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A new monomer, 2-[2-(2,3,4,6-Tetra-O-acetyl-β-D-glucopyranosylthio) propyl)]-2-oxazoline (Ac4Glc-S-Ox), was synthesized
by direct addition of 2,3,4,6-Tetra-O-acetyl-1-thio-β-D-glucopyranose (Ac4Glc-SH) to 2-Isopropenyl-2-oxazoline (iPOx) in
the presence of solid butyl amine resin via thiol-ene click reaction. The living cationic ring-opening polymerization was
performed to prepare copolymers of Ac4Glc-S-Ox with 2-ethyl-2-oxazoline (EtOx). In order to systematically investigate the
effect of S-glucosyl substituent linked to the polymer backbone with different linkers on the cloud point and the binding
ability, another series of glycopolymers were prepared by post polymerization modification method. Copolymers of 2decenyl-2-oxazoline and 2-butenyl-2-oxazoline with EtOx were first polymerized and then reacted with Ac4Glc-SH. The
obtained glycopolymers exhibited lower critical solution temperature behavior that could be tuned easily by manipulating
the alkyl linker length. Moreover, the binding results obtained both turbidimetry and surface plasmon resonance
techniques suggested that the relationship of linker to polymer backbone has a critical influence on glycopolymer-lectin
binding behaviour.

Introduction
Multivalent carbohydrate-protein interactions play a crucial
role in a wide range of complex biological processes, such as
intercellular recognition, signal transmission and infection.1-4
Carbohydrates are known to exhibit variations in interaction
with their specific binding lectins dependant on their
monomeric units and their branching architecture.5-7 These
interactions can also be enhanced by the “glycocluster
effect”.8 Lectins, carbohydrate-binding proteins, are
fundamental to many important biological process and living
organisms. In particular, dendritic cells act as messengers
between microorganisms or host molecules and immune cells
by recognizing surface rich in mannose containing glycans. For
this purpose, synthetic glycopolymers can collaborate to
express on the cell surfaces function in the sense of a
“glycocode”. Basically, the interactions between carbohydrate
and lectin are created by hydrogen bonding, van der Waals'
interactions and hydrophobic stacking. To provide a
multivalent carbohydrate-lectin interaction is very important
to design different types of biological and biomedical
applications, such as, pathogen detection, inhibitors of toxins
and lectin-based biosensors. Glycopolymers (GPs) that are
essentially synthetic carbohydrate containing macromolecules

can display similar structural and functional features as
oligosaccharides such as variations in anomeric status, linkage
positions, branching, and introductions of site speciﬁc
9-14
Therefore, even though there have been
substitutions.
great developments on the synthesis of well-defined glycopolymers over the last decade, it is still challenging to provide
precision on the control of chain lengths, monomer repeat
15-16
sequences, compositions, and architectures.
Furthermore,
in order to promote the development of glyconanoparticles for
different bio-related applications such as drug delivery,
biomaterials, and biotechnologies it is necessary to understand
the basis of selectivity and strength in the specific interactions
17-22
between glycomaterials and lectins in more detail.
In general, there are two advanced synthesis strategies to
prepare glycopolymers: either the direct polymerization of
carbohydrate-bearing monomers or the synthesis of polymeric
backbone bearing pendant reactive sites subsequently
functionalized by carbohydrate moieties by using the
combination of controlled/living polymerization techniques
23
and click chemistry. Cationic ring opening polymerization
(CROP) is one of the earliest developed living polymerization
techniques, but it has not been studied extensively yet for the
preparation of glycopolymers due to the limited knowledge on
direct polymerization of carbohydrate-containing cyclic
24-25
monomers.
Therefore, it is necessary to develop new
strategies to prepare different types of glycopolymers with
tuneable properties via CROP. 2-Alkyl-2-oxazolines are
commonly used for CROP and they are promising candidates
for biological applications due to their biocompatibility, low
26-27
toxicity and incorporation with different functionalities.
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Scheme 1. Schematic representation of the synthesis of one-pot glycomonomer approach (top) and copolymerization of 2-alkenyl-2-oxazolines with 2-ethyl-2oxazoline at various ratios and followed by glycosylation reaction (bottom).

The first study dealing with the CROP of a sugar-functionalized
28
2-oxazoline was reported in 2010 by Kojima et. al. Two
different S-galactosyl substituted oxazolines were prepared in
24
a three-step reaction and polymerized via CROP. After the
deprotection, the obtained poly(2-oxazoline)s with pendant
sugar moieties showed specific interaction with RCA120 (Ricinus
communis agglutinin). Shortly after, Schubert and coworkers
reported the synthesis of glucose-substituted 2-oxazoline
monomer and its co-polymerization by CROP in the presence
of 2-oxazoline-based monomers. The glucose-substituted 2oxazoline monomer was prepared by using copper-catalyzed
azide-alkyne cycloaddition (CuAAC) click chemistry after a
multi-step reaction. Moreover, Schlaad and collaborators
performed a post polymerization modification of a welldefined poly(2-butenyl-2-oxazoline) with an 2,3,4,6-Tetra-Oacetyl-1-thio-β-D-glucopyranose (Ac4Glc-SH) to yield protected
29
glycopolymers.
Following this report, poly(2-decenyl-2oxazoline) was clicked with an acetylated thioglucose to
30
prepare a small library of glycopolymers by Schubert group.

Herein, we describe the synthesis and CROP of 2-[2(2,3,4,6-Tetra-O-acetyl-β-D-glucopyranosylthio)
propyl)]-2oxazoline (Ac4Glc-S-Ox) glycomonomers for the first time. To
the best of our knowledge, this is the first report on one-pot
preparation of 2-oxazoline based glycomonomer that does not
require further purification and provide a much simplified
methodology. The thiol-ene “click” reaction was performed to
prepare Ac4Glc-S-Ox by the addition of Ac4Glc-SH to 2isopropenyl-2-oxazoline (iPOx) with 1 to 1 molar ratio in the
presence of solid butyl amine resin at 365 nm UV lamp for
31
overnight. Due to the importance of the linker length in
lectin recognition and binding kinetics a series of GPs with
different linker length were prepared by post polymerization
modification of pendant alkene functionalities with thiols via
photoaddition. In this way, copolymers of 2-decenyl-2oxazoline (DecenOx) and 2-butenyl-2-oxazoline (ButenOx) with
2-ethyl-2-oxazoline (EtOx) were firstly prepared and then
modified with Ac4Glc-SH to yield the respective glycopolymers.
The lower critical solution temperature (LCST) behaviour of the
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obtained GPs was determined to measure cloud points (CPs).
Furthermore, bioactivity and bioavailability of the synthesized
GPs were investigated by measuring interactions with
Concanavalin A (ConA) as well as dendritic cell-specific
intercellular adhesion molecule-3-grabbing non-integrin (DC32-33
SIGN) via turbidimetry assays and SPR, respectively.
The
results indicated that the interaction between GPs and lectins
can be enhanced dramatically by longer linkers between sugar
moieties and polymer backbones.

Results and discussion
Synthesis
of
S-glucosyl
substituted
2-oxazoline
glycomonomer (Ac4Glc-S-Ox). Thiol-ene click chemistry is one
of the most popular click reactions since thiol and alkene
components can be incorporated into a wide range of
substituents.34 As depicted in Scheme 1, thiol groups of Ac4GlcSH were reacted with the double bonds of 2-isopropenyl-2oxazoline (iPOx) in the presence of solid-phase butyl amine
resin as a catalyst in dry acetonitrile using 365 nm UV lamp for
overnight. Thiol-ene click reaction was monitored and
1
13
quantitative conversions were confirmed by H-NMR, C-NMR
1
13
and ESI-MS. As seen in H and C NMR in Figure 1, the
glycomonomer structure was confirmed by the disappearance
of the vinyl peaks at 5.5 and 5.7 ppm of iPOx, the appearance
of new peaks at 2.6-2.8 and 3.0-3.1 ppm, and also the chemical
shift of –CH3 protons of iPOx after the reaction due to
difference in chemical environment indicate the formation of
the corresponding thioether structure.

Figure 1. 1H-NMR (left) and 13C-NMR (right) spectrum of Ac4Glc-S-Ox monomer.

In the ESI-MS spectra (ESI), there is a clear peak at 475.16 m/z
that corresponds to the molecular weight of the new Sglucosyl substituted 2-oxazoline glycomonomer with
theoretical mass of 475.15 m/z. The product was obtained as a
pale white compound with a yield of 97%. Hence, there was no
need to proceed with any rigorous and extensive purification,
which usually leads to a loss of product in the previous

synthetic methods, and thus here a simple, one-pot, efficient
and robust synthetic strategy was achieved.
Synthesis of ButenOx and DecenOx monomers. 2-butenyl-2oxazoline (ButenOx) and 2-decenyl-2-oxazoline (DecenOx)
monomers were prepared in a two-step procedure as
previously reported by Kempe and co-workers. Both GC-MS
1
measurements and H-NMR spectroscopy measurements
confirmed partial formation of the desired 2-oxazoline after
the first step and, therefore, the second reaction was carried
out without any further purification of the intermediate
product. Ring closure was achieved with KOH in dry MeOH at
70 °C. The pure products were obtained after vacuum
distillation with yields of 42% and 72% for ButenOx and
DecenOx, respectively.
Microwave-assisted copolymerization. CROP can be affected
significantly by the type of solvent, monomer concentration
25, 35
and temperature.
Therefore, a detailed optimization study
was undertaken to identify the ideal polymerization
conditions. Briefly, when the polymerization reaction was
carried out at 140 °C, or at higher monomer concentrations,
the resulting polymer exhibited a relatively high dispersity,
which was also evident in the GPC trace as a shoulder at lower
elution volume region. The possible reason behind this could
be the degradation of the sugar moiety or some coupling
reactions between polymer chains. In the case of lower
polymerization temperatures, the conversion of Ac4Glc-S-Ox
remained low. The optimal temperature and monomer
concentration were determined as 120 °C and 1M, respectively
for further copolymerizations.
In order to obtain a more detailed understanding, a kinetic
study of the copolymerization of EtOx and Ac4Glc-S-Ox was
performed with a DP of 60 (EtOx 50, Ac4Glc-S-Ox 10) and 1M
monomer concentration at 120 °C for 12 h in in the microwave
reactor. The polymerization conversion of EtOx was monitored
by GC, but the sugar substituted 2-oxazoline conversion could
not be monitored by GC or 1H-NMR because of overlapping
signals from sugars with the oxazoline ring signals at 3.8 and
4.2 ppm. Therefore, the conversion of Ac4Glc-S-Ox was
calculated from the GPC analysis. As depicted in Figure 2,
semi-logarithmic kinetic plots displayed a linear increase of
conversion with time for both monomers, as expected,
showing
the
absence
of
termination
reactions.
Copolymerization of EtOx and Ac4Glc-S-Ox has been achieved
with a relatively good control after 12 h according to NMR and
GPC analysis.
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Figure 3. A) 1H NMR characterization (400 MHz, CD3OD); B) FT-IR spectra of the
obtained copolymers P2b1, P2b2 (thiol-ene product) and P2b3 (after deacetylation).
Table 1. Molar mass and polydispersity data of the deprotected glyco-copolymers.

Figure 2. A) GPC traces of the microwave-assisted copolymerization of EtOx and Ac4GlcS-Ox ([EtOx+ Ac4Glc-S-Ox]/[I] = (50+10)/1) at various reaction time. B) Semi-logarithmic
kinetic plot for both monomers. C) 1H-NMR spectra in CDCl3 displaying monomer
conversion of EtOx and Ac4Glc-S-Ox at various polymerization time.

The polymerization of EtOx proceeded significantly faster than
Ac4Glc-S-Ox. This difference in reactivity of the monomers has
provided us to obtained gradient copolymers. The number
average molar mass (Mn,GPC) measured in DMF GPC increased
linearly at higher monomer conversions. As shown in Table 1,
the Mn,GPC is found to be higher than theoretical molar mass
(Mn,Theo) mainly due to the difference in chemical structure of
copolymers in comparison to PS calibration standards, causing
a significant difference of hydrodynamic volume in DMF.
Nevertheless, the molar mass distribution (Đ) was kept below
1.24 throughout the entire polymerization process. Thus, living
cationic ring opening polymerization (CROP) process allowed
preparation of a series of well-defined GPs (P1a2-P1c2; Table
1) by using EtOx and Ac4Glc-S-Ox monomers at 55:5 (P1a1),
50:10 (P1b1), and 45:15 (P1c1) ratios. The copolymerizations
of DecenOx and ButenOx with EtOx have also been achieved
with a good control over the polymerization.

Code

Mn,Theo
(Da)

Mn,GPC
(Da)

Đ

P1a2
P1b2
P1c2
P2a3
P2b3
P2c3
P3a3
P3b3
P3c3
P4a3

7590
8460
9410
7670
8650
9640
8080
9440
10820
10090

9500
11400
13300
9900
11700
13800
10800
12900
14600
13100

1.21
1.20
1.21
1.14
1.16
1.15
1.16
1.16
1.17
1.24

Cloud point
(°C)
Heating
61.4
80.8
n.d.
54.3
75.9
n.d
47.8
36.5
27.2
64.3

Cooling
62.3
81.2
n.d
55.7
76.3
n.d
48.7
37.3
28.4
64.7

A more complex copolymer, P4a1, containing all
monomers EtOx, ButenOx, DecenOx and Ac4Glc-S-Ox was
synthesized to compare its LCST behaviour and lectin binding
ability with other obtained GPs. The total degree of
polymerization was kept as 60 with the same amount of
ButenOx, DecenOx and Ac4Glc-S-Ox (8.3 mol%, DP=5 for each).
All monomers were mixed in the presence of methyl tosylate
(MeOTs) as an initiator and acetonitrile as a solvent and then
irradiated in the microwave reactor at 120 °C. Full monomer
conversion was reached after 12 h. The Mn,GPC was expectedly
higher than Mn,theo with a slight increase in Đ value.
Thiol-ene Photoaddition Reactions of copolymers using
Ac4Glc-SH. Thiol-ene click reactions of poly(EtOx-ButenOx)s,
poly(EtOx-DecenOx)s and poly(EtOx-ButenOx-DecenOx-Ac4GlcS-Ox) were carried to obtain (P2a2-P2c2, P3a2-P3c2, P4a2)
modified with Ac4Glc-SH under UV irradiation at ambient
temperature in the presence of an UV-labile radical initiator
(DMPA) overnight. Ac4Glc-SH was used in slight excess (1.2 eq.
with respect to the double bonds) to ensure complete
1
conversion of ene groups. The reaction was monitored by H
NMR spectroscopy and GPC analysis.
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As shown in Figure 3A, S3, S5 and S7, the peaks of the
alkene groups of copolymers at 5.8-6.0 ppm disappeared and
the acetyl protecting groups of sugars appeared at 2.0 ppm as
the thiol–ene reaction progressed. The GPC traces of
copolymers also showed significant shifts due to increases of
molar mass after the thio-ene photoaddition of Ac4Glc-SH
(Figure 4). Moreover, there was not any considerable increase
in Đ values. The FT-IR spectra revealed the appearance of
-1
stretch at 1745 cm , which originates from the ester bond of
acetyl protecting groups (Figure 3B, S4, S6 and S8)
Deprotection of the obtained copolymers. Deprotection of all
copolymers bearing protected sugar moieties was performed
in MeOH with sodium methoxide for 3h at room temperature.
1
Deprotection was followed by H NMR and FT-IR. As seen in
Figures 3A, S3, S5 and S7, the peak of the acetate groups at 2.0
1
ppm disappeared in the H NMR spectra, and the FT-IR signal
-1
at 1745 cm disappeared. Deacetylation of the protected
sugar residues produced free hydroxyl groups that caused a
-1
broad stretch at about 3350 cm in FT-IR spectrum (Figure 3B,
S4, S6 and S8). Furthermore, DMF GPC analysis revealed the
shift of elution peaks after the deprotection reaction due to
the change of hydrodynamic volume (Figure 5). Even if the
theoretical molar mass decreased after the reaction, the Mn,GPC
increased, as shown by clear shifts to lower elution volumes.
This is probably due to increased solubility of free hydroxyl
groups of sugar moieties creating a larger hydrodynamic
volume.

D) copoly(EtOx-ButenOx-DecenOx-Ac4Glc-S-Ox) before and after thiol-ene and
deprotection reaction.

Figure 5. GPC traces of the (deprotected) glyco-copolymers of each series; A)
poly(EtOx-co-Ac4Glc-S-Ox)s; B) poly(EtOx-co-ButenOx)s; C) poly(EtOx-co-DecenOx)s; D)
copoly(EtOx-ButenOx-DecenOx-Ac4Glc-S-Ox).

Solubility of the glycopolymers in aqueous media. Thermal
phase transition temperatures of the GPs were measured at a
polymer concentration of 5 mg/mL in the temperature range
from 20 °C and 80 °C in order to investigate CPs. In general,
LCST behaviour can be influenced by several properties, such
as, the chain length, architecture, hydrophilic-hydrophobic
balance and also concentration of the polymers. Recent
reports highlighted the LCST behavior of poly(oxazoline)-based
30
GPs with different carbohydrate content.
As seen in Figure 6, the sugar content has a dramatic effect
on the LCST of the GPs. For P1a2-P1c2 (deprotected poly(EtOxco-Ac4Glc-S-Ox)s) and P2a3-P2c3 (deprotected glucose clicked
poly(EtOx-co-ButenOx)s), increasing the number of sugar
moieties results an increase in LCST. In general, the LCST
values of all GPs revealed successive phase transitions with
small hysteresis. It is clear that there are considerable
differences in LCST value between the GPs with the same
amount of sugar content. This shows that the spacer length
between the polymer backbone and the sugar residues has a
significant influence on the cloud point, probably because of
the increase in hydrophobicity of the copolymers with longer
alkyl chain substituents.

Figure 4. GPC traces of the copolymers of each series; A) poly(EtOx-co-Ac4Glc-S-Ox)s
before and after deprotection; B) poly(EtOx-co-ButenOx)s; C) poly(EtOx-co-DecenOx)s;
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Figure 7. Turbidity measurements of the obtained glycopolymers with ConA.
Figure 6. Turbidity curves for the determination of the cloud points of the
(deprotected) glyco-copolymers of each series; A) poly(EtOx-co-Ac4Glc-S-Ox)s; B)
poly(EtOx-co-ButenOx)s; C) poly(EtOx-co-DecenOx)s; D) copoly(EtOx-ButenOxDecenOx-Ac4Glc-S-Ox).

As seen in Table 1 and Figure 6, cloud points of GPs with
the shortest alkyl linker (P1a2-P1c2) were found higher than
that of other GPs with longer alkyl chains. P1c2 including the
highest degree of glucose has the highest LCST value. In
contrast, the CPs of the GPs bearing decenyl chain sugar
substituents (P3a3-P3c3) exhibited the lowest CPs.
Furthermore, even though the fractional sugar content
increased, the CP temperature of the GPs decreased (Table 1),
similar to results previously presented by Schubert and co30
workers.

Lectin binding studies. Turbidimetry is the most common and
straightforward technique for determining lectin binding and
understanding the recognition events between a polymer and
a protein. All glycopolymers were dissolved in freshly prepared
HBS buffer solutions (640 µM) and then added into ConA
solution (120 µM) and placed in the UV spectrometer. The
absorbance of the mixture was recorded at 420 nm for 15 min
every 0.12 s.
Polymer P3c3, containing the longest linker, showed the
highest binding signal from all the glycopolymers (Figure 7).
Structurally more complex GP, P4a3, also provided a strong
binding. Basically, binding activity showed a correlation with
sugar density. P1a2 interacted weakly with ConA, consistent
with its low sugar density, although this polymer also has a
shorter linker, which may decrease the accessibility of sugar
residues. As seen in Figure 7 and Figure S9, there are not big
differences in binding activity between any of the GPs bearing
short linkers (P1a2-P1c2), whereas the P3 series showed a
significant increase on the binding capability with ConA.
To confirm the results obtained from the turbidimetry
assay, more detailed analysis was carried out using SPR. The Ctype dendritic cell lectin, namely DC-SIGN, was used in kinetic
experiments with GPs (Figure 8). The results of the SPR
experiments are in excellent agreement with the turbidimetry
assay, confirming that the binding between GPs and lectins
was enhanced by longer linkers. As depicted in Figure 8 and
Figure S10, P3c3 showed the strongest binding with DC-SIGN
whereas P1a2 was the weakest. The rest of GPs demonstrated
intermediate interaction profiles according to their sugar
density and linker length.
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dissociation rate constant (approximately 100-fold) (Table 2).
This suggests that the short linker lengths may restrict egress
of sugar groups away from the lectin once the multivalent
complex is made, a characteristic that may be worth further
investigation.

Conclusions

Figure 8. Comparison of the binding of glycopolymers to DC-SIGN at a concentration of
16 µM. (The grid lines represent injection time of association and dissociation.)
Table 2. Kinetic binding data of glycopolymers and DC-SIGN as calculated by SPR.

Code
ka (1/Ms)
kd (1/s)
Ka (1/M)
Rmax (RU)
3
-9
12
P1a2
2.44x10
1.09x10
2.24x10
180
3
-8
10
P1b2
1.05x10
4.66x10
2.26x10
215
P1c2
1.36x103
1.64x10-7
8.28x109
250
3
-8
10
P2a3
1.10x10
3.90x10
2.81x10
200
3
-8
10
P2b3
1.24x10
3.54x10
3.52x10
200
P2c3
1.70x103
5.25x10-8
3.24x1010
270
3
-8
10
P3a3
1.66x10
1.74x10
9.52x10
280
P3b3
2.03x103
1.67x10-7
1.21x1010
300
3
-7
10
P3c3
3.73x10
2.04x10
1.82x10
335
P4a3
3.76x103
4.02x10-7
9.36x109
315
According to the kinetic binding parameters of all GPs,
there is not any considerable difference in association rate
constants (ka), but increases in dissociation rate constants (kd)
were observed. The binding kinetics exhibit the characteristics
of multivalent interactions, with initial association rates
slowing rapidly, probably due to the “zipper effect” as sugar
residues along the same GP fill local lectin binding sites
36
without adding any further mass to the chip surface.
Dissociation rate constants are also complex to interpret and
very slow dissociation rates are seen in all GP samples, which
are expected in multivalent binding interactions. As one sugar
dissociates, it is unable to diffuse away because it remains part
of the polymer complex, promoting rebinding and very slow
dissociations kinetics. Interestingly, even though P1a2 showed
the weakest binding according to turbidimetry (Figure 6),
which is best compared to complex association, it
demonstrated the highest affinity because of a very low

In summary, a series of poly(2-oxazoline)s containing different
alkyl linker lengths for sugar display on the polymer backbone
were synthesized via CROP and thiol-ene click reaction. A
simple, one-pot, versatile synthetic strategy was described for
preparation of a novel S-glucosyl substituted 2-oxazoline
glycomonomer via thiol-ene click chemistry. A systematic
study on the cloud points of these polymers showed that it is
possible to provide an efficient control on the thermoresponsive behaviour of the synthesized glycopolymers with
the targeted LCST value. Turbidimetry and SPR results
confirmed that the length of a linker between carbohydrate
and polymer backbone has a critical influence on sugar binding
activity. It is likely that the increased flexibility of longer linkers
provides more accessibility and promotes multivalent binding
interactions with lectins. There is no doubt that the ability to
control linkage groups combined with reliable synthesis will be
advantageous for the application of the glycopolymer
technology to medicine and biotechnology.
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