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Pyridyl disulfide-based thiol-disulfide exchange
reaction: shaping the design of redox-responsive
polymeric materials
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Recent years have witnessed an increase in the utilization of stimuli-responsive polymers in various areas
of materials and biological sciences. In particular, disulfide linkage containing redox-responsive polymers
have attracted interest in various biomedical applications ranging from fabrication of drug delivery vehicles
to diagnostic interfaces. Cleavage of the disulfide linkage in the presence of an endogenous reducing
agent, namely, glutathione, also found in increased amounts in diseased tissues has led to the incorpor-
ation of this particular linkage into several therapeutic platforms. Among the various methods available for
introducing the redox-sensitive disulfide unit, the pyridyl disulfide (PDS) moiety has been one of the most
widely employed building blocks. The rapid thiol-disulfide exchange reaction of the PDS group with thiol
functional groups has been exploited from the reversible conjugation of therapeutic agents to the fabrica-
tion of redox-responsive crosslinked materials such as hydrogels and nanogels. This review provides an
overview of various synthetic approaches utilized to incorporate this particular thiol-reactive motif into
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different types of polymeric materials and briefly highlights its utilization to obtain functional materials.

1. Introduction

Conjugation of bioactive agents ranging from small molecules
such as drugs, imaging agents, and receptor-specific targeting
groups, to large bio-macromolecules such as proteins, oligonu-
cleotides, and growth factors onto polymeric platforms is
actively pursued in many areas of biomedical sciences such as
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diagnostics, therapeutics, and tissue engineering." In all of
these applications, the nature of the specific chemical linkages
employed to conjugate the biologically relevant motif to the
polymeric material plays a critical role in their eventual per-
formance. Though seemingly trivial, the chemical attachment
of biomolecules to polymeric materials has always been a chal-
lenge. The high efficiency of such conjugations under mild
conditions, as well as their execution with high specificity,
without the formation of by-products, is important. Enhanced
steric hindrance posed by the large structure of polymers, as
well as several biological molecules, makes such conjugations
demanding. Furthermore, the multitude of several functional
groups present on most biomolecules can lead to several unde-
sirable reactions leading to eventual crosslinking or non-
specific functionalization of these materials. For several
decades, a lot of effort has been dedicated to developing versa-
tile, effective, and easy to implement conjugation strategies. In
recent years, click chemistry-based methodologies have
expanded the conjugation tool-box and opened new avenues in
the design, synthesis, and applications of functional polymeric
materials.””** While efficient conjugation of (bio) molecules of
therapeutic interest to polymeric materials can be a boon,
robust conjugation to macromolecules may also compromise
their performance. Thus conjugation of the therapeutic agent
through a reversible linkage, which would release it from the
polymeric component, preferably, at the site of action, would
be highly desirable. While many reversible linkages such as
hydrazones,"? acetals,"* carbamates,">'® and Diels-Alder cyclo-
adducts'” have been investigated to date, interest in the utiliz-
ation of a disulfide-based linker has been ever increasing. The
presence of an increased amount of glutathione, a thiol-con-
taining tripeptide, in inter and intra-tumoral environments as
an endogenous disulfide cleaving agent has propelled the
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incorporation of the disulfide group into therapeutically rele-
vant polymer conjugates.'®' Examples in subsequent sec-
tions will highlight that one of the most effective approaches
to attain disulfide linkage based conjugation is mediated
through the utilization of the pyridyl-disulfide (PDS) moiety.

Another actively pursued area with emerging utilization of
the disulfide linkage is fabrication of redox-responsive cross-
linked polymeric materials.”>** Crosslinked materials from
nanogels, microgels to bulk hydrogels find widespread use in
various applications related to diagnostics and therapy. In
many of these applications, degradation of the crosslinked
structure can be beneficial, e.g. promoting release of thera-
peutic agents when exposed to thiol-containing compounds,
present either endogenously or exogenously. Facile fabrication
of such disulfide linkage containing polymeric materials has
been often undertaken by employing the thiol-disulfide
exchange reaction. In particular, as discussed in sections
below, the PDS based motif has been employed as the di-
sulfide component due to its fast reaction with thiol-contain-
ing polymers or crosslinkers.

In this review, we aim to provide an overview of the vital
role played by the thiol-reactive PDS group in the fabrication of
various redox-responsive functional polymeric materials
(Scheme 1). The range of polymeric materials where the PDS
functional group has been employed spans from soluble poly-
mers to crosslinked ones like nanoparticles, gels and surface
coatings. This review highlights the synthetic approaches used
for incorporating the PDS group, as well as discusses briefly
the potential application of these PDS-containing polymeric
materials. In particular, various approaches used over the past
two decades are summarized. While earlier approaches
involved introduction of the PDS-moiety through post-polymer-
ization modifications, recent years have witnessed increased
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Scheme 1 Schematic representation of common applications of the PDS functional group based exchange chemistry in fabrication and functionali-

zation of polymeric materials.

utilization of PDS-containing initiators, chain transfer agents
(CTAs) and monomers.

2. Thiol-based conjugations: the
thiol—pyridyl disulfide exchange
reaction

The thiol functional group has been exploited for decades in
bioconjugation processes ranging from modification of pro-
teins with dyes to immobilization of ligands and proteins on
solid supports for chromatographic purposes. In recent years,
interest in thiol-based modifications has intensified due to
high efficiency of the thiol-based click reactions. The thiol
functional group is known to undergo efficient reactions>*
with a variety of functional groups such as electron-rich
alkenes,” electron-deficient  alkynes,>®*”  para-fluoro
benzenes, epoxides,®*?! thioesters®>* and disulfides.****
In particular, the nucleophilic thiol-maleimide and radical
thiol-ene reactions have been widely employed in fabrication
and functionalization of polymeric materials.>*™*! In particu-
lar, the nucleophilic Michael addition reaction between
cysteine-containing proteins or peptides and highly electron-
poor double bond containing maleimide functionalized poly-
mers has been widely studied. While these thiol-ene reactions
are quite efficient, other than the retro Michael-type reversal of
phenylthio-maleimide adducts,*” these linkages are in general

28,29
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not easily reversible. While not so common in the polymer
community until recently, another reaction that the thiol func-
tion group undergoes with high efficiency is the thiol-disulfide
exchange reaction. Biologists and biochemists have long used
the thiol-disulfide exchange reactions for cleavage of disulfide
bridges in proteins using dithiothreitol (DTT) as a reducing
agent,” as well as for quantification of thiol groups using
Ellman’s assay.”* The thiol-disulfide exchange is a SN2-type
nucleophilic substitution where a thiol-bearing molecule
reacts with either a symmetric or mixed disulfide group to
form a new thiol compound and a mixed disulfide (Scheme 2).
Additionally, this exchange reaction is quite pragmatic since it
can be generally implemented under mild conditions, at
ambient temperature and physiological pH. The exchange

SH
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Scheme 2 General representations of (a) thiol-disulfide, and (b) thiol—
pyridyl disulfide exchange reactions.
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reaction can take place reversibly in various solvents including
water, and can proceed in a broad range of reaction tempera-
tures and pH.*® Usually, thiol-disulfide exchange is promoted
at high pH due to the significant formation of thiolate ions
which enhances the active nucleophilic attacks to the disulfide
bond. Additionally, the rate constant of the thiol-exchange
reaction increases with increasing pK, of the thiol group due
to the increased nucleophilicity.*®

The PDS moiety has some characteristic attributes, which
makes it a functional group of choice for the thiol-based
exchange chemistry. In particular, the exchange reaction of the
thiol group with a pyridyl disulfide functional group proceeds
with very high efficiency. The reaction is driven to the right
due to the formation of the more stable tautomeric pyri-
dothione fragment from the pyridylthiol released upon
exchange, which also precludes any thiol-disulfide exchange
from the released thiol. Furthermore, the unique chemical
structure of the PDS functional group ie. the presence of a
basic pyridine group ortho to the disulfide sulfur atoms
efficiently facilitates the activation of disulfide groups in acidic
medium through protonation of the pyridine nitrogen.
Compared to other disulfide containing molecules, such as
5,5'-dithio-bis-(2-nitrobenzoic acid) (Ellman’s reagent) which
has applications in quantifying free thiol groups in a
7.8-10.4 pH range, the PDS functional group can react with
free thiols under relatively low pH conditions (3.4-8.1) due to
the favoured release of the 2-thiopyridone group.”” Of prag-
matic importance, the efficiency of the thiol-PDS exchange can
be quantitatively followed using UV-Vis spectroscopy by deter-
mining the amount of released 2-thiopyridone through its
characteristic absorbance e.g. near 343 nm in Krebs-Ringer
phosphate buffer (pH 7.2).*® The evolution of such an absor-
bance provides indirect evidence of the thiol-PDS exchange
based functionalization, which is quite important for cases
where it is either difficult or impossible to analyse the realiz-
ation of reaction since the amounts of materials are too low
for routine analytical techniques or in cases of functionali-
zation on crosslinked materials and surfaces. The commercial
availability of the commonly utilized starting material 2,2’
dithiodipyridine (2,2-DTDP) has also facilitated the wide-
spread adaptation of the PDS group for the fabrication of
redox-responsive polymeric materials.

3. Incorporation of the pyridyl
disulfide group into soluble polymers

In general, three different approaches have been employed for
the synthesis of PDS group containing polymeric materials.
These are categorized in the subsequent sections according to
the chemical strategies used to introduce the PDS functional-
ity. The widely employed methods are: (a) polymerizations
with PDS-containing initiators and CTAs, (b) polymerization of
PDS-containing monomers, and (c) post-polymerization modi-
fication with PDS-containing small molecules (Scheme 3). The
sections below outline the synthetic details to highlight the
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Scheme 3 General approaches for incorporating the PDS functional
group into polymeric materials.

facile accessibility of PDS group bearing polymeric materials,
along with a brief description of their possible applications.

3.1. Installation of the pyridyl disulfide group through post-
polymerization modification

Modification of macromolecular constructs is challenging as a
result of the encountered steric hindrance. Over the past
decade, several studies demonstrate that employment of ‘click’
chemistry based transformations addresses such issues with
post-polymerization functionalization. Efficient functionali-
zation of polymeric materials can be achieved using chemical
transformations that proceed with fast kinetics under mild
conditions.*® Along similar lines, the high efficiency and fast
kinetics of the PDS based thiol-disulfide exchange reaction
make it an attractive method for achieving a disulfide based
post-polymerization functionalization of polymers appended
with the PDS group. The most commonly used method to
prepare PDS-functionalized polymers is to modify the poly-
mers with a PDS-containing small molecule. This method
requires appropriate reactive moieties as terminal end groups
or side chains of polymers. In many of the early examples, the
PDS group was used as a common moiety in heterobifunc-
tional polymers because of its selective and orthogonal reactiv-
ity with thiol groups in the presence of other reactive groups.
With the advent of polymerization methods such as controlled
living radical polymerization and ring opening polymerization,
the incorporation of reactive functionalities into polymers to
afford subsequent PDS attachment could be modularly
achieved. The reaction conditions such as the type of polymer,
temperature, pH, solvent and reaction stoichiometry between
the polymer reacting moiety and PDS-containing molecule
obviously have utmost importance to attain a high degree of
functionalization. One of the widely used approaches for incor-
porating the PDS functional group onto polymers involves
treatment of the thiol group on the polymer with 2,2-DTDP

This journal is © The Royal Society of Chemistry 2020
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Table 1 General overview of post-polymerization PDS-group modification methodologies of various functional polymers

N
@‘s's £ i i sl
U S S !
) S,
SH — s €—— [,
N7y
Strategy 1 X @1 Strategy 2
Polymer Reacting moiety Strategy Modification method Application/significance Ref.
PEG O 1 Deprotection of the trityl group, Synthesis of heterobifunctional PEG 50
O followed by exchange with derivatives
N pyridylsulfenyl chloride
PLA S 1 Deprotection of the trityl group, Synthesis of side chain thiol reactive 60
O followed by exchange with 2,2'- polyesters
DTDP
PEG NW/S\"/OV 1 Aminolysis, followed by exchange Synthesis of heterobifunctional PEG 51
s with 2,2'-DTDP derivatives
PEG S 1 Aminolysis, followed by exchange Synthesis of heterobifunctional PEG 52
g n with 2,2"-DTDP derivatives
PMMA, PHPMA, 1 Aminolysis, followed by exchange Synthesis of end chain thiol reactive RAFT 54
PNIPAAmM, POEGA, S Y© with 2,2'-DTDP polymers
PS
S
PHPMA 1 Aminolysis, followed by exchange Preparation of polymeric carbohydrate 55
with 2,2-DTDP scaffolds for the attachment of biomolecules
PNIPAAM S o 1 Aminolysis, followed by exchange Synthesis of thiol end chain reactive RAFT 56
wS)J\S/\)J\OH with 2,2"-DTDP polymers
PEOz S 1 Aminolysis, followed by exchange Preparation of diblock copolymers as 57
3 n with 2,2'-DTDP nonviral gene carriers
PNIPAAmM ""S\”/S\/ 1 Aminolysis, followed by exchange Preparation of thermally-responsive protein 58
3 with 2,2'-DTDP nanocapsules
PolyPOEGA Stars WS\H/S\/ 1 Aminolysis, followed by exchange Synthesis of biodegradable star polymers 59
s with 2,2"-DTDP with B-cyclodextrin complexes
PNIPAAmM nne S NH, 2 Amidation by NHS functional PDS  Preparation of thermo-responsive polymer- 61
molecules protein conjugates through disulfide bonding
PGA 2 Amidation by amine functional Preparation of redox-responsive polymer- 62
PDS molecule protein conjugates
PF-DBT-PEG o 2 Amidation by amine functional Preparation of conducting polymers with 63
O’X PDS molecules solubility-induced fluorescence conversion
for detection of thiols
Hyaluronic acid 2 Amidation by amine functional Preparation of redox-responsive shell- 64
PDS molecules crosslinked nanoparticles for tumor-targeted
drug delivery
PCl 2 Amidation by amine functional Side chain functionalization of PCl with thiol 67

PDS molecules

containing peptides and resulting self-
assembly

Abbreviations: PLA: poly(lactic acid); PMMA: poly(methyl methacrylate); PHPMA: poly(hydroxypropylacrylamide); POEGA: poly(oligoethylene
glycol acrylate); PS: polystyrene; PGA: poly(glutamic acid); PF-DBT-PEG: poly(1,4-dithienyl benzothiadiazole)-poly(ethylene oxide).

(Table 1). Although this method proceeds with high efficiency
by virtue of the facile nature of this particular thiol-disulfide
exchange reaction, due to the facile oxidative coupling of the
thiol group, the thiol-based precursors should be generated
either in situ or just before the exchange reaction. As an
alternative approach, the PDS group is incorporated into non-
thiolated polymers through post-polymerization modification
with a PDS-containing fragment (Table 1).

One of the very first examples of trapping of an in situ gen-
erated thiol group as a PDS group was reported by Kataoka
and coworkers.”>! In this study, acid sensitive initiator potass-

This journal is © The Royal Society of Chemistry 2020

ium 4-(diethoxymethyl)benzylalkoxide was used in ring-
opening polymerization of ethylene oxide to synthesize a
linear polyethylene glycol (PEG) polymer, followed by addition
of methanesulfonyl chloride to terminate the polymerization.
The methylsulfonyl end group was then converted to a dithio-
carbonate group with addition of  potassium
O-ethyldithiocarbonate. Thereafter, the ethyldithiocarbonate
end group was converted to the PDS group in a one pot pro-
cedure involving reduction to the thiol group by aminolysis
with addition of n-propylamine, followed by treatment with
2,2"-DTDP. Based on 'H NMR analysis, 99% of w-end conver-

Polym. Chem., 2020, 1, 7603-7624 | 7607
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sion to the 2-pyridyldithio group was confirmed. As an alterna-
tive, aminolysis of thioesters also generates reactive thiol
groups on the polymer chain. Thioester terminated polymers
can be readily obtained by subjecting an alkene terminated
polymer to the thiol-ene reaction with thioacetic acid. For
example, Nagasaki and coworkers synthesized linear PEG from
ethylene oxide using allyl alcohol as an initiator, and termi-
nated it with succinic anhydride to obtain a carboxylic acid
and alkene terminated hetero-telechelic polymer.*> To gene-
rate the free thiol group on the polymer, the double bond was
first functionalized with thioacetic acid through the thiol-ene
reaction under UV irradiation, and then the thioester group
was converted to the PDS group in the presence of 2,2-DTDP
and n-propylamine to give pyridyl disulfide and acid termi-
nated hetero-bifunctional linear PEG. These studies also
demonstrated orthogonal reactivity of the PDS groups in the
presence of other functional groups. More recently, Wandrey
and coworkers reported synthetic pathways for obtaining
azide/PDS and amine/PDS terminated linear PEGs through
modification of commercially available hydroxyl group termi-
nated linear PEG (Fig. 1a).>® In one approach, a PDS group was
introduced to one end of the polymer chain by converting one
of the hydroxyl groups to a tosylate leaving group, followed by
its replacement with a thioester functional group. At this
point, the other hydroxyl group was transformed to a mesylate
leaving group. Aminolysis was used to convert the mesylate
group to an amine moiety, while reducing the thioester group
to a thiol functionality that was reacted with 2,2-DTDP to
install the PDS end group. Using a similar approach a hetero-
telechelic PEG containing an azide and PDS group was also
obtained.

(a)

0
HO/\/(/O\/‘);‘OH —Ag0.K.TsCl Ho/\/éo\/tms <D0y Ho/\/w\/)‘nsj\

o
MsCl, EtN Mso/\/(,o\/\tsk NH,, MeOH HZN/\(,O\/?:S,S\U/Nj
NF
( ]\ b N
{
2,2'.DTDP )

(b) >

N N S ,L;\NJ

M 2,2°.DTDP M‘ :

\)L o __CHOH Qn/L >/H
j])\ Alcatayst calalysl Jj/ )HAN\

1‘r|

s AL g pazm o Jj o

(c)

Fig. 1 Examples of synthetic approaches to obtain PDS-containing
polymers using 2,2'-DTDP: (a) from commercial PEG polymers,>* (b)
from thioester terminated polymers obtained using RAFT polymeriz-
ation,® and (c) from polymers containing a protected-thiol group side
chain.®® Adapted from Wandrey et al.>® with permission. Adapted from
Davis et al.>® with permission. Copyright © 2009 by Wiley-VCH Verlag
GmbH & Co. Adapted from Pappalardo et al®° with permission.
Copyright © 2016 by American Chemical Society.
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Over the past two decades, polymers synthesized through
reversible addition fragmentation chain transfer (RAFT)
polymerization have been widely used with PDS chemistry. As
mentioned earlier, trithiocarbonate and thioester groups from
RAFT chain transfer agents can be reduced to a free thiol
group in the presence of primary or secondary amines, and the
freshly generated thiol group can be converted to a PDS func-
tionality in the presence of 2,2-DTDP through the thiol-di-
sulfide exchange reaction (Fig. 1b). Bulmus, Davis and co-
workers have made several vital contributions in the field of
post-modification of polymers with pyridyl disulfide.”*>> As
one of the early examples, they reported introduction of a PDS
end group on a polymer synthesized using RAFT polymeriz-
ation.’®  They synthesized  poly(N-isopropylacrylamide)
(PNIPAAm) using RAFT polymerization for subsequent conju-
gation with a biomolecule. 2-Aminoethanol was used to reduce
the trithiocarbonate group on the RAFT agent to a thiol, which
upon treatment with 2,2-DTDP furnished a PDS group con-
taining polymer, which was subsequently functionalized with
a hexapeptide through the thiol-PDS exchange reaction. This
approach of installation of the PDS end group was also utilized
for obtaining diblock copolymers consisting of a disulfide
group at the block junction. Hsiue and coworkers reported a
diblock copolymer system by coupling of poly(2-ethyl-2-oxazo-
line) (PEOz) and linear polyethylenimine (LPEI) through the
thiol exchange reaction.®” Briefly, thioacetate terminated PEOz
was reacted with 2,2-DTDP in the presence of ammonia to
yield a PDS group terminated PEOz. This polymer is converted
to LPEI in acidic solution at high temperature. Thereafter, thus
obtained PDS-terminated LPEI was reacted with a thioacetate
terminated PEOz using aminolysis to yield a disulfide junction
containing diblock copolymer PEOz-b-LPEIL. These diblocks
were utilized to condense DNA into stable polyplexes. While
the transfection ability of PEOz-b-LPEI was as high as LPEI, it
exhibited lower toxicity toward cells, presumably due to lower
cationic charge density. A similar approach was utilized by
Maynard and coworkers for obtaining temperature-responsive
protein cages using PNIPAAm synthesized via RAFT polymeriz-
ation.>® PDS-terminated PNIPAAm was obtained through post-
polymerization aminolysis followed by treatment with 2,2'-
DTDP. Conjugation of PDS-terminated PNIPAAm with a thiol-
containing protein cage yielded thermally-responsive protein
nanocapsules. A similar strategy for installation of the PDS
group at the chain end in the three-arm star polymer was used
by Davis and coworkers.”® Apart from post-polymerization
modification of end groups of polymers, side chains of poly-
mers can also be modified to incorporate the PDS group. For
example, Pappalardo and coworkers utilized a trityl (trt) pro-
tected thiol-containing lactide-based monomer, which they
copolymerized with caprolactone (CL) and i-lactide to obtain
degradable copolymers (Fig. 1c).®® Removal of the protecting
groups using triethylsilane and trifluoroacetic acid generated
free thiol groups, which upon treatment with 2,2-DTDP
installed PDS groups along the side chain.

Another widely used approach to introduce the PDS group
involves treatment of polymers containing reactive functional

This journal is © The Royal Society of Chemistry 2020
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groups e.g. activated esters with the PDS group bearing small
molecules containing complementary reactive groups such as
amines (Table 1).°"% One of the earliest examples of such
modification was reported by Caldwell and coworkers.®®
Activated carbonate group terminated poloxamer coated sur-
faces were modified with 2-(2-pyridyldithio)ethylamine to yield
a PDS containing polymeric surface. It was shown that binding
efficiency of p-galactosidase was significantly higher on the
PDS group modified surface compared to the non-modified
counterpart. In a recent study, they reported a post-polymeriz-
ation modification of the NHS-activated ester side chain
bearing polycaprolactone (PCL) copolymer with 2-(2-pyridyl-
dithio)ethylamine.®” The pendant PDS groups were functiona-
lized with GSH and r-carnosine-SH through the thiol-PDS
exchange reaction to facilitate self-assembly of peptide functio-
nalized PCL to form vesicles or micelles depending on the pH.

To collectively demonstrate the preferred post-polymeriz-
ation modification strategies, Table 1 summarizes a list of
studies that utilize either end-chain or side chain functional
polymers for installation of the PDS group.

As shown by the abovementioned examples, a variety of
conjugation methods are available for introducing the PDS
functional group onto polymers as terminal or side chain
groups. While such approaches are simple and may be prag-
matic for modification of polymers, earlier it was mostly
used for modification of commercially available polymers.
As with any post-polymerization modification, the extent
and efficiency of the process will also depend on the struc-
ture of the macromolecule. In order to gain access to func-
tional polymers with precise positioning, as well as control
over the amount of PDS groups, direct incorporation
through utilization of PDS-containing initiators or mono-
mers has emerged as a widely used approach. Utilization of
appropriately designed initiators or monomers, coupled
with their implementation in different types of polymeriz-
ations, allows access to a large variety of compositionally
different polymers. Subsequent sections focus on the syn-
thesis of polymers where this niche thiol-reactive functional
group is incorporated directly during polymerization and
highlight examples that exploit the PDS mediated thiol-
disulfide exchange reaction for obtaining functional
materials.

3.2. Utilization of PDS-functionalized initiators and chain
transfer agents

Instead of incorporating the reactive functional group of inter-
est through post-polymerization modification steps, one can
introduce the reactive group directly into the polymeric struc-
ture by employing initiators, CTAs or monomers bearing the
reactive group. In recent years, polymers bearing the PDS
group at their chain-end have been increasingly synthesized by
employing appropriate PDS functional group containing
initiators or CTAs using a variety of polymerization techniques
such as atom transfer radical polymerization (ATRP), reversible
addition fragmentation chain transfer (RAFT) polymerization
and ring opening polymerization (ROP).

This journal is © The Royal Society of Chemistry 2020
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Over the past several years, Maynard and coworkers have
utilized the PDS-thiol exchange chemistry to design several
polymer-biomolecule conjugates.®®®® In one of their seminal
contributions, a PDS-containing ATRP initiator was prepared
by reaction of a PDS-containing alcohol with 2-bromo-2-
methylpropionic acid through N,N‘-dicyclohexylcarbodiimide
(DCC) coupling to yield a PDS group bearing ATRP initiator
(Fig. 2a).°® A 2-hydroxyethyl methacrylate (HEMA) based hydro-
philic polymer was synthesized, and utilized for conjugation
with bovine serum albumin (BSA) through a thiol-PDS
exchange reaction. Few years later, the same group polymer-
ized a glycomonomer using the same PDS-containing initiator
for conjugation of biomolecules and patterning on gold sur-
faces. Obtained glycopolymers were used for conjugation of
small interfering RNA (siRNA) through the disulfide exchange
reaction.”®

Due to concerns with residual amounts of metal salts that
pose challenges in their complete removal and thus may poss-
ibly interfere with the activity of biomolecules or pose cellular
toxicity, metal-free polymerization techniques such as RAFT
have gained popularity.”"”* In the following years, several PDS
group containing CTAs for utilization in RAFT polymerization
were synthesized through esterification or amidation reaction
between a RAFT CTA and with an amine or alcohol group
bearing PDS moiety containing molecules.”* A great deal of
contributions with several innovative examples of PDS contain-
ing RAFT agents have been reported by Davis and coworkers.
Using a ‘graft from’ approach Davis, Bulmus and coworkers
reported a clever approach to obtain a hetero-biofunctional
polymer-protein conjugate.”” A bifunctional RAFT agent con-

(a) (b)
0 0
Br A~ SN ~S S Ae~g-S N
><U\O 577N7 H g 0 S T ﬂ
- S X
HEMA PEG-acrylate
" T
ATRP | ¢uBr, bipy RAFT aiBN, 70 °c
0 o

7-8

Fig. 2 (a) Synthesis of pHEMA with PDS containing the ATRP initiator,5°
and (b) synthesis of reversible sSiRNA—polymer conjugates’? mediated by
thiol—pyridyl disulfide exchange reactions. Adapted from Maynard
et al.®® with permission. Copyright © 2018 by American Chemical
Society. Adapted from Bulmus, Maynard et al’? with permission.
Copyright © 2008 by Royal Society of Chemistry.
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taining two PDS groups was reacted with BSA in a site specific
manner to obtain a BSA-macro RAFT agent. Polymerization of
oligo(ethylene glycol) acrylate (OEGA) afforded polymers con-
taining a BSA-polymer conjugate with a PDS group at the
polymer chain end, which could be modified using thiol-con-
taining cholesterol or fluorescent dye. In an early study, in
2007, Bulmus, Davis and coworkers reported RAFT polymeriz-
ation mediated synthesis of a block copolymer of PEG acrylate
and butyl acrylate (BA) using a PDS group containing CTA. As a
demonstration of end-group modification, the obtained
polymer was treated with 11-mercapto-1-undecanol, and the
high efficiency (ca. 90%) of the thiol-disulfide exchange reac-
tion was confirmed from the release of pyridine-2-thione, as
monitored by evolution of its characteristic UV-Vis absorp-
tion.”® Subsequently, the potential application of similar PDS-
containing polymers for reversible conjugation of small inter-
fering RNA (siRNA) in an efficient manner was reported by
Bulmus, Maynard and coworkers (Fig. 2b).”> A PDS-containing
RAFT agent was utilized to obtain poly(PEG acrylate) based
hydrophilic polymers. A 5'-thiol modified siRNA fragment was
efficiently conjugated (ca. 88.3 = 6.5%) to the chain end of
polymers using the thiol-disulfide exchange reaction. In a sub-
sequent study, it was demonstrated that conjugation to the
polymer significantly enhanced in vitro serum and nuclease
stability, compared to the free siRNA.”” As another example of
biological applications of the PDS-based polymers, Stayton
and coworkers reported the synthesis of a proapoptotic
peptide polymer conjugate where the bioactive peptide was
linked to an endosomolytic polymer through a disulfide
bond.”® A PDS-containing CTA was obtained through coupling
of an  aminoethyl pyridyl disulfide with an
N-hydroxysuccinimide-activated RAFT agent. A copolymer com-
posed of a hydrophilic N-(2-hydroxypropyl) methacrylamide
based first block, and a second pH-responsive and ampholytic
block composed of dimethylaminoethyl methacrylate, propy-
lacrylic acid and butyl methacrylate (BMA) monomers was syn-
thesized using the PDS group containing RAFT agent. The
obtained diblock copolymer was functionalized with a thera-
peutic peptide through the thiol-PDS exchange reaction to
yield a peptide-polymer conjugate that demonstrated signifi-
cantly higher apoptotic activity against HeLa cervical carci-
noma cells, when compared to the free peptide (Fig. 3).

An early study that demonstrates an interesting application
of polymers containing a PDS group at their chain end for
protein purification was reported by the Maynard group.”® A
strategy for purification of glutathione S-transferase (GST)
protein with a glutathione (GSH) conjugated thermoresponsive
PNIPAAm polymer was developed. Briefly, a PNIPAAm polymer
synthesized using a PDS group bearing RAFT agent was modi-
fied with the GSH peptide through the thiol-disulfide
exchange reaction. This GSH-containing thermoresponsive
peptide-polymer conjugate binds selectively to the GST
protein. The polymer-GST conjugates were isolated by precipi-
tation upon heating the polymer above its lower critical solu-
tion temperature (LCST) of 37 °C. Thus precipitated protein—
polymer conjugates were separated using rapid high speed
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Fig. 3 Synthesis of the pH-responsive diblock-copolymer using the
PDS-bearing RAFT initiator for peptide conjugation.”® Adapted from
Stayton et al’® with permission. Copyright © 2009 by American
Chemical Society.

centrifugation. Recently, the Maynard, Terashima and co-
workers have extended the approach to obtain lysozyme conju-
gates with amphiphilic/fluorous polymers that form protein
encapsulated aggregates in aqueous media.®°

It is well known that conjugation of polymers to bioactive
molecules like proteins enhances their stability.*" Such conju-
gations also allow recyclability, as recently demonstrated by
De, Datta and coworkers.®” The authors prepared a thermo-
responsive PNIPAAm conjugate of thermophilic p-glucosidase
(B8CYAS8) which showed high enzyme activity, thermal stabi-
lity, long half-life and reusability. A f-glucosidase-macro CTA
obtained using the thiol-PDS exchange reaction between a
cysteine residue on the enzyme and PDS-containing RAFT CTA
was used for growing the PNIPAAm chain using the ‘grafting
from’ approach (Fig. 4a). Another interesting contribution
involving PDS-containing polymers was reported by Maynard
and coworkers who prepared a protein—polymer conjugate
using the ‘graft to’ approach.®® While trehalose has been long
used as a stabilizing excipient to retain protein activity upon
lyophilization, a creative demonstration of using a trehalose-
based protein-polymer conjugate was reported. The trehalose-
containing monomer based glycopolymers containing the acti-
vated disulfide group at their chain end were obtained using
RAFT polymerization by employing PDS-containing CTAs
(Fig. 4b). Conjugation of obtained polymers to thiol-modified
hen egg lysozyme imparted them with significantly increased
stability when subjected to lyophilization or heat treatment,
compared to the unmodified protein.

Another important study that highlights the prominent role
of the thiol-PDS exchange based conjugation in accessing
protein—polymer conjugates was reported by Hoogenboom, De

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) 'Graft-from’' strategy for the synthesis of the thermo-
responsive enzyme-polymer conjugate,®? and (b) ‘graft-to’ strategy for
the synthesis of the trehalose based protein—polymer conjugate for
protein stabilization.®®> Adapted from De, Datta et al.®? with permission.
Copyright © 2018 by American Chemical Society. Adapted from

Maynard et al.®® with permission. Copyright © 2012 by American

Chemical Society.

Geest and coworkers.®! In this extensive study, authors com-
pared the efficiency and suitability of polymers containing
different reactive groups at the chain end, including the PDS
group, to obtain protein-polymer conjugates using the ‘graft-
to’ approach. N-Hydroxysuccinimide (NHS), pentafluorophenyl
(PFP), PDS and maleimide (MAL) modified RAFT agents were
prepared, and utilized to obtain hydrophilic pHEMA polymers.
Obtained results suggested that the PDS group acts as one of
the most efficient groups that enables efficient thiol-disulfide
exchange based coupling of the investigated polymers with
proteins like BSA and ovalbumin (OVA).

The Maynard group has also demonstrated that polymers
containing the PDS group at the chain end can be conjugated
to vault nanoparticles, which are natural non-immunogenic
ribonucleoprotein particles present in most eukaryotes.®
Authors fabricated protein nanoparticles responsive to both
temperature and pH by using polymers composed of NIPAAm
and acrylic acid (AA) monomers. Thiol-reactive polymers were
conjugated with the human major vault protein through the
thiol exchange reaction with thiol groups on the surface of the
vault protein nanoparticles. In this design the temperature
responsiveness of nanoparticles was dependent on pH of the
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View Article Online

Review

media. While there was no response below 60 °C at pH 7.0,
nanoparticles started to respond reversibly to the temperature
below 60 °C at pH 6 and started to aggregate.

Hetero-telechelic polymers containing the PDS group at the
chain end have been reported by employing appropriately
designed initiators or chain transfer agents. Bulmus, Davis
and coworkers reported an elegant strategy for direct access of
a,w-hetero-telechelic copolymers bearing an azide and a PDS
group at chain ends.®® A trithiocarbonate RAFT CTA contain-
ing an azide and a PDS group was used for polymerization of
various monomers such as styrene, NIPAAm, HPMA, OEGA
and methyl methacrylate (MMA). Efficient hetero-bifunctiona-
lization was demonstrated with the a-azide, w-PDS containing
PNIPAAm polymer through functionalization with an alkyne-
containing biotin ligand and thiol-containing tripeptide GSH,
among other biomolecules.

In recent years, a set of elegant reports by Ghosh and co-
workers have demonstrated that the versatile chemistry of the
thiol-PDS exchange reaction can be extended to functionali-
zation of biodegradable polymers. To obtain PDS end group
containing polyesters, hydroxyethyl pyridyl disulfide was used
to initiate ROP of lactide.®” Obtained polymers could be easily
modified with thiol-containing bioactive ligands like carbo-
hydrates, and chromophores like naphthalene-diimide. Apart
from using the thiol-disulfide exchange based conjugations,
the free thiol groups generated by addition of DTT to the PDS
terminated polylactide allow subsequent functionalization
using radical and nucleophilic thiol-ene conjugations (Fig. 5).

While most of the reports employ PDS-group containing
initiators to install this thiol-reactive group at the chain end of
the linear polymers, the use of appropriately designed

Sn(Oct),
toluene, 120 °C, 48h

ftag

/ \Thlo Sugar
0 0o .
e I L e
H H
0 o]
n n

"7 Thiol-acrylate

ROP
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<\

Thiol-ene
 Thiol-maleimide,

Conjugates

Fig. 5 Synthesis of thiol-reactive PDS-containing biodegradable poly-
mers.®” Adapted from Ghosh et al.®” with permission. Copyright © 2012
by American Chemical Society.
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initiators can yield multiarm polymers with the thiol-reactive
group at their core. As one of the examples, Davis and co-
workers reported a branched PHPMA polymer containing the
PDS group at the mid-chain location.®® A PDS group contain-
ing CTA bearing two thiocarbonate moieties was synthesized
to obtain polymers using RAFT polymerization. The thiol
exchangeable disulfide group was thus located at the midpoint
of the obtained polymers. Successful conjugation of the
obtained polymer with the thiol-bearing protein BSA was
demonstrated.

Another example of installing the PDS group at the core of
multiarm polymers was reported by Sanyal and coworkers.?? A
tetra-arm dendron based initiator was designed to contain a
PDS group at the focal point and radical initiators at its periph-
ery. The PDS-modified core allows for redox-responsive conju-
gation of thiol containing small molecules or peptides to
obtain multiarm star polymers. The hydroxyl groups at the per-
iphery of dendrons were converted to bromine-containing
ATRP initiators to grow PEGMA-based multiarm star polymers.
Water soluble multi-arm star polymers bearing the PDS at the
core were efficiently modified with thiol-containing dyes and
bioactive ligands. In particular, a thiol bearing KLAK-sequence
containing apoptosis inducing peptides was conjugated and
enhanced cytotoxicity of the polymer-peptide conjugate com-
pared to the naked peptide was demonstrated. Instead of
incorporation of the PDS group at the core of the multi-arm
star polymers, recent work by Kent, Davis and coworkers
shows that it is also possible to fabricate star copolymers
where the PDS groups are located at the chain termini of the
arms emanating from a crosslinked core.’® First, polymers con-
taining PDS groups at chain ends were synthesized using RAFT
polymerization. The hetero-telechelic arms were core-cross-
linked in the presence of an amine-reactive monomer (to sub-
sequently attach a fluorescent dye) and a bis-acrylamide cross-
linker. Enhanced association with particular subsets of white
blood cells was observed for the thiol-reactive nanoparticles.
The authors postulated that such thiol-reactive PDS-containing
nanoparticles may provide a viable strategy for targeting
subsets of primary human immune cells.

While a lot of focus has been given toward utilization of the
PDS group containing polymers at the chain end for the fabri-
cation of polymer-biomolecule conjugation, this particular
thiol-disulfide exchange reaction has been also demonstrated
as a powerful methodology to furnish redox-responsive diblock
and multiblock copolymers. Thayumanavan and coworkers
exploited the high efficiency of this coupling to obtain cleava-
ble diblock copolymers (Fig. 6).>

Polymers with the PDS group located at one of the chain
ends were synthesized using ATRP. The PDS end group in
these polymers could be reduced to yield thiol-terminated
polymers. Coupling of polymers bearing the PDS and thiol
groups proceeded under mild conditions in an efficient
manner to provide diblock copolymers with a redox-responsive
linkage at the junction point. Thayumanavan and coworker
utilized this strategy in a subsequent study to obtain block
copolymer assemblies that were sensitive to changes in three
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Fig. 6 Synthesis of a redox-responsive diblock copolymer obtained
using thiol—-disulfide mediated polymer—polymer coupling.®* Adapted
from Thayumanavan et al.°* Copyright © 2007 by American Chemical
Society.

different stimuli: temperature, pH and redox potential sensi-
tive.”> The amphiphilic diblock copolymer with a redox-sensi-
tive disulfide junction was obtained through combination of
the thiol-end group containing tetrahydropyran-protected
HEMA polymer as the acid-sensitive hydrophobic block and
the PDS end group containing PNIPAAm polymer as the
thermo-sensitive hydrophilic block. Authors note that such
multi-responsive systems not only allow fine-tuning of release
kinetics but also would provide delivery of therapeutics in a
location-specific manner.

In an elegant study, Gibson and coworkers employed the
reversible nature of the disulfide linkage to modulate the solu-
bility of hydrophilic polymers. They demonstrated that the
LCST of the polymer bearing the PDS group at the chain end
changes upon treatment with glutathione. In this study,
PEGMA and NIPAM were polymerized using a PDS-bearing
RAFT agent.”® Interestingly, it was observed that in reducing
environments, the LCST of these polymers changes because of
the exchange of the 2-mercaptopyridine end group with a thiol
group. Thus a coil-to-globule transition could be attained for
the polymer under ‘isothermal conditions’ i.e. without chan-
ging the temperature. Using these types of polymers, another
interesting approach to redox-responsive polymers was
reported by Gibson and coworkers. They polymerized a series
of acrylamides, methacrylates and acrylates with a PDS-bearing
RAFT agent.”*%

Aminolysis of the sulphur containing functional group of
the RAFT CTA fragment at the chain end of these polymers
induced a poly(condensation) reaction (Fig. 7). The thiol group
containing polymers reacted in situ with each other through
thiol-PDS exchange reaction to result in step-growth polymeriz-
ation. Using this approach, dual responsive polymers consist-
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Fig. 7 Synthesis of redox-responsive thermoresponsive polymers
through in situ polycondensation.>> Adapted from Gibson et al.>®> with
permission. Copyright © 2012 by Royal Society of Chemistry.

ing of thermoresponsive PNIPAAm based domains connected
to each other through redox-responsive disulfide bonds
formed during polycondensation were obtained.

A variety of examples that utilize appropriately designed PDS
containing initiators and chain transfer agents in preparation of
functional polymeric materials are summarized in Table 2.

The above examples demonstrate that a wide variety of
semi-telechelic or hetero-telechelic polymers bearing the PDS
group can be obtained through clever design of initiators and
CTAs. While most examples above demonstrate the usage of
the PDS group bearing polymer for obtaining a polymer-bio-
molecule conjugate using the ‘graft-to’ approach, the PDS
group has also been employed to facilitate the synthesis of
polymer-biomolecule conjugates using the ‘graft-from’
approach. For example, Davis, Bulmus and coworkers utilized
a PDS group bearing short PEG based water-soluble RAFT
agent for undertaking polymerization of NIPAAm from BSA.®
The PDS group containing a hydrophilic RAFT agent was con-
jugated to the protein using the thiol-PDS exchange reaction
with the available free cysteines on BSA. The obtained
BSA-RAFT agent was used to grow PNIPAAm, which rendered
the protein with ability to undergo thermo-responsive aggrega-
tion. Likewise, in another study, Maynard and coworkers
demonstrated that the ‘grafting from’ strategy can be success-
fully used to obtain polymer-siRNA conjugates, where the
siRNA conjugation with an ATRP initiator was mediated
through exchange between the thiol group on the oligo-
nucleotide and a PDS group bearing the ATRP initiator.””
Overall, the wide range of applications of the PDS end group
containing polymers as discussed above highlights the versa-
tile nature of this reactive group.

3.3. Installation through utilization of PDS-functionalized
monomers

The thiol-reactive PDS functional group can be directly incorpor-
ated into polymers as side chains using PDS-containing mono-
mers. In recent years, polymers containing multiple PDS groups
as chain units have attracted attention since they allow conju-
gation of several therapeutically active molecules which can be
subsequently cleaved under reducing conditions, and thus
provide a selective pathway for release.”® Also, as mentioned
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above, due to the orthogonal reactivity of the PDS group to
many other reactive monomers, copolymers bearing the PDS
group along with other reactive groups can undergo multi-
functionalization in a selective manner.’® In this section, we
review approaches taken to incorporate the PDS functional
group as side chain moieties into different classes of polymers,
obtained by using PDS-containing monomeric building blocks.
An early example of PDS-containing monomer was reported
by Stayton, Hoffman and coworkers.'”® A novel pyridyl di-
sulfide acrylate (PDSA) monomer was synthesized through
reaction between hydroxypropyl pyridyl disulfide and acryloyl
chloride in the presence of pyridine. Later, this monomer was
polymerized with methacrylic acid and butyl acrylate using
AIBN-initiated free-radical polymerization to yield a redox- and
pH-sensitive amphiphilic copolymer. Peptides containing
cysteine residues were conjugated to this terpolymer using the
thiol-disulfide exchange reaction. Antisense oligonucleotides
are ionically complexed with hexalysine conjugated polymer
and cellular uptake of the thus-obtained GSH sensitive
complex was investigated. Shortly after, Thayumanavan and co-
workers reported the PDS group bearing methacrylic monomer
(PDSMA), which was polymerized using ATRP to yield homopo-
lymers and copolymers, the latter upon polymerization in the
presence of N-hydroxysuccinimide methacrylate.'® The
PDSMA monomer was obtained in two steps: 2,2-DTDP was
reacted with 2-mercaptoethanol to yield a PDS group bearing
alcohol, which was subsequently treated with methacryloyl
chloride in the presence of a base. The orthogonally reactive
copolymers could be functionalized in a quantitative manner
using thiol and amine containing molecules either in a one-
step or sequential reaction. Such orthogonal functionalization
provides an attractive method to obtain multi-functional
systems given the presence of amine and cysteine groups in
various peptides and proteins. The versatility of the PDS group
containing polymers was also demonstrated by Bulmus and
coworkers, who synthesized polymers using RAFT polymeriz-
ation of the PDS containing methacrylate monomer.'%* They
showed that thiol-reactive homopolymers could undergo sim-
ultaneous multi-functionalization in a highly efficient manner
upon treatment with mixtures of thiol-containing molecules.
They also observed that the PDS-containing hydrophobic
homopolymers upon treatment with a hydrophilic peptide like
GSH yield amphiphilic copolymers that assemble into spheri-
cal aggregates in aqueous media, as suggested through
dynamic light scattering (DLS) and atomic force microscopy
(AFM) studies. The same group exploited the PDS group con-
taining homopolymers obtained using RAFT polymerization as
a macroinitiator to obtain diblock copolymers for fabrication
of crosslinked micellar drug delivery systems,'® as discussed in
the subsequent section. Along with these contributions, syn-
thesis of other multiblock copolymers using the PDSMA
monomer has also been reported.'®* As expected, amphiphilic
multi-block copolymers assemble to provide micellar structures
that can act as delivery vehicles for therapeutic agents. Stayton
and coworkers designed a diblock copolymer with HPMA and
PDSMA containing hydrophilic blocks and pH-responsive PAA,
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Abbreviations: NHSMA: N-hydroxysuccinimide methacrylate; PEGA: poly(ethylene glycol) acrylate, HEA: 2-hydroxyethyl acrylate; HPMA: N-(2-hydroxypropyl) methacrylamide; DMAEMA:
2-dimethylaminoethyl methacrylate; DEGMA: diethylene glycol methacrylate; OEGMA: oligoethylene glycol methacrylate; DMA: N,N-dimethyl acrylamide; tBuA: tert-butyl acrylate;

DEGMEMA: diethylene glycol methyl ether methacrylate.
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DMAEMA and BMA containing hydrophobic blocks.'” The
obtained pH-responsive polymeric micellar carrier with PDS
side chains was used to conjugate ovalbumin through the thiol-
PDS exchange reaction (Fig. 8). Compared to free ovalbumin,
the micelle-ovalbumin conjugate showed higher antigen cross-
penetration during in vitro experiments. Moreover, 90% of
micelle-ovalbumin conjugates were internalized in cells after
1.5 h, compared to 40% internalization of free albumin.

The PDS moiety has been also integrated as side chains in
biodegradable constructs, as reported by Zhong and co-
workers.'*® In their study, a PDS group containing a cyclic car-
bonate monomer and poly(e-caprolactone) were copolymerized
using ROP. Thereafter, the PDS groups were exchanged with
PEG-thiol to install hydrophilic side chains. DOX-loaded
micelles were fabricated using this amphiphilic copolymer
and redox-triggered release was demonstrated. As expected,
DOX release was enhanced in the presence of DTT (10 mM), in
contrast to release in a non-reductive environment. Another
interesting approach to incorporate the PDS group as side
chains into poly(p-amino ester)s was reported by Langer and
coworkers. Poly(p-amino ester)s can be readily synthesized by
the reaction of primary amines and diacrylates. In this study,
2-(pyridyldithio)-ethylamine was used as an amine-bearing
monomer and polymerized with a series of diacrylates to yield
poly(p-amino ester)s bearing PDS based side chains. Obtained
polymers were functionalized with thiol-containing peptide

(o]
A o
Ho s §oN CN 3o 0S

5h, 70 °C

V501, 30% EtOH 2

OH

p— V70, DMAc

¥ o g
2 Ho 18h, 30 °C
N
/

Fig. 8 Antigen conjugation on PDS-bearing pH-responsive poly-
mers.'%> Adapted from Stayton et al.'°> with permission. Copyright ©
2014 by Elsevier.
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RGDC and mercaptoethylamine through the thiol-disulfide
exchange reaction. Thus obtained polymers showed DNA-
binding ability, which decreases upon fragmentation when
exposed to intercellular glutathione concentration, and thus
can be anticipated to facilitate release of DNA inside the
cell.'””

In an interesting approach, the thiol-disulfide exchange
reaction was used in an elegant manner by Ghosh and co-
workers to obtain telechelic poly(disulfide) polymers bearing
the PDS group at chain termini.'®® The polycondensation reac-
tion of aldrithiol and 1,6-hexanedithiol provides access to poly-
mers with disulfide groups along the backbone and PDS group
at chain ends. Importantly, the selective thiol-PDS exchange
reaction allows modification of the chain ends to install
desired groups. For example, hydroxyl groups were obtained at
chain ends by treatment with 2-mercaptoethanol, followed by
ROP of cyclic lactide to yield triblock copolymers. In another
study, the authors demonstrated that the end groups could be
capped with a variety of functional groups using PDS-contain-
ing capping reagents during the polymerization step.'®® In a
subsequent study, the authors utilized this strategy to obtain a
redox-responsive micellar construct with tunable degra-
dation."® The triblock copolymers composed of a middle
block possessing different hydrophobicity (attained by using
1,6-hexanedithiol or 2,2'-(ethylenedioxy)diethane thiol), and
outer blocks based on poly(triethylene glycol monomethyl
ether) methacrylate (PTEGMA) were used (Fig. 9). The outer
blocks were grown using ATRP, after installation of the
required bromine initiator on the telechelic hydroxyl group
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containing polymer obtained using their previous protocol.
Triblock copolymers thus obtained were assembled into
micelles in aqueous media and were loaded with a hydro-
phobic dye, namely, Nile Red. It was demonstrated that the
overall hydrophobic character of the inner block has a note-
worthy effect on release of the cargo. An increased hydrophobi-
city of the micelle interior leads to slower disintegration and
release of cargo in the presence of GSH, presumably due to the
slow diffusion of the reducing agent into the non-polar
interior. In a recent study, authors extended the thiol-PDS
exchange based condensation polymerization to the synthesis
of hyperbranched polydisulfides by employing an A2 + B3 type
condensation approach of complementary monomers.''" In
another related study, PDS incorporation via termination of
polydisulfide synthesis via 2,2"-DTDP was later employed by Lu
and coworkers to obtain redox-responsive amphiphilic triblock
mPEG-b-PDS-b-mPEG copolymers.'"?

Another elegant and mechanistically interesting approach
to synthesize redox-degradable polyamides was recently
reported by Thayumanavan and coworkers by employing cas-
caded step-growth polymerization methodology based on thio-
lactone ring opening and disulfide-thiol exchange reactions. A
set of backbone disulfide containing polymers with variable
side chain groups were obtained by polymerization of an
amine containing PDS monomer along with thiolactone mono-
mers carrying diverse functionalities.""?

An overview of the preparation and applications of a variety
of PDS-containing polymeric materials obtained using PDS
functional monomers is shown in Table 3.

S
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Fig. 9 Synthesis of poly(disulfide) polymers using the PDS-thiol exchange reaction.™® Adapted from Ghosh et al.*° with permission. Copyright ©

2020 by Royal Society of Chemistry.
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Table 3 Examples of functional monomers, comonomers and types of polymerization employed for preparation of PDS-containing polymeric

materials
Polymerization
Comonomer PDS monomer method Application/significance Ref.
— o FRP Synthesis of pH and redox responsive nanoparticles for 98
SN drug delivery
(0) S N . . .
AA, BA ﬁ /\M/"\ \O FRP Synthesis of pH and glutathione responsive polymers 100
OEMA, PEGA RAFT Preparation of graphene/copolymer composites for pH 104
and biodegradation controlled drug delivery
HPMA, DMAEMA, 0 = FRP Preparation of peptide-functionalized mRNA polyplexes 99
AzZEMAmM S |
HPMA, AA, N s N RAFT Synthesis of pH-responsive polymer micelle carriers 105
DMAEMA, BMA
NHSMA o = ATRP Synthesis of orthogonally functionalizable copolymers 101
— PGNP | RAFT Synthesis of side chain thiol reactive polymers 102
HPMA o s N RAFT Preparation of doxorubicin conjugated acid- and redox 103
sensitive crosslinked micelles
OEGMA RAFT Synthesis of surface-functionalizable polymer nanogels 122
OEGMA RAFT Synthesis of polymer nanogels for concurrent binding 123
and delivery of proteins and lipophilic small molecules
OEGMA RAFT Synthesis of self-crosslinked polymer nanogels for drug 124
delivery
OEGMA RAFT Synthesis of self-crosslinked polymer nanogels 125
OEGMA RAFT Synthesis of polymer nanogels for intracellular drug 126
delivery
OEGMA, DEGMA RAFT Synthesis of enzyme-polymer hybrid nanogels 127
TrMA FRP Synthesis of trehalose glycopolymer nanogels for 128
glucagon stabilization
HPMA RAFT Fabrication of gelatin based dynamic hydrogels 134
PEGMA, DEGMA FRP Fabrication of bulk and patterned hydrogels for 137
reversible protein capture and cell attachment
VP, VPI, VCL RAFT Synthesis of N-vinyl lactam based reactive copolymers 138
Diacrylates = | MAP Synthesis of cationic polymers with thiol-reactive side 107
chains for DNA delive
H N/\/S\S \N ry
Thiolactones = | ROP/disulfide Synthesis of polyamides with backbone disulfide units 113
exchange
H N/\/S\S \N g
EAMFB, TBCPAM, 0o = I RAFT Synthesis of pH and redox responsive polymer 114
DMA nanoparticles
NS Sy P
| H
CBMA H m RAFT Fabrication of cell viable degradable hydrogels 135
0] N S<
)H‘/ ~N \n/\/ S \N
(@) (0]

Abbreviations: OEMA: oligoethyl acrylate; AzZEMAm: 2-azidoethylmethyacrylamide; TrMA: trehalose methacrylate; VP: N-vinylpyrrolidone; VPI:

N-vinylpiperidone; VCL: N-vinylcaprolactam; EAMFB:
propylaminoacrylamide; MAP: Michael addition polymerization.

4. Pyridyl disulfide chemistry in
fabrication and functionalization of
crosslinked materials: polymer
nanoparticles, nanogels and hydrogels
Apart from obtaining redox-responsive attachment of thera-
peutic agents to soluble polymers, the thiol-PDS exchange reac-
tion has also been exploited for reversible crosslinking or

attachment ie. for fabrication and/or functionalization of
crosslinked materials such as micellar nanoparticles, nano-

This journal is © The Royal Society of Chemistry 2020

N-ethylacrylamide-2-(4-formylbenzamide);

TBCPAM:  N-(tert-butoxycarbonyl)-

gels, hydrogels, and surface coatings. In particular, the incor-
poration of redox-sensitive crosslinks into bulk or particle
based drug delivery platforms is quite important since it
enhances the release of the therapeutic agent under enhanced
GSH environments specific to cancerous tumors and cells. The
breakdown of the crosslinked material enhances release of
encapsulated therapeutic agents, as compared to release path-
ways such as diffusion or erosion of the matrix. In this part of
the review, we highlight different types of chemically cross-
linked materials that have been obtained using the PDS group
mediated thiol-disulfide exchange reactions.
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4.1. PDS-functional group-based fabrication and
functionalization of polymer nanoparticles

One of the earliest examples of a redox-sensitive crosslinked
micellar nanoparticle system was reported by Bulmus and co-
workers.'®® An amphiphilic diblock copolymer was synthesized
using RAFT polymerization of HPMA and PDS-containing
methacrylate monomers. Treatment of this diblock copolymer
with tris(2-carboxyethyl)phosphine (TCEP), in the presence of
a maleimide-containing hydrazine based doxorubicin deriva-
tive, resulted in the in situ generation of drug conjugated di-
sulfide crosslinked micellar nanoparticles with an average dia-
meter of 60 nm in aqueous media. Redox-responsive degra-
dation of nanoparticles was observed upon treatment with an
excess amount of TCEP. The clever design of this drug delivery
system benefits from the pH-dependent drug release due to
the presence of the hydrazone linkage between the drug and
the carrier, as well as from redox-responsive degradation of the
carrier to warrant eventual clearance. Another example of
incorporation of the PDS group onto crosslinked polymeric
nanoparticles was reported by Hubbell and coworkers."** They
reported the synthesis of PDS-containing nanoparticles for
reversible conjugation of thiol-containing small molecules,
peptides and proteins. Using emulsion polymerization in the
presence of a carboxylate-pluronic, followed by treatment with
a cysteamine-PDS derivative, they obtained crosslinked poly-
meric nanoparticles bearing the thiol-reactive PDS groups on
their surface. Reversible conjugation of these nanoparticles
with a thiol-containing biotin, antigenic peptides and oval-
bumin was also demonstrated. An example of polymeric nano-
particles responsive to both acidic pH and reducing environ-
ments was reported by Fulton and coworkers.""> A set of copo-
lymers both bearing the PDS group along with either aldehyde
or amine functional groups were synthesized using a PDS-con-
taining acrylamide monomer. These copolymers were cross-
linked through imine- and disulfide-linkages in a sequential
manner to afford dual-crosslinked polymeric nanoparticles.
Complete dissociation of nanoparticles was obtained only in
the presence of both low acidic pH and reducing environments
obtained using TCEP. While examples of such redox-respon-
sive nanoparticles are limited, a surge of recent interest in
nanogels has led to many reports where the PDS group has
played an important role, as discussed in the following
section.

It should be noted that the PDS functional group has been
also used to modify inorganic surfaces. For example, thiol-
modified surfaces of silica nanoparticles can be converted to
PDS group containing surfaces which can be further functiona-
lized with thiol-containing polymers and proteins."'®'"
Alternatively, using a slightly different approach, thiol-modi-
fied surfaces of nanoparticles can be directly functionalized
with PDS-bearing polymers through the thiol-PDS exchange
reaction. Surface modification using the latter strategy was
reported by Oupicky, Brock and coworkers, who reported
PNIPAM coated mesoporous silica nanoparticles for tempera-
ture-depending uptake and release of small molecules."*® In
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particular, thiol-functionalized silica nanoparticles were
coated with PNIPAM containing a PDS group at the chain end.
Results showed that polymer-coated nanoparticles exhibited a
low level of leakage at 38 °C, a temperature above the LCST of
the polymer.

4.2. PDS-functional group-based fabrication and
functionalization of redox-responsive nanogels

In recent years, PDS-containing nanogels have been used for
protein/peptide delivery applications since these biologically
active agents can be attached in a reversible fashion, and thus
can be transported and released at the site of interest.'*®*2°
Naturally occurring or engineered cysteine containing proteins
and peptides can be conjugated on PDS-containing nanogels
under mild conditions using the thiol-PDS exchange reaction.
Besides protein/peptide conjugation, the PDS functional group
has also been used to introduce crosslinking to obtain stable
nanogels that are degradable under a reducing environment.
Two different approaches for crosslinking have been investi-
gated. One of the methods involves in situ generation of thiols
by cleaving few of the PDS groups on the polymer, which leads
to crosslinking by reaction with the residual PDS units on poly-
mers. The alternative method involves formation of self-
assembled nanoaggregates from PDS-containing polymers, fol-
lowed by crosslinking with dithiol-containing molecules
through the thiol exchange reaction.

Using the first approach, Thayumanavan and coworkers
have made seminal contributions to the fabrication of redox-
responsive nanogels using PDS-containing copolymers.'>'***
In one of their work, PDSMA and PEGMA were randomly copo-
lymerized using RAFT polymerization."** These PEGMA-based
polymers have relatively low LCST and give nanoaggregates
above their LCST. After formation of nanoaggregates, DTT is
added to the solution to induce crosslinking to yield nanogels
(Fig. 10). In situ encapsulation of hydrophobic molecules such
as drugs can be achieved during formation of the nanogels,
which can be released when exposed to biological reducing

(@) 4\;%‘?

(b)

Crosslinked
Nanogels

Drug Encapsulation in
the Polymer Aggregates

Drug Release
by Delinking

Fig. 10 (a) Synthetic approach, and (b) crosslinking strategy of PDS
bearing polymers to fabricate a redox-responsive nanogel based drug
delivery system.'®* Adapted from Thayumanavan et al'?* with per-
mission. Copyright © 2010 by American Chemical Society.
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agents such as GSH. Facile fabrication of the drug encapsu-
lated delivery vehicle, where crosslinking can be disrupted
under biological conditions found in cancerous tissues and
cells, makes this nano-drug delivery system a promising plat-
form for addressing challenges faced in diseases such as
cancer.

In another study, Thayumanavan, Maynard and coworkers
used a similar strategy to fabricate dye encapsulated nanogels
that were conjugated with the thiol-containing protein BSA.'*?
Lipophilic small dye molecules were loaded into nanoaggre-
gates and were encapsulated during nanogel formation.
Thereafter, unreacted PDS groups on the nanogels were uti-
lized for conjugation of thiol-modified BSA through the thiol-
PDS exchange reaction. Recently, in an elegant approach,
Thayumanavan and Liu demonstrated that self-assembled
nanogels can be obtained through simultaneous crosslinking
and functionalization of nano-aggregates.'*® A copolymer con-
taining two reactive components was synthesized using
PDSMA, PEGMEMA and a thio-lactone based monomer.
Reaction with an amine-containing molecule leads to the
opening of the thio-lactone ring which results in the formation
of a thiol-functional group. This newly formed thiol group
attacks the PDS group on the polymer and thus leads to cross-
linking of the aggregate. This three-component reaction based
fabrication of nanogels does not utilize DTT as in previous
cases and leads to desired functionalization in the same step.

Using the alternative approach, which involves crosslinking
of PDS-containing copolymers with a di-thiol based cross-
linker, Zhao, Liu and coworkers prepared nanoparticles using
the LCST behaviour of the PDS-containing PEG based polymer,
in the presence of PDS modified porcine pancreatic lipase
(PPL).">” Assembled polymers and PDS-PPL were crosslinked
using meso-2,3-dimercaptosuccinic acid while they are in the
nanoaggregate form. The resulting PPL containing nanogels
showed enhanced heat resistance and reusability compared to
native PPL, which could have been a promising candidate for
biocatalyst applications. As another example of nanogel based
biomolecular stabilization, Maynard and coworkers reported a
PDS-containing glycopolymers based nanogel for delivery of
glucagon (Fig. 11). Glucagon is a peptide hormone which
hypoglycemia patients used to regulate the blood sugar level.
However, instability and poor solubility of glucagon limit the
use of drugs. In particular, PDSMA and trehalose based mono-
mers were polymerized and crosslinked by PEG-dithiol to form
a nanogel. The residual PDS groups in the nanogels were used
for conjugation of thiolated glucagon. The glucagon-nanogel
conjugate showed high stability in solution compared to non-
encapsulated glucagon.’”® A recent study by Zhao and co-
workers reported that thiolated proteins can be employed as
crosslinkers to obtain nanogels using PDSMA-containing copo-
lymers."*® A P(NIPAM-co-PDSMA) copolymer was crosslinked
using thiolated lipase to obtain protein containing nanogels. It
was demonstrated that subsequent treatment of nanogels with
reduced BSA, followed by bio-mineralization of CaCOs;,
increased the stability of encapsulated proteins against

trypsin.
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Fig. 11 Glucagon conjugation on a nanogel obtained using a thiol-
disulfide exchange reaction.'?® Adapted from Maynard et al.*?® with per-
mission. Copyright © 2011 by Wiley-VCH Verlag GmbH & Co.

4.3. PDS-functional group in fabrication and
functionalization of hydrogels

Hydrogels are three dimensional structures of crosslinked
hydrophilic polymers that have applications in a wide range of
biomedical applications. While their ability to undergo facile
functionalization is important, incorporation of degradable
junctions augments their performance in many applications.
The dynamic nature of the disulfide linkage can impart hydro-
gels with either or both of these characteristics.">>'*' Hence,
PDS groups have been used to install crosslinking junctions in
polymeric networks. For example, Wang and coworkers
reported an injectable hydrogel system which undergoes fast
gelation through the thiol-PDS exchange reaction.'®” In their
study, hyaluronic acid (HA) was first modified with 1,6-diami-
nohexane to introduce free amine groups on the polymer,
which were reacted with succinimidyl 3-(2-pyridyldithio)pro-
pionate (SPDP) to generate PDS groups. Hydrogels were fabri-
cated upon mixing of the PDS-containing HA and PEG-dithiol
at 37 °C in PBS. A cysteine-containing chemokine and stromal
cell-derived factor 1Ra were encapsulated inside the hydrogel
and cell viability tests were performed with various cell lines.
Results showed that cell viability in the hydrogels was sus-
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tained up to 7 days. Likewise, Ossipov, Redl and coworkers uti-
lized a PDS-conjugated HA derivative to obtain a HA-fibrin
interpenetrating double network hydrogel through fibrogen-
esis and disulfide-linkage formation."*?

The PDS group is often used as a masked thiol group; in
particular, for cases where multi-thiol systems are needed.
Generation of free thiol groups is achieved quite rapidly under
mild reducing conditions. For example, Ayres and coworkers
synthesized the PDS bearing polymer via RAFT polymerization
of PDSMA and HPMA."** Reactive thiol groups were generated
after cleaving the PDS groups with TCEP. The thiolated
polymer was crosslinked with norbornene functionalized
gelatin using the radical mediated thiol-norbornene click reac-
tion in the presence of UV irradiation to afford gelatin based
hydrogels. As another example, poly(carboxybetaine) based
hydrogels were reported by Jiang, Tsai and coworkers using a
copolymer obtained from carboxybetaine methacrylate and a
PDS-containing monomer, namely, N-(3-(2-(pyridyldithio)pro-
panamido)ethyl methacrylate (PDPMA), using RAFT polymeriz-
ation.”®® A telechelic dithio-terminated poly(carboxybetaine)
polymer synthesized using RAFT polymerization was used as
the crosslinker. Hydrogels were formed upon mixing the
polymer and crosslinker within a minute. Enhancement in cell
proliferation was observed for hydrogels containing RGD-
based peptide crosslinkers, also integrated within the hydro-
gels using the thiol-disulfide exchange reaction.

Apart from utilization of hydrogels as bulk materials, these
soft materials find applications in the form of surface coat-
ings, in areas ranging from diagnostics to implant surface
modifications for better bio-assimilation. The reversibility of
the disulfide bond affords a dynamic linkage for fabrication of
‘catch and release’ interfaces. Such systems can be used to
isolate certain biomolecules upon modification of PDS-con-
taining hydrogels with specific ligands which can capture
those biomolecules from a mixture, and subsequently release
them for further analysis. For example, Iwasaki and coworkers
immobilized antibody fragments onto polymeric brushes."*
In this study, 2-methacryloyloxyethyl phosphorylcholine (MPC)
and glycidyl methacrylate (GMA) were polymerized via ATRP.
Epoxy groups on the polymer brushes were modified with PDS
groups which were modified with Fab’ fragments through the
thiol-PDS exchange reaction, and higher affinity of the thus
modified surface against FITC-conjugated mouse IgG was
demonstrated. In a recent example, Sanyal and coworkers
reported PDS-containing hydrogels for capture and release of
proteins.”*” A surface coating was fabricated using photo-
polymerization of the PDSMA monomer to afford a soft inter-
face that could be modified with a thiol-containing protein
binding ligand, namely, a thiolated biotin. Upon exposure to a
mixture of extravidin and BSA, only extravidin was captured on
the surface through specific biotin-avidin interaction.
Subsequently, the bound protein was released through treat-
ment with a solution containing DTT and the purity of the iso-
lated protein was analysed using gel electrophoresis.
Furthermore, upon using a cell-adhesive peptide decorated
hydrogel, cells adhered and proliferated on the surface, and
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could be released upon treatment with DTT, while preserving
their viability (Fig. 12).

In recent years, thin polymeric coatings have been exten-
sively used to obtain functional interfaces that can be used for
attachment or detection of biomolecules. While most reports
utilize the amine-activated ester or thiol-maleimide conju-
gations, a recent example by Pich and coworkers reported the
PDS group mediated exchange reaction as a viable tool.'*
They synthesized various poly(N-vinyl lactam)-based copoly-
mers with PDS groups as side chains using RAFT polymeriz-
ation. Contact angle measurement results and a fluorescence
microscopy study indicated that the reactive films based on
the PDS-functionalized copolymers allowed facile, direct, and
environmentally friendly modification of surfaces from
aqueous solution suggesting potential application in surface
decoration of tissue-engineering scaffolds and medical
implants. Another interesting application of the disulfide
based surface obtained using thiol-disulfide exchange was
reported by Akimoto and coworkers who modified cell-culture
glass surfaces with disulfide linked polyethyleneimine (PEI)."*°
In this study, PEI, a transfection reagent, was modified with
the PDS functional group through amidation with a PDS-con-
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Fig. 12 Cell attachment and release using thiol-disulfide exchange

reaction on a hydrogel interface.™®” Adapted from Sanyal et al™®’
Copyright © 2018, American Chemical Society.
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taining activated carboxylic acid, namely, N-succinimidyl-3-(2-
pyridyldithio)propionate. Thus obtained PDS-conjugated PEI
was coated onto the glass surface which was previously modi-
fied with thiol- and amine groups using appropriate trialkoxy-
silane reagents. In vitro studies showed that attached PEI was
released from the surface upon exposure to a cysteine contain-
ing buffer solution (1 mM), which was not toxic against 293T
cells. Authors note that such modified redox-responsive cell
culture surfaces can find applications in reverse transfection.

5. Conclusions

The diverse examples of disulfide bearing redox-responsive
polymeric materials fabricated using the thiol-PDS exchange
reaction surveyed in this review clearly highlight the powerful
role that this transformation has played in shaping the current
state of the art of such materials. Utilization of PDS-based
initiators and monomers allows one to incorporate this
exchangeable unit at precise locations such as chain ends and
side chains, which in turn facilitates subsequent programmed
installation of the reversible disulfide linkage within polymeric
materials. As noted in various examples, such predetermined
incorporation of the disulfide unit can either lead to dis-
sociations that may result in the release of a single therapeutic
agent like drugs or biomolecules from the polymer or result in
complete dissociation of the polymeric material to release the
encapsulated materials. While the advances in contemporary
polymer synthesis have played a critical role in the fabrication
of PDS-containing materials, it is the stable and compatible
nature of the PDS functional group toward various polymeriz-
ation techniques that have enabled its facile incorporation.
Perhaps the most important reason that is responsible for its
widespread utilization is the high specificity and fast kinetics
of the exchange reaction with thiols, under extremely mild con-
ditions. Given the increasing sophistication of emerging thera-
peutic platforms, one can only expect that the PDS-based
exchange reaction will continue to play a crucial role in the
design and fabrication of future redox-responsive smart
materials.
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