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Disulfide-bridged cleavable PEGylation in
polymeric nanomedicine for controlled
therapeutic delivery
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PEGylation in polymeric nanomedicine has gained substantial predominance in
biomedical applications due to its resistance to protein absorption, which is critically
important for a therapeutic delivery system in blood circulation. The shielding layer
of PEGylation, however, creates significant steric hindrance that negatively impacts
cellular uptake and intracellular distribution at the target site. This unexpected effect
compromises the biological efficacy of the encapsulated payload. To address this
issue, one of the key strategies is to tether the disulfide bond to PEG for constructing
a disulfide-bridged cleavable PEGylation. The reversible disulfide bond can be cleaved
to enable selective PEG detachment. This article provides an overview on the strategy,
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Background

Poly(ethylene glycol) (PEG) is undoubt-
edly the most important nonionic hydro-
philic polymers for surface modification,
bioconjugation, drug delivery and tissue
engineering (1-4]. PEGylation describes a
process of covalent attachment of PEG
chains to another molecule, which can be
a therapeutic agent [3] or nanosystem (such
as nanoparticles, colloids, vesicles etc.) [2] in
medical therapy. PEG inherently exhibits
biocompatibility, nonimmunogenicity and
ease of excretion from living organisms [1.5).
PEGylation has shown several advantages in
biomedical applications. The primary ben-
efit is to impart resistance of the nanosystem
toward protein adsorption. PEGylation can
provide a robust steric effect that keeps the
inner core from proteins in circulation.
PEGylation can also regulate pharmaceu-
tical kinetics for anticancer drugs of poor
bioavailability and improve biocompatibil-
ity of a synthetic or bioderived system. So
far, many PEGylated products have been
approved for clinical applications in market,
such as Doxil/caelyx (PEGylated liposome

of doxorubicin), PEGASYS and Pegintron
(both are PEGylated interferon alpha), and
several additional products are summarized
in the reported work [2]. Some typical prod-
ucts such as NK105 and Genexol-PM for
paclitaxel delivery; NK911 and SP1049C
for doxorubicin (DOX), and EZN-2208 for
SN38 are under clinical trials [2.3,67].
Resistance to protein adsorption pro-
vided by PEG is of critical importance for
a nanoparticulate delivery system that
requires a blood contact. When exposed
to blood, the nanoparticles (NPs) without
shielding coatings have been shown to be
opsonized by proteins within minutes and
recognized by the mononuclear phagocyte
systems [8,9], followed by rapid clearance by
liver and spleen [10,11]. Ogris ¢t al. reported
on the DNA/transferrin-polyethylenimine
(800 kDa) complexes before and after
covalent coupling of PEG. Upon incuba-
tion with plasma, the positively charged
non-PEGylated DNA
aggregates. In vivo gene delivery trails also
showed a strong aggregation of erythrocytes
while PEGylation of the complexes strongly
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3The Materials Science & Engineering
Program, Department of Mechanical
& Materials Engineering, College

of Engineering & Applied Science,
University of Cincinnati, Cincinnati,

OH 45221, USA

*Author for correspondence:

yongyong_li@tongji.edu.cn

**Author for correspondence:

donglu.shi@uc.edu

Future &7
Medicine Garor

10.2217/NNM.15.38 © 2015 Future Medicine Ltd

Nanomedicine (Lond.) (2015) 10(12), 1941-1958

ISSN 1743-5889

1941



Review

Dong, Tang, Li, Li, Qian & Shi

reduces plasma protein binding and erythrocyte aggre-
gation [12]. Thus, shielding of NPs from opsonization
and blood clearance is essential, known as the stealth
effect 13]. At present, PEGylation represents the gold
standard for the stealth polymers. PEG is highly
hydrophilic, which can help ‘shield” hydrophobic NPs
from opsonizing by blood proteins (12,14-16]. However,
the shielding layer of PEG can create steric hindrance
that may negatively impact cellular uptake and intra-
cellular distribution at the target site (17.18]. Further-
more, the PEG layer may also pose a significant diffu-
sion barrier to the release of encapsulated payload, and
adversely affecting therapeutic efficacy 17.13].

Several chemical approaches have been developed
to address the above critical issues so as to improve bio-
logical efficacy of therapeutics nanosystem with the
shielding PEG layer (mostly short-chain PEG) [s.11].
In general, the main objective of these strategies is to
remove the PEG shell upon arrival at the target site
(i.e., cleavable PEGylation) [15]. To meet this specific
demand, one of the key strategies is to incorporate

a disulfide bond (S-S) between the PEG segment

Vesicles

Disulfide-bridged cleavable PEGylation

Hybrid nanocomposites
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and substrates. The disulfide bond can be selectively
cleaved in tumor milieu, especially in the intracellu-
lar region, by the significant concentration gradient
of glutathione (gamma-glutamyl-cysteinyl-glycine;
GSH) 19-21]. The intracellular GSH concentration is
almost 3 orders of magnitude higher than that of cel-
lular exterior [19.22]. Extracellular low GSH concentra-
tion renders a high stability of disulfide-based nano-
vehicles [23]. The disulfide bonds are cleaved by high
intracellular GSH leading to rapid release of payloads
for effective cancer cell killing (Figure 1). The con-
cept, as shown in Figure 1, has been confirmed to be
viable and effective in a variety of nanoformulations
for different biomedical applications [24-27]. The pre-
vious works have shown effective localization of the
cleavable PEGylated system in tumor area [28-30].
Recently, considerable efforts have been devoted
to the development of the disulfide-bridged cleavable
PEGylation for both anticancer drug and gene deliv-
ery. This review summarizes the strategy, method and
current progress on the design and development of
cleavable PEGylation nanosystems including micelles,

Micelle Endocytosis |

Release into nuclear

[ ) Inorganic nanoparticles

Figure 1. Nanoformulations engineered with disulfide-bridged cleavable PEGylation (left) and their function
pathway from blood vessel leakage, and cell endocytosis to drug/gene release inside the cell. The release
behavior can be regulated by selective intracellular PEGylation cleavage.

GSH: Gamma-glutamyl-cysteinyl-glycine.

For color images please see online at: www.futuremedicine.com/doi/full/10.2217/NNM.15.38
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vesicles and prodrug nanosystem. The challenges and
perspectives are also presented.

GSH-sensitive disulfide for cleavable
PEGylation

One of the key issues in cancer therapy deals with
efficient drug delivery at the pathological site. Drug
delivery systems (DDs) based on polymeric micelles,
vesicles, prodrugs and organic-inorganic nanoparticles
with selective drug release behavior in response to a
specific signal (from tumor milieu or external stimu-
lus) have been developed and comprehensively sum-
marized in other reviews [31-36]. For example: those
physical signals can be temperature, pH, light, mag-
netic field, ultrasound and so forth [33,37]. Some of the
stimulus sensitive DDSs have been clinically evaluated
(ThermoDoxs®) or even already approved for clini-
cal use (NanoTherm®) [31]. Despite enormous efforts
devoted with a variety of strategies, most of works
are not viable for potential 7z vivo applications. For
instances: UV light (38] as a stimulus is not biocom-
patible and the high temperature [39] environment
required is hardly achieved iz vivo. The pH or tem-
perature variations between the abnormal and normal
tissue are generally not sufficiently high for selective
drug release [32.34.40]. GSH, a tripeptide, is the most
abundant low-molecular-weight thiol in organism such
as animals, for regulating the cellular reductive micro-
environment. GSH concentration in the intracellular
space, such as cytosol, mitochondria and cell nucleus,
reaches as high as 3-10 mM, almost three orders of
magnitude higher than that in cellular exterior such as
plasma (~2.8 uM) [19.22]. Furthermore, GSH in tumor
tissues is at least fourfold higher than that in normal
tissues [41,42]. The sharp differences in GSH levels
between tumor and normal cells provide the possibility
for the structure design of the carrier system based on
the disulfide-bridged nanoparticles. The nanosystems,
based on the GSH-sensitive disulfide bond, can enable
intracellular drug/gene delivery and regulate the
intracellular fates of the delivered therapeutic agents.

Polymeric nanosystem with
disulfide-bridged cleavable PEGylation
Among various polymeric nanocarriers, the disulfide-
bond-linked cleavable shells have recently attracted
broad research interests [17.43.44]. These particulate
formulations are generally composed of an inner core
with encapsulated therapeutic agents and surrounded
by a hydrophilic, cleavable PEG shell [30.44.45]. The
detachable process occurs at a threshold GSH con-
centration in a targeted region, for instance, inside a
cancer cell. Normally, these particulate formulations

with disulfide bond-linked cleavable shells are chemi-

cally stable without obvious drug leakage due to struc-
tural integrity. The shedding of the shell takes place
in redox environment via disulfide cleavage as a result
of GSH variation [17]. The disassembly of the system
would trigger fast drug release intracellularly. Differ-
ent from the conventional stimuli-responsive formu-
lations, the structural disassembly of the PEGylated
nanovehicles is fast and complete. The entire PEG
shell can be completely removed from the core, expos-
ing therapeutic payload intracellularly. Therefore,
cleavable PEGylation is capable of much more efficient
therapeutic agent release in a controlled fashion.

Strategies of disulfide-bridged cleavable
PEGylation

Pegylation has been employed on a variety of sub-
strates, resulting in conjugates with combined func-
tionalities of PEG and the other polymer [46-48]. The
common pegylation is based on the PEG deriva-
tives, such as terminal hydroxyl, primary amine, car-
boxyl acid and thiol groups, that can initiate a reac-
tion with the matrix functional groups. For instance,
poly[bis(e-amino-1-lysine) GlutPEG] was obtained
by carbodiimide-assisted amidation reaction between
N-hydroxy succinimide (NHS) on NHS-PEG-NHS
and  bis(e-amino-L-lysine) [49]. Disulfide-bridged
cleavable PEGylation can also be achieved in the
similar fashion. The general strategy is to introduce
S-S linkage into PEG. The cross-linker is typically
employed with the S-S moiety. These include cysta-
mine dihydrochloride [222526.43.50-54], 2,2-dithiodi-
ethanol (DTDE) [ss;56], 3,3'-dithiodipropionic acid
(DPA)  [57-60], IN,N'-cystaminebisacrylamide [61],
2,2'-dithiodipyridine [27.44.62], 2- (pyridyldithio)-propi-
onic acid [63], cystamine bisacrylamide [64], N-succin-
imidyl 3-(2-pyridyldithio) propionate (SPDP) (65.66]
and sulfosuccinimidyl 6-(3'-[2-pyridyldithio]-prop-
ionamido) hexanoate (sulfo-LC-SPDP) [67]. Alterna-
tive approaches involve conjugation of the thiol group
(-SH) with PEG or other polymers, and subsequent
oxidation of —SH with oxidants such as /N-succin-
imidyl-3-(2-pyridyldithio) propionate (SPDP) (¢8] and
pyridyl disulfide carbonate [69] in order to form the S-S
bond. The disulfide agents employed as a cross-linker
in a variety of cleavable PEGylated nanosystems are
summarized in Table 1 with information of their key
physiochemical features and the biological model.

Cleavable PEGylated nanosystems in drug
delivery system

Polymeric micelles

PM:s have been proven to be a promising and clinically
relevant platform for drug delivery [70]. PMs are gen-
erally formed by supramolecular assemblies of amphi-
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Table 1. Overview of representative PEGylated nanosystems engineered with disulfide bond for drug or gene

delivery.

System

Polymeric
micelles

Vesicles

Prodrug system

Organic-
inorganic
nanocomposite

Gene vector

C: Zeta potential; CBA: Cystamine bisacrylamide; CPT: Camptothecin; D

Materials
6sPCL-SS-PEG

mPEG-SS-PzLL
mPEG-SS-Pleu

PEG-SS-PBLG
PEG-SS-PBLG
PEG-SS-PLys-PLeu
PEG-b-PLys(Z)-SS-
PCL

PzLL-SS-PEG-SS-PzLL

PEG-SS-PCL

PEG-SS-PDEA
(MTX),PEG(MTX),
CPT-SS-PEG-SS-CPT
P(PTX-DTPA-HEMA)-

co-PPEGMEA
NGO-SS-mPEG

MSNs-SS-mPEG

S-P-BCD; S-T-BCD;
S-MT-BCD

mPEG-SS-Lys -r-His
mPEG-SS-PLH
RGD-PEG-SS-PEI

4-arm PEG-SSPHIS

Disulfide agent
employed

DPA

DPA

Cystamine
dihydrochloride

Cystamine
dihydrochloride

Cystamine
dihydrochloride

Cystamine
dihydrochloride

SPDP

Cystamine
dihydrochloride

2,2'-dithiodipyridine

Cystamine
dihydrochloride

Cystamine
dihydrochloride

Cystamine
dihydrochloride
DPA

Cysteamine
hydrochloride

mPEG-SS-Pyridine
SPDP; SPT; SMPT

Cystamine
dihydrochloride

Cystamine
SPDP

CBA

hydro

Dyy4r0 (NM) £ (mV)

35 -

302 -

160 -

137 -

107 -

150 -3.52

256 439 = 1.61

380 -

210.0 0.40+0.2

54.5-66.8 -

278 -

226 -

135 -

220 -

100 -27.8

<100 -

200 Positive at
the weight
ratio >2

180 -30 + 20

339.5 0.4+0.03

(N/P=4) (N/P=4)

135-150 +(5-10)

Payload
DOX

DOX
DOX

DOX

SN-38

CPT

DOX-HCI; CPT

DOX-HCl; GC-HCI

Cytochrome C
(CC) proteins;
recombinant
human
granzyme B
FITC-BSA; FITC-CC
MTX

CPT

PTX

DOX-HCI
Fluorescein dye

Rhodamine B dye

PDNA; VEGF-
siRNA

VEGF-siRNA

pDNA

pDNA

Model Ref.
MCF-7 cells [71]
MCF-7 cells [72]
HepG2 cells (73]
SCC7 cells (54]
L929 cells [56]
Hela cells [22]
SCC7 cells [66]
MDA-MB-231  [26]
cells

MCF-7 cells, [44)
HepG2 cells

MCF-7 cells [74]
HepG2 cells [25]
HepG2 cells [45]
HEK-293 cells;  [75]
Hela cells

Hela cells [76]
MCF-7 cells [24]
Zebrafish [77]
(Danio rerio)

Mice bearing (50]
HepG2 tumor

Mice bearing [30]
Hela tumor

Mice bearing [65]
U87 tumor

Mice bearing (78]

HepG2 tumor

: Hydrodynamic diameter; DOX: Doxorubicin; DPA: 3,3’-Dithiodipropionic acid; FITC-

BSA: Fluorescein isothiocyanate labeled bovine serum albumin; FITC-CC: Fluorescein isothiocyanate labeled cytochrome C; GC: Gemcitabine; HCI: Hydrochloride;
—: Not reported; N/P: Ratio of nitrogen to phosphorous; MTX: Methotrexate; PTX: Paclitaxel; SPDP: (N-succinimidyl 3-(2-pyridyldithio)-propionate.
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Figure 2. Polymeric micelles with cleavable poly(ethylene glycol) shell. (I) Synthesis of mPEG-SS-PzLL copolymer
via disulfide bond linkage. (I1)(A) Schematic illustrations of amphiphilic mPEG-SS-PzLL with disulfide linkage;
(B) PEG-shielded nanomicelle; (Ill) Results of the GSH triggered micellar structure arrangement as well as drug
release of redox-sensitive, DOX-loaded mPEG-SS-PzLL nanomicelles. (A) Time-dependent size change of mPEG-
SS-PzLL15 micelle upon exposure to 10 mM GSH as determined by DLS; (B) GSH-mediated drug release from
DOX-loaded mPEG-SS-PzLL nanomicelles in phosphate-buffered saline.

Reproduced with permission from [72] © The Royal Society of Chemistry (2011).

philic polymers that possess unique core-shell struc-
ture. The inner core can be an efficient reservoir for
drug encapsulation, which is protected by the hydro-
philic shell, a necessary interface between the core and
the external environment. PMs are highly multifunc-
tional including enhanced drug solubility, extended
circulation time 77 vivo and passive/active targeting.
Compared with conventional liposome, they are more
stable due to lower critical micelle concentration. The
introduction of disulfide bond to PEGylated polymeric
micelles enables more efficient drug release, making it
an ideal bioresponsive delivery system.

Our group has made considerable efforts in the
past few years in the development of redox-responsive
micelles. In these unique micelles, PEG was used
as the hydrophilic and polypeptides as hydrophobic
segments [22,25,45,72,79.80]. A disulfide-bridged diblock
copolymer: poly(ethylene glycol) methyl ether-4-
poly(e-benzyloxycarbonyl-L-lysine; mPEG-SS-PzLL)
was synthesized via ring-opening polymerization of
e-benzyloxycarbonyl-1-lysine  N-carboxyanhydride,
initiated by mPEG-amino. The amphiphilic copo-
lymer self-assembled in aqueous solution resulting
in bioreducible redox-responsive micelles. At a given
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Figure 3. Polymeric micelles with cleavable poly(ethyl ethylene phosphate) shell. (A) Chemical structure of
disulfide-bridged PCL-SS-PEEP block copolymer. DOX accumulation in wild-type MCF-7 and drug-resistant
MCF-7/ADR breast cancer cells after incubation with (B) DOX-loaded PCL-b-PEEP, (C) DOX-loaded PCL-SS-PEEP
nanoparticles and (D) free DOX and (E) retention of DOX in MCF-7/ADR cells after preincubation with free DOX
(DOX), DOX-loaded PCL-b-PEG, DOX-loaded PCL-b-PEEP and DOX-loaded PCL-SS-PEEP nanoparticles for 4 h. The
concentration of DOX in the free DOX preincubation is 40 ng mL-1, and 5 pg mL-1 for DOX-loaded nanoparticles.
DOX: Doxorubicin; PEEP: Poly(ethyl ethylene phosphate).

Reproduced with permission from [81] The Royal Society of Chemistry (2011).

GSH concentration (2 uM; equivalent with GSH
concentration in human blood), the micelles exhib-
ited high stability without obvious size alteration
and a nearly identical drug (DOX) release behavior
in buffer solution without GSH. By contrast, much
higher intracellular GSH concentration (10 mM)
triggered PEG layer detachment with the exposure

of the inner core and thus resulted in a faster release
of fourfold, as compared with the control groups
(Figure 2) [72]. The size increase in DLS monitoring in
10 mM GSH concentration is due to gradual aggre-
gation of the hydrophobic inner cores as they are not
thermodynamically stable. DOX release triggered by
different extracellular GSH concentrations further
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affected MCF-7 tumor cell viability. Cytotoxicity is
more pronounced at higher GSH concentration.

Micelle stability is critically important for its iz vivo
performance since dilution in blood can result in struc-
tural disassembly and premature release of the encapsu-
lated drug. To improve the stability of micelles, cross-
linking is a commonly employed strategy. Tri-block
copolymer poly(ethylene glycol)-6-poly(L-lysine)-4-
poly (rac-leucine) (PEG-SS-PLys-PLeu) with the disul-
fide bond between PEG and the other segments was
proposed and developed, in which the primary amine
groups on PLys chains can be further linked by a disul-
fide-bond cross-linker. After encapsulation of anti-
cancer drug camptothecin, the micelles were found to
exhibit not only reduced drug loss in extracellular envi-
ronments, but also drastically accelerated drug release
at the cytoplasmic GSH level, leading to enhanced
growth inhibition toward HelLa cells [22]. These results
demonstrated an important role of the disulfide bonds
in controlled intracellular drug delivery.

As an alternative to PEG, poly(ethyl ethylene phos-
phate) (PEEP) can also be used as the hydrophilic
chains for the micelle shell (Figure 3). The micelles
with the PEEP shell exhibit higher affinity to the
cancer cells than its PEG counterparts [s1]. Disulfide-
bridged block copolymer of poly( -caprolactone) and
poly(ethyl ethylene phosphate) (PCL-SS-PEEP) were
found with high drug accumulation and retention in
multidrug resisting cancer cells [81]. It was demon-
strated that micelles with the PEEP shell increased the
influx but decreased the efflux of DOX by the mul-
tidrug resistant MCF-7/ADR breast cancer cells, in
comparison with the direct incubation of MCF-7/ADR
cells with DOX.

Active targeting can also be achieved by taking
advantages of highly accessible functional groups of
many polymers. Galactose (Gal) has been conjugated
onto PEG-PCL and self-assembled together with PEG-
SS-PCL to afford ligand-directed redox-responsive

S-S ‘/\O’FQ/\NO’L\ o

SS-PCL-FITC

+ DOX (s) = _\__ . —_—

shell sheddable biodegradable micelles as shown in
Figure 4 [27). In wvitro 3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay of HeLa
and HepG2 cells showed apparent targeting ability of
the DOX-loaded PEG-SS-PCL-Gal micelles and sig-
nificantly enhanced growth-inhibition efficacy toward
asialoglycoprotein receptor-overexpressing HepG2 cells.
Flow cytometry revealed much higher cellular DOX
level in HepG2 cells when treated with DOX-loaded
PEG-SS-PCL-Gal micelles, compared with redox-
insensitive PEG-PCL-Gal and nontargeting PEG-SS-
PCL controls. These results indicate the pronounced
effects of combined shell-shedding and active targeting.

Vesicles

As one of the important self-assembled nanostructures,
vesicles, characterized with a hollow morphology sur-
rounded by a bilayered membrane, have attracted ever
increasing attention for promising applications in drug
and gene delivery [82-84], nanoreactors [85] and artificial
cell membranes [86]. Similar to micelles, polymeric vesi-
cles are also self-assembled from amphiphilic macromol-
ecules orlipids but with a larger hydrophobic/hydrophilic
segment ratio. The hydrophilic membrane extends in
water and forms an outlayer. The interlayer between the
two outlayers is composed of a hydrophobic segment.
Such a distinct structure enables a payload of the hydro-
phobic drugs (e.g., taxol, doxorubicin) in the interlayer
and hydrophilic drugs (e.g., amino acids, peptides and
proteins) in the inner hollow core.

In 1996, Kirpotin introduced pioneering work [87]
on reduction-responsive polymeric vesicles which were
subjected to rapid shedding of PEG outlayer upon
reduction condition, concomitant with burst release of
fluorescent dyes. Since then, considerable attention has
been paid to the PEG containing vesicles, paving a new
path to the application of drug vehicles. Park et al. [66)
engineered vesicles based on triblock copolymer PEG-4-

Plys-SS-PCL with PCL as a hydrophobic part and PLys

~

‘
X e

HO OH o [o _}\
HO L y
HO/jiéEo/é;IL P a
I _ ;
HO™ T O Ga PeL DOX-loaded galactosylated  Efficicient delivery and release of DOX

shell-sheddable micelle

into the nuclei of target HepG2 cells

Figure 4. Ligand-directed, reduction-sensitive, shell-sheddable, biodegradable micelles based on PEG-SS-PCL
and Gal-PEG-PCL copolymers actively delivering DOX into the nuclei of asialoglycoprotein receptor (ASGP-R)-

overexpressing hepatocellular carcinoma cells.
DOX: Doxorubicin.

Reproduced with permission from [27] © American Chemical Society (2013).
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Figure 5. Cleavable vesicles. (A) Structure and schematic illustration of self-assembly of PEG-b-PLys-SS-PCL; (B) size

distribution and (C) TEM images of PEG-b-PLys-SS-PCL.

CPT: Camptothecin; DOX: Doxorubicin; HCI: Hydrochloride.
Reproduced with permission from [66] © The Royal Society of Chemistry (2012).

as a moiety for improved cell penetration (Figure 5). The
vesicles can be used as a dual drug carrier for simultane-
ously loading of hydrophilic doxorubicin hydrochloride
(DOX-HCI) and hydrophobic camptothecin (CPT).
The vesicle size increases 1.85-times in the presence of
10 mM GSH while maintaining the same diameter in
absence of GSH milieu or vesicles without S—S bond. A
great advantage of these vesicles is their multiple drugs
carrying ability for cocktail therapy.

By delicately tailoring the hydrophilic/hydrophobic
segments, we constructed disulfide-bridged PzLL-SS-
PEG-SS-PzLL vesicles with diameter around 380 nm
via a so-called ‘solvent switch’ method [26]. These vesi-
cles were developed for overcoming multidrug resistance
(MDR) of cancer cells. The overexpression of protein
(such as p-glycoprotein) and drug efflux pumps in the
MDR cells have been the major obstacles to the success
of chemotherapy (88]. The bioreducible vesicles described
above were employed to load anticancer drug DOX-HCI
or gemcitabine hydrochloride (GC-HCI). A significant
acceleration of drug release was observed by GSH trig-

gering (>threefold difference). In the control experiment,
while the GC-HCl or vesicles was found insignificant in
the GC-HCl-resistant MDA-MB-231 cells, in the con-
centration range of 0-250 mg/l, the cell viability was
lower than 40% when exposing to 250 mg/L GC-HCI
loaded vesicles [26]. The results demonstrated high effec-
tiveness of the polymeric vesicles in overcoming MDR,
and therefore a possibility to reverse the drug resistance
by the drug-encapsulated vesicles (Figure 6).
Therapeutic proteins have emerged as potent medi-
cines for their high specificity, superior anticancer effi-
cacy and low side effects. However, their application has
been limited by several challenges including rapid degra-
dation and elimination following iv injection, and poor
bioavailability. Zhong et al. [44) developed hepatoma-
targeting reduction-sensitive vesicles based on complex-
ation of PEG-SS-PCL and a protein binding copolymer
for efficient intracellular delivery of proteins (Figure 7).
The loading mechanism relies the active interactions of
electrostatic and hydrogen bonding between proteins
and poly(2-(diethylamino)ethyl methacrylate chains
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Figure 6. Redox sensitive vesicles. (A) /n vitro DOXeHCl release from polymeric vesicles in presence and absence
of GSH in PBS (pH 7.4). Data are presented as mean + SD (n = 3). (B) Dose-dependent cytotoxicity of PzLL-SS-
PEG-SS-PzLL polymeric vesicles 2 alone and DOX-HCl-loaded PzLL-SS-PEG-SS-PzLL polymeric vesicles 2 after 24 h
co-incubation. Data are presented as mean + standard deviation (n = 5).

DOX: Doxorubicin; GSH: Gamma-glutamyl-cysteinyl-glycine; HCl: Hydrochloride; PEG: Poly(ethylene glycol).
Reproduced with permission from [26] © American Chemical Society (2013).

in the protein binding copolymers [74]. The Gal moiety
on the vesicle surface facilitates targeting capability to
asialoglyco-protein receptor overexpressing hepatoma
cells. The in vitro release study showed accelerated
protein release under a reductive condition of 10 mM
dithiothreitol. The cytochrome C loaded, Gal-deco-
rated reduction sensitive vesicles exhibited apparent
target-ability and pronounced antitumor activity to
HepG2 cells [44]. These reduction-sensitive and bio-
degradable vesicles offer a robust platform for efficient
intracellular protein delivery.

Prodrug systems

The concept ‘prodrug’ was first proposed by Albert
in 1958 to signify pharmacologically inactive chemi-
cal derivatives that could be used to alter the physico-
chemical properties of drugs, in a temporary manner.
The prodrug approach gained intensive attention as
a technique for improving drug therapy in the early

Protein-loaded

PEG-PCL-PDEA multi-functional

(Asymmetric) o o polymersomes
PANS-S\AAN/ (Protein)
PEG-S-S-PCL - -

(Reduction sensitive)

Self-assembly
Gal-PEG-PCL

(Hepatoma-targeting)

HepG2 cell

1970s [89]. Numerous prodrugs have been designed and
developed since then to overcome pharmaceutical and
pharmacokinetic barriers in clinical drug applications,
such as low oral drug absorption, lack of site specific-
ity, chemically instability, toxicity and poor patient
acceptance. Many US FDA-approved prodrugs such
as protein—polymer drugs are currently being studied
in clinical trials [90]. The prodrug approach is gener-
ally achieved by conjugation of active drug with dif-
ferent compounds to alter its chemphysical properties,
for instance, to make it inert temporarily. When in
organisms, the prodrugs may suffer from enzymolysis
or chemical degradation (such as GSH).

By incorporation of disulfide-bridged PEGylation
into hydrophobic anticancer drugs, our group engi-
neered several reductive responsive prodrug-based
micelles by hydrophilicity/hydrophobicity driven self-
assembly [25,45]. The micellar prodrug has several major
advantages: integration of drug into the carrier (as

Nucleus -
Cytoplasm ;

= Reduction-triggered
shedding off PEG
" cells and
protein release

endocytosis

Figure 7. lllustration of the hepatoma-targeting reduction-sensitive biodegradable chimaeric polymersomes for

active loading and intracellular release of proteins.

Reproduced with permission from [44] © American Chemical Society (2013).
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hydrophobic segment of micelles) that minimizes the
use of polymers; drug encapsulation into inner core
can avoid premature exposure to body fluid, which is
different from the conventional prodrug and selective
drug release of the active drug in reductive milieu. The
above design is first accomplished by conjugating CPT
onto double ends of PEG via disulfide bond to afford
CPT-SS-PEG-SS-CPT with CPT loading efficiency up
t0 20.3% [45]. Hydrophobic CPT enabled the formation
of nanomicelles with a size of around 200 nm. Under
tumor-relevant reductive conditions, reductive cleavage
of the disulfide linker initiates micellar rearrangement
associated with the rapid release of the therapeutic pay-
load. It subsequently elicited more pronounced cyto-
toxicity toward HepG2 cancer cells based on i vitro
evaluation. In a later work, an H-shaped pegylated

—
-
MTX-SS-PEG-SS-MTX

High GSH level

.

; A A ‘;\ AN
2 = . LV VAV VAN

-

. Nucleus

E -
Ster hJ’dro " sis

Lysosome

e
a
vy
<

~ -
________

Dead tumor cell

methotrexate (MTX) conjugate was synthesized for
intracellular drug delivery [25]. The conjugate exhibited
a constant MTX loading efficiency up to 26 wt%. The
cleavable S-S linkers exerted high therapeutic activity
in the intracellular concentration of GSH (Figure 8).

Organic-inorganic nanocomposites
The organic-inorganic nanocomposites are known for
their combined advantages of the structural stability
and multifunctionality. In recent years, abundant inor-
ganic matrices have been utilized for developing drug
carriers, such as nanographene oxide [91], mesoporous
silica [92], magnetic iron oxide (Fe,O,) (51 and gold
nanoparticles [93].

Graphene oxide (GO) exhibits a myriad of unique
chemical and physical properties that is being harnessed

e

<

e R

Normal cell

PEGylation

9 Disulfide bond -  MTX

Figure 8. Predicted antitumor activity of redox-sensitive micelles based on H-shaped poly(ethylene glycol)-
methotrexate conjugate. The prodrug nanoparticles are internalized from the plasma membrane first and then to
endosomes, where they disassemble, triggered by higher concentration of GSH. They are subsequently subjected
to lysosomes where MTXylation with ester bond is degraded.

GSH: Gamma-glutamyl-cysteinyl-glycine; MTX: Methotrexate.

Reproduced with permission from [25] © The Royal Society of Chemistry (2014).
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Figure 9. Antitumor activity of redox-sensitive, DXR-loaded NGO-SS-mPEG. (A) PEG-shielded NGO with disulfide
linkage for prolonged blood circulation; (B) endocytosis of NGO-SS-mPEG in tumor cells via enhanced permeability
and retention effect; (C) GSH trigger (GSH >fourfold than normal cells) resulting in PEG detachment, and (D) rapid

drug release on tumor site.

DOX: Doxorubicin; GSH: Gamma-glutamyl-cysteinyl-glycine.
Reproduced with permission from [76] © John Wiley and Sons (2012).

for highly versatile applications including drug carrier,
gene delivery, etc. [94]. GO surface has an abundance
of oxygen-containing groups such as carboxyl, hydroxyl
and the epoxy groups. The richness of these oxygen-
containing groups of GO affords its highly hydro-
philic property and respectable stability in aqueous
solution. To improve its stability in biological environ-
ment, surface coating via chemical or physical method
has been attempted for biomedicine applications. Our
group [76] engineered PEGylated nanographene oxide
(NGO-SS-PEG) with redox-responsive detachable
PEGylation for surface functionalization and intracel-
lular drug delivery. In this work, the unique structure
design enabled fine dispersivity of the system in various
salt-rich solutions-cell culture medium, PBS, etc., which
is essential for primitive GO. Meanwhile, it loaded aro-
matic drugs efficiently via -7 stacking and hydropho-
bic interaction, and subsequently released the drug into
cell cytoplasma at tcumor-relevant GSH levels (Figure 9).

Mesoporous silica nanoparticles (MSNs) have been
extensively investigated on drug delivery systems for
their unique porous structure, tunable pore size, bio-
compatibility, ease of surface functionalization and
overall versatility [77.95]. To achieve effectively con-
trolled drug release, switchable gatekeepers on the
MSN surface pore have been proposed. The controlled

release can be regulated by the on—off of the pore via
a gatekeeper. Nadrah ez a/. used B-cyclodextrin as the
pore capping agent to coat the surface of MSN via
S-S bond. Three S-S bonds with different levels of
hindrance were synthesized to precisely regulate the
drug release kinetics of the redox-responsive drug
release systems. Results showed that the drug release
efficiency was dependent on disulfide bond with dif-
ferent steric hinderances. It was found the larger the
hindrances, the slower the drug release rate (77]. In a
similar strategy, we developed a disulfide-bridged PEG
gatekeeper to assess the control of the drug release.
Compared with the group without GSH, in which less
than 10% drug release within 5 h, release of the model
drug loaded into MSNs showed more than 50% drug
release at 10 mM GSH within the same time period,
indicating the accelerated release due to opening of the
pores, regulated by GSH [24].

Cleavable PEGylated nanovehicles in gene
delivery

Cleavable PEGylation of gene vector has been shown to
be most effective in extending in vive circulation time
of the genetic payload. It exhibits considerable resis-
tance to undesired aggregation and unspecific interac-
tions with serum proteins during iz vive circulation.
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Selective release of gene payload was also achieved
upon arrival at a specific milieu [96].

Polyethylenimine (PEI) represents a popular cat-
iomer for gene delivery, but with major concern on
toxicity limiting its broad applications [30.97]. Poly-L-
lysine (PLL) as another regular cationic polypeptide
for nonviral gene vector was chosen as a scaffold to
incorporate disulfide-bridged PEGylation, in order
to obtain PEG-SS-PLL via a facile ring opening
polymerization [96]. Due to cleavable PEGylation,
the transfection activity of PEG-SS-PLL is serum
resistant after gene complexation, attributable to
the PEG-shielding effect. However, the transfection
activities of PLL50 in luciferase expression were sig-
nificantly suppressed in the presence of 10% serum
for both 293T and HeLa cell lines, respectively. The
reason was presumably associated with poor stability
of the PLL complexes in serum with positive surface
charge. To further examine the effect of cleavable
PEGylation, gene transfection activity of PEG-PLL
without disulfide link was assessed. Expression for
PEG-PLL was found to be three- to sixfold lower than
that of PEG-SS-PLL against HeLa cells, attributable
to the cleavable PEGylation.

We also carried out systematic studies on PEGylated
PLL (98], and PEGylated PLL combined with hydro-
philic poly(t-histidine) [30] or hydrophobic poly(L-
histidine-Bzl) [s0] as gene vectors. The PLL structure
was optimized to enhance the biological efficacy of
cleavable PEGylation. The PLL-based nonviral vector
is generally not satisfactory as a result of its low amine
group density and capability of endosomal escape.
Most of the amine group has already been proton-
ated at pH 7.4. To improve the capability of endo-
somal escape as well as efficient unpacking of genetic
payload, a dual stimulus-responsive mPEG-SS-PLL -
glutaraldehyde star (mPEG-SS-PLL15-star) catiomer
was developed and biologically evaluated [98].

In another work, mPEG-SS-PLL was partially
replaced by the histidine groups on the PLL segments
(mPEG-SS-PLH) for facilitating endosomal escape.
The transfection efficacy of mPEG-SS-PLH was
found to closely correlate with histidine substitution.
The therapeutic efficacy of this tailored catiomer was
further evaluated using siRNA-VEGF as a therapeu-
tic gene, and HelLa xenograft nude mice as the tumor
model. A dose of 20 pg of siRNA-VEGF was intrave-
nously and intratumorally administered in mice every
2 days. The tumor suppression effect is pronounced
by both intravenous and intratumoral administration
(Figure 10). Figure 10A & B shows the inhibitory effect
exerted by ssRNA-VEGF administration in terms of
tumor weight and volume. Compared with the con-
trol group, tumor weight/volume is significantly lower.

On the last day of experiment, the tumor weights for
the groups intravenously injected with mPEG-SS-
PLL52/siRNA-VEGF and mPEG-SS-PLH15/siRNA—-
VEGF have been, respectively, reduced to 50 and
26%. A representative ex vivo tumor from each group
is shown in Figure 10C. These results are consistent
with the in vivo VEGF expression levels as shown in
Figure 10D, revealing the suppressed VEGF expression
via both intravenous and intratumoral injection [30].
Meanwhile, hydrophobic histidine(Bzl), as an alter-
native group, was employed to substitute hydrophilic
histidine for enhancing endosome escape. The hydro-
phobic benzyl group was simultaneously introduced
to provide a ‘phase separation’ in a single gene/vector
nanocomplex. Phase separation can stabilize nanocom-
plex due to the strong compact structure of gene/vector
nanocomplex for high gene transfection [so].

PEI has been another widely used nonviral gene
vector and presents advantages over other polycations
for its strong DNA condensation ability and intrin-
sic endosomolytic activity. However, high molecular
weight of PEI can induce serious cytotoxicity, and
strong packing of DNA in PEI/DNA complex. It
therefore becomes a critical hurdle to the release of
DNA inside the cytoplasm. Cleavable PEGylation
was introduced to PEI for improved biostability,
prolonged in vivo circulation time and reduced tox-
icity [s8]. Chitosan oligosaccharide-based disulfide-
containing polyethylenimine derivative PEG-SS-
COS-SS-PEI was found to effectively condense
DNA into small particles with improved buffering
capacity (~44%), compared with PEI , (~20%).
In vitro study showed much lower cytotoxicity of
the PEGylated redox responsive copolymer, but high
transfection efficiency as compared with the control
branch of 25 KDa PEI [s8].

Conclusion & future perspective
Cleavable PEGylation has been identified as an effec-
tive strategy to prolong circulation time and improve
hydrophilicity. It has widely been utilized to develop
the polymeric or hybrid drug delivery system. Cleav-
able PEGylation has been shown effective in overcom-
ing drug resistance. The flexibility of disulfide bond
formation allows for design of a variety of delivery
systems including polymeric micelles, vesicles, pro-
drug, nanocomposites and nonviral vectors. Signifi-
cant glutathione concentration differences between
the tumor/normal cells and tissues play a key role in
the triggering mechanism of cleavable PEGylation for
controlled drug release.

Considerable efforts have been devoted to the
design and development of the drug delivery systems
that are functionalized with disulfide-bridged cleav-
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Figure 10. (A) Tumor volume and (B) tumor weight in HeLa xenograft nude mice after intravenous and intratumoral treatment
with different vector/siRNA-VEGF complexes. (C) Photograph and (D) VEGF expression of tumors in HeLa xenograft nude mice after
intravenous and intratumoral treatment with different vector/siRNA-VEGF complexes. (E) Mice weight of HeLa xenograft nude mice
after intravenous and intratumoral treatment with different vector/siRNA-VEGF complexes. PBS and mPEG-SS-PLH15 loaded with

scrambled sequence are served as negative controls.
PBS: Phospahte-buffered saline.

Reproduced with permission from [30] © John Wiley and Sons (2014).

able PEGylation. Versatile and effective nanosystems
have been developed that demonstrate significantly
enhanced efficacy. However, some critical issues still
remain that need to be addressed by advanced design
and structural optimization. For instance, some of
the current designs appear quite complex that are not
straightforward in the synthesis. The structural com-
plexity also creates multiple factors that are difficult
to control systematically in vitro and in vive. There-
fore the future study needs to focus on simplifying

the carrier system for viable clinical applications. For
example, searching for the S-S cross-linkers with new
structures that can link PEG and polypeptide in one-
pot process is a possible way to significantly simplify
the synthesis procedure.

It is important to find ways to regulate the sensitiv-
ity of disulfide bond for different biological milieus.
The reduction sensitivity should also be carefully
optimized in accordance with the delivery systems
and encapsulated therapeutic payloads. The physio-
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chemical properties of polymeric chains constitute the
delivery system and determine the diffusion of glu-
tathione and subsequent sensitivity [77). Nadrah ez a/.
incorporated steric groups adjacent to the disulfide
bond in order to regulate reduction sensitivity. Disele-
nium (Se—Se) represents another reduction-sensitive
bond that can be functionalized in the cleavable
PEGylation [99].

The exact cleavage mechanism remains unidentified
for disulfide-bridged cleavable PEGylation. By conju-
gating a pair of quenched fluorescent dyes into both
ends of disulfide bond, researchers have found cleav-
age taking place inside the cells (17]. However, disul-
fide-bridged cleavable PEGylation may not promote
cellular uptake if cleavage only occurred inside the cell.

More in-depth investigation is needed to identify the
cleavage mechanism.

So far, only limited work on disulfide-bridged
cleavable PEGylation has been carried out at the in
vivo level. Future works will need to be devoted to
animal studies in a preclinical setting. Investiga-
tions on the formation and regulation of a disulfide
bond in a nanodelivery system will require interdis-
ciplinary collaborations, particularly with medical
researchers.
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Executive summary

GSH-sensitive disulfide for cleavable PEGylation

bridged nanoparticles.

cleavable PEG layer.
Strategies of disulfide-bridged cleavable PEGylation

(DTDE), etc.
Cleavable PEGylated nanosystems-polymeric micelles

in buffer solution without GSH.

growth inhibition toward Hela cells.

Cleavable PEGylated nanosystems vesicles

MDR of cancer cells.

Cleavable PEGylated nanosystems-prodrug

release of the active drug in reductive milieu.

with CPT loading efficiency up to 20.3%.

e The sharp differences in GSH levels between tumor and normal cells, as well as between the extracellular
and intracellular provide the possibility for the structure design of the carrier system based on the disulfide-

Polymeric nanosystem with disulfide-bridged cleavable PEGylation

e Polymeric nanosystems with disulfide-bridged cleavable PEGylation are generally composed of an inner core
with encapsulated therapeutic agents and surrounded by a hydrophilic, cleavable PEG shell. The detachable
process occurs at a threshold GSH concentration in a targeted region, for instance, inside a cancer cell.

e These nanoformulations have been developed to address the critical issue of PEGylation limits (including steric
hindrance and diffusion barrier), so as to improve biological efficacy of the therapeutic nanosystems with a

e The general strategy to afford disulfide-bridged cleavable PEGylation is to introduce a S-S linkage to PEG. The
cross-linker is typically employed with the S-S moiety, such as cystamine dihydrochloride, 2,2-dithiodiethanol

¢ Micelles exhibit high stability without obvious size alteration and nearly identical drug (DOX) release behavior

e Intracellular GSH concentration (10 mM) triggers PEG layer detachment with the exposure of the inner core
and thus results in a faster release of fourfold, as compared with the control groups.

e After incorporation of cross-linking in the shell, the micelles exhibit not only reduced drug loss in extracellular
environments, but also drastically accelerated drug release at the cytoplasmic GSH level, leading to enhanced

e Active targeting can also be achieved by taking advantages of highly accessible functional groups of PEG.
e The vesicles can be used as a dual drug carrier for simultaneously loading of hydrophilic doxorubicin
hydrochloride (DOX-HCl) and hydrophobic camptothecin.

¢ Disulfide-bridged PzLL-SS-PEG-SS-PzLL vesicles are developed for intracellular drug delivery and overcoming

¢ Hepatoma-targeting reduction-sensitive vesicles are developed to load cytochrome C, which exhibit apparent
target-ability and pronounced antitumor activity to HepG2 cells.

e The micellar prodrug has several major advantages: integration of drug into the carrier (as hydrophobic
segment of micelles) that minimizes the use of polymers; drug encapsulation into inner core can avoid

premature exposure to body fluid, which is different from the conventional prodrug and selective drug

e Camptothecin (CPT) is conjugated onto double ends of PEG via disulfide bond to afford CPT-SS-PEG-SS-PEG
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Executive summary (cont.)

Cleavable PEGylated nanosystems-organic-inorganic nanocomposites

e Nanographene oxide with redox-responsive detachable PEGylation is developed for surface functionalization
and intracellular drug delivery.

e Cleavable PEGylation is used as switchable gatekeepers on the MSN surface pore to control the drug release.

Cleavable PEGylated nanovehicles in gene delivery

e Cleavable PEGylation of gene vector exhibits considerable resistance to undesired aggregation and unspecific
interactions with serum proteins during in vivo circulation. Selective release of gene payload is also achieved
upon arrival at a specific milieu.

e Due to cleavable PEGylation design, the transfection activity of PEG-SS-PLL system is serum resistant after
gene complexation, attributable to the PEG-shielding effect.

e Therapeutic siRNA-VEGF is loaded into the mPEG-SS-PLH system, which exhibits pronounced tumor
suppression effect by both intravenous and intratumoral administration.

the Fundamental Research Funds for the Central Universities
(2013KJ038) and ‘Chen Guang’ project founded by Shang-
hai Municipal Education Commission and Shanghai Education

entity with a financial interest in or financial conflict with the
subject matter or materials discussed in the manuscript apart
from those disclosed.

Development Foundation. The authors have no other relevant No writing assistance was utilized in the production of this

affiliations or financial involvement with any organization or

manuscript.

improved control of intracellular trafficking and transgene

l;::irj_:;g; ot have been highlighted a5 transcription. Biomaterials 30(27), 48064814 (2009).
« of interest; * of considerable interest 12 Ogris M, Brunner S, Schuller S, Kircheis R, Wagner E.
| KnooK. H b R. Fischer D. Schubert US PEGylated DNA/transferrin-PEI complexes: reduced
P(ﬁo?eth’ ler(:eog(lmco(i;)ii d;u ISSelj:/er . Cr(: :;:i cor;s as well interaction with blood components, extended circulation in
Y Y | lg Y s A & Ch v P[ +. Ed. 49(36) blood and potential for systemic gene delivery. Gene Ther. 6(4),
as potential alternatives. Angew. Chem. Int. Ed. ,
95-605 (1999).
6288-6308 (2010). 595-605 (1999)
X . . 13 Huynh NT, Roger E, Lautram N, Benoit JP, Passirani
2 Kolate A, Baradia D, Patil $, Vhora I, Kore G, Mista A. C. The rise and rise of stealth nanocarriers for cancer
PEG-A versatile conjugating ligand for drugs and drug delivery ’ . . . .
aystems. J. Control, Release 192(0), 67-81 (2014) therapy: passive versus active targeting. Nanomedicine 5(9),
ysems. /- ‘ ’ : 1415-1433 (2010).
3 Pasut G, Ver.onese FM. PEG con)ug;}tes in clinical devellopment 14 YangXZ, DuJZ, Dou S, Mao CQ, Long HY, Wang J.
or use as anticancer agents: an overview. Adv. Drug Deliv. Rev. . -
61(13), 11771188 (2009) Sheddable ternary nanoparticles for tumor acidity-targeted
T ’ siRNA delivery. ACS Nano. 6(1), 771781 (2012).
4 Ozc'hl D’. Aydin HM Polymers for medical al,ld tissue 15 Romberg B, Hennink WE, Storm G. Sheddable coatings
engineering applications. /. Chem. Technol. Biotechnol. 89(12), . . .
1793-1810 (2014) for long-circulating nanoparticles. Pharmaceut. Res. 25(1),
- ' 55-71 (2008).
> ?hu.]. BlOaCt.lVC n%odlf;c'atlon Of,p;l;l((elt;l)y lzig;glyzzls) 6hz,2d(;;)§; Is 16 Harris JM, Chess RB. Effect of pegylation on
or tissue engineering. Liomaterials ’ B : pharmaceuticals. Naz. Rev. Drug Discov. 2(3), 214-221
6 Jagur-Grodzinski J. Polymers for targeted and/or sustained (2003).
drug delivery. Polym. Adv. Technol. 20(7), 595-606 (2009). 17 Gao W, Langer R, Farokhzad OC. Poly(ethylene glycol) with
7 Jhaveri AM, Torchilin VP. Multifunctional polymeric micelles observable shedding. Angew. Chem. Int. Ed. Engl. 49(37),
for delivery of drugs and siRNA. Front. Pharmacol. 5,77 6567-6571 (2010).
2014).
( ] ) o ) *  Reports the evidence of the shedding of poly(ethylene
8  Pozzi D, Colapicchioni V, Caracciolo G ez al. Effect of glycol) from nanoparticles by fluorescence resonance energy
polyethyleneglycol (PEG) chain length on the bio-nano- transfer technology.
interactions between PEGylated lipid nanoparticles and
biological fAuids: . 18 Romberg B, Hennink WE, Storm G. Sheddable coatings
iological fluids: from nanostructure to uptake in cancer cells. . . ;
Nanoscale 6(5), 2782-2792 (2014). i(;)g);g—clrculatmg nanoparticles. Pharm. Res. 25(1), 55-71
9 Vonarbourg A, Passirani C, Saulnier P, Benoit JP. Parameters . ' .
influencing the stealthiness of colloidal drug delivery systems. ** Describes the strategy of sheddable coatings to address
Biomaterials 27(24), 4356—4373 (2006). the critical issues on PEG elicited steric hindrance and
10 Nie SM. Understanding and overcoming major barriers in dlzﬁfswn lerrier :ihat maly negatively impact cellular uptake
cancer nanomedicine. Nanomedicine 5(4), 523-528 (2010). and intracellular drug release.
19 Son S, Namgung R, Kim J, Singha K, Kim W]. Bioreducible

11 Masuda T, Akita H, Niikura K ¢z a/. Envelope-type lipid
nanoparticles incorporating a short PEG-lipid conjugate for

polymers for gene silencing and delivery. Accounts Chem. Res.
45(7), 1100-1112 (2012).

future science group

www.futuremedicine.com 1955



Review

Dong, Tang, Li, Li, Qian & Shi

20

21

22

23

24

25

26

27

28

29

30

31

32

33

Saito G, Swanson JA, Lee KD. Drug delivery strategy
utilizing conjugation via reversible disulfide linkages: role
and site of cellular reducing activities. Adv. Drug Deliv. Rev.
55(2), 199-215 (2003).

Ottaviano FG, Handy DE, Loscalzo J. Redox regulation in
the extracellular environment. Cire. /. 72(1), 1-16 (2008).

Wang K, Liu Y, Yi W] ¢z al. Novel shell-cross-linked micelles
with detachable PEG corona for glutathione-mediated
intracellular drug delivery. Soft Matter 9(3), 692—-699
(2013).

Bauhuber S, Hozsa C, Breunig M, Goepferich A. Delivery of
nucleic acids via disulfide-based carrier systems. Adv. Mater.

21(32-33), 3286-3306 (2009).

Cui Y, Dong H, Cai X, Wang D, Li Y. Mesoporous silica
nanoparticles capped with disulfide-linked PEG gatekeepers
for glutathione-mediated controlled release. ACS Appl.
Mater. Interfaces 4(6), 3177-3183 (2012).

Dong H, Dong C, Xia W, Li Y, Ren T. Self-assembled,
redox-sensitive, H-shaped pegylated methotrexate
conjugates with high drug-carrying capability for
intracellular drug delivery. Medchemcomm. 5(2), 147-152
(2014).

Ren TB, Wu W, Jia MH, Dong HQ, Li YY, Ou ZL.
Reduction-cleavable polymeric vesicles with efficient
glutathione-mediated drug release behavior for reversing
drug resistance. ACS Appl. Mater. Interfaces 5(21),
10721-10730 (2013).

Reports the work that harnesses the cleveable strategy to

reverse drug resistance.

Zhong Y, Yang W, Sun H ez al. Ligand-directed reduction-
sensitive shell-sheddable biodegradable micelles actively
deliver doxorubicin into the nuclei of target cancer cells.
Biomacromolecules 14(10), 3723-3730 (2013).

Kuai R, Yuan W, Qin Y et al. Efficient delivery of payload
into tumor cells in a controlled manner by TAT and
thiolytic cleavable PEG co-modified liposomes. Mol.
Pharmaceut. 7(5), 1816—1826 (2010).

Mei L, Fu L, Shi KR ez al. Increased tumor targeted
delivery using a multistage liposome system functionalized
with RGD, TAT and cleavable PEG. Int. J. Pharm.
468(1-2), 26-38 (2014).

Cai X, Zhu H, Dong H, Li Y, Su J, Shi D. Suppression
of VEGF by reversible-pegylated histidylated polylysine
in cancer therapy. Adv. Healthc. Mater. 3(11), 1818-1827
(2014).

Engineers gene vector to deliver siRNA for cancer therapy
based on cleavable PEGylation.

Alvarez-Lorenzo C, Concheiro A. Smart drug delivery
systems: from fundamentals to the clinic. Chem. Commun.

50(58), 77437765 (2014).

Liu ZH, Zhang N. pH-sensitive polymeric micelles for
programmable drug and gene delivery. Curr. Pharm. Design
18(23), 3442-3451 (2012).

Li YY, Dong HQ, Wang K, Shi DL, Zhang XZ, Zhuo RX.
Stimulus-responsive polymeric nanoparticles for biomedical
applications. Science China-Chemistry 53(3), 447-457
(2010).

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

Meng FH, Zhong ZY, Feijen J. Stimuli-responsive
polymersomes for programmed drug delivery.

Biomacromolecules 10(2), 197-209 (2009).
Meng F, Zhong Y, Cheng R, Deng C, Zhong Z.

pH-sensitive polymeric nanoparticles for tumor-targeting
doxorubicin delivery: concept and recent advances.

Nanomedicine 9(3), 487-499 (2014).

Torchilin V. Multifunctional and stimuli-sensitive
pharmaceutical nanocarriers. Eur. J. Pharm. Biopharm.
71(3), 431-444 (2009).

Rapoport N. Physical stimuli-responsive polymeric
micelles for anti-cancer drug delivery. Prog. Polym. Sci.

32(8-9), 962-990 (2007).

Seo HJ, Kim JC. Light-sensitive liposomes containing
coumarin-proteinoid conjugate. /. Nanosci. Nanotechnol.

12(5), 4044-4050 (2012).

Miyata T, Asami N, Uragami T. A reversibly antigen-
responsive hydrogel. Nature 399(6738), 766769 (1999).

Leroux JC. pH-responsive carriers for enhancing the
cytoplasmic delivery of macromolecular drugs-preface.

Adv. Drug Deliv. Rev. 56(7), 925-926 (2004).

Kuppusamy P, Li HQ, Ilangovan G et al. Noninvasive
imaging of tumor redox status and its modification by tissue
glutathione levels. Cancer Res. 62(1), 307-312 (2002).

Meng F, Hennink WE, Zhong Z. Reduction-sensitive
polymers and bioconjugates for biomedical applications.

Biomaterials 30(12), 2180-2198 (2009).

Reviews the works on reduction-sensitive polymers and

bioconjugates for biomedical applications.

Ping Y, Hu QD, Tang GP, Li J. FGFR-targeted gene
delivery mediated by supramolecular assembly between
beta-cyclodextrin-crosslinked PEI and redox-sensitive PEG.
Biomaterials 34(27), 6482—6494 (2013).

Wang X, Sun H, Meng F, Cheng R, Deng C, Zhong Z.
Galactose-decorated reduction-sensitive degradable
chimaeric polymersomes as a multifunctional nanocarrier to
efficiently chaperone apoptotic proteins into hepatoma cells.
Biomacromolecules 14(8), 2873-2882 (2013).

Li XQ, Wen HY, Dong HQ ez al. Self-assembling
nanomicelles of a novel camptothecin prodrug engineered
with a redox-responsive release mechanism. Chem. Commun.

(Camb). 47(30), 8647-8649 (2011).

Reports a type of prodrug-based nanomicelles with
clevable PEGylation.

Zhang L, Xia K, Deng Y ez al. Methoxy poly(ethylene
glycol) conjugated doxorubicin micelles for effective killing
of cancer cells. /. Nanosci. Nanotechnol. 14(8), 6458—6460
(2014).

Liu Q, Zhu H, Qin ], Dong H, Du J. Theranostic vesicles
based on bovine serum albumin and poly(ethylene glycol)-
block-poly(I-lactic-co-glycolic acid) for magnetic resonance

imaging and anticancer drug delivery. Biomacromolecules

15(5), 15861592 (2014).

Xiao X-F, Jiang X-Q, Zhou L-J. Surface modification of poly
ethylene glycol to resist nonspecific adsorption of proteins.

Chin. J. Anal. Chem. 41(3), 445—453 (2013).

1956

Nanomedicine (Lond.) (2015) 10(12)

fsg

future science group



Disulfide-bridged cleavable PEGylation in polymeric nanomedicine for controlled therapeutic delivery Review

49 Tai W, Chen Z, Barve A, Peng Z, Cheng K. A novel glutathione detection. Nanotechnology 24(37), 375501
rapamycin-polymer conjugate based on a new poly(ethylene (2013).
glycol) multiblock copolymer. Pharmaceut. Res. 31(3), 64 Lin C, Zhong ZY, Lok MC er al. Novel bioreducible
706-719 (2014). poly(amido amine)s for highly efficient gene delivery.

50 Zhu HY, Dong CY, Dong HQ ¢t al. Cleavable PEGylation Bioconjug. Chem. 18(1), 138-145 (2007).
an# hydrophobic histidylation of polylysine for siRNA 65 LeiY, WangJ, Xie C et al. Glutathione-sensitive RGD-
delivery and tumor gene therapy. ACS Appl. Mater. Interfaces poly(ethylene glycol)-SS-polyethylenimine for intracranial
6, 10393-10407 (2014). glioblastoma targeted gene delivery. /. Gene Med. 15(8-9),

s1 Yu],LiX, Luo Y, Lu W, Huang J, Liu S. Poly(ethylene 291-305 (2013).
glycol) shell-sheddable magnetic nanomicelle as the carrier of  ¢¢ Thambi T Deepagan VG, Ko H, Lee DS, Park JH.
doxorubicin with enhanced cellular uptake. Colloids Surf’ B. Bioreducible polymersomes for intracellular dual-drug
107, 213-219 (2013). delivery. /. Mater. Chem. 22(41), 2202822036 (2012).

52 Chen W, Zhong P, Meng FH ¢z al. Redox and pH-responsive 67 GuYJ, Cheng J, Man CW-Y, Wong W-T, Cheng SH.
degradable micelles for dually activated intracellular anticancer Gold-doxorubicin nanoconjugates for overcoming multidrug
drug release. /. Control. Release 169(3), 171-179 (2013). resistance. Nanomedicine-Nanotechnology Biology and

53 Thambi T, Yoon HY, Kim K, Kwon IC, Yoo CK, Park JH. Medicine 8(2), 204-211 (2012).

Bioreducible block copolymers based on poly(eth?rlene 68 Nam K, Nam HY, Kim PH, Kim SW. Paclitaxel-conjugated
glycol) and poly(gamma-benzyl I-glutamate) for intracellular PEG and arginine-grafted bioreducible poly (disulfide amine)
delivery of camptothecin. Bioconjug. Chem. 22(10), micelles for co-delivery of drug and gene. Biomaterials
1924-1931 (2011). 33(32), 8122-8130 (2012).

54 Thar.nbi T S%ravanakuma{‘ G’l ChuJU er ”.1‘ Synthcis.is and 69  Chen W, Zou 'Y, JiaJ et al. Functional poly( -caprolactone)s
physicochemical characterization of reduction-sensitive via copolymerization of -caprolactone and pyridyl disulfide-
block copolymer for intracellular delivery of doxorubicin. containing cyclic carbonate: controlled synthesis and facile
Macromol. Res. 21(1), 100-107 (2013). access to reduction-sensitive biodegradable graft copolymer

55 TongR, Xia HS, Lu XL. Fast release behavior of block micelles. Macromolecules 46(3), 699-707 (2013).
copolymer r‘nicelle‘s under high intensity focused ultrasound/ 55 1 1a0ka K, Harada A, Nagasaki Y. Block copolymer micelles
redox combined stimulus. /. Mater. Chem. B. 1(6), 886-894 for drug delivery: design, characterization and biological
(2013). significance. Adv. Drug Delivery Rev. 64, 37-48 (2012).

56 Gl',lO Q, Lu‘o P, Luo Y ez al. Fabrication of biodegradable 71 RenT-B, Feng Y, Zhang Z-H, Li L, Li Y-Y. Shell-sheddable
micelles with sheddable poly(ethylene glycol) shells as the micelles based on star-shaped poly( ~caprolactone)-SS-
carrier of 7-ethyl-10-hydroxy-camptothecin. Colloids Surf B. poly(ethyl glycol) copolymer for intracellular drug release.
100, 138145 (2012). Soft Marter 7(6), 2329 (2011).

57 Cui C, Xue YN, Wu M ez al. Cellular uptake, intracellular 72 Wen HY, Dong HQ, Xie WJ et al. Rapidly disassembling
trafficking, and antitumor efficacy of doxorubicin-loaded nanomicelles with disulfide-linked PEG shells for
reduction-sensitive micelles. Biomaterials 34(15), 3858—3869 glutathione-mediated intracellular drug delivery. Chem.
(2013). Commun. (Camb). 47(12), 35503552 (2011).

58 JiaL, LiZ, Zhang D ez al. Redox-responsive catiomer based es  Reports PEG-polypeptide nanomicelles with disulfide-
on PEG-ss-chitosan .ollgosaccha.rlde—ss—p olyethylenimine linked PEG shells for glutathione-mediated intracellular
copolymer for effective gene delivery. Polym. Chem-Uk. 4(1), drug deliver
156-165 (2013). & v

Ren T-B, Xia W-J, Dong H-Q, Li Y-Y. Sheddable micell
59 Wang Y], Dong CM. Bioreducible and core-crosslinked 7 Ren . J - ong QA ' cadable micetes
bvbrid micelles f imeth ilyl_ended poly( based on disulfide-linked hybrid PEG-polypeptide copolymer
ybrid micelies from trimethoxyst )’ “ended polytes for intracellular drug delivery. Polymer 52(16), 3580-3586
caprolactone)-S-S-poly(ethylene oxide) block copolymers: 2011)
thiol-ene click synthesis and properties. /. Polym. Sci. Polym. '
Chem. 50(8), 1645-1656 (2012). 74 Zhang ], Wu L, Meng F ez al. pH and reduction dual-
. . L . bioresponsive polymersomes for efficient intracellular protein

60  Li YW, Tong R, Xia HS, Zhang HJ, Xuan JA. High intensity delivery. Langmuir 28(4), 2056-2065 (2012).
focused ultrasound and redox dual responsive polymer ’
micelles. Chem. Commun. 46(41), 7739=7741 (2010). 75  Bachar M, Mandelbaum A, Portnaya I ez a/. Development

. . . . and characterization of a novel drug nanocarrier for oral

61  Lin C, Engbersen JE]. PEGylated bioreducible poly(amido delivery, based on self-assembled beta-casein micelles.

amine)s for non-viral gene delivery. Mat. Sci. Eng. C-Mater. ], Control. Release 160(2), 164-171 (2012).
31(7), 1330-1337 (2011). y dred
6  WenH, D C,D H . Engi - i

62 Oumzil K, Khiati S, Grinstaftf MW, Barthelemy P. 7 o one one enf nginecred redoxresponsive

Reducti K A deli ) leoside_linid based PEG detachment mechanism in PEGylated nano-graphene

¢ Pctlon—trlgigere clivery using nuc ?OSI e-lipid base oxide for intracellular drug delivery. Small 8(5), 760-769

carriers possessing a cleavable PEG coating. /. Control. (2012)

Release 151(2), 123—130 (2011). ’
63 ShiYP, Zhang H, Yue ZF et al. Coupling gold nanoparticles ” Reports. PEGylated nanographene oxllde wn}.l redox-

- . . responsive PEG detachment mechanism for intracellular
to silica nanoparticles through disulfide bonds for .
drug delivery.

fsg www.futuremedicine.com 1957

future science group



Review

Dong, Tang, Li, Li, Qian & Shi

77

78

79

80

81

82

83

84

85

86

87

88

Nadrah P, Maver U, Jemec A et 2/. Hindered disulfide bonds
to regulate release rate of model drug from mesoporous silica.

ACS Appl. Mater. Interfaces 5(9), 3908-3915 (2013).

An KK, Zhao P, Lin C, Liu HW. A pH and redox dual
responsive 4-Arm poly(ethylene glycol)-block-poly(disulfide
histamine) copolymer for non-viral gene transfection 7 vitro

and 7z vivo. Int. J. Mol. Sci. 15(5), 9067-9081 (2014).

Ren TB, Xia W], Dong HQ, Li YY. Sheddable micelles
based on disulfide-linked hybrid PEG-polypeptide copolymer
for intracellular drug delivery. Polymer 52(16), 3580-3586
(2011).

Ren TB, Feng Y, Dong HQ, Li L, Li YY. Sheddable
nanoparticles for biomedical application. Prog. Chem. 23(1),
213-220 (2011).

Wang YC, Wang F, Sun TM, Wang J. Redox-responsive
nanoparticles from the single disulfide bond-bridged block
copolymer as drug carriers for overcoming multidrug
resistance in cancer cells. Bioconjug. Chem. 22(10),

1939-1945 (2011).
Tang Q, Cao B, Wu H, Cheng G. Cholesterol-peptide

hybrids to form liposome-like vesicles for gene delivery.

PLoS ONE 8(1), 54460 (2013).
Holme MN, Fedotenko 1A, Abegg D ez al. Shear-stress

sensitive lenticular vesicles for targeted drug delivery.

Nat. Nanotechnol. 7(8), 536543 (2012).

Allen TM, Cullis PR. Drug delivery systems: entering the
mainstream. Science 303(5665), 1818—1822 (2004).

Paxton WF, Price D, Richardson NJ. Hydroxide ion flux
and pH-gradient driven ester hydrolysis in polymer vesicle
reactors. Soft Matter 9(47), 11295-11302 (2013).

Lin Q, London E. Preparation of artificial plasma membrane
mimicking vesicles with lipid asymmetry. PLoS ONE 9(1),
€87903 (2014).

Kirpotin D, Hong KL, Mullah N, Papahadjopoulos

D, Zalipsky S. Liposomes with detachable

polymer coating: destabilization and fusion of
dioleoylphosphatidylethanolamine vesicles triggered by
cleavage of surface-grafted poly(ethylene glycol). Febs. Lezz.
388(2-3), 115-118 (1996).

Gillet J-P, Gottesman M. Mechanisms of multidrug
resistance in cancer. In: Multi-Drug Resistance in Cancer.

Zhou J (ed). Humana Press, Totowa NJ USA, 47-76 (2010).

89

90

91

92

93

94

95

96

97

98

99

Han H-K, Amidon G. Targeted prodrug design to optimize
drug delivery. AAPS Pharmsci. 2(1), 4858 (2000).

Alconcel SNS, Baas AS, Maynard HD. FDA-approved
poly(ethylene glycol)-protein conjugate drugs. Polym. Chem.
2(7), 1442-1448 (2011).

Zhang H, Huang R, Cang H, Cai Z, Sun B. Graphene
oxide—coumarin derivative conjugate as activatable
nanoprobe for intracellular imaging with one- or two-photon
excitation. /. Mater. Chem. B. 2(12), 1742 (2014).

Ma X, Nguyen KT, Borah P, Ang CY, Zhao YL. Functional
silica nanoparticles for redox-triggered drug/ssDNA co-
delivery. Adv. Healthc. Mater. 1(6), 690-697 (2012).

Ali MRK, Panikkanvalappil SR, El-Sayed MA. Enhancing
the efficiency of gold nanoparticles treatment of cancer by
increasing their rate of endocytosis and cell accumulation
using rifampicin. J. Am. Chem. Soc. 136(12), 4464—4467
(2014).

Yang Y, Asiri AM, Tang Z, Du D, Lin Y. Graphene based
materials for biomedical applications. Mater. Today 16(10),
365-373 (2013).

Lai JP, Shah BP, Garfunkel E, Lee KB. Versatile fluorescence
resonance energy transfer-based mesoporous silica
nanoparticles for real-time monitoring of drug release. ACS

Nano. 7(3), 2741-2750 (2013).

Cai X]J, Dong HQ, Xia W] ¢z a/. Glutathione-mediated
shedding of PEG layers based on disulfide-linked catiomers
for DNA delivery. J. Mater. Chem. 21(38), 14639-14645
(2011).

Zhao F, Yin H, Zhang ZX, Li J. Folic acid modified cationic
gamma-cyclodextrin-oligoethylenimine star polymer with
bioreducible disulfide linker for efficient targeted gene
delivery. Biomacromolecules 14(2), 476-484 (2013).

Cai X]J, Dong CY, Dong HQ ¢z al. Effective gene delivery
using stimulus-responsive catiomer designed with
redox-sensitive disulfide and acid-labile imine linkers.
Biomacromolecules 13(4), 1024—1034 (2012).

Song CC, Du FS, Li ZC. Oxidation-responsive polymers
for biomedical applications. /. Mater. Chem. B. 2(22),
3413-3426 (2014).

1958

Nanomedicine (Lond.) (2015) 10(12)

fsg

future science group



