers are nanoscale delivery systems composed of natural or synthetic poly-
mers, which are advantageous in reducing drug toxicity while improving drug targeting and uti-
lization. With the advancement of biomedical technology, it is revealed that reactive oxygen
species (ROS), a class of oxidative metabolites, show abnormal overexpression in disease-
related parts of the body. Hence, ROS stimuli-responsive nanocarriers have gained increasing
attention, and recent developments are expected to realize controllable drug release. Based on
linkers with different ROS-responsive mechanisms, a series of ROS-responsive nanocarriers
have been designed to achieve specific controlled drug release under the stimulation of the ROS
at the disease site. This article mainly focuses on ROS-responsive linkers, which have been
commonly used for the synthesis of nanocarriers in recent years. Accordingly, the linkers are
classified as chalcogen-containing responsive linkers ( thioether, thioketal, selenide, dise-
lenide, and telluride) and responsive linkers containing other elements ( arylboronic ester, fer-
rocene, and peroxalate ester). ROS stimuli-responsive nanocarriers are fabricated by introdu-
cing ROS-responsive linkers in different design principles. Owing to the ROS-responsive linkers,
the nanocarriers follow different responsive mechanisms, including hydrophobic-to-hydrophilic
phase transition and cleavage. This article discusses the degree of responsiveness of nanocarri-

ers and the specific release of drugs from nanocarriers upon ROS-stimuli, as well as their
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applications in vivo. In particular, on the basis of intelligent drug release and precision medi-

cine, this article also emphasizes the importance of the biocompatibility and biodegradability of

nanocarriers.
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(H,0,) FZH M OH) HELSHA(0,) %Y,
H T ROS HA IR P & SRz T P 0 45 5, PRt ik
T ROS AR W AR B BRI AR R IR
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Table 1 Mechanism of ROS-responsive linkers

Element ROS-responsive linker ROS-responsive mechanism
Chalcogen thioether ﬁ i
ROS S ROS S
thioketal S S ROS G
T I SN - SH -+ )k
selenide (|)| (l?
%%/\Se/\ﬂﬂﬁ ROS wﬂ\/sem ROS wﬂ'\/sl.f\/m%
i i OH
diselenide N G Se/\"“ﬂ ROS WSHC/
O
telluride 0 O
I ]I_I
M e N _ROS | e Te o, ROS e ge\/““%
Others arylboronic ester

ferrocene

peroxalate ester

O

@]
L@Bi _ROS L@—OH + %—é + B0,
O HO OH
Fe ROS

Fe (1I) or Fe (IT)

S e

0 ROS
My~ ww/u\o/%w > N”“\()H + CO,

ST 110 240 L 8 B 2 A M A 11 40 DK SBORL 19 3 3%, 106
W] RGD ity #8 1a] P £ /5 1T 240 M 48 B ot 5 /)y BRUT AR
S F A A BURL (NPs ) BEAR T 259 Bl 55 3% (0 75
PR, BT R AR R R A 2 AR A U A e e A
ROS K a-4E4: K E BEFARRER , BENE N5 455 57 B 7 4
B R I Bk — i s b sk, AT
SEPL PR ENA YT IR, Chen 25176 4 B R 51 AR &
SEBRE AR 2 1 AR 3R B 5 2 K ) BE R XL
A, I [A1Bs2BE 3OE RGR) (TR780 ) FBI 5 22, My
YKk PPID; 75 808 nm BOGIRS T, IR780 5
AN PN IRE BT ROS Kz =4, 7 ROS i if
T, 4B W AR BT A R SE T O IYT L Oksh
TI7 i AR A G £E 100 pmol/L H,0, T,
PPID 44 % ki 76 20 h B2 40% Bl 5 % ; 16
Hep1-6 0l BA HOCIR ST, PPID 409K Fiki 1Y
B4 e BE (50% inhibiting concentration, IC50)
90.72 pg/mL BTFEE ; 75 808 nm BOGIS T, 44
BRI D6 197 iR AT e 4 S O AR
Je R 2 XTI a Y B R AT RS
AIEFE S KW, SR AR T e S AL S E M2
PRGN E Z PR A A 3% . R T R R 25 40 1)

ROS 1 Ji B T30 A 2 A4 1] [ £, Zhang %1 B 32
V- 45 B T 55 24 ) B 0 8 R e IR
(cRGD) Fl = A AL (TPP) |, 454G 5 — W1 Bk o9 44 ot
Jig , A5 1T e A4 L R 288 e A L E L[] £14) 494 K 2 i
#% DT-PNs, SC30 T g 2140 4 i 2% ROS i 1 Y
L 1] R 0 40 LA o ) s 2R 0 R 0 e A L g )
R IR [ 41%% , cCRGD I 5] b3 41 it 2 i 1) 3% &
% a,B,, TPP F[aZ RSN, 7E 2k {4 ROS 177F
T, 4 o T DT 2R R A AR B, R T AR ok i
ROS 7= 4 |, It #F 5 B RS i, S5 B F 6 365 #2100
pmol/L H,0, H 80 h B 28% - A4 ; 47 g /1N
FRSC5, DT-PNs B 4 il /)N UM AR K, R T 4%
U IR YT RO . %A ST S T 24 B UL A )
1 ROS i W BT, A8 i 200 i 2 A0 A A S e i o
BB, I AR SC B ROS #1553 B K R
XFT A g B RAFIROR

X T B ik R 47 B A Y9 ROS SO 22 5, Xu
SEUVR PR (4R GRIER A T 3 R SR Mk B R
Yy (R S mlk S AR R | [ R ek N G R ) |
FLAE T 3 Fhgk iR A9 ROS i 07 A8 I 10 LA B A7 b e
AR G b e 2 BT R R I B Tk 17 A K 50k AE
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500 pmol/L H,0, 13 fie P () ROS M [ F¢ ik
(72 h B2y 65%) , %t T HeLa ZH g F1 4T1 20t
SIS e 1) Ji R A 3 38R (IC50 435124 0. 46 Fil
1.29 wg/mL) , ZRAHI AT ROS M 244

SR [ 6 AP R | A ROS Wi oy T i 5 e T
Kk, ALY R A SRR AL, AT 2 ZE ROS i i
T, K IR/ B A A AR R K IR B, R
B WARAR 5 RS P 2 ) R 5 T A AL i 1
PR TS T R, LA AR OB A B, AL IS T
PSR DT Y AR 3 S AR AR SR B
Wi 5 ke P 25 M A BT, Ma 5 DRk 51 A
iKY R AR B, 5 PEG & M S5 ik B AL 5
¥ PEG-PUSe-PEG, 7£ ROS Wi F , ffifk 4 1 % 7K -
SRIK MRS AR A I | A e, B PR B ke 2
PR 276 0. 1% H,0, T 10 h B 72% B85 % | 1
I A A5 AR B P T ik Be 3 R ) PEG-PUS-PEG
(10 h BEHL 41% ) , 025400 AT 68 2 X >k o0 24 A
R E 22 57 S 30, BB X IR A
SERHERT TSI IR A AR R, kel 5| A i fk 4
JE W #x BE 3k B ¥ PEG-PUSeSe-PEG, £ 0.01%
H,0, 5 0. 01 mg/mL £t H ik ( GSH) H 4R WL %% 5
KRR L LR FHEE B, Cao 461 5] A1k
Y i Bt AL BB ) PEG-PUTe-PEG, ROS i i T
KAL) B K-SR K ARAS | 0 G R 2k g
LRI IO B RS L/ NS E =R A IR (6]
AL HLA B R H AR T AR A R | BB A X BEAIG
WRIE Y ROS Wil Ji , PR s A3 42 1 90T S B i
ROS Wi A1k}, 762 B TAERYFERE %A A %
ZWEE I BRI HEAT T ek, B A B AR
B a-filife iR, A T R A% C6-C3Se-PEG2000,
#E ROS ma iy, A Ak 4 % S AL A AR, SR 5 kA
AR 43 P T B B g, SE 3R T B AL 5 IR R & P 45
Ml B8 s 45 1) C6-C3Se-PEG2000 EX 1 mmol/L
H,0, S Ak 7 W24, 18 G AL 9 (1) 2RI 45 4 1E 7E
HRE w15 H NMR B2 283 Co-C3Te REMSXT
HEFRZER (50,100 pmol/ L) AL EREE HEA T 1

AR AR B T R A OB IR B A R | BEAE
Ko BrivIed 20 B PN A9 2 B ROS A1 GSH Wi 7, P i 7
P2, AT AL 42 1 I R 4
% Fan %" ) BG4 e e | 56 62 o 2 0 B A
FHRHILER) PLGA FIl PEG, A5 T ROS M b (1) 2544
VPSeP, 4% 3k 5 i%  ; 78 R AEFR A7, ROS 5| A 4
Wrsd , B 2, HE R AL IE ROS A0, i — 253

REAR S AE 10 mmol/L H,0, H1,30 h Bk
80% B 2 5 76 LT RN LI b, B RERS I ] AR AiE
Kl IL-1 A1 IL-6 Y 53 W0, R4 B OG5 AN BEEIR | s
BRITOKM, BT 655 | AR B WA s,
Shao %7 ELERK & AR A4 DL AL RERL LB
A AL AR AE (MSN) Hh 38 o 0 HAH T AR 2k 2%
IR A, i — 5602 HeLa 4008 AR -, 1%
i BT B [R5 1) 1 | ST 38 0L ER M) o 114 240
ORATURE 5 W, 4801k 30 T e 7 B8y R 450 MSN2 4
KIFARAE 100 wmol/L H,0, H 10 h 2Bk 55% 1%
WL A, 76 5 mmol/L GSH 71 10 h ZE&jik 50%
HERZ IR A 3 40K BURLS3 51 5 HeLa 4]\ MCF-
7 LI, 75 HeLa 40 oo ULER 1) 0 5 1) 985
JE AR T AR ) 55 1) 5 AE R /N BRSE B R 4
A S ULER 3 T R A A

2 HAthtyoZE 2 ROS N E

F5 FMIIREEME A ROS Wi 1 3% 31, REfS W A1k
BCA T AR , 78 ROS i i 284K 7 T 3k 45 TAR K
[l , Broaders %5 Fi F 57 75 0l B2 15K 1 R 3% 42
T, AT A AR US98 K Bk Oxi-DEX, RV %
B R BR G A7 AR TT 52 0, TR A W sk B th K
Vs MERE AR SRy P | 207 S8 BB AR BT J5- 3 B 1 2R 1
(OVA) gk ; 76 H,0, S5, 5 F 0 R 15 [ A
T A TR B R 3 | e 1S R Wb B
R AR KRS RO SR Wik B A P24k
B OVA; 78 1 mmol/L H,0, F,2 h J5 Oxi-
DEX &4 582 MHHAR ; 248 OVA ) Oxi-DEX W it
51 DC2. 4 /NI 2 RGEM ML) MHC [ H)i
FIRYGTR AR BRI R D I BRI 45 25 R 5L
Th A HRGE R 5 A0 B A R Y ROS R
AEf% =35 1 mmol/L'™ | Oxi-DEX fEf% 52 38 4k B R
i N # ROS e [z, B & X% T ROS ¥k EE K 2 100
pmol/L (1) ifEg 4 B, & T AN RESE BRI N . Ry T iR
Peix—[a) 8l De Gracia Lux 252 | FH 2% 75 0 2 i
GRT WA REY), RAW 1 205 & MR B
P4 BAWY) 2 S 557 A 00 MR R Sk 1
W BAY 1 R 1 78 1 mmol/L H,0, 126
h 2 Bl 50% J8 % 41, i R AW 2 AAEAE 100
pmol/L H,0, ik BB HIUR ; 4 #ilhk 2 $e 4k
KNE R, SR A s, bk E4b B 6 h
J& 3B AT SR AR BRI T 2 £ AR A
BRI 44 K 2844 B 8% 5 i 33 4 B 2E B3R 458 T ROS
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Deng %5 F| 55 F M BR IR TE AL 1T 4 Fh H,O,
M S5 1) B, B R B NBMA T 1 90 302 1 e B e B
Wy, R LR [ Ik ( CGKRK) #E17 2% i B g1k,
BT B SR AR ) S e Y SR A
LRRIR H,0, WIRE T, AW A A T8 bR AR
JIE, B R 2 S A B B B I, B0 A )
RS IR, A5 W5 F 2 KA B K- 2R K AR AR, M
TR B KMo T 2 B85 1 B2 B2, DL oK T
DA 4 ) Eh R BT 25 K ; 2144 Gd-N8 7£ 1 mmol/L
H,0, 24 h BT 94% R bl 5 K Al 93% 4842
W B/ N A A% ek DAPT) F1K 43 1945 e A
e [ b 2 AE SR OK S, 5 0k % R Ak B S () HeLa
LR 12 h, WEEE B K 43 1 i 5.5 51 DAPI
ALY B A0 A, T L A e 5
23 B () 3 52 67, T T AR Ak A 35 A1 A i /K
W2 K AEMAS /N T DAPL KA B 5, Wi F
JEAEIRARFE T $E A 5544 1) 52 M, RORT I A7 e i
HR R BB eI I IR RSB T WA B R
AN ) 25 Tl st 2% | I EL3i i ROS i 1oy 41 fifi 4 360
IR T2 R AEA AR TR FE T B 25 40 52 M)
Sfih b, SCELT 25 IR

75 B O 1R 1B TV 1 1) 28 K B 8 %o A B AH OC 1Y
H,0, WREEmN , JR15 T HaF ke, T — ki)
REVRKEEEIIAREGY, BARH TR R
PEFIRAS T 7, (B2 A6 ROS Wi 1 5 1 , 4y 2k
— kR, Na 52 AT — R0 8 kM

R 2315 RSBy TR YA = ) = <9 s i
BGEIK ) R PH B 7, & AR B K-SR KA AR [R] A
P T BH 25 9 1 P HE T A FH 2 b 40 K B0k 2 ik 1
A, BRI P 1) J 2 41, S Ak i 1 RN R 1 e g 1Y
FNP ( C2) 4K BikifE 0. 4 mol/L H,0, }£5i F,8 h
LRI 25% Je B 4T,

5 Li %' Fan 21 50 2524, Liang
BV ] R R I 4% PLGA Il PEG, AR &
Y 3s-PLGA-PO-PEG, 3 it BU$T il OVA, 7E ROS
M, 2o 40 2 1 T R4 R 0 OVA, el R 588 ik 1 S
A6 409 A AR 25 T LA 86 0 e e R, DA g 2 1
PPO gk Jiik: ; PPO 44K Uk AE 200 pmol/L H,0,
H R KRR JEE i 90% OVA; 76 /N R TG RS2 56 H , PPO
YRR RERS 51 OVA RS PEPTIR A A2 5, T I
& CD4" F1 CD8* T 4fi Jiftd i L. 481, 33 212 T 4fi L,
X RPHE Y B 5 9 NPs BE 8 52 9044 Y 1Y B g2
M 1

W 2 FioR, X F ROS HI 38 o7 48 >k 2 14, 45
T B A 55 A W RR TR 1 A ROS i b JE | 51 A 40K 2%
Rz i H ROS Wi .45k 5880, W 5 7E 4
JL 2 TH A R AF N A AR AU ROS i
L SEAT, T HoZ GSH i i L 14, XFF ROS Fl GSH
A0 S B 10 TR A0 PR, R Ak ) %) LR I Y e
AR 245 00 1 o 7 B I 5 L2 FH T 00 T PN A St
T W2 1Y) GSHL, X6 I 40 b 2 114) 55 52 W) g g i, —
AL S B —E 3, G5 AR B4 2 BU

3 2 ROS RIS Sz 405K 2 ok B 1 BE LL 4%

Table 2 Comparison of ROS-stimuli responsive nanocarriers

ROS-

. Responsive . Diameter/ ROS-responsive
responsive . Nanocarriers Drug L. Cell type Reference
linker mechanism nm release (in vitro)
Thioether hydrophobic/ MSNs-PhS (1:20) 319 Rhodamine 6G/ +++ MCF-7 [2]
hydrophilic doxorubicin
conversion
Thioketal cleavage RGD-PEG-TK-PLGA 115 doxorubicin/a-TOS ++++ Cal27 [3]
PPID 198 IR780/ doxorubicin +++ Hepl-6 [4]
DT-PNs 55 camptothecin ++ 4T1 [5]
Selenide hydrophobic/ PEG-PUSe-PEG 71 doxorubicin ++ / [7]
hydrophilic
conversion
selenoxide C6-C3SePEG2000 84 / / [10]
elimination
reactions
Diselenide cleavage PEG-PUSeSe-PEG 76 Rhodamine B ++++ / [8]
VPSeP 153 berberine ++ HFLS-RA [11]
MSN2 50 Ribonuclease A ++++ HeLa [12]
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x2 (%)
Table 2 (Continued)
ROS- . . .
. Responsive . Diameter/ ROS-responsive
responsive i Nanocarriers Drug . Cell type Reference
. mechanism nm release (in vitro)
linker
Telluride hydrophobic/ PEG-PUTe- 35 / / / [9]
hydrophilic PEG
conversion
Arylboronic cleavage Oxi-DEX 100 ovalbumin / DC 2.4 [13]
ester Polymer 2 136 Nile Red/fluorescein +++ Neutrophils [14]
diacetate
Gd-N8 490 paclitaxel/ doxorubicin ++++ Hela [15]
hydrochloride
Ferrocene hydrophobic/ FNP (C2) 190 Nile red + / [16]
hydrophilic
conversion
Peroxalate cleavage PPO 220.4+1.8 ovalbumin +++ BMDC [17]
ester

MSNs-PhS: mesoporous silica nanocarriers modified with phenyl sulfide groups; RGD-PEG-TK-PLGA . arginine-glycine-aspartic acid
sequences containing peptides-polyethylene glycol-thioketal-poly ( lactic-co-glycolic acid) ; PPID. a propylene glycol alginate sodium
sulfate-coating nanoparticle composed of poly(B-amino ester), IR780 and doxorubicin; DT-PNs. cancer cell and mitochondria dual-
targeting polyprodrug nanoreactors; PEG-PUSe-PEG: an amphiphilic block copolymer with a hydrophobic selenide-containing polyure-
thane blocks and two hydrophilic poly( ethylene glycol) blocks; C6-C3Se-PEG2000; an amphiphilic block copolymer composed of bis
( 6-hydroxyhexyl) 3,3’-selenodipropanoate, 2 ,4-toluenediisocyanate and poly( ethylene glycol) monomethylether; PEG-PUSeSe-PEG ;
an amphiphilic block copolymer with a hydrophobic diselenide-containing polyurethane blocks and two hydrophilic poly ( ethylene gly-
col) blocks; VPSeP: vitamin E succinate-poly ( lactic-co-glycolic acid)-selenocystamine dihydrochloride-methoxy poly ( ethylene gly-
col) co-polymers; MSN2. a cancer cell membrane-coating mesoporous silica nanoparticles composed of diselenide-bond-containing
organosilica moieties; PEG-PUTe-PEG: an amphiphilic block copolymer with a hydrophobic telluride-containing polyurethane blocks
and two hydrophilic poly( ethylene glycol) blocks; Oxi-DEX . oxidation-sensitive dextran carrier microparticles; Polymer 2. a polymer
with an ether linkage between the boronic ester group and the polymeric backbone; Gd-N8. a MR imaging contrast agent-conjugating
block polymer composed of monomer NBMA and Poly ( ethylene oxide) monomethyl ether; FNP(C2) . a ferrocene-containing poly-
mers with ferrocenylmethyl methacrylate and methacrylic acid monomers(0.4;2, molar ratios) ; PPO. a Poly( ethylene imine ) -contai-
ning polymer with a peroxalate ester bond between poly ( lactic-co-glycolic acid) and poly( ethylene glycol) ; IR780: 2-[ 2-[ 2-chloro-3-
[ (1, 3-dihydro-3, 3-dimethyl-1-propyl-2h-indol-2-ylidene ) ethylidene ]-1-cyclohexen-1-yl | ethenyl -3, 3-dimethyl-1-propylindolium

“w

iodide; /: no information. The amount of “+” quantifies the ROS-responsive release of nanocarriers.

Tk AL ALY b, HRiA e AR AR ARmiER | Ak O R IR R | A R
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T2 AV I B R AR A i RDERR BE SR s (2 3R IR AR RO BIF 58 A RIRIGE 45 | 204 19 2 M A 2
JE T RPN ROS BHRE ), B BABKRMIN. M AR DT o6, ROA e W 4 4 1Y Al
FI#E T3, ROS 0 7 3k AT v B8 5 280 AR ISR A 568K 32°F, ROS 10 10 40 K 28 45 A+ B B 2 %o o o 452 9647
1E ROS Wi i J7 AT St — D 0 R e ARARAE B S B B S r B,
FAE R AR
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