Published on 03 Oktober 2016. Downloaded by Fail Open on 2025-05-07 8:31:21 vm..

ROYAL SOCIETY

OF CHEMISTRY

Polymer
Chemistry

View Article Online
View Journal | View Issue

REVIEW

CrossMark
& click for updates

Cite this: Polym. Chem., 2017, 8, 97

Glutathione responsive polymers and their
application in drug delivery systems

John F. Quinn,*® Michael R. Whittaker® and Thomas P. Davis*®®

Materials which respond to biological cues are the subject of intense research interest due to their poss-
ible application in smart drug delivery vehicles. In particular, novel polymers which respond to biochemi-
cal differences between the extra-and intracellular environments may be useful for preparing particles
which can chaperone a therapeutic agent in the extracellular environment, and release said agent only
when the particle is internalised by a target cell. To that end, polymers that exploit the elevated gluta-
thione (GSH) concentration in the intracellular compartment are attracting substantial research effort. In
this review we describe a number of different strategies for the preparation of glutathione responsive
materials. In particular, we examine the use of GSH responsive linkers to prepare polymers that degrade
upon exposure to millimolar concentrations of GSH, and the use of these polymers to prepare particles
that disassemble at these concentrations. We also describe the use of such GSH responsive polymers in
the controlled delivery of both chemotherapeutic agents and genetic material, and highlight a number of
strategies employed to trigger release of an encapsulated drug using GSH. Additionally, we highlight
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DOI: 10.1039/c6py01365a some of the more novel GSH responsive systems which have recently been reported, and suggest further

www.rsc.org/polymers areas where GSH responsive materials are likely to see continued and highly focused research effort.
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systems."” For example, using a passively or actively targeted
particle to deliver a chemotherapeutic agent may be useful for
reducing the side effects associated with systemic exposure to
the agent.>* Additionally, particle based delivery also holds
some promise for materials that are otherwise degraded before
they can reach the site of action. As such, particle based deliv-
ery systems are of considerable interest for the delivery of
genetic material such as small interfering RNA (siRNA) or
plasmid DNA (pDNA).” The breadth of materials being
explored for these applications is dazzling, and of course it is
inevitable that only a tiny fraction, if any, will ultimately reach
the clinic. Nevertheless, there are important lessons to be
learned from the preparation of smart drug delivery vehicles,
and particularly in the chemistries that are employed to
sequester and release the drug or genetic cargo.

In many cases, drugs are encapsulated within polymeric
particles by non-covalent associations such as van der Waals
forces, hydrogen bonding, n-n stacking or electrostatic associ-
ations. The precise interaction (or combination thereof) which
maintains a drug in a particle is not commonly elucidated,
and researchers tend to rely on empirical evidence for encap-
sulation to support successful drug loading. In addition to
physical association of therapeutic cargo, there are also
examples in the literature in which drugs are covalently
attached to the carrier through some type of labile linkage.
However, successful drug loading into a particle is only half of
the story: the cargo must also be released in order to exert a
therapeutic effect. Release from a polymeric particle is nor-
mally facilitated by inducing some change to the polymer in
the biological milieu of the targeted tissue. To this end,
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changes in intratumoral or intracellular pH, exposure to
certain enzymes or temperature gradients have been proposed
as potential release triggers.®” Changes in the redox environ-
ment between intra- and extracellular environments can also
be harnessed as a possible stimulus for drug release,® and the
development of novel redox responsive systems is clearly
receiving a great deal of research attention.”" One advantage
of employing redox responsive materials is that there are
countless redox processes which occur in the normal physio-
logy of the intracellular environment: the oxygen/superoxide
(0,/0,77) system, the nicotinamide adenine dinucleotide phos-
phate (NADP'/NADPH) system, the glutathione (GSH/GSSG)
system (Fig. 1) and the thioredoxin TrxSS/Trx(SH), system, to
name only four as examples. Of these, the GSH/GSSG system
piques the interest of drug delivery researchers due to the high
concentrations of GSH encountered in the intracellular com-
partment (1-10 mM)."* Interestingly, even within the intra-
cellular compartment there are significant gradients of GSH
concentration.'” Researchers have postulated that the high
GSH concentration in the intracellular pool should be ade-
quate to facilitate degradation of certain chemical linkages."*
Moreover, concentrations of GSH in the extracellular environ-
ment are typically 100-1000 times lower (1-10 pM), and as
such materials can be engineered to have stability outside the
cell and to release their cargo only when internalised. One of
the more studied linkages for achieving this purpose is the di-
sulphide bridge, for which the intracellular GSH concentration
can be exploited to trigger thiol-disulfide exchange. In other
words, exposure to the intracellular pool of GSH can be
employed to “decrosslink” an otherwise disulphide stabilised
material. A simple search on the terms “glutathione”, “respon-
sive” and “polymer” yields 97 hits in the last two full calendar
years (2014-2015), demonstrating that there is intense research
activity in this area (Fig. 2). It should be noted that this is by
no means an exhaustive search for materials exhibiting GSH
responsive behaviour: not all papers describing GSH-respon-
sive polymers would necessarily use the word “responsive”, or
even “polymer”, for that matter. Nevertheless, we would
contend that the trend observed over the last nine years is
broadly indicative of the growth in this field (Fig. 2). Moreover,
the ease with which in vitro assays can be performed has no
doubt stimulated this intense interest in glutathione as a
potential trigger for drug release: reduced glutathione is
readily available and relatively inexpensive. That said, there is
an increasing amount of literature which explores the appli-
cation of these materials in vivo, and there are promising
results that suggest GSH-responsive materials may be useful in
pharmaceutical applications. We have an ongoing interest in
exploiting thiol chemistry in tandem with reversible-addition
fragmentation chain transfer (RAFT) polymerization to prepare
next-generation nanomedicines'>*® and, as will be seen
throughout, RAFT polymerization is frequently used in the
preparation of GSH-responsive polymers due to the availability
of thiocarbonylthio functionality at the chain end.

In this review, we will examine recent progress in the devel-
opment of GSH-responsive polymer systems. We will briefly

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Reduced and oxidised forms of glutathione.
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Fig. 2 Number of publications per year obtained using the search
terms “glutathione” and “responsive” and “polymer”. Data obtained from
Thomson Reuters’ Web of Science® as at 29" July 2016.

discuss the application of such materials in hydrogels and
novel polymeric materials, and then explore recent examples
in which glutathione responsive groups have been used in the
preparation of responsive particles and drug delivery systems.
In particular, we will examine the contrasting scenarios of
drug release facilitated by degradation of the polymeric carrier
versus cleavage of a GSH-responsive linker. We will provide
some recent examples where GSH-responsive polymers been
deployed in both siRNA and chemotherapeutic delivery, as
well as mention some recent studies which have reported co-
delivery of genetic material and drug for next generation
cancer therapies. The use of GSH-responsive materials in
imaging applications will also be described, as well as the
development of new H,S releasing materials which release is
triggered by a thiol stimulus. We will conclude with a brief dis-
cussion of the outlook for this important class of materials.

2. Glutathione reactive materials
(a) Reactive to GSH via thiol-disulphide exchange

In 2003 Bulmus et al. reported the synthesis of polymers con-
taining pyridyl disulphide pendants, and demonstrated that
these were highly reactive to thiol-containing compounds such
as glutathione (Fig. 3).%° Specifically, the authors reported the

This journal is © The Royal Society of Chemistry 2017
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synthesis of pyridyl disulphide acrylate (PDSA) by reacting acry-
loyl chloride with 3-hydroxypropyl pyridyl disulphide, and the
subsequent terpolymerization of this monomer with butyl
acrylate and methacrylic acid (MAA) in DMF at 65 °C. The
resulting polymers were shown to react with GSH at concen-
trations of 0.01, 1 and 10 mM. The authors proposed that such
materials may be useful in preparing disulphide-linked thera-
peutics wherein the active molecule could be released due to
the elevated levels of GSH in the intracellular environment.
Aside from the use of PDSA, pyridyl disulphide functionalised
materials have been synthesized by numerous other
approaches. For instance, pyridyl disulphide functionalised
poly(vinyl pyrrolidone) has been prepared by modifying a car-
boxylated PVPON precursor.”’ Pyridyl disulphide chemistry
has become a mainstay in the preparation of GSH responsive
materials, and there are numerous examples in the recent lit-
erature where the pyridyl disulphide group has been used to
excellent effect in the preparation of novel GSH responsive
polymers.

Armes et al. also reported a prototypical GSH-responsive
polymer system comprised of an ABA triblock copolymer with
a disulphide linkage in the middle of the central block.>* This
was achieved by employing bis[2-(2-bromoisobutyryloxy)ethyl ]
disulfide as a difunctional atom transfer radical polymeriz-
ation (ATRP) initiator to synthesize an ABA triblock copolymer
with a central block of poly(2-(methacryloyloxy)ethylphosphoryl-
choline) (PMPC) and surrounding segments of PNIPAM. By
exploiting the thermoresponsive nature of PNIPAM, the
authors were able to prepare a free standing gel at physiologi-
cal conditions (pH 7.4 and 37 °C) using aqueous solutions
with a concentration above 8% (w/v). Importantly, exposure to
GSH at the same conditions led to the gels to revert to free
flowing solutions. These results demonstrate that GSH can be
employed to trigger macroscopic changes to appropriately
designed polymer materials.

There has also been some interest in the preparation of
hybrid organic-inorganic nanomaterials with GSH responsive
behaviour. You et al. prepared multiwalled carbon nanotubes
(MWNT) with pyridyl disufide functionality, and then used
these to conjugate a thiol-terminated PNIPAM to the surface of
the MWNT.>> The polymer coating could be removed by
exposure to 15 mM GSH, while exposure to 5 pM had no
impact on the PNIPAM coating. Importantly, the concen-
trations explored correspond to the intra- and extracellular
concentrations, indicating that the polymer coating could be

Polym. Chem., 2017, 8, 97-126 | 99
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Fig. 3 Synthesis of pyridyl disulphide functional polymers as reported by Bulmus et al2° (A) Synthesis of pyridyl disulphide acrylate (PDSA)
monomer. (B) Synthesis of poly(methacrylic acid-co-butyl acrylate-co-pyridyl disulphide acrylate) (poly(MA-co-BA-co-PDSA)). (C) Reaction of poly

(MA-co-BA-co-PDSA) with glutathione.

engineered to mask the surface prior to internalisation, and
then reveal the underlying material once internalised.

(b) Reactive to GSH via Michael addition

In addition to reaction via thiol-disulfide exchange, the thiol
of GSH is also potentially reactive via Michael addition.
Wang et al. have exploited this reactivity to prepare GSH-
polymer conjugates (Fig. 4).>* In this case, a copolymer of a
protected glycomonomer (3-O-methacryloyl-1,2 : 5,6-di-O-iso-
propylidene-p-glucofuranose, MAIpGlc) and 2-hydroxyethyl
methacrylate (HEMA) was first prepared. The pendant
hydroxyl functionality afforded by the HEMA units was then
reacted with acryloyl chloride to give polymers with pendant

100 | Polym. Chem., 2017, 8, 97-126

acrylate functionality. Following deprotection of the glyco-
polymer units, the acrylate groups were reacted with GSH via
Michael addition. The resulting thioether linkages are, of
course, far less labile than the disulfides formed by thiol-di-
sulfide exchange, and so such glutathione reactive materials
are unlikely to be applicable in a drug delivery scenario.
Nevertheless, the use of maleimide functionalised polymer in
an inverse opal templated using a colloidal silica crystal has
been used to provide a self-reporting sensing platform for
sensitively detecting the reduction of oxidized glutathione by
certain enzymes.”®> As such, so called thiol-ene GSH reactive
materials may have some applications in sensing, if not drug
delivery.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Preparation of acrylate-functionalised glycopolymers reactive to GSH by Michael addition, as reported by Wang et a

(c) Reactive to GSH via thiol-thioester exchange

An alternative approach in the preparation of GSH responsive
polymers is to prepare materials with pendant thioester
linkages. To this end, Liu and coworkers have prepared copoly-
mers of N,N-dimethylacrylamide (DMA) and pyridyldisulfide
ethylacrylamide (PDSEA) via RAFT polymerization (Fig. 5).>° By
sequentially reacting the pyridyl disulfide functional polymers
with TCEP and thymine thioester, the authors were able to
prepare so-called thymine-conjugated biodynamer. In the pres-
ence of relatively high concentrations of GSH (0.1 M) these
materials underwent a thiol-thioester exchange to reveal thiol
functionality on the polymer and form a GSH-thymine thio-
ester adduct. This reaction can potentially be used to trigger a
solubility switch or crosslinking event within the polymer,
although further optimisation is required for the materials to
respond to physiological concentrations of GSH.

3. Glutathione triggered responsive
materials
(a) Polymer disassembly

Materials which are degradable in response to a glutathione
stimulus have attracted considerable attention. In almost all

This journal is © The Royal Society of Chemistry 2017
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cases, the degradation is triggered by a thiol-disulfide
exchange reaction, wherein a crosslink is effectively broken
and one side of the crosslink is replaced with a small molecule
thiol. Through this reaction the crosslinked polymer is essen-
tially fragmented into soluble units which may themselves be
either polymeric or monomeric, depending on the specific
system employed.

Caruso and coworkers developed PMAA films which were
stabilised with disulphide linkages using a layer-by-layer
methodology.”” In this work, the PMAA was functionalised
with cysteine and then assembled into a thin film via sequen-
tial alternate adsorption with poly(vinyl pyrrolidone) (PVPON).
The film buildup was facilitated by hydrogen bonding between
the protonated carboxylic acid groups of the PMAA and the
pyrrolidone units of the PVPON. The cysteine units enabled
formation of disulphide crosslinks between the PMAA chains,
and then when the pH was elevated (deprotonating the PMAA
and eliminating the hydrogen bonds with PVPON) the disul-
phide links effectively stabilised the PMAA film. These cross-
links were subsequently broken by exposure to dithiothreitol
(DTT), although subsequent reports from the same group have
employed glutathione as the stimulus for breaking the cross-
links and facilitating film erosion.”®*>° Importantly, this
system has been effectively applied to both planar and particu-
late substrates. A similar approach has been employed by

Polym. Chem., 2017, 8, 97-126 | 101
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Haynie and Li,>' although in that case the film assembly was
performed using polypeptides and the crosslinking was thus
effected by the direct inclusion of cysteine in the polypeptide
units.

Grayson and coworkers have reported hydrogels crosslinked
via disulphide linkages and degradable via exposure to GSH.>?
In this case the materials were prepared by the free radical
copolymerization of HEMA with the difunctional crosslinker
bis(2-methacryloxyethyl) disulfide (DSDMA). Inclusion of a di-
sulphide linkage in the crosslinker enables the hydrogels pre-
pared to be readily degraded by exposure to GSH. Importantly,
under non-reducing conditions the materials exhibit compar-
able stability to hydrogels prepared with a crosslinker having
an ether link in place of the disulphide. These materials were
shown to elute a dye at a rate which could be altered by
exposure to millimolar concentrations of GSH, indicating a
role for crosslink density in the release mechanism.

Du Prez and coworkers have prepared hydrogel materials
stabilised by disulfides using Michael addition chemistry.*?
Specifically, amine terminated trifunctional polyethylene

102 | Polym. Chem., 2017, 8, 97-126

glycol was reacted with a difunctional maleimide incorporating
a disulphide linkage (dithiobis(maleimido)ethane). Subsequent
exposure of the resulting hydrogels to GSH yielded soluble
products, and the materials were shown to be suitable for
fibroblast culture.

Phillips and Gibson reported an elegant methodology for
the preparation of polydisulfides using prepolymers prepared
via RAFT polymerization.>® In this case, a RAFT agent (trithio-
carbonate) with a pyridyl disulphide group on the R group was
employed to prepare poly(N-isopropylacrylamide) (PNIPAM),
poly(dimethyl acrylamide) (PDMA) and poly(oligoethylene
glycol methyl ether methacrylate) (POEGMA). The resulting
polymers included a trithiocarbonate at one end of the chain
and a pyridyl disulphide at the other end. Subsequent
exposure of these materials to ethanolamine led to conversion
of the thiocarbonylthio endgroup to thiol, which rapidly reacts
with the pyridyl disulphide endgroups to facilate a conden-
sation between the polymer chains. Exposure to triphenyl
phosphine or GSH was shown to reverse the polycondensation,
and in the case of GSH this was demonstrated to be

This journal is © The Royal Society of Chemistry 2017
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concentration dependent. In an interesting extension of this
work, the same group employed pyridyl disulphide-terminated
PNIPAM to demonstrate that LCST could be modified by
exposure to GSH.** Further, pyridyl disulphide-terminated
PNIPAM was successfully used to prepare nanoaggregates at
physiological temperature.”® When the nanoaggregates were
exposed to GSH under these same conditions, an endgroup
modification occurs which increases the LCST and therefore
facilitates disassembly of the nanoaggregate. This so-called
isothermal transition is an elegant way to trigger release of an
encapsulated cargo.

An alternative method for the formation of GSH-responsive
hydrogels was reported by Yang et al.*” In this case the authors
first prepared a polyfunctional (4 arm) PEG in which each arm
was terminated with a thiol group. Exposure of the thiol termi-
nated PEG to hydrogen peroxide facilitated oxidation of the
thiols to form disulphide linked hydrogels. The materials were
shown to be degradable in the presence of GSH, with the time
frame highly dependent on the GSH concentration. Millimolar
concentrations led to degradation in a matter of hours, while
micromolar concentrations facilitated degradation over a
number of days. These materials could be loaded with an
osteoinductive factor (recombinant human bone morpho-
genetic protein-2 (rhbMP-2)), and their utility in bone regeneration
was demonstrated.

Chitosan based hydrogels have also been prepared with
GSH-responsive linkages.*® This was achieved by reacting chit-
osan with dimethyl 3,3'-dithiobispropionimidate (DTBP) to
form crosslinks incorporating a disulphide bridge.
Interestingly, the reaction between dimethyl 3,3'-dithiobis-
propionimidate and chitosan results in the formation of imido-
amide bonds, and it was demonstrated (using ethylenediamine)
that these links are also labile to nucleophilic attack by
amines. As GSH includes both a thiol and an amine group, it
was hypothesized that the degradation of this particular hydro-
gel occurred through a hybrid mechanism incorporating
both thiol-disulfide exchange and nucleophilic attack on the
imidoamide.

Redox-responsive hydrogels have also been synthesized
using poly(vinyl alcohol) (PVA) and 4-mercaptophenylboronic
acid (MPBA).* The interaction between boronic acid and PVA
is well-known and has been widely employed in hydrogel syn-
thesis. By use of the thiol containing boronic acid, these
authors were able to assembled a hydrogel by mixing the com-
ponents in an oxidative environment (hydrogen peroxide or
atmospheric oxygen). Interestingly, the gels formed could be
dissembled not only in GSH (1-7 mM), but also with exposure
to p-glucose (10-250 mM).

Liang and Kiick have recently reported an interesting
system in which maleimide-functional liposomes are used
with thiol-terminated multifunctional PEG to form a cross-
linked hydrogel network.*® Two different thiol endgroups were
employed: alkyl thiol and aryl thiol. The authors demonstrate
that exposure of the resulting networks to 10 mM GSH results
in appreciable mass loss only when aryl thiols are used for the
gel formation. Moreover, the materials show good stability

This journal is © The Royal Society of Chemistry 2017
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when exposed to much lower concentrations of GSH (10 pM).
The use of succinimide thioether exchange in the presence of
thiols represents a novel approach for rendering materials
responsive to elevated levels of GSH.

GSH-degradable polyurethanes have been successfully syn-
thesized using diamines derived from cysteine and bischloro-
formates derived from alditols having r-arabino or xylo configur-
ation.”* These step growth polymers had molecular weights
typical for such materials (5-25 K), and were shown to be
reduced by both hydrolysis and exposure to GSH. Importantly,
the degradation induced by glutathione was faster and more
substantial than that induced purely by hydrolysis.

Kim and coworkers have recently reported on the prepa-
ration of redox-degradable hyperbranched polyglycerols
(Fig. 6).”> These materials were prepared by polymerizing a
novel disulphide-containing glycerol monomer (2-((2-(oxiran-2-
ylmethoxy)ethyl)disulfanylJethan-1-0l) via anionic  ring-
opening polymerization from a trimethylolpropane initiator.
Both homopolymer and copolymers with glycidol were pre-
pared, and the polymerization kinetics followed using '*C
NMR. The resulting hyperbranched materials were examined
for their stability against a reducing agent (DTT), and were
shown to degrade into smaller segments after only 1 hour. The
materials were also tested for cytoxicity against WI-38 (human
diploid cells) and HeLa (human epithelial carcinoma cells),
and were well tolerated up to 100 pg mL ™.

Glutathione responsive moieties have also been successfully
incorporated into poly(ester triazoles).*> In this case, 3,3
dithiobispropionic acid was first esterified with propargyl
alcohol to provide a difunctional alkyne. A corresponding tri-
functional azide (tris(hydroxymethyl)ethane tri(4-azidobutano-
ate)) was prepared by reacting 1,1,1-tris(hydroxymethyl)ethane
sequentially with 4-chlorobutyryl chloride and sodium azide.
Copper catalyzed azide-alkyne cycloaddition (CuAAC) was then
employed to facilitate polymerization. Exposure of the result-
ing materials to DTT demonstrated that thiol-disulfide
exchange was effective for degrading the materials in a matter
of hours. Although GSH was not employed in this case, these
materials are highly likely to respond similarly to GSH as they
do to DTT, albeit more slowly due to the slightly poorer redu-
cing ability of GSH compared to DTT.

Gan et al. have recently reported on the preparation of bio-
degradable, thermoresponsive = PNIPAM-based hydrogel
scaffolds prepared by free radical polymerization.** In this
case, the authors employ a terpolymerization of poly(e-capro-
lactone dimethacrylate) (PCLDMA), N,N'-bis(acryloyl)cystamine
and NIPAM using 1,4-dioxane as solvent and AIBN as the
initiator to prepare the GSH responsive hydrogel. Subsequent
exposure of the hydrogels to 3 mM GSH leads to dramatic
changes in the pore morphology, although it must be noted
that hydrolytic degradation of the caprolactone linkages could
also contribute to these observations.

(b) Particle disassembly

In addition to degrading polymeric materials into smaller
molecular units, GSH can also be used to trigger the disassembly

Polym. Chem., 2017, 8, 97-126 | 103


https://doi.org/10.1039/c6py01365a

Published on 03 Oktober 2016. Downloaded by Fail Open on 2025-05-07 8:31:21 vm..

Review

A 9
AN I o > Sng O

OH

(CH3),COK o
E—

t-butanol

View Article Online

Polymer Chemistry

L\/o\/\s/s\/\OH

éga

HO

0
™P A_on
0
L\/o\/\s/s ~"on o *
A\/O\/\S/S\/\OH

ol Y e
: \

(- oH
[o) S~
s—/Q o~
L/o\/\sl o OH
. RO
s-¢
/_/

HO—)_\O

H

HO,

o\/K/O\/\m,m\/\O

OH

SR
b E(

TR e
ff Sl

R

/
S OH
<—O/_<—CIH

Fig. 6 (A) Synthesis of the redox-active disulfide monomer 2-((2-(oxiran-2-ylmethoxy)ethyl)-disulfanyl)ethan-1-ol. (B) Synthesis of (i) homopoly-
mers of 2-((2-(oxiran-2-ylmethoxy)ethyl)-disulfanyl)ethan-1-ol, and (ii) copolymers of 2-((2-(oxiran-2-ylmethoxy)ethyl)-disulfanyl)ethan-1-ol and
glycidol. Adapted from Son et al., Macromolecules, 2015, 48, 600-609. © 2015 American Chemical Society.

of particles formed from certain polymers. For instance,
Liu et al. have recently reported on the synthesis of ABA tri-
block copolymers incorporating a GSH-responsive aliphatic
middle segment between two PEG blocks.”’ 1,6-Hexanethiol
was first reacted with 2,2’-dithiodipyridine to give pyridyl di-
sulphide functionalised 1,6-hexanethiol. This could then be
readily reacted with thiol terminated PEG to yield the target
material. Subsequent exposure of the ABA triblock to DTT was
shown to destabilise micelles formed from the polymer, as
demonstrated by loss of fluorescence due to encapsulated Nile
Red.

Zhang and coworkers have reported on use of diselenide
containing materials as GSH-responsive materials.’® In this
case a polyurethane was prepared using toluene diisocyanate
and a diselenide containing diol, and this was subsequently
incorporated into the middle block of an ABA triblock copoly-
mer with PEG. The materials formed micelles due to the mis-
match in hydrophilicity between the respective domains, and
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these micelles were shown to successfully encapsulate
Rhodamine B. Moreover, the micelles were sensitive to both
oxidant (hydrogen peroxide) and reductant (glutathione), and
either material could be used to trigger release of the dye. A
similar diselenide functionalised material has been reported
by Xu and co-workers,*” although in this case cationic units
were incorporated via inclusion of 2,2'-(piperazine-1,4-diyl)
diethanol in the polyurethane synthesis, and the micelles were
coassembled with commercially available 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-n-[methoxy-(poly(ethylene
glycol))-2000]. Disruption to the micelles was observed when
exposed to relatively low levels of GSH (0.05 mM), although the
impact was not as dramatic as exposure to hydrogen peroxide.
Diselenide linkages have also been incorporated into a supra-
molecular polymer assembled from pillar[5]arene dimer and a
neutral guest.”® In this particular example the diselenide is
built in to the pillar[5]arene dimer, and so the supramolecular
assembly can be disrupted by exposure to thiols such as GSH,
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leading to a loss of macroscopic structure. For a comprehen-
sive treatment of selenium-containing materials as redox
responsive materials more generally, the reader is referred to
an excellent review on the subject by Zhang and coworkers.*’

Cajot et al. have also reported on the preparation of
micelles from ABA triblock copolymers and the incorporation
of GSH sensitive linkages to stabilise these materials.’® In this
case the core was formed using the central (B) domain of poly-
caprolactone which incorporated azide functionality, while the
corona was provided through the PEG (A) blocks. The poly-
caprolactone core was crosslinked using copper catalyzed
azide-alkyne cycloaddition with a suitable di-alkyne having a
disulphide bridge. The resulting micelles were effectively
stabilised by the disulphide and were shown to disassemble
upon exposure to GSH at 10 mM. Interestingly, the authors
were able to precisely control the locus of the azide groups
within the PCL block, and were thus able to examine whether
the location of the crosslinks with the hydrophobic core
substantially affects the micelle stability.

Cellulose-based nanogels with GSH reactive crosslinks have
been prepared by grafting polymeric pendants via ATRP.>
Specifically, hydroxypropylcellulose was successfully modified
by reaction with bromoisobutyryl bromide to provide initiation
sites for ATRP. Copolymerization of oligo(ethylene glycol)
monomethyl ether methacrylate (OEGMA) and a monomer
incorporating a disulphide linkage (HMssEt) provided the
final cellulose graft copolymer. Reduction of the disulphide
linkages with DTT and subsequent reoxidation of the gener-
ated thiols with time provided disulphide crosslinked nano-
gels. These disulphide crosslinked nanogels were shown to dis-
integrate upon exposure to 10 mM GSH, as characterised using
DLS.

Tang and co-workers have explored GSH as a trigger for the
release of encapsulated protein from within nanogels formed
by free radical polymerization.>® In this example the particle
was formed by first dispersing the protein (caspase-3, bovine
serum albumin or enhanced green fluorescent protein) in
buffer, after which acrylamide, N-(3-aminopropyl) methacryla-
mide (APMAAm) and a difunctional crosslinker (either N,N'-
methylenebisacrylamide or N,N’-bis(acryloyl)cystamine) were
added. N,N'-Bis(acryloyl)cystamine was employed to yield par-
ticles having glutathione responsive crosslinks, whereas N,N'-
methylenebisacrylamide afforded stable crosslinked materials.
Formation of the encapsulated proteins was achieved by initi-
ating the free radical polymerization of the monomers with
ammonium persulfate. Protein release was observed from the
disulphide crosslinked particle when exposed to GSH, and this
was observed to proceed in a concentration dependent manner
(i.e., faster for 2 mM than for 0.5 mM). Moreover, delivery of
caspase-3 using the glutathione responsive particles was
effective in inducing apoptosis in HeLa, MCF-7 and U-87 MG
cells, thus demonstrating the potential utility of this system.

Random copolymers have also been used in the production
of glutathione responsive systems. For example, copolymeriza-
tion of either ethyl acrylate (EA) or methyl methacrylate (MMA)
with tert-butyl methacrylate, followed by removal of the tert-
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butyl groups with HCI, has been used to prepare the carboxylic
acid functionalised polymers poly(EA-co-MAA) and poly(MMA-
c0-MAA).>® After assembling into particles, the carboxylic acid
groups were used to conjugate cystamine as a means of in-
corporating disulphide crosslinks. The resulting particles were
stable (although swollen) when challenged by an elevation of
pH, but could be disassembled by exposure to GSH at 5 mM.
These results demonstrate that more sophisticated molecular
architectures (e.g., block copolymers) are not necessarily essen-
tial in the preparation of GSH-responsive materials.

Caruso and co-workers have prepared disulphide stabilised
particles based on poly[(N,N-diisopropylamino)ethyl metha-
crylate] (PDPA).>* In this case N,N'-(diisopropylamino)ethyl
methacrylate was first copolymerized with 2-(2-(2-(3-(trimethyl-
silyl)prop-2-ynyloxy)ethoxy)ethoxy)ethyl methacrylate to
prepare a polycation having pendant alkyne groups. This could
then be assembled on a planar or colloidal surface via the LbL
methodology using PMAA as a polyanion. The pendant alkyne
functionalities were then used to crosslink the film via intro-
duction of a disulphide-containing bisazide crosslinker, which
reacts through CuAAC. Elevation of pH leads to deprotonation
of the PDPA and loss of the PMAA due to abolition of the
electrostatic interactions, yielding stable particles incorporat-
ing essentially PDPA and disulphide-containing crosslinks.
The particles formed could be degraded in the presence of
GSH (5 mM). Moreover, by varying the amount of crosslinker
used the degradation kinetics could be effectively tuned,
demonstrating the important contribution of crosslink density
to particle stability.

Harada and coworkers have incorporated GSH-responsive
properties into vesicles assembled from poly(amidoamine)
dendron-poly(lysine) block copolymer (PAMAM dendron-
PLL).”® The vesicles were first assembled in a mixture of water
and methanol, and then stabilised by crosslinking with
iminothiolane. Dialysis against water yielded well-defined
vesicles stabilised through disulphide moieties. Exposure to
GSH at concentrations from as little as 5 pM were shown to
impact on vesicle stability, with concentrations above 50 pM
effective for releasing an encapsulated dye.

Guan and coworkers have reported on polymer nanogels
prepared using copolymers of dicysteine pentafluorophenolate
with either oligoethyelenimine or tetra-i-lysine.”® These poly-
mers were assembled into particles using a coacervation
method, whereby a non-polar solvent such as diethyl ether or
methyl tert-butyl ether was added to a solution of the
polymer in a polar solvent such as DMF or DMSO. The
coacevated droplets were subsequently crosslinked by addition
of a suitable crosslinker (such as homobifunctional PEG
N-hydroxysuccinimide or dimethyl suberimidate) and a base.
The resulting particles were stable at pH 7.4, but completely
disintegrated within 90 min when exposed to 10 mM GSH.
Moreover, the materials were well tolerated by 3T3 fibroblasts.
This approach highlights an alternative methodology whereby
the GSH sensitive unit is incorporated into a prepolymer
rather than through the -crosslinker applied in particle
formation.
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Tardy et al. have examined the use of polyrotaxane assem-
blies incorporating a disulphide linkage as a route to prepare
GSH-responsive particles.”” In this case the authors start by
threading a-cyclodextrins onto bis(o-pyridyldisulfide) poly
(ethylene glycol) using literature methods, followed by capping
with an tri-alkyne functionalised aromatic thiol. CuAAC is then
used to incorporate additional PEG pendants into the
material. The functionalised polyrotaxanes are shown to form
assemblies with hydrodynamic diameter ~200 nm, and to be
readily degraded by exposure to GSH (5 mM). These results
demonstrate the potential complexity which can be employed
when assembling GSH responsive particles.

You and coworkers have prepared silica nanoparticles
coated with a GSH-responsive polymer shell using a novel
approach involving surface precipitation and crosslinking.>®
Initially, a polymer incorporating disulphide linkages was syn-
thesized via reversible addition-fragmentation chain transfer
(RAFT) polymerization of 2-(2-methoxyethoxy)ethyl metha-
crylate (MEO,MA) and OEGMA. A difunctional monomer, N,N'-
bis(acryoyl)cystamine, was added to facilitate branching of the
polymer. The obtained material exhibited an LCST of approxi-
mately 45 °C, and so heating to 50 °C led to the polymer preci-
pitating on the surface of the particle where intermolecular
disulphide exchange facilitated the formation of a crosslinked
polymer shell. Importantly, this approach was not limited to
polymers prepared using free radical approaches such as
RAFT: a similar approach was employed with a polymer syn-
thesized through Michael addition polymerization of N,N'-di-
methyldipropylenetriamine (DMDPTA) and N,N'-bis(acryloyl)
cystamine. Importantly, exposure to GSH was effective for
removal of the shell, indicating the potentially bioresponsive
nature of these materials.

Whittaker and coworkers have reported on the preparation
of core-crosslinked star (CCS) polymers incorporating a gluta-
thione responsive linkage in the polymer core.>® Initially,
linear polymers were synthesized by polymerizing an initial
block of poly(ethylene glycol)methyl ether methacrylate
(PPEGMA) followed by a second copolymeric block of
2-(dimethylamino)ethyl methacrylate (DMAEMA) and 2,2,2-
trifluoroethyl methacrylate (TFEMA). These linear “arm” poly-
mers were then formed into a GSH-responsive CCS polymer by
chain extension with bis(2-methacryloyl)oxyethyl disulfide
(DSDMA). A control material was synthesized without a GSH
responsive linker by extending the arm with ethylene glycol
dimethacrylate (EGDMA) and butyl methacrylate (BMA). The
authors demonstrated that exposure to 10 mM GSH lead to
some degradation of the CCS polymers, noting that faster and
more complete disintegration is observed with the stronger
reducing agent tris(2-carboxyethyl)phosphine (TCEP).

Cunningham et al. have explored block copolymers of poly
(r-lactide) (PLA) and PEG with a central disulphide linkage as
redox responsive systems.®® The polymers were prepared by
ring opening polymerization of r-lactide initiated with 2-hydroxy-
ethyl disulphide, followed by carboxylation of the PLA with
succinic anhydride. PEG chains were then coupled to the PLA
via esterification. The resulting polymers formed micellar
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structures which could be degraded in the presence of DTT.
Moreover, after loading with doxorubicin the authors demon-
strated that exposure to 10 mM GSH could lead to triggered
release of the loaded drug. These results attest to the broad
spectrum of materials that can be used to prepare glutathione
responsive systems.

Ghosh and coworkers have recently reported the synthesis
of ABA triblock copolymers incorporating central poly(di-
sulphide) domain bracketed by segments of poly(triethylene
glycol monomethyl ether)methacrylate (PTEGMA).®" The poly
(disulphide) domain was synthesized by step polymerization of
2,2'-dithiodipyridine with either 2,2'-(ethane-1,2-diylbis(oxy))-
diethanethiol or 1,6-hexanedithiol. The resulting pyridyl di-
sulphide capped prepolymer was then reacted with mercaptoetha-
nol to give hydroxyl terminated poly(disulphide). The terminal
hydroxyls were then reacted with 2-bromoisobutyrylbromide to
give a macromolecular initiator for ATRP. These initiators were
used to polymerize 2-(2-(2-methoxyethoxy) ethoxy)ethyl metha-
crylate, thus yielding the target ABA triblock copolymer. The
resulting polymers were shown to assemble into micelles,
encapsulate a dye (Nile Red) and to degrade in the presence of
GSH with concomitant release of the dye. Importantly, the
choice of comonomer in the initial synthesis of the poly(di-
sulphide) was shown to significantly impact the degradation
kinetics in the presence of GSH. Specifically, the use of a more
hydrophobic comonomer (1,6-hexanedithiol) led to slower
degradation of the micelles in the presence of GSH.

Monodisperse GSH-responsive polymer capsules have been
prepared by precipitation polymerization of vinylcaprolactam
(VCL) or VCL/MAA onto dimethyldiethoxysilane (DMDES)
emulsion droplets, followed by removal of the DMDES by dis-
solution with ethanol.®* Inclusion of a disulphide containing
crosslinker, N,N"-bis(acryloyl)cystamine, in the polymerization
system enabled the preparation of capsules which could be
degraded in the presence of GSH. In this case little difference
in degradation kinetics was observed between 10 mM and
20 mM GSH. Moreover, the capsules could be effectively
loaded with doxorubicin via the strong affinity of doxorubicin
for MAA units, and the cargo released through disintegration
of the particle in the presence of GSH.

Glutathione-responsive block copolymer vesicles have been
successfully prepared using a block copolymer having seg-
ments of PEG and poly(cholesteryl acryloyloxy ethyl carbonate)
(PAChol).®® The block copolymer is synthesised such that a di-
sulphide linkage is included between the PEG and PAChol
domains. The PEG-PAChol is shown to form vesicles via nano-
precipitation, with these vesicles capable of encapsulating
calcein. Exposure to GSH led to vesicle degradation, as charac-
terised by calcein release and TEM observations of the partially
degraded vesicles. However, in this case the concentrations of
GSH necessary to degrade the vesicles were quite high
(~35 mM), and such concentrations unlikely to be encoun-
tered physiologically. The authors attribute this observation to
reduced diffusion of GSH into the vesicle, and as such there is
some scope for reengineering the system to such that it is
responsive to lower concentrations of GSH.
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Kempe et al. have reported the preparation of particles
based on poly(2-ethyl-2-oxazoline) brushes with pendant thiol
groups (PEtOxMAgy).®* The brushes were synthesized by ATRP
of oligo(2-ethyl-2-oxazoline)methacrylate and glycidyl metha-
crylate (GMA). Ring opening of the oxirane afforded by the
GMA enabled incorporation of pyridyl disulphide groups. The
PEtOXMAgy brushes were assembled into thin films on either
planar or colloidal substrates by sequential adsorption with
PMAA, a complementary hydrogen bonding donor. After cross-
linking by overnight heating, subsequent exposure to 5 mM
GSH resulted in disintegration of the particles in a matter of
hours. These materials are interesting insofar that the use of
poly(2-ethyl-2-oxazoline) represents an alternative antifouling
polymer to the commonly employed PEG.

(c) GSH-responsive gates for porous materials

Porous inorganic materials are attracting an increasing
amount of attention in the preparation of drug delivery
systems. Nanoporous or mesoporous silica is particularly inter-
esting in that the pores can be employed to sequester thera-
peutic agent to reasonably high loadings. In order to retain the
loaded drug, stimuli responsive “gates” are often employed.
Given the elevated concentrations of GSH found intracellularly,
GSH responsive polymers are ideal candidates for the for-
mation of gates on porous inorganic materials. This is perhaps
one of the more innovative areas in which GSH responsive
materials have been deployed.

Feng and co-workers first reported the preparation of meso-
porous silica with disulphide functionalised polymeric gates
in 2008.%° Specifically, these authors conjugated poly(N-acryl-
oxysuccinimide) (PNAS) to the pore entrance on
MCM-41 mesoporous silica particles. The use of PNAS enables
relatively straightforward crosslinking with cystamine. To
examine whether this procedure was effective for encapsula-
tion and release of a model drug, the PNAS functionalised
MCM-41 was first loaded with the dye Rhodamine B prior to
crosslinking. It was demonstrated that the dye remained
encapsulated until the addition of the reducing agent DTT,
which led to cleavage of the disulphide and concomitant
release of the dye. Importantly, the rate of release was shown
to be dependent on the concentration of the DTT, suggesting
that the release may be able to be tuned between the micro-
molar concentrations of thiol in the bloodstream and the milli-
molar concentrations found intracellularly. The same authors
have extended this concept to incorporate host-guest inter-
action gates into MCM-41 mesoporous silica.®® In this case,
B-cyclodextrin is tethered to the PNAS via a disulphide bridge,
and a difunctional azolinker is used to close the molecular
gates by interacting with the p-cyclodextrins. These pores may
then be opened in three ways: (i) addition of a-cyclodextrin
which dissociates the p-cyclodextrin-diazo linker by preferen-
tial formation of an inclusion complex; (ii) application of light
to trigger a trans-to-cis isomerization of the azobenzene and
accompanying dissociation from the p-cyclodextrin inclusion
complex; and (iii) reductive cleavage of the disulphide with
DTT to remove the gate altogether.
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Giménez et al. have employed similar chemistry to coat
MCM-41 mesoporous silica with PEG chains tethered via a
disulphide linkage.®” In this case, the dye safranin-O was first
loaded into the particles and the surface modified using
(3-mercaptopropyl)trimethoxysilane (to give thiol groups on
the particle surface). Reaction with 2,2'-dipyridyl disulphide
was used to yield pyridyl disulphide functionalised meso-
porous silica particles. A GSH-responsive PEG coating was
then afforded by reacting the pyridyl disulphide with O-(2-mer-
captoethyl)-O'-methyl-hexa(ethylene glycol). Release of safra-
nin-O (or preloaded doxorubicin) was able to be triggered by
exposure to a physiologically relevant concentration of GSH
(10 mM). A similar approach has been employed by Xie et al.®®
and by Wang et al,”® with the key difference being the
methods used to prepare both the thiol-functionalised par-
ticles and the thiol terminated PEG polymer. Similar release
profiles are observed in the presence GSH. Taken together,
these reports demonstrate the applicability of the gated
approach for releasing chemotherapeutics from mesoporous
materials.

Kim and coworkers have also employed disulphide linked
cyclodextrin (CD) as a suitable GSH-responsive gate on meso-
porous silica.”® These authors demonstrated effective retention
of the commonly employed chemotherapeutic agent doxo-
rubicin within the CD gated pores, and that exposure to milli-
molar concentrations of GSH could effectively release the
agent through cleavage of the disulphide and “ungating” of
the pores. Moreover, the CD units could be imparted with
“stealth” properties via reaction with isocyanate terminated
PEG.

Using a slightly different approach, doxorubicin loaded
MCM-41 particles have been modified with glutathione
responsive molecular gates by tethering C;g alkyl chains to the
particle surface via disulphide linkages.”* The alkyl chain was
then used to facilitate association of an amphiphilic peptide
containing an RGD targeting sequence through hydrophobic
interactions between the surface-tethered C;3 and the hydro-
phobic portion of the amphiphilic peptide (also C,4). Exposure
to DTT or GSH led to shedding of the gates and release of the
encapsulated drug. In an extension of this work, the same
group conjugated a a,o-functionalised peptide sequence
including a targeting sequence (RGD) and hydrophobic
segment (4 phenylalanine units) to the surface of doxorubicin-
loaded MCM-41 via a disulphide linkage.”” The other end of
the peptide was functionalised with an azide to enable click
conjugation of an alkyne-functionalised PEG chain incorporat-
ing a pH labile benzoic-imine bond. In this case the hydro-
phobic phenylalanine units were proposed to provide the
molecular gates preventing release of the encapsulated drug.
The researchers demonstrated that doxorubicin release could
be effectively triggered by exposure to a reducing agent (DTT,
0.1-10 mM).

Yang and coworkers have recently reported the development
of dual-responsive mesoporous silica particles with pH- and
GSH-gated release of doxorubicin (Fig. 7).”> These materials
were prepared by first functionalising the surface of meso-
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porous silica particles with disulphide-linked carboxylic acid
groups, and then conjugating hydroxyl-terminated poly(glyci-
dyl methacrylate) (PGMA) via formation of an ester linkage.
The pendant epoxide groups on the PGMA were then reacted
with ethylenediamine to give an amine-functional polymer.
The protonated pendant amines were used to form pH-depen-
dent complexes with cucurbit[7]urils, and these served to gate
the mesoporous silica and prevent release of encapsulated
doxorubicin. Moreover, the ammonium-cucurbit[7]urils com-
plexes could be dissociated by decreasing the pH (due to com-
peting complexation by hydronium ions), and this facilitated
release of the doxorubicin. Moreover, release could also be
triggered by exposure to millimolar concentrations of GSH,
which effectively shed the polymeric shell by cleavage of the
disulfide.

Zhang et al. have also reported a pH- and GSH-gated meso-
porous silica system.”* In this case the particle surface was
initially endowed with thiol groups which were converted to
disulphide linked amines by reaction with S-(2-aminoethyl-
thio)-2-thiopyridine hydrochloride. These were then used to
conjugate alkynes via reaction with propargyl bromide. The
alkynes provided a functional handle for coating with azide-
functionalised chitosan via CuAAC. Finally, the amine func-
tionality inherent to chitosan was used to form a pH labile
imine bond with methoxy poly(ethylene glycol) benzaldehyde.
The authors demonstrated pH and GSH dependent release for
doxorubicin in pH and concentration ranges relevant to the
tumour microenvironment.

A further example of pH- and GSH-gated mesoporous silica
has been reported by Chang et al.”> In this case, mesoporous
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silica particles were coated with disulfide-cross-linked poly(N-
vinylcaprolactam-co-MAA) (poly(VCL-s-s-MAA)) by precipitation
polymerization of N-vinyl caprolactam, N,N'-bis(acryoyl)cysta-
mine and MAA in the presence of modified mesoporous silica.
The resulting particles could be effectively loaded with doxo-
rubicin, and exhibited minimal release at pH 7.4 and 37 °C.
However, release could be triggered by lowering the pH to the
range 6.5-5.0 (to collapse the polymer coating and reduce
electrostatic binding of the drug) or by exposure to 10 mM
GSH (to disrupt the polymer coating through cleavage of the
disulphide linkages afforded by the N,N'’-bis(acryoyl)cysta-
mine). A similar approach has also been employed by using
precipitation polymerization of acrylic acid (AA) on the surface
of mesoporous silica, followed by crosslinking with cystamine
hydrochloride.”®

Zhang and coworkers have reported the application of
mesoporous silica nanoparticles for pH and GSH stimulated
codelivery of topotecan and Tpep (a mitochondria-targeted
therapeutic agent).”” In this case, the silica is first modified
with 3-(mercaptopropyl)trimethoxysilane to provide a thiol,
and then loaded with topotecan. The surface thiol is then con-
verted to a pyridyl disulphide intermediate using 2,2'-dipyridyl
disulphide, and the Tpep conjugated via thiol-disulfide
exchange. The Tpep decorated particles are then masked using
poly(ethylene glycol)-blocked-2,3-dimethylmaleic anhydride-
modified poly(i-lysine) (PEG-PLL(DMA)). The authors propose
that the Tpep-coated particles can be unmasked by degra-
dation of the of the DMA-PLL linkages due to tumoral acidity,
and that Tpep and topotecan are then released due to cleavage
of the disulphide bonds by intracellular GSH. These results
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demonstrate the sophisticated materials which can be
designed to exploit multiple biological cues, including elevated
GSH concentrations in the intracellular compartment.

In an interesting twist on the formation of GSH responsive
organic-inorganic hybrids, Botella and coworkers have pre-
pared poly(lactic-co-glycolic acid) (PLGA) particles with an
outer shell of thiol-responsive amorphous organosilica.”® The
PLGA particles are first assembled by adding a solution of
PLGA and pyrene in chloroform dropwise to an aqueous solu-
tion of cetyltrimethylammonium bromide. After removal of
the chloroform and washing by repeated centrifugation cycles,
the particles were resuspended in 1:9 isopropanol:water,
after which tetraethyl orthosilicate (TEOS), bis[3-(triethoxy-
silyl)-propyl]disulfide (TESPDS) and ammonium were added.
The amount of added TESPDS was varied to provide particles
with different densities of disulphide gates. It was demon-
strated that the pyrene release was increased in the presence of
DTT (100 mM), although the concentration of thiol molecule
required is far in excess of what would be encountered physio-
logically. Nevertheless, these materials provide an interesting
platform from which further GSH-responsive hybrid in-
organic-organic systems might be developed.

4. Glutathione responsive delivery
systems
(a) Delivery of chemotherapeutic agents

(i) Physically encapsulated agents. The delivery of chemo-
therapeutic agents via GSH-responsive polymer systems is an
area in which there is a widespread research activity. The vast
majority of these reports involve the micellization of a disul-
phide-containing hydrophilic-hydrophobic block copolymer in
the presence of an ostensibly hydrophobic drug, leading to the
sequestration of the drug in the micelle core. The use of the
term “micelle” to describe these systems is somewhat con-
trived: the majority of reports describe particles with a dia-
meter in the range of 50-200 nm which would be more prop-
erly described as a nanoaggregate rather than a classical
micelle. Drug loading into so-called “micelles” may take place
by a number of methods: (i) slowly introducing water or buffer
into an organic solvent which solubilises both blocks of the
copolymer and the drug, followed by dialysis against water or
buffer to remove the organic solvent;”>* (ii) dissolution of the
drug and block copolymer in a good solvent followed by drop-
wise addition to a stirred solution of water or buffer and dialy-
sis to remove residual organic solvent®®* (with the possible
application of ultrasound during addition to water);** (iii) dis-
solution of the drug and block copolymer in a good solvent,
followed by dialysis against water to initiate a solvent switch
and formation of aggregates.®>®® Alternatively, covalently
stabilized particles (such as a nanogel) may be pre-formed and
incubated with the drug in an organic solvent, after which the
organic solvent is removed by centrifugation or dialysis.’” A
similar approach has also been employed with crosslinked
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micelles, by addition of drug (doxorubicin) in methanol to an
aqueous dispersion of particles.®®

An enormous array of different materials have been
employed for the delivery of chemotherapeutics. For instance,
chemotherapeutic agents have been physically encapsulated
into GSH-responsive block copolymers incorporating linear
PEG and polypeptide,®*°' linear PEG and polyurethane,’®
linear PEG and polyester,”® > linear PEG, polyester and poly-
urethane,’® linear PEG and polycarbonate,’” linear PEG and
polymethacrylate,”® linear PEG, polyacrylate and poly-
ester,””'%° and brush PEG and polyester.'*""'°> These materials
typically incorporate at least one reducible disulphide or di-
selenide linkage at either the junction of the two blocks, or
within the core'®® or corona of the micellar structure. As such,
exposure to GSH at millimolar levels triggers destabilization of
the micelle and release of the encapsulated material. In
addition to block copolymers, random copolymers have also
been employed such as brush PEG copolymers,'®* and hyper-
branched  polymethacrylates.’®  Polysaccharide  based
materials, such as poly(e-caprolactone)-graft-chitosan,'®® and
succinic anhydride/cystamine modified dextran'®” have also
been used to load chemotherapeutic agents and release them
in response to millimolar concentrations of GSH. Other novel
materials, such as PEGylated hyperbranched polyphospho-
esters'%® have also been employed.

Aside from self-assembled polymers, crosslinked nanogels
have also received considerable attention as candidates for par-
ticle based chemotherapeutic delivery. These materials offer
considerable advantages in that they are potentially able to be
loaded with higher amounts of therapeutic agent. In particu-
lar, nanogels formed through precipitation polymerization in
water or precipitation—distillation polymerization in aceto-
nitrile have been successfully prepared using N,N'-bis(acryloyl)
cystamine as a disulphide-incorporating crosslinker. For
instance, N,N'-bis(acryoyl)cystamine has been used to prepare
nanogels with  N-(2-hydroxypropyl)methacrylamide and
MAA,' VCL, MAA and PEGMA,""® and 2-(2-methoxyethoxy)
ethyl methacrylate and OEGMA."'" In each case, the prepared
nanogels were successfully loaded with doxorubicin and GSH-
triggered release was demonstrated. In a slight variation, Jin
et al. prepared nanogels using reflux-precipitation polymeri-
zation of N,N-bis(acryoyl)cystamine and MAA, and sub-
sequently PEGylated these by conjugating PEG-NH, using
carbodiimide chemistry."'* As in other nanogel systems, the
release of loaded doxorubicin was again shown to be depen-
dent on pH and GSH concentration.

Nanogels for GSH triggered release have also been prepared
by two-stage precipitation distillation polymerization.''* MAA
and N,N’-bis(acryloyl)cystamine were initially copolymerized in
boiling acetonitrile, and the formed nanogels employed as
seeds for the subsequent terpolymerization of N,N-bis(acryl-
oyl)cystamine, NIPAM and GMA. The oxirane groups on the
GMA units were ring-opened with ethylendiamine, and folic
acid conjugated to the pendant amines via amidation. Once
again, the resulting nanogels could be loaded with doxo-
rubicin, and release triggered by exposure to millimolar
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concentrations of GSH. A two stage distillation—-precipitation
polymerization process has also been used to prepare multisti-
muli-responsive  nanoparticles  incorporating superpara-
magnetic iron oxide nanoparticles.""* In this case, metha-
crylate-functionalised Fe;O, particles were incorporated into
the first polymerization with N,N-bis(acryloyl)cystamine and
MAA. A thermoresponsive shell was subsequently formed
around the particle through the second-stage polymerization
of N,N'-methylenebis(acrylamide) and NIPAM. When loaded
with doxorubicin, the resulting particles were shown to release
the drug in a temperature, pH and GSH dependent manner.
Liu and coworkers have also examined the use of Fe;0, par-
ticles in the preparation of nanogels with GSH sensitivity."'® In
this case the surface of the particle was functionalised with a
trithiocarbonate chain transfer agent, after which nanogel
coatings could be formed by the RAFT copolymerization of
acrylamide, NIPAM and N,N’-bis(acryloyl)cystamine on the par-
ticle surface. The resulting particles were shown to load both
doxorubicin and curcumin. Moreover, the authors demon-
strated that particles loaded with curcumin were able to
release the cargo in the presence of 5 or 10 mM GSH.
Polymeric hollow nanocapsules comprising a crosslinked
hydrogel have been prepared by Liu and coworkers."*® To
prepare these materials, the authors first prepared a polymeric
stabilizer of mPEG-block-poly(tert-butyl acrylate) via ATRP, and
then employed this as the stabilizer in the miniemulsion inter-
facial polymerization of N,N’-bis(acryoyl)cystamine and tert-
butyl acrylate via activator generated electron transfer ATRP
(AGET ATRP). The resulting PtBA particles were hydrolysed
using trifluoroacetic acid to yield essentially PAA particles
crosslinked via disulphide linkages. As with the other nanogel
systems studied, the particles were successfully loaded with
doxorubicin, and release triggered by exposure to millimolar
concentrations of GSH and/or decreased pH. Interestingly, the

0 0 0
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authors also employed a folic acid terminated stabilizer as a
convenient route for incorporating folic acid targeting moieties
into the final polymer particles.

An alternative approach to the preparation of drug-loaded
nanogels involves the formation of disulfide crosslinked hydro-
gel coatings on the surface of cubical and spherical meso-
porous manganese oxide (Mn,0O5) particles.""” This is achieved
through hydrogen-bonded layer-by-layer assembly of PMAA
and PVPON on Mn,0; particles, followed by crosslinking of
the PMAA network with cystamine. Removal of the PVPON (by
elevating the pH to 8) and the sacrificial mesoporous tem-
plates (with EDTA) provides both cubical and spherical disul-
phide crosslinked PMAA particles. The particles were success-
fully loaded with doxorubicin, and release of the drug was
facilitated by exposure to millimolar levels of GSH.

Xu’s group have described a novel methodology to develop
GSH responsive materials for drug delivery by using a co-ordi-
nation responsive approach (Fig. 8)."'® Specifically, selenide
containing polyurethanes were first synthesized by reaction of
di(1-hydroxylundecyl)selenide with toluene diisocyanate. The
isocyanate endgroups formed were then reacted with mPEG to
form an ABA triblock copolymer. These materials formed
stable aggregates in water when dispersed with platinum(u)
chloride, in part due to formation of a ca. 3:1 complex
between the Se atoms in the polyurethane domain and Pt*".
Importantly, this interaction stabilised the particles to elevated
ionic strengths. However, exposure to millimolar concen-
trations of GSH led to competitive complexation with the Pt**
and a concomitant destabilisation of the aggregates. The
authors exploited this interesting feature in order to release
doxorubicin incorporated into the aggregates, with sustained
release over 20 hours demonstrated in response to 10 mM
GSH. A similar approach has been employed for the delivery of
cisplatin from selenide-containing ABA block copolymers of

‘F : Glutathione

: Doxorubicin

@ :rt

Fig. 8 Schematic illustration of GSH-responsive micelles based on the coordination of Pt>* to the selenium-containing polymer PEG-PUSe—PEG,
and triggered release of doxorubicin through competitive coordination with glutathione. Adapted from Cao et al., Chem. Sci., 2012, 3, 3403—-3408.

© 2012 Royal Society of Chemistry.
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mPEG and polylactide.""® In this case, the coordination-
induced stabilization is afforded by the drug itself, rather than
exogenously applied platinum.

Dou and coworkers have reported an interesting GSH-
responsive micelle system based on thiol-modified Pluronic
P123 and F127."*° In this example, Pluronic P123 and F127
were first coupled with cystamine via a N,N'-carbonyldiimida-
zole-mediated approach, and then the disulfide reduced to
give thiol-terminated copolymer. The copolymer was then used
to form paclitaxel loaded micelles by a thin-film hydration
method. Specifically, the copolymer and paclitaxel were dis-
solved in a common solvent (acetonitrile) and then dried into
a film in a round bottomed flask. After removal of residual
acetonitrile with high vacuum, the micelles were formed by
hydrating the film with water. Introduction of gold nano-
particles resulted in crosslinking of the micelle shell due to
the well-known Au-SH interaction. The authors noted that
release could be triggered by exposure to GSH (due to competi-
tive binding with the gold nanoparticles), although there was
significant leakage of the paclitaxel even without the GSH
stimulus.

Sun and coworkers have reported a novel system in which
glutathione has been used to trigger the production of reactive
oxygen species.””" In this example, the authors conjugated the
copper chelator p-penicillamine (p-pen) to chitosan via the for-
mation of a disulphide linkage. This was then used to prepare
self-assembled nanoparticles via ionotropic gelation with tri-
polyphosphate, either with or without the presence of doxo-
rubicin or Cu(u)-doxorubicin complex. The particles were then
coated with hyaluronic acid (HA). Exposure to 10 mM GSH
resulted in release of free p-pen, which reduces Cu®** to Cu",
forms a stable complex with the Cu’, and initiates production
of ROS. Moreover, reduction of Cu(u) to Cu(i) also accelerates
the release of doxorubicin. Studies with HT-29 cells demon-
strated the utility of this system for sensitizing the cells to
doxorubicin cytotoxicity, leading to significantly reduced cell
proliferation.

Departing from the general theme of chemotherapeutic
delivery, Kim et al. have reported the application of thiol-
responsive micelles formed from gemini surfactants to encap-
sulate the nonsteroidal anti-inflammatory drug indometha-
cin."®? In this case trityl protected cysteine-mPEG (H-Cys(Trt)-
mPEG) was first synthesized by condensing Fmoc-Cys(Trt)-OH
with mPEG-NH, using DCC, and subsequently deprotecting
the Fmoc group. The H-Cys(Trt)-mPEG was then coupled with
Fmoc-Lys(Fmoc)-OH using DCC, and the Fmoc group removed
to provide H-Lys-Cys(Trt)}-mPEG. The H-Cys(Trt}mPEG and
H-Lys-Cys(Trt)-mPEG were then coupled with stearic acid, after
which the trityl groups were removed by reacting with trifluoro-
acetic acid and the exposed cysteines oxidised to form the
gemini surfactants ((Cyg),-Lys-Cys-mPEG), and ((C;g),-Lys-Cys-
mPEG),. The surfactants were then used to encapsulate indo-
methacin by an oil-in-water emulsion method, adding a solu-
tion of the drug in methylene chloride to a stirred aqueous
solution of the surfactant, followed by evaporation of the
methylene chloride. Exposure to GSH at 5 or 10 mM triggered
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release of the indomethacin, while exposure to oxidised GSH
(GSSG) did not stimulate any release above and beyond that
occurring in the absence of any stimulus.

Stenzel, Zetterlund and coworkers have reported the devel-
opment of GSH responsive materials for encapsulating water
soluble drugs using an inverse miniemulsion periphery RAFT
polymerization (IMEPP) approach.'*® These authors first syn-
thesized poly(N-(2-hydroxypropyl methacrylamide))-b-poly( penta-
fluorophenyl methacrylate) (PHPMA-b-PPFPMA) as a macro-
molecular chain transfer agent and stabiliser. The PHPMA-b-
PPFPMA was then added to toluene with a monomer (penta-
fluorophenyl methacrylate), crosslinker (ethylene glycol
dimethacrylate or bis(2-methacryloyloxyethyl) disulfide), and
initiator (azobisisobutyronitrile) to form the organic phase.
Meanwhile, an aqueous phase was prepared separately using
deionized water, a lipophobe (sodium chloride) and any drug
to be encapsulated (gemcitabine). The aqueous phase was
added to the organic phase and the mixture sonicated for
5 min before polymerizing at 70 °C for 7 hours. Nanocapsules
were collected from the emulsion by de-emulsifying the system
using hexane, and subsequent centrifugation. The pentafluoro-
phenyl ester side groups were subsequently reacted with
glucosamine to provide glycopolymer nanocapsules. The
materials were shown to release encapsulated gemcitabine
rapidly upon exposure to 10 mM GSH.

Liu and coworkers have recently reported a novel drug deliv-
ery system in which biocompatible PEGylated alginate
(ALG-PEG) brushes are grafted onto graphene oxide nano-
particles (GONs) via GSH responsive disulfide bridges.'** To
achieve this, the alginate is first modified using amine-termi-
nated PEG to yield biocompatible PEG brushes. These were
further modified by conjugation with cystamine to provide a
disulphide-containing amine linker. The amine was then used
to conjugate the brushes to graphene oxide nanoparticles pre-
pared by the Hummers method. The resulting particles were
able to load doxorubicin to very high loadings (97.64% + 3.36),
which the authors attribute to n-n stacking with the highly
conjugated GON surface. Doxorubicin release from the par-
ticles could be facilitated by exposure to GSH (5 mM or
10 mM), and further accelerated by decreasing the pH (from
7.4 to 5.0).

Huang et al have reported the preparation of so-called
pseudo-poly(aminoacid)s via click polymerization, and exam-
ined their utility as a potential carrier for doxorubicin."®® To
achieve this, the authors first synthesised a bisalkyne includ-
ing a disulphide linkage 2,2"-dithiobis[1-(prop-2-ynylcarba-
moyl)-ethyl-carbamic acid tert-butyl ester, and two bisazides:
2,2-bis(azidomethyl)propane 1,3-diol (BAP) and 2,2-bisazido-
hexane (BAH). To conduct the polymerization, the bisalkyne
was combined in DMF with a slight excess of BAP or BAH (to
provide azide endgroups on the resulting polymer), ascorbic
acid and CuSO,-5H,0. The polymer was precipitated in diethyl
ether, and then converted to an ABA triblock copolymer by
reaction with alkyne-terminated mPEG. After removing the
excess PEG by dialysis, the resulting polymer was lyophilized.
The resulting triblock copolymer was loaded with doxorubicin
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by dissolving both polymer and drug in organic solvent, and
then adding slowly to distilled water. The resulting particle dis-
persion was dialysed against water to remove residual organic
solvent. Doxorubicin could be released from the particles by
exposure to 10 mM GSH, or by lowering the pH from 7.4 to
5.0. Further, empty particles were tested for cytotoxicity, and it
was demonstrated that these materials were generally well tol-
erated by L929 mouse fibroblasts up to 1 mg mL ™.

Mallik’s group have reported a novel application of GSH
responsive linkers in their development of polymer coated
echogenic lipid nanoparticles with dual release triggers
(Fig. 9)."*® In this example, liposomes were formed using
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and
1-palmitoyl-2-oleoyl-sn-glycerol-3-phosphoethanolamine derivative
with three pendant propargyl groups (POPE-G). The outer
leaflet of the liposome was successfully crosslinked using
CuAAC with a disulphide-containing bisazide. After encapsu-
lating doxorubicin in the nanoparticles via a pH gradient
approach, release could be triggered by exposure to millimolar
concentrations of GSH. Importantly, GSH exposure at micro-
molar concentrations triggered only minimal leakage from the
liposomes. Moreover, the authors demonstrated that appli-
cation of ultrasound together with GSH led to enhanced
release.

The same group have prepared GSH sensitive polymer-
somes through the assembly of PEG-polyester block copoly-
mers with a disulphide linkage incorporated at the chain junc-
tion."*” This was achieved by reacting mPEG sequentially with
succinic anhydride (to yield acid terminated PEG), and then
cystamine (to provide amine terminated PEG with a disulphide
linkage). This material was then used to initiate the ring
opening polymerization of lactide to provide the final block
copolymers. Polymersomes were formed by a solvent exchange
methodology by adding a solution of the block copolymer in
THF to a solution of calcein (10 pM) in HEPES buffer. After
sonication and extrusion through polycarbonate membrane
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polymersomes of ca. 150-200 nm were obtained. The polymer-
somes could be successfully loaded with doxorubicin or gem-
citabine through a pH gradient approach, and release the
cargo in response to intracellular levels of GSH and/or ultra-
sound. These materials were shown to be useful for decreasing
the viability of breast and pancreatic cancer cells in monolayer
and spheroid cultures.

Feijen, Zhong and coworkers have recently reported reversi-
bly crosslinked pH-responsive biodegradable micelles based
on poly(ethylene glycol)-poly(2,4,6-trimethoxybenzylidene-
pentaerythritol carbonate-co-pyridyl disulfide carbonate) [PEG-P
(TMBPEC-co-PDSC)]."*®* PTMBPEC-containing materials have
advantages over traditional aliphatic polyesters such as PCL,
PLA, and PLGA in that the PTMBPEC domain can be employed
to cause rapid swelling or hydrolytic dissociation of the acetal
pendants at only mildly acidic conditions. The polymer was
prepared by ring opening copolymerization of mono-2,4,6-tri-
methoxybenzylidene-pentaerythritolcarbonate (TMBPEC) and
pyridyl disulfide cyclic carbonate (PDSC) using methoxy PEG
as an initiator and zinc bis[bis(trimethylsilylJamide] as a cata-
lyst. Doxorubicin-loaded particles were prepared by slowly
adding phosphate buffer to an organic solution of the polymer
and doxorubicin, with crosslinking subsequently induced by
addition of DTT. An irreversibly crosslinked control was pre-
pared by substituting acryloyl carbonate for the PDSC in the
polymerization, and crosslinking with a free radical initiator.
The organic solvents were removed by dialysis against phos-
phate buffer. The authors demonstrated that doxorubicin
release from the reversibly crosslinked micelles could be trig-
gered by exposure to 10 mM GSH, and that this was accelerated
at pH 5.0 (compared to pH 7.4). Further, the polymers were
effective for delivery of doxorubicin to RAW264.7 cells, and the
authors noted that doxorubicin accumulated more quickly in
the nucleus when the GSH responsive linkages were employed.
This was attributed to the more rapid release facilitated by
intracellular GSH, as opposed to the irreversibly crosslinked

Fig. 9 Lipid nanoparticles with a GSH-responsive outer leaflet prepared by polymerizing the tri-alkyne-functionalized lipid with a diazide cross-
linker. Adapted from Nahire et al., Biomacromolecules, 2013, 14, 841-853. © 2013 American Chemical Society.
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system. The polymer particles themselves (i.e., without loaded
cytotoxic agent) were well tolerated by RAW264.7 and HeLa
cells, indicating the potential utility of the system for drug
delivery applications.

(ii) Drug conjugated via GSH-responsive linkages. Wang
et al. reported an early example of delivering a chemothera-
peutic through GSH responsive linkages.'* In this example,
iron oxide nanoparticles (IONP) were first functionalised with
thiol groups via surface condensation of 3-mercaptopropyl-
trimethoxysilane. Polymerization of poly(ethylene glycol)
monomethacrylate macromonomer in the presence of the
thiol functionalised IONP yielded PEG brush-coated particles
through an essentially chain transfer process. The terminal
hydroxyl on the PEG brushes was then reacted with succinic
anhydride to yield carboxylic acid terminated brushes, and
these were then conjugated with S-(2-aminoethylthio)-2-thio-
pyridine hydrochloride via carbodiimide chemistry. The
pyridyl disulphide groups afforded convenient linkage sites for
the model drug 2,4-diamino-6-mercaptopyrimidine, which
could be released in a GSH dependent fashion.

In an alternative approach, Zhu and coworkers prepared
multithiol branched polymers by copolymerizing PEGMA with
the polymerizable chain transfer agent S-(4-vinyl) benzyl
S'-propyltrithiocarbonate  (VBPT)."*° The thiocarbonylthio
groups in the resulting branched poly(VBPT-co-PEGMA) were
converted to pyridyl disulphide functionality by reacting with
propylamine in the presence of PDS. A thiol containing drug
(6-mercaptopurine monohydrate) was then conjugated by
thiol-disulfide exchange. The resulting particles released the
drug over a matter of hours in the presence of 10 mM GSH,
while exhibiting minimal release without the addition of a
GSH stimulus.

Doxorubicin has also been attached to polymer particles
through GSH responsive disulphide linkages."*' In one
approach, doxorubicin was conjugated with dithiobis(succin-
imidyl propionate) to yield doxorubicin with a disulphide con-
taining reactive handle (succinimidyl ester). This was then
used to conjugate the doxorubicin to stearic acid grafted chito-
san. The authors demonstrated that release was dependent on
the concentration of DTT, with millimolar concentrations
giving much faster release than micromolar. Derivatives of
dithio(bispropionic acid) have also been used to conjugate
paclitaxel to hyaluronic acid,”®* and curcumin to
mPEG-PLA,"*? while bis(2-hydroxyethyl) disulphide has been
used in the conjugation of mPEG to camptothecin via carbon-
ate linkages."®* In this final example there is an interesting
dependence of the particle shape on the molecular weight of
the conjugated mPEG, with mPEG;;, yielding filamentous par-
ticles as opposed to the spherical aggregates formed by
MPEG900.

Conjugates of mPEG and paclitaxel have also been explored
as nanocarriers for controlled delivery applications.'* In this
case, the authors first modified 3-mercaptopropionic acid with
2,2'-dithiodipyridine to form 2-pyridyl-2-carboxyethyl disulfide,
and then reacted this with thiol-terminated PEG to form
carboxylic acid-terminated PEG incorporating a disulphide
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linkage. The carboxylic acid group was then exploited to form
a conjugate with paclitaxel via one of the secondary alcohols.
The resulting conjugates were used to form nanoaggregates
with free paclitaxel (Fig. 10). Paclitaxel conjugates have also
been formed with polymers incorporating PEG brushes."*® In
this case, the authors copolymerized 2-((3-(pyridin-2-yldisulf-
anyl)propanoyl)oxy)ethyl methacrylate with PEGMA, and then
reacted the pendant pyridyl disulphide with 3-mercaptopropio-
nic acid to give a carboxylic acid group linked to the polymer
via a disulphide linkage. Carbodiimide chemistry was then
used to conjugate the paclitaxel to the carboxylic acid through
ester formation.

Camptothecin has been conjugated to a biodegradable
diblock polyphosphoester poly(butynyl phospholane)-block-
poly(ethylethylene phosphate) (PBYP-b-PEEP)."*” 1In this
example, 2,2'-disulfanediylbis(ethan-1-ol) was first reacted with
bromoisobutyrylbromide to give 2-((2-hydroxyethyl)disulfanyl)
ethyl 2-bromo-2-methylpropanoate, and the bromine was then
substituted with azide to yield 2-((2-hydroxyethyl)disulfanyl)
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Fig. 10 Preparation, tumour accumulation, and GSH-stimulated intra-
cellular drug release of redox-responsive PEG-SS-PTX/PTX nano-
particles as prepared by Chuan et al. Release of PTX occurs via two
modalities: release of physically encapsulated PTX and liberation of con-
jugated PTX via thiol-disulfide exchange. Reproduced with permission
from Chuan et al., Mol. Pharmaceutics, 2014, 11, 3656-3670. © 2014
American Chemical Society.
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ethyl 2-azido-2-methylpropanoate. This material was then con-
jugated to camptothecin via a carbonate linkage, and the azide
used to connect the resulting adduct to the pendant alkyne in
the PBYP-H-PEEP. Release of the camptothecin from the
polymer was highly dependent on the GSH concentration, with
minimal release triggered by micromolar concentrations and
much higher release afforded in the presence of 5-10 mM
GSH.

Polymeric carriers for the GSH-stimulated release of phenyl-
arsine oxide have also been developed.'*® These materials
were prepared by reacting the free carboxylic acid groups of
poly(ethylene  oxide)-block-poly(a-carboxylate-e-caprolactone)
(PEO-b-PCCL) with 6-mercaptohexylamine to provide a block
copolymer with pendant thiol functionality. The pendant
thiols facilitated association of the phenylarsine oxide through
the well-known affinity of thiol and trivalent arsenicals.
Moreover, the authors demonstrated that the phenylarsine
oxide could be liberated through exposure to GSH concen-
trations of between 1 and 10 mM. These strategies are of con-
siderable interest given the usefulness of trivalent arsenic com-
pounds such as arsenic trioxide for the treatment of con-
ditions such as acute promyelocytic leukemia (APL).

In a number of the examples given above, the drug (doxo-
rubicin, paclitaxel or camptothecin) is necessarily modified in
order to conjugate it via a disulphide linkage. As such, the
chemical entity that is ultimately delivered from the conjugate
is not the pristine drug. Indeed, only thiol-containing drugs
can ordinarily be used for direct delivery of an unmodified
therapeutic via thiol-disulfide exchange. To address this
severe limitation, Zelikin and co-workers have recently
reported the use of disulphide containing self-immolative
linkers (SILs) as an elegant solution to this problem."*° In
their first example, the antiretroviral drug azidothymidine
(AZT) was incorporated into a poly[N-(2-hydroxypropyl)meth-
acrylamide (PHPMA) macromolecular prodrug (MP) via copoly-
merization of a monomer having AZT attached via an SIL
(Fig. 11)."*° The AZT-containing monomer was prepared by
first reacting the oxidised, dimerized form of 2-mercapto-
ethanol with methacryloyl chloride to afford a monomeric precur-
sor with a hydroxyl pendant linked through a disulphide to a
methacrylate. Simultaneously, AZT was modified with 4-nitro-
phenyl chloroformate to give an activated carbonate precursor.
Reacting the monomeric precursor with the activated carbon-
ate afforded the desired AZT-containing monomer. The
authors demonstrated that this monomer could be readily
copolymerized with HPMA without compromising the drug or
SIL. Moreover, the resulting MPs were shown to release the
pristine AZT in the presence of 5 mM GSH or lysate from TXM-
bI cells. This reaction occurred via thiol-induced cleavage of
the disulphide, which in turn initiated a cyclization of the
linker to reveal the AZT molecule. A similar methodology has
been employed to prepare MPs of ribavirin, although in this
case it was also necessary to protect the secondary hydroxyls
on the ribavirin prior to activation with the 4-nitrophenyl
chloroformate.'*' A slightly different approach has been
employed by the same authors to conjugate a histone deacety-
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lase inhibitor (Panobinostat) to HPMA copolymers for the
development of MPs incorporating HIV anti-latency agents.'*?
In this case, the authors prepared an activated monomer by
reacting oxidised 2-mercaptoethanol with methacryloyl chlor-
ide, and then activating the pendant hydroxyl with 4-nitro-
phenyl chloroformate. This activated monomer could be
readily copolymerized with HPMA, and the resulting polymers
conjugated to Panobinostat via reaction with the drug’s
secondary amine group. Release of the pristine drug could be
triggered using 5 mM DTT. In each of these examples the
authors demonstrated that the MPs were suitable for drug
delivery in cell culture studies, providing solid evidence for the
utility of SILs to deliver a therapeutic agent. Given that these
SILs are not dependent on the drug having a particular func-
tionality (i.e., thiol), it is likely that they will attract increased
research attention for delivering a range of therapeutic agents.

(iii) In vivo investigations of GSH-responsive materials.
There are an increasing number of reports in the literature
which describe the application of GSH-responsive materials
in vivo. In general, improved outcomes are reported relative to
(i) non-GSH responsive controls and (ii) application of free
therapeutic. For example, Koo et al. have described the adminis-
tration of docetaxel (DTX)-loaded poly(ethylene glycol)-b-poly
(-lysine)-b-poly(L-phenylalanine) (PEG-PLys-PPhe) in which the
PLLys domain was crosslinked with dithiobis(sulfosuccin-
imidylpropionate) to MDA-MB231 tumour-bearing mice.'*?
The authors observed reduced tumour volumes relative to both
non-crosslinked analogues and free docetaxel. Moreover, the
disulphide crosslinked micelles also exhibited superior reten-
tion in tumour tissue. Shi et al. have also reported improved
tumour accumulation with disulphide containing materials,
this time using administration of doxorubicin-loaded self-
assembled four-arm poly(e-caprolactone)-poly(ethylene glycol)
to 4T1 tumor-bearing BALB/c mice."** In this case accumu-
lation was further improved by the incorporation of folic acid
groups into the polymer structure as a targeting moiety. In
addition to the improved accumulation, the disulphide con-
taining polymers also exhibited superior inhibition of tumour
growth and survival rate relative to non-GSH responsive
systems and free doxorubicin. Ding and co-workers have also
examined a doxorubicin-loaded polypeptide-PEG system, poly
(ethylene glycol)-poly(.-phenylalanine-co-L-cysteine) (mPEG-P
(LP-co-LC))."*> In addition to improved survival and reduced
tumour index, these authors also reported that encapsulating
the doxorubicin in a GSH-responsive system led to reduced
heart, liver and kidney damage, as determined by histopatho-
logical assessment. However, these results were relative to free
doxorubicin only: no comparison was made to a non-GSH
responsive system.

Koul and coworkers have recently reported a triblock co-
polymer system (poly(ethylene glycol)-polylactic acid-poly(ethyl-
ene glycol)) incorporating multiple disulphide linkages."*® The
polymers were assembled into doxorubicin-loaded polymer-
somes via nanoprecipitation in the presence of the drug, and
then labelled with (i) folate, (ii) trastuzumab or (iii) folate and
trastuzumab via carbodiimide coupling. After studying the
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Fig. 11 (A) Synthesis of AZT-containing monomer incorporating a self-immolative linker. (B) Synthesis of macromolecular prodrugs of AZT from

HPMA and AZT-containing monomer. (C) Release of AZT via cleavage of the disulphide and linker cyclization. Reagents and conditions: (a) metha-
cryloyl chloride, TEA, DCM (anhydrous), 76%; (b) 4-nitrophenyl chloroformate, TEA, DCM, 82%; (c) DIEA, DMAP, DCM, 80%; (d) 4-cyano-4-[(dodecyl-
sulfanylthiocarbonyl)sulfanyllpentanoic acid, 4,4'-azobis(4-cyanovaleric acid), DMSO. Adapted from A. Kock et al., Chem. Commun., 2014, 50,

14498-14500. © 2014 Royal Society of Chemistry.

GSH response and targeting efficiency in vitro, the dual folate/
trastuzumab targeted polymersomes were administered to
Ehrlich ascites tumour (EAT) bearing Swiss albino mice every
three days for 15 days. A significant reduction in tumour
volume was observed over the course of administration.
Additionally, no damage to vital organs was observed upon
histopathological assessment, in contrast to free doxorubicin
which caused significant liver fibrosis and tubular damage in
the kidney. Moreover, blood serum analysis indicated that
there was no significant elevation to markers associated with
liver or kidney damage in the case of the nanoparticles,

This journal is © The Royal Society of Chemistry 2017

whereas free doxorubicin resulted in elevation of several key
markers of liver and kidney toxicity. Again, the absence of a
control group without disulphide linkages makes it difficult to
judge whether the in vivo results are particular to a GSH sensi-
tive system, or whether comparable results would be achieved
without GSH responsive linkers.

Jin et al. have explored the use of GSH-responsive PMA
nanogel systems as potential vehicles for the codelivery of
doxorubicin and paclitaxel.'*” In this study, the authors con-
fined their in vivo investigations to a preliminary assessment
of biodistribution and toxicity, with particular note given to
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the impact of conjugating PEG chains to the nanogel. Using
intravital real-time fluorescence imaging, the authors noted
that naked PAA hydrogels quickly accumulated in the kidney,
with significant accumulation also occurring in the liver,
spleen, heart and lung. In contrast, PEGylated nanogels were
distributed throughout the body over the first two hours, with
only limited accumulation in the kidney and minimal liver
accumulation. The authors also determined an LDs, value for
these materials, with a value of ca. 140 mg kg~ determined
for the MAA hydrogel as opposed to ca. 500 mg kg™ for the
PEGylated variant. These results support the important role of
PEG in improving the tolerance of various materials in vivo.

A number of GSH-responsive polysaccharide based systems
have also been investigated in vivo. For instance, Chen and co-
workers have recently reported on the use of PLGA-hyaluronic
acid (HA) conjugates linked via a cystamine bridge
(HA-SS-PLGA)."*® These materials were employed to encapsu-
late both doxorubicin and cyclopamine (a primary inhibitor of
the hedgehog signaling pathway of cancer stem cells) using a
double emulsion method. Weekly administration of particles
loaded with doxorubicin and cyclopamine to MDA-MB-231
tumour bearing nude mice demonstrated a remarkable inhi-
bition of tumour growth, to the extent that no tumours were
evident over 40 days. Moreover, tumour inhibition was main-
tained for a further 35 days after cessation of treatment.
However, the precise role of the GSH responsive linkage in
these results is somewhat unclear as the various controls
examined did not include a conjugate of HA and PLGA without
a GSH-sensitive linkage.

Hu and co-workers have recently reported on stearic acid
grafted chitosan oligosaccharides with doxorubicin conju-
gated through a GSH-responsive linker."*! These materials
were administered to BEL-7402 tumour-bearing nude mice.
Maximal tumour accumulation was observed after 36 h, and
this was attributed to the enhanced permeation and retention
effect of nanoscale delivery vehicles. Significant accumulation
was also observed in the liver, spleen, and lungs. The
authors observed comparable inhibition of tumour growth
over 24 days to that observed with free doxorubicin, with the
added benefit of reduced cardiac injury as determined by
histopathological assessment. A similar system in which the
stearoyl groups are conjugated through a disulphide-contain-
ing linker and the drug (paclitaxel) is encapsulated via physi-
cal interactions has also been investigated.'*® These materials
also accumulated in tumour tissue, and led to inhibition of
tumour growth. Unfortunately, due to difficulties in loading
paclitaxel into a non-GSH responsive analogue, control
experiments without the GSH-responsive property could not
be conducted. As such, it is difficult to elucidate the precise
role of the GSH-responsive groups in the observed tumour
inhibition.

A further polysaccharide system investigated in vivo involves
paclitaxel conjugated to hyaluronic acid via a GSH responsive
disulphide linkage."**> In this case, nude mice bearing a
murine hepatic carcinoma (Heps) were administered
HA-SS-PTX every second day for 30 days. Five groups were
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investigated: HA9.5-SS-PTX and HA35-SS-PTX, (corresponding
to HA molecular weights of 9.5 kDa and 35 kDa respectively),
an mPEG-SS-PTX conjugate, free PTX and saline. The authors
observed the best inhibition of tumour growth and survival
rate with HA9.5-SS-PTX, followed by HA35-SS-PTX,
mPEG-SS-PTX, PTX and saline. Importantly, mice adminis-
tered with the conjugates also exhibited less wasting compared
to those administered free PTX, indicating improved safety
over the free drug. To further investigate the safety profile of
the conjugates, histopathological assessment was also con-
ducted on major organs, with little evidence of inflammatory
response, cell degeneration or necrosis noted.

A similar system to the mPEG-SS-PTX control described
above has been reported by Wang and coworkers."*> In this
case, the material is self-assembled into particles and loaded
with additional unconjugated paclitaxel. Both free paclitaxel
and a non-GSH responsive analogue (PEG-PTX) are employed
as controls. The particles incorporating the GSH-sensitive
bonds provide the best tumour inhibition of the materials
studied, and also lead to less weight loss than the dose of free
PTX giving similar tumour inhibition. This study provides
some of the clearest evidence to date for the utility of GSH
responsive linkers in nanoparticle delivery vehicles for chemo-
therapeutic agents.

In a slightly different approach, Mallik and coworkers have
examined liposomes with PEG chains attached via a GSH-
responsive disulphide linkage."*® The PEG chains are included
in this system in order to shield an incorporated lipopeptide
from degradation by matrix metalloproteinase-9 (MMP-9), thus
ensuring that the liposomes remain stable. However, upon
contacting elevated levels of GSH in the tumour environment
the protective PEG layer is shed, enabling MMP-9 to degrade
the lipopeptide and thereby disrupt the liposome, releasing
the encapsulated material. The authors demonstrate that the
system can be employed for the delivery of gemcitabine by
administering the particles (both with and without the lipo-
peptide component) to tumour bearing Nude-Foxn1 mice. The
liposomes incorporating the lipopetide component demon-
strated a more significant reduction in tumour volume relative
to the control, thus demonstrating that the PEG protected
system may offer some promise for the smart delivery of
chemotherapeutic agents.

In another recent and highly creative approach, Guo et al
have reported the preparation of GSH-responsive block copoly-
mer micelles incorporating a chemosensitizer as part of the
polymer structure.'®® Specifically, curcumin is reacted with
dithiodipropionic acid to prepare a disulphide-containing
polyester, and the resulting material is then converted into a
block copolymer by reaction with either mPEG or biotin-termi-
nated PEG. The block copolymers are then used to form par-
ticles with doxorubicin. Administration of the biotinylated par-
ticles to MCF-7/ADR tumour bearing mice leads to a signifi-
cant reduction in tumour volume compared to administration
of doxorubicin alone. The authors attribute this improved
efficacy to release of the curcumin being triggered by GSH in
the intracellular environment.

This journal is © The Royal Society of Chemistry 2017
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While in the majority of studies where GSH-responsive
materials have been applied in vivo the materials seem to be
generally well tolerated with good haemocompatibility, there is
at least one study which suggests that disulphide crosslinks
may lead to increased glutathione reductase activity in the
spleen as a general indicator of oxidative stress.">
Importantly, though, the same authors did not observe any
tissue damage upon histological investigation of spleen,
kidney or liver tissue.

(b) Delivery of genetic material

As noted in the Introduction, one of the primary motivations
for the use of particle based delivery is the protection of sensi-
tive molecules from degradation in the bloodstream. Indeed,
much of this endeavour has been concentrated in the field of
RNA and DNA delivery. In many cases this does not involve the
development of particles per se, rather the development of
materials which, upon complexation with a polynucleic acid,
form particles which can be applied in therapeutic delivery. Of
course, a necessary element of any such system is that the
complex can be disrupted to release the genetic material in the
cytosol. As such, there has been considerable interest in the
development of materials that are both bioreducible and
endosomolytic.

For example, Wagner and coworkers have reported on
siRNA conjugates formed by complexing siRNA with a novel
polymer incorporating polylysine (PLL) (to bind and protect
the RNA), PEG (to solubilize and shield the complex), and a
Iytic peptide (melittin).">® The melittin component is masked
by protecting the lysine residues with dimethylmaleic anhy-
dride (DMMAn) which is removable at endosomal pH, thus
ensuring that the membrane-Iytic activity is confined to the
endosomal compartment. In this example the siRNA is
attached to the PLL via a bioreducible disulfide bond, in order
to prevent unpacking of the complex by heparin. While the
synthesized materials showed excellent gene knockdown
in vitro, significant levels of toxicity were observed when the
materials were administered to mice, with the authors noting
macroscopic liver damage and intestinal bleeding. The
authors suggested that the observed toxicity may be due to
lack of targeting, incomplete PEG shielding or conjugate
aggregation.

Cai et al. have reported on polymers for plasmid DNA
(pDNA) delivery in which PEG chains are conjugated to a PLL
backbone via disulphide containing linkers.'>® In this case,
mPEG is first modified by reaction with succinic anhydride
to give carboxylic acid terminated PEG. This was then
reacted with cysteamine to give amine-terminated PEG in-
corporating a disulphide linkage. This material was then
used to initiate polymerization of e-benzyloxycarbonyl-i-lysine
N-carboxyanhydride, thus obtaining block copolymers of
e-benzyloxycarbonyl-protected PLL and PEG with a disulphide
at the junction between the two blocks. Deprotection yielded
disulphide linked block copolymers of PLL and PEG, with the
PEG block shown to be cleavable in the presence of 10 mM
GSH. The materials exhibited comparable transfection activity
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to PEI 25 kDa in both 293 T and Hela cells, with the additional
benefit of lower cytotoxicity. The same group employed a
similar system with the added feature of pH-sensitive cross-
linking of the PLL domain using glutaraldehyde, and again
found good transfection efficiency with reduced cytotoxicity
compared to PEL'® Exposure to GSH at 10 mM was again
found to unpack the complex, enabling release of the genetic
material for transfection.

Kataoka and coworkers have reported on similar blocks in
which a poly{N-[N-(2-aminoethyl)-2-aminoethyl Jaspartamide}
(PAsp(DET)) segment was used instead of a PLL domain.">®
Moreover, these authors introduced stearoyl functionality by
reacting a proportion of the pendant amino groups with
N-succinimidyl octadecanoate. The resulting materials were
shown to effectively complex siRNA and lead to significant
VEGEF silencing compared to an analogue without a disulphide
linkage. Moreover, cell viability was maintained at the levels
required for silencing, and haemolytic activity could be mini-
mized by selecting the N/P ratio appropriately. In vivo investi-
gations showed that the delivery of the siRNA reduced tumor
growth for between 11 and 15 days, after which the tumour
growth returned to a similar trajectory to an untreated tumour.

Poly(amidoamines) (PAMAMs) with disulphide linkages in
the backbone have also been explored for the delivery of
genetic material."”” To prepare such materials, 1-(2-amino-
ethyl)piperazine (AEPZ) and N,N-bis(acryloyl)cystamine (BAC)
were stirred together in a ratio of 1:2 at 50 °C for five days,
after which a further 2 equivalents of amine (either AEPZ,
3-amino-1,2-propanediol, PEG-amine or a 1 : 1 mixture of AEPZ
and PEG-amine) was added to cap the terminal unsaturation
and provide a suite of materials for further investigation
(amine terminated, diol terminated, PEG terminated and
50/50 amine and PEG terminated). All materials synthesized
showed reduced cytotoxicity compared to PEI, and this was
attributed to the degradability of the disulphide linkages in
the PAMAM core. The addition of PEG chains to the PAMAM
somewhat reduced the transfection efficiency, which was
attributed to reduced internalisation of the particles due to the
shielding effect of the PEG chains. Altogether, these results
indicate that disulfide containing PAMAM holds considerable
promise as a delivery vehicle for genetic material.

Lin and coworkers have reported a GSH-responsive four-
armed PEG star capped with poly(disulfide histamine) oligo-
mers, and employed this to deliver DNA both in vitro and
in vivo.">® The polymer was prepared by first synthesizing the
poly(disulfide histamine) oligomers through the reaction of
histamine with bis(acryloylcystamine), and then conjugating
these oligomers to vinylsulfone capped four armed PEG stars
via Michael addition. The resulting polymers were shown to
effectively complex DNA into approx. 150 nm particles.
Although these materials had lower transfection efficiency
compared to PEI, they also exhibited substantially lower cyto-
toxicity, as demonstrated both in cell viability assays and by
administering the particles to nude mice. Moreover, the par-
ticles induced gene expression in tumour to a greater extent
than in other organs, as opposed to PEI which led to signifi-
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cantly higher levels of expression in the lung and spleen, com-
pared to the tumour.

An et al. have recently reported “Lipopolymer 49” as a suit-
able siRNA carrier for gene silencing in glioma cells."* This
material is a solid-phase synthesized T-shaped peptide-like
oligoamide with two central oleic acids, 20 aminoethane units,
and two terminal cysteine units. The authors demonstrate that
these materials form polyplexes of approx. 200 nm with siRNA,
and that they efficiently release siRNA upon exposure to GSH.
The authors demonstrate excellent gene downregulation in
glioma cells, and after intravenous delivery to glioma model
nude mice. This is one of an increasing number of papers
showing good in vivo data for gene knockdown with appropri-
ately designed systems.

Functionalised oligosaccharides incorporating disulphide
linkages have also been employed in delivery of genetic
materials. In one example chitosan was functionalised with (i)
PEI and (ii) PEG through disulphide linkages by first reacting
native chitosan with 3,3'-dithiodipropionic anhydride."®® The
resulting acid functional chitosan was then reacted sequen-
tially with amine terminated mPEG and PEI (1800 Da). The
materials were shown to effectively bind pDNA into particles
with diameter from 100-150 nm, depending on the N/P ratio.
Exposure to 10 mM GSH led to an unravelling of the complex
and concomitant increase in particle size to ca. 800 nm. The
materials showed transfection efficiency comparable to PEI,
but with significantly diminished cytotoxicity.

Zentel and coworkers have developed a novel nanogel
system for complexing siRNA using block copolymers of tri
(ethylene glycol methyl ether) methacrylate (TEGMA) and pen-
tafluorophenyl methacrylate.'®* In this system, the reactive
pentafluorophenyl ester groups were used to prepare nanogels
through reaction with a novel diamine crosslinker prepared
from spermine and cystamine. The resulting -crosslinks
included secondary amine links that were suitable for com-
plexing the siRNA. Importantly, the authors were able to
demonstrate release of the siRNA from the nanogel in the pres-
ence of a suitable reducing agent (DTT) at 20 mM.

Zhang and coworkers have explored three-armed peptides
as an alternative vector for the efficient delivery of pDNA.'®* In
this report two peptides were employed: one comprised of
lysine units with a terminal cysteine on each arm, and the
other comprising primarily lysine residues with a single histi-
dine in each arm adjacent to the terminal cysteine. Formation
of disulphide linkages between the terminal cysteines enables
the formation of highly branched polypeptides which are sus-
ceptible to disassembly via reduction by intracellular GSH. The
authors demonstrated that the peptides efficiently bound
PDNA, forming polyplexes of 150-300 nm. The peptides were
used to transfect HeLa and COS7 cells, and it was demon-
strated that both polypeptides exhibited improved transfection
efficiency and reduced cytotoxicity compared to linear poly-
lysine. Moreover, of the three armed polypeptides those incor-
porating histidine units showed slightly higher transfection
efficiency. This observation was attributed to enhanced endo-
somal escape.
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Inorganic materials functionalised with disulfides have also
been employed as a basis for the delivery of pDNA. For
instance, molybdenum(iv) sulphide (MoS,) sheets have been
decorated with PEI and PEG chains by exploiting surface inter-
actions with thiols.'®® In this case PEI was first modified by
amidation with lipoic acid to yield disulphide-functionalised
PEI Exposure of the MoS, sheets to the modified PEI and PEG
thiol with sonication, followed by removing the excess polymer
with repeated centrifugation/re-dispersion cycles provided
MoS,-PEI-PEG nanocomposites. Interestingly, irradiation of
MosS, with light in the near infrared led to a localised heating
which could be employed to facilitate particle escape from the
endosome. Once in the reducing environment of the cytosol,
exposure to millimolar concentrations of GSH leads to cleavage
of the PEI and PEG from the MoS,, resulting in release of the
DNA and efficient transfection.

An alternative hybrid organic-inorganic system for oligo-
nucleotide delivery has been proposed by Rosenholm and co-
workers."®* In this example, amine functional mesoporous
silica was first reacted with succinic anhydride to provide car-
boxylic acid functionalised particles. These were then reacted
with cystamine to provide particles with disulphide linked
amine groups. The resulting particles were then used for two
purposes: (i) to sequester oligonucleotides via electrostatic
associations; and (ii) to provide a handle through which to
conjugate N-hydroxysuccinimidyl ester activated PEG. The
authors demonstrated that oligonucleotide sequences could be
efficiently encapsulated in the mesoporous silica, and that
exposure to 1 or 10 mM GSH could be used to trigger release.
Importantly, lower concentrations of GSH (10 puM) led to only
minimal release of the genetic material.

Materials with diselenide bonds have also been incorpor-
ated into gene delivery systems. Cheng et al. prepared oligo-
ethyleneimine (OEI) incorporating (i) diselenide; (ii) mono-
selenide and (iii) disulphide linkages using the disuccinimidyl
esters of 3,3'-diselanediyldipropanoic acid, 3,3'-selenodipropa-
noic acid and 3,3'-disulfanediyldipropanoic acid, respect-
ively.'®>1°® Both diselenide and disulphide materials were sus-
ceptible to reduction using GSH or DTT, although the disele-
nide-functionalised PEI was somewhat more stable than the
disulphide containing OEI Nevertheless, the authors noted
that the cytoxicity and transfection efficiency of the diselenide
linked OEI was comparable to that observed for the disulfide
linked OEI, and that both exhibited lower cytotoxicity than
non-degradable 25 K PEL As such, diselenide containing
materials may have some utility in delivery of genetic
material.

(c) Co-delivery of drugs and genetic material

In some therapeutic situations it is desirable to deliver not just
one, but two or more therapeutic agents. In particular, there
are certain conditions for which the delivery of a cytotoxic
agent together with gene therapy may lead to better clinical
outcomes. As such there has been some interest in the devel-
opment of particle based systems for the dual delivery of drugs
together with pDNA or siRNA. One such example has recently
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been reported by Wang et al.'®” In this example, the authors
modified branched PEG with cystamine via 1,1"-carbonyldiimid-
azole mediated coupling. The terminal amines introduced
through the cystamine were then reacted with succinimidyl
ester terminated linear PEG. Finally, the terminal hydroxyl
groups were conjugated with the amine groups on G2 PAMAM
dendrimers, again using 1,1-carbonyldiimidazole mediated
coupling. The resulting materials were shown to bind siRNA
(or DNA) and drug (doxorubicin) to a high loading in particle
form, which the authors attributed to structure inversion.
Particles incorporating B-cell lymphoma 2 (Bcl-2) siRNA and
doxorubicin were then administered to BALB/c nude mice with
SMMC-7721 xenografts. It was observed that co-delivery of
both drug and siRNA led to the greatest inhibition of tumour
growth, compared to administration of the particles with doxo-
rubicin or siRNA alone. Altogether, these branched PEG-
dendrimer conjugates with GSH responsive linkages offer con-
siderable potential as efficient co-delivery vectors for next
generation cancer medications.

An alternative co-delivery vector has been reported by Ma
et al.'®® In this case mesoporous silica nanoparticles were
first prepared by condensing tetraethylorthosilicate (TEOS)
and 3-mercaptopyltrimethoxysilane (MPTMS) in the presence
of the structure-directing agent cetyltrimethylammonium
bromide (CTAB). After removal of the CTAB, the surface thiols
were reacted with S-(2-aminoethylthio)-2-thiopyridine hydro-
chloride to yield amine surface functionality linked to the
silica through a GSH responsive disulphide bond. These were
then used to conjugate adamantane-1-carboxylic acid via the
formation of an amide linkage. The particles were then
loaded with doxorubicin, after which the pendant adaman-
tane groups were used to form stable host-guest complexes
with ethylenediamine modified f-cyclodextrin (CD-2NH,). The
CD-2NH, served the dual purpose of capping the pores of the
mesoporous silica, thus retaining the drug, and also provid-
ing positive charge for binding the negatively charged siRNA.
The authors demonstrated controlled release of drug and
siRNA in response to elevated levels of GSH in vitro.
Moreover, successful delivery of siRNA in vivo was demon-
strated using delivery of GFP siRNA to transgenic zebrafish
larvae, while anticancer activity of the drug loaded particles
was demonstrated in a zebrafish mifepristone-inducible liver
tumor model.

A third system for potential co-delivery of plasmid DNA and
chemotherapeutic based on thiolated gelatin nanoparticles
has been reported by Amiji’s group.’®® In this case, type B
gelatin is first thiolated by reacting the primary amine groups
with 2-iminothiolane. Particles are then formed from an
aqueous 1% (w/v) thiolated gelatin solution at 37 °C with the
pH adjusted to 7 using sodium hydroxide. After dispersing
1 mg of plasmid DNA in the solution, chilled ethanol is slowly
added with continuous stirring at 600 rpm. The gelatin nano-
particles form when the solvent composition reaches 75%
water, at which point the thiol groups are crosslinked by drop-
wise addition of 8% (v/v) glyoxal solution. The particles can be
PEGylated by addition of methoxy-PEG-succinimidylcarbosyl
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methyl ester or maleimide PEG-succinimidylcarbosyl methyl
ester. Maleimide functionality enables subsequent functionali-
sation with cysteine terminated EGFR binding peptide.
Gemcitabine functionalised particles were prepared by react-
ing the thiolated gelatin particles with succinimidyl 3-[2-
pyridyldithio]propionate-modified gemcitabine, thus providing
particles wherein the drug is conjugated through a GSH
responsive disulphide linker. Panc-1-tumour bearing mice
were administered with plasmid DNA-only particles, gemicita-
bine-only particles or a combination of both particles. The
authors demonstrated that the combination treatment groups
showed significantly greater anti-tumor activity compared to
those administered only the pDNA or drug, and that targeted
nanoparticles exhibited the best efficacy. Although this system
did not involve co-delivery simultaneously from the same par-
ticle, the underlying platform is amenable to modification
toward that end, and as such it represents an important devel-
opment in the preparation of next generation co-delivery
vectors for combination gene/drug therapy.

5. Other applications of
GSH-responsive materials

There have been several reports of using GSH responsive
materials in fluorescence and MRI imaging. For instance, Ang
et al. have reported polymer nanoparticles incorporating a
fluorescence probe for sensing biological thiol molecules.'”°
This system involves incorporating a weakly fluorescent mole-
cule containing a disulphide linkage (PySSCou) into nano-
particles formed through supramolecular assembly of adaman-
tane-functionalised poly(acrylic acid) (PAA-AD), adamantane-
functionalized PEG (PEG-AD) and p-cyclodextrin-conjugated
polyacrylic acid (PAA-CD). The fluorescence of the PySSCou is
weak due to photoinduced electron transfer (PET) between the
pyridine group and the coumarin moiety. However, upon
exposure to thiol-containing compounds such as cysteine,
homocysteine, GSH and DTT, the disulphide in the PySSCou is
cleaved, abolishing the PET process and leading to a fluo-
rescent turn-on. The authors demonstrate that these particles
can be used to sense thiol-containing molecules down to
micromolar quantities.

Liu and coworkers have also developed GSH responsive
materials with possible application in fluorescence
imaging.'”" In this case, poly(amidoamines) with disulphide
linkages in the backbone and pendant PEG chains and chole-
sterol groups were prepared. The polymers could be self-
assembled into nanoparticles in the presence of TPE-MI, an
essentially non-fluorescent compound which becomes fluo-
rescent upon reaction with thiols. The authors demonstrate
that exposure to millimolar levels of GSH leads to destabilisa-
tion of the micelles and precipitation, and to fluorescent turn-
on. Importantly, the utility of the particles in sensing intra-
cellular thiols is also demonstrated in MCF-7 and HepG2 cells.

Johnson and coworkers have recently reported the use of
branched-bottlebrush polymers for in vivo MRI and fluo-
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Fig. 12 Preparation of branched-bottlebrush polymers for in vivo MRI and fluorescence imaging as described by Sowers et al. (a) Structures of
branched macromonomers used. (b) General procedure for branched-bottlebrush polymer synthesis using ROMP. Reproduced with permission
from Kim et al., Nature Commun., 2014, 5, 5460. © 2014 Nature Publishing Group.

rescence imaging (Fig. 12).'”> In this system, the authors

employed nitroxides as organic radical contrast agents
(ORCAs) for MRI, and Cy5.5 as a fluorescent probe. These
moieties were incorporated into a polymer with PEG
branches and a polynorbornene backbone. The materials
were shown to provide significant contrast enhancement.
Moreover, in their native state the nitroxides efficiently
quenched the Cy5.5 fluorescence, but upon reduction with
ascorbate a significant increase in fluorescence intensity was
observed. Although exposure to GSH alone did not yield a
significant increase in fluorescence intensity, exposure to
GSH with ascorbate substantially increased the fluorescent
signal. These results provide an excellent platform for the
further development of redox responsive imaging agents.
GSH-responsive materials have also been employed in the
preparation of '°F NMR probes.'”” In this case, a fluorinated
polyhedral oligosilsesquioxane (F-POSS) was first prepared by
reacting octaammonium polyhedral oligomeric silsesquioxane
with ethyl trifluoroacetate, and then conjugating to a silica
nanoparticle using a disulphide containing linker. The result-
ing materials were exposed to 1 mM glutathione (in either oxi-
dised (GSSG) or reduced (GSH) form) and to a solution con-
taining glutathione reductase and oxidised glutathione. An '°F
signal was only detected when there was reduced GSH present

120 | Polym. Chem., 2017, 8, 97-126

to facilitate cleavage of the F-POSS from the silica nano-
particle. Moreover, the system was also effective for sensing
glutathione reductase activity in the solution containing oxi-
dised GSH (GSSG) and the enzyme. These results indicate the
usefulness of GSH-responsive systems in potential sensing
applications.

Aside from the extensive literature on release of chemothera-
peutic agents and RNA, there is emerging interest in
materials which are capable of releasing signalling molecules
through interaction with thiol containing molecules. For
instance, Foster and Matson have reported on the preparation
of polymers incorporating pendant thiooxime functionality,
and demonstrated that these materials are able to release H,S
upon exposure to a thiol-containing molecule.'”* The
materials are synthesized by via RAFT polymerization of 2-(4-
formylbenzoyloxy)ethyl methacrylate, which is subsequently
used to conjugate S-aroylthiohydroxylamine pendants in the
presence of trifluoroacetic acid. The resulting materials were
shown to release H,S in the presence of a thiol-containing
molecule (cysteine or GSH). We have also investigated H,S
releasing materials, although in our example the H,S releas-
ing pendant was an aryl thioamide incorporated via thiona-
tion of a benzonitrile containing polymeric precursor
(Fig. 13)."° These materials were observed to release H,S

This journal is © The Royal Society of Chemistry 2017
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hydrolytically and in the presence of a thiol stimulus.
Although cysteine was used in these studies, it is highly likely
that the materials would also be reactive to GSH. These
materials were then used to stimulate certain kinase depen-
dent signalling pathways (ERK and PKC signalling), thereby
demonstrating that H,S release from the synthesized polymers
was at a rate and quantum suitable for stimulating observable
biochemical events.

Talleli and Vicent have also reported an interesting system
in which a glutathione stimulus is employed in a system suit-
able for polymer masked-unmasked protein therapy (PUMPT)
(Fig. 14)."° Specifically, the authors first prepare pyridyl di-
sulfide functionalised poly(glutamic acid) (PD-PGA) by first
reacting native PGA with 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-
methyl morpholinium (DMTMM) chloride, and then stirring
with pyridyl dithiolethylamine for 18 hours. Separately, the
authors modified a proportion of lysine residues in lysozyme
with N-succinimidyl-S-acetylthiopropionate (SATP) to provide a
model protein with pendant thioester functionality. By com-
bining the lysozyme and PD-PGA in different ratios (5:1,
2.5:1 and 0.5: 1), the authors were able to mask the lysozyme
activity to differing extents. Importantly, the resulting conju-
gates were stable in micromolar concentrations of GSH
(20 pM, mimicking the bloodstream) but could be dissociated

This journal is © The Royal Society of Chemistry 2017

by exposure to millimolar concentrations (4 or 10 mM,
mimicking the intracellular environment). Moreover, exposure
to GSH at 10 mM also enabled recovery of lysozyme activity to
varying extents. This interesting approach holds some promise
for the delivery of anticancer enzymes, or for therapies in
other disorders where enzyme replacement therapy may be
beneficial.

Della Vecchia et al have recently reported an interesting
phenomenon in which polycysteinyldopamine (PCDA) promotes
the autooxidation of GSH."”” The authors prepared PCDA by
allowing 5-S-cysteinyldopamine (CDA) to autoxidize at a concen-
tration of 10 mM in sodium bicarbonate (0.05 M). Dip-coated
quartz, glass, plastic and metal were effectively coated with
PCDA under these conditions. The resulting polymer, either in
suspension or thin film form, efficiently promoted the oxidation
of GSH in phosphate buffer at pH 8.5, leading to a depletion of
between 65 and 80% in less than 3 hours. This was compared
to polydopamine, which had little impact on the GSH concen-
tration. Interestingly, the effect was not observed when the solu-
tion was deoxygenated, indicating an essential role for O, in the
autooxidative effect. While these materials are not responsive to
GSH per se, they nevertheless indicate an interesting interaction
with the molecule which may warrant further investigation for
potential sensing applications.
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6. Conclusions and future outlook

Clearly, the potential for using elevated GSH concentration as
a release trigger for smart drug delivery systems has motivated
the synthesis of a great many new materials. Of these, the vast
majority employ disulphide (or diselenide) linkages as GSH
responsive moieties. Disulfides can be readily incorporated
into polymers through fairly straightforward chemistries, and
this has undoubtedly contributed to the substantial array of
materials that have been reported. For instance, a polymer
with carboxylic acid functionality can be easily crosslinked
with GSH responsive linkers through reaction with cystamine,
using simple amide coupling mediated by carbodiimides
or N-hydroxysuccinimidyl esters. Alternatively, polymers syn-
thesized by free radical polymerization can be readily modi-
fied with disulfides through the incorporation of N,N'-bis(acryl-
oyl)cystamine in the polymerization. Disulfides can also be

122 | Polym. Chem., 2017, 8, 97-126

readily incorporated by using an activated disulphide (like
pyridyl disulphide) as a precursor to the desired disulphide
linkage. Given the ease with which these chemistries can be
applied, there is little wonder that so many different disul-
phide containing materials have been developed. Materials
with a disulphide at the junction of two blocks, or in the core
of a micelle, or linking a therapeutic agent directly have pro-
vided great scope for investigating these materials in vitro.
These studies provide a good evidence base for suggesting that
disulphide-containing materials may be useful in developing
next generation drug delivery vehicles, whether it be for the
delivery of chemotherapeutic agents or genetic material such
as pDNA or siRNA.

While there is no shortage of in vitro evidence for the utility
of disulphide containing materials in drug delivery, the in vivo
evidence base is less well-formed. There have been far fewer
investigations of the use of disulphide containing materials in

This journal is © The Royal Society of Chemistry 2017
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animal models, and in many cases in vivo testing is a minor
element of paper more generally concerned with material syn-
thesis. Moreover, there is a lack of studies in which the con-
trols provide clear, unambiguous evidence for the advantages
of incorporating a disulphide. As such, while the usefulness of
GSH responsive polymers has been clearly demonstrated
in vitro, the jury remains out on whether this will translate to
clear clinical benefits when the same materials are applied to
animals or humans. Moreover, how GSH-responsive materials
might impact on the extracellular concentrations of GSH is
also worthy of some investigation. It is one thing to say that
particles are stable in the bloodstream, but are they impacting
the blood chemistry in possibly deleterious ways? This issue is
generally neglected by researchers in studies where the focus
in firmly on delivery as opposed to the potential biochemical
impact of the materials.

Of course, as we have demonstrated, there are numerous
other strategies for imparting GSH responsive behaviour aside
from simply incorporating a disulphide linkage into the
polymer structure. For example, exploiting the competitive
coordination of GSH with certain elements may hold some
promise, particularly in the delivery of platinum based drugs.
Along the same lines, the use of gold nanoparticles in the
preparation of GSH responsive materials may offer numerous
possibilities due to the strong associations between gold and
thiols: there is undoubtedly scope for further investigations in
this area. Moreover, materials for which GSH can be used to
trigger phase transitions provide scope for further work, as do
systems where GSH-responsive polymers are combined with
mesoporous particles or supramolecular materials. The recent
reports in which H,S releasing materials are stimulated by
thiols also suggest that there may be other, hitherto un-
explored applications of GSH responsive materials that are
quite distinct from traditional drug delivery applications.
Altogether, we conclude that there is a promising future for
the development of GSH responsive materials, with work on
disulphide and diselenide based drug delivery systems likely to
continue alongside the emergence of exciting new materials
that respond to GSH in new ways.
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