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Glycopolymers are an important class of biomaterials which include carbohydrate moieties in their
polymer structure. In addition to biological research on the interactions of glycopolymers with lectin-
carbonate, glycopolymers have recently been used as a new synthetic biomaterial for direct therapeutic
methods, medical adhesives, and biosensors. Thus, a comprehensive understanding of new advances in
glycopolymer research is essential for the next level of biomaterial studies. This review article highlights
commonly used glycopolymer synthesis methods and biomedical applications thereof. Glycopolymers
can be synthesized by modern polymerization methods that can control the molecular weight, molecular
weight distribution, chemical functionality, and polymer architecture. The polymerizations include free
radical polymerization, atom transfer radical polymerization, reversible addition—fragmentation chain-
transfer polymerization, and nitroxide-mediated polymerization. Because the carbohydrate—lectin inter-
actions with glycopolymers are involved in many biological processes, carbohydrates containing glyco-
polymers are used in (1) fundamental studies to understand the specificity and strength of biological
binding, (2) controllable interactions to prevent microorganism adhesion to human cells, (3) large scale
bulk adhesives for medical applications, (4) biocompatible therapeutic nanoparticles, (5) direct drug delivery
vehicles, and (6) precise quantitative measurement of biosensor materials that can detect physiological
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logical processes. For instance, heparin (Fig. 1a), a sulfated
polysaccharide (glycosaminoglycan), interferes with the blood

1. Introduction

Synthetic polymers containing carbohydrate pendants, com-
monly referred to as glycopolymers, have attracted the atten-
tion of many scientists due to their significance in biological
processes. Carbohydrates contain three major components
including monosaccharides, oligosaccharides, and polysac-
charides. A synthetic glycopolymer generally possesses a
monosaccharide and/or oligosaccharide pendant group in a
repeating unit. The chemical study of carbohydrates, natural
saccharides, was first published by Emil Fischer in 1884.">
The cyclic structure of natural carbohydrates which can be
seen in maltose, sucrose, lactose, and cellobiose was eluci-
dated in 1930s by Haworth and colleagues.® Soon after, the
macromolecular structures of saccharides and polysaccharides
were discovered. Two conventional applications of polysacchar-
ides are found in food (e.g., molasses, starch, and glycogen)*
and structural materials (e.g., cellulose, collagen, fiber, and
chitin).”” In modern science research, carbohydrates play an
important role in understanding and controlling various bio-
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clotting process in the human body by inhibiting thrombin
activation during the coagulation cascades.® Other polysac-
charide examples such as hyaluronan (Fig. 1b) and chondroi-
tin sulfate (Fig. 1c) possess anti-inflammatory properties.’

Recent advances in carbohydrate research has led to a new
division of biology, glycobiology.’® Glycobiology significantly
increases the understanding of sophisticated interactions of
carbohydrates for biomedical applications,"""* especially in
selective and controlled recognition events."® Accurate reco-
gnition is essential for cell interactions'® including
fertilization,'*'®> embryogenesis,"®"” cell migration,'® organ
formation,'® bacterial/viral infection,® inflammation,?* and
cancer metastasis.”” Precise and efficient synthesis of carbo-
hydrates must be developed in order to fully comprehend and
utilize these important cell interactions. Synthesis of carbo-
hydrates has been a pivotal point that has resulted in crucial
progress in biomedical fields such as carbohydrate-based vac-
cines,* drug carrier and delivery systems,>*® tissue scaffold
engineering,>®?” and HIV treatment.>®

The specific binding interactions of a glycopolymer with
carbohydrate-binding proteins (lectins)**~' result in cell
agglutination such as hemagglutination.>® Linear glycopoly-
mers offer enhanced binding affinity to lectins due to the

This journal is © The Royal Society of Chemistry 2019


www.rsc.li/biomaterials-science
http://orcid.org/0000-0003-3291-0714
http://orcid.org/0000-0003-0370-230X
http://crossmark.crossref.org/dialog/?doi=10.1039/c9bm01385g&domain=pdf&date_stamp=2019-11-14
https://doi.org/10.1039/c9bm01385g
https://pubs.rsc.org/en/journals/journal/BM
https://pubs.rsc.org/en/journals/journal/BM?issueid=BM007012

Published on 15 October 2019. Downloaded by UNIVERSITY OF NEBRASKA on 1/3/2020 12:11:09 AM.

Biomaterials Science

(0]
OH O o OH
?ﬁgf lj:r{\ OH ° g 0,C OH cH,80,
5 o “%&‘Lo PRV

View Article Online

Review

HO O

NHAc OH NHAc
n

(b) (c)

Fig. 1 Structures of polysaccharide examples: (a) heparin, (b) hyaluronan, and (c) chondroitin sulfate.

multivalent binding sites compared to a single carbohydrate
unit. This holds true as long as the functionalization of the
carbohydrate moieties does not impede the recognition
process.*” In addition, linear synthetic glycopolymers are the
most studied class of glycopolymers due to the simplicity of
their synthesis.*® Whitesides and co-workers have elucidated
that optimum binding is achieved when the distance between
two glucose pendants on a polymer is equivalent to the dis-
tance between the binding sites of the lectin.** Likewise, linear
glycopolymers exhibit generally acceptable biorecognition
capability. However, the application of a regular linear glyco-
polymer is limited due to its insufficient binding affinity to
lectins compared to that of other polymer architectures. The
poor binding affinity arises from unwanted clustering which
occurs often due to hydrogen bonds between hydroxyl groups
of carbohydrate pendants.®® Therefore, the fields of study that
require high levels of recognition, including biosensing and
drug delivery, do not commonly use linear glycopolymers.

The advanced non-linear glycopolymer architecture (e.g.,
micelles of amphiphilic polymers, dendrimers, and nano-par-
ticle cored star-shape polymers) provides more surface area for
binding between the polymer’s carbohydrate and lectins.** In
addition, new synthetic methods that enable the formation of
well-defined glycopolymer chemical structures can precisely
control the binding site distance that can customize the
related applications. Hence, more sophisticated structures,
which are non-linear and have well-defined architectures like
that of glycopolymers, have gained high interest in recent gly-
copolymer studies.

2. Polymerization methods to
prepare glycopolymers

Due to significant scientific and practical potential of glycopo-
lymers, various architectures of glycopolymers have been pre-
pared. Modern polymerization techniques used in preparing
glycopoymers are discussed in this section.

2.1. Glycopolymer synthesis via conventional free radical
polymerization (FRP)

Conventional free radical polymerization (FRP) has been
the most commonly used polymerization technique to syn-
thesize glycopolymers. Typical advantages of conventional
FRP include well-established experimental methods, ample

This journal is © The Royal Society of Chemistry 2019

commercially available initiators, moderate tolerance to impu-
rities, and a broad range of reaction conditions in terms of sol-
vents and temperatures.'???
thesized by glycosylation (a chemical reaction between carbo-

Glycomonomers are mainly syn-

hydrates and other molecules) of vinyl compounds. A carbo-
hydrate containing vinyl monomers may possess additional
functionalities on a pendant group.®®

Hofrejsi et al. reported an initial example of monomer syn-
thesis and polymerization of glucoside acrylates via conven-
tional FRP (Fig. 2a).>” The conventional FRP of glucoside acry-
lates was conducted in water using an ammonium persulfate
initiator and a tetramethylethylenediamine (TMEDA) catalyst
(Fig. 2b).*” The synthesized glycopolymer exhibits similar
characteristics to natural polysaccharides in terms of lectin
binding.?”

Coupling of oligosaccharides with p-vinylbenzylamine was
reported by Kobayashi et al.?® Fig. 3a displays the oxidation of
lactose in the presence of a hypoiodite to form a lactone. The
oxidized lactone was subsequently reacted with p-vinylbenzyl-
amine (Fig. 3b) by refluxing in methanol yielding a vinyl benzyl
containing monomer as shown in Fig. 3b and c. This glycosyla-
tion step showed high yield without protection of hydroxyl
groups on carbohydrates.*® The glycomonomer was then poly-
merized via conventional FRP with an azobisisobutyronitrile
(AIBN) initiator and potassium persulfate (K,S,0g) (Fig. 3c).
The prepared glycopolymer showed interactions with concana-
valin A (Con A) which is a commonly used commercially avail-
able plant-origin lectin.

Roy et al. reported the synthesis of a 4-acrylamidophenyl
B-lactoside monomer from lactose as shown in Fig. 4.>° Acetyl
protection of hydroxyl groups was required for the glycosyla-
tion during monomer synthesis. The protected, brominated
carbohydrate was then reacted with a phenolic compound to
yield a corresponding vinyl monomer as a result of a substi-
tution reaction (Fig. 4a). The prepared 4-acrylamidophenyl
f-lactoside monomer was then copolymerized with acrylamide
by utilizing ammonium persulfate as an initiator and TMEDA
as a catalyst at 90 °C (Fig. 4b).>° The binding capability of poly
(acrylamidophenyl p-lactoside) was tested with three different
lectins: A. hypogaea (peanut) lectin, Ricinus communis (castor
bean) agglutinin, and wheat germ agglutinin (WGA). Lectins
from peanuts and castor beans showed precipitate formation,
whereas wheat germ lectin did not show any interaction with
the glycopolymer, hence, demonstrating the selective glycopo-
lymer-lectin interactions.*”

Biomater. Sci., 2019, 7, 4848-4872 | 4849
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Fig. 2 (a) Glucoside acrylate monomer, and (b) free radical polymerizati

initiator and tetramethylethylenediamine (TMEDA) as the catalyst.®”

OH OH

o OH
"o oHo O
OH OH
OH

(a)| 15, KOH, MeOH

Glucopyranosyloxyethyl

View Article Online

Biomaterials Science

OH OHOH
Q o}
HO

OH OH
Galactopyranosyloxyethyl
OH

OH
Xylopyranosyloxyethyl

on (FRP) of a linear glycopolymer using ammonium persulfate as the

Glycopolymer

OH OH N
fo) OH
HO ° 0 +
oy HO -5
OH
(d)
(b) MeOH
X
(c) '
OH OH on AlBN, K28203 OH OH
0 OH
o) DMSO O
OH

Fig. 3

(a) Oxidation of lactose to lactone, (b) glycosylation of lactone with p-vinylbenzylamine, (c) FRP of lactose-substituted polystyrene, and (d)

interaction between the glycopolymer and concanavalin A (Con A), a commonly used commercially available plant-origin lectin.*®

Fig. 5 displays other glycopolymers that are prepared
from carbohydrates containing vinyl monomers through
conventional FRP. As previously stated, FRP has been widely
used in glycopolymer synthesis. However, conventional FRP

4850 | Biomater. Sci., 2019, 7, 4848-4872

has disadvantages including poor molecular weight control
which leads to high molecular weight distribution (poly-
dispersity index, PDI > 2.0) and poor control on polymer
terminals."?
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Fig. 4 (a) Modification of lactose to 4-acrylamidophenyl p-lactoside to prepare monomers, and (b) copolymerization of 4-acrylamidophenyl
p-lactoside and acrylamide via FRP to synthesize poly(acrylamide-co-acrylamidophenyl p-lactoside).*®
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Fig. 5 (a) Poly(p-vinylbenzamido-p-4'-galactosyllactose),*® (b) poly(ethyl o-(p-p-galactosyloxymethyl)acrylate),** (c) polylp-(2-(N-(p-vinylbenzyl)

carbamoyl)ethyl)phenyl a-b-mannopyranoside],*? (d) poly(O-methacryloyl maltoheptaoside),** and (e) polyl(galacto-trehalose)acrylate].

2.2. Glycopolymer synthesis via controlled radical
polymerization (CRP)

Atom transfer radical polymerization (ATRP). ATRP is a type
of controlled radical polymerization (CRP) that allows precise
control of molecular weight distribution, functional terminals,
molecular weights, and polymer architecture. Typical ATRP

This journal is © The Royal Society of Chemistry 2019

1.44

can be performed in the presence of a transition metal catalyst
complex and an alkyl halide initiator for polymerization of
polar group containing vinyl monomers.*> Copper metal com-
plexes have been most commonly used; however, diverse metal
complexes, such as Ru, Fe, Mo, and Os, have also been pre-
viously reported as transition metal catalyst complexes.*® With
reference to glycopolymers, ATRP has two key advantages over

Biomater. Sci., 2019, 7, 4848-4872 | 4851
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FRP. ATRP can be carried out without protection of hydroxyl
groups in the glycomonomer due to ATRP’s excellent func-
tional group tolerance.”” ATRP also allows for more control
over molecular weight which leads to narrow molecular distri-
bution. Another important feature of ATRP is the halide
polymer terminal which can be used for further post-polymer-
ization modifications.*’

Makoto et al. reported an amphiphilic block glycopolymer,
poly(2-(a-p-mannopyranosyloxy) ethyl methacrylate)-b-poly(-
lactide) (PManEMA-b-PLLA), which is synthesized by ATRP.*®
Two polymers, PLLA and PManEMA, were synthesized separ-
ately via ring opening polymerization (ROP) and ATRP as
shown in Fig. 6a and b, respectively. By selecting an azide con-
taining an ATRP initiator, azide terminal PManEMA was pre-
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pared (Fig. 6b). Next, the two prepared polymers were coupled
by a copper-catalyzed click reaction to produce a block copoly-
mer (Fig. 6).*%

Fig. 7 demonstrates surface initiated ATRP of a glycomono-
mer. The target surface was treated with plasma followed by
the introduction of an amine on the surface (Fig. 7b, left).
The covalently linked amine on the surface was used to inte-
grate the alkyl halide ATRP initiator. A similar surface modifi-
cation was performed for gold electrodes as shown in Fig. 7a
and b in the right side schematic. After the successful intro-
duction of alkyl halides on the surface, a separately prepared
glycomonomer, N-acetylglucosamine (GlcNAc), was polymer-
ized by ATRP.**° In particular, Fig. 7a illustrates the appli-
cation of an advanced biosensor platform that studies the
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Fig. 6 Synthesis of the block glycopolymer poly(2-(x-p-mannopyranosyloxy) ethyl methacrylate)-b-poly(L-lactide) (PManEMA-b-PLLA); (a) synthesis
of PLLA via ROP and (b) ATRP of ManEMA, and (c) PManEMA-b-PLLA via click chemistry.*®
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influence of glycopolymer graft lengths on lectin-glycan
binding.*®

Reversible addition-fragmentation chain-transfer polymeriz-
ation (RAFT). RAFT is another efficient CRP method which was
first reported in 1998 by Tang et al at Commonwealth
Scientific and Industrial Research Organization (CSIRO).>!
Unlike ATRP, RAFT does not require a transition metal to
mediate the polymerization. RAFT requires a chain transfer
agent (CTA) (Fig. 8a and c) that enables reversible deactivation
of propagating radicals by degeneration of chain transfer.
RAFT also requires a radical initiator such as AIBN. Commonly
used CTAs of RAFT include dithioesters, trithiocarbonates,
xanthates, and dithiocarbamates, shown in Fig. 8c.>>

Well-defined poly(acryloyl glucosamine) (PAGA) with a low
PDI (1.1 < PDI < 1.3) was prepared by RAFT in aqueous media
without hydroxyl protection on the glycomonomers (Fig. 9).>*
The PAGA was then extended with a second monomer,
N-isopropyl acrylamide (NIPAM), to form a block copolymer,
PAGA-b-PNIPAM, as shown in Fig. 9a.”* Additionally, as shown
in Fig. 9b, a 3-armed glycopolymer was also synthesized with
the same monomer using a trifunctional RAFT CTA.**

RAFT can also be used to perform the graft-from copolymer-
ization (surface initiated polymerization) method so that the
polymer can modify a target surface. Herein, the graft-from
copolymerization means that a monomer can be polymerized
from the initiating sites on the backbone polymer which
results in a high density of polymer grafts on the backbone
polymer (or a surface).’® By using a similar surface modifi-
cation and following RAFT, Fig. 10 illustrates the graft-from
copolymerization of the glycopolymer, poly(acryloyl glucos-
amine) (PAGA), on a CTA integrated silicon wafer using RAFT
polymerization via a Z-group approach.>®

Nitroxide-mediated polymerization (NMP). NMP employs
nitroxides or their associated alkylated derivatives, such as
alkoxyamines as an initiator.”” The use of NMP for polymeriz-

This journal is © The Royal Society of Chemistry 2019
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ation of glycopolymers is not common, because other modern
CRP techniques, such as ATRP and RAFT, are much more con-
venient to conduct and well-studied in general. In this section,
we discussed a few examples of glycopolymer preparation via
NMP.

In 1998, Fukuda et al. synthesized the first glycopolymer via
NMP from protected and unprotected monomers, to form poly
(N-(p-vinylbenzyl)-[O-B-p-galactopyranosyl-(1 — 4)]-p-glucona-
mide), shown in Fig. 11.>® The acetyl protected glycomonomer
displayed higher control during polymerization than an unpro-
tected glycomonomer.

Additionally, a well-defined glycopolymer, poly(2-(2’,3',4",6"-
tetra-O-acetyl-p-n-galactosyloxy)ethyl — methacrylate-co-styrene)
(poly(AcGalEMA-co-S)), was successfully prepared by NMP
using N-tert-butyl-N-(1-diethylphosphono-2,2-dimethylpropyl)
(BlocBuilder™) as the NMP agent (Fig. 12).>° The introduction
of a hydrophobic styrene block on the glycopolymer produced
an amphiphilic polymer which could undergo self-assembly
into micelles.” It is also proven that the polymerization con-
ditions and deacetylation (deprotection) of poly(AcGalEMA-co-
S) did not have a negative effect on the biofunctionality of the
copolymer when it was tested with a lectin, peanut agglutinin
(PNA).>°

2.3. Glycopolymer synthesis via post-polymerization
modification

Besides direct polymerization of carbohydrate containing
monomers, glycopolymers have also been synthesized through
a post-polymerization modification technique.®®®® The post-
polymerization modification can convert a polymer to possess
a broad range of side-chain functionalities via modification
reactions.®” In particular, the post-polymerization modifi-
cation is an efficient method to prepare functional polymers
that cannot be directly polymerized from monomers due to
poor functional group tolerance of the polymerization.

Biomater. Sci, 2019, 7, 4848-4872 | 4853
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Fig. 10 Synthesis of poly(acryloyl glucosamine) (PAGA) grafts on a silicon wafer surface using RAFT via the Z-group approach.>*
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Post-polymerization modification through azide-alkyne
“click chemistry”. An o-mannopyranoside-containing glyco-
polymer was prepared by the post-polymerization modification
approach via copper-catalyzed azide-alkyne cycloaddition

This journal is © The Royal Society of Chemistry 2019

(Fig. 132).°° The maleimide-terminated glycopolymer is selec-
tively bound to the cysteine (Cys34) protein of bovine serum
albumin (BSA) (Fig. 13b). The conjugate of protein-glycopoly-
mer offers an easy pathway of defined biological molecules

Biomater. Sci,, 2019, 7, 4848-4872 | 4855
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which is promising in the development of a new generation of
therapeutic agents.*®

Chen and coworkers reported a one pot synthesis,
which involves RAFT polymerization and “click reaction”
simultaneously, of a glycopolymer (Fig. 14a). The glycopolymer
was then reduced to form a thiol-terminated glycopolymer
(Fig. 14b) which was subsequently grafted on the surface of
gold nanorods by taking advantage of Au-S interactions
(Fig. 14¢).°> The glycopolymer-coated gold nanorods showed
robust and selective recognition with lectin. There was no evi-
dence that the triazole moiety caused a negative impact on the
lectin-binding property.**

Glycopolymers can also be prepared by ring opening of the
glycidyl functional group followed by copper-catalyzed azide-
alkyne cycloaddition. Jiang et al. successfully synthesized
various glucose pendant containing polymers which self-
assembled in an aqueous solution with polystyrene (PS) as
the inert hydrophobic core and a glycopolymer (PR) as the
shell.®® The synthesis consisted of multi-step reactions
(Fig. 15a). The first step was RAFT to create an amphiphilic
block copolymer, polystyrene-block-poly(glycidyl methacry-
late), followed by its reduction to form a thiol chain terminal
for attachment of fluorescein isothiocyanate (FITC). An azide-
containing glycopolymer was prepared by simultaneous ring
opening of the glycidyl group and azide substitution. The
azide of the synthesized polymer underwent copper-catalyzed
azide-alkyne cycloaddition with alkynated-glucose molecules
to form the desired block copolymer (Fig. 152).°* In an
aqueous solution, the glycopolymer self-assembled with a
diameter of 34-36 nm as shown in Fig. 15b. The self-
assembled glycopolymers were observed at macrophages both

4856 | Biomater. Sci,, 2019, 7, 4848-4872

in vitro and in vivo. Based upon this behavior, the new glyco-
polymer is expected to be used in targeting therapeutic
applications.®®

Post-polymerization modification through thiol-ene “click
chemistry”. In addition to the frequently used “click chem-
istry”, copper-catalyzed azide-alkyne cycloaddition and thiol-
ene reactions have also been widely reported as a post-
polymerization = modification to  prepare  functional
glycopolymers.®°>%® The thiol-ene reaction is a highly
efficient reaction and has high tolerance against various func-
tional groups. Moreover, the coupling reaction occurs under
metal-free conditions, which is an attractive feature for bio-
medical applications.®® Finally, the sulfide linkage (thioether
linkage, R-S-R’) in a protein-sulfide-oligosaccharide has been
reported to have high flexibility.*

Stenzel et al. have synthesized a block copolymer contain-
ing a glucose pendant via thiol-ene click chemistry (Fig. 16).%"
The polymer showed a unique thermo-responsive behavior
with a lower critical solution temperature (LCST) of 29 °C.%!
This route opens a new non-toxic (metal-free) pathway of devel-
oping a sophisticated glycosylated macromolecular architec-
ture which can be beneficial for advancing targeted drug deliv-
ery systems.®"

Microarray technology plays an important role in inspecting
carbohydrate-protein interactions due to the large number of
glucose-pendants generated with variability in the size and
composition.”””" Microarrays using an inject fabrication tech-
nique from well-defined glycopolymers achieved by post-
polymerization modification of poly(allyl glycidyl ether) (PAGE)
has been reported.”® The fabrication technique produced
a highly dense and broad range of glucose epitopes in a

This journal is © The Royal Society of Chemistry 2019
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Fig. 15 (a) Synthesis of fluorescent-labelled amphiphilic glycopolymers, FITC-PS-b-PR, and (b) self-assembly of a glycopolymer containing a block
copolymer in an aqueous solution.®
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Fig. 16 Synthesis of poly(di(ethylene glycol) methyl ether methacrylate)-block-poly(2-hydroxyethyl methacrylate) and post-polymerization modifi-
cation of the thermo-responsive glycopolymer via thiol-ene “click chemistry”.%*

rapid manner on a single glass chip.®® In this work, PAGE shows high hydrophilicity that enables the introduction of
was used as a main structure which is suitable for various highly dense glucose-pendants on a polymer backbone.®®”*73
post-polymerization reactions through pendant alkene moi- A surface modification of the glass surface (substrate) with

eties. Additionally, the poly(ethylene glycol) backbone of PAGE isocyanate was performed to allow covalent immobilization of
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PAGE on the substrate. The surface was further modified by
the thiol-ene reaction with thiolated-glucose molecules, such
as a-p-mannose, p-p-galactose, and p-p-glucose (Fig. 17).°° This
microarray was used for investigating selective glucose binding
to lectin using the fluorescence technique. The high-through-
put analysis is essential for elaboration of cell-surface inter-
actions, adhesion mechanisms, and multivalent inhibitor
development.®®
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Another example of thiol-ene “click chemistry” in glyco-
polymer synthesis has been reported by Maynard et al.®®> A co-
polymer, poly(5,6-benzo-2-methylene-1,3-dioxepane-co-but-3-
enyl methacrylate) [ poly(BMDO-co-bMA)], was first prepared by
RAFT with a trithiocarbonate CTA. The protected thiolated-tre-
halose underwent the thiol-ene reaction to yield poly(BMDO-
co-bMA) followed by deprotection of the side chain of the gly-

copolymer, poly(BMDO-co-bMA-trehalose) (Fig. 18).
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Fig. 18 Preparation of a degradable trehalose-side chain glycopolymer, poly(BMDO-co-bMA-trehalose), via RAFT polymerization followed by

thiol—ene “click” reaction.
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3. Applications of glycopolymers
3.1. Fundamental study of carbohydrate-lectin interactions

The carbohydrate-lectin interaction is the most studied field
of application for synthetic glycopolymers. By definition,
lectins are proteins that bind to carbohydrates with high
affinity and specificity.”* Because glycopolymers are synthetic
polymers that contain carbohydrate pendants, they are known
to have the ability to mimic natural polysaccharides during
biological recognition events”>®° due to their binding affinity
to lectins (Fig. 19).

Concanavalin A or Con A is the most widely used plant
lectin found in Canavalia ensiformis and is commonly known
as jack bean. Con A has been used to study multivalent
binding of glycopolymers that contain mannose and glucose
pendants.®’ Another lectin from the plant legume family is
PNA which is extracted from Arachis hypogaea. PNA specifically
binds to galactose pendants on glycopolymers.®* Additionally,
WGA from Triticum vulgare is also commonly used to study
lectin binding to glycopolymers. WGA binds selectively to
N-acetylglucosamine and N-acetylneuraminic acid (a sialic
acid).** Unlike plant lectins, animal lectins are more complex
structurally, and they can be generally classified into five
main types: C-type, I-type, P-type, S-type (galectins) lectins,

Hormones

Viruses

Cell
adhesion

@ Cell Ef

: @

Antibodies

Bacteria ©

Toxins

Fig. 19 Illustration of various biological recognition processes that use
lectin’s high and specific affinity for carbohydrates; examples include
affinities in bacteria, toxins, hormones, antibodies, viruses, and cell—cell
adhesion.”>~8° The figure is imaginary to describe multiple affinities in a
single illustration, not real.
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and pentraxins according to their structural features.’’
Animal lectins are crucial to biological functions such as reco-
gnition of molecules within the immune system, regulation of
cellular growth, cell-cell interactions, and extracellular mole-
cular bridging.>* Because of the selective binding affinity of
Con A to glucose molecules, Con A is very crucial for the inves-
tigation of carbohydrate-protein interactions that occur on
the cell surface.?*!

Unique interactions (lock-and-key metaphors) between a
monosaccharide and lectin are normally weak. The simplest
strategy to enhance overall binding strength is to increase the
number of binding sites.®" Because glycopolymers contain
many carbohydrate pendants, the study of lectin binding
affinity to glycopolymers is an important field to research for
further biological applications. Kiessling and co-workers
reported a 7-oxanorbornene pendant which consists of linear
glycopolymers that are prepared by ring opening metathesis
polymerization (ROMP). The glycopolymer was investigated by
utilizing agglutination inhibition assay with regard to its
multivalent effects on Con A binding efficiency.*> In this
report, it was revealed that the density of saccharides is an
important control factor for carbohydrate-lectin interactions.
By decreasing the density of carbohydrate pendants on an ali-
phatic backbone, the binding activity of a glycopolymer
towards bulky Con A increased due to less steric hindrance
(Fig. 20).%

Generally, glycopolymers enable enhanced binding activity
compared to a single glucose ligand due to an increase in
available binding sites. Therefore, optimum distance-depen-
dent binding can be achieved if the distance between two
carbohydrates is equivalent to the distance between two
binding sites on a lectin.** For the optimum distance-depen-
dent binding, the glycopolymer must be flexible. If the glyco-
polymer is stiff, the exact binding does not occur.?* Other para-
meters of efficient lectin-glycopolymer binding are molecular
weights and spacers between the glucose pendant and the
polymer backbone. Kiessling et al. discovered that an increase
in the molecular weight of the glycopolymer leads to an
increase in the binding capability to Con A.** Additionally,
flexible spacers between glucose pendants and the polymer
backbone enhance multivalent binding because the distance
between binding sites can be adequately adjusted for an
optimal binding.*

# = Con A (lectin)

= Glucose pendant

@ = Other pendant

(c)

Fig. 20 Illustration of Con A binding on multivalent ligands. (a) High density carbohydrate pendants shown in the high density glycopolymer which

allows many receptors to attach to a single molecule. However, the attachment is limited by the steric hindrance which results in unused molecules.
(b) Low density carbohydrate pendants; the low density glycopolymer allows fewer total receptors per molecule. The space between carbohydrates
on the glycopolymer is too large to bind efficiently.®® (c) Optimum binding activity occurs when the distance between two glucose pendants is equi-
valent to the distance between two binding sites of a lectin.>*
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Fig. 21 (a) Polyl[(L-alanine)-b-poly(2-acryloyloxyethyllactoside)-b-poly(L-alanine)] which exhibits a micelle-like structure in solution,®® and (b) poly
[(2-glucosyloxyethyl methacrylate)-b-poly(diethyleneglycolmethacrylate)], which exhibits a vesicle-like structure in solution. These glycopolymers

are prepared by ATRP and RAFT.°

In addition to the linear homoglycopolymer, more complex
architectures of glycopolymers have been reported. Fig. 21
shows an example of an amphiphilic block copolymer posses-
sing a hydrophilic glycopolymer block and a hydrophobic
polymer block. The amphiphilic feature allows for structural
diversities such as micelles,’®**38 vesicles,?®®” helices, and
worm-like aggregates.®” The non-linear polymer architecture
results in an increase of the surface area of glycopolymers,
thus enhancing the lectin-glycopolymer binding probability.*

Glycopolymers have also been integrated with metallic and
organic nanoparticles prior to the glycopolymer-lectin inter-
action. Chen et al. reported two synthetic approaches for pro-
ducing glucose modified nanoparticles.”® Fig. 22a shows the
introduction of monosaccharides on a nanoparticle via click-
chemistry. The second example is surface initiated ATRP, con-
ducted to have glycopolymers on a nanoparticle (Fig. 22b).”
Both modified nanoparticles show efficient recognition to Con
A lectin (Fig. 22¢).”°

3.2. Carbohydrate to cell, bacteria, and virus interactions

Based on the strong and specific affinity of carbohydrates to
lectins, the interactions of glycopolymers with lectin contain-
ing cells and microorganisms (bacteria and viruses) have been
studied. The study of the glycopolymer interactions has led to
a precise understanding of the infection mechanisms of
microorganisms to the host. The first stage of infection is
physical attachment of microorganisms on a cell.** For
example, the influenza virus attaches to the surface of a bron-

4860 | Biomater. Sci., 2019, 7, 4848-4872

7691 The influenza

chial epithelial cell as illustrated in Fig. 23.
virus membrane contains a highly dense (2-4 per 100 nm?) gly-
coprotein, ie. hemagglutinin.”*®* Its counterpart, the bron-
chial epithelial cell membrane, consists of densely
(50-200 nm™?) packed glycoprotein with an
N-acetylneuraminic acid (sialic acid) terminal sugar. Multiple
attachments of hemagglutinin-sialic acid initiate the infection
of cells.”® Therefore, precise control of microorganism-human
cell interactions can be important in decreasing the suscepti-
bility of human cells to infectious diseases.

Hardy et al. reported that glycopolymer functionalized
spider silk mimics enhance cell adhesion.”” Alkyne-capped-
poly(-6-O-methacryloyl-p-galactopyranose) (PMAGal) was syn-
thesized via ATRP (Fig. 24a).”” The engineered spider silk
(eADF4(C16)), in Fig. 24b, was modified with alkyne-capped-
PMAGal at various degrees of polymerization (degree of
polymerization = 31, 64, and 97). A fibroblast cell line
(M-MSV-BALB/3T3, mouse embryo fibroblast) was used to
study cell adhesion. Based on this study, functionalization of
spider silk substrates with PMAGal enhances the attachment
of fibroblasts on the substrates (cell surface area of
310-390 pm?®) compared to unmodified spider silk substrates
(cell surface area of 210 pm?) (Fig. 24c).””

Lees et al. reported that the interaction between a virus and
the glycoprotein of cells can be suppressed by three
approaches: (i) utilizing a ligand to compete with sialic acid on
the cell wall so that the hemagglutinin binding sites on the
virion are sterically blocked, (ii) modification of sialic acid

This journal is © The Royal Society of Chemistry 2019


https://doi.org/10.1039/c9bm01385g

Published on 15 October 2019. Downloaded by UNIVERSITY OF NEBRASKA on 1/3/2020 12:11:09 AM.

Biomaterials Science

0, HO o]
o
cl Oy
YOS Oz,
o] 0 Ny
— S
—_—— >
DMAP, Pyridine (PPhg)s, CuBr
60°C o DMSO0, 60°C 5
9

? )

EPMA, CuBr,
N | Toluene, 70°C

TBAF, CH3COOH
THF

£

Lectin

U
Monosaccharide

modified nanoparticle

© Q

Nanoparticle

S

E——
Lectin

Glycopolymer
modified nanoparticle

Fig. 22
recognition on the modified nanoparticles.*°

Influenza virus

Bronchial
epithelial cell

Fig. 23 Attachment of influenza virus to a bronchial epithelial cell via the interaction of hemagglutinin of the virus with sialic acid on the cell;

WBT HO
3

(Ppha)J CuBr, DIPEA
\\ DMSO, 60°C

Sugar-lectin
recognition

Sugar-lectin
recognition

Virus-cell
attachement

ﬂ( = hemagglutinin

HO oy

_ COM
ﬁ H HO' 07" 0r
HO

N
3

sialic acid

View Article Online

Review

? .
W i

m o

(b)

(@) A monosaccharide-modified nanoparticle via click-chemistry, (b) a glycopolymer-modified nanoparticle via ATRP, and (c) sugar-lectin

Endocytosis
(infection of the cell)

l.76,91

the described bronchial epithelial cell is a simplified figure showing a part of the outer surface of the cell.

groups so that the cell binding sites are not accessible for the
hemagglutinin of the virus, and (iii) blocking hemagglutinin
of the virus which only allows them to access the sialic acid on
a cell.”® However, blocking all sialic acid moieties of the cells

This journal is © The Royal Society of Chemistry 2019

is impractical due to the possibility of interference with
normal cell functions. In this work, a copolymer, poly(acryl-
amide-co-O-glycoside) (Fig. 25a), was investigated to under-
stand the function of hemagglutinin inhibition through cell
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Fig. 25 (a) Synthesis of poly(acrylamide-co-O-glycoside), and (b) multivalent inhibition of hemagglutinin of virion by the glycopolymer.”®

binding site blocking via capping and/or steric inhibition tions such as urinary tract and bladder infections, meningitis,
(Fig. 25b).”° and bowel diseases which often require antibiotic treatment.

Glycopolymers can be an anti-bacterial-adhesion agent. E. coli carries hair-like organelles, type 1 piliated fimbriae, on
1.”* The type 1 pili contain a fibrillar short-tip struc-
the initial stage of a bacterial infection. For instance, an over- ture bearing FimG and FimH adhesion which is responsible

Similar to that of a viral infection, bacterial adhesion to a cell is its cell wal

grown population of Escherichia coli (E. coli) causes many infec- for binding to mannose units of oligosaccharides.”® A n-heptyl
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Fig. 26 Principle of an n-heptyl a-p-mannose (HM)-based glycopolymer as an anti-bacterial-adhesion agent against E. coli bacteria.”®

a-p-mannose (HM)-based glycopolymer was studied as a FimH
adhesion inhibitor to reduce a virulence factor of E. coli
(Fig. 26).”° Based on an in vitro study, the HM-based glycopoly-
mer showed inhibition of E. coli adhesion to intestinal epi-
thelial cells at a low density of mannose in the glycopolymer.”

In a relatively new study, glycopolymers have also been
reported to play a crucial role in immunology.®*** In particu-
lar, cancer immunotherapy uses the immune system to elimin-
ate cancer cells. This process is designed to allow immune
cells attacking target cancer cells specifically.”°® Jiang et al.
developed an artificial glycocalyx based on self-assembled
glyco-nanoparticles (glyco-NPs) which is discussed in Fig. 15.%
Herein, glycocalyx is a highly dense carbohydrate-coating on
the surface of cells.”””*® The glyco-NPs were able to reverse the
immunosuppressive phenotype which impairs the antitumor
immune response.®® Then, the enhanced immune-function
of the macrophage can enable tumor immunotherapy. The
reversal of the immunosuppressive phenotype is controlled by
macrophage polarization, which is caused by the synthesized
glycopolymer.®*°°

As an additional example of anti-cancer immunotherapy,
two synthetic glycopolymers, poly(N-methacryloylglucosamine)
(pPMAG) and poly(N-methacryloylmannosamine) (pMAM), have
been used to create engineered tumor cell membranes as
shown in Fig. 27.°* In this example, tumor cell membranes
were engineered with pMAG and pMAM. pMAG and pMAM
function as binding sites allowing selective recognition to
macrophage lectins, such as a mannose receptor (MR), and
complement receptor three (CR3). The binding, between
PMAG-MR and pMAM-CR3, triggers immune responses which
lead to elimination of the tumor cells (Fig. 27).°*'%° These
examples of glycopolymer application in immunology would
offer strong potential in the development of immunotherapy
for cancer treament.

This journal is © The Royal Society of Chemistry 2019

3.3. Glycopolymer-based adhesives and materials

In previous sections, direct biological interactions of glycopoly-
mers have been described to demonstrate various applications.
Glycopolymers have also been recently reported to be utilized
in tissue adhesives, sealants’®® and pressure sensitive
adhesives ~ which  exhibit = mechanically  elastomeric
behavior.'>'®  The advantages of glycopolymer-based
adhesive materials include their abundance and sustainability
of the natural resources."*?

The glycopolymer, poly(6-methacryloyl-a-p-galactopyranose)
(polyMG), has been introduced into collagen to form an inter-
penetrated polymer network hydrogel.'”" The hydrogel was
prepared by photo-crosslinking of MG with poly(ethylene
glycol) diacrylate in the presence of a photo-initiator, Irgacure-
2959. Herein, the crosslinking and polymerization occur sim-
ultaneously with collagen (Fig. 28)."°" The hydrogel was used
in corneal application due to its exceptional transparency
which resembles that of human cornea.'”!

For the corneal substitute application, the mechanical pro-
perties of the hydrogel are very important. By introducing a
small amount of MG to collagen (MG to collagen of 1:16,
1:8,1:4,1:2), the tensile strength of the hydrogel increased
significantly from 520 kPa (pure collagen) to 530 kPa (ratio of
1:16), 540 kPa (ratio of 1:8), and 570 kPa (ratio of 1:4), and
peaking at 720 kPa (ratio of 1:2)."°" However, at a ratio of
1:1 (MG to collagen), the tensile strength started decreasing
presumably due to over-crosslinking between MG and col-
lagen in the hydrogel.'®’ Additionally, the modulus of the
hydrogel containing MG also shows a similar trend to tensile
strength, which was higher with the introduction of MG to
the collagen (1200 kPa, 1230 kPa, and 1300 kPa for 1:8, 1: 4,
and 1:2 ratios of MG to collagen) compared with the pure
collagen modulus at 700 kPa.'®" No significant change of

Biomater. Sci., 2019, 7, 4848-4872 | 4863
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Fig. 27 Glycopolymers for cancer immunotherapy: glycopolymer-bound tumor cells enhance tumor cell recognition of macrophages to trigger
immune response against tumor cells.®* Reproduced with permission from ref. 94, copyright [2019], [American Chemical Society].
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Fig. 28 Synthesis of a collagen-poly(6-methacryloyl-a-p-galactopyranose) (polyMG) interpenetrating polymer network for hydrogel application.*°*

elongation at break (+35-53%) was reported when MG was
introduced to collagen which is close to the value of human
corneal tissue, 45-75% elongation at break.'°™'** In vitro
testing also revealed that the corneal epithelial cell count
favored the glycopolymer hydrogel over the pure collagen
hydrogel. In addition to the excellent optical and biological
properties, the synthesized glycopolymer hydrogel prevents
bacterial adhesion."®!

In 2015, Pokerznik and Krajnc used a glucose-based
surfmer (surfactant and monomer) and butyl polyglucoside
maleic acid ester (BGMAH) to prepare a poly(n-butyl acrylate)
(PnBA) copolymer via emulsion polymerization. Due to the

4864 | Biomater. Sci., 2019, 7, 4848-4872

—-COOH and C=C bonds in the chemical structure (Fig. 29a),
BGMAH behaves as not only an anionic surfactant but also a
vinyl monomer.'®® Various amounts of BGMAH in an acrylate-
based pressure sensitive adhesive were investigated. Increasing
the amount of BMGAH up to 25% did not change the
elastic moduli (G') of the polymer. The higher percentage of
BMGAH in the copolymer showed higher adhesion properties
(Fig. 29b)."%?

An important design principle of thermoplastic elastomers
is an ABA-type triblock copolymer that contains both soft/
rubbery segment (B block) and glassy segment (A block) in
ABA-type triblock copolymers. The two glassy segments A allow

This journal is © The Royal Society of Chemistry 2019
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Fig. 29 (a) Butyl polyglucoside maleic acid ester (BGMAH) structure, and (b) the effect of the amount of BGMAH in the copolymer on peel and tack
strength.'°® Reproduced with permission from ref. 103, copyright [2015], [Elsevier].

the entire polymer to resist the flow resulting in elastomeric
properties.'®® To achieve this elastomeric behavior, Nasiri and
Reineke developed an ABA-type triblock copolymer. In the new
triblock  copolymer, poly(glucose-6-acrylate-1,2,3,4-tetraace-
tate), PGATA is the outer glassy segment A, and PnBA is the
soft/rubbery middle segment B (Fig. 30a).'°> The triblock
copolymer, containing 14% GATA, was mixed with a 30%
weight of tackifier. The mixture exhibited a 2.31 N m™? peel
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h'*?> which is comparable to those of many

commercial pressure sensitive adhesives such as duct tape,
electrical tape, and paper tape (peel adhesion strength range
of 1.9-4.2 N m~?),'%¢

Due to the importance of glycopolymers in biological pro-
cesses, a study of glycopolymers as a bulk tissue adhesive is a
new and attractive field to be explored. The glycopolymer is an
excellent candidate as a tissue adhesive base material because

adhesion strengt
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Fig. 30 (a) Synthesis of an ABA triblock copolymer, poly(GATA-b-nBA-b-GATA), via RAFT,'%? and (b) synthesis of a controllable terpolymer bioadhe-

sive, poly(MG-co-MDOPA-co-AOM) 13
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of its high water compatibility and high flexibility as a hydro-
gel. During the adhesive bond formation, the polymer should
be flexible for easy access to the substrate surface, meaning
that the adhesive polymer should wet the substrate surface
quickly. Therefore, high flexibility is essential for high quality
adhesives.'* 1

In addition, water compatibility in biomedical applications
is always important because the human body contains 60%
water and most of the human body is wet, except for the outer
skin.""> However, the glycopolymer has not been studied for
tissue adhesive applications in spite of suitable properties as a
tissue adhesive. An initial example of glycopolymer-based
adhesive includes the spider silk protein ((eADF4(C16))) con-
taining a glycopolymer. This new glycopolymer-based material
shows improved cell (BALB/3T3 mouse fibroblasts) adhesion
compared to non-glycopolymer samples.””

Recently, we have developed a glucosamine pendant con-
taining glycopolymer-based tissue adhesive that shows strong
and controllable bulk adhesion (not cell adhesion) between
large biological surfaces. The new glycopolymer adhesive, poly
(2-methacrylamido glucopyranose-co-N-methacryloyl-3,4-dihy-
droxyl-.-phenylalanine-co-8-azidooctyl methacrylate) [ poly(MG-
co-MDOPA-co-AOM)], was prepared by free radical polymeriz-
ation of three methacrylate monomers (a hydrophilic glyco-
polymer segment, a mussel-inspired catechol segment, and a
crosslinking azide segment) as shown in Fig. 30b.'"® Even
without crosslinking, the new terpolymer adhesive demon-
strated 20-fold higher adhesion strength (115 kPa) compared
to a commercial rubber cement (5.8 kPa). The bulk adhesion
properties of the terpolymer were enhanced by covalent bond
forming crosslinking via strain-promoted azide-alkyne cyclo-
addition (SPAAC).'"?

View Article Online
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3.4. Glycopolymer nanoparticles

Glucose-coated nanoparticles (glyco-nanoparticles, GNPs) inte-
grate multivalent glycopolymers on a nano-size inorganic core,
such as iron oxide,"**'" silver,"'® and gold.""”'*® The GNPs
have advanced molecular imaging technology significantly.'*®
The most significant challenge is the synthesis of well-defined
nanoparticles that possess high density of multifunctional
polymers on their surfaces.’***** The well-defined glycopoly-
mer nanoparticle is particularly important for a cell targeted
treatment.

Gold nanoparticles have been used in many biomedical
applications including fluorescent materials, cell imaging, and
radiolabeling substrates due to their inertness, photo-stability,
simplicity of preparation and facile conjugation with biological
molecules."””"'® However, there are still multiple challenges
that involve the stability of nanoparticle materials under phys-
iological conditions, poor permeability to various biological
membranes, rapid renal elimination, and insufficient target
cell recognition.'®® There has been a lot of effort made to over-
come these limitations by designing and synthesizing new gly-
copolymers for nanoparticles. Glycopolymer functionalized
gold nanoparticles, which form a core-shell architecture, have
been reported by Yilmaz et al. The glycopolymer was prepared
by RAFT polymerization of mannose-methacrylic acid
(Fig. 31)."*°

GNPs has also been reported as a photoacoustic imaging
agent and photothermal therapy agent of tumors.'*”'*® These
features are enabled by high-density functional groups on the
nano-particle."*' The glycopolymer for the GNPs was prepared
by self-assembly of amphiphilic poly(lactose)-modified peryle-
nediimide (PLAC-PDI) which was synthesized by ATRP
(Fig. 32). The selective binding of lactose on GNPs to asialo-
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Fig. 31 Glycopolymer-functionalized gold nanoparticles (GNPs) for preparation of pH-sensitive anti-cancer agent delivery. Thiol terminals linked
the glycopolymer to the gold nanoparticle surface.*?® Reproduced with permission from ref. 126, copyright [2018], [Royal Society of Chemistry].
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Fig. 32 Preparation of GNPs, poly(lactose)-modified perylenediimide
(PLAC-PDI) nanoparticles, for hepatic tumor targeted photoacoustic
imaging and photothermal therapy applications.'?* Reproduced with
permission from ref. 121, copyright [2017], [American Chemical Society].

glycoprotein receptors at HepG2 cells (human liver cancer
cells) enabled the treatment of hepatocellular carcinoma (liver
cancer)."** " The self-assembling amphiphilic glycopolymer

View Article Online
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offers high selectivity for a photothermal therapy agent to a
hepatic tumor.

Glycopolymers have been incorporated into biologically
applicable quantum dots (QDs) which are water soluble and
biocompatible, and enable near infrared emission."**"** Guo
et al. developed a polyvalent glycan-quantum dot (Fig. 33)
which is an excellent tool used to investigate multivalent
protein—glycan interactions via multi-modal readout strategies
(e.g., Forster resonance energy transfer (FRET), hydrodynamic
size measurement, and transmission electron microscopy
imaging)."** The new glycan-quantum dot enables the dissec-
tion of a multivalent protein-ligand which leads to inhibition
of viral infection at a cellular level.

3.5. Drug delivery and biosensor

Glycopolymers have been used for drug delivery systems in a
wide variety of ways and have been well-reviewed in multiple
review papers.’*>*” Thus, the present report will discuss a
few selected examples of glycopolymer-based drug delivery
systems. A photo-responsive block copolymer, poly(methoxy-
phenyl azo phenoxy ethyl methacrylate-b-p-p-galactopyranosyl
ethyl methacrylate) (poly(AzOMA-b-pGalEtMa), was synthesized
via RAFT polymerization (Fig. 34a) for delivery of hydrophobic
small molecule drugs.*® The synthesized amphiphilic
polymer, (poly(AzOMA-b-BGalEtMa), can undergo self-assem-
bly in an aqueous solution to form micelles (Fig. 34b)."*® Drug
mimic, Nile red, loaded glycopolymer micelles showed high
cellular uptake in human melanoma A375 cells (Fig. 34c)."*®

V\°N°¢N'§\N oA *(~'°‘3'\wa\(\
et

n=3o0rll

H SHSH

d = interglycan distance

Fig. 33 (A) Polyvalent glycan-quantum dots by QD-sensitized dye FRET mechanism, (B—D) tuning mechanism of QD surface glycan valency and
interglycan distance (d) via ethylene glycol linker length (n = 3 for b, and n = 11 for d; d =) and glycan dilution with an inert dihydrolipoic acid-zwit-
terion spacer ligand.*** Reproduced with permission from ref. 134, copyright [2017], [American Chemical Society].
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Fig. 34 (a) Synthesis route of photo-responsive block copolymer, poly(AzOMA-b-BGalEtMa), via RAFT polymerization, (b) micelle formation was
observed by TEM, and (c) a confocal image of A375 melanoma cells incubated with a Nile red dye loaded polymer.t*® Reproduced with permission
from ref. 138, copyright [2015], [Elsevier].

The safe drug delivery to melanoma cancer cells is most likely In diabetes treatment, glycopolymers play an important role
due to the structure of the cancer cells which contains galec- due to their selective interaction with lectins. Mees et al. intro-
tin-3 receptors. Galectin-3 is known to have strong interactions duced the above discussed selective glucose-Con A interaction
with galactose, therefore promoting cell uptake by endocytosis.’*®  with glycopolymers. As shown in Fig. 35a, terminal ~OH of
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Fig. 35 (a) Synthesis of poly(2-ethyl-2-oxazoline)-based modified glycopolymers, and (b) DLS volume plots of poly(2-ethyl-2-oxazoline)-based
modified glycopolymers (glycopolymer only, bottom plot), after introduction of Con A (glycopolymer + Con A, middle plot), and after addition of excess
glucose (glycopolymer + Con A + excess glucose, top plot).**° Reproduced with permission from ref. 140, copyright [2016], [American Chemical Society].
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Fig. 36 (a) Synthesis of poly(NIPAm-co-GEMA) microgels, and (b) a microgel-based sensing mechanism for glucose detection.'**

poly(2-ethyl-2-oxazoline) was modified to add a glycopolymer
by reductive amination. The copolymer underwent aggluti-
nation upon addition of Con A forming a turbid solution
(aggregate sizes: 200-1000 nm). After addition of a large excess
of glucose, the agglutinated polymers (glycopolymer + Con A)
were disrupted and then they formed linear polymers (Fig. 35b)."*°
In a recent study, a glucose sensor, poly(N-isopropyl-
acrylamide-co-glycosyloxyethyl methacrylate) microgel, was syn-
thesized in the presence of a crosslinker, N,N-methyl-
enebisacrylamide (BIS), by free radical polymerization
(Fig. 36a).""" A large number of glucose pendants allows the
glycopolymer to have multiple interactions with Con A to form
contracted microgels. The contracted microgel immediately
expands upon exposure to glucose. By using these phenomena,
the concentration of glucose can be quantitatively monitored
by surface plasmon resonance (SPR) (Fig. 36b). When the gly-
copolymer microgels are swollen due to glucose, the SPR’s
reflected light intensity decreases because of the lowered
refractive index of the swollen microgel and vice versa.'**

4. Conclusions

In glycopolymer research, synthesis of a well-defined polymer
that includes a variety of multiple polar functionalities is an
important first step in biomedical applications. Because of the
accuracy of polymerization and the convenience, ATRP and
RAFT are two major synthetic tools used to prepare well-
defined functional glycopolymers as stated in the recent litera-
ture. Furthermore, those synthetic approaches will continue to
advance due to the requirement of new chemical functional-
ities for individualized application. Significant challenges
include the synthesis of the more precisely defined glycopoly-
mer molecular structure and the new polar functional group

This journal is © The Royal Society of Chemistry 2019

tolerance. Because the main chemical driving forces of carbo-
hydrate-lectin interactions are hydrogen bonding, supramole-
cular interactions (e.g., van der Waals interactions), and salt
bridges, precisely defining the chemical structures of glycopo-
lymers will increase the understanding and control of carbo-
hydrate-lectin interactions. This has resulted in a high
demand for various synthetic tools used to prepare 3-dimen-
sional glycopolymer structures. The new 3-dimensional glyco-
polymers may include helical structured glycopolymers, isotac-
tic/syndiotactic glycopolymers, and crystallized glycopolymers.
Finally, the development of new synthetic approaches to
combine multiple distinctive properties will direct glycopoly-
mer research in the future. As briefly discussed in the review, a
recent example of a multifunctional glycopolymer is [ poly(MG-
c0-MDOPA-co-AOM)] which can be used for (1) glycopolymer-
based tissue adhesives, and (2) selective biological recognition
(lectin-glycopolymer interactions).

Conflicts of interest

There are no conflicts to declare.

References

1 E. Fischer, Untersuchungen Fiber Kohlenhydrate und
Fermente, Verlag Julius Springer, Berlin, 1884, vol. 17,
p. 579.

2 C. S. Hudson, J. Chem. Educ., 1941, 18, 353.

3 C.S. Hudson, J. Am. Chem. Soc., 1930, 52, 1707-1718.

4 R. C. Saxena, D. K. Adhikari and H. B. Goyal, Renewable
Sustainable Energy Rev., 2009, 13, 167-178.

5 D. ]. Cosgrove, Nat. Rev. Mol. Cell Biol., 2005, 6, 850.

Biomater. Sci, 2019, 7, 4848-4872 | 4869


https://doi.org/10.1039/c9bm01385g

Published on 15 October 2019. Downloaded by UNIVERSITY OF NEBRASKA on 1/3/2020 12:11:09 AM.

Review

6

10
11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

T. Anna, C. Giancarlo, L. Elena, S. Monica, R. Norberto
and F. Giuseppe, J. Biomed. Mater. Res., Part A, 2003, 67,
618-625.

A. Percot, C. Viton and A. Domard, Biomacromolecules,
2003, 4, 12-18.

R. J. Linhardt and T. Toida, Carbohydrates as Drugs, 1997,
pp. 277-341.

T. E. McAlindon, M. P. LaValley, J. P. Gulin and
D. T. Felson, J. Am. Med. Assoc., 2000, 283, 1469-1475.

R. A. Dwek, Chem. Rev., 1996, 96, 683-720.

V. Brigitte and A. Dietmar, Macromol. Chem. Phys., 2010,
211, 727-735.

P.  Stallforth, B. Lepenies, A. Adibekian
P. H. Seeberger, J. Med. Chem., 2009, 52, 5561-5577.
V. Ladmiral, E. Melia and D. M. Haddleton, Eur. Polym. J.,
2004, 40, 431-449.

S. Defaus, M. Avilés, D. Andreu and R. Gutiérrez-Gallego,
Mol. Cell. Proteomics, 2016, 15, 2236-2251.

N. Hirohashi, in Glycoscience: Biology and Medicine, ed.
N. Taniguchi, T. Endo, G. W. Hart, P. H. Seeberger and
C.-H. Wong, Springer Japan, Tokyo, 2015, pp. 865-873,
DOI: 10.1007/978-4-431-54841-6_166.

P. Scott and R. L. Lyne, Plant Cell, Tissue Organ Cult.,
1994, 36, 129-133.

Y. Bao, G. Liu, X. Shi, W. Xing, G. Ning, J. Liu and M. Bao,
Plant Cell, Tissue Organ Cult., 2012, 109, 411-418.

J. A. Ochoa-Alvarez, H. Krishnan, J. G. Pastorino, E. Nevel,
D. Kephart, J. J. Lee, E. P. Retzbach, Y. Shen,
M. Fatahzadeh, S. Baredes, E. Kalyoussef, M. Honma,
M. E. Adelson, M. K. Kaneko, Y. Kato, M. A. Young,
L. Deluca-Rapone, A. J. Shienbaum, K. Yin, L. D. Jensen
and G. S. Goldberg, Oncotarget, 2015, 6, 9045-9060.

T. Hennet and J. Cabalzar, Trends Biochem. Sci., 2015, 40,
377-384.

F. T. Alberto, C. F. Javier and J. B. Jesus, Chem. - Eur. J.,
2015, 21, 10616-10628.

L. S. Ronald, J. Leukocyte Biol., 2016, 99, 825-838.

S. V. Glavey, D. Huynh, M. R. Reagan, S. Manier,
M. Moschetta, Y. Kawano, A. M. Roccaro, I. M. Ghobrial,
L. Joshi and M. E. O’'Dwyer, Blood Rev., 2015, 29, 269-279.
Z. Yin and X. Huang, in Carbohydrates in Drug Design
and Discovery, The Royal Society of Chemistry, 2015,
pp- 132-150, DOI: 10.1039/9781849739993-00132.

N. Li, Y. Chen, Y.-M. Zhang, Y. Yang, Y. Su, J.-T. Chen and
Y. Liu, Sci. Rep., 2014, 4, 4164.

C. Wei, L. Junbai and D. Gero, Adv. Mater., 2016, 28, 1302—
1311.

D. Appelhans, B. Klajnert-Maculewicz, A. Janaszewska,
J. Lazniewska and B. Voit, Chem. Soc. Rev., 2015, 44, 3968-
3996.

H. Park, S. Walta, R. R. Rosencrantz, A. Korner,
C. Schulte, L. Elling, W. Richtering and A. Boker, Polym.
Chem., 2016, 7, 878-886.

M. C. Rodriguez-Barradas, J. A. Serpa, I. Munjal,
D. Mendoza, A. M. Rueda, M. Mushtaq and L.-a. Pirofski,
J. Infect. Dis., 2015, 211, 1703-1711.

and

4870 | Biomater. Sci, 2019, 7, 4848-4872

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45
46

47

48

49

50

51

52

53

View Article Online

Biomaterials Science

M. W. Jones, L. Otten, S. ]J. Richards, R. Lowery,
D. ]J. Phillips, D. M. Haddleton and M. I. Gibson, Chem.
Sci., 2014, 5, 1611-1616.

G. Yilmaz and C. R. Becer, Polym. Chem., 2015, 6, 5503—
5514.

B. C. Remzi, Macromol. Rapid Commun., 2012, 33, 742-
752.

S. R. S. Ting, G. Chen and M. H. Stenzel, Polym. Chem.,
2010, 1, 1392-1412.

G. Anja, S. Bernd and S. Helmut, Macromol. Rapid
Commun., 2008, 29, 304-308.

M. Mammen, S.-K. Choi and G. M. Whitesides, Angew.
Chem., Int. Ed., 1998, 37, 2754-2794.

L.-C. You, F.-Z. Lu, Z.-C. Li, W. Zhang and F.-M. Li,
Macromolecules, 2003, 36, 1-4.

T. Furuike, N. Nishi, S. Tokura and S.-I. Nishimura,
Macromolecules, 1995, 28, 7241-7247.

V. Hoftejsi and J. Kocourek, Biochim. Biophys. Acta, Gen.
Subj., 1978, 538, 299-315.

K. Kobayashi, H. Sumitomo and Y. Ina, Polym. J., 1985, 17,
567.

R. Roy, F. D. Tropper and A. Romanowska, Bioconjugate
Chem., 1992, 3, 256-261.

A. Tsuchida, S. Akimoto, T. Usui and K. Kobayashi,
J. Biochem., 1998, 123, 715-721.

R. Cuervo-Rodriguez, V. Bordegé and M. Fernandez-
Garcia, Carbohydr. Polym., 2007, 68, 89-94.

S. Akai, Y. Kajihara, Y. Nagashima, M. Kamei, J. Arai,
M. Bito and K.-1. Sato, J. Carbohydr. Chem., 2001, 20, 121~
143.

T. Yoshida, T. Akasaka, Y. Choi, K. Hattori, B. Yu,
T. Mimura, Y. Kaneko, H. Nakashima, E. Aragaki and
M. Premanathan, J. Polym. Sci., Part A: Polym. Chem., 1999,
37, 789-800.

A. Miyachi, H. Dohi, P. Neri, H. Mori, H. Uzawa, Y. Seto
and Y. Nishida, Biomacromolecules, 2009, 10, 1846-1853.
K. Matyjaszewski, Macromolecules, 2012, 45, 4015-4039.

F. di Lena and K. Matyjaszewski, Prog. Polym. Sci., 2010,
35, 959-1021.

V. D. Vimary, L. Juneyoung, L. En-Wei and D. M. Heather,
ChemBioChem, 2012, 13, 2478-2487.

O. Makoto, O. Ryota, K. Tadao, T. Masaki and H. Shiho,
J. Polym. Sci., Part A: Polym. Chem., 2017, 55, 395-403.

L. Jaroslav, P. Hyunji, R. R. Ruben, B. Alexander, E. Lothar
and S. Uwe, Macromol. Rapid Commun., 2015, 36, 1472—
1478.

C. von der Ehe, C. Weber, M. Gottschaldt and
U. S. Schubert, Prog. Polym. Sci., 2016, 57, 64-102.

J. Chiefari, Y. K. Chong, F. Ercole, J. Krstina, J. Jeffery,
T. P. Le, R. T. Mayadunne, G. F. Meijs, C. L. Moad,
G. Moad, E. Rizzardo and S. H. Tang, Macromolecules,
1998, 31, 5559-5562.

G. Moad, E. Rizzardo and S. H. Thang, Aust. J. Chem.,
2005, 58, 379-410.

A. B. Lowe, B. S. Sumerlin and C. L. McCormick, Polymer,
2003, 44, 6761-6765.

This journal is © The Royal Society of Chemistry 2019


https://doi.org/10.1039/c9bm01385g

Published on 15 October 2019. Downloaded by UNIVERSITY OF NEBRASKA on 1/3/2020 12:11:09 AM.

Biomaterials Science

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

J. Bernard, X. Hao, T. P. Davis, C. Barner-Kowollik and
M. H. Stenzel, Biomacromolecules, 2006, 7, 232-238.

H. Liu and H. Chung, J. Polym. Sci., Part A: Polym. Chem.,
2017, 55, 3515-3528.

M. H. Stenzel, Z. Ling and W. T. S. Huck, Macromol. Rapid
Commun., 2006, 27, 1121-1126.

C. ]J. Hawker, A. W. Bosman and E. Harth, Chem. Rev.,
2001, 101, 3661-3688.

K. Ohno, Y. Tsujii, T. Miyamoto, T. Fukuda, M. Goto,
K. Kobayashi and T. Akaike, Macromolecules, 1998, 31,
1064-1069.

S. R. S. Ting, E. H. Min, P. Escalé, M. Save, L. Billon and
M. H. Stenzel, Macromolecules, 2009, 42, 9422-9434.

J. Geng, G. Mantovani, L. Tao, J. Nicolas, G. Chen,
R. Wallis, D. A. Mitchell, B. R. G. Johnson, S. D. Evans and
D. M. Haddleton, J. Am. Chem. Soc., 2007, 129, 15156—
15163.

G. Chen, S. Amajjahe and M. H. Stenzel, Chem. Commun.,
2009, 1198-1200, DOI: 10.1039/B900215D.

J. Lu, W. Zhang, S.-J. Richards, M. 1. Gibson and G. Chen,
Polym. Chem., 2014, 5, 2326-2332.

L. Su, W. Zhang, X. Wu, Y. Zhang, X. Chen, G. Liu,
G. Chen and M. Jiang, Small, 2015, 11, 4191-4200.

L. Xue, X. Xiong, K. Chen, Y. Luan, G. Chen and H. Chen,
Polym. Chem., 2016, 7, 4263-4271.

U. Y. Lau, E. M. Pelegri-O’'Day and H. D. Maynard,
Macromol. Rapid Commun., 2018, 39, 1700652.

K. Neumann, A. Conde-Gonzalez, M. Owens, A. Venturato,
Y. Zhang, J. Geng and M. Bradley, Macromolecules, 2017,
50, 6026-6031.

M. A. Gauthier, M. I. Gibson and H.-A. Klok, Angew.
Chem., Int. Ed., 2009, 48, 48-58.

K. L. Killops, L. M. Campos and C. ]J. Hawker, J. Am.
Chem. Soc., 2008, 130, 5062-5064.

Z. Pei, H. Dong, R. Caraballo and O. Ramstrom,
Eur. J. Org. Chem., 2007, 2007, 4927-4934.

K. Godula and C. R. Bertozzi, J. Am. Chem. Soc., 2010, 132,
9963-9965.

K. Godula and C. R. Bertozzi, J. Am. Chem. Soc., 2012, 134,
15732-15742.

S. Jain, K. Neumann, Y. Zhang, J. Geng and M. Bradley,
Macromolecules, 2016, 49, 5438-5443.

B. F. Lee, M. J. Kade, J. A. Chute, N. Gupta, L. M. Campos,
G. H. Fredrickson, E. J. Kramer, N. A. Lynd and
C. J. Hawker, J. Polym. Sci., Part A: Polym. Chem., 2011, 49,
4498-4504.

J. M. Rini, Annu. Rev. Biophys. Biomol. Struct., 1995, 24,
551-577.

M. Sundaram, Y. Qi, Z. Shriver, D. Liu, G. Zhao,
G. Venkataraman, R. Langer and R. Sasisekharan, Proc.
Natl. Acad. Sci. U. S. A., 2003, 100, 651-656.

W. J. Lees, A. Spaltenstein, J. E. Kingery-Wood and
G. M. Whitesides, J. Med. Chem., 1994, 37, 3419-
3433.

J. G. Hardy, A. Pfaff, A. Leal-Egafia, A. H. E. Miiller and
T. R. Scheibel, Macromol. Biosci., 2014, 14, 936-942.

This journal is © The Royal Society of Chemistry 2019

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

View Article Online

Review

A. L. Parry, N. A. Clemson, J. Ellis, S. S. R. Bernhard,
B. G. Davis and N. R. Cameron, J. Am. Chem. Soc., 2013,
135, 9362-9365.

X. Yan, A. Sivignon, N. Yamakawa, A. Crepet, C. Travelet,
R. Borsali, T. Dumych, Z. Li, R. Bilyy, D. Deniaud,
E. Fleury, N. Barnich, A. Darfeuille-Michaud, S. G. Gouin,
J. Bouckaert and J. Bernard, Biomacromolecules, 2015, 16,
1827-1836.

Y. Miura, Y. Hoshino and H. Seto, Chem. Rev., 2016, 116,
1673-1692.

M. Ambrosi, N. R. Cameron and B. G. Davis, Org. Biomol.
Chem., 2005, 3, 1593-1608.

D. A. Mann, M. Kanai, D. J. Maly and L. L. Kiessling,
J. Am. Chem. Soc., 1998, 120, 10575-10582.

M. C. Schuster, K. H. Mortell, A. D. Hegeman and
L. L. Kiessling, J. Mol. Catal. A: Chem., 1997, 116, 209-216.
M. Kanai, K. H. Mortell and L. L. Kiessling, J. Am. Chem.
Soc., 1997, 119, 9931-9932.

J. E. Gestwicki, C. W. Cairo, L. E. Strong, K. A. Oetjen and
L. L. Kiessling, J. Am. Chem. Soc., 2002, 124, 14922-14933.
X.-H. Dai, C.-M. Dong and D. Yan, J. Phys. Chem. B, 2008,
112, 3644-3652.

D. Xiao-Hui and D. Chang-Ming, J. Polym. Sci., Part A:
Polym. Chem., 2008, 46, 817-829.

C.-M. Dong and E. L. Chaikof, Colloid Polym. Sci., 2005,
283, 1366-1370.

P. George and A. Cameron, Angew. Chem., Int. Ed., 2008,
47, 4847-4850.

G. Chen, L. Tao, G. Mantovani, J. Geng, D. Nystrom and
D. M. Haddleton, Macromolecules, 2007, 40, 7513-7520.
M. Mammen, G. Dahmann and G. M. Whitesides, J. Med.
Chem., 1995, 38, 4179-4190.

M. Tate, E. Job, Y.-M. Deng, V. Gunalan, S. Maurer-Stroh
and P. Reading, Viruses, 2014, 6, 1294.

D. Choudhury, A. Thompson, V. Stojanoff,
S. Langermann, J. Pinkner, S. J. Hultgren and
S. D. Knight, Science, 1999, 285, 1061-1066.

Q. Liu, S. Jiang, B. Liu, Y. Yu, Z.-A. Zhao, C. Wang, Z. Liu,
G. Chen and H. Chen, ACS Macro Lett., 2019, 8, 337-344.
L. Luo, R. Shu and A. Wu, J. Mater. Chem. B, 2017, 5,
5517-5531.

M. L. Bookstaver, S. ]J. Tsai, ]J. S. Bromberg and
C. M. Jewell, Trends Immunol., 2018, 39, 135-150.

J. Huang, C. Bonduelle, J. Thévenot, S. Lecommandoux
and A. Heise, J. Am. Chem. Soc., 2012, 134, 119-122.

L. Su, Y. Zhao, G. Chen and M. Jiang, Polym. Chem., 2012,
3, 1560-1566.

A. Mantovani, S. Sozzani, M. Locati, P. Allavena and
A. Sica, Trends Immunol., 2002, 23, 549-555.

S. A. Linehan, L. Martinez-Pomares and S. Gordon,
Microbes Infect., 2000, 2, 279-288.

C. Deng, F. Li, J. M. Hackett, S. H. Chaudhry, F. N. Toll,
B. Toye, W. Hodge and M. Griffith, Acta Biomater., 2010, 6,
187-194.

M. Nasiri and T. M. Reineke, Polym. Chem., 2016, 7,
5233-5240.

Biomater. Sci., 2019, 7, 4848-4872 | 4871


https://doi.org/10.1039/c9bm01385g

Published on 15 October 2019. Downloaded by UNIVERSITY OF NEBRASKA on 1/3/2020 12:11:09 AM.

Review

103

104

105

106

107

108
109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

N. Pokerznik and M. Krajnc, Eur. Polym. J., 2015, 68, 558—
572.

M. Rafat, F. Li, P. Fagerholm, N. S. Lagali, M. A. Watsky,
R. Munger, T. Matsuura and M. Griffith, Biomaterials,
2008, 29, 3960-3972.

J. Shin, Y.-W. Kim and G.-J. Kim, Appl. Chem. Eng., 2014,
25,121-133.

J. Shin, M. T. Martello, M. Shrestha, J. E. Wissinger,
W. B. Tolman and M. A. Hillmyer, Macromolecules, 2011,
44, 87-94.

A. ]. Crosby, K. R. Shull, H. Lakrout and C. Creton, J. Appl.
Phys., 2000, 88, 2956-2966.

E. P. Chang, J. Adhes., 1991, 34, 189-200.

B. E. Gdalin, E. V. Bermesheva, G. A. Shandryuk and
M. M. Feldstein, J. Adhes., 2011, 87, 111-138.

H. W. Yang and E.-P. Chang, Trends Polym. Sci., 1997, 11,
380-384.

S. F. Christensen and S. Carlyleflint, J. Adhes., 2000, 72,
177-207.

A. Guyton and ]. Hall, Textbook of Medical Physiology,
1991, vol. 11, pp. 931-934.

I. Pramudya, C. Kim and H. Chung, Polym. Chem., 2018,
9, 3638-3650.

K. El-Boubbou, D. C. Zhu, C. Vasileiou, B. Borhan,
D. Prosperi, W. Li and X. Huang, J. Am. Chem. Soc., 2010,
132, 4490-4499.

K. El-Boubbou, C. Gruden and X. Huang, J. Am. Chem.
Soc., 2007, 129, 13392-13393.

M. Veerapandian, S. K. Lim, H. M. Nam, G. Kuppannan
and K. S. Yun, Anal. Bioanal. Chem., 2010, 398, 867-876.
L. Dykman and N. Khlebtsov, Chem. Soc. Rev., 2012, 41,
2256-2282.

M. Marradi, F. Chiodo, I. Garcia and S. Penadés, Chem.
Soc. Rev., 2013, 42, 4728-4745.

X. Li and G. Chen, Polym. Chem., 2015, 6, 1417-1430.

J. P. Rao and K. E. Geckeler, Prog. Polym. Sci., 2011, 36,
887-913.

P. Sun, P. Yuan, G. Wang, W. Deng, S. Tian, C. Wang,
X. Lu, W. Huang and Q. Fan, Biomacromolecules, 2017, 18,
3375-3386.

M. Le Goas, A. Paquirissamy, D. Gargouri, G. Fadda,
F. Testard, C. Aymes-Chodur, E. Jubeli, T. Pourcher,
B. Cambien, S. Palacin, J.-P. Renault and G. Carrot, ACS
Appl. Bio Mater., 2019, 2, 144-154.

A. Khabibullin, K. Bhangaonkar, C. Mahoney, Z. Lu,
M. Schmitt, A. K. Sekizkardes, M. R. Bockstaller and

4872 | Biomater. Sci., 2019, 7, 4848-4872

124

125
126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

View Article Online

Biomaterials Science

K. Matyjaszewski, ACS Appl. Mater. Interfaces, 2016, 8,
5458-5465.

P. Pageni, P. Yang, Y. P. Chen, Y. Huang, M. Bam, T. Zhu,
M. Nagarkatti, B. C. Benicewicz, A. W. Decho and C. Tang,
Biomacromolecules, 2018, 19, 417-425.

E. Gullotti and Y. Yeo, Mol. Pharm., 2009, 6, 1041-1051.

G. Yilmaz, E. Guler, C. Geyik, B. Demir, M. Ozkan,
D. Odaci Demirkol, S. Ozcelik, S. Timur and C. R. Becer,
Mol. Syst. Des. Eng., 2018, 3, 150-158.

T. T. V. Phan, N. Q. Bui, S.-W. Cho, S. Bharathiraja,
P. Manivasagan, M. S. Moorthy, S. Mondal, C.-S. Kim and
J. Oh, Sci. Rep., 2018, 8, 8809-8809.

J. B. Vines, J.-H. Yoon, N.-E. Ryu, D.-]J. Lim and H. Park,
Front. Chem., 2019, 7, 167-167.

J. Z. Mu, M. Gordon, J. S. Shao and D. H. Alpers,
Gastroenterology, 1997, 113, 1501-1509.

D. Witzigmann, L. Quagliata, S. H. Schenk, C. Quintavalle,
L. M. Terracciano and J. Huwyler, Hepatol. Res., 2016, 46,
686-696.

C. Liu, Z. Guo, P. Zhang, M. Song, Z. Zhao, X. Wu and
X. Zhang, Nucl. Med. Biol., 2014, 41, 587-593.

K. Wang, X. Zhang, X. Zhang, B. Yang, Z. Li, Q. Zhang,
Z. Huang and Y. Wei, Macromol. Chem. Phys., 2015, 216,
678-684.

T. Xing, X. Yang, L. Fu and L. Yan, Polym. Chem., 2013, 4,
4442-4449.

Y. Guo, I. Nehlmeier, E. Poole, C. Sakonsinsiri,
N. Hondow, A. Brown, Q. Li, S. Li, J. Whitworth, Z. Li,
A. Yu, R. Brydson, W. B. Turnbull, S. P6hlmann and
D. Zhou, J. Am. Chem. Soc., 2017, 139, 11833-11844.

Y. Zhang, J. W. Chan, A. Moretti and K. E. Uhrich,
J. Controlled Release, 2015, 219, 355-368.

0. S. Fenton, K. N. Olafson, P. S. Pillai, M. J. Mitchell and
R. Langer, Adv. Mater., 2018, 30, 1705328.

C. Van Bruggen, J. K. Hexum, Z. Tan, R. J. Dalal and
T. M. Reineke, Acc. Chem. Res., 2019, 52, 1347-1358.

S. Pearson, D. Vitucci, Y. Y. Khine, A. Dag, H. Lu, M. Save,
L. Billon and M. H. Stenzel, Eur. Polym. J., 2015, 69, 616—
627.

T. Funasaka, A. Raz and P. Nangia-Makker, Glycobiology,
2014, 24, 886-891.

M. A. Mees, C. Effenberg, D. Appelhans and
R. Hoogenboom, Biomacromolecules, 2016, 17, 4027-
4036.

M. Wei, X. Li and M. ]J. Serpe, ACS Appl. Polym. Mater.,
2019, 1, 519-525.

This journal is © The Royal Society of Chemistry 2019


https://doi.org/10.1039/c9bm01385g

	Button 1: 


