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Due to the significance of disulfide bonds within modern material and medicinal sciences, much attention
has been paid to the synthesis of disulfide-containing polymers. Within this review article, we attempt to
provide a comprehensive overview of the diversity of disulfide-containing polymers that can be obtained
by the chain-growth polymerization of disulfide-containing monomers. This article covers the synthesis
of polymers by free radical polymerization (FRP), i.e., vinyl monomers having side-chains incorporating
disulfide bonds, and also the polymerization of disulfide containing heterocyclic monomers by ring-
opening polymerization (ROP/rROP/ROMP). In addition, polymerization where disulfide-containing
heterocycles undergo a ring-opening process that directly involves the disulfide bond are discussed.
The article summarizes the state-of-the-art in polymer synthesis, and also outlines various post-polymer-
ization modifications and biological application studies that demonstrate the importance of disulfide
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containing macromolecules in polymer science.

1. Introduction

Disulfides are generally regarded as dynamic covalent bonds
and have a typical dissociation energy of ca. 60 kcal mol™
(251 kJ mol ™), far exceeding the non-covalent interactions that
are present in supramolecular polymers (4-20 kJ mol™)."
Nevertheless, disulfide bonds can be readily cleaved and
replaced with other bonds, as well as reformed on demand.
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The range of potential cleaving and bond exchanging triggers
is extensive, with multiple physical (e.g. light, heat, mechanical
force, magnetic field) and chemical triggers (e.g. nucleophiles,
reducing agents, radicals). In nature, disulfide bonds occur in
abundance as part of the intramolecular cross-linking of pep-
tides and protein backbones. Indeed, the stability of such
naturally occurring macromolecules relies upon the partici-
pation of disulfide bonds within their secondary and tertiary
structures (e.g. o-helix), these structures being essential for
physiological activity (Fig. 1A).> Cysteine-derived disulfide
cross-linking is present in proteins of various sizes and func-
tions, from small (10-50 amino acid) peptides such as growth
factors and cytokines, to cysteine-rich biomaterials such as
keratin-associated proteins and other supramolecular assem-
blies. Although disulfide linkages are plentiful in cysteine-rich
materials, they are also important for the stabilization of
surface loops and secondary structure domains that are vital
for the physiological activity of proteins (Fig. 1B). Moreover,
there also exists many naturally occurring non-peptide disul-
fides, for example the enzyme cofactor essential for aerobic
metabolism a-lipoic acid M1, and asparagusic acid M2 which
can be isolated from Asparagus officinalis,’ among others*’
(Fig. 1C).

The incorporation of disulfide bonds into a polymer back-
bone can instil polymers with properties that include
adhesion, flexural strength, adaptability, degradability, and
even self-repair.® Pendent disulfide functionalities can be
exploited to prepare polymers with stimuli-sensitive and
dynamic architectures. The reversible polymerization of cyclic
disulfides, in particular 1,2-dithiolanes, has been widely
exploited in bioconjugation and the design of self-healing
materials.”®> Moreover, polymers displaying disulfide-contain-
ing pendant groups demonstrate significant stability in the
blood stream and the extracellular environment, while simul-
taneously displaying reactivity to intracellular antioxidants
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Fig. 1 (A) Disulfide cross-linking in proteins influences the formation of

secondary and tertiary structures; (B) keratin-associated protein
KRTAP4-4 represents a disulfide-rich protein with cysteine constituting
37% of the amino acid sequences, and peptide hormone insulin which
consists of two chains bound together by disulfide bonds. Ribbon
diagram of insulin showing the location of disulfide bonds, adapted
under a Creative Commons licence from van Lierop et al.;'* (C) naturally
occurring 1,2-dithiolanes.

such as glutathione (GSH). This phenomenon has been widely
exploited for the transportation of therapeutic agents attached
via disulfide bond to the intracellular environment, readily
enabling the circumvention of innate obstacles (e.g
lipophilicity)."°

Due to the significance of disulfide bonds in modern
polymer chemistry, we present this review article focusing on
disulfide-containing polymers synthesized by chain-growth
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polymerization. The article encompasses disulfides located
within both the polymer backbone and the pendant side-
chains, specifically those that originate from disulfide-contain-
ing monomers. The article is divided into multiple sections.
Within the first section the synthesis of polymers by free-
radical polymerization (FRP) is reviewed, i.e., vinyl monomers
that have side-chains incorporating disulfide bonds. Then, the
synthesis of polymers using disulfide-containing cyclic mono-
mers by ring-opening polymerization (rROP/ROP/ROMP) is
reviewed. Within these sections, interesting post-modifi-
cations, assembly formations and biological studies will be
discussed which additionally support and substantiate
research at the synthetic level. Following this, polymerization
where disulfide-containing monomers undergo a ring-opening
process involving the disulfide bond are covered. Finally, a
section describing common methods for monomer synthesis
is included. The scope of the article is limited to the polymer-
ization of disulfide-containing monomers, and therefore trisul-
fide-containing monomers and the vulcanization of rubber are
outside of the scope and are not covered.

2. Free-radical polymerization

During the process of free-radical polymerization (FRP) a
polymer is formed by the successive addition of monomers to
an actively propagating radical-containing chain end. In a
typical polymerization, an initiator commences the polymeriz-
ation by its homolytic degradation to form a radical species
which then adds to the radical-acceptor moiety (alkene, alkyne,
thiocarbonyl, etc.) of a monomer. This mechanistic process gen-
erates a new radical, and the propagation process repeats until
radical termination. As the propagating chains are all initiated
at different times, this leads to non-homogenous polymer
samples. As specialist polymer applications require more pre-
cisely controlled polymer architectures, various techniques
known under the umbrella term “reversible-deactivation radical
polymerization” (RDRP) can be applied. In an ideal RDRP
process, the molecular weight of the growing polymer chains
increases equally with time. The most prominent RDRP tech-
niques are atom transfer radical polymerization (ATRP), revers-
ible addition/fragmentation chain transfer polymerization
(RAFT), and nitroxide-mediated polymerization (NMP).

2.1 Monomers containing pendant
disulfide functionality

The incorporation of disulfide bonds into pendant side-chains
of a polymer allows for the fine adjustment of polymer pro-
perties by enabling post-polymerization modification. Typical
post-modifications include thiol-disulfide exchange with thio-
lated molecules, reduction followed by utilization of the free
thiol group as a nucleophile, and polymer gelation by disulfide
bond metathesis. Polymers containing pendant disulfide
bonds have therefore attracted attention for the design of tar-
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geted drug delivery systems. Selective activation and payload
release is enabled by the disulfide group, being tuned to
characteristics such as acidity or antioxidant concentration.
Thus, in recent years there have been a multitude of reports
detailing polymer micelles with covalently linked or encapsu-
lated anti-tumour agents. In this section, polymers synthesized
from (2.1.1) pyridyl disulfide monomers, (2.1.2) monomers
with disulfide self-immolative linkers, and (2.1.3) bifunctional
cross-linking agents are presented.

2.1.1 Pyridyl disulfide monomers. The incorporation of the
pyridyl disulfide group into a polymer enables facile thiol-
disulfide exchange which provides ready access to post-modifi-
cation (Fig. 2A)."*> During the exchange process a 2-pyridi-
nethione leaving group is released, which is stable and unreac-
tive. The primary tautomeric form of 2-pyridinethione is the
thioketone and therefore it cannot be involved in further
exchange reactions which thereby provides a driving force to
shift the equilibrium towards quantitative post-modification.
Furthermore, these disulfide exchanges can be performed in
both aqueous and organic media under mild conditions, with
good yields and wide functional group tolerance. In addition,
analysis by UV-Vis spectroscopy enables the convenient track-
ing of reaction progress (e.g. 2-pyridinethione A,.x = 375 nmy;
pyridyl disulfide Amayx = 280 nm)."* An additional benefit of the
pyridyl disulfide is their lipophilicity which can be used to
contribute to supramolecular assembly in the aqueous phase,
and for closing lipophilic molecules within the hydrophobic
core. Monomers bearing pyridyl disulfide functionality
are presented in Fig. 2B. Acrylate analogues M3 (PDEA) and
M7 (PDPA) and methacrylate M5 (PDEM) are the most
reported, followed by (meth)acrylamides M4 (PDEAA) and M6
(PDEMA).
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Fig. 2 (A) Application of pyridyl disulfide group in a thiol—disulfide
exchange giving a new disulfide and unreactive 2-pyridinethione; (B)
monomers containing pyridyl disulfide groups.
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Monomers containing pyridyl disulfide moieties have been
demonstrated to be useful in a range of modern polymer syn-
thesis techniques, including FRP, ATRP and RAFT. In 1998,
Ruffner and coworkers, desiring to obtain a polymer with func-
tional pendant groups that were stable under aqueous con-
ditions, copolymerized methacrylamide M6 with N-(2-hydroxy-
propyl)methacrylamide (HPMA) to fabricate polymers with up
to 8.3 mol% M6."* The authors confirmed that the pyridyl di-
sulfide group was stable in aqueous media at pH <8, as well as
capable of undergoing rapid thiol-disulfide exchange with
l-cysteine or 2-mercaptoethanol in aqueous solution. Poly
(HPMA-co-M6) was also conjugated with thiol-modified oligo-
nucleotides and effectively absorbed into HeLa cells via
endocytosis.

Hoffman and coworkers later copolymerized M7 with butyl
acrylate (BA) and methacrylic acid (MAA) to produce amphiphi-
lic random terpolymers with up to 7 mol% M7 and M, values
of 10.6-124 kg mol™ (P = 1.3-2.3)."* These polymers were
readily conjugated with oligopeptides by disulfide bond, and
complexed with therapeutic nucleic acids. It was confirmed
that poly(M7-co-BA-co-MAA) readily diffused into the cell cyto-
plasm where it exhibited low cell toxicity. Moreover, it was also
demonstrated that disulfide-conjugated drugs can be released
in the presence of GSH. Alternative polymers where MAA was
replaced with pH sensitive monomers such as ethylacrylic acid
(EAA) or propylacrylic acid (PAA) were also reported."®

Thayumanavan and coworkers applied RAFT and ATRP
techniques for the fabrication of copolymers of M5 and
N-hydroxysuccinimide methacrylate (NHSMA)."®
Homopolymerization of M5 under RAFT conditions resulted
in an insoluble product. Fortunately, an ATRP-based approach
successfully provided polyM5 with an M,, = 6.7 kg mol™* (P =
1.2). Under analogous conditions, poly(NHSMA-co-M5) were
obtained with M,, values of 9.7-19.0 kg mol™" (P = 1.3-1.6).
Finally, thiol-disulfide exchange reactions using 1-undeca-
nethiol and thiol-modified fluorescent anthracene were per-
formed to study their release profiles using the reducing agent
1,4-dithiothreitol (DTT).

Bulmus and coworkers synthesized polyM5 using RAFT and
then subjected it to thiol-disulfide exchange with 3-mercapto-
propionic acid, 4-mercaptobutanol, 11-mercaptoundecanol,
and reduced r-glutathione (GLT). The obtained modified poly-
mers subsequently self-assembled into spherical nanoparticles
in aqueous solution."” PolyM5 was also applied as a macro-
RAFT agent for the polymerization of HPMA to provide amphi-
philic block copolymers (Fig. 3)."® Treatment of these block
polymers with tris(2-carboxyethyl)phosphine (TCEP) led to suc-
cessful conjugation with maleimide-modified anticancer drug
doxorubicin (DOX), with simultaneous cross-linking and self-
assembly. The formed nanomicelles were reported to exhibit
in vivo stability and released the conjugated DOX at acidic pH.

Later, Thayumanavan and coworkers presented multiple
research articles concerning polymers with incorporated
pyridyl disulfide moieties.'®* For example, RAFT copolymeri-
zation of M5 and poly(ethylene oxide) monomethacrylate
(PEGMA) provided poly(M5-co-PEGMA) which was used to
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Fig. 3 Conjugation of poly(M5-b-HPMA) with maleimide-modified
DOX with simultaneous cross-linking.

generate well-defined spherical nanogels by its treatment with
DTT, with the size dependent on both the monomer ratio and
the presence of various salts.">**** Subsequently, the for-
mation of micelles with encapsulated hydrophobic fluorescent
dyes and their release profile were studied.'®>" In addition, it
was reported that through thiol-disulfide exchange poly(M5-
co-PEGMA) could be equipped with protein ligands that could
facilitate receptor-dependant cell internalization.”*>*?®
Conjugates of poly(M5-co-PEGMA) and caspase-3 proteins were
reported able to enter HeLa cell lines, unlike the unconjugated
protein.®® Post-modification in which pyridyl disulfide groups
were exchanged with various small-molecules provided multi-
stimuli-responsive polymers that were reactive to chemical
(redox, pH), biological (protein) and/or physical (light)
stimuli.*®

Additionally, thiol-disulfide exchange of poly(M5-co-
PEGMA) with 2-mercaptoethanol followed by condensation of
the resulting alcohol with 4-nitrophenyl chloroformate pro-
vided modified polymer containing p-(nitrophenylcarbonate)
ethyl disulfide pendants (Fig. 4A). These alternative disulfide-
containing pendant groups were reported to be less sterically
hindered than pyridyl disulfide groups and therefore allowed
for accelerated GSH-induced payload release.®" These polymers
were then conjugated with lysine-containing proteins and
diamine cross-linkers using amine-carbonate condensation.
Poly(M5-co-PEGMA) was also subjected to methylation of the
pyridyl nitrogen, with the resulting cationic groups readily
undergoing complexation with nucleic acids via electrostatic
interactions (Fig. 4B).>> Following subsequent cross-linking,
these fabricated nanoassemblies were reported to exhibit lower

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (A) Post-modification of poly(PEGMA-co-M5) for protein conju-

gation; (B) complexation of poly(PEGMA-co-MeM5) with dsRNA through
electrostatic interaction.

cytotoxicity compared to classical delivery vehicles, which was
attributed to their non-cationic character.

Terpolymers obtained by the RAFT copolymerization of M5,
PEGMA and 2-(diisopropylamino) ethyl methacrylate (DPAM)
were converted into nanogels in an aqueous solution of
DTT.””*® The introduction of diisopropylamine moieties was
intended to enable the nanogel to be positively charged at an
acidic pH to assist in cellular uptake. In addition, the RAFT
copolymerization of M5, PEGMA and glycidyl methacrylate
(GMA) provided a polymer which was used to form and study
composite supramolecular nanoassemblies.>® Poly(PAA-b-
DMA-co-M6) (DMA = N,N-dimethylacrylamide) obtained by
RAFT polymerization was conjugated to ovalbumin which had
been modified by the introduction of a thiol moiety.>® The
conjugates were tested as protein-based vaccines and were
reportedly able to stimulate the immune system of mice, and
to subsequently enhance the rejection of cancer cells.

Xu and coworkers explored M3-based polymers obtained by
FRP.>**' Thus, polyM3, poly(M3-co-PEGMA) and poly(M3-co-
PEGMA-b-NiPMA) (NiPMA = N-isopropylmethacrylamide) were
fabricated, with the pyridyl disulfide groups then subjected to
post-modification, being replaced with various active mole-
cules including camptothecin (CPT),*® Herceptin,® acetylcys-
teine,’® diethyldithiocarbamate,** disulfiram,*” and lactobio-
nic acid.*®**' Some of the modified polymers were also sub-
jected to aqueous self-assembly to give micelles encapsulating
anticancer agents such as paclitaxel,>* doxorubicin®*?® or a
silicon photosensitiser for photodynamic therapy.>” Poly(M3-
¢co-PEGMA) was also obtained by RAFT methodology (M, =

This journal is © The Royal Society of Chemistry 2023
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7.8 kg mol ™", P = 1.27) and subjected to nanogel formation in
the presence of DTT to encapsulate DOX.*

In 2012, Jackson and Fulton copolymerized M4 with
N-ethylacrylamide-2-(4-formylbenzamide) (EFB) or N-(tert-
butoxycarbonyl)-propylaminoacrylamide (PAAA) to provide
poly(M4-co-EFB-co-DMA) and poly(M4-co-PAAA-co-DMA) via
RAFT methodology.*® After removal of the Boc protection, both
polymers were cross-linked through imine bond formation.
Additionally, during this process a hydrophobic dye was encap-
sulated. The nanoassembly was further strengthen by disulfide
linkage formation resulting from its treatment with DTT. It
was reported that the release of the dye readily occurred in the
presence of a reducing agent at lowered pH. Similarly, poly
(M4-co-EFB-co-DMA) was obtained by Segura-Sanchez et al
and was linked with thiolated chitosan by both imine and di-
sulfide linkage, with acidic and reductive conditions allowing
chitosan cleavage.*® Ji and coworkers copolymerized 2-methyl-
ene-1,3-dioxepane (MDO) with PEGMA and M5 to provide a
terpolymer with an M,, = 24.0 kg mol™" (P = 1.58) (Fig. 5).***°
The poly(MDO-co-PEGMA-co-M5) was subsequently grafted
with DOX and then self-assembled to provide spherical
micelles which exhibited strong toxicity against lung carci-
noma cells, while blank micelles reported to be non-toxic.

In addition, DOX was encapsulated into a pseudo-diblock
polymer of M5 and hyaluronic acid (HA), obtained via ATRP
methodology with a subsequent azide click-reaction, which
was then self-assembled into micelles and subsequently cross-
linked.”” The system exhibited excellent bloodstream stability
and high tumor targeting, as well as improved therapeutic
efficacy. In addition, RAFT polymerization was utilized to syn-
thesize poly(M6-co-HPMA) with an M, = 13.0 kg mol™" (D =
1.13) (Fig. 6).*® This macro-chain transfer agent (macro-CTA)
was subsequently copolymerized with HPMA and a methacry-
lamide-functionalized oligolysine monomer, followed by con-
jugation with an endosomolytic peptide, melittin. The result-
ing block copolymer was then electrostatically complexed with
plasmid DNA to provide a gene delivery system that exhibited
enhanced delivery to both HeLa and neuron-like cell lines.
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Fig. 5 Synthesis of poly(MDO-co-PEGMA-co-M5).
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Fig. 6 Gene delivery system of polymer with oligolysine (OL), melittin and plasmid DNA.

Water soluble poly(NiPAA-co-AA-co-M4) with an M,, = 100 kg
mol™" (P = 5.1) was conjugated with thiolated single strand
DNA, and by subsequent hybridization with the complemen-
tary DNA strand, a double strand DNA conjugate was formed
which was then applied for aggregation studies.*® Poly(M5-b-
PEG) (PEG = polyethylene glycol) obtained by RAFT polymeriz-
ation with an M, = 11.6 kg mol~" was stirred with gold nano-
particles in DMF to provide polymer-coated AuNPs with a vir-
tually neutral surface which exhibited good stability under
various physiological conditions and reduced non-specific
adsorption of biomolecules.>® Oxopentanoate ethyl methacry-
late (OPM) and a pyrene-terminated RAFT agent were utilized
in synthesis of tri-block terpolymer poly(OPM-b-M3-b-PEG)
(Fig. 7).°* This macromolecule conjugated with
O-benzylhydroxylamine (BHA) via imine bond formation with
the ketone group of OPM. Then, the modified polymer was
attached to graphene through n-r stacking interactions result-
ing in a polymer/graphene composite, with BHA and 2-pyridi-
nethione (PT) release being investigated.

Applying RAFT polymerization, M6 was incorporated
into poly(MCT-co-M6-b-PEGMA-co-DEM), where MCT equals
“methacrylated  macrocyclic ~ coumarin  caged  thiol”
(Fig. 8A/B).>> An aqueous solution of this polymer was then
cross-linked by light irradiation to produce nanoparticles that
were able to encapsulate hydrophobic compounds. These
nanoparticles were reported to exhibit good stability, perform-
ing the controlled release of guest molecules under redox con-
ditions. The mechanism of the photo-triggered cross-linking
initiates with the release of free thiol from the photo-respon-
sive MCT moiety which subsequently reacts with pyridyl di-
sulfide functional groups to create disulfide bridges
(Fig. 8C).>® By the application of various irradiation con-
ditions, different cross-linking densities were accomplished.

A series of statistical copolymers involving M5 and
N-vinyllactams were prepared via RAFT methodology.>® The

was
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authors fabricated polymer film by spin-coating a solution of
poly(NVP-co-M5) (NVP = N-vinylpyrrolidone) on solid sub-
strates, which was then functionalized by treatment with an
aqueous solution of thiol-containing molecules. It was demon-
strated that these films promoted the adhesion and growth of
HeLa cell lines, unlike PEG-based polymers. A number of
potential copolymer carriers possessing an incorporated
pyridyl disulfide moiety were also obtained by RAFT method-
ologies. Terpolymer poly(PEGMA-co-PDEGMA-co-M5) was syn-
thesized and then conjugated with thiol-functionalized
porcine pancreatic lipase to produce thermo-responsive nano-
gels upon treatment with a meso-2,3-dimercaptosuccinic acid
(DMSA) solution.>® Similarly, poly(tBMA-co-M5) (TBM = tert-
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PEGMA-co-DEM).

butylmethacrylate) was conjugated to bovine serum albumin
(BSA) to provide covalently connected nanostructures.>® In
another study, poly(PDEGMA-b-(PEGMA-co-M5)) was self-
assembled above its lower critical solution temperature (LCST)
and then cross-linked with reduced BSA.>” After lowering the
temperature to below the LCST, proteinosomes containing
preserved BSA secondary structure and activity were formed
that were capable of internalization into breast cancer cell
lines. In addition, poly(DEGMA-co-M5) was coupled with thiol-
modified lysozyme to study the cloud point of self-assembled
nanostructures, and poly(TEGMA-co-M5) was grafted with
various peptides, ie. bivalirudin, a thrombin inhibitor with
the ability to reduce scar formation.>®>°

2.1.2 Disulfide-containing self-immolative linkers (DSILSs).
Disulfide self-immolative linkers (DSILs) have received con-
siderable attention as a strategy for the selective release of bio-
active agents for therapeutic and diagnostic applications
(Fig. 9).°° This approach relies on disparities in GSH concen-
trations in the blood (2-10 pM) and cytosol (1-10 mM),°" as
well as disparities between cancerous and regular cells (elev-
ated levels in the latter). Furthermore, when the disulfide
moiety is part of an extended linker it serves to overcome the
problem of steric hindrance for thiol attack. Moreover, this
method enables the release of pristine active molecules by
taking advantage of the wider scope of functional groups that
can be utilized. Thus, after reductive dissociation of the di-
sulfide bond, subsequent reshuffling of the remaining linker
occurs which leads to sulfide side-product formation and sub-
sequent release of the intact functional molecule. Self-immola-

This journal is © The Royal Society of Chemistry 2023

(A) Structure of MCT; (B) synthesis of poly(MCT-co-M6-co-PEG-co-DEM); (C) photo-triggered cross-linking of poly(MCT-co-M6-co-
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Fig. 9 DSILs that were conjugated with polymer carriers. AM = active
molecule.

tive fragmentation can proceed through 1,4- or 1,6-elimination
to release a quinone-methide moiety, or through intra-
molecular cyclization to discharge thioethers, thiolactones or
thiocarbonates. For systems involving polymer carriers, mostly
B-dithioethyl (B-DTE) carbamate linkers were utilized (Fig. 9).
In this case, thiol group attack on the disulfide moiety results
in the release of a 5-membered thiocarbonate. Interestingly, to
date there have been no studies relating to the biological
toxicity of this small-molecule by-product.

There are a few examples of polymer-conjugates with DSILs
obtained via chain-growth polymerization utilizing disulfide-
containing monomers. Zelikin and co-workers developed a list
of macromolecular prodrugs consisting of DSILs linked to anti-
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viral agents.®>””" Monomers were prepared containing: (a) acry-
late or methacrylate, (b) p-DTE carbamate linkers, and (c) bio-
active molecules bound through a hydroxyl group (Fig. 10A).
Activated monomers were copolymerized by RAFT with HPMA
or MAA, with the authors reporting that no degradation of the
disulfide bonds was observed during this process.®>
Panobinostat (PANO) possessing a secondary amine was also
incorporated into a RAFT-derived copolymer (Fig. 10B).°°
Despite the low yields of the polymerization, polymers with a
PANO content up to 11 mol% were obtained. Macromolecular
prodrugs of ribavirin (RBV) and azidothymidine (AZT) were
also obtained, being installed to levels of up to 24% by
Weight.62'63’65

All of the reported studies demonstrated a significant
advantage for the use of DSILs versus the direct conjugation of
the prodrug via ester linkage. Anti-inflammatory activity of
RBV prodrugs in cultured macrophages showed a high depen-
dence on both the M, value and the drug loading percen-
tage.®® To address the problem of HIV drug resistance, poly-
mers containing multiple prodrugs that were active toward
numerous viral replication stages were prepared.®”””%’> A ter-
polymer was thereby fabricated from HPMA and two methacry-
late based DSILs, equipped with AZT and lamivudine (3TC)
that proved to be stable under extracellular conditions, while
readily releasing payloads in environments resembling the
cytosol.”%”> Moreover, this polymer exhibited synergistic
potency which exceeded the unmodified prodrugs. Since polya-
nionic side chains are known to increase anti-HIV efficacy, the
authors designed statistical copolymers equipped with sulfo-
nate groups. Terpolymers were prepared through the RAFT
copolymerization of the DSIL derivative of 3TC with
N-hydroxyethyl acrylamide (HEAm) and 2-acrylamido-2-metha-
nepropane sodium sulfonate (AMPS) (Fig. 10C).®” These poly-
mers demonstrated potent reverse transcriptase inhibition,
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and therefore alternative monomers containing anionic func-
tionalities were copolymerized with ribavirine acrylate and
methacrylate DSIL monomers.*

In 2018, Zelikin and coworkers reported albumin-polymer
drug conjugates.®®”’" Terpolymers consisting of HPMA and
AZT/3TC-methacrylate DSIL monomers were obtained with M,
values ranging from 15.9-20.3 kg mol™" and a drug content of
approximately 10 mol%. The polymers were then conjugated
with albumin to install ca. 1 protein per polymer chain. It was
confirmed that these conjugates provided human T cells with
strong protection from HIV infection (Fig. 11A).”° Then, a
novel RAFT agent was applied for the copolymerization of
HPMA and Acyclovir (ACV) bound through a DSIL to methacry-
late, which was then non-covalently associated with albumin
(Fig. 11B).”* While the pristine drugs exhibit poor pharmacoki-
netics, the conjugate displayed high activity against herpes
simplex virus type 2 in using mice studies.

Oupicky et al. reported a HPMA-based polymeric prodrug of
AMD3465 (a potent HIV entry inhibitor) bound via a §-DTE car-
bamate linker to methacrylate.”® Radical copolymerization pro-
vided a polymer with an AMD3465 content of ca. 22 wt%,
which could be effectively released after treatment with GSH.
Moreover, due to their cationic character, these polymers were
able to form nanosized polyplexes with microRNA and then to
deliver it into cells. This dual-function polymer exhibited a
stronger inhibition of cancer cell migration in comparison to
individual treatments. In addition, camptothecin was bound
via DSIL linkage to methacrylate and then subjected to RAFT
polymerization with 2-(2-methoxyethoxy)ethyl methacrylate
(MEO,MA) in the presence of PEG,;3-CPDB (CPDB = 4-(4-cya-
nopentanoic acid) dithiobenzoate).”* The resulting macro-CTA
was reacted with benzyl methacrylate (BzZMA) and bis(metha-
cryloyl)cysteamine (BMCy) in a RAFT polymerization, with sub-
sequent self-assembly (Fig. 12). Diffusion of GSH molecules

A 1) B
S 0.0,
VLO/\/ s \n/ Drug )\\(O
R +

(@) (b) (c)
R=H, Me

RAFT agent
initiator

DMSO

o)
Drugs o (o] T O
N\»NHZ i 0o NO
¢ N |

Panobinostat

/(\Qé’o\ifg b %o
A e
Y

s
PO Yy

n—w

How’

OH OH

HOOC

A

Ribavirin Zinovudine

NH, 5 g
&/

Lamivudine

Acyclovir

NJj v

| N S—s

oA N’ oM »1)1\/'[\> HO \\ 0
H,N N N\/o\)

Fig. 10
equipped with 3TC and sodium sulfonate moieties.
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(A) Macromolecular prodrug consisting of DSILs linked to antiviral agents; (B) synthesis of polymer loaded with PANO; (C) terpolymer
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Fig. 12 Synthesis of DSIL camptothecin delivery system using RAFT
polymerization, with self-assembly and reductive drug release.

into the core of the nanoparticle enabled degradation of di-
sulfide linkages, followed by reshuffling and camptothecin
release.

Recently, a redox-responsive monomer M8 was reported
that displayed robust conversion via 1,6-elimination to release
4-mercaptobenzyl alcohol (Fig. 13A).”> Copolymerization of
M8, MMA and pH-responsive monomer BEEMA yielded a ter-
polymer that could release two corrosion inhibitors in acidic
(benzoic acid) or reductive (tryptamine) conditions (Fig. 13B).
The corrosion rate of steel coated with poly(MMA-co-BEEMA-

This journal is © The Royal Society of Chemistry 2023

[¢]
C|7H35)J\0/\(\O’P 0\/\N/LL(O/\‘)/ \ﬂ/\)< J\ _CiaHazs
HO

View Article Online

Review

HPMA Albumin
RAFT
&
’3& = albumin
HPMA
—

(A) Synthesis of covalently bound albumin—HPMA-based polymer containing AZT/3TC-methacrylate DSILs; (B) synthesis of HPMA-based
polymer—ACV conjugates which are non-covalently associated with albumin.

o}

VO/\/O

0 ,ﬁ'/;\,,
BEEMA 7/ }f’ N

7
M8
Reduction P
e o
(0]
SH

3]

s-

SH
HN,
o]
\§//O HO
=\,
|
Nt
o
AN

O Acidification lo}
R
o 2
N OH
u H
I \,/ “OH
N=

Fig. 13 (A) Monomers for synthesis of anti-corrosion coatings; (B)
release of benzoic acid or tryptamine from poly(MMA-co-BEEMA-co-
M8) in acidic or reductive conditions.

co-M8) was reduced 800 times when compared to uncoated

steel, and 19 times compared to steel coated with poly(MMA).
2.1.3 Other monomers containing pendant disulfides. A

series of amphiphilic copolymers were obtained from hydro-
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philic tri(ethylene glycol)methyl ether acrylate and lipophilic
monomer M9, with M, values from 9.3-11.0 kg mol™* (P =
1.9-2.3) (Fig. 14).”° In aqueous solution, micelle-like nanoas-
semblies were formed which were able to encapsulate hydro-
phobic dyes and drugs (e.g., DOX, >14% w/w) and then sub-
sequently release the payload in an aqueous GSH solution.
Furthermore, an amphiphilic block copolymer was prepared
from hydrophobic block of M10 and a hydrophilic block of
PEG via ATRP methodology.”” In aqueous solution, mono-
modal micellar assemblies were formed, which after treatment
with DTT underwent core-cross-linking or degradation, depen-
dent upon the concentration.

2.2 Disulfide-based cross-linking monomers

An additional class of monomers that possess disulfide bonds
in the pendant are the bifunctional vinyl monomers used for
their cross-linking ability (Fig. 15A). Among these monomers
are 2,2-dithioethanol derivatives: acrylate M11 (DSDA) and
methacrylate M13 (DSDMA) and cystamine derivatives: M12
(BACy) and M14 (BMCy) (Fig. 15B). There are reports of the
utilization of ATRP and RAFT to synthesize degradable poly-
mers with M11 or M13, focusing on conditions that enable or
prevent gelation. This research relies heavily on the application
of the Flory-Stockmayer theory which predicts gelation based
upon the quantity of cross-linking per polymer chain. The
studies refer also to the synthesis of various soluble branched
copolymers where monovinyl monomers were polymerized
with multivinyl cross-linkers in solution,”® emulsion,”® or sus-
pension,®® and also by controlled radical cross-linking copoly-
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Fig. 15 (A) Polymer containing a disulfide cross-linking monomer; (B)
structures of disulfide-containing bifunctional monomers.
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merization.?* Other reports detail the development of
branched stimuli-responsive drug delivery systems that are
readily degradable under intracellular reducing conditions,
where monomers M12 or M14 are typically utilized.

Matyjaszewski and coworkers applied M13 for the prepa-
ration of well-defined degradable copolymers by ATRP.”%7%°
Through copolymerization of MMA with M13 degradable gels
were prepared with 3.5 or 1.2 cross-links per chain and an M,
up to 14.9 kg mol™ (P = 1.5-1.6).>*® Subsequently, the
branched gels were explored as macroinitiators for chain exten-
sion with styrene via ATRP. In addition, miktoarm star terpoly-
mers of poly(MMA-b-M13-b-BA) were fabricated via an “in-out”
methodology (Fig. 16).** To achieve this, the synthesis of a
polyMMA macroinitiator was followed by subsequent chain
extension and cross-linking with M13 to provide degradable
star copolymers, which were then again extended using BA.
Degradation studies revealed that only 19% of the total Br
functionality in poly(MMA-b-M13) was initiated during the
ATRP polymerization of BA, which was attributed to the high
level of core cross-linking. Unfortunately, the occurrence of
inter- and intra-star arm-arm couplings was also confirmed.

Stable, hollow polymer nanocapsules with a cross-linked
shell were fabricated by ATRP.® Firstly, an amphiphilic block
copolymer of PEGMA and n-butyl methacrylate (BMA) was
obtained and used as macroinitiator in an interfacial mini-
emulsion copolymerization involving BMA and M13. As a
result, stable nanoparticles were obtained, which after degra-
dation with PBuj, yielded polymers with an M, = 34.2 kg mol™
(P = 2). It should be noted that relatively high dispersity
values were obtained compared to the reference polymer
without M13 incorporation (P = 1.5). Furthermore, a sample of
N;-PEGMA-b-PBMA-Cl was prepared, which possessed a
halogen end-group to enable the initiation of ATRP, as well as
an azide end-group to enable post-modification (Fig. 17A).%°
Together with monofunctional PEGMA-b-PBMA-Cl, it was
copolymerized with BMA and M13 in a miniemulsion to form
nanocapsules with cross-linked shells. Finally, the azide group
was reacted with a functionalized dansyl probe in an azide-
alkyne cycloaddition, or the polymer was utilized as a macro-
ATRP initiator to construct an additional polymer shell
(Fig. 17B).

polyMMA poly(MMA-b-M13)

Iz

poly(MMA-b-M13-b-BA)

I

Fig. 16 Synthesis of degradable miktoarm polymers from MMA and
M13 and BA via ATRP.
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In addition, monomer M13 was applied in the synthesis of
a disulfide-containing cross-linked star polymer, prepared via
a core-first methodology (Fig. 18).””%” Firstly, ethylene glycol
diacrylate (EGDA) was homopolymerized under high dilution
to prevent macroscopic gelation. When the conversion reached
91%, BA was added to produce a poly(EGDA-b-BA) star
polymer with an M, of ca. 375 kg mol™*. This polymer was
then subjected to chain extension with cross-linking monomer
M13 to introduce disulfide functionalities into the arm ends.
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Treatment with PBu; resulted in disulfide bond cleavage to
produce individual soluble stars, but under oxidizing con-
ditions the gel could be reformed. In addition, the star poly-
mers in reduced form were deposited on silicon wafer and
then oxidized to form an insoluble film which was reported to
display self-healing properties.”

Next, 2-ethylhexyl methacrylate (EHMA) was copolymerized
by interfacial miniemulsion ATRP with M13 to provide a
polymer with M, = 30.5 kg mol™" (P = 1.6) containing voids
within the macroporous structure ranging from 3-15 pm.
Polymerization conditions employing a less hydrophobic cata-
lyst resulted in a non-fully degradable copolymer that con-
tained a less uniform cross-linked network, and lower stiffness
and yield strength.®” Branched copolymers fabricated by the
incorporation of M11 and M13 were also reported by Armes
et al®® Firstly, HPMA was copolymerized with M13 by
ATRP.”" 1t was confirmed that high levels of M13 led to macro-
gelation and an increase in M, and dispersity. Analysis
revealed that the dispersity of the reductively degraded copoly-
mer was analogous to the dispersity of linear polyHPMA
obtained under the same conditions in the absence of M13.
Thus, it appeared that high molecular weights were caused
mostly by M13 branching and not by the chain transfer or ter-
mination by combination. Based on these results, highly
branched, hydrophobic polymers (M,, = 292 kg mol™") suitable
for electrospinning were synthesized.””

Then, Armes et al. studied the RAFT and ATRP copolymeri-
zations of 2-hydroxypropyl acrylate (HPA) with M13.°> For both
techniques it was observed that copolymerization involving the
cross-linking agent (M13) was slower than linear homopoly-
merization. Interestingly, higher levels of cross-links per chain
were incorporated by RAFT before macrogelation occurred.
This was explained by the occurrence of intramolecular cycliza-
tion of the bifunctional vinyl monomer, instead of inter-
molecular cross-linking. In further studies on the copolymeri-
zation of 2-aminoethyl methacrylate (AMA)®* or MMA® ™7 with
M13 it was confirmed that the level of intermolecular cross-
linking versus intramolecular cyclization was highly dependent
upon M13 concentration and its molar ratio to the CTA. It was
reported that intermolecular branches were formed at all
monomer concentrations, but that intramolecular cyclization
occurs predominantly at a lower feed ratio of M13 and lower
M13/CTA molar ratios. Unusually, it was concluded that initial
monomer concentration was more important for the micro-
structure of the polymer product than the polymerization
technique.

Tsarevsky et al. has studied polymerization of M13 with
functional vinyl monomers in the presence of efficient chain
transfer agents.”®®® Thus, M13 was copolymerized with di-
ethylene glycol methyl ether methacrylate (DEGMEMA),%®
oligo(ethylene oxide) methyl ether methacrylate (OEGMEMA)”®
or ethyl cyanoacrylate (ETA) and 2-chloroethyl methacrylate
(CIEMa)*® under ATRP conditions with CBr, to yield degrad-
able hyperbranched polymers with multiple peripheral alkyl
bromide groups. To delay gelation with a large M13 input in
the feed, the ratio of CTA to initiator was raised to up to 40
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(for copolymerization with DEGMEMA or OEGMEMA) or 200
(copolymerization with ECA and CIEMA). By the addition of
ca. 5% of crosslinking monomer poly(DEGMEMA-co-M13) was
obtained with M, = 5.1 kDa (P = 3.1). Poly(DEGMEMA-co-M13)
were used as macroinitiators in a copolymerization with MMA
to yield star copolymers with reductively degradable cores.”®
Tsarevsky et al. also obtained hyperbranched disulfide-con-
taining polymers avoiding gelation by the copolymerization of
MMA and an inimer derived from M13 but containing an
ATRP-initiator moiety.'*

Paulusse and coworkers obtained poly(DMAEMA-co-M11)
(DMAEMA = N,N-dimethylaminoethyl methacrylate) in RAFT
polymerization."®* Copolymers with dispersity values <2 were
obtained when the process was ended after ca. 10 hours,
however, when the polymerization was extended to 12 hours, a
substantial increase in dispersity (P = ca. 8.0) and M, values
(from 16.5 to 32.0 kg mol™") were observed, which supported
previous observations regarding branching occurring at higher
conversions by RAFT processes.”® Poly(DMAEMA-co-M11) was
also obtained by ATRP methodology, which after capping with
3-morpholinopropylamine (MPA) was subjected to the for-
mation of polyplexes with plasmid DNA that exhibited good
transfection capability.’®® This feature, as well as their cyto-
toxicity and interaction with nucleic acids, were affected by the
degree of branching and the length of the primary-chain mole-
cules. Moreover, by the same technique a larger “knot” struc-
ture of cationic polymer poly(DMAEMA-co-M11-co-PEGMA)
with 5.6% branching was produced that exhibited a transfec-
tion profile for astrocytes that superseded commercially avail-
able reagents.'®?

To produce new nanohydrogels as potential platforms
drug delivery, M12 and M14 were frequently
considered.”*'°*'% wang and coworkers obtained nanohydro-
gels in a distillation-precipitation FRP of MAA with M12.'**
Due to the electrostatic interactions between DOX amine
groups and the carboxyl groups incorporated into the nano-
hydrogels it was possible to load the matrix with up to 42.3 wt%
DOX at physiological pH. The DOX-loaded nanohydrogels
exhibited pH and redox dual-responsive drug release capabili-
ties, as well as non-toxicity toward normal cell lines, but were
reported to have high cytotoxicity to human tumour cells. In
addition, M14 and modified hyaluronic acid (HA) were copoly-
merized to produce nanogels for DOX encapsulation
(Fig. 19).'°° To enable effective penetration of the blood brain
barrier, components such as (a) phenylboronic acid (PBA)
which displays affinity for sialic acid, and (b) lactoferrin (Lf)
which exhibits affinity to receptor-associated proteins which
are highly expressed in glioma cancer cells, were incorporated.
Studies on drug release, cytotoxicity, cellular uptake, brain per-
meability and the biodistribution of these nanoassemblies
demonstrated their clear superiority to conventional systems.

In 2021, another DOX delivery system was fabricated with
M12 and cyclodextrin (CD) nanosponges used as binding com-
ponents.'°® Thus, inverse-emulsion FRP polymerization of AA,
M12 and acryloyl-6-ethylenediamine-6-deoxy-f-cyclodextrin
(B-CD-NH-ACy) yielded hyper cross-linked polymer (Fig. 20).
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Further DOX inclusion and complexation with 22.6% drug
loading provided spherical-like structures that were responsive
to reductive and acidic conditions, effectively releasing DOX at
cytosolic GSH levels at a pH of 5.0. These DOX@Nanosponges
proved to be cytotoxic against lung cancer cells, in which they
were internalized by endocytosis.

Copolymerization of (2-hydroxyethyl) methacrylate (HEMA)
and M12 via a FRP precipitation-polymerization in water in the
presence of cisplatin provided hydrogels imprinted with the
anticancer drug.'®” The cisplatin remained complexed with
the polymer through hydrogen bonding and was reported to
be more effectively released in acidic conditions than at phys-
iological pH. As mentioned in section 2.1.2, M14 (BMCy) has

This journal is © The Royal Society of Chemistry 2023
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also been applied for the synthesis of polymer drug delivery
systems involving camptothecin (CPT).”* Thus, 2,2-dithio-
diethanol methacrylate monomer conjugated with CPT was
incorporated to produce block-copolymers PEG-b-poly
(MEO,MA-co-CPT)-b-poly(M14-co-BzMA) via RAFT method-
ology with up to 36.3% of molar drug content (Fig. 12).

Lee and coworkers synthesized copolymers of acrylamide
(AM) and M12 as an disulfide moiety-enriched alternative to
known copolymers of AM and N,N-methylenebisacrylamide
which are exploited for protein resolution during sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE)."*® The M12-based polyacrylamide hydrogel exhibi-
ted a higher swelling ratio and pore size than the traditional
hydrogel, with comparable capability for protein separation. In
addition, RAFT polymerization was utilized to produce
branched polymers from poly(ethylene glycol) methacrylate,
M12 and photodegradable monomer 1,3-di(acryloxymethyl)-2-
nitrobenzene (DANB).'*® After additional hyperbranching in
aqueous solution, nanohydrogels were obtained as a result of
intermolecular disulfide exchange which exhibited tempera-
ture-, photo- and redox-sensitivity.

2.3 Radical ring-opening polymerization (rROP)

Radical ring-opening polymerization (rROP) is a free-radical
polymerization technique that involves ring-opening and sub-
sequent propagation involving a cyclic monomer. The harnes-
sing of this technique enables the simple introduction of
heteroatom-containing functional groups into a polymer back-
bone. However, there exists only a few examples within the lit-
erature of the utilization of rROP for the synthesis of polymers
containing disulfide moieties, being exclusively undertaken
using monomer M15 (MTC) (Fig. 21).°4*1% 112 Hawker and co-
workers RAFT copolymerized M15 with MMA to provide stat-
istical copolymers possessing reactive disulfide units within
the vinyl backbone and exo-methylidene groups which could
be applied for further functionalization.''® At all feed ratios, a
good agreement between monomer feed ratio and product
composition was observed. Moreover, the treatment of the
copolymer with sodium methoxide resulted in the decay of the
ester groups without affecting the disulfide bonds. Conversely,
the disulfide bonds could be selectively degraded in solutions
of hydrazine or tributylphosphine.

AIBN, BDTB
e

chlorobenzene

lsw‘g * )kf\

M15 O MMA
(MTC)

%rflw

BaS|c degradation Reductive degradatlon

Fig. 21 Synthesis and degradation of poly(MMA-co-M15).
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Then, Paulusse et al. copolymerized M15 with HPMA in the
presence of a hydrophilic PGMA;¢ macro-CTA (PGMA = poly
(glycerol monomethacrylate) in aqueous solution, with con-
current polymerization-induced self-assembly (PISA) to provide
various nanostructures including spheres, worms or vesicles,
dependent upon the degree of polymerization (Fig. 22)."'"
However, only a small contribution of M15 in the terpolymer
could be introduced without affecting polymer dispersity and
nanoparticle morphology. It was concluded that dispersity
values of <1.4 could be obtained with a feed ratio of M15
below 0.5%, and well-defined nanostructures could be formed
with an incorporation of M15 below 1%.

In addition, monomer M15 was subjected to RAFT copoly-
merization with DMAEMA and tri(ethyleneglycol) diacrylate
(TEGDA) (Fig. 23)."°" Polymerization for ca. 5 hours provided a
controlled linear chain growth without intermolecular cross-
linking, until a critical concentration point was achieved
during which cross-linking occurred, this process being readily
monitored using SEC by a change from unimodal to bimodal
signal. Following degradation, a unimodal peak could again
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CN 0
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Fig. 22 Synthesis of poly(GMA)-b-(M15-co-HPMA).
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Fig. 23 Synthesis of poly(DMAEMA-co-TEGDA-co-M15).

Polym. Chem., 2023,14,7-31 | 19


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2py01291j

Open Access Article. Published on 01 December 2022. Downloaded on 12/1/2025 8:44:19 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review
0
i T OPTX AIBN
Y’LO/\/ \‘/ + ONF
DPAEMA PTXMA PEGMA macro-CTA
T
S\/}]/O
M15 O
(MTC)
@ CN
S\ ~
CHHZS/SYS\ ks~ Ao s T e
s O o &

C} OPTX 2
N4< J Self-assembly fgo

2

E )

e

Fig. 24 Synthesis and PEGMA-b-(DPAEMA-co-

PTXMA-co-M15).

self-assembly of

be observed by SEC analysis, implying a statistical incorpor-
ation of M15 into the polymer backbone. Moreover, this
polymer was end-capped with 3-morpholinopropylamine
(MPA) and studied as a gene delivery agent for plasmid DNA,
displaying improved transfection efficiency and lowered cyto-
toxicity in comparison to other systems."*>"%

The RAFT polymerization of anticancer drug paclitaxel conju-
gated to methacrylate (PTXMA), M15 and 2-(diisopropylamino)
ethyl methacrylate (DPAEMA) in the presence of a PEGMA
macro-CTA provided copolymers with M, values of 13.6-26.9
kg mol™" (P = 1.4-1.5) (Fig. 24).""> Unfortunately, the final
polymer composition of both the M15 and PTXMA was reported
to be less than half of the initial feed. By a self-assembly process
in water, aggregates having a vesicle shape were obtained. Their
anticancer activity was studied in vitro and the polymer carrier
PEGMA-b-(DPAEMA-co-PTXMA-co-M15) was demonstrated to
have a higher efficacy than the PTXMA monomer.

3. Ring-opening polymerization
(ROP)

The application of ring-opening polymerization (ROP) to fabri-
cate polymers containing disulfide moieties is generally rep-
resented by processes with an anionic character, and can be
performed using N-carboxyanhydrides, carbonate, and lactone
monomers. The effectiveness of the ROP of lactones and car-
bonates relies upon the ring-strain of the monomer. For
smaller ring heterocycles, the high strain promotes polymeriz-
ation, while for macrocyclic monomers (>12 membered)
polymerization is frequently more challenging. Moreover, di-
sulfide bonds incorporated into such heterocyclic monomers
provide additional limitations in terms of suitable polymeriz-
ation conditions and catalysts. Nevertheless, there exists mul-
tiple reports of effective ROPs of monomers containing di-
sulfide moieties.
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3.1 Monomers providing pendant disulfides

Three cysteine derived N-carboxyanhydrides (NCAs) with di-
sulfide containing pendants (Ml6a-c) were subjected to
ROP to provide polymers with M,, values ranging from 2.5 to
8.3 kg mol™" (P = 1.13-1.30) (Fig. 25A)."™ Copolymerization of
Mi6c with mPEG,5-NH, as a macroinitiator resulted in a block
copolymer with an M, = 11.7 kg mol™" (P = 1.1). It was reported
that aqueous solutions of this polymer displayed thermal
responsivity, but unusually that the reduction in transmittance
during the sol-gel transition was not reversible, which was
attributed to disulfide bond exchange. Carbonate M17 and e-
caprolactone (e-CL) were subjected to ROP in the presence of
isopropanol as an initiator and Sn(Oct), as a catalyst to provide
poly(e-CL-co-M17) with an M, = 29.8 kg mol™" (P = 1.33)
(Fig. 25B)."'* After thiol-exchange with thiolated polyethylene
glycol, the resulting biocompatible copolymer was transformed
into a doxorubicin-loaded micelle and examined for its cyto-
toxic activity.

3.2 Monomers providing backbone disulfides

Lee and coworkers performed the ROP of M18 initiated with
alcohol and using diphenylphosphate (DPP) as catalyst
(Fig. 26A).""™ In the presence of benzyl, propargyl or isopropyl
alcohol, homopolymers were obtained with M,, values up to
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Fig. 25 (A) Synthesis of polyM16; (B) synthesis of poly(e-CL-co-M17).
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Fig. 26 (A) Synthesis of polyM18; (B) polymerization of macrocyclic
carbonate M19.
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21.7 kg mol™, (P = ca. 1.05) with conversions of >99%.
Moreover, polymerizations of M18 with mPEO-OH (M, =
2.0 kg mol™") provided block copolymers. An additional block
copolymer was obtained when M18 was added after complete
consumption of e-CL, providing poly(M18-b-e-CL) Degradation
of this polymer was confirmed under reductive conditions, as
well as by UV irradiation. Disulfide-containing macrocyclic car-
bonate M19 was also successfully subjected to ROP initiated by
benzyl alcohol in the presence of triazabicyclodecene (TBD) to
fabricate polymers with M, values up to 37.2 kg mol™" (P =
1.28) (Fig. 26B)."'®'"” The activity of the systems was greatly
dependent upon the type of organocatalysts applied. It was
also reported that chemically catalysed polymerizations dis-
played the advantage of shorter reaction times at lower temp-
eratures, as well as improved dispersities, in comparison with

enzymatic polymerization.'*®

4. Ring-opening metathesis
polymerization (ROMP)

Ring-opening metathesis polymerization (ROMP) is a chain-
growth strategy for the synthesis of polymers containing
carbon-carbon double bonds in the backbone. ROMP is
derived from research into olefin metathesis first investigated
by Y. Chauvin and later extensively elaborated by R. H. Grubbs.
The polymerization process for a broad range of cyclic olefins
is characterized by a high selectivity and functional group tol-
erance, but nevertheless the incorporation of disulfide moi-
eties by ROMP remains problematic. The basis of this issue
involves the coordination of the disulfide moiety to the tran-
sition metal catalyst.''® However, multiple reports of the co-
polymerization of monomer M20 with cyclooctanes,"*® or the
ROMP of cysteine-based macrocycles 24a/b appear within the
literature.'** 23

Emrick and coworkers reported the effective copolymeriza-
tion of M20 with a series of cis-cyclooctane analogues (type
M21), although the homopolymerization of M20 was reported
ineffective owing to complications involving catalyst coordi-
nation (Fig. 27A)."*° Copolymerizations of M20 and M21 using
Grubbs third generation (G3) catalyst readily provided polymer
which was confirmed to contain a random distribution of di-
sulfide moieties. Moreover, a terpolymerization of M20, M21a
and phosphoester monomer M22 was performed to provide a
polymer with orthogonal degradation properties (Fig. 27B).

Schlaad and co-workers reported the ROMP of cysteine-
based macrocycles M24a/b (Fig. 28)."*'"'** Polymerization of
M23a was attempted with Hoveyda-Grubbs second generation
(HG2) catalyst, however only oligomer could be obtained.
Monomers M24a/b were therefore prepared by ring-closing
metathesis (RCM) of the olefinated Boc-l-cysteine dimers
M23a/b. Following this, the ROMP of M24a using G3 catalyst
readily provided polyM24a with an M, = 10.5 kg mol™ (P =
2.2). Since these monomers exhibited low ring-strain, their
polymerization was conducted at high concentration in order
to obtain favorable entropy. Moreover, it was postulated that

This journal is © The Royal Society of Chemistry 2023
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Fig. 27 (A) Copolymerization of M20 with cis-cyclooctanes M2la-d;
(B) terpolymerization of M20 with M21a and phosphoester M22.
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Fig. 28 ROMP of macrocycles M24a/b.

the disulfide bonds had little effect on the polymerization
owing to the significant distance between the catalyst site and
disulfide bond location.

5. Miscellaneous

5.1 Radical ring-opening polymerization of the disulfide
bond - thermal- and photo-initiated

The first reports regarding the radical ring-opening polymeriz-
ation of disulfide-containing monomers actually referred to
naturally occurring lipoic acid (M1) and were comprised of
reactions initiated by heat or irradiation (Fig. 29). In 1955, it
was serendipitously discovered by Niu and Reed that M1 could
undergo polymerization during the oxidative conditions that
were required for its synthesis."** Later, M1 was purposely
polymerized at 65 °C to provide a colourless material which
could be decomposed using NaOH to recover monomer."'>>
Calvin and coworkers simultaneously explored the photo-
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Fig. 29 Cyclic disulfide monomers used for thermal- and photo-
induced radical ring-opening polymerizations.

polymerization of 1,2-dithiolane monomers M1 and Mz25,
demonstrating that irradiating these monomers results in dira-
dical formation and subsequent polymerization in neutral
solution.”® Conversely, in acidified solution the dithiolane
ring was destroyed to yield thiol and sulfenic acid, with no
polymerization.

Hay and coworkers later reported the thermally-induced
radical copolymerization of macrocyclic aromatic disulfides
M26 and M27 (both consisting of mixed quantities of
oligomer)."?”"**" It was reported that the melt homopolymeri-
zation of oligomeric M26 was possible above its melting point,
and was rapid at 200 °C, providing polyM26 with M, = 88.0
kg mol™" (P = 2.15)."*® Moreover, solution polymerization also
provided polyM26 with M,, = 64.0 kg mol™" (P = 1.92). For both
processes, the M, and dispersity remained relatively stable for
short reaction times, but at high temperatures (>250 °C) or
after prolonged reaction time the occurrence of substantial
cross-linking was confirmed. Endo and coworkers reported the
thermally-induced rROP of M28/M29,"*>*> M1,"*° and the
copolymerization of M28 and M1."*”"*® It was demonstrated
that these monomers can polymerize in bulk without an
initiator when held above their melting point, but that cyclic
polymers were formed by a back-biting mechanism
(Fig. 30A)."%*13>7137 Fyurthermore, it was established that these
conditions provided entangled polycatenane macrostructures
(Fig. 30B). Photoinduced degradation in dilute solution led to
a loss in molecular weight, but also the preservation of cyclic
character, attributed to the disconnection of the polycatenane
structure (Fig. 30C).

Bulk polymerization of M29 at 90 °C led to cyclic polymer
with an M,, = 11.8 kg mol™" (P = 1.95), characterized by higher
thermal stability and lower crystallinity than polyM28."*
Likewise, the bulk polymerization of M1 at 90 °C produced a
cyclic polymer with M, = 13.7 kg mol™ (P = 1.5) in 67%
yield.'®® Interestingly, bulk polymerization in the presence of
6,8-dimercapto-octanoic acid (DHLA) at 120 °C provided a
linear polymer with an M,, = 9.1 (D = 2.7), but with significantly
lower monomer conversion. Bulk copolymerization of M28
and M1 at 80 °C with varying feed ratios led to a series of
random sequence copolymers with M, = 20.1-55.0 kg mol™"
(P = 1.45-2.35)."*” Due to the difference in ring-strain energies,
monomer conversion increased with an increase in M1 feed,
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Fig. 30 (A) Polymerization of 1,2-dithianes in initiator-free conditions
versus thiol-mediated reactions leading to cyclic or linear polymers,
respectively; (B) polycatenane structure of poly(disulfide)s; (C) photo-
induced degradation leading to non-entangled cyclic polymer
formation.

which was also more frequently incorporated into the copoly-
mer than M28. Endo also performed thermally-induced co-
polymerizations of lipoamide M30 and styrene in solution.™®
An increase in the feed ratio of M30 resulted in a decrease in
conversion, and no polymer was obtained at 50 mol% M30 feed.
Differences in the reactivity between the polymeric thiyl and
polystyryl radicals during propagation, as well as chain transfer
to the amide group, were suspected of causing retardation of
the copolymerization. Conversely, if a solution of M30 and
styrene was irradiated with UV light at 40 °C, copolymers with
enriched M30 relative to the feed were produced.™®
Interestingly, irradiation of a solution of styrene produced only
traces of polymer, unlike the copolymerization which was pre-
sumably initiated by a homolytic fission of M30 to produce
initiating diradical species.

Recently, it was demonstrated that photo-induced polymer-
ization without solvent could also provide interlocked pro-
ducts."*® Therefore, M1 was melted at 120 °C to provide a
transparent liquid, which during cooling provided a transpar-
ent yellow polymer gel, followed by crystallization of the
unreacted M1. Then, by irradiation with UV/visible light,
polymerization of the remaining monomers occurred to give a
colourless film consisting of interlocked cyclic poly(disulfide)s
which could be converted by thermal depolymerization to
starting monomer. Macromonomers M31 and M32, consisting
of lipoates containing poly(dimethylsiloxane) fragments, were
irradiated with UV light to provide bottlebrush polymers in a
grafting-through polymerization strategy (Fig. 31A)."*' After
subjection to thermal depolymerization, ca. 30-40% of the
original monomer (M31) could be recovered. Irradiation-
induced copolymerization of M33 with cross-linker poly(ethyl-
ene glycol)-diacrylate in the presence of a photoinitiator pro-
vided material that was used as resin for 3D printing, capable
of both thermal and photo-induced reprocessing (Fig. 31B).'**
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Orthogonal monomers containing vinyl or acrylate groups
linked with lipoic or asparagusic acid moieties can be polymer-
ized to provide linear polymers with intact pendant disulfide
units which can then undergo photoinduced polymerization
to lead to gelation. For example, M34 was copolymerized with
BMA to form a linear polymer with M, values of 17.0-21.0 kg
mol™" (P = 1.36-1.63) (Fig. 32)."** The disulfide bonds within
the poly(BMA-co-M34) were then cleaved and recombined
using UV irradiation to provide a cross-linked network. In
addition, monomer M35 was subjected to cationic polymeriz-
ation of the alkene bonds to provide linear polymers contain-
ing pendant disulfide units in the side chain (M, = 1.3 kg
mol™, P = 2.5)."** Conversely, when M35 was subjected to
radical photopolymerization, branched macromolecules were
formed due to the ability of the reactive functionalities to
undergo both radical polymerization and thiol-ene coupling.

5.2 Radical ring-opening polymerization of the disulfide
bond - radically initiated

The polymerization of 1,2-dithiolanes by free-radical initiation
has only been modestly reported since it displays several limit-
ations. The radical-initiated homopolymerization of disulfide
monomers is reported troublesome, while copolymerization
with vinyl comonomers is more efficient, and indeed some
reports have been published.'*> However, disulfide linkages
can only be incorporated into a polymer backbone when two
disulfide-containing monomers are added in succession
during propagation, and conversely, only monosulfides are
installed when a disulfide monomer is preceded or followed
by a vinyl monomer, making this methodology less attractive.

Fig. 32 Orthogonal monomers with methacrylate/vinyl and 1,2-dithio-
lane functionality.
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In 1953, M37 was copolymerized with vinyl acetate (VAc)'*® or
styrene'?” to produce polymers with disulfide linkages in the
polymer backbone (Fig. 33). Then, Endo and coworkers sub-
jected M30 to copolymerizations with styrene, acrylonitrile,
methyl acrylate, VAc, and MMA in the presence of AIBN, with
disulfidle ~monomer feed ratios of 15 mol%."*
Copolymerization was reported to occur in all cases, except for
the polymerization with MMA which provided only polyMMA
homopolymer, attributed to steric hindrance. For the copoly-
merization with VAc, the final content of M30 was enriched
compared to the feed, with the opposite true for the other
monomers.

Tang and Tsarevsky selected specific monomers able to
form radicals that were reactive toward 1,2-dithiolane mono-
mers."*® Thereby, copolymerizations of equimolar mixtures of
ethyl acrylate (EA) and M1 or M36 to fabricate poly(EA-co-M1)
and poly(EA-co-M36), respectively, containing significant quan-
tities of disulfide bonds were performed (Fig. 34)."*° Moreover,
orthogonal monomer M38 also yielded polymer with disulfide
bonds within the polymer backbone. After treatment with
DTT, partial degradation was observed alongside an increase
in the molecular weight, attributed to thiol-ene reactions
between thiol radicals and pendant vinyl groups.

Recently, it was demonstrated that M36 can undergo radical
polymerization in bulk or in solution with limited conversion
which was lowered further with a rise in temperature or
dilution.'* Consequently, it was established that there exists
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Fig. 33 Disulfide monomers in radical ring-opening polymerization
induced with a radical initiator.

S
CO,Et
CO,EtCO,Et
RN
— R
o CO-EL Sj1 Ry
2 3 s s
S A
EA ' 1S, Y
R CO,Et
. =
S
s-S \COZEt s R g
)R —> RN c0,E
s H_ s R
_’R/ \,if\/ —] S\j 1
S R] R
COLH 1
2 A M1 > R,S\/r\/S.S/\I\/\S.

Ry = or
LJCORE M36

Fig. 34 Copolymerization of EA with M1 or M36.

Polym. Chem., 2023,14,7-31 | 23


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2py01291j

Open Access Article. Published on 01 December 2022. Downloaded on 12/1/2025 8:44:19 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

for M36 a monomer-polymer equilibrium with a ceiling temp-
erature of 139 °C.

5.3 Ring-opening polymerization of the disulfide bond -
thiolate initiated

The thiolate-initiated anionic ROP of disulfide-containing
cyclic monomers is based upon the capability of thiols to act
as a nucleophile, breaking the disulfide bond to initiate propa-
gation (Fig. 35). This process can be thermodynamically con-
trolled since the thiolate-disulfide exchange is reversible. All
reports within the literature relate to 5- and 6- membered
cyclic monomers. Endo and co-workers reported that small
amounts of benzyl mercaptan (ca. 0.8 mol%) added to the
bulk polymerization of M28 at 80 °C resulting in decreased
yields from 84 to 3% when compared to bulk polymerization
without thiol initiator."**'** More versatile studies regarding
the incorporation of thiolate initiators were performed using
lipoic and asparagusic acid derivatives. In surface-initiated
polymerizations, Matile et al. obtained poly(disulfide)s from
1,2-dithiolane monomers M39-M44 (Fig. 35).">>"" In these
studies, N-acetyl-l-cysteine methyl ester (Ac-Cys-OMe) and a
variety of fluorescent thiols were used as initiators, and iodoa-
cetamides as terminators. Thiol-initiated homopolymeriza-
tions were straightforward in terms of control and optimiz-
ation. Polymerizations of M39 with Ac-Cys-OMe performed in
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Fig. 35 Polymerization from 1,2-dithiolane monomers M39-M44.

24 | Polym. Chem., 2023,14, 7-3]

View Article Online

Polymer Chemistry

aqueous solution led to polymer with an M, = 34.3 kg mol ™"
(P = 1.83) in less than 5 minutes. In addition, the polymeriz-
ation of M42 and M43 was reported troublesome as these
monomers are highly reactive and readily polymerize without
an initiator. Cellular uptake studies demonstrated that these
cell-penetrating polymers can reach the cytosol of HeLa cells
and depolymerize, releasing an active payload.

Waymouth et al. studied kinetic and thermodynamic differ-
ences in the thiol-initiated ring-opening polymerization of 1,2-
dithiolanes in regard to the role played by substituents
(Fig. 36).">> The methyl ester of methyl substituted asparagusic
acid (M45) and methyl lipoate (M46) were compared by benzyl
mercaptan-initiated polymerization. It was demonstrated that
the polymerization is completely reversible, and that conver-
sion is dictated by a thermodynamic polymerization-depoly-
merization equilibria. Due to high equilibrium monomer con-
centration [M].q values, a high initial dithiolane concentration
((M]o > [M]eq) was required for ring-opening polymerization to
occur. Additionally, it was established that equilibrium con-
stants (K.q) in the ring-opening polymerization of M46 was
3.2 higher than for the same process of M45. Based on the
observed rate constant it was determined that the propagation
rate of M45 is ca. 4.5 faster, and that the depropagation rate is
ca. 14 faster, than M46.

In 2019, Moore and coworkers reported a topology-con-
trolled polymerization of M46, based upon the structure of the
thiol initiator (Fig. 37)."> It was reported that predominantly
cyclic products were obtained in polymerizations performed
using thiophenol initiators, while prominently linear products
were obtained for alkyl thiolate-initiated polymerizations.
Using a thiophenol initiator with a monomer to initiator ratios

CO,Me
COMe SH & %
o A s
e = n
$_d DBU EjA
Mas
@”SH .
{}COZMe oA Sk
. AN § m
5-S DBU EjA p/
M46

CO;Me

Fig. 36 Benzyl mercaptan initiated polymerization of 1,2-dithiolanes
M45 an M46.
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CO:Me 1) prnco 1 — r
)4 —
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Fig. 37 Copolymerization of M46 initiated with aryl and alkyl thiols.
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of 100 : 1, respectively, polymer with an M,, = 22-65 kg mol ™"
(P = ca. 1.4) could be obtained, while applying a 5000: 1 ratio
provided polymer with an M, value as high as 630 kg mol™
(P = 1.27). In polymerizations applying alkyl thiols, products
characterized by an M,, of 15-18 kg mol™" (P = ca. 1.4) were
produced. Polymerizations performed using (R)-M46 demon-
strated a non-regioselectivity of the ring-opening process.
Moreover, the kinetics of the polymerization of M46 turned
out to be highly dependent upon the choice of base.

Lu and coworkers performed a rapid and controlled ROP of
water-soluble 1,2-dithiolanes M47-M49 initiated by green fluo-
rescence protein (GFP) at temperatures below 0 °C (Fig. 38).*>*
Low polymerization temperatures were reported necessary to
address problems relating to high [M].q value, side reactions,
and a loss of protein function. For cryo-polymerization (from 0
to —30 ©°C), high initiation efficiency of up to 95% was
obtained at pH >6.5. Polymers with increasing M,, values were
obtained with a decrease in polymerization temperature to
—30 °C and a rise in pH value to 7.5-8.5. It was reported that a
protein-polymer conjugate of M49 with an M, = 55 kg mol™*
could be obtained after 90 min at —30 °C.

In addition to ROMP (Fig. 28), Schlaad and coworkers also
performed the thiolate-initiated polymerization of monomer
M24a via the metathesis of its disulfide group (Fig. 39A).** In
a polymerization initiated with methyl thioglycolate and tri-
ethylamine, poly(M24a)’ with an M,, = 53-60 kg mol™* (D = 1.8)
was obtained. Reaction equilibrium was achieved in less than
5 minutes, with a monomer conversion of ca. 75%. The chemi-
cal structures of polyM24a and polyM24a’ were identical (with
the exception of the end-group), with a similar distribution of
cis/trans isomers. Kinetic investigations confirmed that both
ring-opening polymerizations were entropy driven.'** However,
while the disulfide metathesis pathway enabled the synthesis
of polymers with M,, values up to 180 kg mol ™", olefin meta-
thesis yielded polymers with a maximum M, value of
only ~70 kg mol™*. In addition, an analogous polymer
polyM50, with an amide group in the place of the ester moiety,
was obtained from monomer M50 with an M,, = 44 kg mol™*
(b = 3.5) and monomer conversion of 87% after 1 h (Fig. 39B).

R1 R4
GFP s + nﬁ R il GFP —_
S-S Depolymerization b-{b S);H
M47-M49
(0]
R1 O
A
NHe . gepe [N NH;
s{s s
n
f |
CO;’Na” +
M47 R;= ‘Qt/f\}é aNa™ ag R, = MN/\/NQ
H

0}
M49 R1 - i{Nz)LN/\/NHZ
H

Fig. 38 ROP of water-soluble 1,2-dithiolanes M47-M49 initiated by
green fluorescence protein (GFP) at low temperatures.
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Fig. 39 (A) Polymerization of L-cysteine derived monomer M24a via
disulfide bond metathesis; (B) polymerization of monomer M50 via
disulfide bond metathesis.

Polydisulfide-based covalent adaptable liquid crystal net-
works (CA-LCNs) were obtained from lipoic acid derived mono-
mers M51/M52 via thiolate-initiated ROP (Fig. 40)."> Thus,
equimolar mixtures of monomers were copolymerized in the
presence of 1,6-hexanedithiol and TBD to fabricate self-healing
polydisulfide films that displayed reversible shape programma-
bility. In addition, the polymer underwent effective depolymer-

S

$-§  $-S HS-R-SH §-8
N N B
M51 m52 R =(CH2)s

s s+ +S S}

g £ g s
{\'S S—+S S‘:] S-R-S «{-{ {0 54"}\
[e]
MOMOO“‘WO%HS
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(o] o) s-S
o O o ooy
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Fig. 40 Synthesis of CA-LCNs from monomers M51 and M52.
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Fig. 41 Polymerization of M53 and M54 followed by self-assembly and
thiolate-initiated gelation.

ization into monomer, followed by repolymerization, thereby
demonstrating full chemically recyclable behaviour. A thiolate-
initiated reversible ROP was also applied for the hydrogelation
of polymers containing asparagusic or lipoic acid-derived pen-
dants obtained from monomers M53 and M54 (Fig. 41)."*°
These cyclic carbonates were subjected to ROP using
PEG (14 kg mol™") as a divalent macroinitiator to fabricate
amphiphilic ABA-type triblock polymers with an M,
16.9-18.2 kg mol™* (P = 1.13-1.18). These polymers then
underwent self-assembly in aqueous solution to form flower-
like micelles, with the asparagusic acid-derived hydrogels
displaying greater dynamic properties, adaptability, and self-
healing than those derived from lipoic acid.

6. Common methods for the
preparation of disulfide-containing
monomers

Disulfide bonds are typically formed by the oxidation of sulf-
hydryl (-SH) groups (Fig. 42A) or by disulfide-thiol exchange
(Fig. 42B). Alternative more specific methods instead apply
substrates that contain an equivalent of an “-S™ moiety, for
example sulfenyl chlorides or Bunte salts (Fig. 42C).">”'%8
Typically, the first two methodologies were applied for the syn-
thesis of the monomers within this article. Moreover, the di-
sulfide bond formation was typically performed as the final
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A 2RSH === RS-SR +2H" +2¢

—
~

B RS-SR +R'SH R'S-SR + RSH

C RSX + RSH == RS-SR

X = Cl, SO3"Na*, phthalimide, etc.

Fig. 42 Common methods for the synthesis of disulfide-containing
molecules.

step in the synthetic pathway, or more rarely, in an earlier step
which was followed by simple transformations.

An overview of several common approaches for the syn-
thesis of disulfide-containing monomers is herewith provided
(Fig. 43). An oxidation approach was applied for the synthesis
of thioctic acid M1 obtained from compound 55 in the pres-
ence of iron chloride,"® or iodine and potassium iodide>**°
(Fig. 43A). Monomer M20 was obtained by the air-oxidation of
compound 56 mediated by CsF-impregnated Celite
(Fig. 43B).’®" Several disulfide-containing monomers were
derived from compounds 58 or 60, which are obtained by oxi-
dation of 57 and 59, respectively (Fig. 43C)."*>'®* Acylation of
the resulting diol (58) or diamine (60) with acryloyl 61'%¢

HS COOH _FeCls | ~_~_-COOH
" \/\(\/\/ - |2 o Wﬂ
SH 55 < 40% - M1
CsF —
B HS _ SH on celite M20
T\ 65%
- S-S
.
H02 S OH
2 HO/\/SH o S T
c < 57 5 58
202 S. NH
2 N Tgsy T HaNT TS TR
60
L 59
f 0 R
58 0 S X
§ /< TEA VLX/\/ g\
or + R cl or NaOH R I}
M11 X=0 R=H 8%
60  gIR=H M12 X=NH R=H 76%
62R = Me M13 X=0 R=Me 76%
M14 X=NH R=Me 60%
0.__Cl 0.0 S
TEA ~"s 3
58 + —_—
D < S\/YO 15 % S\/YO
63 al mis 4
IR Q|
Novozym 435 § 2 S
TS
0~ "0
M19

-

Fig. 43 Oxidation approach used in synthesis of disulfide-containing
monomers.
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and methacryloyl 62'°>'°® chlorides produces bifunctional
vinyl monomers M11-M14, which have been applied for cross-
linking during FRP (Fig. 43D). Furthermore, by the reaction of
58 with bis-acid chloride 63, macrocyclic monomer M15 was
obtained in 15% yield."'® The application of the same diol (58)
in a reaction with diphenylcarbonate 64 in the presence of
lipase enzyme provided monomer M19 in 63% yield.'"®
Alternatively, a disulfide-thiol exchange approach was
applied for the synthesis of pyridyl disulfide functionalized
monomers M3-M6 (Fig. 44A). In this way, 2,2'-dipyridyldisul-
fide 65 was subjected to substitution with 2-hydroxyetha-
nethiol 57 or 2-mercaptoethylamine 59 to provide compounds
66"%” or 67,'°® respectively, with concurrent release of pyridine-
2-thione. These intermediates were then reacted with acryloyl
(61)**° or methacryloyl (62)'®® chlorides to efficiently

X
/N o~ SH ‘ /_/
=N 57x=0H pad 0
A S-S 59 X = NH, i + M

N= ﬁ' \ / R«

N\ // SH s
65 N= HN 66X=0OH 86%  61R=H
O == () 67X=NH, 97% 62R=Me
R M3 X=0 R=H 78%
Py/TEA. N _S X M4 X=0 R=Me
| L M5 X=NH R=H 87%
P o M8 X=NH R=Me 70%
7 N\
=N SH
5-¢ CioH21” “SH §‘<Nj> HO™ >
B s — 3 .
= — ¢ \/ 65%
68 89% 70
\ /7 Ciotl21
OH \//
SI O TEA IO
/ + S S
S H Cl  89% .
C1oH ¥
bl L 61 CioHa21 M9

Fig. 44 Disulfide-thiol exchange approach in synthesis of disulfide-
containing monomers.
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Fig. 45 Approach utilizing the equivalent of an
synthesis of disulfide-containing monomers.

“"—S+" moiety for the
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provide monomers M3-M6. Similarly, for the synthesis of
monomer M9, compound 68 was subjected to substitution
with compound 69 and the resulting intermediate (70) was
reacted with 2-hydroxyethanethiol (57) to provide disulfide 71,
which was finally acylated with acryloyl chloride (61) to provide
monomer M9 (Fig. 44B).”°

The final alternative approach involves the reaction of
thiols with various reagents delivering equivalents of “-S™,
leading to asymmetrical disulfides. For example, the thiol
group of r-cysteine (73) was ligated with sulfenyl chlorides
72a-c to provide cysteine derivatives 74a-c in good yields,
which were then converted into the corresponding
N-carboxyanhydrides M16a-c by their reaction with triphos-
gene (Fig. 45).'*

7. Conclusion and outlook

Within this review article we have attempted to provide a com-
prehensive overview of the diversity of disulfide-containing
polymers that can be obtained by chain-growth polymerization
by the application of disulfide-containing monomers. As the
installation of disulfide moieties into polymers furnishes them
with highly useful properties that greatly extend their spectrum
of applications, it is of great importance to develop new
effective ways to introduce disulfide bonds into polymers. The
transfer of disulfide moieties from monomer to (co)polymer is
possible via a variety of chain-growth polymerization method-
ologies. These technologies include: (a) radical polymerization
by which disulfide bonds can be introduced into pendant
groups by FRP, or into the polymer backbone by rROP, (b)
ionic ROP performed using cyclic N-carboanhydrides, carbon-
ates and lactones, or (c) the ROMP of cyclic disulfide-contain-
ing olefins. Moreover, the polymerization of various com-
pounds by the direct ring-opening of the disulfide-bond by an
assortment of triggers including thermal, light, anionic and
radicals has provided dynamic materials with high levels of
chemical recyclability.

Many of the disulfide-containing copolymers discussed
herein have been obtained from monomers equipped with
active drug molecules, or have been chemically modified with
active compounds, and/or conjugated or complexed with pro-
teins and nucleic acid. These polymers have been applied for
the fabrication of various nanoarchitectures that have been
demonstrated to have increased selectivity, biocompatibility,
or transfection ability. The sensitivity of disulfide bonds to
reducing conditions has been extensively exploited in research
relating to the targeted delivery of active molecules, designed
to take advantage of variations in glutathione levels between
normal and abnormal cells. In addition, by the application of
1,2-dithiolane monomers, new smart materials with self-
healing capabilities, stimuli-responsiveness, adaptiveness, and
recyclability have been reported. The effective incorporation of
disulfide bonds into a polymer backbone also offers the possi-
bility to obtain new (bio)degradable polymers.
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However, the field of disulfide-containing polymers still
remains in the initial stages of exploration, and at present,
exists predominantly on the bench scale, often facing compli-
cations involving tedious monomer synthesis, problematic
polymerization, and monomer  incorporation.
Nevertheless, the exploration of disulfide-containing polymers
remains an extremely active field, and we expect that the future
will be a theatre of important innovations regarding the syn-
thesis of new disulfide-containing monomer building blocks
that are capable of providing next-generation smart materials
that incorporate improved stimuli-responsiveness, degradabil-
ity, and recyclability.
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