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Synthesis of thiol-linked neoglycopolymers and thermo-responsive
glycomicelles as potential drug carriery
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Homopolymer and block copolymer bearing carbohydrate side
chain functionality were obtained by grafting glucothiose onto
alkene functional scaffolds via a thiol-ene click reaction and the
resulting copolymer was used to form thermo-responsive micelles
as a potential drug carrier.

Carbohydrates are involved in a number of important biological
processes involving highly specific events in cell—ell recognition,
cell-protein interactions, and the targeting of hormones, anti-
bodies and toxins."™ Whereas individual protein—saccharide
interactions are typically weak, the multivalent interactions
employed in biological systems, known as the ‘cluster glycoside
effect’,>” can be characterised as high affinity and high
specificity.® Due to their biomimetic properties and many
potential applications, there is an increasing interest in synthetic
polymers with pendent sugar moieties, which are able to interact
with lectins as multivalent ligands in a similar manner to natural
glycoproteins. Two different approaches have been used for the
synthesis of glycopolymers: polymerisation of a sugar-containing
monomer, or post-functionalisation of pre-formed polymers
using sugar moieties. The former approach, especially using
the Living Radical Polymerisation (LRP) technique, has proven
useful for the synthesis of well-defined glycopolymers.”!® On
the other hand, the post-functionalisation approach is
convenient to produce libraries of glycopolymers with the
same macromolecular features by attaching different sugar
moieties to pre-formed polymer scaffolds; it also generally
offers a simple procedure as some sugar-containing monomers
have a tendency to self-polymerise during purification proce-
dures.!" A good example of using the post-functionalisation
approach is the construction of glycopolymers from alkyne
backbone-functional polymers via Cu-catalyzed azide—alkyne
click (CuAAC) chemistry as reported by Haddleton and
coworkers.!? 1* Recently, another reaction which has emerged
as an attractive click process is the addition of thiols to
alkenes, which is called thiol-ene coupling or thiol-ene click
reaction.'> ' It is highly efficient and orthogonal to a wide
range of functional groups, and is compatible with water and
oxygen. The biologically friendly nature of the coupling reac-
tion (metal free) and its simple reaction process are very
attractive for synthesising glycopolymers. In addition, inves-
tigation of protein—thio-oligosaccharide binding indicates that
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thiol linkages offer a higher degree of flexibility between glycol
units and possess more conformers than O-linked ligands.?
Furthermore, S-linked glycopeptides display enhanced
chemical and enzymatic stability and S-linked oligosacchar-
ides were found to have an additional benefit when used as
enzyme inhibitors as the interglycosidic sulfur atom may act as
a hydrogen-bond acceptor which in nature could play an
important role in binding of ligand.?! Thiol-linked glyco-
polymers will see advantages either as mimics of natural
glycoprotein for investigating bioprocesses or as multivalent
ligands in drug delivery applications. In the current study, we
present the synthesis of novel glycopolymers via a thiol-ene
reaction of unprotected glucothiose with alkene functional
scaffolds. Furthermore, we synthesised a block copolymer
containing di(ethylene glycol) methyl ether methacrylate
(DEGMA) and 2-hydroxyethyl methacrylate (HEMA) by
RAFT polymerisation; subsequent modification with gluco-
thiose was accomplished and the resulting glycosylated
block copolymer led to the formation of thermo-responsive
micelles, a potential candidate for targeted drug delivery
(Scheme 1).
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Scheme 1 Synthetic strategies for the preparation of glucose func-
tionalised (co)polymers. (Al) 4-pentenoic anhydride, DMAP,
pyridine, DMF; (A2) UV, glucothiose, DMPA, DMF; (B1) HEMA,
AIBN, DMAc, 70 °C; (B2) AIBN, toluene, 80 °C; (B3) 4-pentenoic
anhydride, DMAP, pyridine, DMF; (B4) UV, glucothiose, DMPA,
DMF.
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Fig. 1 TEM (above) and DLS (below) characterisation of the
copolymers (7) at different temperatures (Left: 20 °C; Right: 40 °C).

Commercially available PolyHEMA (1) (M, = 21 k,
PDI = 1.68) was first used as a starting material to prepare the
alkene functional polymer. The modification was carried out
in DMF with 4-pentenoic anhydride at 40 °C. The successful
modification is confirmed by '"H NMR and FT-IR, although
GPC data show only a slight increase of molecular weight to
28 k after modification that may be due to the difference of
polymer to polystyrene standards (see ESIt). Polymer (2) was
then dissolved in DMF and reacted with glucothiose sodium
salt with HCI and a photoinitiator 2,2-dimethoxy-2-phenyl-
acetophenone (DMPA) under UV for 2 h, to afford the new
thiol-linked glycopolymer (3) with a molecular weight of 65 k
and PDI of 1.33. The disappearance of alkene signals in both
NMR and FT-IR further confirms the successful modification
(see ESIT). The new polymer was found—in contrast to its
precursors—to be highly water-soluble.

A copolymer containing the sugar block and poly(ethylene
glycol)methacrylate block was then synthesised via RAFT and
thiol-ene click reaction to obtain thermo-responsive micelles.
PEG is a cheap, neutral, water-soluble, biocompatible poly-
mer and one of the most applied synthetic polymers in the
biomedical field, and has recently raised interest in terms of its
thermo-responsive water-soluble property.>>>* Herein, the
homopolymer of di(ethylene glycol) methyl ether methacrylate
(DEGMA) has been obtained using the RAFT technique
with cumyl dithiobenzoate (CDB) at 60 °C in toluene. The
polymerisation was monitored using NIR and shows linear
first order kinetics. The final polymer maintained low PDI
(M, = 20 k, PDI = 1.09) with a LCST of 29 °C (see ESI¥).

PolyDEGMA (4) was then used for chain extension with
HEMA to afford polymer (5) (M, = 52 k, PDI = 1.22). A
modification approach similar to that for the synthesis of (3)
was then used to obtain a block copolymer containing glucose
moieties ((7), M, = 93 k, PDI = 1.27) and the modification is
further confirmed by NMR (see ESI¥). It is necessary to note
that in the modification step (B2), we used an approach
described by Perrier and coworkers® to remove the RAFT
groups by dissolving the polymer (5) in toluene and heating
it with AIBN at 80 °C for 2.5 h. By removing the thio-
carbonylthio endgroup possible side reactions between the
alkene functionality and the terminal RAFT groups under
UV are prevented.

The final glucose-containing copolymer (7) was fully water-
soluble up to a temperature of 29 °C, which is below the LCST
of PolyDEGMA. Dynamic light scattering (DLS) analysis

confirmed the presence of molecularly dissolved unimers
exhibiting a hydrodynamic diameter equal to 7.8 nm at
20 °C. Above this temperature, the measured hydrodynamic
diameters at 40 °C were raised to 28 nm indicating the
micellisation of the block copolymer, which is further
confirmed by TEM (Fig. 1). No micelle formation was found
for samples prepared at room temperature. For samples
prepared at 40 °C, the diameters of the micelles from TEM
are slightly smaller (~25 nm), which may be due to shrinkage
of the micelles in the dry state.

The rate of the ligand-lectin binding is a critical factor
in biological systems. A biochemical evaluation of the glyco-
polymers (3) and (7) was undertaken with Concanavalin A
(Con A), a mannose and glucose specific lectin.’ The rate of the
binding of Con A to the glucose-containing glycopolymer was
assessed by a turbidimetric assay,'>?® measuring changes of the
absorbance at 420 nm of appropriate solutions of the lectin and
polymer in HEPES buffer at pH 7.4. As shown in Fig. 2, the
rate of binding for (7) is slower than that of the homopolymer
(3), due to the relatively lower epitope density of the copolymer,
which is consistent with previous reports.'>*® At higher
temperature, both (3) and (7) show a quicker rate of binding
and for (7), the change of rate is even higher, which may be due
to the formation of micelles at 40 °C, where the non-active
DEGMA were hidden inside. In addition, the micellar system
has a high sugar density arranged in a spherical shape, which
multivalency theories deem to be favourable. DLS experiments
further confirmed the clustering of Con A in the presence of (3)
or (7) at both temperatures, inducing a shift of hydrodynamic
diameter to the range between 660 nm and 1400 nm (Fig. 2).

In summary, metal-free thiol-ene click reaction was success-
fully applied for the synthesis of (co)polymers containing pending
sugar moieties. Thermo-responsive micelles were then obtained
based on the block copolymer. This provides a convenient and
non-toxic approach to make complex glycosylated macro-
molecular constructs, especially in creating targeted drug delivery
systems. In our ongoing research, we are investigating the
synthesis of glycosylated hollow particles for carrying and
localising drug to specific sites and exploring other systems based
on the thiol-linked glycosides. We believe this to be a promising
route for sugar related synthesis and modifications.
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Fig. 2 Turbidimetry assay (above) and DLS (below) experiments of
the glycopolymers with Con A.
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