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Advances in Reactive Oxygen Species Responsive Anti—cancer Prodrugs
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Abstract Reactive oxygen species (ROS) are categorized as a class of instantaneous intermediate products of oxygen,
which are usually produced by a single electron continuous reduction of O,. Examples include hydrogen peroxide (H,0,),
superoxide anion (O; ), hydroxyl radical (HO*), hypochlorite radical (OCI") and singlet oxygen (‘0,). The endogenous ROS
arise from three major resources: mitochondrial electron transport chain (Mito-ETC), endoplasmic reticulum (ER) and
NADPH oxidase (NOX). The produced ROS play vital roles in physiological functions including modulation of functions of
proteins, regulation of cell signaling, mediation of inflammation, and elimination of pathogens. However, the cumulative
ROS level in vivo could elicit oxidative stress, which is implicated in a multitude of diseases including cancer, autoimmune
diseases, inflammation, cardiovascular diseases, neurodegenerative diseases. This abnormal biochemical alteration in tumors
has inspired researchers to exploit the relatively high levels of ROS for development of ROS-responsive prodrug systems. In
recent years, ROS-responsive prodrug systems based on a spectrum of ROS-sensitive linkers have been designed and devel-
oped with aim of precision tumor therapy. Herein, in this review, we would like to illustrate ROS-sensitive linkers developed
to date including arylboronic acid or ester, alkyl thioether or selenide, thioketal, peroxalate ester, aminoacrylate, thiazoli-
dinone and a-ketoamide, and elucidate the underlying molecular oxidation mechanism. Furthermore, the design of
ROS-responsive prodrugs based on these sensitive linkers and their applications in anti-cancer therapy were reviewed. Addi-
tionally, the existing problems and the future research perspectives of prodrug systems were also discussed.
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Scheme 1 Simplified diagram to illustrate the reaction paths of ROS in
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Scheme 2  Schematic diagram to illustrate the design concept of
ROS-responsive prodrugs
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RY, fEEMKIET, AF HACHERIE s 1, &t
TR TR Fe® ' 5 A2 5 I B (Fenton reac-
tion)*™, A LU S AL O e & S EGIRAE T (K 2a).
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Figure 1 (a) Chemical structures of two ROS-activated matrix metallo-
proteinase inhibitor prodrugs®”; (b) ROS-responsive nitrogen mustard
(prodrug 10), ICsy of 10 against MDA-MB-468 cells and therapeutic
outcomes in treatment of tumor-bearing mice*®. Copyright (2018) Amer-
ican Chemical Society.
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Figure 2 (a) Chemical structure of aminoferrocene prodrug and its

activation in presence of hydrogen peroxide®*”; (b) Chemical structure

of ROS-dependent three-component system Pt(IV) prodrug 1 and 204!

ROS-dependent Pt(1V) prodrug 2
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Figure 3 Chemical structure of arylboronic acid/ester ROS-responsive prodrugs'
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SN38: 7-ethyl-10-hydroxycamptothecin, 5'-DFUR: 5'-deoxy-5-fluorouridine, GEM: gemcitabine, GA: gambogic acid, AMT: aminopterin, MTX: methotrexate, DOX:

doxorubicin
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Figure 4 (a) Chemical structure of the ROS-responsive CHL prodrug
and its self-assembly into prodrug micelles, (b) schematic illustration of
intracellular H,O,-triggered drug release and quinone methide (QM)
generation™ . Copyright (2018) Elsevier.
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Bl 5 (a) ROS MW RIRUEAZE A 25 1Ak 27 5 100 e B A0 1T 25 44
RIH, (b) 24 49K SRR B2 ROS 1 245 BB i P00,
Figure 5 (a) Chemical structure of ROS-responsive PTX prodrug and
its self-assembly into prodrug micelles, (b) prodrug-based micelle was
activated by tumoral ROS to release PTX drug?®® Copyright (2020) Else-
vier.

Bl 6 (a) ROS MR MG I —REKHTZS . CO ML MPRIEHRBILERY
FIALZE G5, (b)) LA PARHE 15 St Wi S 20 K AORE 1 ) 96 e HL ] T 4 I 14
BB

Figure 6 (a) Chemical structure of ROS-responsive aminoferrocene
prodrug, CO prodrug and amphiphilic block copolymer, (b) the prepara-
tion of mitochondria-targeted photo-responsive nanoparticles and its
cooperative cancer therapy® = Copyright (2020) The Royal Society of
Chemistry.
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Figure 7 (a) Chemical structure of ROS-responsive PTX prodrugs
PTX-s-OA, PTX-s-LA and PTX-s-PPal®*% (b) chemical structure of
photosensitizers PPa and f-lapachone, and ROS generation by
S-lapachone under the catalysis of NQO1 enzyme'®“, (c) schematic
representation of redox dual-responsive drug release of prodrug
PTX-s-OA in presence of two opposite stimuli within tumor cells!**.,
Copyright (2016) American Chemical Society.

OA: oleic acid, LA: linoleic acid, PPa: pyropheophorbide a
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Figure 8 Chemical structure of the ROS-responsive PTX prodrugs
PTX-s-MALIl and PTX-s-MAL21  (b) schematic illustration of
self-assembly of prodrug nanoparticles and the chemotherapy of tumor
cells®. Copyright (2019) The Royal Society of Chemistry.

MAL: maleimide
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Figure 9 (a) Drug release mechanism of prodrug through GSH thiolysis
and ROS oxidation”"”), (b) chemical structure of the ROS-responsive
camptothecin prodrugs SN38-s-OEG, SN38-s-IDM and CPT-s-PEG"7,
(c) schematic illustration of CPT-s-PEG prodrug self-assembly into na-
noparticle and its redox-responsive drug release in tumor microenviron-
ment!!. Copyright (2020) American Chemical Society.

OEQG: oligo ethylene glycol, IDM: indomethacin
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Figure 10 (a) Chemical structure of the ROS-responsive CO prodrug
and its oxidation process®'), (b) chemical structure of the ROS-responsive
cabazitaxel (CTX) prodrugs OA-x-CTX®, (¢c) schematic illustration of
self-assembly of OA-x-PTX nanoparticle loaded with PPa and its cascade
amplification release process®. Copyright (2018) The Royal Society of
Chemistry.
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Figure 11 (a) Chemical structure of ROS-responsive CPT prodrug
CPT-TK-PEG", (b) chemical structure of ROS-responsive prodrug
CPT-TK-PEG(PE), self-assembly of prodrugs into nanoparticles and its
response function in tumors®. Copyright (2019) American Chemical
Society.
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Figure 12 (a) Chemical structure of ROS-responsive doxorubicin pro-
drugs DOX-TK-PEG and DOX-TK-PEG-RGD!"*!'%!  (b) schematic
illustration of polymer prodrug self-assembly to form nanoparticles and
targeted antitumor therapy!"®!. Copyright (2018) American Chemical
Society.

RGD: cyclo (Arg-Gly-Asp-d-Phe-Cys), HP: hematoporphyrin
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Figure 13 (a) Chemical structure of ROS responsive cannabinoid pro-
drug mbc94-TK-IRD!%, (b) chemical structure of ROS responsive gem-
citabine prodrug TPP-TK-GEM, and processes of enhanced tumor thera-
py by image-guided photodynamic therapy and subsequent chemotherapy
in tumors''”’). Copyright (2016) WILEY-VCH Verlag GmbH & Co.
KGaA.

IRD: IRDyeTM 700DX, TPP: meso-tetraphenylporphyrin, GEM: gemcitabine
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Figure 14 (a) Chemical structure of ROS-responsive polymer pro-
drugs!"'"'"2 (b) polymer prodrug nanoparticles with self-catalytic de-
gradable polymer and drug release in H,O,-rich tumor microenviron-

ments!"'?. Copyright (2017) The Royal Society of Chemistry.
CUR: curcumin, DEB: diethylstilbestrol
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Figure 15 (a) Chemical structure of ROS responsive podophyllotoxin
prodrug and its self-assembly into prodrug micelles, (b) ROS responsive
degradation and drug release in tumor cells!""®). Copyright (2019) The
Royal Society of Chemistry.
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Figure 16 (a) Chemical structure of ROS-responsive CPT prodrug and
its self-assembly into nanoscaled drug delivery micelles, (b) schematic
diagram to illustrate the utility of prodrug-based micelles in up-regulating
H,0, level in tumors and stimulating subsequent CPT release to exert
synergistic oxidation-chemotherapy'"”! . Copyright (2018) Elsevier.
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Figure 17 (a) Chemical structure of ROS-responsive CPT prodrug, (b)
illustration of the prodrug nanoparticle with self-amplifiable drug release
for tumor therapy in vivo'''! . Copyright (2019) WILEY-VCH Verlag
GmbH & Co. KGaA.

PAA: poly (2-aminoethyl methacrylate hydrochloride), DA: dimethylmaleic
anhydride, f-Lap: f-lapachone
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A PAFEE & ROS BN IAEEH R 2, B p-lapa 1
CPT, B p-lapa HETE NQO1 HIMEAL T = iEPE4A,
BRI B Y3 o i A 2GR, R = AR R &
ROS "I #[A CPT, #— Pt an i, s lkiie
AHHRH 2 25T 2, RN AN 9T — SR B, pH e 4 L far
W iR ROS /KF B ROS Sz vt 250 Re i 1 14
R (1) BB A S et W [R) SR A A T IR B T B AU B R
(MCF-7)%( 4.

3.5 Hfith ROS BUKEERTZS

RAENHREEAAF I E B TFIERERS 0, 4T
221 AR 15 8 A e Ak, —E ke ik g

R EREIRZ 5y 7 (B 3). 78 2012 4F, You iR
SUINT O Sy — ol B B PR R 5 TR O R T O 2
T AA BT AHE T — RV 5r1 H ThuURR
JTIIBEIE, F05 AA BH EBaEROCRGN AP URE 2458
PSP D' S0 T 24 1 2 R TROML IR FR O “ O f 2%
(photo-unclick chemistry). 7E— &R HiZ5H, You Z*44
BT R T R R OE 4 R AR BE Y o6 B0 nk ek
(core-modified porphyrin, CMP)F1f% & 1 5 & i 71
(combretastatin a-4, CA4)Z I OURTE )Y sh 717124
CA4-AA-CMP(IE] 18a), 7EZLE(Amax =690 nm, 10 min) &

(a Q

G Qe o™,

b FR¥ cell = RSN
|S —--PTX) Se 0, . 7‘ ’
e R ® N —— 4 2 o Chemotherapy
e . 5 UL [
J FR > . *

& 18 (a) ROS ur]r“zft%nﬁﬂl:@ﬁu,qm% R (b) ROS Wi b 7Y 4%
AL R 25 B 22 250 R LR T IR 2 E‘fﬂﬁéﬁﬂﬂ@%aﬁﬂ‘m

Figure 18 (a) Chemical structure of ROS -responsive anti-tumor pro-
drug of CA4-AA-CMP!'*! (b) chemical structure of ROS-responsive
PTX prodrug of PTX-AA-PC-FA and folate receptor-mediated cellular
uptake and biological consequences upon illumination at 690 nml'?),
Copyright (2017) American Chemical Society.

CA4: combretastatin A-4, CMP: core-modified porphyrin, PC: silicon phthal-
ocyanine, FA: folic acid
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B A S RN ik A Bty T 7K A 2 s e M o i 6 4 4 85, 2
FSCUIE B R R IS 25 o 1 (B2 3). 2015 4F, Cohen
22T T7 51159 73 5 Wi T A1 4 25 (ibuprofen, IBU) I —
Tl MMPi IR 3G T 2 FiET 24 (] 19a), £ 100 mmol/L
(1) Tris-HCl Zeaili i BAA RAFMAR e 1, Haetgme 5
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B LT EYE, (AE HyO /A 4E T, HEPE LT 430
PKA. 2018 4F, Clausen 2514 5 1 —Floi 2L ¥ H,0, B
I TZ % MTX B Z5(& 19b), ZaT25 5 BRI FAL
RGBT 451, JEREETEREL AT HL0, WRIE T #
BOE R MTX 2990551, (E/NR T BUR 75 500
RECIABERI T Bor 5 MTX MAEEITT R, 5
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(a) o
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Figure 19 (a) Chemical structure of ROS-responsive ibuprofen (IBU)
and matrix metalloproteinase inhibitor (MMPi) prodrugs!'?”, and (b)
chemical structure of ROS responsive methotrexate (MTX) prodrug!'?
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AT 40 M ) s B, SEIRIRAE T KAM-2 1) Hy0,
FBRORER, B EITEA DNA 55 A 4t i
PATENE. % TAEIE AN o Bt i 25 o] 1 Sy — o (R i 24
UL, JH W REIUR AR OK ROS AT 2R J&

R O;N Vo~ _Cl
o] NT >
(@) H \©\N)L m L
N

N P N -
O, o f\ﬂ/. ~ " R2 o H l‘
NS KAM-6 o
—
o H s

KAM-1: R'=R?=C|
KAM-2: R'=R2=Br

Br i -
OZN\@’H({ /N\”\\/ cl
KAM-4: R'=OMs, R?=C| N
on

KAM-3: R'=R?=0Ms

(b) (o] KAM-5
§ WOackaage {1 geelim
oM OaM o ‘
H:0; oH :
O\rl")\ —_— \%N el A g
X & G)HH /@/‘un, ——ﬂ\—p NR; &
o H0 i * ,<:>=
Hal. HN:
\Q\WOTNY ~ ¥
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Figure 20 (a) Chemical structure of ROS-responsive a-ketoamide ni-
trogen mustard prodrugs, (b) molecular mechanisms of H,O,-responsive
activation to generate DNA alkylating agents''*’). Copyright (2019) The
Royal Society of Chemistry.
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