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a b s t r a c t
Glycopolymers are synthetic polymers with carbohydrate groups attached and have a great
potential to be utilized in drug delivery applications and nanomedicines as a result of their
recognition properties. Sugar code is running in living entities with extreme precision and
every small difference in the oligosaccharide structure signiﬁcantly affects the recognition
by lectins. Therefore, controlling the sequence of sugars along the polymer backbone is
vital to achieve selective lectin binding and cell signalling. The preparation of sequence
controlled glycopolymers has recently been in the focus of several research groups and
the cons and pros of three recently published approaches are discussed in this minireview.
Ó 2013 Elsevier Ltd. All rights reserved.

1. Introduction
Synthetic glycopolymers, contain carbohydrate moieties either as pendant or terminal groups, are potentially
important materials for various biological and medicinal
applications [1–11]. In the last decade, glycopolymers have
attracted great interest in both fundamental and applied
research areas [11,12]. Indeed, glycans, which are natural
oligosaccharides or polysaccharides, play crucial roles in
biological processes including inﬂammation, cell–cell communication, signal transmission and fertilization [13–17].
Protein–glycopolymer bioconjugates, with linear or cyclic
carbohydrate units that resembles the naturally occurring
glycoproteins, have a great potential to be used in biomimetic applications and human therapeutics. These materials can potentially provide increased speciﬁcity in the
interactions of glycopolymers with protein and other cell
surfaces in biological systems [18–22].
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In general, the interactions between lectins and carbohydrates are rather weak, but can be dramatically enhanced by the multivalent effect of densely packed
carbohydrate molecules, which is known as the ‘‘glycocluster effect’’ [11,23–27]. In particular, as a result of this effect, the high afﬁnity binding of glycopolymer to lectin is
exploited in carbohydrate–lectin recognition events [28–
30,9]. Moreover, the speciﬁc interaction between glycopolymer and lectin with high selectivity and strength does
not only depend on the glycocluster effect but also molecular weight, molecular weight distribution (Ð), architecture, sequence and location of the carbohydrate on
polymer backbone as well as end group functionality of
glycopolymer [31]. Therefore, it is crucial to achieve absolute control over the architecture, density, spacing and
number of carbohydrate segments in synthetic glycopolymers [32–37]. There are two main strategies in the synthesis of glycopolymers. The ﬁrst one is called glycomonomer
approach, where carbohydrate-bearing monomers can be
polymerized to yield glycopolymers. The second approach
is based on post-polymerization modiﬁcations of clickable
polymers with carbohydrates and quite commonly controlled/living polymerization techniques are utilized in
combination with various click reactions [6,22,38,39]. As
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illustrated in Fig. 1, the classical glycopolymers have been
synthesized via radical or ionic polymerization techniques
and can be composed of one or more different types of glyco units [40]. Typically, these strategies have been used to
form homo glycopolymers, block glycocopolymers or random glycocopolymers [41–43]. Besides, the degree of polymerization and the ratio of sugar units could be relatively
well controlled using the latter approach.
Precision synthesis of macromolecules with sequence
controlled structures has been challenging and still quite
far from what nature can deliver with absolute precision.
Nevertheless, some recent studies have demonstrated precision synthesis of macromolecules that allowed sufﬁcient
control in chain length, architecture, monomer sequence,
chain folding, and tertiary structures [44–53]. However,
the glycopolymer code is much more complicated than
simply controlling the chain length and the sugar type
[31,54–56]. Glycopolymer code requires designed macromolecular architectures and precise control over the carbohydrate sequence to provide both effective and selective
binding to lectins [15,57].
In this minireview, we highlight three recent and promising examples of sequence controlled glycopolymer synthesis procedures [58–60]. These attempts provide
relatively good control over the sequence and it is evident
that this challenge will be overcome in the following years.
However, natural glycoprotein structures with speciﬁc
binding properties have more complicated secondary and
tertiary structures. Therefore, it is also essential to control
the chain folding to create unique architectures that will
provide selective binding properties to the desired biological entities. We believe the synthesis of synthetic polymers with controlled folding has already become the
next challenge in polymer science.

2. Discussion
Hartmann and coworkers have recently employed solid-phase polymer synthesis to prepare sequence-deﬁned
monodisperse glycopolymer segments for the ﬁrst time
[58]. Desired number of sugar units were clicked to
poly(amidoamine) (PAA) backbone via Cu catalyzed
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azide-alkyne cycloaddition (CuAAc) reaction. The synthetic
strategy is outlined in Fig. 2. Three different structures,
including set of mono-, di-, and trivalent glycopolymer
segments with the same chain length, obtained by a combination of solid-phase synthesis and click chemistry.
Firstly, the triple bond functionalized building blocks, 1(ﬂuorenyl)-3,11-dioxo-7-(pent-4-ynoyl)-2-oxa-4,7,10triazatetradecan-14-oic acid (TDS) and ethylenedioxy
(EDS), were prepared from commercially available compounds,
diethylenetriamine
and
2,20 -(ethylenedioxy)bis(ethylamine), respectively, in several steps. These
building blocks were used in the solid-phase synthesis of
sequence-deﬁned glycopolymers.
After modiﬁcation of trityl-tentagel-OH resin with ethylenediamine linker, as a solid support, the coupling reaction was carried out in N,N-dimethylformamide (DMF) at
ambient temperature with HBTU/HOBT/DPEA on the resin.
Prior to the click reaction, the alkyne group of the PAA
backbone was deprotected by removal of the Fmoc protecting group using a 25% solution of piperidine in DMF.
As depicted in Fig. 3, three different short glycol structures
were obtained after cleaving the chains off the support resin. These monodisperse glycopolymer segments have the
same contour length but differ in their number and spacing
of presented mannose ligands. These compounds were able
to selectively bind to Con A as assessed via surface plasmon
resonance (SPR) spectroscopy. The results indicated that
trivalent glycopolymer segment has higher binding afﬁnity
than others possibly because of the number and position of
mannose units.
Recently, an alternative route to synthesize precision
glycopolymer was demonstrated by Lutz and coworkers
utilizing a combination of post-polymerization and siteselective functionalization with reactive maleimides
(MIs) [59]: Copolymerizations of styrene with the protected N-propargylmaleimides were performed by nitroxide-mediated radical polymerization (NMP) leading to
copolymers with molecular weight of 11.6–13.7 kDa. The
commercially available alkoxyamine, BlocBuilder, was
used as an initiator and the time-controlled addition of
the protected MIs (3 equivalents) during NMP in anisole
at 120 °C provided linear polystyrene chains presenting
short and localized glycol functional regions (Ð = 1.23–

Fig. 1. Schematic illustration of glycopolymers in various compositions and architectures.
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Fig. 2. Solid phase synthesis of glycopolymer segments.

Fig. 3. Structure of mono-, di-, and trivalent glycopolymer segments (left) and their binding to ConA determined by competitive SPR binding assay (right).
Reprinted from Ref. [58] with permission.

1.24). At the beginning of the reaction, triisopropylsilyl
protected N-propargylmaleimide (TIPS-PMI) was introduced. The second type of functional monomer, triethylsilyl protected N-propargylmaleimide (TES-PMI) was added
after the complete conversion of TIPS-PMI and further
chain growth with styrene. Finally, trimethylsilyl protected
N-propargylmaleimide (TMS-PMI) was introduced at the
ﬁnal stage of the polymerization.
After the formation of well-deﬁned polymers with controlled molecular weights and molecular weight distributions, the following step was the stepwise orthogonal
deprotection and functionalization of the three distinct alkyne sites. Initially, the TMS group was cleaved from the
macromolecular scaffolds using K2CO3 in a methanol/
water/THF mixture at 40 °C for 7 h, and then deprotected
alkyne sites were modiﬁed with the azidomannose by
CuAAC reaction. TES protection group was then removed
by treatment with K2CO3 in a methanol/water mixture at

60 °C for 89 h, and alkyne groups were reacted with the
azidogalactose derivative. Ultimately, after cleavage of
the TIPS protection groups in THF with tetrabutylammonium ﬂuoride at room temperature for overnight, the azido-N-acetylglucosamine derivative was attached to the
alkyne site (Fig. 4).
The quartz crystal microbalance with dissipation monitoring (QCM-D) technique was used to analyse the binding
afﬁnity between the modiﬁed glycopolymer and hexosespeciﬁc lectins, namely, Con A, Peanut Agglutinin (PNA),
and Wheat-Germ Agglutinin (WGA) that have high binding
afﬁnity with mannose, galactose, and N-acetylglucosamine, respectively.
Very recently, Haddleton and coworkers proposed an
elegant and versatile approach whereby single electron
transfer living radical polymerization (SET-LRP) was used
for precise control over the monomer sequence along the
polymer chain. In this study, ﬁrstly three different types

Author's personal copy
3049

Ó Wiley-VCH 2013

G. Yilmaz, C.R. Becer / European Polymer Journal 49 (2013) 3046–3051

Ó Wiley-VCH 2013

Fig. 4. General strategy for the synthesis of single-chain sugar arrays and their binding to various lectins determined by QCM-D. Reprinted from Ref.
[59].

Fig. 5. Schematic presentation of the sequence controlled ManA and GluA hexa block copolymer (top) and SEC traces of each addition of glycomonomer
(bottom). Reprinted from Ref. [60].

of glycomonomers were prepared by clicking of 3-azidopropylacrylate (APA) to alkylated mannose, glucose, and
fucose, respectively, via the CuAAC reaction with CuSO4
and sodium ascorbate in methanol/water mixture. The
polymerization of mannose glycomonomer (ManA) was
carried out in DMSO using Cu(0)/Cu(II)/tris[2(dimethylamino)ethyl]amine (Me6TREN) as the catalyst system at
20 °C. A linear increase of molecular weight with glycomonomer conversion and relatively narrow molecular weight

distribution (Ð = 1.15) were obtained. The presence of high
chain ﬁdelity was assessed by high-resolution electrospray
ionization mass spectroscopy (HR-ESI MS) and enabled for
chain extension with the same glycomonomer or block
copolymerization with different glycomonomers. As depicted in Fig. 5, the polymerization reaction was continued
by addition of glucose glycomonomer (GluA) in DMSO.
After reaching complete conversion of GluA glycomonomer, again ManA in DMSO was added to the reaction mix-
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ture. This sequential addition cycle was continued until the
glycopolymer reached to six short blocks (DP = 2 for each
block; Mn = 9.6 kDa; Ð = 1.21).
A similar approach was undertaken to prepare multiblock glycopolymers with longer block lengths in various
compositions containing mannose, glucose, and fucose
moieties. Moreover, a model thermo-responsive sequence
controlled multi-block glycopolymer was developed by
the polymerization of di(ethyleneglycol) ethylether acrylate (DEGEEA) and the addition of ManA until reaching
six blocks (Mn,GPC = 69.6 kDa; Ð = 1.23). Furthermore, the
binding ability of the highly sequence controlled glycopolymers to dendritic cell-speciﬁc intercellular adhesion
molecule-3-grabbing non-integrin (DC-SIGN) was investigated using SPR. As expected, the glycopolymers with
higher mannose content exhibited stronger binding afﬁnity for DC-SIGN.

eration sequence controlled glycopolymers on binding to
lectins. Furthermore, to take the challenge in polymer science one more step forward, controlled folding of synthetic
polymers and formation of tertiary structures will be
highly desirable in the next decade, as they will bring synthetic glyco structures closer to natural glycoprotein structures. In order to achieve this, one should be able to
prepare sequence-controlled polymers with functional
end groups that can be linked to other polymeric chains.
Additionally, other orthogonal functional groups should
be inserted in the desired locations of the polymer chains
to enable intramolecular chain folding. In the next decade,
complex systems will be established by bringing together
different functional polymer chains to obtain highlycomplex and functional systems using synthetic
macromolecules.
Acknowledgments

3. Conclusions and outlook
Synthetic glycopolymers provide unique recognition
properties towards plant and animal lectins and have a
great potential to be utilized in biological applications.
Several glycopolymer synthesis methods have already
been developed by various research groups. Currently the
main focus in polymer science is on achieving a precise
control over the sequence of incorporated monomers. Synthesis of extremely well deﬁned oligosaccharide structures
is possible via chemoenzymatic approaches. Similarly and
as also discussed in this review article, it is possible to
achieve an excellent sequence control by employing solid
phase synthesis. However, the main drawbacks of solid
phase synthesis technique can be listed as; multiple steps
are required to obtain a moderate chain length and the
amount of isolated material after several steps is usually
extremely low. In order to increase the amount of material
obtained, chain growth polymerization mechanisms can be
preferred as these techniques provide large amount of
materials in a few-step procedure. For instance, Lutz
et al. demonstrated incorporation of the desired sugar
units at the predesigned location of the chain. However,
this approach also requires several deprotection and click
reaction steps. In the last example, Haddleton et al. have
reported the use of SET-LRP for building multiblock glycopolymers with short blocks of sugar monomers. This approach can easily be upscaled and multi grams of
glycopolymers in the desired sequence can be prepared
in one-pot. Even though the degree of polymerization for
each block was kept very low (DP = 2), each block has a distribution and may contain be 0–4 sugar units. Nevertheless, the molecular weight distribution of obtained
polymers was relatively very low and this demonstrates
the success of SET-LRP technique in preparation of sequence-controlled polymers.
One of the main current challenges is exploiting the glycopolymer code using sequence-controlled glycopolymers.
This will possibly require the utilization of more speciﬁc
lectins and the development of more advanced analytical
techniques to demonstrate the difference between the
classical homo or random glycopolymers and the new gen-
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