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Employing natural-based renewable sugar and saccharide resources to construct functional biopolymer mimics is a promising
research frontier for green chemistry and sustainable biotechnology. As the mimics/analogues of natural glycoproteins, synthetic
glycopolypeptides attracted great attention in the field of biomaterials and nanobiotechnology. This review describes the
synthetic strategies and methods of glycopolypeptides and their analogues, the functional self-assemblies of the synthesized
glycopolypeptides, and their biological applications such as biomolecular recognition, drug/gene delivery, and cell adhesion and

targeting, as well as cell culture and tissue engineering. Future outlook of the synthetic glycopolypeptides was also discussed.

1. Introduction

Carbohydrates play a critical role in a large number of biolog-
ical processes like metabolism, signal transduction, adhesion,
and recognition. Early studies disclosed that many natural
glycoconjugates are important messaging molecules, playing
vital roles in many physiological and pathological processes
by effective transmission of biological information/signals
through specific recognition with proteins [1]. Among them,
glycopolymers, as synthetic polymeric compounds contain-
ing pendant glycosides [2], have attracted growing attention
and demonstrated wide applications as powerful tools for
carbohydrate-lectin interaction research, as well as acting as
scaffolds for tissue engineering and drug carriers [3-5]. They
are usually produced by controlled radical polymerization
(e.g., Reversible Addition-Fragmentation Chain Transfer
Polymerization (RAFT) or Atom Transfer Radical Polymeri-
zation (ATRP)) of vinyl monomers and ring-opening

metathesis polymerization of norbornenes [6-8]. Hence, it
is easy to control the composition, chain length, carbohy-
drate density, and topology of glycopolymers, which are the
key factors determining precise recognition for carbohydrate
and lectin [3, 6, 8, 9], while the backbones of glycopolymers
are carbon chains, which are nonbiodegradable and have no
other biological functions other than to serve as spacer units.

In contrast, the polyamino acids/polypeptides are bio-
compatible and biodegradable and have the intriguing ability
to fold into secondary structures such as an a-helix and a -
sheet due to multiple noncovalent interactions. The intrinsic
secondary structures are favorable for self-assembled aggre-
gate formation with various shapes/morphologies, such as
spherical/cylindrical/fibrous micelles, vesicles, and hierarchi-
cal structures [10, 11]. Naturally occurring glycosylated pep-
tides or proteins, donated as glycoproteins, reveal a wide
range of biological functions such as antifreezing, mediation
of cellular recognition, adhesion, proliferation of cells, cancer
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cell metastasis, and inflammatory reactions [12, 13], while
the artificial synthesis of natural glycoproteins is hard to
accomplish, which hinders their further applications.

Glycopolypeptides are generally referred to as polya-
mino acids/polypeptides containing pendant sugar moie-
ties. Sometimes glycopeptide analogues, such as chemical
conjugates of polyamino acids/polypeptides with natural
polysaccharides or glycopolymers with various topologies
such as linear and dendritic, are also referred to glycopo-
lypeptides [14]. As a synthetic analogue of natural glyco-
protein, the glycopolypeptide not only is expected to
have biological properties of glycoproteins but also has
the advantages of well-defined and comparatively regular
structures and facile preparation, much easier for scale-
up production, compared with glycoprotein [15, 16]. The
researches on synthetic glycopolypeptides benefit under-
standing the physicochemical properties and biological
properties of natural glycoproteins and provide a model
for the study of the structure-activity relationship (SAR)
between the structures of glycoprotein and their physico-
chemical/biological functions. Meanwhile, coupling carbo-
hydrate units to side chains or termini of the polyamino
acid can bring about not only good hydrophilicity-specific
biomolecular recognition, as well as cell adhesion character-
istics, but also better biodegradability and interesting self-
assembly morphologies compared with glycopolymers,
which guarantee their wide applications as therapeutic gene/-
drug delivery vehicles.

Though synthetic glycopolypeptides have been known
for over 20 years [17], the production of glycopolypeptides
in larger quantities with controllable structures is still a
challenging task. The understanding of their hierarchical
assembly and lectin recognition and their applications as
biomedical materials are still in their infancy. In this
review, we summarize the state of the art in the design
and synthesis of glycopolypeptide and their analogues via
three different synthetic strategies, their biomimetic self-
assembly behavior and lectin recognition character, and
their biomedical applications as drug/gene delivery vehi-
cles, tissue engineering scaffolds, antimicrobial agents, etc.
Finally, we briefly look at the future development of the
synthetic glycopolypeptides.

2. Synthesis of Glycopolypeptides

In general, three different methodologies are applied for the
synthesis of glycopolypeptides (Figure 1). The first synthetic
method is postpolymerization glycosylation of synthetic
polypeptides, which involves preparation of functional poly-
peptide backbones via ring-opening polymerization (ROP) of
a-amino acid-N-carboxyanhydrides (NCAs) and continuous
postpolymerization modification (via activated ester cou-
pling, isothiocyanate linking, “click” chemistry, methionine
alkylation, etc.) to introduce the carbohydrate residues. The
second synthetic method is polymerization of glycosylated
NCA monomers (glyco-NCAs) via ROP in a controlled man-
ner, in which synthesis and purification of glyco-NCAs is the
key point and is hard to manipulate. In addition, as an alter-
native pathway, terminus-glycosylation can also introduce
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saccharide units (monosaccharides, oligosaccharides, poly-
saccharides, or glycopolymers) to the terminal functional
group of a polypeptide backbone, which can take advantage
of the ROP process of regular NCA monomers and high effi-
cient coupling reactions.

2.1. Glycosylation of Synthetic Polypeptides. Synthetic poly-
peptides/polyamino acids, as the synthetic analogues of nat-
ural proteins or peptides, have received increasing attention
as biomaterials in the past few decades, due to their abundant
biomedical applications including drug delivery, gene ther-
apy, antibiotics, and tissue engineering [18]. The most favor-
ite route to synthesize polypeptides is the ring-opening
polymerization (ROP) of NCAs, a type of monomer usually
prepared by phosgenation of side chain-protected a-amino
acids, initiated by nucleophiles (primary amines) or bases
(tertiary amines and alkyl oxides) (Scheme 1) [19]. Until
now, nearly 200 different natural or unnatural NCA mono-
mers have been synthesized for polypeptide preparation,
and much progress has been made in the development of
new initiators and reactions to achieve controlled NCA poly-
merizations [11, 18, 20, 21].

“Click” chemistry has been proven to be highly efficient
due to its mild reaction conditions, high efficiency, good
adaptivity to functional groups, and easy purification of
products [22-24]. The typical “click” chemistry involved Cu
(I)-catalyzed azide-alkyne [3+2] cycloaddition (CuAAC),
strain-promoted cycloaddition of alkynes and azides
(SPAAC), Diels-Alder reaction, and thiol-involved reactions
(Figure 2). The progress of “click” reactions largely promotes
the synthesis of glycopolypeptides. The well-known CuAAC
reaction has been firstly and widely used in the preparation of
glycopolypeptides. Xiao and coworkers [25] firstly prepared
poly(y-propargyl-L-glutamate) (PPLG) via ROP of the y-
propargyl-L-glutamate NCA monomer, which was synthe-
sized by the acid-catalyzed esterification of L-glutamic acid
with propargyl alcohol, and coupled the resulting polypep-
tide to three different azide-functionalized monosaccharides
by the CuAAC method (Scheme 2). The coupling reaction
was found to proceed with near complete conversion, yield-
ing glycopolypeptides with high sugar densities. After that,
Borase et al. [26], Kapetanakis and Heise [27], and Dhaware
et al. [28] reported a functional glycopolypeptide complex
with either molecular recognition, thermo-responsive, or
magnetic resonance imaging (MRI) character in a related
strategy. Nevertheless, the potential limitation of the method
is the ester hydrolysis of PPLG side chains in biological envi-
ronments, leading to reduced activity over time. To address
this issue, Heise and Lecommandoux [29-31] synthesized
some galactosylated polypropargylglycine (PGG) homopoly-
mer and poly(y-benzyl-L-glutamate)-block-(glyco-polypro-
pargylglycine) (PBLG-b-PGG) block copolymer via the
CuAAC approach, by using hydrolytically stable clickable
side-chain moieties.

Similarly, synthesis of polypeptides with an azide-
functionalized pendent, following the couple with alkynyl-
containing saccharides via CuAAC, is an alternatively
approach. Tang and Zhang [32] first synthesized a y-chloro-
propyl-L-glutamate-NCA by the monoesterification of



Advances in Polymer Technology

i

.‘i‘ Ll)- "Grafting to"
Polypeptide
(@
o
o
N o >
HN 4&&0 ROP polymerization
Glycosylated NCA
(b)
MM
\/\/\/\( c . . e \/\/\/\« A NN
Polypeptide oupling reaction

(0

FIGURE 1: A general representation of synthetic strategies of glycopolypeptides by (a) postpolymerization glycosylation of synthetic
polypeptides, (b) polymerization of glycosylated N-carboxyanhydrides (glycol-NCAs), and (c) glycosylation at the terminus group of a
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ScHEME 1: Synthesis of polypeptides via ROP of NCA.

glutamic acid with 3-chloropropyl alcohol in the presence of
chlorotrimethylsilane. After polymerization and azidation
via sodium azide, the obtained polypeptides were allowed
the quantitative addition of 1-propargyl-a-D-mannose via
CuAAC. Then, Rhodes and Deming [33] prepared two other
kinds of azide-containing NCA monomers in one step from
N,-carboxybenzyl-L-ornithine and N,-carboxybenzyl-L-
lysine, respectively. By ROP of these NCA monomers, they
obtained homo and diblock azidopolypeptides with con-
trolled segment lengths, which were to be further coupled
with alkynyl-containing saccharides via CuAAC reaction to
yield hydrolytically stable glycopolypeptides.

Besides, clickable polypeptides based on thiol-yne/ene
reaction were developed by Schlaad and coworkers [34-36].
They prepared poly(D/L-allylglycine) from the NCA of com-
mercially available racemic allylglycine. Radical thiol-ene
additions were further performed with 2,3,4,6-tetra-O-ace-
tyl-1-thio-B-D-glucopyranose and quantitatively achieved
glycopolypeptides (Scheme 3). Another alternative approach
based on the alkylation of methionine residues was described
by Kramer and Deming [37, 38] in 2012. Well-defined and
fully glycosylated polypeptides were readily prepared with
high yield by alkylation of poly(L-methionine) with a triflate-
(-OTf-) or iodo- (-I-) substituted glycoside.

Up to now, nearly 10 types of polypeptides with clickable
pendent groups have been developed. Their structures and
corresponding grafting saccharide units could be found in
Table 1 [25-40]. By this “grafting to” approach, the grafting

efficiency of sugar-containing moieties largely depends on
the key factors such as molecular hydrophobicity/hydrophili-
city, steric hindrance, reaction mediums, and catalysts, which
still remain challenges to be addressed. Enriching new types
of clickable polypeptides, simplifying the synthesis steps,
and improving the efficiency of the grafting modification
are the focus of current research.

2.2. Polymerization of Glyco-NCAs via Ring-Opening
Polymerization (ROP). Riide et al. [41] first synthesized the
O-linked glycosylated-serine (glyco-ser) NCAs in 1966, and
Tsutsumiuchi et al. [42] described the first synthesized well-
defined glycopolypeptide with number-average molar mass
(M,) of about 10kgmol™ and polydispersity M, /M, =
1.1, initiated by primary amine initiators, while high
molecular weight glycopolypeptide was difficult to obtain,
since this was limited by the purity of glyco-NCAs. Since
then, although there have been reports on the synthesis
methods of glyco-NCA monomers, the purity problem
has not been effectively solved. Until 2010, Kramer and
Deming [43] reported a flash chromatography method
for the preparation of glycosylated-lysine NCAs for the
first time, which solved the low purity of NCA monomers
and achieved high molar mass (M, =~ 160kgmol ') glyco-
polypeptides with low dispersity.

The method for preparing a glycopolypeptide by NCA
ring-opening polymerization of a sugar-containing NCA
monomer can effectively avoid the problem of incomplete
grafting reaction caused by postpolymerization modification,
but the preparation and purification of the sugar-containing
NCA monomer is difficult. Up to now, several synthetically
challenging NCA monomers were elegantly synthesized and
polymerized to yield glycopolypeptides bearing various car-
bohydrates. The specific structures are shown in Scheme 4
[17, 43-54]. Therefore, developing efficient and easy-to-
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TasLE 1: Clickable polypeptides and corresponding saccharide units
for the synthesis of glycopolypeptides.
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operate organic/polymer synthetic methods (e.g. “one-pot”
glycosylation) to prepare stable glycol-NCA monomers with
proper protection moieties and expanding the moieties’
diversity need to be highly focused in future research.

2.3. Glycosylation at the Terminus Group of a Polypeptide
Backbone. In order to overcome the cumbersome steps in
the preparation of the above two glycan peptides, the dif-
ficulty of purification, the limited variety of monomers,
etc., in recent years, researchers have attempted to couple
glycosides to the terminus group of polyamino acid/poly-
peptide chains by highly efficient coupling reaction, e.g.,
“click” reaction. By these means, natural monosaccharide,
disaccharide [55], oligosaccharide, polysaccharide [56-58],
and synthetic glycopolymers [59] can be effectively coupled
to the end of polypeptide chains to prepare linear, branched,
and polymers with different topologies. These richly struc-
tured glycopolypeptide analogues provide a new approach
to the study of glycomics and the diagnosis and treatment
of diseases. At the same time, the structure and composition
of the synthetic amphiphilic polypeptide analogues are more
likely to regulate the hydrophilic/hydrophobic ratio and
physicochemical properties of the polymer, which is benefi-
cial to further regulate the formation of spherical, fibrous,
and worm-like micelles and vesicle self-assemblies.

In the similar way, Lecommandoux et al. [56, 58, 60-63]
initially introduced different oligosaccharides or polysaccha-
rides to the end of the polypeptide by using copper-catalyzed
Huisgen cycloadditions with an azido end-functionalized
PBLG. In an aqueous solution, the resulting amphiphilic
copolymers were able to self-assemble into glycosylated poly-
mersomes with similar structures to viral capsids. In addi-
tion, the a-helical structure of the PBLG favors the
formation of lamellar morphologies, and the hyaluronic acid
displayed at the surface of nanoparticles can target specifi-
cally cancer cells overexpressing the CD44 receptor.

Wang et al. [59] prepared a series of amphiphilic block
copolymers (PMAgala-SS-PBLG) containing PBLG hydro-
phobic blocks and pendant hydrophilic galactosyl units
by the combination of RAFT polymerization, NCA ring-
opening polymerization, and “click” coupling reaction.
First, a RAFT chain transfer agent containing a disulfide
bond and a terminal azide-functionalized group was pre-
pared, and acetone-protected galactose monomer MAIpGP
was polymerized to prepare an azide-functionalized glyco-
polymer precursor, which coupled with a terminal alkynyl
functionalized PBLG block via a CuAAC reaction,
followed by removing the galactose protecting group to
obtain amphiphilic glycopolypeptide. The synthetic strategy
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ScHEME 4: Chemical structures of sugar-substituted NCA monomers.

can effectively regulate the length of the glycopolymer and
polypeptide blocks. The galactose block brings about the
liver tumor cells’ HepG2-targeting effects; the a-helical
structure of polypeptide could offer a biocompatible,
hydrophobic core and regular motifs/template for self-
assembly; and the introduction of an interfacial disulfide
bond can realize the reductive responsive drug release
features (Figure 3).

It has been revealed that the topology of the molecular
architecture is a basic factor determining the self-assembly
behavior of polymers in the solution. Copolymers with
complex topologies, including random, block, graft, cyclic,
dendrimer-like, and hyperbranched polymers, displayed
diverse self-assembly behavior in selective solvents [64-66].
Synthesis of glycopolypeptides with various topologies and
defined chemical compositions is a daunting task, while
end-coupling strategies of saccharide units with polypeptides
provided an achievable pathway to prepare a rich variety of
glycopolypeptide analogues with interesting topological
architectures. Bonduelle and coworkers [67] designed a
tree-like glycopolypeptide by using a poly(g-benzyl-L-gluta-
mate)-block-poly(DL-propargylglycine) (PBLG-b-PPAG;)
scaffold onto which was efficiently grafted dextran by “click”
reaction (Figure 4). Wali et al. [68] prepared lactosylated
pullulan-graft-arginine dendrons (LP-g-G3P) by CuAAC
cycloaddition between hydrophilic lactosylated pullulan and
hydrophobic 3"-generation- (G,-) arginine dendrons
bearing Pbf and Boc groups on the periphery. Fu et al. [69]
synthesized a pH-responsive amphiphilic multiblock
copolymer by RAFT polymerization, NCA ring-opening
polymerization, and “click” coupling combination strategy,
followed by grafting anticancer drug DOX and near-
infrared fluorescence (NIR) probe via an amide bond and
hydrazone, respectively, to obtain a theranostic polymeric
prodrug. In addition, using a similar multiple reaction com-
bination strategy, four-arm star glycopolymer-polypeptide
conjugates P(GlyEMA)-P(lys) were also prepared [70].

3. Biomimetic Self-
Assembly of Glycopolypeptides

For biomedical-related applications such as drug/gene deli-
very vehicles or a biomimetic structure, it is essential to
control the morphology, structure, and functionality of
glycopolypeptide self-assemblies. A key feature of the gly-
copolypeptide is that the polyamino acid skeleton can
adopt well-defined stable secondary structures such as
the a-helix, S-sheet, or random coil, depending on their
intrinsic molecular structures or external environment
(temperature, solution pH, ionic strength, etc.) [71]. From
this point of view, glycopolypeptides could self-assemble
into aggregates with various interesting morphologies, with
the ability to fold into well-defined secondary structures.
Meanwhile, previous studies have revealed the structure
transition of the glycopolypeptide in response to external
stimulus, such as pH [35, 36], ionic [72], or reducing envi-
ronment [53]. Furthermorel, because polypeptides are chi-
ral polymers, chirality should be another distinctive factor
influencing the self-assembly behaviors and functions of
the formed structures [73, 74]. On the other hand, the
assembly constructed from the glycopolypeptide with an
outer saccharide shell can mimic natural glycocalyx on
the surface of the cell/virus, promoting the wide explora-
tion and applications of glycopolypeptide-based self-
assembly systems.

Lecommandoux et al. [30, 31, 56, 58, 60] synthesized a
series of oligosaccharide-block-PBLG  conjugates  via
CuAAC reaction. It was found that the a-helical structure
of the polypeptide favors the formation of lamellar mor-
phologies and could self-assemble into a vesicle assembly
in an aqueous solution with the “viral capsid-like” struc-
ture. The amphiphilic polypeptide (PBLG-b-PGG) in
which a hydrophilic block galactosylated propargylglycine
(PGG) coupled with a hydrophobic PBLG is able to self-
assemble into micelle, vesicle, or worm-like aggregates in
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an aqueous solution. The morphologies were dependent
on the hydrophilic/hydrophobic block ratios, and different
morphological aggregates can specifically recognize the
lectin RCA ,,. Kramer et al. [75] studied the effect of the
secondary structure of the glycopolypeptide polymer on
the self-assembly and found that if the hydrophilic glyco-
polypeptide block has a random structure, it self-
assembled into a vesicle structure aggregate, while a-
helix-structured glycopolypeptides induced the formation
of sheet-like assemblies (Figure 5).

Most recently, to mimic the diverse glyco-conjugate
structures in nature, Liu et al. [76] designed and synthe-
sized a series of well-defined amphiphilic glycopolypeptide
brushes (AAGBs) with pendent glycodendrons (to guaran-
tee a very high density of sugar units) and f-sheet-form-
ing oligopeptide (to provide the driving force for
resembling the natural assembly process) (Figure 6). They
self-assembled into various morphologies, including nano-

wires, nanoribbon, nanovesicles, and nanomicelles,
depending on the ratio of the sugar units to the amino
acid species. Notably, the glycopolypeptides went through
a series of successive self-assembly processes and showed
interesting hierarchical self-assembly features, including
micellization, micelle alignment-forming nanofilaments,
branching of the nanofilaments by micelles, and finally nano-
wire formation by micelle fusion. This was the first reported
example of hierarchical self-assembly by glycopolypeptide,
which will pave a new way to biomimic the structure of natural
glycoproteins.

Interesting self-assembly behavior on glycopolypeptide-
hybrid copolymers also achieved great attention. Pati et al.
[77]  described the self-assembly of amphiphilic
glycopolypeptide-dendron block copolymers of glycosyl-
ated poly(L-lysine) attached to an aromatic dendron of
generation 1 or 2. Either nanorods or nanomicellar aggre-
gates were achieved in the aqueous solution, and the
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cooperation effects of chain segregation and -7 stacking
of the dendrons will be applied to explain the self-
assembly behavior. After that, glycopolypeptide-b-poly(-
propylene oxide) was designed, and the presence of an
ordered helical glycopolypeptide segment is required for
their self-assembly into spherical nanoscale (=50 nm) poly-
mersomes [78]. In addition, miktoarm star copolymers

comprising glycopolypeptide and poly(e-caprolactone)
chains using ring-opening polymerization and “click”
chemistry were also prepared by the same research group,
and it is found that self-assembled morphologies such as
nanorods, polymersomes, and micelles could be tuned by
chain length of the blocks and were not affected by the
type of sugar residue [79].
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4. Biological Applications of
Synthetic Glycopolypeptides

Carbohydrate-containing macromolecules have always
been a hot research topic due to their central roles in bio-
logical communication events, such as cellular recognition,
signal transmission, inflammation, and infection of pa-
thogens. Many studies have shown that recognition, often
based on specific carbohydrate-lectin interactions which
occurred on the surface of cells, is the first step in nu-
merous biological processes which relied on cell-cell inter-
actions. Lectins bind specifically but weakly to
carbohydrates; however, the binding effect turns out to
be much stronger when these signal carbohydrate mole-
cules are arranged along a polymer backbone or any other
entity, which is termed the “glycocluster effect” [80]. So,
glycopolymers or glycopolypeptides with abundant grafting
carbohydrate functional groups have the ability to produce
multivalent interactions with the lectins. Researches
revealed that the lectin Ricinus communis agglutinin II
(RCA,,,) could specifically bind galactosyl residues, and
Concanavalin A from Canavalia ensiformis (ConA) exhib-
ited high affinity to the glucosyl and mannosyl residues
[81]. The binding effect was largely enhanced when carbo-
hydrates grafted onto the polypeptide backbone to form
the glycopolypeptide due to the so-called “multivalent
effect.” Nevertheless, the mechanisms and influence of
the ligand structural factors (e.g., polymer topological

structure, carbohydrate density, and morphology of 3D
glycol nanoparticles) on the multivalent effect were still
very unclear [8, 82, 83]. The deep research on the specific
interaction between lectin and glycopolypeptide will be
helpful to develop new biomaterials with specific biorecog-
nition properties.

Some instrumental analyses such as turbidity assays,
surface plasmon resonance (SPR), and isothermal titration
calorimetry (ITC) have been carried out to elucidate the
recognition and specific interaction of the synthetic glyco-
polypeptide with lectins. It is revealed that the degree of
grafted sugar density affects the kinetics of lectin binding,
and the higher sugar grafting density results in stronger
binding capacity [35, 77, 84]. In addition, Byrne et al.
[85] systematically studied the effect of primary architec-
ture/topological morphology of glycopolypeptides on lectin
binding efficiency. It was found that for multiple-arm gly-
copolypeptides with the same glycosylation degree, the
more arms of the glycopolypeptide, the stronger the bind-
ing efficacy with ConA they showed. For series of star-
shaped glycopolypeptides prepared from poly(glutamic
acid) with different molecular weights and different
degrees of glycosylation, the binding efficiency is depen-
dent on the polymer architecture and the degree of glyco-
sylation. Generally, it was found that a higher content of
glucosamine leads to faster ConA lectin binding [85].
Most recently, they newly synthesized a series of glycopo-
lypeptides with identical overall composition and
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systematically varied sequences (statistical, diblock, tetra-
block, and octablock) and found that the binding effi-
ciency with lectin was dependent on the position of the
galactose units and thus the primary glycopolypeptide
structure. The octablock glycopolypeptide [(GA).-
(GalG);], adopted an a-helical conformation and favored
interaction with lectin RCA,,,, while the tetrablock glyco-
polypeptide [(GA),,-(GalG),,], adopted a random coil
conformation and showed the strongest binding activity
to Galectin-3 [86] (Figure 7). From this point of view,
we can conclude that the lectin binding is very sensitive
to glycocoding and can be controlled by the precise design
of carbohydrate units and sequences in synthetic poly-
meric glycopolypeptides, which is very important to realize
glycopolypeptide-based diagnosis and therapeutic systems
towards precise biomedical applications.

Though saccharide-involved lectin recognition has
been intensively studied for decades, researches of poly-
meric nanoparticles constructed by glycopolypeptides
applied as gene/drug delivery have just been started
[56, 60, 69, 79, 87-90]. It has been revealed that terminal
B-D-galactose (Gal) or N-acetylgalactosamine (GalNAc)
residues can be recognized by asialoglycoprotein receptor
(ASGPR), a high-capacity C-type lectin receptor expressed
on mammalian hepatocytes [91]. So, Gal/GalNAc-contain-
ing glycopolypeptides were considered as liver-targeted
drug/gene carriers. In 2005, Sung et al. [92, 93] first designed
poly(glutamic acid)-block-poly (lactic acid) (PGA-PLA)
copolymers with galactose grafts which were applied in
paclitaxel delivery to achieve efficient drug accumulation
in tumors. Then, Ding et al. [89] used a glycopolypeptide
as a DOX delivery carrier and demonstrated that the
galactose-decorated nanomedicine showed much higher
antitumor activity toward HepG2 cells compared to the
nanomedicine without the galactosyl group in vitro and
in vivo. As mentioned before, Fu et al. designed and con-
jugated a polymeric prodrug with a near-infrared region
(NIR) probe to prepare glycopolypeptide theranostics,
which showed a pH-responsive DOX release, strong NIR
fluorescence emission, and highly selective accumulation
in liver cancer cells due to its ligand-ASGPR recognition
process [69]. Most recently, a glycopolypeptide-based
interface-crosslinked nanomicellar structure was designed
and prepared. It was constructed by an amphiphilic mik-
toarm star copolymer, which contains a short DL-
propargyl glycine block with pendent alkyne groups (for
click-crosslinking at the core-shell interface) at the junc-
tion of the hydrophobic and hydrophilic arms. The
micelles were stable up to 2-3 weeks and exhibited dual
stimuli-responsive (redox- and enzyme-responsive) DOX
release behavior, which paves a new way for the design
and preparation of stable glycopolypeptide-based nanocar-
riers for redox/enzyme dual-stimuli-responsive delivery of
drugs into cancer cells [90] (Figure 8).

Apart from the successful application of glycopoly-
peptides as nanocarriers towards drug/gene delivery, the
application of glycopolypeptides in the field of cell and
tissue engineering is relatively rare. Cheng et al. [94]
synthesized poly(ethylene glycol)-block-poly(y-propargyl-
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L-glutamate)- (PEG-PPLG-) based thermosensitive hydro-
gels with galactose grafts. The hydrogels showed excellent
cytocompatibilities and could promote cell adhesion.
Afterward, they further designed a glycopolypeptide by
conjugation of PPLG with azido-modified mannose and
3-(4-hydroxyphenyl) propanamide (HPPA), via “click”
chemistry (Figure 9). The glycopolypeptide hydrogels were
in situ formed by enzyme-catalyzed crosslinking reaction.
In vitro 3D cell culture and a nude mouse subcutaneous
model revealed that the crosslinked biomimetic glyco-
polypeptide hydrogels as a cartilaginous-specific matrix
were beneficial to the survival and proliferation of chon-
drocytes. The results indicated that the biomimetic
glycopolypeptide-based hydrogels may serve as three-
dimensional scaffolds for cartilage tissue engineering [95].

In addition to the aforementioned applications, glyco-
polypeptides also showed promising application in other
biomedical fields. For example, Tachibana et al. and Artigas
et al. [96, 97] developed efficient and versatile strategies to
construct sequential tandem repeating glycopeptides by
means of a combined chemical and enzymatic strategy. These
mucin-like glycoprotein mimics could act as valuable mac-
romolecular models for antifreeze glycoprotein. Yang et al.
[40] prepared bioreducible amphiphilic block copolymers
based on PCL and glycopolypeptide. The self-assembled
spherical nanosized micelles can simultaneously load the
anticancer drug DOX and superparamagnetic iron oxide
(SPIO) nanoparticles. The responsive drug release and
excellent magnetic resonance (MR) contrast enhancement
enabled its theranostic potential as a nanocarrier for MR
imaging and chemotherapy. Pranantyo et al. [70] synthe-
sized a series of four-arm star copolymers, incorporating
glycopolymer and antimicrobial poly-I-lysine domains.
The glycopolymer-polypeptide conjugates were nonhemo-
Iytic, exhibited high cytocompatibility, and showed a broad
spectrum of antimicrobial activity toward both Gram-
positive and Gram-negative bacteria. Moreover, the pen-
dant mannose moieties of the conjugates also increased
microbial targeting due to their specific affinity for bacte-
rial surfaces, which gives a new concept in the design of
glycopolypeptide-based antimicrobial agents to combat
infectious disease.

5. Summary and Outlook

In summary, the synthesis strategy and biomedical appli-
cations of glycopolypeptides is an important frontier
research area in the fields of polymer chemistry, material
science, and biomedicine. Biologically, developing synthe-
sized glycopolypeptides is an in-depth study of the struc-
ture and function of glycoproteins/peptides, to eventually
achieve biomimetic modeling of natural structural glyco-
proteins/peptides (such as glycocalyx, transporters, colla-
gen, and keratin) in an artificial approach. Most of the
research works on the synthesis of glycopolypeptides has
been published since 2010, and its application in biomed-
icine has just stayed at the beginning level. There are still
a lot of unknown and challenging areas to be explored.
For example, using glycopolypeptides to identify, detect,



Advances in Polymer Technology

Yo

@3 0

1) CH,CL, TFA

2) DMT-MM

Q :---OH
HO NH, HCI

11

[(BG),~(GalG),], [(BG),,~(GalG), ], (BG),,b-(GalG),, (BG),,~st~(GalG),,
()
10000 - 03
: .
N 04 - =" =t
S ] go02
‘?% :/ A—AA—A-—-A/A E
2 £ -10000 / ot g
-9"N ..8
T8 < 0.1
£ 220000 1 s
) /
& [
g 0.0
S -30000 . ; . : , , 04 - : . ; . :
= 2 4 6 8 10 12 14 00 10 20 30 40 50 60
pH Time (min)
—— [(GA)5~(GalG)s4 4 [(GA).~(GalG),],
—o— [(GA),o-(GalG) ], ® [(GA),~(GalG),],
—— (GA),p~b=(GalG),, v (GA),b-(GalG),,
—a— (GA)y=st—(GalG), m (GA),~st-(GalG),,

(b)

(0

FIGURE 7: (a) Synthesis of glycopolypeptides with systematically varied defined primary structure. (b) Mean residue ellipticity at 222 nm vs.
pH of block sequence-defined glycopolypeptides to show their secondary structures. (c) Absorbance vs. time after adding 50 uL of
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isolate, and purify biologically active substances, regulate
cell adhesion, and induce cell proliferation and differentia-
tion are still big challenges to be addressed.

As a future outlook, there are still huge spaces for fur-
ther research and development of synthetic glycopolypep-
tides, including the following areas: (1) the preparation
routes and the synthesis steps need to be simplified;
accordingly, efficient purification strategies for the prepa-
ration of the synthetic functional glycopolypeptides need
to be developed; (2) green monomer synthesis (using
natural-based renewable building blocks along with one-
pot or cascade reaction) and controllable (e.g., metal-free,
photocatalysis, organocatalysis, and enzyme catalysis) poly-

merization processes and environmentally friendly reaction
mediums (water, ionic liquid, etc.) need to be implemented;
(3) “smart” monomer units (e.g., stimuli-responsive, bio-
targeting, and theranostic units) and monomer-matched
polymerization methods need to be further developed;
(4) the correlation between the physicochemical properties
(hydrophilicity/phobicity, surface charge, and molecular
topology) and self-assembly behavior of glycopolypeptides
need to be clarified; (5) the biomedical applications as
controllable/tunable nanoaggregates for drug/gene delivery,
nano-/micromaterials as cell movement regulators, and
bioprintable scaffolds for tissue engineering, as well as
the biocompatibly soft matrix for neuron regeneration,
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were greatly desired; and (6) notably, elucidating the  signal transductions, and neuron signaling) is the key issue
glycopolymer-cell interaction mechanisms (e.g., cell recog-  for rational design of glycopolymer-based biomaterials
nition, receptor targeting, membrane channel modeling,  toward precise biomedicine.
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On this basis, we can expect that using the functional gly-
copolypeptide as an assembly element, further incorporating
the controllable supramolecular assembly and/or the nano-
synthesis method, more and more biomimetic glycopolypep-
tide nanoassemblies with high performance could be
prepared towards future biomedical applications.
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