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ABSTRACT OF THE DISSERTATION

Synthesis of glycopolymers
for biomedical applications
by
Kenneth Lin
Doctor of Philosophy in Biomedical Engineering
University of California, Los Angeles, 2013
Professor Andrea M Kasko, Chair

Glycopolymers are synthetic analogues of natural polysaccharides that connect
saccharides through a synthetic backbone rather than through glycosidic bonds.
Current glycopolymerization techniques can be used to create large quantities of
material with good control over the saccharide identity and chain length of the
polymer, which has allowed structure-property studies of glycopolymer binding
with lectins. These studies have shown that structures with longer chain length
exhibit greater binding with lectins. However, these studies have not fully addressed

the effects of branching or spatial orientation on lectin binding.

Branching architecture affects the biological and physical properties of polysac-
charides. Similarly, branching should also affect how glycopolymers interact with
their target lectins, yet few reports of branched glycopolymers have been reported.
Additionally, there have been no studies on the effect of placing saccharide residues
in the polymer backbone and at the branch point. To address this limitation in
current synthetic techniques, polymers with branching architecture that incor-
porate saccharide at the branch point have been synthesized via atom transfer
radical polymerization of a saccharide (either mannose or galactose) inimer and
mannose monomer. Branching architecture was confirmed through GPCpp/ra,
GPCg, and mass spectrometry. These branched glycopolymers more fully reca-

pitulate natural branched polysaccharide structures and were found to interact
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more strongly than linear glycopolymers with mannose binding lectin (MBL), an
immune complement protein. Most significantly, mannose at the branch point
increases the polymer’s interaction with MBL compared to similar structures with

galactose or no saccharide content at the branch point.

In addition to polysaccharides found throughout living systems, proteins are
often post-translationally modified with polysaccharide chains to create glycopro-
teins. We hypothesized that mimicking the 3D spatial orientation of these glycans
through polymerization of glycomonomers from a protein macroinitiator can result
in different binding properties of the resulting conjugate. Bovine serum albumin
was modified to present multiple initiator groups which initiated the polymerization
of mannose and galactose monomers via atom transfer radical polymerization.
MBL interaction increases with the number and density of mannose residues
attached to the protein. 3D presentation of multiple polymer chains from a protein
significantly enhances lectin interaction than compared to linear glycopolymer

chains with the same number of mannoses but without 3D presentation.

Structure-property studies have also been hampered by the inherently dif-
ferent distributions in molecular weight between different glycopolymer samples.
Post-polymerization modification of pyridyl disulfide polymers with thioglycosides
was demonstrated as a route towards creating glycopolymers with pendant glyco-
sides and uniform underlying architecture and polymer chain distribution. These

polymers were used to study the effect of glycopolymers on fibroblast adhesion.

We have described synthetic techniques for creating biomimetic glycopolymers
that narrow the gap between synthetic structures and natural polysaccharides while
still maintaining the high throughput advantage of glycopolymerizations. The
structure-property studies have shown how subtle changes in polymer branching
architecture and 3D spatial orientation can lead to dramatic enhancements of

lectin binding, and can be applied to improved designs of glycomimetic drugs.
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CHAPTER 1

Introduction

1.1 Why glycopolymers?

Glycopolymers are mimics of polysaccharides that connect saccharides through a
synthetic backbone rather than through glycosidic bonds. These polymers have
been studied for applications ranging from bacterial detection and filtration to
tissue engineering to viral inhibition. Their biological function is derived from

their biomimicry of natural polysaccharides to promote lectin-saccharide binding.

Synthetic techniques for creating exact replicas of polysaccharides from in-
dividual monosaccharides exist, as do techniques for creating mimetics such as
glycoclusters or glycodendrimers. However, all of these compounds suffer from
drawbacks. Synthetic polysaccharides are notoriously difficult to produce with
defined structures due to the chemical similarity of each of the saccharide hydrox-
yls, and therefore require laborious protection-deprotection chemistry. Techniques
such as automated solid phase synthesis and fluorous chemistry have advanced
the field, but most syntheses are still limited in their throughput. While these
methods produce very well-defined oligosaccharides, relatively short chain lengths
are synthesized and small amounts of product are obtained. Other mimetics
such as glycoclusters may be relatively easy to synthesize, but depending on the
application, may lack the necessary valency to trigger much biological interaction.
Glycodendrimers can display a high number of saccharides but require significant

purification between each successive generation of dendrimer.



In contrast, glycopolymers are more readily synthesized in large quantities
and at higher molecular weight. Some of the first glycopolymers reported were
synthesized through post-polymerization modification of an existing polymer
backbone with saccharide content. Polymerization of glycomonomers have been
reported through many traditional techniques, including ring-opening, cationic,
anionic, and radical polymerizations. Many of these techniques allow for good
control over the saccharide identity and polymer chain length, which is crucial for

structure-property studies.

1.2 Unanswered questions

While a great deal of progress has been made in glycopolymerization, there are
still some synthetic shortcomings. Branching has clear effects on the biological
and physical properties of polysaccharides and branching most likely also heavily
influences the properties of glycopolymers, yet few reports of branched glycopoly-
mers exist in literature.! * Furthermore, no techniques exist to produce branched
glycopolymers that contain saccharide residues in the polymer backbone and at

the branch point.

In addition to polysaccharides found throughout living systems, proteins are
often post-translationally modified with polysaccharide chains to create glycopro-
teins. Synthetic methods for biomimetics that resemble natural glycoproteins can
have many important tissue engineering and immunotherapy applications. Several
examples of synthetic protein-glycopolymer conjugates have been described,”®
but all were synthesized through a method called “grafting-to”. In this method, a
glycopolymer is first synthesized, and then attached to a protein. An alternative
method, “grafting-from”, polymerizes monomers directly from a protein macroini-
tiator to result in the final protein-glycopolymer conjugate. Each method has its

benefits and drawbacks, but no examples of protein-glycopolymers synthesized



through a grafting-from process have been reported. These protein-glycopolymers
would distribute polymer chains in a 3D orientation around the protein, which

could result in different binding properties.

Structure-property relationships of glycopolymers and their interaction with
lectins have been examined previously.” However, the effect of branching or 3D
spatial presentation of the glycoresidues has not been addressed because synthetic

techniques to systematically vary these properties have not been developed.

1.3 Dissertation focus

Overview

The aim of this dissertation is to develop synthetic techniques that narrow the
gap between natural polysaccharides and synthetic glycopolymers and examine
structure-property relationships between glycopolymers and their protein binding
partners. Previous research has thoroughly examined the roles of chain length and
saccharide composition, but little research has been conducted on the effects of
architecture or spatial orientation. While many glycopolymers have been reported,
few have branched architecture and none contain saccharide at the branch point,
a property key to truly mimicking natural polysaccharides. Additionally, proteins
are often decorated with polysaccharide chains, but few examples of synthetic
protein-glycopolymer conjugates exist that allow for the study of multiple chains
in a 3D orientation. Finally, structure-property studies of protein-glycopolymer
interactions are frustrated by limitations in polymerization techniques that result

in batch to batch variability between samples.



Therefore, the specific focus of this dissertation is to develop new techniques
to address these synthetic shortcomings and use the resulting glycopolymers to
establish more structure-property relationships between glycopolymers and lectins.
This focus builds towards our long term goal of using glycopolymers for urgent

biomedical problems.
Significance

This dissertation demonstrates synthetic techniques for creating more biomimetic
glycan structures. These glycomimetics can be used towards further elucidating
polymer structural designs for improved saccharide binding with lectins. The
research provides evidence towards the remarkable enhancement of protein binding
due to glycopolymer branching architecture and 3D presentation. These results
can influence the design principles for glycomimetic drugs that could be used for

various biomedical applications.
Outline of chapters

Chapter 2 of this dissertation provides a broad overview of glycopolymer syn-
thesis and applications, particularly for immune modulation. Chapters 3 through
5 describe new techniques that address the limitations of current glycopolymeriza-
tions: Chapter 3 details the synthesis of hyperbranched glycopolymers containing
saccharide component at the branch point, Chapter 4 details the synthesis of
protein-glycopolymer conjugates, and Chapter 5 details the synthesis of branched
glycopolymers through post-polymerization modification of pendant pyridyl disul-
fides with thioglycosides. Chapter 6 examines the biological interactions of the
glycopolymers (from Chapters 3 and 4) with mannose binding lectin, a key protein
of immune complement, and the ability of glycopolymers (from Chapter 5) to
inhibit fibroblast adhesion. Finally, Chapter 7 summarizes the research conclusions

and presents possible future directions in the glycopolymer field.



CHAPTER 2

Background

Polysaccharides are polymers with saccharide repeat units connected through
glycosidic bonds. As one of the three classes of biopolymers (the others being
DNA/RNA and proteins), they make up much of the living world, from our joints
and cartilage (hyaluronic acid) to the plant matter we eat and wear (grain as
starch and cotton as cellulose). Natural polysaccharides have been adapted for
various applications beyond just food and clothing. For example, starches are used
to increase the viscosity of liquid solutions without substantially affecting other
properties. The pharmaceutical industry uses polysaccharides to package medicine

inside capsules as an alternative to gelatin for users with dietary restrictions.

Therapeutic uses of polysaccharides are also widespread. For example heparin
(extracted from pig intestine) is used as an anti-coagulant drug, and hyaluronic
acid (extracted from rooster combs, animal cartilage, and vitreous humour, or
through microbial production by Streptococcus) is used as an injectable filler
to temporarily remove wrinkles. These polysaccharides are typically obtained
from natural sources and suffer from the inherent drawbacks of natural products
including batch to batch variability or sourcing limitations. Even more important
than the lack of consistency in product quality is the risk of contamination from
livestock or the preparation process leading to adverse reactions. In a drastic
example, a contamination of heparin with oversulfated chondroitin sulfate in 2008
led to over 200 deaths worldwide and a recall of heparin batches by Baxter.!? This

contamination, combined with the other drawbacks of animal derived products,



highlights the need for synthetic alternatives to replace or even improve on natural

polysaccharides.

These synthetic alternatives can be split into two categories: synthetic polysac-
charides which connect sugar units through glycosidic bonds, and glycomimetics

which connect sugar units together through a synthetic backbone.

2.1 Synthetic polysaccharides

Polysaccharide synthesis involves the repeated formations of glycosidic bonds
between the anomeric carbon of one sugar (a glycosyl donor), and a hydroxyl
group of another sugar (a glycosyl acceptor). There are many challenges posed by
this task: 1. the alcohol functional groups are relatively unreactive and require
activation, 2. the chemical reactivities of sugar alcohols within a single ring
are very similar so protection/deprotection chemistry is necessary to provide
control over regioselectivity and connectivity, and 3. the biological properties of
polysaccharides are influenced by the alpha/beta linkage so stereoselective control
is required. Polysaccharide synthesis can be generally divided into either chemical

or enzymatic routes.

2.1.1 Chemical synthesis

Chemical synthesis of polysaccharides typically relies on modifying the glycosyl
donor with an anomeric leaving group for reaction with a nucleophile on a glycosyl
acceptor. A balance in terms of reactivity of the leaving group is requred here: the
group must be reactive enough to react with the acceptor nucleophile, while also
not so reactive as to lose stereoselective control. Common anomeric leaving groups
include halides, acetates, thioethers, and imidates. Promoters are also added to

assist departure of the leaving group.



Regioselective glycosidic bond formation between desired sugars is controlled
by the use of protecting groups. For example, a 1,4 glycosidic bond between the 4-
OH of a glycosyl acceptor and the anomeric carbon of a glycosyl donor is assured
by protecting every alcohol not participating in the reaction (Scheme 2.1). The
choice of protecting groups often revolves around their selective removal in the
presence of other protecting groups (orthogonality) so that multiple conjugation
steps can occur to extend the oligosaccharide chain or introduce branching sites.
Protecting groups can also influence the reactivity of the glycosyl acceptor by
preventing self-glycosylation. In Scheme 2.1, the glycosyl acceptor only reacts with
the glycosyl donor and not itself due to ester protecting groups that deactivate
its own anomeric center. This concept, termed the armed/disarmed approach,
is due to the electronic effects of different protecting groups with esters being
more electron withdrawing than ethers and preventing stabilization of a reactive
anomeric center.!!

OBn
BnO OAc
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OBn 0 O oAc
OBn OAC AcO
BnO 0o OAc
BnO HO O oAc
OB AcO

Br OAc
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Donor Acceptor

OAc
AcO OAc
O OAc

Scheme 2.1: 1,4 regioselectivity is assured by protecting all alcohols except the 4-
OH of the glycosyl acceptor. The armed/disarmed approach is also demonstrated
where the glycosyl acceptor does not self react due to the use of disarming acetate

protecting groups.



Protecting groups are also necessary to control stereochemistry. For example,
when reacting a glycoside donor containing an acetate protecting group at the 2-
position, an intermediate is formed that blocks attack from the cis side so that
only trans linkages are formed. As shown in Scheme 2.2, only § glucoside linkage is
formed as the R-OH nucleophile can only attack from the g side. For mannosides
and other sugars with similar 2- OH orientations, the steric situation is reversed

and only « linkages form.
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R-OH
OAc R-OH, promoter OAc o
o) AcO (@] AcO OR
AcO OAc AcO AcO

AcO OAc
0 20X
O :< /

R-OH

Scheme 2.2: 3 glucoside linkage of a glucoside is created through an acetoxonium
ion intermediate which blocks attack from the « side, resulting in only formation

of 5 linkage.

All these syntheses require a series of protection/deprotection steps for each
addition resulting in a tedious and time consuming process. Some of these problems
have been addressed by the development of methods that reduce the number of
reaction steps and amount of purification required. For example, one pot syntheses
of multiple saccharide linkages have been demonstrated where saccharides are
protected, linked, and deprotected without workup between steps. In order to
prevent the synthesis of undesired products in this one pot system, these syntheses
use orthogonal activating groups and nucleophiles that react through different
promoters. The armed/disarmed approach is also used so that the most active

saccharides are fully consumed before the least active.!?!3



Seeberger!? has combined glycoside chemistry with solid phase synthesis (most
commonly associated with peptide synthesis) in order to reduce the purification
required. In solid phase peptide synthesis, a growing peptide chain attached to
a solid support is reacted with an activated amino acid. Likewise, a glycosyl
acceptor attached to a solid support is reacted with a glycosyl donor. Subsequent
deprotection and washing steps remove excess reagent and byproducts, while the
oligosaccharide chain remains on the solid support for further conjugation. When
synthesis is complete, the completed chain can be cleaved from the solid support.

15

This method has been used to synthesize long oligosaccharides (30mer)'® and

branched oligosaccharides through the use of orthogonal protecting groups.'¢

Other groups have used a similar concept to isolate the target polysaccharide
through fluorous extraction chemistry.!™!® In this method, fluoro-tagged sacharides
are reacted as in typical glycosylation reactions but purified with modified silica
that retains fluorous compounds. The desired saccharide is obtained by flushing
the column with an eluting mobile solvent and removing the fluorous protecting
group. This method’s primary advantage over solid phase synthesis is the ability
to conduct the reaction entirely in solution and only conducting the purification
step on the solid support which leads to faster kinetics and lower quantities of

reagents required.

2.1.2 Enzymatic synthesis

The enzymatic method relies on two classes of enzymes to drive the glycosyla-
tion: glycosyltransferases or glycosidases (both natural and engineered). Glyco-
syltransferases are natural proteins used in the biosynthesis of polysaccharides
for transferring one phospho-sugar nucleotide donor to another sugar acceptor.
Branched amylose has been made using potato phosphorylase to polymerize glucose-
1-phosphate into linear amylose with branched points inserted with a glycogen

branching enzyme.!® The same process has also been repeated from a silicon



substrate to create an artificial glycocalyx.?’ However, these transferase enzymes

and their sugar nucleotide substrates are difficult to obtain.

Glycosidases are more readily accessible but require more experimental deter-
mination of the appropriate reaction conditions. In nature, glycosidases catalyze
the hydrolysis of glycosidic bonds, but glycosidic bond formation can occur with
appropriate reaction conditions. The reaction can be biased towards glycosidic
bond formation through either thermodynamic or kinetic control. Thermodynamic
control of glycosidases to shift the equilibrium towards the glycoside has limited
potential as the process can only generate oligosaccharides, typically with low
yields.?! Kinetic control uses an activated sugar donor to transfer the sugar rather
than water, therefore preventing hydrolysis.?? Yields from kinetic control of gly-
cosidation remain low (10-40%) so glycosidases have been engineered to remove
any hydrolase activity by mutating the protein sequence from the original amino
acid sequence.?® These engineered enzymes, or glycosynthases, were first reported
by Withers?* to make oligosaccharides without any hydrolysis. Further work
to improve glycosynthases has applied the lessons of solid phase oligosaccharide
synthesis by immobilizing the acceptor substrate in order to improve the reaction

yield and efficiency.?

While both chemical and enzymatic methods have had much success creating
well-defined oligosaccharides that can be used to elucidate the bioactivity of
saccharide structures, they are not suitable for producing the significant amounts
of polysaccharides that would be needed for therapeutic uses. Chemical synthesis
methods are hindered by the protection and deprotection steps necessary after
each coupling step, while enzymatic synthesis methods are hindered by limited

availability and high cost of enzymes and substrates.

10



2.2 Glycomimetics

Glycomimetics are an alternative to polysaccharides that are significantly easier to
synthesize in large quantities and at high molecular weight, while also preserving
many of the same biological properties of polysaccharides. However, the ease of
synthesis comes at the expense of losing the same structure of polysaccharides.
Glycomimetics are multivalent structures of sugars connected through a synthetic
backbone rather than the glycosidic bonds seen in oligo- and polysaccharides.
These molecules can be as simple as clusters with saccharide groups off a short
backbone?® to more complicated structures based on dendrimers?” to glycopolymers

with a long synthetic backbone decorated with sugar groups (Figure 2.1).

Glycoclusters typically contain only 3 to 5 saccharides arranged around a
synthetic scaffold. They derive their biological effect through crosslinking multiple
lectins rather than spanning multiple binding sites on a single lectin as seen in
larger compounds. However, when the latter type of behavior is required, small
glycoclusters are not as capable as other structures with higher valency and larger
size. Dendrimers are highly branched structures with perfect symmetry and
polydispersity that can satisfy the valency and size requirements. Synthesis is
performed in iterative steps, either convergently from the periphery or divergently
from the core, with saccharides placed at the periphery of the molecules to form the
glycodendrimer. Structures with as many as 128 saccharides from a fifth generation
dendrimer have been reported.?® Thorough reviews of the glycodendrimer field

have been written where further information can be found.2? 39

Although glycodendrimers have useful properties in the glycobiology field, their
synthesis is plagued by the same limitations (protection/deprotection requirements,
small yields) as synthetic polysaccharides. Glycopolymers, in comparison, are
more easily synthesized while still offering a great deal of possible branching and

valency. This background will focus on the various methods of synthesizing gly-

11



copolymers, particularly those polymers synthesized through atom transfer radical
polymerization, while also attempting to provide an overview of the applications

available with glycopolymers.

Glycocluster

o OH
OH
Glycodendrimer

WD

Figure 2.1: Examples of glycocluster with trivalent mannoses?® and glycodendrimers

with exterior or interior saccharides, or composed entirely of saccharide.?
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2.3 Glycopolymer synthesis

Glycopolymer synthesis can be split into two main branches as seen in Figure 2.2:
(1) post-polymerization modification of an existing polymer backbone to bear
pendant sugar groups and (2) direct polymerization of sugar monomers containing
reactive groups. Both methods have their advantages and disadvantages. Post-
polymerization modification allows for easier synthesis and characterization of
the polymer backbone without the complicating issues related to side reactions
or solubility of the saccharide unit. This method also allows for incorporation of
compounds that may be incompatible with a polymerization process. However, it
can be difficult to achieve full post-polymerization conjugation of the saccharide.
Direct polymerization, on the other hand, does not require an extra conjugation
step to add the saccharide component, but synthesis of the glycomonomer may be

complicated and polymerization reaction conditions may also be limited.

2.3.1 Post-polymerization modification

Saccharides can be conjugated to a pre-made polymer backbone containing re-
active functional groups. The Bertozzi group has formed oxime bonds between
aminooxy-GalNac and pendant ketones from a polymer backbone with greater than
70% conjugation.®' Less active functional groups can also be converted to more
reactive intermediates prior to conjugation with a sugar. For example, hydroxyls
on poly(vinyl alcohol) were converted to 4-nitrophenyl carbonates and quantita-

32 Pendant carboxylic acids from a copolymer

tively reacted with glucosamine.
of N-isopropylacrylamide and acrylamido n-hexanoic acid were activated with
EDC/NHS before reaction with glucosamine to result in a glycopolymer with 85%

sugar conjugation.®?
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Post-polymerization modification

OH
(@)
Hoé&/ N3

HO
CuSOy4, NaAsc

R SEs

N—N N—N

O
o) )
5 HO
H
HO\O/gl\-io\g\
OH
OH

OH OH

Direct polymerization

.)v
—_— ‘WWW'\MNW\‘JWWV\‘JWWV\.
® = saccharide

Figure 2.2: Examples of glycopolymer synthesis: saccharide modification of a

polymer backbone and direct polymerization of sugar monomers.
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In another approach, click chemistry has been used to incorporate saccharides

into a polymer backbone.?*35

The most prominent method has been copper
catalyzed azide-alkyne cycloaddition (CuAAC) where an azide functionalized
sugar is reacted with alkynes pendant to the polymer backbone in the presence
of a copper catalyst, typically with complete functionalization. The polymer
backbone can incorporate alkyne functionality either through the polymerization
of protected alkyne-containing monomers or post-polymerization modification of
available functional groups with an alkyne. The alkyne-containing polymer reacts
with azide-functionalized saccharides with high efficiency to yield a glycopolymer

in which sugars are pendant to the backbone. The copper catalysis could be simply

removed using alumina or dialysis.

Azide functionality is typically introduced to saccharides through nucleophilic
substitution of a leaving group with an azide. At the anomeric position, this is
most commonly accomplished by reacting a glycosyl halide with sodium azide at
elevated temperatures, although the azide can also be generated directly from the
peracetylated sugar as well.3® Unprotected sugars have also been modified with
the azide moiety by selectively activating the anomeric hydroxyl using 2-chloro-

1,3-dimethylimidazolinium chloride.?”

For primary alcohols, tosylation and subsequent reaction with an azide ion
will create a primary azide. This method does not require prior protection of the
secondary alcohols as tosylation is restricted to primary alcohols. The azide has also
been introduced directly from the bare primary hydroxyl through a phosphonium

salt intermediate.3®

One interesting route towards a glycopolymer combines CuAAC and atom
transfer radical polymerization for a one-pot reaction where both polymerization
and click chemistry can occur due to their common reliance on Cu(I) species.?
Propargyl methacrylate (alkyne), 2-azidoethyl mannopyranose (azide), an ATRP

initiator, and a catalyst/ligand were combined and heated so that CuAAC and
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ATRP occurred concurrently to form glycopolymers with PDI = 1.12-1.14. The
rates of each of these two reactions could be varied by fine tuning the solvent and
catalyst concentration. In most cases, 100% functionalization with saccharide was
achieved. It is worthwhile to note that the inspiration for this concurrent one-pot
process came from the ability to first polymerize an azide functionalized polymer
through ATRP and subsequently perform the cycloaddition with an alkyne in one

pot using the same catalyst.*°

Traditional glycoside chemistry has also been used to conjugate an acetylated
glucose to a copolymer of N-isopropylacrylamide and hydroxy ethylmethacrylamide.
An alcohol off the polymer backbone acts as an acceptor of the glycosyl donor
(pentaacetate glucose) with boron trifluoride etherate as activator. This method is
a very simple route towards glycopolymer synthesis but results in glycopolymers
that are not as well-defined due to incomplete reactivity of saccharides to the

backbone with just 32% of possible sites conjugated with a sugar.?3

Modification of polymer surfaces with glycopolymers has been accomplished
photochemically. A poly(propylene) microporous membrane was grafted with
sugar content after exposure to UV radiation in the presence of gluconamidoethyl
methacrylate and a photoinitiator.*! In another example, a photoreactive carbohy-
drate, azidophenyl lactamine, could be grafted onto poly(ethylene terephthalate)
fibers without additional photoinitiator.#?> Upon UV exposure, the azidophenyl
group converts to phenylnitrene and forms covalent bonds to the PET fibers to

create a carbohydrate surface density of 3-67 nmol/cm? on the fiber surface.

2.3.2 Direct polymerization of glycomonomers

The glycopolymer field has expanded from the first example of direct polymeriza-
tions using uncontrolled free radical polymerization in 1985* to include nearly

all other conventional polymerization techniques, including anionic and cationic
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polymerizations, ring-opening polymerizations, and radical polymerizations. Well-
defined glycopolymers have been synthesized via living radical polymerizations
such as nitroxide-mediated polymerization (NMP), radical addition-fragmentation
chain transfer polymerization (RAFT), and atom transfer radical polymerization

(ATRP).*8 This background will focus chiefly on the ATRP of glycopolymers.

2.3.2.1 Atom transfer radical polymerization (ATRP)

Living polymerization are polymerizations where termination and transfer of the
polymer chain do not occur. Many polymerization techniques, including ATRP,
satisfy these two conditions by biasing the reaction equilibrium towards a high
concentration of dormant species, and away from a low concentration of propagating

chains so that chain-chain termination does not occur.

ATRP requires an initiator with a homolytically cleavable halogen, a vinyl
monomer amenable to radical polymerization, and a ligated transition metal.
Initiation of radical polymerization begins with the transfer of a halide atom from
an initiator to a ligated transition metal compound (typically a copper halide
salt), resulting in an active polymer chain that can reversibly deactivate with
the metal-halide compound through another halide transfer or propagate with
polymerizable monomers (Scheme 2.3). If initiation is fast and quantitative, all
the chains will begin growing at the same time and grow for the same average
time, producing polymer with characteristics such as defined molecular weights
and narrow molecular weight distributions. When polymerization is complete, the
polymer chains are capped with a halogen which allows for re-initiation with a
comonomer to create a block copolymer, or conjugation to a compound through

end group modification.
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The mechanism of ATRP differs slightly when using protic solvents which are
commonly used when polymerizing unprotected sugar monomers. Disproportiona-
tion of the Cu(I) complex into Cu(0) and Cu(II) occurs, along with hydrolysis of
the polymer-halide or Cu(II)-halide complex. These mechanistic changes of ATRP
in protic media result in faster polymerizations with potentially less control as the
concentration of deactivator, Cu(II), is decreased. Polydispersities are generally

higher in polymerizations with water due to loss of polymerization control.

kact kt
R-X + CuBr/ligand —— R*+Cu(Il)Bryfligand  -=~====-=- >
kdeact
Ko
Monomer

Scheme 2.3: Mechanism of atom transfer radical polymerization. The portion of

scheme in grey occurs in protic solvents.

These limitations in aqueous ATRP have been addressed through the devel-
opment of AGET-ATRP (Activators Generated by Electron Transfer-ATRP).*?
AGET-ATRP utilizes a redox reaction between Cu(Il) and a reducing agent (e.g.
tin 2-ethylhexanoate, ascorbic acid) to create Cu(I) and induce polymerization.
This polymerization route offers greater control over traditional ATRP in aqueous
media as it uses an oxidatively stable Cu(II)/ligand precursor to maintain the

amount of deactivator throughout the polymerization.

Fukuda and coworkers reported the first ATRP of glycomonomers in 1998 with
the homopolymerization of a methacrylated derivative of protected glucofuranose
as well as copolymerization with styrene.”® The first ATRP of unprotected gly-

comonomers was demonstrated by Narain and Armes in 2002.5' However, the
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glycomonomer used in this case, a ring opened methacrylated gluconolactone, did
not present the sugar in its native cyclic form. The glycopolymer synthesized
had increased PDIs as water content increased: PDI = 1.19 in methanol, 1.28 in
9:1 methanol/water, 1.48 in 6:4 methanol/water, and finally 1.82 in water. The
polymerizations were believed to still be living in nature as chain extension poly-
merizations were successful. In order to avoid some of these problems of aqueous
ATRP, AGET-ATRP of glycomonomers has been used, although primarily with

surface initiated polymerizations.5% 53

In comparison, RAFT polymerizations, which do not rely on redox cycles, are
better controlled as water is inert to radicals. In one example, aqueous RAFT

polymerizations of an unprotected methacrylated mannose had PDIs below 1.14.54

2.3.2.2 Initiators for glycopolymerizations

A wide range of initiators have been used for ATRP of glycopolymers. Functional-
ization of the initiator with moieties such as activated disulfides,?® amino acids
and peptides,’ azides,®” biotin,*® and N-hydroxysuccinimidyl esters® allows for
incorporation of these groups into the glycopolymer. Post-polymerization conju-
gation has been used to tether these glycopolymers with active initiator ends to
biologically active compounds such as thiolated siRNA with the pyridyl disulfide®®
or viral coat proteins with the azide polymers.®” Triblock ABA copolymers have
also been synthesized by reacting the NHS ester initiated glycopolymers with

aminated poly(ethylene glycol).?

Initiators tethered to a surface have also allowed for surface polymerizations
of glycopolymers, as first demonstrated by Fukuda.®® Surface polymerizations of
glycomonomers from silsesquioxane nanoparticles® and titanium surfaces®? have

also been demonstrated.
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2.3.2.3 Glycomonomers

Saccharide monomers for ATRP generally employ protecting groups over their
hydroxyls for both ease of synthesis and solubility in organic solvents. These
protection schemes have been educated by much of the glycochemistry described
earlier in order to provide regio- and stereoselectivity of the saccharide modification.
Isopropylidenes are commonly used many saccharides, as their use results in a
solitary exposed hydroxyl which can then be conjugated with a polymerizable
vinyl group.®® For example, when galactose and acetone are stirred heteroge-
neously under acidic conditions, its 1,2 and 3,4 hydroxyls are protected by two
isopropylidene groups while the primary 6 alcohol remains free (1,2;3,4 di-O-
ispropylidene galactopyranose). Muthukrishnan noted that steric hindrance of
the bulky isopropylidene-protected monomer may have led to the extremely slow
polymerizations of a sugar acrylate,! although the slow rate was not seen with
the more active methacrylate derivative.? Deprotection of the glycomonomer or
glycopolymer under mild acidic conditions results in removal of the isopropylidenes
while preserving the sugar’s attachment to the vinyl group (glycomonomer) or

polymer backbone (glycopolymer).

Acetate protection has also been used, mostly when using vinyl compounds
that have been attached to the sugar at the anomeric position. Maynard and
coworkers reacted a GlcNac derivative with trimethylsilyl trifluoromethanesulfonate
to create an activated oxazoline anomeric carbon, which was then conjugated to
2-hydroxyethyl methacrylate in the presence of 10-camphorsulfonic acid.®® Li et
al. synthesized 2-(2°,3",4°,6’-tetra- O-acetyl-/3-D-glucopyranosyloxy)ethyl acrylate
through bromination at the anomeric position of a pentaacetate glucopyranose,
followed by a Helferich reaction with hydroxyl ethyl acrylate in the presence of
HgBry.% These cases have in common the activation of the anomeric position

followed by conjugation of an alcohol with a promoter.
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Basic deprotection conditions remove the acetates; however, the saccharide
can be simultaneously cleaved from the polymer backbone. As an alternative to
polymerizing protected monomers, controlled polymerization of sugar monomers
with exposed hydroxyls has also been demonstrated, allowing for polymerizations
in protic media. Narain and Armes demonstrated the first ATRP of unprotected
glycopolymers using a ring-opened methacrylate derivative of gluconolactone.?®
The Maynard group deprotected glycomonomers of their acetate protecting groups
using sodium methoxide while maintaining the acrylate ester and subsequently
polymerized them in a mixture of methanol and water.?> This method of syn-
thesizing unprotected glycomonomers is not ideal as it results in a mixture of
products (partial deprotection) that must be purified by column chromatography
due to the similarity between acetate and acrylate esters. A more direct route to
a polymerizable glycomonomer is through chemo-enzymatic synthesis.>% Stenzel
used a Candida antartica lipase to transesterify completely unprotected mannose
with vinyl methacrylate to result in a 6-O-methacryloyl mannose monomer.’* How-
ever, the vinyl methacrylate is not commercially available, and the heterogeneous

conditions required for monomer synthesis result in slow reaction rates.

2.3.3 Glycopolymer composition

Polymers synthesized from multiple types of monomers are known as copolymers
(compared to homopolymers with just one type of monomer). Two common
copolymer types are statistical copolymers where the monomer sequence is gov-
erned by the mole fraction of monomer and block copolymers where two or more

homopolymers are linked covalently.

Copolymers of glycomonomers have been synthesized to create polymers with
different saccharide arrangements. Co-glycopolymers are often statistical mix-
tures of two different saccharides. Kiessling synthesized statistical copolymers

with varying ratios of mannose and galactose by controlling the feed ratio of
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glycomonomers for ring-opening metathesis polymerization.®” Haddleton used
post-polymerization modification of pendant alkynes with azido mannoses or
galactose to synthesize polymers with different ratios of mannose and galactose.®
Multi-block co-glycopolymers with sequence control over the position of saccharides
have also been synthesized by the same research group.®® In the most extreme

case, two equivalents of mannose or glucose monomers to initiator were added

sequentially to create alternating (mannose)q-(glucose), units.

Amphiphilic block copolymers have also been synthesized with a hydrophobic
block and hydrophilic saccharide block. These amphiphilic copolymers could
self-assemble into glycomicelles and will have some degree of bioactivity and
biocompatibility compared to traditional block copolymer micelles using a wholly
synthetic component such as hydroxyethyl acrylate. This bioactivity could involve a
targeting effect using, for example, hepatocyte’s affinity for galactose. Copolymers
of styrene and a glucose acrylate,% butyl acrylate and a glucosamine methacrylate,™

™ as well as caprolactone and

caprolactone and a gluconolactone methacrylate,
a galactose methacrylate™ have been demonstrated. Some of these amphiphilic
copolymers were shown to assemble into micelle structures that could interact with

lectins.

2.3.4 Glycopolymer architecture

Polymer architecture describes different variations of the same underlying polymer
structure (e.g. linear versus branched). Architecture has also been used to
distinguish between macromolecules with fundamentally different linkages (e.g.
clusters vs. dendrimers vs. polymers) but in this dissertation, architecture solely

refers to the underlying polymer structure.
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Most glycopolymers described are linear chains where the saccharide residue is
pendant off of the backbone. Glycopolymers with different architectural shapes
have been synthesized, including star,%! cylindrical brushes,”™ and hyperbranched

glycopolymers.!? Examples of these structures can be found in Figure 2.3

Linear Star Brush Hyperbranched

S R 0 35 R P
AN a

Figure 2.3: Idealized structures of linear, star, brush, and hyperbranched polymers.

The Miiller group reported star glycopolymers synthesized from ATRP of
methacrylated glucofuranose from a silsesquioxane nanoparticle based macroinitia-
tor with 58 initiating sites.®? Four armed star glycopolymers of gluconolactone
methacrylate from a polypeptide macroinitiator have also been synthesized by
another group.™ This star-shaped co-glycopolymer interacted with lectins and
self-assembled into micelles, leading to potential applications as a targeted drug
delivery platform. Cylindrical glycobrushes were also made by the Miiller group
using a “grafting-from” approach™ where methacrylated glucofuranoses were poly-
merized from a macroinitiator. Grafting efficiency was estimated between 20 and
40% through cleavage of the glycopolymer side chains. Transmission electron

microscopy confirmed the architecture by showing long wormlike cylinders.

The Miiller group has also reported the hyperbranched polymerizations of both
acrylate! and methacrylate? sugar monomers by ATRP. Branching units were incor-
porated through the polymerization of an inimer, either 2-(2-bromopropionyloxy)
ethyl acrylate or 2-(2-bromoisobutyryloxy) ethyl methacrylate. The inimer allowed
for polymer growth from two active sites (either the vinyl group or the homolyti-
cally cleavable halogen), resulting in branching of the polymer. Hyperbranched

glycopolymers have also been synthesized using RAFT. Perrier copolymerized
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a protected alkyne acrylate with ethylene glycol dimethacrylate as a branching
monomer. The glycopolymer was created following deprotection of the alkyne and
post-polymerization modification with an azido saccharide.® Narain copolymerized
glucose or lactose derived monomers with N, N’-methylenebis(acrylamide) as a
branching agent.* These examples demonstrate the ability to synthesize glycopoly-
mers with branched architectures, but all are lacking any saccharide content at

the branch point.

2.4 Biomedical applications of glycopolymers

Glycopolymers have been studied for applications ranging from immune modulation
to bacterial filtration to tissue engineering. Some of the work is highlighted in this

section.

2.4.1 Immune

Glycopolymers have been used to modulate both innate and adaptive immunity
through two general strategies: binding with immune system proteins to induce a
desired response, or competitive binding to prevent infection or block undesired

immune activity.

2.4.1.1 Innate immunity applications

Innate immunity is the branch of the immune system that defends against infection
through a non-specific manner. It includes cells that release chemical factors or
phagocytose unwanted particles and pathogens, as well as mechanisms such as
inflammation, coagulation, and complement. Complement is a group of circulating
blood proteins that, when activated, cause localized inflammation, recruitment of

phagocytes, pathogen opsonization, and lysis of the target cell. When working with
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implanted biomaterials or extracorporeal blood circuits, complement activation is
an unwanted occurrence that leads to inflammation and poor patient prognoses.
Materials used in these devices trigger the complement cascade (among other
innate immunity reactions) through adsorption of plasma proteins (e.g. antibodies
which lead to the classical pathway or C3 which lead to the alternative pathway).
Polyethylene glycol and other polymers are often added to resist protein adsorption
and thus shield against innate immunity reactions. Carbohydrates, due to their
hydrophilicity and general biocompatibility, may also be a good material to resist
complement activation. One group synthesized a glycopolymer of pendant ring-
opened glucose and lactose derivatives that did not trigger blood coagulation,

platelet activation or complement activation, but did cause some cytotoxicity.*

Complement activation can also be manipulated as a potential avenue for
immunotherapy through the mannose binding lectin pathway. This pathway is
activated by the binding of mannose binding lectin (MBL) to sugars such as
mannose or N-acetylglucosamine commonly found on bacterial membranes.”
Glycopolymers could serve as biomimetics of bacterial membrane polysaccharides
and glycoproteins that can activate complement. The Haddleton group synthesized
bovine serum albumin-mannose glycopolymer conjugates via post-polymerization
modification of the saccharide component to a polymer backbone, followed by

coupling of the glycopolymer to the protein. This protein-polymer bound MBL

and resulted in deposition of complement protein C9.°

Like complement, macrophages are also sensitive to mannose through the
macrophage mannose receptor. This receptor is an attractive target for specifically
targeting and delivering a therapeutic through a glycopolymer-drug conjugate. To
demonstrate this, mannose, N-acetylglucosamine, or galactose derivatives were
copolymerized through RAFT with pyridyl disulfide containing monomers.”™ The
glycopolymers with mannose or N-acetylglucosamine had increased macrophage

uptake in vitro and in vivo compared to galactose containing glycopolymers.
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2.4.1.2 Adaptive immunity applications

Adaptive immunity, in contrast to innate immunity, provides specific long-term
defense against infection. Long-term defense is provided by immunological memory
cells created from B and T lymphocyte activation against infection. Artificial
memory can be created safely by vaccinating with antigens that mimic the presence

of a pathogen.

Current vaccines against microbial infections such as bacterial meningitis use
natural antigens derived from purified extracts of bacterial polysaccharide coats.
The extraction of these polysaccharide antigens is an expensive process that still
results in a great deal of variability. A lower cost conjugate vaccine against
Haemophilus influenzae type b (Hib) has been developed consisting of a synthetic
polysaccharide antigen (polyribosylribitol phosphate connected through glycosidic
bonds) conjugated to tetanus toxoid. While this vaccine is based on a synthetic
polysaccharide rather than a glycopolymer, it is worth mentioning because of its
immense success: the vaccine triggers long term antibody protection against Hib

and is now part of Cuba’s vaccination program.””"®

Synthetic glycopolymers have also been used for vaccination. Mice were
vaccinated against Candida albicans using a glycopolymer conjugate made up
of mannan trisaccharides pendant to a poly(acrylamide) backbone with chicken
serum albumin as the immunogenic carrier protein.® The mannan glycopolymer
induced a larger immune response compared to a control trisaccharide-tetanus
conjugate vaccine, although significant immunogenicity was found against the

poly(acrylamide) backbone.

While most other saccharide-based vaccines incorporate protein content, one
recently described vaccine has both synthetic antigen and carrier components.™
A glycopolymer with pendant N-acetylgalactosamines (GalNAc, also known as

the Tn antigen on tumor cells) was conjugated to a gold nanoparticle in order to
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create a mimic of cancer cell surfaces displaying Tn antigen. The glycopolymer-
nanoparticle conjugate successfully generated antibodies against the Tn antigen
that were also cross-reactive with natural glycoproteins displaying the antigen.
However, antibody levels were lower than those generated using a traditional carrier
protein. Nevertheless, it is the first example of a glycopolymer based anti-cancer

vaccine.

2.4.1.3 Competitive immune inhibitors

Competitive inhibition of pathogen binding to a host cell is a common strategy
used to prevent disease. One common example of this strategy is neuraminidase
inhibition, which uses sialic acid analogues to bind neuraminidase, a viral protein
necessary for escape from the host cell. Since viral entry, replication, and release
are all controlled in part by binding of carbohydrates, glycopolymers can also be
used to competitively inhibit binding between pathogens and host cells. Sialic
acid containing glycopolymers have been synthesized that can disrupt influenza
virus binding with sialoglycoproteins on host cells. Inhibitors containing sialyl
oligosachharides have been synthesized through post-polymerization modification
of poly(acrylamide),®® poly(acrylic acid),3! poly(glutamic acid),** and poly(styrene)

backbones.3?

Glycopolymers have also been used to prevent entrance of HIV to the immune
system by inhibiting binding of HIV envelope glycoprotein gp120 with dendritic cell
associated lectin DC-SIGN.%:% DC-SIGN binds to mannose containing polysaccha-
rides so glycopolymers with pendant mannoses were synthesized to block possible
binding sites on DC-SIGN. Surface plasmon resonance showed that glycopoly-
mers with higher densities of mannose had higher affinity binding with DC-SIGN,
although gp120 still had the highest affinity.
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Competitive inhibition can also be used to protect xenograft transplants from
rejection due to xenoreactive antibodies. One of these antibodies binds to a
disaccharide, Galal-3Gal. Poly(styrene-co-maleic acid) was grafted with the
disaccharide and the resulting glycopolymer was used to inhibit binding of the
anti-Gal antibody with pig endothelial cells.®* This competitive binding success-
fully protected the pig cells from the cytotoxic effects of human serum. The
authors envision using the glycopolymer as an immunosuppressant drug to prevent

transplant rejection by clearing anti-Gal xenoreactive antibodies from plasma.

2.4.2 Surface modification

The surfaces of cells are covered by a dense coat of glycolipids and glycoproteins.
This glycan layer, or glycocalyx, functions as a signal for the immune system to
distinguish between self and non-self cells as well as a protective barrier for the cell.
These functions are important to consider when working with implantable devices
and tissue engineered organs where the non-specific adsorption of protein can
lead to complications. The Ulbricht group created a glycocalyx mimetic through
D-gluconamidoethyl methacrylate grafted via ATRP onto a gold surface plasmon
resonance sensor.®® The high abundance of saccharide hydroxyls provided good
hydration and steric repulsion to prevent non-specific protein adsorption resulting
in just 0.03% BSA irreversibly adsorbing on the sensor when tested with the

densest and longest glycopolymer chains.

The Bertozzi group produced a mucin mimetic glycopolymer end functionalized
with hydrophobic domains that could insert into lipid bilayers®® and live cell mem-
branes.®” Polymers were first synthesized through the radical copolymerization of
isopropenyl methyl ketone or methyl vinyl ketone with N-[3-(dimethylamino)propyl]-
acrylamide using a phospholipid modified AIBN derivative. Saccharide content was
then added through post-polymerization grafting of aminooxy GalNac or LacNac.

The inserted glycopolymers could bind to their corresponding lectins and had
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similar membrane mobility as natural proteins, demonstrating the preservation
of biological activity through the insertion process. The ability to modify a cell
surface can be used as a platform to systematically study how glycocalyx structure

properties affect cell behavior.

2.4.3 Bacterial detection and filtration

Bacteria use host saccharides to help facilitate cell adhesion. This dependence on
saccharides by bacteria can be leveraged for detection and filtration strategies. For
example, the Seeberger group developed a fluorescent mannose glycopolymer that
would detect E. coli by binding to lectins on the bacterial pili.®® Mannose residues
were added via post-polymerization modification to a fluorescent poly(p-phenylene
ethynylene) backbone. When the glycopolymer was incubated with E. coli, large
aggregates of bacteria would form due to the multivalent interaction with the
glycopolymer. This method had a detection limit of as little as 10,000 bacteria,
similar to the limit of fluorescent antibodies. Similar work for a bacteria sensor
has also been accomplished using microarrays,?® quantum dots,” and magnetic
nanoparticles functionalized with carbohydrates.”! These methods did not use

glycopolymers but still incorporated multivalency.

Microfiltration membranes have been modified with glycopolymers to capture
bacteria. 2-Lactobionamidoethyl methacrylate (LAMA) monomers were grafted
from a poly(propylene) microfiltration membrane via UV-induced polymerization.®?
E. faecalis, a bacterial strain that recognizes LAMA, would selectively bind to
the poly(LAMA) modified surface while S. maltophilia, a negative control, had
no increase in adhesion compared to an unmodified surface. E. faecalis could
be subsequently released for future testing through competitive binding with a
galactose solution. These results showed the potential for glycopolymers to be
used in filtration and sensor systems, provided that different pendant sugar groups

are added to capture multiple bacterial strains.
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2.4.4 Tissue engineering

Natural polysaccharides such as alginate and chondroitin sulfate have been used
as scaffolds in tissue engineering. These polysaccharides can be difficult to isolate
in large quantities from their natural sources while also controlling for batch to
batch variability. Synthetic versions of natural polysaccharides can prove useful
for future tissue engineering applications. Chondroitin sulfate mimetics have
been produced through ring-opening metathesis polymerization of the chondroitin
sulfate disaccharide unit and were shown to interact with glycoaminoglycan binding
proteins.”® As a major component of the extracellular matrix, notably in cartilage,

such chondroitin sulfate mimetics could prove useful as a scaffold for further work.

The Chaikof group reported the synthesis of a series of glycosaminoglycan
mimetics through the cyanoxyl mediated copolymerization of acrylamide with
nonsulfated or sulfated GlcNac and lactose.”*®” These polymers were tested for
biological function against natural heparin’s ability as a chaperone for Fibroblast
Growth Factor-2 (FGF-2) and as an anticoagulant. The sulfated polymers were
shown to enhance FGF-2 binding to its receptor, as well as modestly prolonging
coagulation time. In both cases however, the natural heparin still exhibited
significantly higher activity. Later work with a heparin glycomimetic as an FGF-2
chaperone demonstrated that the glycopolymer could stimulate FGF-2 mediated
cell proliferation along with protecting the growth factor from proteolytic, acid,

and heat induced denaturation.”®
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Much of the tissue engineering work with glycopolymers has been focused on
regenerating liver tissue by using hepatocyte asialoglycoprotein receptors (ASGP-
R) ability to bind galactose residues. Kim and colleagues have studied this binding
with glycopolymers made of galactose and glucose residues. Their glycopolymer
promotes adhesion of hepatocytes and induces different morphologies compared to
collagen controls,” as well as regulates hepatocyte cell growth without involving
integrin mediated signaling.!%

Similar work has been done by the Mao group with galactose grafted onto

polymeric films.%!

The sugars were conjugated through surface grafting of a
poly(acrylic acid) spacer to the scaffold, followed by covalent binding to the
carboxylate with an amine modified galactose. The hepatocytes cultured on
galactose modified surfaces maintained better hepatocyte functions of albumin

secretion and ammonia removal compared to those cultured on collagen coated

and unmodified control surfaces.
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2.4.5 Drug and gene delivery

Platforms for drug and gene delivery must protect the payload from the physi-
ological environment, control the release profile for optimal efficacy, and target
specific areas of the body or cell surface receptors for localized release. Delivery
vehicles that incorporate saccharides would be ideal for this application as sugar-
lectin interactions can be used to target the drug to the desired location. The
Stenzel group created glycomicelles that were both temperature and pH sensitive
with this motivation.!®> A block copolymer of poly(acryloyl glucosamine) and
poly(N-isopropylacrylamide) was synthesized that transitioned from fully soluble
to micellar as the temperature was raised above poly(NIPAAm)’s LCST. Once the
micellar structure was formed, an acid-labile crosslinking agent and an initiator
were added to restart RAFT polymerization through the dithioester chain ends.
The crosslinked glycomicelles were stable at pH 6 and 8.2, but degraded within 30
minutes at pH 2. This research laid the groundwork for potential targeting and

delivery applications.

Suriano targeted self-assembled galactosylated micelles loaded with doxorubicin
(DOX) against ASGP-R positive liver cancer cells.'® Galactose containing micelles
effectively delivered DOX to the cancer cells through ASGP-R mediated endocytosis
compared to ASGP-R negative HEK293 cells. Cytotoxicity of the ASGP-R positive
cells by DOX was higher when exposed to galactose micelles than with glucose
micelles and free DOX. In comparison, glucose micelles enter cells through non-
specific endocytosis or through glucose transporters while free DOX enters cells

through passive diffusion.
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Galactose has also been used as a the targeting block of a poly(phosphoramidate)
polymer which was used to transfect cells with DNA efficiently, with four times less
cytotoxicity than poly(ethyleneimine) (PEI). The galactose component resulted
in increased gene expression in hepatocytes compared to HeLa cells, presumably
mediated by ASGP-R. However, overall transfection efficiency of the galactosylated
DNA nanoparticles was lower due to decreased DNA binding capacity from the

galactose modification.!%4

Cationic saccharides have promise as an alternative nontoxic gene delivery agent
in comparison to synthetic cationic polymer carriers such as poly(ethyleneimine)
which have good delivery efficiency but high cytotoxicity. The role of positively
charged sugars has been informed by early work using chitosan, a natural polysac-
charide composed chiefly of glucosamine and N-acetyl glucosamine.'® The Reineke
group has performed a great deal of gene delivery work using glycopolymers. They
have created a library of cationic glycopolymers based off of poly(glycoamidoamine)
copolymerized with oligoethyleneamine monomers. This library varies polymer
properties in terms of carbohydrate density, hydroxyl content, stereochemistry,
and amine density.!?® In general, these glycopolymers led to similar gene ex-
pression as PEI with significantly lower toxicity. The cationic saccharide units
can complex negatively charged DNA nucleotides through charge interaction, but
are also thought to condense DNA through hydrogen bonding with saccharide

hydroxyls. 107
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CHAPTER 3

Synthesis of hyperbranched glycopolymers

3.1 Introduction

Controlled polymerization techniques have been used to synthesize many linear
glycopolymers with control over the chain length and monomer identity. However,
only a few examples of glycopolymers with control over branching have been
described. Miiller’s group uses self-condensing ATRP of a sugar acrylate with
an inimer, 2-(2-bromopropionyloxy)ethyl acrylate, to produce hyperbranched
polymers containing sugar residues.™? Perrier’s group uses RAFT to copolymerize
ethylene glycol dimethacrylate (EGDMA) and a silyl protected alkyne-acrylate.?
After isolation and deprotection, the alkyne was functionalized with azido-ethyl
galactose via copper catalyzed azide-alkyne cycloaddition (“click” chemistry) or a
radically-catalyzed thiol-yne reaction with glucothiose. Narain also used RAFT to
synthesize branched glycopolymers by copolymerizing glucose or lactose monomers
with N, N’-methylenebis(acrylamide).* In these examples of branched glycomimetic
polymers, the saccharide residue is pendant to the polymer backbone and the

branching repeat units do not contain a saccharide residue.
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In order to closely replicate and control the interaction of glycomimetics with
naturally occurring lectins, as well as fully explore structure-property relationships
of saccharide-lectin binding, efficient synthetic techniques are needed to produce
both short and long chain glycomimetics with well-defined structures that incorpo-
rate branching as well as saccharide content at the branch point. In this chapter,
I describe the synthesis of branched mannose polymers that place the mannose

residues at the branch points (Figure 3.1).

Saccharide branch points are created by the incorporation of a mannose inimer
with two reactive sites, a polymerizable vinyl group and a homolytically cleavable
halogen. The inimer can be copolymerized with other sugar acrylates to yield
polymers with varying degrees of branching and carbohydrate composition. This
method creates glycopolymers that more directly mimic structures found in natural
polysaccharides, in contrast to previous branched glycopolymers that have no
saccharide content at the branch point. For comparison, linear mannose polymers
as well as branched mannose polymers that lack mannose content at the branch

point are also synthesized.

We are specifically interested in creating mannose polymers as it plays an
important role in innate immunity. Mannose binding lectin (MBL) of the innate
immunity complement system binds to mannose and other saccharides with similar
configurations. Biological studies with MBL using these glycopolymers will be
discussed in Chapter 6.
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Figure 3.1: A new class of hyperbranched glycopolymer which incorporates the
saccharide residues at the branch point, in contrast to current approaches that
lack saccharide residues at the branch point due differences in the branching agent

(Current approach structures from references,!;* and*).
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3.2 Synthesis of glycomonomers, glycoinitiators, and gly-

coinimers

The mannose-based glycomonomer, 6-acryloxy-1,2,3,4-tetraacetate-

[-mannopyranose, was prepared in three steps from the beginning saccharide
as shown in Scheme 3.1. The primary alcohol was selectively protected at the
six position with triphenylmethyl chloride at 0 °C and the remaining alcohols
subsequently protected with acetic anhydride at room temperature in a one-pot
reaction. The coupling of the trityl group to the primary alcohol was conducted at
elevated temperature to bias the carbohydrate ring towards the beta conformation.
Acidic deprotection of the trityl group from sugar with alpha anomer was found to
result in partial migration of an acetate from the four position to the six position.
This hurdle was overcome by selectively crystallizing the beta anomer with diethyl
ether and using only the beta anomer for subsequent reactions. This anomer
selection is the cause of the low yield in the first protection step. Whereas the
anomer identity is important for some lectin interactions, our target lectin binds
to the 3- and 4- hydroxyls™ so we do not expect a difference in biological activity
due to the anomer choice. Following the trityl deprotection, the unprotected
primary alcohol was acrylated with acryloyl chloride to obtain the glycomonomer,

6-acryloxy-1,2,3,4-tetraacetate S-mannopyranose.

The mannose-based inimer, methyl 2-bromo-3-(6-acryloxy-2,3,4-triacetate
mannopyranosyl) propionate, was prepared from the glycosylation of methyl 2-

108

bromo-3-hydroxypropionate'”® with 6-acryloxy-1,2,3,4-tetraacetate S-mannopyranose

using boron trifluoride etherate as activator.

The mannose based initiator, methyl 2-bromo-3-(2,3,4,6-tetraacetate mannopy-
ranosyl) propionate, was prepared in a similar manner from methyl 2-bromo-3-

hydroxypropionate and pentaacetate mannopyranose.
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A galactose version of the glycoinimer was also synthesized as shown in
Scheme 3.2. Galactose was first protected with isopropylidenes to leave the pri-
mary alcohol open for acrylation with acryloyl chloride. The isopropylidenes were
removed with acetic acid and replaced with acetate protecting groups to create an
analogous galactose monomer, 6-acryloxy-1,2,3,4-tetraacetate S-galactopyranose.
Methyl 2-bromo-3-hydroxypropionate was then attached to the sugar to produce the
galactose inimer, methyl 2-bromo-3-(6-acryloxy-2,3,4-triacetate galactopyranosyl)

propionate.
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3.3 Synthesis of linear and branched glycopolymers

Linear and branched glycopolymers were synthesized by ATRP in ethyl acetate
using CuBr as catalyst and MegTren as ligand (Scheme 3.3). In order to elucidate
the importance of incorporating the saccharide unit in the branch point, branched
polymers were synthesized using either an inimer incorporating mannose or an
inimer with no mannose. The resultant polymers were characterized by GPC
relative to poly(methyl methacrylate) standards with polymerization results listed

in Table 3.1.

Linear glycopolymers with 14-75 repeat units were obtained from ATRP of
the mannose glycomonomer using the mannose glycoinitiator and varying the
[M]o:[I]o from 25:1 to 100:1. Branched polymers with mannose at the branch
point (# mannose = 8-42) were synthesized via copolymerization of the mannose
glycomonomer and mannose glycoinimer. Apparent branching density was con-
trolled by varying [M]o:[Mannose inimer|, from 1:1 to 10:1; homopolymerizations
of the glycoinimer were unsuccessful. The Pugh group previously reported ho-
mopolymerization of an inimer with a structurally similar reactive site to create
hyperbranched polyacrylates.!9®19 Their inimer incorporated alkyl, perfluoroalkyl,
siloxane, oligooxyethylene, and mesogenic side groups, whereas the inimer here had
methyl ester side groups and incorporates mannose within its backbone and the
backbone of the resultant polymers (Figure 3.2). The presence of the saccharide
unit in our glycoinimer may be preventing homopolymerization, possibly due to

steric effects.
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pendant methyl side group. The Pugh inimer incorporates a variety of side

groups but has no saccharide component.

Branched polymers with no mannose in the branching repeat unit were synthe-
sized by copolymerizing mannose acrylate with (2-bromo-2-methoxycarbonyl)ethyl
acrylate.'%® [M]g:[Inimer]y was varied from 1:1 to 5:1 to obtain samples with
different branching densities. Finally, branched polymers with galactose at the
branch point were synthesized by copolymerizing the mannose glycomonomer with

the galactose glycoinimer with a 1:1 [M]y:[Galactose inimer]y ratio.
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Scheme 3.3: Synthesis of linear and branched (with mannose, without saccha-
ride, and with galactose at the branch point) glycopolymers by ATRP of 6-
acryloxy-1,2,3 4-tetraacetate [-mannopyranose, methyl 2-bromo-3-(6-acryloxy-
2,3,4-triacetate mannopyranosyl) propionate, (2-bromo-2-methoxycarbonyl)ethyl
acrylate, and methyl 2-bromo-3-(6-acryloxy-2,3,4-triacetate galactopyranosyl) pro-

pionate.
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Table 3.1: Summary of GPCpypra data for linear and branched (with man-
nose, without saccharide, and with galactose at the branch point) glycopolymers

synthesized by ATRP.

Linear mannose polymers

[M]o:[Mannose initiator|y:[CuBr]:[MegTren] M, M, # mannose PDI

25:1:1:1 6990 5770 14 1.21
50:1:1:1 20480 16820 42 1.22
100:1:1:1 37600 30310 75 1.24

Branched glycopolymers with mannose at branch point

[M]o:[Mannose inimer|y:[CuBr|:[MegTren] M, M, # mannose PDI

25:25:1:1 8600 5750 14 1.5
50:25:1:1¢ 15610 5980 14 2.61
50:25:1:1° 37920 17640 42 2.15
50:10:1:1 4670 3240 8 1.44
125:25:1:1 5780 4050 10 1.43
100:10:1:1 6230 4590 11 1.36

Branched glycopolymers without saccharide at branch point

[M]o:[Inimer]y:[CuBr]:[Meg Tren] M., M, # mannose PDI
25:25:1:1 10280 5360 10 1.92
50:25:1:1 36380 8440 18 3.12
125:25:1:1 8680 5150 12 1.67

Branched glycopolymers with galactose at branch point

[M]o:[Galactose inimer]y:[CuBr|:[MegTren] M, M, # mannose PDI

25:25:1:1 6320 3690 4 1.71
50:50:1:1 17110 11260 13 1.52
00:25:1:1 6150 3250 5 1.89

a: 56% conversion, b: 99% conversion
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3.4 Branching characterization of glycopolymers

To confirm glycoinimer incorporation into the polymer chain, which will result in
a branched sample with saccharide at the branch point, we initially characterized
the protected polymers by NMR and GPCpppr4. NMR of the protected polymers
showed peaks corresponding to the inimer; however, the inimer could be incor-
porated solely through the acrylate resulting in a linear polymer. GPCppspra of
samples synthesized with an inimer showed broader polydispersities, compared
with the more narrow distributions exhibited by the linear polymers. GPCpyrara
provides a relative molecular weight through calibration of polymer elution times
with known molecular weight standards so these measurements alone do not give
any direct information about branching (Figure 3.3a). Nevertheless, the broad
PDIs are a good indication of branching architecture because hyperbranched

polymers are theorized to have broad molecular weight distributions.!°

The glycopolymers were deprotected with sodium methoxide in methanol
and chloroform for additional GPC characterization, NMR characterization, and
further lectin binding studies (in Chapter 6). The deprotected polymers became
insoluble in THF and acetone but were soluble in water. 'H NMR spectra of the
deprotected polymers were inconclusive. Although the spectra were clearer due
to removal of peaks corresponding to the acetate protecting groups, the branch
point fragment still could not be identified due to overlap with the protons of the
mannose ring (Figure 3.4). Further COSY NMR experiments also failed to identify
the branch point with no cross-peaks between OCHy and CH of the branching
unit (Figure 3.5).
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Figure 3.3: Evidence of branching architecture of polymers from GPCppara. (a)
GPC chromatogram of a linear and branched glycopolymer conducted in THF
showing higher polydispersity for branched polymers (b) Linear and branched
glycopolymers have a different relationship between expected molecular weights

(calculated from values obtained in THF) and measured molecular weights (obtained

5000

10000 15000 20000

Expected Mp,

in DMF), indicating the polymers have different architectures.
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Figure 3.3b plots the expected molecular weights for the linear and branched
polymers with sugar at the branch point (calculated from the values obtained in
THF) compared with the measured molecular weights of the deprotected polymers
in DMF. If all of the polymers have the same architecture, then we expect all of
the data would fall along a single line. However, the linear polymers clearly have a
different relationship between molecular weight and hydrodynamic volume (slope
= 1.6) than those samples synthesized using an inimer (slope = 2.8), indirectly
indicating that these samples have a different molecular architecture. Branched
polymers have a more compact shape than linear polymers of the same molecular
weight. 1! Because GPC separates on the basis of hydrodynamic volume, molecular
weights are typically underestimated for branched polymers compared to their
linear analogues. These two results, the broad polydispersity and the difference
in the relationship between molecular weight and hydrodynamic volume, strongly

suggest a branched architecture.

0B B
Branched '| cef oIHa ¢ o;[a ¢l
L ek
abd | |

M
Linear ‘ o~
A\I | L

N be
“ ab ®

Figure 3.4: 'H NMR spectra of deprotected branched and linear polymers cannot
identify branch point fragment. Sugar ring proton peaks overlapped with those

from expected branch point peaks (¢, e, f).
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Figure 3.5: Expanded region of the 'H-'H COSY-NMR spectrum of a hyper-
branched glycopolymer synthesized from copolymerization of glycomonomer and
glycoinimer in a one to one ratio. No cross peaks are observed between protons

from ¢ and d.
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To further confirm the branched architecture, gel permeation chromatography
with an in-line light scattering detector (GPCrg) was performed on linear protected
glycopolymers and (presumably) branched protected glycopolymers to find absolute
molecular weight values (Table 3.2). Some very high molecular weight aggregates
were detected; these aggregates were not included in the GPCpg analysis. For
all linear and branched polymers, absolute molecular weight was higher than the
relative molecular weight determined by GPCpjsr4 indicating that the PMMA
standard calibration consistently underestimated the molecular weight of the

glycopolymers.

However, the ratio of absolute molecular weight to relative molecular weight is
higher for polymers synthesized from the glycoinimer. When the absolute molecular
weight (GPCpg) is plotted versus the relative molecular weight (GPCpyara) as
a measure of the error in GPC-determined molecular weight introduced through
architecture, different slopes are found for linear and presumably branched gly-
copolymers (Figure 3.6). This finding is consistent with a branched architecture
due to polymerization of the glycoinimer. The different slopes indicate that the
linear polymers have larger hydrodynamic volumes at equivalent molecular weights
than presumably branched polymers synthesized from the glycoinimer. These

12,113 and hy-

results also correlate well with those seen with linear polyacrylates
perbranched polyacrylates from a chloroinimer (Table 3.3).1% Linear polyacrylates
had a slope of m = 1.46 compared to our linear glycopolymers with a slope of m
= 1.51. Hyperbranched polyacrylates had a slope of m = 1.69 (m = 2.76 when
higher molecular weight portions were fractionated and tested) compared to our
presumably branched glycopolymers with a slope of m = 2.21. The effect of the

degree of branching was not studied because there was not enough variation in

samples to draw any conclusions.
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Table 3.2: Comparison of GPCpyrpra and GPCrg data for linear and branched

glycopolymers synthesized by ATRP.

Linear mannose polymers

[M]o:[Mannose initiator]:

Mw Mn Mw
[CuBr]:[MegTren] PMMA LPMMA LS

10:1:1:1 15460 9540 11890
50:1:1:1 20480 16820 34590
100:1:1:1 37600 30310 73250

Mn,LS

11050
31470
44420

Branched mannose polymers with saccharide at branch point

[M]o:[Mannose inimer]o:

Mw Mn Mw
[CuBr|:[MegTren] LPMMA ,PMMA LS

10:10:1:1 15040 10920 33540
100:50:1:1 11310 6080 27590
20:10:1:1 28800 13690 72150
50:25:1:1 37920 17650 77690
50:10:1:1 4670 3240 25180
100:10:1:1 6230 4590 19970

50

Mn,LS

28180
20850
48410
46420
17070
17380



1.2e+5

1.0e+5 -

8.0e+4 -

6.0e+4 -

Mp GPC g

4.0e+4 -

° m=1.51
2.0e+4 - °

Y [ ]
o

0.0

Linear
Branched

Mn GPCppmMmA

0.0 5.0e+3 1.0e+4 1.5e+4 2.0e+4 2.5e+4 3.0e+4 3.5e+4

Figure 3.6: The error in GPC-determined molecular weight introduced through

architecture is shown by plotting absolute molecular weight (GPCpg) versus the

relative molecular weight (GPCpprara). Linear and branched glycopolymers exhibit

different slopes.

Table 3.3: Slope and intercept values from the linear equation [M,, s = m(M,, gpc)

+ b] derived from plotting absolute versus relative M,, for polymers of different

architectures.
Architecture m, slope b, intercept
Linear polyacrylate® 1.46 -2920
Linear glycopolymer 1.51 -380
Hyperbranched polyacrylate® 1.69 3730
Hyperbranched polyacrylate, fractionated® 2.76 -7540
Hyperbranched glycopolymer 2.21 9270

a: linear correlation coefficient, b: adapted with permission from'%?

o1

r
0.985
0.909
0.983
0.996
0.859



GPCpg can also provide the root mean square (rms) radius of gyration through
the angular dependence of scattered light (the slope of K*c/R() versus sin?(0/2)
gives Rys2). Molecular conformation can then be found through plotting log(rms)
versus log(MW) (R, oc MY) where if v = 0.33, 0.5, or 1, the polymer is a sphere,
random coil, or rod respectively. These calculations are only valid when rms >10

nm so that molecular weight and rms radius can be measured simultaneously.

Only a few of the chromatographed polymers could be analyzed for their
molecular conformations. Many polymers were excluded from analysis because
of their low signal to noise ratio due to uncertainties generated from the use of a
triple-angle light scattering detector rather than a more robust 18 angle detector,
as well as the small polymer size which resulted in lower light scattering response
(ox ¢;M;). The smaller polymers also mean that fewer of the chains in the polymer
population have rms >10 nm. Nevertheless, strong conclusions can be made from

these data.

Table 3.4 summarizes the v values found for the glycopolymers of different
architectures. Plots of molecular weight versus elution time, rms radius versus
elution time, and log(rms radius) versus log (molecular weight) are shown in
Figure 3.7. The log-log plot does not contain data from the high molecular weight
extremity or data with log(rms) <1. Only one linear glycopolymer could be
analyzed for molecular conformation with v = 0.67. In comparison, v decreased
to on average 0.46 for branched glycopolymers with [M]y:[Mannose inimer], = 2:1 .
The smaller scaling coefficient indicates that the polymers are more compact and

likely more branched.

These two light scattering conclusions, the error in GPC-determined molecular
weight and the lower molecular conformation scaling coefficient, further confirm a

branched architecture.

52



‘[wax %o |:[1gn]:0[1ouurur asouueN]:O[]\] 10 [ua1y%eN]:[1gn)]:0[10ge1aTUT SSOUTRN|:O[JN] 93ROIPUT SIoqunN - (1 STom

Ie[moa[oul) 0] SNSIoA (SULI)SO[ pue ‘9uWil} UOIIN[d SNSIOA SNIPLI SULI ‘9WI) UOIIN[d SNSIOA JYSOM IR[NOS[OW JO SI0[J :L'¢ 9IMSII]

'\ Boj (unw) swn (unw) swn
6S 8S LS 95 §S v ¢ =
S6°0 E 3 Fear o
oot v e AT o
S0°T 8 cop 8 L 10T:0C
g E .
oT'T EO0T & © ‘paydue.ig
) o2 foal g
e STT 3 /31 3
. E = E [=]
0zT 3 i1
¥9 79 09 8S 9§ ¥ =
60 L S Egar 2
11 S T2 SEL .H.H.mN.om
z1 3 .- t,ar 3 Payouelg
12 2001 3 3
ST = 8
3 ke3T £
E 4] L M I .
[0t 3 Esar 5 T:T:0G:00T
r = D
L2 L 2 ‘payouel
E 2 Ezat 2 pay g
E =) «Q
£00T 3 L 3
=~ F63IT o
L 3 EeaT 5
AR for o TUTITI00T
3 sar 3 L-L-T-
E o QD ‘
F = L 173 Jeaul
0T 3 Ea1 @ "
fo0T 3 5
r 3 E63T 3

93



Table 3.4: Summary of molecular conformation, v.

Architecture M, ;s v

Linear 44420  0.67
Branched“ 20850 0.45
Branched“ 46420 0.46
Branched* 48410 0.47

a: [M]o:[Mannose inimer]y = 2:1

54



The glycopolymers are also being analyzed by tandem mass spectrometry
(MS-MS) by Professor Wesdemiotis’ lab at the University of Akron. MS-MS had
been used previously to characterize hyperbranched polyacrylates by fragmenting a
single oligomer chain using matrix assisted laser desorption/ionization-collisionally
activated dissociation (MALDI-CAD) to reveal different fragmentation patterns.'
In their work, molecular weights corresponding to branched structures were found,
confirming the hyperbranched architecture of polyacrylates synthesized from a

chloroinimer.

Currently, the glycopolymers have only been analyzed by MALDI (Figure 3.8)
but not by MALDI-CAD. MALDI shows incorporation of multiple mannose inimer
units with retention of the bromide chain ends. While it is possible that the
polymer chain is only initiating from one glycoinimer and incorporating both
glycomonomer and glycoinimer only along the acrylate creating a linear polymer,
this would be an unlikely occurrence for multiple glycoinimers. It is more likely that
the polymer chain grows from both the acrylate and the halogen creating a branch
point as depicted in Figure 3.8d. Polymers with branching ratios [M]y:[Mannose
inimer]y = 2:1 and 5:1 showed significant glycoinimer incorporation by MALDI,
compared to 10:1 with little glycoinimer content. However, these results have one
caveat: the molecular weight averages reported by mass spectrometry may be
skewed because the heavier polymer chains are not ionized as readily and are not

detected, resulting in reported molecular weights lower than those determined by

GPC.
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3.5 Conclusions

In this chapter, I described the synthesis of a reactive inimer incorporating mannose,
its copolymerization with mannose acrylate to produce glycomimetic polymers
with different branching densities, and the confirmation of branching architecture
through GPCpurara, GPCrg, and mass spectrometry. These branched glycopoly-
mers more fully recapitulate natural polysaccharide structures through the con-
trolled radical copolymerization of glycomonomers and glycoinimers in which the
saccharide residues can be incorporated not only pendant to the polymer backbone,
but also within the polymer chain in their native ring form (Figure 3.1). This
method of incorporating saccharide into the branch point narrows the gap between
synthetic glycopolymers and natural polysaccharides and can result in glycopoly-
mers with improved bioactivity. Furthermore, by using a saccharide inimer, the
effect of branching density on bioactivity can be studied while maintaining the same
overall saccharide content. This advantage is in contrast to previously reported
branched glycopolymers that do not allow for changing branching density indepen-
dently of saccharide content. In Chapter 6, bioactivity of these glycopolymers will

be tested with mannose binding lectin, an immune system protein.
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3.6 Experimentals

3.6.1 Materials

Acetic acid (Mallinckrodt, ACS grade), acetic anhydride (Fisher, ACS grade),
acetone (Fisher, ACS grade), boron trifluoride etherate (Acros, 48%), galactose
(Fisher, off white to white powder), mannose (Amresco, high purity grade), pyridine
(J.T. Baker, ACS grade), and triphenylmethyl chloride (Acros, 98%) were used
as received. Copper bromide (Acros, 98%) was purified by stirring in glacial
acetic acid and then rinsing with ethanol. Acryloyl chloride (Alfa Aesar, 96%),
dichloromethane (EMD, ACS grade), ethyl acetate (Macron, ACS grade), and
triethylamine (Alfa Aesar, 99%) were distilled before use. Tris(2-aminoethyl)amine

(MegTren) was synthesized according to a published procedure.!!

3.6.2 Analytical Techniques

'"H NMR spectra (6 ppm) were recorded on Bruker Biospin Ultrashield 300 MHz
or 500 MHz NMR spectrometers. Gel permeation chromatography relative to
linear poly(methyl methacrylate) standards(GPCpprpra) was conducted on a Wa-
ters system equipped with UV /vis absorbance and refractive index detectors
and four Waters styragel columns (100-5K, 500-30K, 50-100K, 5K-600K). N,N-
dimethylformamide (DMF) with 0.01 M lithium bromide or tetrahydrofuran (THF)
with a flow rate of 1.0 mL/min was used. Gel permeation chromatography that pro-
vided absolute molecular weights (GPCprg) was conducted on four Waters styragel
columns (100-5K, 500-30K, 50-100K, 5K-600K) in-line with a Wyatt triple-angle
light scattering detector (miniDAWN) and refractive index detector (Optilab rEX).
THF with a flow rate of 1.0 mL/min was used. dn/dc values of the glycopolymers
(linear or branched) were calculated in batch mode through the Optilab rEX. The
Zimm formalism was used for calculating molecular weight due to the small RMS

radii of the polymers. Matrix assisted laser desorption/ionization (MALDI) was
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performed by Professor Wesdemiotis’ lab at the University of Akron. MALDI
was conducted in linear mode with trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-

propenylidene|malononitrile as matrix.

3.6.3 6-Trityl-1,2,3,4-tetraacetate S-mannopyranose

Mannose (20.0 g, 111 mmol) was added to pyridine (200 mL) and stirred until
dissolved. Triphenylmethyl chloride (32.5 g, 117 mmol) was then added and
the solution heated to 50 °C for four hours. Without workup, acetic anhydride
(103 mL, 1.08 mole) was then added and stirred overnight at room temperature.
Pyridine was removed on a rotary evaporator until the solution was concentrated
to a brown viscous liquid. The viscous liquid was dissolved in a minimal amount
of ethanol, and then precipitated into rapidly stirring ice cold water. The white
crystals were collected and washed thoroughly with water. S-mannose was isolated

by precipitation in ether to yield 24 g (36%) of a white powder.

'H NMR (300 MHz, CDCls): 65.89 (d, H-1), 5.55 (dd, H-2), 5.41 (t, H-4), 5.11
(dd, H-3), 3.69 (m, H-5), 3.38 (dd, H-6a), 3.21 (dd, H-6b), 2.28, 2.17, 2.01, 1.79 (s,
12H, 4 CH;).

3.6.4 1,2,3,4-Tetraacetate S-mannopyranose

6-Trityl-1,2,3,4-tetraacetate S-mannose (24.0 g, 40.6 mmol) was dissolved in glacial
acetic acid (96 mL) and water (40 mL) and heated to 60 °C for 5 minutes. The
solution was diluted into ice cold brine. The trityl groups precipitated and were
removed by filtration. The solution was extracted with dichloromethane (50 mL,
4x). The dichloromethane was washed with brine (50 mL, 2x) then saturated
sodium bicarbonate solution (50 mL, 2x), dried over NaySO,4, and concentrated
to a yellow viscous liquid. The viscous liquid was mixed with ether and product

crystallized out to yield 10.7 g (76%) of a fine white powder.
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I NMR (300 MHz, CDCl3): 65.91 (d, H-1), 5.53 (dd, H-2), 5.30 (t, H-4), 5.18
(dd, H-3), 3.81 (m, 1H, H-5), 3.67 (m, 2H, H-6a,b), 2.25, 2.14, 2.05 (s, 12H, 4
CHs).

3.6.5 6-Acryloxy-1,2,3,4-tetraacetate S-mannopyranose

1,2,3,4-Tetraacetate f-mannose (4.27 g, 12.2 mmol) was dissolved in dichloromethane
(42 mL). The solution was deoxygenated with bubbling nitrogen gas before adding
triethylamine (3.42 mL, 24.4 mmol). The solution was cooled in an ice bath before
acryloyl chloride (1.86 mL, 22.9 mmol) in dichloromethane (8 mL) was added
dropwise. The solution was stirred overnight and then filtered to remove triethy-
lamine salts. The dichloromethane solution was washed with brine (50 mL, 3x)
and dried over NaySO,4. The solution was stirred with activated carbon, filtered,
and concentrated to a yellow viscous liquid. The product was then precipitated
from ether. The product was further purified by dissolving in a minimal amount
of dichloromethane and precipitating from ether to yield 3.2 g (65%) of a white

powder.

'H NMR (300 MHz, CDCl3): §6.51 (d, 1H, CH,=CH), 6.20 (m, CH,=CH),
5.93 (d, 1H, CH,=CH), 5.93 (d, H-1), 5.53 (dd, H-2), 5.36 (t, H-4), 5.18 (dd, H-3),
4.35 (d, 2H, H-6a,b), 3.9 (m, H-5), 2.25, 2.15, 2.10, 2.05 (s, 12H, 4 CHj3).
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3.6.6 Methyl 2-bromo-3-(6-acryloxy-2,3,4-triacetate mannopyranosyl)

propionate

6-Acryloxy-1,2,3,4-tetraacetate S-mannose (0.38 g, 0.94 mmol) and methyl 2-bromo-
3-hydroxypropionate!®® (0.31 g, 1.74 mmol) were dissolved in dichlomethane (6
mL) and cooled in an ice bath before adding boron trifluoride etherate (380 uL,
2.82 mmol). The solution was stirred overnight and then washed with brine (25
mL, 2x) and saturated sodium bicarbonate solution (25 mL), dried over NagSOy,
and concentrated to a viscous liquid. Product was then purified with dry column
vacuum chromatography (0-85% EtOAc, hexanes). Fractions with Ry = 0.48 in
50% EtOAc/hexanes were combined and concentrated to yield 0.39 g (78%) of a
clear viscous liquid which was a mixture of 95% S anomer and 5% « anomer. The
NMR assignments are for the 5 anomer.

'H NMR (300 MHz, CDCl3): §6.49 (d, 1H, CH,=CH), 6.19 (m,CH,=CH),
5.91 (d, 1H, CH,=CH), 5.30 (m, 3H, H-2, H-3, H-4), 4.78 (d, H-1), 4.43 (t, CHBr),
4.37 (dd, CHH,0), 3.96 (m, 3H, H-5, H-6a,b ), 3.87 (s, CH3), 1.98-2.2 (s, 12H, 4
CHj).
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3.6.7 Methyl 2-bromo-3-(2,3,4,6-tetraacetate mannopyranosyl) propi-

onate

Mannose pentaacetate (1.12 g, 2.87 mmol) and methyl 2-bromo-3-hydroxypropionate
(0.63 g, 3.44 mmol) was dissolved in dichloromethane (10 mL) and cooled in an ice
bath before adding boron trifluoride etherate (1.05 mL, 5.74 mmol). The solution
was stirred overnight and then washed with brine (25 mL, 2x) and saturated
sodium bicarbonate solution (25 mL), dried over NaySOy, and concentrated to a
viscous liquid. Product was then purified with dry column vacuum chromatography
(0-85% EtOAc, hexanes). Fractions with Ry = 0.53 in 50% EtOAc/hexanes were

combined and concentrated to yield 1.11g (75%) of a clear viscous liquid.

'H NMR (300 MHz, CDCly): 65.15 (m, 3H, H-2, H-3, H-4), 4.67 (d, H-1), 4.25
(t, CHBr ), 4.1 (dd, CH,0), 3.9 (m, 3H, H-5, H-6a,b), 3.6 (s, CHs), 1.98-2.2 (s,
12H, 4 CH3).

3.6.8 1,2;3,4-Di-isopropylidene galactopyranose

A heterogeneous mixture of galactose (5 g, 27.7 mmol), acetone (50 mL), and
sulfuric acid (0.25 mL) was stirred for one day. Unreacted galactose (4.3g) was
filtered off and recycled. The filtrate was neutralized with sodium bicarbonate and
then concentrated to a brown syrup, taken up in dichloromethane (50 mL), and
washed with saturated sodium bicarbonate solution (50 mL, 2x) and brine (50 mL,
2x). The dichloromethane solution was concentrated to yield 0.72g (75% of reacted
starting material) as a yellow syrup. The reaction was repeated multiple times,
combined, and further purified by vacuum distillation (135 °C at full vacuum) to

yield a colorless syrup.

'H NMR (300 MHz, CDCl3): 65.56 (d, H-1), 4.65 (dd, H-3), 4.37 (dd, H-2),
4.26 (dd, H-4), 3.91 (m, 2H, H-6a,b), 3.8 (m, H-5), 1.3-1.57(s, 12H, 4 CHs).
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3.6.9 6-Acryloxy-1,2;3,4-di-isopropylidene galactopyranose

1,2;3,4-Di-isopropylidene-galactopyranose (11.7 g, 45.2 mmol) was dissolved in
dichloromethane (120 mL). The solution was deoxygenated with bubbling nitrogen
gas before adding triethylamine (11.3 mL, 81.4 mmol). The solution was cooled in
an ice bath before acryloyl chloride (5.5 mL, 67.8 mmol) in dichloromethane (20
mL) was added dropwise. The solution was stirred overnight and then filtered of
triethylamine hydrochloride salts. The dichloromethane solution was washed with
saturated sodium bicarbonate solution (50 mL) and then brine(50 mL, 2x), dried
over NagSQy, and concentrated to a yellow syrup. Product was then purified with
dry column vacuum chromatography (0-50% EtOAc, hexanes) to 13.6g (96%) of a

pale yellow syrup.

'H NMR (300 MHz, CDCl3): §6.48 (d, 1H, CH,=CH), 6.20 (m, CH,=CH),
5.83 (d, 1H, CH,=CH), 5.58 (d, H-1), 4.67 (dd, H-3), 4.46 (m, 4H, H-4, H-5,
H-6,b), 4.23 (dd, H-2), 1.28-1.6 (s, 12H, 4 CHs).

3.6.10 6-Acryloxy galactopyranose

6-Acryloxy-1,2;3,4-di-isopropylidene galactopyranose (21 g, 66.8 mmol) was dis-
solved in acetic acid (100 mL) followed by slow addition of water (100 mL)and
heated to 80 °C for six hours. Acetic acid and water were then removed through
rotary evaporation and the remaining pale yellow solid taken up in acetone. The
precipitate was collected and recrystallized in methanol to yield 8.3 g (53%) of a
white powder.

"H NMR (300 MHz, D,0): 66.34 (d, 1H,CH,=CH), 6.09 (m,CH,=CH), 5.88
(d, 1H, CH,=CH), 5.13 (d, H-1), 4.20 (m, 3H, H-5, H-6a,b), 3.92 (dd,H-4), 3.71
(o, 2H, H-2, H-3).
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3.6.11 6-Acryloxy-1,2,3,4-tetraacetate galactopyranose

6-Acryloxy galactopyranose (1.36 g, 5.8 mmol) was dissolved in pyridine (20 mL)
and acetic anhydride (3.2 mL, 33.4 mmol) and stirred overnight. The solution was
concentrated by rotary evaporation to a brown syrup. The syrup was taken up in
dichloromethane (20 mL) and washed with saturated sodium bicarbonate solution
(20 mL, 2x) and brine (20 mL, 2x), dried over NaySO,4, and concentrated to yield
1.39 g (61%) of a yellow syrup which was a mixture of 80% a anomer and 20% /3

anomer. The NMR assignments are for the o anomer.

'H NMR (300 MHz, CDCl;): 66.34 (d, 2H,CH,=CH), 6.31 (s, 1H, H-1), 6.02
(m, CH,=CH), 5.79 (d, 1H, CH,=CH), 5.46 (s, 1H, H-3), 5.27 (m, 2H, H-2, H-4),
4.32 (t, H-5), 4.12 (m, H-6ab), 1.9-2.08 (s, 12H, CHs)

3.6.12 Methyl 2-bromo-3-(6-acryloxy-2,3,4-triacetate galactopyranosyl)

propionate

6-Acryloxy-1,2,3,4-tetraacetate galactopyranose (2.84 g, 7.1 mmol) and methyl
2-bromo-3-hydroxypropionate (1.55 g, 8.5 mmol) were dissolved in dichlomethane
(30 mL) and cooled in an ice bath before adding boron trifluoride etherate (1 mL,
21 mmol). The solution was stirred overnight and then washed with brine (30
mL, 2x) and saturated sodium bicarbonate solution (30 mL), dried over NagSOy,
and concentrated to a viscous syrup. Product was then purified with dry column
vacuum chromatography (0-50% EtOAc, hexanes) to yield 1.56 g (43%) of a clear
viscous liquid.

'H NMR (500 MHz, CDCl3): §6.40 (d, 1H, CH,=CH), 6.08 (m, CH,=CH),
5.84 (d, 1H, CH,=CH), 5.43 (dd, 1H, H-4), 5.31 (H-33), 5.26 (H-153), 5.12 (H-2a),
5.05 (H-2p), 5.01 (H-3«a), 4.52 (t, H-1a), 4.31 (CHBr), 4.08 (CH,, H-6a,b), 3.89
(CHj), 1.8-2.2 (s, 12H, 4 CH3).
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3.6.13 Example linear polymerization

Linear polymers were synthesized as described in the following example. CuBr
(3.6 mg, 0.025 mmol) and mannose monomer (0.5 g, 1.2 mmol) were placed in
a reaction flask, degassed, and backfilled with nitrogen. MegTren (7.2 uL, 0.025
mmol) was added and the contents stirred under nitrogen for 45 minutes. Mannose
initiator (12.7 mg, 0.025 mmol) in 1 mL ethyl acetate was added via syringe. The
flask contents were degassed through five freeze-pump-thaw cycles and stirred at
100 °C for 70 hours. Contents were passed through an alumina plug and then
precipitated into cold methanol to result in 0.28 g (55%) of a fine white powder.
The ratio of mannose monomer to mannose initiator was varied between 25 and

100 to create the linear polymers.

3.6.14 Example branched polymerization

Hyperbranched polymers were synthesized as described in the following example.
CuBr (5 mg, 0.035 mmol) and mannose monomer (0.31 g, 0.77 mmol) were placed
in a reaction flask, degassed and backfilled with nitrogen. MegTren (10 pl, 0.035
mmol) was added and the contents stirred under nitrogen for 45 minutes. Mannose
inimer (0.203 g, 0.38 mmol) in 0.81 mL ethyl acetate was added. The flask contents
were degassed through five freeze-pump-thaw cycles and stirred at 100 °C for 70
hours. Contents were passed through an alumina plug and then precipitated into
cold methanol to result in 0.27 g (53%) of a fine white powder. The ratio of
mannose monomer to mannose inimer was varied between 1:1 and 10:1 to vary the

apparent branching density.
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3.6.15 Example polymer deprotection

Polymers were deprotected as described in the following example. 50 mg of a
linear mannose polymer with 42 repeat units was dissolved in 5 mL chloroform
and 5 mL methanol. Deprotected polymer began to precipitate after adding
sodium methoxide (5.5 pli of 5.4 M solution, 0.03 mmol). After five minutes, the
solution was centrifuged to collect the precipitate. The precipitate was washed
with chloroform and centrifuged again before decanting the supernatant and drying

the polymer to collect 24 mg (83%) of a pale yellow powder.
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CHAPTER 4

Synthesis of protein-glycopolymers

Pathogen associated glycoproteins contain foreign glycans that are targeted by the
host immune system.'% Synthetic mimics of these pathogenic glycoproteins are
potential immune modulators to activate innate immunity or vaccinate against
a target glycan. Glycopolymers can be used as mimics of the glycan component.
These glycopolymers can incorporate a protein component through two synthetic
routes: “grafting-to” where a pre-made polymer is conjugated to an amino acid
through a covalent bond, or “grafting-from” where monomers are polymerized

directly from a protein macroinitiator.

All previously described protein-glycopolymers have been synthesized through
the grafting-to route. Haddleton and coworkers grafted mannose glycopolymers to
bovine serum albumin at Cys34 through a maleimide chain end.® The BSA-mannose
glycopolymer bound mannose binding lectin of immune complement and could
activate complement cascade. Another group synthesized a glycopolymer with
pendant mannan trisaccharides that was grafted to chicken serum albumin through

azide-alkyne click chemistry and used to vaccinate against Candida albicans.®

Protein-glycopolymers for applications beyond immune modulation have also
been described. Proteins were stabilized with a trehalose glycopolymer through
disulfide exchange with pyridyl disulfide chain ends. Trehalose is a disaccharide
that helps microorganisms resist desiccation and temperature stresses, and in this
case, provides excellent stability for proteins against dehydration and heat.® In

another example, glycopolymers polymerized from a biotinylated ATRP initiator
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were bound with streptavidin to create streptavidin conjugated glycopolymer.”

With all these cases, post-conjugation purification is required to remove unreacted
polymer or protein. Purification can be a relatively simple process by using
differences in affinity, molecular weight, or solubility to isolate the protein-polymer;

otherwise, fractionation via size exclusion chromatography is necessary.

An alternative is a grafting-from approach where the protein is modified as a
macroinitiator for direct polymerization of monomers. If no residual unmodified
protein is present, facile purification through dialysis or centrifugal filtration can
be used to remove low molecular weight monomer and polymerization byproducts
rather than using costly chromatography techniques. Maynard has previously
reported the polymerization of a N-acetyl glucosamine derived monomer from a
peptide initiator®® but no examples of glycopolymerizations from proteins exist in

literature to my knowledge.

In this chapter, I describe a grafting-from approach to polymerize glycomonomers
from multiple sites of a protein macroinitiator (mannose and/or galactose from
bovine serum albumin). To my knowledge, this is the first report of glycopolymers
grafted from a protein. Polymers of different lengths and saccharide composition
were synthesized and then characterized for their carbohydrate content and polymer
size. Mannose content of the glycopolymers was varied either through polymer-
ization of different mannose chain lengths or by copolymerization with galactose
to reduce the density of mannose. These compounds can serve as glycomimetics
of natural glycoproteins with applications in tissue engineering, or as activators
of innate or adaptive immunity. Furthermore, the design of the polymer-protein
conjugate allows us to determine the effect of multivalent spatial orientation on

lectin binding in Chapter 6.
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4.1 Synthesis of mannose and galactose monomers

Mannose and galactose were chosen as the polymerizable saccharides for this
study because mannose is generally reactive with immune system proteins (man-
nose binding lectin, macrophage mannose receptor) while galactose is not. The
mannose-based glycomonomer, 6-acryloxy mannopyranose, was synthesized by
removing acetates from 6-acryloxy-1,2,3,4-tetraacetate S-mannopyranose with
sodium methoxide. Exposure of the sugar to the basic deprotection conditions was
limited to four minutes to minimize cleavage of the acrylate group. The galactose
based glycomonomer, 6-acryloxy galactopyranose, was prepared from the original
saccharide in three steps. The 1,2- and 3,4- hydroxyls were first protected with
isopropylidene groups by stirring galactose in acetone with sulfuric acid, leaving
the 6- position available for acrylation with acryloyl chloride. The isopropylidene

protecting groups were then removed with acetic acid (Scheme 4.1)

Mannose monomer

3\\/ 9
Y
O o»\/
OAC NaOMe Og
AcO OAc ———>» HO OH
AcO 46% HO
Galactose monomer
){ 50% AcOH OH O
gv\ 20°C gv\
539% OHOH

Scheme 4.1: Synthesis of 6-acryloxy mannopyranose and 6-acryloxy galactopyra-

nose.
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4.2 Synthesis of initiators

Bovine serum albumin (BSA) is an inexpensive model protein that has been used
for previous protein-polymer conjugates, typically using BSA’s single free thiol
as the polymer attachment site.*® 17118 While this method results in a single
polymer chain at a known location, it also requires separation of unreacted protein
as only half of the BSA molecules have a free thiol available for conjugation.!
Instead of attaching the initiator through the thiol, BSA was transformed into a
protein macroinitiator through reaction of lysine amines with 2-bromopropionic
N-hydroxysuccinimide ester (Scheme 4.2). Another group has formed a protein
macroinitiator by modifying a single lysine residue,'?° but we chose to react multiple
lysines. This choice sacrifices some uniformity of the resulting protein-polymer
conjugates, but allows us to grow multiple polymer chains and explore the effect
of 3D spatial orientation of glycopolymer chains on lectin binding. MALDI-TOF
confirmed conjugation of the initiator group with disappearance of the original

BSA peak at 66.4 kDa and appearance of a peak centered at 69.4 kDa, which

corresponds to 22 initiating sites per BSA (Figure 4.1).

ATRP of glycomonomers from the protein macroinitiator alone were unsuccess-
ful. Addition of soluble ethyl bromopropionate as a sacrificial initiator allowed for
full initiation of the macroinitiator. Sacrificial initiators have been used during

121 as well as protein polymerizations.!?? Resin-bound

surface polymerizations
sacrificial initiator, synthesized through reaction of 2-bromopropionyl bromide
with Wang resin (Scheme 4.2), was used so that polymer grown from the sacrificial

initiator could be easily removed through filtration or centrifugation.
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Bovine serum albumin macroinitiator
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Scheme 4.2: Synthesis of bovine serum albumin macroinitiator (fragment shown

here) and resin based sacrificial initiator.
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a. BSA macroinitiator b. Resin sacrificial initiator
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Figure 4.1: (a) MALDI-TOF of BSA-macroinitiator (with peak at 69.4 kDa) versus
BSA (with peak at 66.4 kDa) and (b) IR of resin sacrificial initiator (with ester

peak at 1730 cm™?!) versus Wang resin.
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4.3 Synthesis of protein-glycopolymers

Mannose and galactose glycomonomers were homopolymerized separately or copoly-
merized together from the BSA macroinitiator in the presence of the resin-bound
sacrificial initiator. Polymerization was started by transferring a degassed solution
of CuBr/PMDETA and monomer via cannula into a degassed flask containing
resin-bound sacrificial initiator (Scheme 4.3). The sacrificial initiator was neces-
sary to generate sufficient Cu(II) to control the atom transfer equilibrium. After
stirring the solution for ten minutes, a degassed solution of protein macroinitiator
and monomer was transferred through a cannula. The solution was stirred for
four hours before stopping the polymerization. We adjusted the feed ratio of
glycomonomer to initiator (M1200, M600, M150, G600, G300, G150) to elucidate
the effect of glycopolymer length and saccharide identity on MBL binding, and
copolymerized mannose and galactose together (MG300300, MG150150, MG7575)

to elucidate the effect of mannose density.

The resin-bound polymer was removed through centrifugation. The supernatant
of the initial centrifugation was then placed in an Amicon centrifugal filtration
device and centrifuged again to concentrate the protein-glycopolymer and remove
any compounds with molecular weight below 3,000 Da (unreacted monomer,

copper). No further purification techniques such as chromatography were necessary.
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4.4 Characterization of glycopolymers

The protein-glycopolymers were characterized with aqueous GPC and SDS-PAGE
(Figure 4.2, Table 4.1). GPC curves showed decreasing elution time and increasing
curve width as the feed ratio of monomer was increased. These results suggest that
molecular weight and polydispersity of the protein-polymer increase with the feed
ratio, although no definite numbers can be assigned due to the lack of comparable
standards. SDS-PAGE showed similar results with a decrease in migration distance
and larger bands with increasing feed ratio. The large bands and presumably high
polydispersity can be due to the variable number of polymer chains growing from
each protein macroinitiator, but has also been attributed to increased friction
between the protein-glycopolymer and the acrylamide gel.'?® It is also important
to note that SDS-PAGE showed full conversion of the BSA macroinitiator in all

polymerizations so that no separation of unreacted protein was required.

The number of saccharides per protein was determined with bicinchoninic acid
assay and phenol-sulfuric acid assay (Table 4.1).12* The glycopolymers contained
from 70 to 360 saccharides. This number was higher than expected, indicating
that the resin-bound initiator had lower initiation efficiency than the protein
macroinitiator or that the resin-bound chains terminated prematurely. Saccharide
content of the copolymers was assumed to be evenly divided between mannose
and galactose given the similar structure and presumably reactivity of the two

monomers.
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Figure 4.2: GPC traces of (a) mannose-BSA polymers, (b) mannose/galactose-BSA
polymers; and (c) galactose-BSA polymers, and (d) SDS-PAGE of all glycopolymers

and starting material proteins.
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Table 4.1: Elution time and number of saccharides of each protein-glycopolymer.

[Mannose]:[Galactose]:
Entry [Resin-Br]:[BSA-Broy]:
[CuBr]:[PMDETA]

Peak elution

. . # saccharides
time (min)

M1200 1200:0:3:1:30:30 37.4 360 £ 35
M600 600:0:3:1:30:30 38.0 239 £ 21
M150 150:0:3:1:30:30 38.6 70 £ 19
MG300300  300:300:3:1:30:30 37.5 174 £ 17
MG150150  150:150:3:1:30:30 38.2 142 + 13
MGT7575 75:75:3:1:30:30 39.1 67 £ 3

G600 0:600:3:1:30:30 34.6 306 £+ 76
G300 0:300:3:1:30:30 37.1 184 + 43
G150 0:150:3:1:30:30 38.5 72+ 4
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If we assume the glycopolymers grew evenly between all 22 initiating sites of
the protein macroinitiator, each polymer chain statistically would have degrees of
polymerization from 3 to 16. To validate this assumption, we characterized the
glycopolymer conjugates through a variety of assays. FT-IR, NMR, BSA esterase,
and tryptic digest were used to attempt to identify any unreacted initator groups.
If a significant amount of unreacted initiator group was found, the polymer chains

would be much longer than the current assumption.

The protein-glycopolymers were also hydrolyzed to their component amino
acids, saccharides, and poly(acrylic acid) backbones and characterized with GPC
and NMR to determine the size of the polymer chains. If polymerization was
initiated from just a few sites, the polymer would be long. Conversely, if most of

the initiating sites were active, each polymer chain would be short.

O O O
Br OH
oY QY o
Unreacted Hydrolyzed Reacted
Initiator Initiator Initiator (polymerized)

Figure 4.3: Potential structures of initiator post-polymerization: unreacted initia-

tor, hydrolyzed initiator, and reacted initiator.

The lysine modified with an initiator group could have three general structures
post-polymerization: unreacted initiator, hydrolyzed initiator, and reacted initiator
(Figure 4.3). FT-IR of glycopolymers and starting material proteins did not reveal
any peaks that could distinguish between the amide from peptide bonds and the
amide from the three structures (Figure 4.4). When comparing BSA starting
material to the other samples, there was a decrease in transmittance at 1650 cm ™!

correlating to an amide bond from any of the three structures; however, differences

between the three possible structures could not determined. There was also a

78



Lin the BSA-Bry, sample correlating to

decrease in transmittance at 2900 cm™
the methyl. As the feed ratio of galactose to initiator increased, the peak shape
changed slightly which could point to some differences in initiator structure, but this
analysis is complicated by C-H absorption in the same region from the saccharide
or polymer backbone. FT-IR thus did not provide any further information on the
structure of the initiator.

FT-IR did show that saccharide content increased from G150 to G600 as seen

1

by the larger decrease in transmittance at 3400 cm~! and 1730 cm ™! which were

from saccharide hydroxyls and esters from the polymer respectively.

NMR analysis of the protein samples, shown in Figure 4.5, also failed to identify
any of the three general structures in Figure 4.3. It was hoped that peaks from the
conjugated initiator would appear as sharp peaks compared to the broader protein
resonances. While there were differences between BSA, BSA-Bryy, and M150 as
well as peaks that could correspond to the initiator group, the peaks were obscured
by the polymer backbone and amino acid side chains so no definitive conclusion
could be made. However, NMR was able to identify the saccharide component of

the glycopolymerizations (anomeric proton at 5.1 ppm, broad peaks 3-4.5 ppm).
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Figure 4.4: Overlaid FT-IR spectra of BSA, BSA-Bryy, G150, and G600.
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Figure 4.5: Overlaid 'H NMR spectra of BSA, BSA-Bry,, and M150.
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Albumins have pseudo-enzymatic activity through the cleavage of esters, amides,
and other bonds. The enzyme-like activity is from irreversible chemical modifica-
tions of the protein rather than catalytic activity at an active site.!?® Amino acids
such as aspartic acid, lysine, and tyrosine are susceptible to this reaction. This
activity is most easily tested through the hydrolysis of p-nitrophenyl acetate (PNA)
by BSA to form p-nitrophenol which could be monitored at 410 nm. Differences
between the hydrolysis rates by protein-polymers could indicate differences in

coverage of the initiator or steric hindrance of the polymer.

Figure 4.6 shows that while modified BSA retains some pseudo-enzymatic
activity (all curves are corrected to remove the effect of PNA’s hydrolysis in
water), native BSA exhibits much higher activity. These results are not surprising
as the pseudo-enzymatic activity is from the acetylation of lysines. The BSA
macroinitiator scheme reacts many of the available amines with the initiator
group so that fewer amines are available to hydrolyze PNA. The protein-polymers
have higher rates of hydrolysis due to hydrolysis of PNA by saccharide hydroxyls.
Unfortunately, these BSA-esterase results do not provide any further information

on the location or size of the individual polymer chains.

Tryptic digests have been used previously with protein-polymer conjugates to
discover the site of initiator conjugation.!?>122 Trypsin cuts proteins into peptides
following lysines or, to a lesser extent, arginines. Modifications of the lysines or
arginines will hinder cleavage by trypsin and result in a different digest pattern.
However, our BSA-macroinitiator contains many initiating sites so identifying
the specific modified amino acids would be extraordinarily complex. In our case,
tryptic digest can provide some information on whether all initiating sites are

active and whether the polymer chains can sterically hinder trypsin activity.

BSA, BSA-Bryy, G600, G300, and G150 were cleaved with trypsin, and the
resulting peptides were characterized by MALDI-TOF (Figure 4.7). The predom-

inant peptide fragment after digestion of BSA was a peak at 1568 m/z which
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corresponds to peptide sequence DAFLGSFLYEYSR. This peak was present in all
other samples as well and was used to normalize the results. Digestion of BSA-Bro,
and the galactose conjugates resulted in a peptide fragment at 1731 and 1777 m/z
that was present across all the modified samples. Conjugation of the initiator to
an amine results in a mass increase of 135 Da. This increase matches exactly with
the peptide sequence HPEYAVSVLLRLAK with a modified lysine (1596 + 135 =
1731). A disodium adduct (+46) results in the 1777 m/z peak. Identification of
a peptide fragment that contains an uninitiated bromide shows that at least one

initiating site does not have polymer.

The tryptic digest results also provide more information on the steric nature
of the glycopolymer chains. As the polymer length increases, the ratio of peak
height of 1568 and 1731 decreases (Figure 4.7f). The polymer chains sterically
hinder trypsin from cutting the peptide fragment at 1731 (as well as 1777). The
HPEYAVSVLLRLAK sequence is flanked by lysines 12 and 15 residues away
(Lys346 and Lys386). While there is no information on whether there are initiating
groups or polymer chains at those amino acids, it is a reasonable assumption that
one or both of those sites have polymer that are large enough to disrupt trypsin
from interacting with the protein, resulting in the decrease in tryptic activity as

polymer length increases.

The protein-glycopolymers were heated with 6 M hydrochloric acid to cleave
all amide and ester bonds, resulting in the protein-polymer being hydrolyzed to
its amino acids, saccharides, and poly(acrylic acid) backbones. If the poly(acrylic
acid) chain length could be determined, the number of saccharides per polymer

can also be calculated.

NMR of the cleaved protein-polymer samples showed resonances from amino
acids, saccharides, and potentially the poly(acrylic acid) backbone (Figure 4.8).
Qualitatively, the integration of the ppm region corresponding to the poly(acrylic

acid) backbone increased as monomer feed ratio increased, when normalized to a
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peak in the aromatic region. The aromatic peak was chosen as each sample should
have the same concentration of amino acids containing aromatics (phenylalanine,
tyrosine, tryptophan). However, the overlap of peaks between amino acids and the
polymer backbone and chain end combined with the low concentration of polymer

prevented any quantification of the polymer’s NMR derived molecular weight.

GPC of the hydrolyzed protein samples, shown in Figure 4.9, separated the
poly(acrylic acid) backbone from the amino acids and saccharides. If the polymer
only grew from a few initiator sites and were therefore high molecular weight, a
polymer peak that elutes at a much earlier time would be expected. Instead, the
GPC traces showed the elution of presumably poly(acrylic acid) chains (highlighted)
followed very closely by the hydrolyzed amino acids and saccharides. This elution
behavior is consistent with shorter polymer chains grown from most initiation

sites.

When coupled with the tryptic digest experiments, this result shows that while
the protein-glycopolymers are not initiated at every site, sufficient polymer chains
are grown to result in relatively short chains. While quantifying the polymer length
would be ideal, efforts to do so were unsuccessful. Poly(acrylic acid) standards were
not available to measure the molecular weight through GPC, and efforts to quantify
the molecular weight via MALDI were complicated by the high concentration
of other compounds, combined with the expected small molecular weight of the
polymers. Nevertheless, we can assume that a close approximation of the number of
saccharides per polymer chain can be deduced from # of saccharides per protein/#

of initiator sites.
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Figure 4.6: Hydrolysis of p-nitrophenyl acetate by BSA, BSA-Bryy, G150, and

G600. Curves are corrected to remove PNA’s hydrolysis in water.
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Figure 4.7: MALDI spectra of tryptic digest of (a) BSA, (b) BSA macroinitiator,
(c) G150, (d) G300, (e) G600. (f) The ratio of peak heights changes as polymer
length increases. The peak at 1568 m/z is found in all samples and is treated
as a normalizing peak, and corresponds to peptide sequence DAFLGSFLYEYSR.
The peak at 1731 m/z is found only in the BSA macroinitiator and glycopolymer
samples, and corresponds to peptide sequence HPEYAVSVLLRLAK with an

unreacted initiator group.
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of poly(acrylic acid) backbone increases with feed ratio.
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Figure 4.9: Overlaid GPC traces of hydrolyzed BSA-Bryy, M150, and M1200.
Highlighted region shows presumably poly(acrylic acid) chains, separate from lower

molecular weight amino acids and saccharides.
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4.5 Conclusions

In this chapter, I described the synthesis of water soluble mannose and galactose
monomers that were polymerized directly from a bovine serum albumin macroini-
tiator in the presence of a resin-bound sacrificial initiator. These polymers are the
first example of glycopolymer polymerized directly from a protein in a grafting-from
method. These protein-glycopolymers did not require chromatographic purifica-
tion to remove unreacted macroinitiator or unattached glycopolymer chains, an
improvement over other polymerization methods which require costly purification.
The protein-polymers were characterized by GPC and phenol-sulfuric acid assay to
determine the total conjugate size and carbohydrate content. A number of other
experiments (NMR, FT-IR, BSA-esterase, tryptic digest, acid hydrolysis) were
conducted to determine the number of saccharides per polymer chain. The immune
applications of these protein-glycopolymers will be tested in Chapter 6 for their

interaction with mannose binding lectin and their ability to activate complement.

4.6 Experimentals

4.6.1 Materials

Acetic acid (Mallinckrodt, ACS grade), bovine serum albumin (Fisher, biotechnol-
ogy grade), 2-bromopropionic acid (TCI, 98%), 2-bromopropionyl bromide (Alfa
Aesar, 97%), dimethyl sulfoxide (Fisher, ACS grade), Dowex 50WX8 ion exchange
resin (Aldrich, 200-400 mesh), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (Advanced Chem Tech, 98%), hydrochloric acid (Fisher, ACS
grade), N-hydroxysuccinimide (Alfa Aesar, 98+%), methanol (EMD, Drisolv),
sodium methoxide (Acros, 30wt% in methanol), and trypsin (Thermo Scien-
tific, MS grade) and Wang resin (ChemPep, loading 1 mmol/g) were used as

received. 6-Acryloxy-1,2,3,4-tetraacetate S-mannopyranose and 6-acryloxy-1,2;3,4-
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di-isopropylidene galactopyranose were synthesized as described in Chapter 3.
Copper bromide (Acros, 98%) was purified by stirring in glacial acetic acid and
then rinsing with ethanol. N,N,N’,N” N”-pentamethyldiethylenetriamine (Pfaltz
and Bauer, 99%) was distilled from CaH,. Dialysis tubing with 1000 MWCO
(Spectrum Labs) and centrifugal filter units with 3000 MWCO (Amicon Ultra)

were used for protein purification.

4.6.2 Analytical Techniques

"H NMR spectra (6 ppm) were recorded on Bruker Biospin Ultrashield 300 MHz
or 500 MHz NMR, Spectrometers. Gel permeation chromatography (GPC) was
conducted on a Waters system equipped with UV /vis absorbance and refractive
index detectors and four Waters ultrahydrogel columns (100-5K, 1K-80K, 10K-
400K, 2K-4M, 500-10M). Phosphate buffer with 10 mM PBS and 0.3 M NaCl
at pH 6.6 was used a eluent with a flow rate of 1.0 mL/min. Matrix-assisted
laser desorption/ionization (MALDI) was conducted on an Applied Biosystems
Voyager-DE-STR MALDI-TOF using sinapic acid as matrix. FT-IR was conducted
on a Jasco Model 420.
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4.6.3 6-Acryloxy mannopyranose

Sodium methoxide (23 pL of a 5.4 M solution, 0.12 mmol) was added to 5 mL
methanol. 6-acryloxy-1,2,3 4-tetraacetate S-mannopyranose (0.5 g, 1.2 mmol)
was dissolved in 5 mL dichloromethane. The two solutions were combined and
stirred for four minutes before adding Dowex 50WX8 200-400 mesh ion exchange
resin. The resin was stirred with the solution for 30 minutes and then filtered
out. Product was then purified with dry column vacuum chromatography (0-40%
methanol/DCM). Fractions at Ry = 0.2 in 25% methanol/DCM were combined
and concentrated to yield 0.14 g (46%) of a clear syrup. Fractions at higher Ry
with uncleaved acetates were also collected and could be rereacted with sodium

methoxide.

"H NMR (500 MHz, D,0): 66.37(d, 1H, CHy=CH), 6.13 (m, CH,=CH), 5.89
(d, CHy,=CH), 5.03 (s, H-1), 4.32 (o, 2H, H-6a,b), 3.91 (q, 1H, H-4), 3.81 (d, 1H,
H-2), 3.73 (dd, 1H, H-5), 3.62 (t, 1H, H-3).

4.6.4 6-Acryloxy galactopyranose

6-Acryloxy-1,2;3,4-di-isopropylidene galactopyranose (21 g, 66.8 mmol) was dis-
solved in acetic acid (100 mL) followed by slow addition of water (100 mL)and
heated to 80 °C for six hours. Acetic acid and water were then removed through
rotary evaporation and the remaining pale yellow solid taken up in acetone. The
precipitate was collected and recrystallized in methanol to yield 8.3 g (53%) of a

white powder.

"H NMR (300 MHz, D,0): 66.34 (d, 1H,CH,=CH), 6.09 (m,CH,=CH), 5.88
(d, 1H, CH,=CH), 5.13 (d, H-1), 4.20 (m, 3H, H-5, H-6a,b), 3.92 (dd,H-4), 3.71
(o, 2H, H-2, H-3).
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4.6.5 NHS 2-bromopropionate

2-Bromopropionic acid (1 g, 6.5 mmol), N-hydroxysuccinimide (1.12 g, 9.8 mmol),
and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) (2 g,
10.4 mmol) were dissolved in 30 mL dichloromethane and stirred for 4 hours. The
organic solution was then washed with brine (20 mL, 3x), dried over NaySOy,
and then concentrated by rotary evaporation to 1.6 g (92%) of a colorless syrup.
Product was partially hydrolyzed (<10%) and was used immediately for the

synthesis of the BSA macroinitiator.

'H NMR (300 MHz, CDCl3): 64.61 (q, 1H, CHBr), 2.85 (s, 4H, CoHy), 1.95 (d,
3H, CH;).

4.6.6 Bovine serum albumin macroinitiator

NHS 2-bromopropionate (1.6 g, 6.5 mmol) was dissolved in 3.2 mL dimethylsul-
foxide and added dropwise to bovine serum albumin (2.3 g, 1.15 mmol lysine) in
phosphate buffer (400 mL, 0.1 M, pH 7.5). The solution was stirred overnight, and
then dialyzed in 1000 MWCO tubing against water. Protein concentration was

determined by bicinchoninic acid assay.

MALDI-TOF: Peak at 69.4 kDa.
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4.6.7 Resin sacrificial initiator

Wang resin (0.15 g, 0.15 mmol OH functionality) and triethylamine (62 uL, 0.45
mmol) was added to 5 mL dichloromethane. 2-Bromopropionyl bromide (34 uL,
0.38 mmol) in 5 mL dichloromethane was added dropwise and the heterogeneous
solution was stirred overnight. The resin was filtered and rinsed with methanol

and water and dried under vacuum to collect a quantitative yield.

Initiator conjugation was confirmed by IR spectroscopy with appearance of an

ester peak (1730 cm™).

4.6.8 Example polymerization

Protein-glycopolymers were synthesized as described in the following example.
Resin sacrificial initiator (3.5 mg, 3.5 umol Br) was added to reaction flask 1.
CuBr (5.1 mg, 35 umol), PMDETA (7.3 L, 35 pmol), mannose acrylate (21 mg,
89 umol), galactose acrylate (21 mg, 89 pmol), and water (826 L) were added to
reaction flask 2. BSA macroinitiator solution (8.72 mL, 1.2 pumol Br), mannose
acrylate (62 mg, 265 pmol), and galactose acrylate (62 mg, 265 pmol) were added
to reaction flask 3. The three flasks were degassed through four freeze-pump-thaw
cycles. The contents of flask 2 were added to flask 1 through cannula and the
solution stirred. After 10 minutes, the contents of flask 3 were added to flask 1

through cannula and the solution stirred for 4 hours.

The resin sacrificial initiator was then removed through centrifugation. The
supernatant was centrifuged again through an Amicon centrifugal filter device with
3,000 Da cutoff. Saturated ammonium chloride solution was added to help solubilize
and remove copper. Two rounds of centrifugation with saturated ammonium
chloride followed by two rounds of centrifugation with water were performed to
collect a viscous liquid that was later characterized by bicinchoninic acid assay and

phenol-sulfuric acid assay'?* to determine the protein and saccharide concentration.
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Starting ratios of mannose acrylate and/or galactose acrylate to initiator were

varied to synthesize other protein-polymers.

4.6.9 BSA esterase assay

Protein sample was added to 50 mM, pH 8.5 PBS buffer to make a 1 mL solution
with 10 uM protein. p-nitrophenyl acetate was dissolved in acetonitrile to make a
10 mM stock solution. 10 L of the PNA stock solution was added to the protein

solution. Absorbance at 405 nm was recorded every 5 minutes for 30 minutes.

4.6.10 Tryptic digest

Protein sample was added to a 20 pg/mL trypsin solution to make 2 mg/mL final
concentration of protein-polymer. The solution was heated in a 37 °C water bath

for 15 hours before characterizing by MALDI.

4.6.11 Protein acid hydrolysis

2 mg of protein or potein-polymer sample was added to 10 mL 6 M hydrochloric
acid, sealed in a reaction flask, and heated to 110 °C for 24 hours. Hydrochloric

acid and water were removed by rotary evaporation before characterization by

GPC, NMR, or MALDI.
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CHAPTER 5

Synthesis of glycopolymers through
post-polymerization modification of pyridyl

disulfide polymers

5.1 Introduction

The previous examples of glycopolymers have been synthesized by directly polymer-
izing glycomonomers. Another route towards glycopolymers is post-polymerization
modification with saccharide content. One of the largest challenges in using poly-
merization techniques to produce biomimetic structures is the inherent distribution
in molecular weight, and potentially architecture, that results. Since any polymer
is inherently a mixture of different chain lengths, two different batches of poly-
merizations are never going to be exactly identical no matter how controlled the
polymerization is. These inconsistencies may influence the biological properties of
glycopolymers and complicate analysis of lectin-saccharide interactions. Therefore,
we have synthesized polymers containing pendant pyridyl disulfide groups that can
be reacted with thioglycosides with a simple click reaction. If polymers from the
same batch are modified with different saccharides, we can generate glycopolymers
with different pendant saccharides while maintaining the same underlying polymer.
That is, there is absolutely no difference in the heterogeneity of chain lengths,

making the samples directly comparable.
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Pyridyl disulfide functional groups are one route towards post-polymerization
modification, most popularly through thiol-disulfide exchange. Disulfide exchange
can be tracked by the appearance of a byproduct, pyridyl-2-thione, which can be
monitored spectrophotometrically (Scheme 5.1). This functional group has been

used in a variety of applications, including polymer synthesis and drug delivery.

Their use has been demonstrated as modified polymerization initiators to create
a functional chain end for further reactions. This has been shown extensively
by the Maynard group to conjugate polymer chains to bovine serum albumin,*'”
gold microarrays,,”> and siRNA.126 Pyridyl disulfides have also been used to form
PEGylated nanoparticles. A polymer with pendant pyridyl disulfides was grafted
to poly(ethylene glycol) through thiol-ene and Michael addition. These linkages to

PEG created a cross-linked aggregate with a PEG shell.

Polymers with pendant pyridyl disulfides have also been used for delivery
applications. Their linkages are cleavable under the mild reducing conditions
of the cell cytoplasm environment through the action of glutathione tripeptide,
making disulfide groups particularly attractive for intracellular drug delivery.
Pyridyl disulfide monomers were copolymerized with methacrylic acid and butyl
acrylate to create a polymer that was both pH responsive and membrane disruptive
(methacrylic acid component) as well as glutathione reactive (pyridyl disulfide
component). The polymer was taken up by macrophages and delivered its peptide
payload with no cell toxicity.'?” This work was extended further for use as a
nanoparticle vaccine that delivered a protein antigen through the pyridyl disulfide

handle.128

In this chapter, I describe the synthesis of branched glycopolymers through
post-polymerization modification of a branched pyridyl disulfide polymer with
thioglycosides to create a library of glycopolymers. More broadly, these polymers
can also be used as platforms that can present any thiol containing compounds.

For example, tissue engineering applications often require multiple peptide epitopes
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for cell binding and signaling. The pyridyl disulfide polymers synthesized in this
chapter are modified with thiol-containing integrin binding peptides as a proof of
concept demonstration of this method, and tested for their effect on cell adhesion

in the following chapter.

Scheme 5.1: Disulfide exchange with a pyridyl disulfide group results in release of
pyridyl-2-thione.

5.2 Synthesis of monomers and thioglycosides

The original vision of this portion of the dissertation was to polymerize pyridyl
disulfide ethyl acrylate from a protein macroinitiator and add the sugar com-
ponent through post-polymerization modification. This scheme was meant as a
complement to the protein-glycopolymer conjugates synthesized through direct
polymerization as described in Chapter 4. However, proteins have limited solubil-
ity and bioactivity in organic solvents so any pyridyl disulfide monomer must be
water soluble. The simplest monomer, pyridyl disulfide ethyl acrylate, is poorly
water soluble. A pyridyl disulfide PEG macromer, synthesized from the amidifica-
tion of 2-(pyridyldithio)-ethylamine hydrochloride'® to polyethylene glycol 526
methacrylate succinate (Scheme 5.2), did not increase water solubility noticeably,
despite a report of a water soluble pyridyl disulfide linker using tetraethylene glycol
to solubilize the pyridyl disulfide group.'®® A longer PEG tether could help in

improving solubility, but would also result in decreased density of saccharide.

Incorporation of protein content with the pyridyl disulfide polymers was aban-
doned in favor of synthesizing hyperbranched pyridyl disulfide polymers through the
copolymerization of pyridyl disulfide ethyl acrylate with ethylene glycol dimethacry-
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late as a branching agent. Pyridyl disulfide ethyl acrylate (PDA) was synthesized
through disulfide exchange of 2,2’-dipyridyldisulfide with mercaptoethanol to form
pyridyl disulfide ethanol followed by acrylation of the alcohol with acryloyl chloride
(Scheme 5.2).

Thiogalactoside and thiomannoside were synthesized from the glycosylation of
the fully acetylated sugar with thioacetic acid using boron trifluoride as activator
followed by deprotection of the O- and S- acetates with sodium methoxide to expose
the sugar alcohols and thiol (Scheme 5.3). The molecules were then quenched
with Dowex ion exchange resin. Ellman’s reagent tests to determine the free thiol
content showed that the thioglycosides slowly reacted together into disulfides (<3%
change after 16 hours under ambient conditions at 100 mM). For long term storage,
the thioglycosides were incubated over TCEP conjugated resin. If used directly

after deprotection, the thioglycosides were used without further purification.
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Scheme 5.3: Synthesis of thiomannose (R;, Ry = -OAc; Ry, R3 = -H; Rj5, Rg =
-OH; Rg, R7 = -H ), and thiogalactose (R;, Ry = -H; Rs, R3 = -OAc; Rs, Rg = -H;
Rg, Ry = -OH).
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5.3 Synthesis of hyperbranched pyridyl disulfide polymers

Polymerization of pyridyl disulfide polymers was first attempted using ATRP
with copper bromide as catalyst, MegTren as ligand, and ethyl 2-bromopropionate
(EBP) as initiator. Although ATRP has been used previously to polymerize

31 we did not achieve controlled polymerizations.

pyridyl disulfide based monomers,!
A summary of the pyridyl disulfide polymers generated by ATRP is presented
in Table 5.1. High polydispersities can be seen for these linear polymers. The
MegTren ligated copper catalyst was observed to precipitate from solution after
the addition of pyridyl disulfide monomer, so the lack of control may be attributed
to the copper catalyst interacting with the pyridyl group and disrupting the ATRP
equilibrium between ligated activated and deactivated catalyst states. Common
ATRP ligands such as 2,2’-bipyridine or n-butyl-2-pyridylmethanimine contain
pyridines so it is not surprising that the pyridyl disulfide monomer could also have
a ligating effect. A report on the ATRP of 4-vinylpyridine used a large excess
of ligand to compete with the pyridine monomer and maintain activity of the

132 However, increasing the ratio of the MegTren to catalyst did

catalytic system.
not result in a significant improvement in polymerization control, and repeating

the same experiments with PMDETA as ligand led to no conversion.

Rather than further troubleshooting the ATRP process, reversible addition-
fragmentation chain transfer (RAFT) polymerization was used to synthesize
the branched pyridyl disulfide polymers. RAFT, like ATRP, is a living radical
polymerization technique that results in uniform growth of polymer chains. Control
of the polymerization is maintained through an equilibrium of reversible chain-
transfer between a monomer and a RAFT chain transfer agent, in this case ethyl

2-(phenylcarbonothioylthio)propionate.
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Table 5.1: Summary of data for pyridyl disulfide polymers generated by ATRP.

PDA:EBP:CuBr:MesTren % conversion M, M, PDI

25:1:1:1 35% 9280 4610 2.01
25:1:1:1 94% 15100 6280 2.40
25:1:1:2 86% 19460 9820 1.98
50:1:1:2 58% 4120 2730 1.51
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Pyridyl disulfide ethyl acrylate was copolymerized with the branching agent
ethylene glycol dimethacrylate (EGDMA) as shown in Scheme 5.4 to synthesize
poly(pyridyl disulfide acrylate-co-ethyleneglycol dimethacrylate). Molecular weight
was roughly controlled by adjusting the ratio of PDA monomer to RAFT CTA.
Polymerizations were quenched before reaching high conversion to prevent gelation.
EGDMA can also act as a crosslinker and generate bridges between chains at high
conversion leading to higher molecular weights and possibly insoluble precipitates.
Branching content was adjusted by varying the ratio of EGDMA to RAFT CTA.
As expected, increasing the ratio of branching agent to RAFT chain transfer agent

corresponded to an increase in molecular weight distribution (Table 5.2)

The GPC traces showed a multi-modal distribution (Figure 5.1), similar to
what has been seen previously with RAFT copolymerizations with EGDMA 133
The higher molecular weight portion of the multi-modal distribution may reflect the
population of polymer chains crosslinked together by EGDMA. This distribution
may also explain why the GPC determined molecular weights of the entire polymer

population are higher than expected.
Table 5.2: Summary of data for pyridyl disulfide polymers generated by RAFT.

PDA:EGDMA:CTA:AIBN % conversion M, M,, PDI

60:3:3:1 62% 29710 9850  3.02
100:5:5:1 43% 9860 6960 1.42
100:10:5:1 38% 37170 14000 2.66
198:5:5:1 60% 45950 16480 2.79
198:10:5:1 43% 48470 15350 3.16

103



"OISAOYHADDD) 9ouenbes oprpdod 10 ‘oprsouuewion]) ‘opso1oe[esory) = 3 ‘siowi[od paypueiq 9y} Jo
UOT)RZI[RUOIIOUNJOI 0F PI[ spunodurod Surure)juod [0y} Ym sgueyoxs opynsi sdnois opynsip [ApriAd juepuad ym siowijod

poypuRI| 0} SPRI] 9)R[AIDRYIDWIPOIATS JUAYI0 pue 9)e[AI1de (A0 opymsIp [ApuiAd jo uoryeziowiA[odod T VY G owoydg
w w
W B
N
) T
o & .
S 4Na s ®) ausn|o} N_ _S. o)
NS o_- - IRy o ) J&ﬁO\/\OJ% + S SN
S HS-d s ~ V1D 14v¥ ‘NaIv o Z o)

o o)

104



0.04

0.03

0.02 -

Absorbance

0.01 -

0.00 A - . . .
15 20 25 30 35 40

time (min)

Figure 5.1: GPC trace shows the multi-modal distribution of branched pyridyl
disulfide polymer with PDA:EGDMA:CTA:AIBN = 100:10:5:1.
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5.4 Disulfide exchange with thioglycosides and CRGDS

We conjugated two classes of thiol-containing biomolecules to the pyridyl disulfide
polymers: thioglycosides and a cysteine containing peptide (GCGYGRGDSPG).
Preliminary tests of disulfide exchange between thiomannoside and the pyridyl
disulfide monomer showed significant Michael addition of the free thiol to the
acrylate. Therefore, the pyridyl disulfide monomer must be polymerized prior to

exchange of the thiolated compound with pyridyl disulfide.

Disulfide exchange was achieved by dissolving poly(pyridyl disulfide acrylate-co-
ethyleneglycol dimethacrylate) and the thiol containing biomolecule in dimethylfor-
mamide. Disulfide exchange with pyridyl disulfide groups results in pyridyl-2-thione
released as a byproduct that can be quantified spectrophotometrically. In our case,
we examined UV absorption at 374 nm in DMF (pyridyl-2-thione has a reported
molar extinction coefficient of 5,443 M cm™ in DMF!3*) in order to follow the
completion of the reaction. The modified polymers became fully water soluble
after exchange of the hydrophobic pyridyl group with the hydrophilic saccharide
or peptide. Following removal of excess reagent and pyridyl-2-thione through
dialysis or centrifugal filtration, 'H NMR analysis showed peaks corresponding to
saccharide or peptide, and complete disappearance of pyridine groups (Figure 5.2).
Modified polymers were chosen to cover a range of molecular weights and branching

density as summarized in Table 5.3.
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Figure 5.2: '"H NMRs of polymers exchanged with thiol biomolecules show complete

disappearance of pyridine groups (7-8.5 ppm) along with peaks corresponding to

saccharide ring protons or amino acid side chains and backbone.
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Table 5.3: Summary of polymers produced from disulfide exchange with thiol-

containing biomolecules.

Biomolecule PDA:EGDMA:CTA:AIBN # conjugated”
Galactose 100:5:5:1 29
Galactose 100:10:5:1 59
Galactose 198:5:5:1 68
Galactose 198:10:5:1 64
Mannose 198:5:5:1 68

GCGYGRGDSPG 100:5:5:1 29
GCGYGRGDSPG 198:5:5:1 68

a: determined through M,,
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5.5 Conclusions

In this chapter, I described the synthesis of branched polymers bearing saccha-
rides or peptides through the post-polymerization modification of a branched
pyridyl disulfide polymer. The original polymer, poly(pyridyl disulfide acrylate-co-
ethyleneglycol dimethacrylate), was synthesized through RAFT rather than ATRP
as used in previous chapters of this dissertation. The pyridyl disulfide presenting
polymers were exchanged with thioglycosides and a cysteine containing peptide.

The effect of these modified polymers on cell adhesion will be tested in Chapter 6.
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5.6 Experimentals

5.6.1 Materials

Acetic acid (Mallinckrodt, ACS grade), 2-aminoethanethiol hydrochloride (Acros,
98%), boron trifluoride etherate (Acros, 48%), chloroform (Fisher, HPLC grade),
4-dimethylaminopyridine (Alfa Aesar, 99%), dimethylformamide (BDH, ACS
grade), 2,2” dipyridyl disulfide (TCI, 98%), Dowex 50WX8 ion exchange resin
(Aldrich, 200-400 mesh), ethyl 2-bromopropionate (Alfa Acros, 99%), 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide (Advanced Chem Tech, 98%), ethyl 2-
(phenylcarbonothioylthio)propionate (Sigma Aldrich, 97%), galactose (Fisher,
off white to white powder), mannose (Amresco, high purity grade), mercap-
toethanol (Sigma Aldrich), peptide Ac-GCGYGRGDSPG-NH; (GenScript, 95.3%),
poly(ethylene glycol) monomethacrylate 525 (Sigma Aldrich), pyridine (J.T. Baker,
ACS grade), sodium methoxide (Acros, 30wt% in methanol), succinic anhydride
(Alfa Aesar, 99%), and thioacetic acid (Acros, 98%) were used as received. Copper
bromide (Acros, 98%) was purified by stirring in glacial acetic acid and then
rinsing with ethanol. Acryloyl chloride (Alfa Aesar, 96%), dichloromethane (EMD,
ACS grade), ethylene glycol dimethacrylate (Sigma Aldrich, 98%), N,N,N’,N” ,N”-
pentamethyldiethylenetriamine (Pfaltz and Bauer, 99%), toluene (Fisher, ACS
grade), and triethylamine (Alfa Aesar, 99%) were distilled before use. Azobi-
sisobutyronitrile (Sigma Aldrich, 98%) was recrystallized from methanol. Tris(2-
aminoethyl)amine (MegTren) was synthesized according to a published proce-
dure.!® Dialysis tubing with 1000 MWCO (Spectrum Labs) and centrifugal filter
units with 3000 MWCO (Amicon Ultra) were used for purification of the disulfide

exchanged polymers.
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5.6.2 Analytical Techniques

'"H NMR spectra (§ ppm) were recorded on Bruker Biospin Ultrashield 300 MHz or
500 MHz NMR spectrometers. Gel permeation chromatography relative to linear
poly(methyl methacrylate) standards (GPCppspr4) was conducted on a Waters
system equipped with UV /vis absorbance and refractive index detectors and four
Waters styragel columns (100-5K, 500-30K, 50-100K, 5K-600K). Tetrahydrofuran
(THF) with a flow rate of 1.0 mL/min was used.

5.6.3 Poly(ethylene glycol) monomethacrylate monosuccinate

Poly(ethylene glycol) monomethacrylate 525 (5.0 g, 0.95 mmol) was dissolved in 50
mL chloroform. Succinic anhydride (1.9 g, 1.9 mmol) and 4-dimethylaminopyridine
(0.12 g, 0.1 mmol) were added to the solution. The solution was refluxed overnight,
washed with 1% HCI (50 mL, 43x), dried over NaySOy, and concentrated to a
pale yellow syrup.

T NMR (300 MHz, CDCly): 65.60 (d, H-1), 4.65 (dd, H-3), 4.37 (dd, H-2),
4.31 (dd, H-4), 3.91 (m, 2H, H-6a,b), 3.8 (m, H-5), 1.3-1.57(s, 12H, 4 CHy).

5.6.4 2-(Pyridyldithio)-ethylamine hydrochloride

2-Aminoethanethiol hydrochloride (2.5 g, 21.6 mmol) in 10 mL methanol was
added dropwise to a round bottom flask containing 2,2’ dipyridyl disulfide (5 g,
22.7 mmol), acetic acid (0.9 mL), and 30 mL methanol. The solution was stirred for
two days and then concentrated to a yellow syrup with a rotary evaporator. The
syrup was repeatedly precipitated into cold diethyl ether until no color remained

to collect 3.67 g (76%) of a white powder.

'H NMR (300 MHz, CDCl3): 69.24 (broad, NH;), 8.69, 7.62, 7.36, 7.23, 3.34
(CQH4).
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5.6.5 Pyridyl disulfide PEG methacrylate macromer

2-(Pyridyldithio)-ethylamine hydrochloride (0.2 g, 0.9 mmol) and poly(ethylene
glycol) monomethacrylate monosuccinate (0.47 g, 0.75 mmol) were dissolved in 5
mL dimethylformamide. After stirring for 15 minutes to allow the 2-(pyridyldithio)-
ethylamine hydrochloride to dissolve, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(0.35 g, 2.2 mmol) was added and the reaction was stirred overnight. The solution
was concentrated to a yellow syrup by rotary evaporation. The syrup was taken
up in 30 mL DCM, washed with saturated sodium bicarbonate solution (30 mL,

3x), dried over NaySOy, and concentrated to 0.56 g (79%) of a pale yellow syrup.

'H NMR (300 MHz, CDCl3): 68.5 (d, 1H), 7.62 (t, 1H), 7.5 (d, 1H), 7.08 (t,
1H), 6.1 (s, CHy=C), 5.55 (s, CHy=C), 4.21 (m, PEG), 3.6 (broad, PEG), 3.51 (t,
CH,NH), 2.89 (t, CH3S), 2.66 (t, CHy), 2.48 (t, CHy), 1.9 (s, CHj).

5.6.6 Pyridyl disulfide ethanol

2,2’ Dipyridyl disulfide (10.7 g, 48.6 mmol) and acetic acid (1 mL) were dissolved
in 50 mL methanol and placed in a three neck round bottom flask. The solution
was left under nitrogen for one hour before adding mercaptoethanol (1.7 mL, 24.3
mmol) dropwise through a septum via a syringe. The solution was stirred overnight
before concentrating by rotary evaporation. Vacuum column chromatography was
performed to collect 2.4 g (53%) of a pale yellow syrup. Unreacted 2,2’ dipyridyl

disulfide was also collected and could be reused.

'H NMR (300 MHz, CDCl3): 68.49 (d), 7.57, 7.39 (d), 7.13, 5.75 (broad, OH),
3.79 (t, CH,), 2.93 (t, CH,).
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5.6.7 Pyridyl disulfide ethyl acrylate

Pyridyl disulfide ethanol (6.2 g, 33.2 mmol) was dissolved in 50 mL dichloromethane
and triethylamine (6.9 mL, 49.8 mmol). The solution was cooled in an ice bath
before adding acryloyl chloride (3.5 mL, 43.2 mmol) in 12 mL dichloromethane
dropwise. The reaction was stirred overnight before washing the dichloromethane
solution with water (50 mL, 3x), dried over NaySOy, and concentrated by rotary
evaporation. Vacuum column chromatography was performed to collect 6.2 g

(77%) of pyridyl disulfide ethyl acrylate as a pale yellow syrup.

'H NMR (300 MHz, CDCly): 68.44 (1H), 7.65 (2H), 7.07 (1H), 6.39(d, 1H,
CH,=CH), 6.08 (m, CH,=CH), 5.83 (d, 1H, CH,=CH), 4.4 (s, 2H, CH,), 3.06 (s,
2H, CH,).

5.6.8 Example ATRP of pyridyl disulfide acrylate

CuBr (3.4 mg, 0.024 mmol) was sealed with a septum in a reaction flask, and
deoxygenated through argon/vacuum cycles. MegTren (18.8 plL, 0.047 mmol) was
added and the ligated copper stirred for 15 minutes. Pyridyl disulfide ethyl acrylate
(289 mg, 1.19 mmol), ethyl bromopropionate (3.1 pL, 0.024 mmol), and 680 puL
toluene was added through the septum with a syringe. The flask contents were
degassed through five freeze-pump-thaw cycles and stirred at 70 °C for 20 hours.
Contents were passed through an alumina plug and then precipitated into cold

diethyl ether to result in 0.19 g (66%) of a yellow oil.
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5.6.9 Example RAFT of pyridyl disulfide acrylate

Pyridyl disulfide ethyl acrylate (293 mg, 1.22 mmol), ethylene glycol dimethacrylate
(12 mg, 0.061 mmol), ethyl 2-(phenylcarbonothioylthio)propionate (15.4 mg, 0.061
mmol), azobisisobutyronitrile (2 mg, 0.012 mmol), and 1.2 mL toluene were added
to a reaction flask. The flask contents were degassed through five freeze-pump-thaw
cycles and stirred at 70 °C. After 20 hours, the contents were precipitated into
cold diethyl ether to result in 0.21 g (72%) of a red oil.

5.6.10 1-Thio-2,3,4,6-tetraacetate mannopyranose

1,2,3,4,6-Pentaacetate mannopyranose (4.8 g, 12.3 mmol) was dissolved in 20 mL
dichloromethane and thioacetic acid (1.7 mL, 24.6 mmol). The solution was cooled
in an ice bath before adding boron trifluoride etherate (4.5 mL, 36.9 mmol). The
reaction was allowed to warm to room temperature and then stirred for two days.
The dichloromethane solution was washed with water (50 mL, 4x), dried over
NaySOy, concentrated by rotary evaporation, and crystallized from methanol to
collect 2.4 g (48%) of a white powder. 'H NMR (300 MHz, CDCl3): §5.49 (s, 2H,
H-1,H-2), 5.26 (t, H-4), 5.13 (dd, H-3), 4.27 (dd, H-6a), 4.11 (dd, H-6b), 3.82 (ddd,
H-5), 1.97-2.36 (s, 12H, CHy).

5.6.11 1-Thio mannopyranose

1-Thio-2,3,4,6-tetraacetate mannopyranose (100 mg, 0.25 mmol) was dissolved in
500 pL methanol. Sodium methoxide (14.6 mg, 0.27 mmol) was added and the
solution stirred until the reaction was complete by TLC. The solution was diluted
with an equal volume of water and passed through a short plug of Dowex H50WXS8

ion exchange resin and concentrated to collect a 48 mg (98%) of a white powder.

'H NMR (300 MHz, D,0): 64.8 (s, H-1), 3.85 (d, H-2), 3.67 (m, 3H, H-3,
H-6ab), 3.42 (t, H-4 ), 3.3 (ddd, H-5).
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5.6.12 1-Thio-2,3,4,6-tetraacetate galactopyranose

1-Thio-2,3,4,6-tetraacetate galactopyranose was synthesized in a similar procedure

to 1-thio-2,3,4,6-tetraacetate mannopyranose.

'H NMR (300 MHz, CDCl;): 65.46 (dd, H-4), 5.28 (m, 2H, H-1, H-2), 5.11
(dd, H-3), 4.08 (m, 3H, H-5, H-6ab), 1.98-2.98 (s, 12H, CHs).

5.6.13 1-Thio galactopyranose

1-Thio galactopyranose was synthesized in a similar procedure to 1-thio mannopy-

ranose.

'H NMR (300 MHz, D,0): 64.45 (d, H-1), 3.9 (d, H-4), 3.68 (m, 3H, H-5,H-6ab),
3.56 (dd, H-3), 3.47 (t, H-2).

5.6.14 Example disulfide exchange with pyridyl disulfide polymer

Poly(pyridyl disulfide acrylate-co-ethyleneglycol dimethacrylate) (10 mg, 0.0414
mmol pendant pyridyl disulfides) was dissolved in dimethylformamide (1495 pL)
and mixed with a thiogalactoside solution (162 pL of 100 mg/mL in DMF, 0.0828
mmol) and incubated for five hours (absorbance of the solution at 374 nm showed
full conversion of pyridyl disulfides). DMF was removed under reduced pressure.
The resulting yellow syrup was dissolved in water and dialyzed in 1000 MWCO
dialysis tubing against water for 12 hours with three changes of the water solution.
The polymer solution was then lyophilized to collect 3.4 mg (51%) of a white
powder. Exchange with GCGYGRGDSPG was similar but used centrifugal filter
units with 3000 MWCO to remove excess peptide.
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CHAPTER 6

Biological interaction of polymers

The experiments described in this chapter elucidate the polymer properties that
influence lectin binding, in particular the branching architecture and nature of
the branch point (Chapter 3 polymers), and the 3D display of glycans through
polymerization from a protein component (Chapter 4 polymers). They also describe
the effect of soluble clusters of galactose or RGD on fibroblast adhesion (Chapter
5 polymers).

The glycopolymers described in Chapter 3 are linear with pendant mannoses
or branched with mannose, galactose, or no saccharide content at the branch point.
The glycopolymers described in Chapter 4 are protein-glycopolymer conjugates
containing different ratios and amounts of mannose and galactose. The polymers
described in Chapter 5 are branched structures displaying saccharides or RGD
peptides. Relevant data for the polymers are shown in Table 6.1, Table 6.2, and
Table 6.3.
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Table 6.1: Summary of linear and branched glycopolymers from Chapter 3 investi-

gated in Chapter 6.

Linear polymers

Compound [M]o:[Mannose initiator]y: M, M, PDI
[CuBr|:[MegTren]

# mannose = 14 25:1:1:1 6990 5770 1.21

# mannose = 42 50:1:1:1 20480 16820 1.22

# mannose = 75 100:1:1:1 37600 30310 1.24

Branched glycopolymers with mannose at branch point

Compound [M]o:[Mannose inimer|y: M, M, PDI
[CuBr|:[MegTren]

# mannose = 10, 125:25:1:1 5780 4050 1.67
[M]o:[Mannose inimer|y 5:1

# mannose = 14, 50:25:1:1 15610 5980 2.61
[M]o:[Mannose inimer|y 2:1

# mannose = 42, 50:25:1:1 37920 17640 2.15
[M]o:[Mannose inimer|y 2:1

# mannose = 14, 25:25:1:1 8600 5750 1.5

[M]o:[Mannose inimer]|y 1:1
Branched glycopolymers without saccharide at branch point

[M]o:[Inimer]y:

Compound M,, M, PDI
[CuBr]:[MegTren]
# mannose = 18, 50:25:1:1 36380 8440 3.12
[M]o:[Inimer]y 2:1
# mannose = 10, 25:25:1:1 10280 5360 1.92

[M]o:[Inimer]q 1:1
Branched glycopolymers with galactose at branch point

[M]o:[Galactose inimer]o: M, M, PDI
[CuBr):[MegTren]

# mannose = 13, 50:50:1:1 17110 11260 1.52
[M]o:[Galactose inimer|y 1:1

Compound

117



Table 6.2: Summary of protein-glycopolymers from Chapter 4 investigated in
Chapter 6.

Compound # saccharides/protein

G600 306
G300 184
M1200 360
M600 239
M150 70
MG300300 174

Table 6.3: Summary of branched polymers displaying saccharides or peptides from
Chapter 5 investigated in Chapter 6.

Compound Biomolecule type  #
Gal 198:5:5:1 Galactose 68
RGD 100:5:5:1 GCGYGRGDSPG 29
RGD 198:5:5:1 GCGYGRGDSPG 68

118



6.1 Introduction

Most biological applications of glycopolymers revolve around their interaction with
carbohydrate binding proteins, or lectins. Lectin binding to sugars is primarily
dependent on the saccharide identity but in terms of polymer characteristics, lectin
binding is also dependent on the chain length/clustering and architecture of the
polymer, where chain length/clustering represents the number of sugar repeat

units, and architecture describes the polymer’s microstructure.

6.1.1 Saccharide identity

Lectins are specific to their corresponding sugars; for example, plant lectins such
as peanut agglutinin binds to galactose while concanavalin A (Con A) binds
to mannose, but agglutinin does not bind to mannose nor does Con A bind to
galactose (Figure 6.1).13513% This specificity is related to the orientation of the
sugar hydroxyls with mannose having equatorial 3- and 4- hydroxyls while galactose
has an equatorial 3- hydroxyl and an axial 4- hydroxyl. Binding specificity has also
been demonstrated in human immune system lectins. Haddleton and coworkers
synthesized homopolymers and statistical copolymers of mannose and galactose
derived monomers and tested their binding with mannose reactive DC-SIGN
(dendritic cell specific ICAM-3 grabbing nonintegrin).%® Binding was not seen with
galactose homopolymers, but increased with greater mannose density. Sequence

control of the saccharide in the polymer chain had no effect on binding.%

6.1.2 Chain length and clustering

Lectins typically bind individual monosaccharides with low affinity but bind
polysaccharides with high avidity, where avidity describes the combined synergistic
strength of multiple bond interactions. Therefore, lectins must bind multiple

saccharides to bind with sufficient strength to trigger the appropriate biological
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response. Lectins often have oligomeric structures, reflecting the use of multivalency;,
where each subunit binds to a separate ligand. A phenomenon commonly known as
the cluster glycoside effect has been observed when studying carbohydrate-lectin
interactions, where a greater increase in activity is detected with multivalent
polysaccharides than an identical molar amount of individual monosaccharides.”
While in general, larger structures of saccharides have enhanced binding, the effect
is more nuanced. In addition to the act of binding, biological activity may also be
mediated by clustering of lectins, the rate at which these clusters are formed, and

the distance between lectins in the clusters.

The Kiessling group has studied this lectin-saccharide binding differences
between various saccharide containing structures such as glycoclusters, glycoden-
drimers, linear glycopolymers (through controlled or uncontrolled techniques),
and glycoproteins.!3” Although there were subtle variations across the different
assays used to investigate lectin binding (solid-phase, quantitative precipitation,
turbidity, and fluorescence quenching), high molecular weight polymers with the
most number of mannoses were the most potent inhibitors of Con A binding.
Broad polydispersity polymers bound higher number of Con A but at a slower
rate than relatively narrow polydispersity polymers synthesized through ROMP.
Furthermore, the distance between Con A tetramers was larger for broad poly-
dispersity polymers than narrow polymers. Inducing biological activity through
lectin binding may require a certain threshold of lectin clustering, so these results
demonstrate how small changes in polymer structures can change the biological

activity.
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In another study, the density of binding epitopes was found to have an effect on
lectin binding.%” Glycopolymers with a high density of binding mannose monomers
can bind many Con A lectins, but not every saccharide is bound due to steric effects.
In comparison, copolymerizing the mannose monomers with non-binding galactose
monomers (in order to maintain similar length, polarity, and steric properties of
the polymer) results in a glycopolymer with a lower density of binding epitopes

that bound fewer Con A but with higher efficiency (fewer mannose per Con A).

6.1.3 Architecture

Polymer architecture refers to the variations in polymer structure due to variations
in microstructure, although others have used the term to refer to macromolecules
with different linkages. In this thesis, architecture will primarily refer to branching

or multivalent display of polymer chains.

Polysaccharide architecture with regards to branching has been shown to
influence biological interaction. This is reflected in the different structures of linear
and branched natural polysaccharides. For example, glucose is commonly stored in
plants as the linear polysaccharide, amylose, but in contrast, animals store glucose
as a branched polysaccharide, glycogen. Branching in this case affects the biological
properties by providing additional enzyme attachment sites while containing the
same amount of overall glucose as a linear starch chain. This arrangement allows
for faster release of glucose than compared to a linear starch chain which only
has two enzyme attachment sites.!®® Natural 3-glucans have been shown to have
different immunomodulation potencies depending on their branching complexity,
with polysaccharides having degrees of branching between 0.20 and 0.33 as the
most potent. This immune activity is hypothesized to be related to the helical

conformation and presentation of hydrophilic groups of branched structures.!3%140
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The effect of connectivity is also evident in synthetic oligosaccharide structures.
The Seeberger group synthesized a linear trisaccharide and branched trisaccharide,
and found different binding results with cyanovirin N between the two despite the

same overall number of mannose units.!*!

Glycomimetic branching architecture also affects biological interaction. Reuter
found that comb-branched sialic acid glycopolymers were stronger inhibitors
of influenza virus than linear glycopolymers and spheroidal glycodendrimers.!4?
These binding differences are attributed to the increased binding capacity of
branched polymers over their linear counterparts. In the case of the spheroidal
glycodendrimer, the rigid size and shape of the dendrimer may have limited its
interaction with the virus even though the dendrimer has a large binding capacity
similar to the branched polymer. In another study, four arm star glycopolymers

had the same bioactivity with Con A as linear polymers.'43
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Figure 6.1: Lectin binding with multivalent saccharide structures is sensitive to
saccharide identity, polymer chain length, and architecture. Structures of synthetic
oligosaccharides are adapted from reference.'*! Concanavalin A structure adapted

from the Wikimedia Commons file 3CNA Concanavalin A.png
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6.1.4 Mannose binding lectin and complement

Mannose binding lectin’s (MBL) primary function in the body is as part of the
complement system (although it has also been shown to act directly as an opsonin
as well). The complement system is a group of circulating blood proteins that
is part of innate immunity, although recent research has linked it to certain
aspects of the adaptive immune system as well.'4* Activation of complement
results in localized inflammation and recruitment of phagocytes, opsonization of
pathogens to enhance their phagocytosis, and lysis of pathogen cell membranes
through formation of the membrane attack complex. Activation can occur through
three main pathways: the classical pathway from antigen-antibody complexes, the
alternative pathway from spontaneous hydrolysis of complement proteins on cells,
and the lectin pathway from binding of mannose binding lectin to polysaccharide
and glycoprotein elements of pathogens. Mannose binding lectin-associated serine
proteases (MASPs) complex with MBL and cleave C4 and C2, much like how
C1 acts in the classical pathway. The C4b2a complex is formed resulting in C3

cleavage and the same complement cascade seen with the other pathways.

MBL consists of a sugar binding domain, a neck region, a collagenous region,
and a cysteine-rich N-terminal region.!*® The sugar binding domain has three
binding sites separated by 54 A that bind sugars typically with equatorial 3- and 4-
hydroxyls (e.g. N-acetyl glucosamine, mannose, glucose). The spacing of the sugar
binding sites requires the lectin to either bind with separate sugar structures on a
bacterial membrane or with a large polysaccharide. In contrast, monosaccharides
or even short oligosaccharides would not have the correct spacing to sufficiently
bind with the lectin. Individual affinity of a sugar to a binding site is rather weak
at 1073 M; therefore multiple instances of binding are required for sufficient binding
avidity. Native mannose binding lectin circulates as oligomers of protein subunits,
with anywhere from two to six subunits clustered together, further reflecting the

need for multivalency to generate functional avidity.
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Figure 6.2: Mannose binding lectin binds to mannose or similar saccharides on

pathogen surfaces and trigger the complement cascade.

6.2 Biological interaction of linear and branched glycopoly-

mers from Chapter 3

The polymers from Chapter 3 have linear or branched architectures with pendant
mannoses. For the branched polymers, the branch point contains mannose, galac-
tose, or no saccharide component. Table 6.1 summarizes the properties of the

glycopolymers investigated in this section.

6.2.1 Interaction with Concanavalin A

Biological interaction was first investigated using a turbidimetric assay with
concanavalin A (Con A), a plant lectin that binds to mannose. The assay finds the
binding ability of the polymers by measuring the absorbance of the solution. As
binding occurs, the lectin crosslinks with the polymer, leading to precipitation of
the lectin out of solution and an increase in absorbance. An intermediate molecular
weight linear polymer was chosen with 25 mannose residues and dissolved to 0.1
mg/mL in a HEPES buffered solution containing Ca?* ions and mixed with an
equal volume of 1 yM Con A. No increase in absorbance at 420 nm was seen

over 15 minutes. In contrast, a natural polysaccharide, mannan, was tested and
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showed a dramatic increase in absorbance as lectin crosslinked and precipitated
out of solution. This negative result for Con A and glycopolymer binding was not
surprising as the lectin requires binding at the 3-, 4-, and 6- hydroxyls.!4® The
synthetic scheme for our glycomonomer and glycoinimer results in the mannose

connected to the backbone at the 6 position so binding is therefore not possible.

6.2.2 Interaction with mannose binding lectin

We next studied the ability of human mannose binding lectin to bind with the
different glycopolymers. MBL binding is dependent on only the 3- and 4- hy-
droxyls™ so in contrast to the Con A experiments, we expect the polymers to
exhibit binding activity. MBL binding was first measured using a direct enzyme
linked lectin assay (ELLA), an assay similar to the commonly run enzyme linked
immunosorbent assay (ELISA). In this assay, the polymer of interest was adsorbed
to a plastic plate and checked for binding to lectin in solution. In this set of
experiments, human serum was used as a source of MBL. The immunosorbent
wells incubated with glycopolymer showed significantly less binding with MBL

than positive control wells incubated with mannan (Figure 6.3).

The assay was not sensitive enough to detect differences between polymers
with different molecular weight or architecture. This lack of sensitivity may
stem from two causes. First, the synthetic glycopolymers are of lower molecular
weight compared to mannan resulting in less adsorption to the well. Furthermore,
adsorption of the polymers to the plastic may cause conformational changes that

mask any binding differences between different polymers.
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Figure 6.3: Direct enzyme linked lectin assay shows linear and branched glycopoly-
mers glycopolymers interact with mannose binding lectin with much less affinity
than the natural polysaccharide mannan. Little difference is seen between the

different architectures.
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In order to tease out subtle differences in binding activity of glycopolymers,
MBL interaction was quantified through an inhibitory enzyme linked lectin assay.
The assay relies on a competition between binding of lectin to polymers in solution
versus the natural polysaccharide mannan coated on a plate. Polymers with higher
inhibition of MBL from mannan can be interpreted as having more interaction
and avidity with MBL. Relative potency was determined by comparing the 1Cy5
values of monomeric mannose and the polymer rather than the customary ICs
values as some of the polymer inhibition curves plateaued before reaching 50%
inhibition. This plateau occurs as the bound mannan outcompetes the soluble
polymer and is a well known limitation of ELLA.? The inhibition values could be
artificially increased by decreasing the amount of serum added but would lead to
loss of resolution for the higher avidity polymers. Using [Csy; for relative potency
calculations still captures the differences between polymers without leading to any
of the magnitude distortions when using ICsy. Statistically significant differences
between data sets were determined by comparing plotted 95% confidence bands.*4”
Two data sets are considered to be significantly different if their confidence bands
do not overlap (Figures 6.6, 6.7). Relative potencies of glycopolymers with MBL

against free mannose are shown in Table 6.4.

Effect of molecular weight

The cluster glycoside effect was demonstrated with the increased interaction of
linear glycopolymers with increasing molecular weight, after normalizing for the
concentration of mannose residues. A linear polymer with 42 mannose units (Entry
2) inhibits MBL 80 times better than a linear polymer with 14 mannose units
(Entry 1) as seen in Figure 6.4a. This effect tapered off at higher molecular weight
with little potency difference between glycopolymers with 42 and 75 mannose units

(Entries 2 and 3).
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The cluster glycoside effect was also seen with branched glycopolymers when
varying the molecular weight but maintaining the comonomer feed ratio (Fig-
ure 6.4b). A branched glycopolymer with 42 mannose residues (Entry 5) interacts
with MBL ten times better than a branched glycopolymer with 14 mannose residues

(Entry 4) with the same apparent branching density.

Effect of branching

The polymer architecture was found to have a significant effect on MBL interaction.
A highly branched polymer with 14 mannose residues (Entry 9) has 90 times
greater interaction with MBL than a linear polymer with the same number of
mannose residues (Entry 6) (Figure 6.4c, black circles versus white triangles). The
effect is diminished but still present with higher molecular weight polymers with a
branched polymer with 42 mannose residues (Entry 11) inhibiting MBL four times
better from mannan than a linear polymer with the same number of mannose
residues (Entry 10). This architecture-dependent enhancement in binding avidity
can also be attributed to the cluster glycoside effect as the branched glycopolymers
offer increased clustering of the mannose units over the linear glycopolymers. This
effect has been previously seen with a sialic acid glycopolymer used for influenza
virus inhibition,'*? in which linear glycopolymers and spheroidal glycodendrimers

were not as effective inhibitors as comb-branched glycopolymers.
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Effect of branching density

An increase in the apparent branching density of glycopolymers increases the
avidity of the MBL interaction. A branched polymer with higher branching density
inhibits MBL three times as well than a branched polymer of the same mannose
content but lower branching density (Entry 9 versus Entry 8, Figure 6.4c; black
circles versus white circles). Previous work has noted that the increased interaction
due to additional branching rapidly diminishes as the excess branches may entangle
and limit interaction with the protein or become buried within the polymer and be
unavailable for binding.!*?> The decrease in interaction with higher branching den-
sity is consistent with binding results of natural oligosaccharides with Apostichopus
japonicus mannose binding lectin. This lectin’s hemagglutination activity was
inhibited by low-branched oligosaccharides but not by high-branched mannans.!4®
Unfortunately, because the glycoinimer could not be homopolymerized, we could

not test whether our polymers followed the same trend with the highest theoretical

branching density version of our glycopolymer.

Effect of saccharide at the branch point

The presence of mannose at the branch point led to three times as much inhibition
compared with a similarly branched polymer without saccharide at the branch
point (Figure 6.5a). This result by itself was inconclusive for determining the
effect of saccharide at the branch point because these two glycopolymers had a
slight difference in the number of mannose residues per chain but similar overall
M,, (Entry 12: 10 mannoses with no saccharide in the branch point versus Entry
13: 14 mannoses with mannoses in the branch point). Some of the difference in

avidity may be due to differences in the number of mannoses per chain.
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Glycopolymers with a lower apparent branching density were also tested.
Glycopolymer without mannose at the branch point (Entry 15, 18 mannoses)
was tested against glycopolymer with mannose at the branch point (Entry 16,
14 mannoses). If only the number of mannoses is considered, entry 16 should
have higher potency. However, there was no significant difference between the
two polymers (Figures 6.5b, 6.7). The presence of mannose at the branch point
compensated for the lower overall number of mannose units so that the two

polymers had similar inhibition profiles.

Placing a saccharide at the branch point will result in changes to the physical
properties of the polymer (i.e. more flexible backbone) that could influence lectin
binding. Therefore, we tested a branched glycopolymer that used a galactose
inimer. Galactose does not bind to MBL and thus allows us to separate the effect
of physical properties from the biomimetic properties of placing mannose at the
branch point. The glycopolymer that incorporates galactose at the branch point
(Entry 14) was three times less potent than a similarly branched glycopolymer with
mannose at the branch point (Entry 13), despite both having a similar number of
mannoses. In comparison, the galactose containing branched glycopolymer had a
similar inhibition profile as Entry 12, a glycopolymer with similar mannose content
but with no saccharide content at the branch point, indicating that there was no

binding effect from the physical properties of the branch point.

Therefore, we can attribute the increase in MBL avidity to the biomimetic
nature of the branched polymers containing the mannose inimer rather than any
physical property changes due to the incorporation of saccharide at the branch
point. This effect has some precedent: even though MBL typically binds to ter-
minal sugars, a study with natural oligosaccharides suggests that lectins can also

interact with backbone or side-chain mannose residues.'*®
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Table 6.4: Relative potency of glycopolymer interaction with MBL.

Entry Compound Relative potency”
Mannose 1
Effect of MW: Linear polymers’

# mannose = 14 1
2 # mannose = 42 80
# mannose = 75 60
Effect of MW: Branched polymers®
4 # mannose = 14, 30
[M]o:[Mannose inimer|y 2:1
5 # mannose = 42, 300

[M]o:[Mannose inimer]q 2:1
Effect of Architecture®

6 # mannose = 14, linear 1

7 # mannose = 10, 3
[M]o:[Mannose inimer|y 5:1

8 # mannose = 14, 30
[M]o:[Mannose inimer|y 2:1

9 # mannose = 14, 90
[M]o:[Mannose inimer]q 1:1

10 # mannose = 42, linear 80

11 # mannose = 42, 300

[M]o:[Mannose inimer]q 2:1
Effect of Mannose in Branch Point®

12 # mannose = 10, 30
[M]o:[Inimer]y 1:1

13 # mannose = 14, 90
[M]o:[Mannose inimer]q 1:1

14 # mannose = 13, 30
[M]o:[Galactose inimer]y 1:1

15 # mannose = 18, 20
[M]o:[Inimer]y 2:1

16 # mannose = 14, 30

[M]o:[Mannose inimer]q 2:1
a: ICZBmannose:ICZBCompound
b: Significant differences between entries 1 and 2, 1 and 3
¢: Significant differences between entries 4 and 5
d: Significant differences between entries 6 and 8, 6 and 9, 7 and 8, 7 and 9, 8 and 9, 10 and 11
e: Significant differences between entries 12 and 13, 13 and 14
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Figure 6.4: Mannose glycopolymers have increased interaction with MBL with

(a) increasing linear polymer molecular weight, (b) increasing branched polymer

molecular weight, (c¢) branching architecture, and increasing branching density.

The ratios represent the initial polymerization conditions [M]y:[Mannose inimer]o.
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at the branch point (18 mannose units). The ratios represent the initial polymer-
ization conditions [M]o:[Glycoinimer], (mannose or galactose at branch point) or

[M]o:[Inimer]y (no saccharide at branch point).
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determine significant differences.
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6.3 Biological interaction of protein glycopolymers from

Chapter 4

The protein-polymers described in Chapter 4 were polymerized directly from bovine
serum albumin and are composed of pendant mannose and/or galactose. The
number of saccharides per protein (and therefore per chain) were varied along with
the composition of mannose and galactose. Table 6.2 summarizes the properties of

the glycopolymers investigated in this section.

6.3.1 Interaction with mannose binding lectin

Similar experiments with MBL were conducted on the protein-glycopolymer conju-
gates as described earlier. The experimental procedures are roughly the same; the
largest change is the use of recombinant human mannose binding lectin (rMBL)
rather than human serum and a corresponding change in the primary antibody

used.
Direct ELLA

Biological interaction was first tested through direct ELLA. Bovine serum albumin
(BSA), the BSA macroinitiator, and a BSA-galactose polymer with 184 galactoses
all had negligible binding to rMBL when compared to the polysaccharide mannan
as seen in Figure 6.8a. When mannose content was incorporated, we observed
nearly similar binding as seen with the positive control, mannan, with the greatest
interaction seen with the largest polymers, M1200 and M600 with 360 and 239 man-
noses respectively (Figure 6.8b). Decreasing mannose content to 70 with M150 led
to a statistically significant drop in interaction. MG300300, a mannose/galactose
copolymer with 174 total saccharides (87 mannoses assuming even split of mannose
and galactose) was not significantly different from M150. These results suggest

that the total number of reactive saccharides is the controlling factor in rMBL
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binding rather than their distribution, as MG300300 has roughly the same number
of reactive mannoses as M 150, but they are distributed randomly in a statistical

copolymer with galactose.
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Figure 6.8: Direct enzyme linked lectin assay of protein glycopolymers show (a)
BSA, BSA initiator, and BSA-galactose have negligible binding with rtMBL and (b)
increasing mannose content increases binding. * Denotes statistically significant
difference between groups with a * symbol and groups without a * symbol. #

denotes statistically significant difference between groups with a # symbol and

groups without a # symbol.
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Inhibitory ELLA

Although direct ELLA is a good tool for determining binding of the lectin, it
may lead to some artifacts because of different levels of adsorption between
samples or conformational changes due to adsorption of the protein-glycopolymer
to the well plate. Therefore, we also characterized the protein-glycopolymers
through inhibitory ELLA to elucidate more subtle differences between the samples.
Inhibitory ELLA also allows us to more directly compare these conjugates against
glycopolymers with no protein content, as the free glycopolymers may not adsorb

to the well plates in a similar fashion.

As expected, unmodified BSA and BSA-macroinitiator had no inhibitory effect
on rMBL binding with mannan (Figure 6.9a) and BSA-galactose glycopolymer
showed only slight inhibition with an inhibition plateau at 10% (Figure 6.9b).
These results demonstrate the assay’s specificity for mannose-containing structures

and that the protein structure alone has no effect on rMBL binding.
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rMBL.
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While a BSA-mannose glycopolymer that bound rMBL and activated comple-
ment has been previously synthesized through a grafting-to approach of a single
polymer chain to BSA’s free thiol,> no other structures were explored. We studied
the effect of mannose content on rMBL interaction as we presented multiple gly-
copolymer chains and varied the mannose presentation by varying chain length or

mannose density.

We increased the mannose chain length by increasing the feed ratio of mannose
monomer to BSA-macroinitiator. M600 (239 mannoses per protein) had a relative
potency six times higher than M150 (70 mannoses per protein) when comparing
ICs0 values (Figure 6.10, Table 6.5). The increase in potency from M150 to M600
is consistent with the cluster glycoside effect, where multivalent structures of
saccharides show enhancement of activity compared to a corresponding amount
of monosaccharide.® However, when mannose content was increased with M1200
(360 mannoses per protein), there was no statistically significant difference when
comparing the IC50 of M1200 with M150 or M600 demonstrating that the cluster
glycoside effect tapers off. This tapering behavior was seen previously in the
previous work with linear polymers without protein content (Figure 6.4a) The
inhibition behavior of M150 may also be near the lower bound of the cluster
glycoside effect for this protein-glycopolymer system as M150’s individual polymer
chains are already at the oligomer scale (three repeat units per chain if polymer

grows from all initiating sites).

We decreased the density of pendant mannoses by copolymerizing non-reactive
galactose derived monomers. M150 (70 mannoses per protein) exhibits a relative
potency 13 times higher than MG300300 (174 saccharides per protein, 87 mannoses
per protein) despite having roughly the same number of mannose saccharides
(Figure 6.10, Table 6.5). These results directly contradict those seen earlier from
direct ELLA of rMBL where there was no difference in binding between M150
and MG300300. However, direct ELLA has limitations due to the adsorption of
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protein-polymer to plastic that could mask subtle binding differences from the
copolymerization. This decrease in inhibition can be attributed to the increased

distance between mannose units leading to decreased avidity of rMBL for the

polymer.
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Figure 6.10: Inhibition of rMBL increases with increasing mannose polymer chain
length (M150 vs M600) and decreases as galactose content is added (MG300300 vs
M150).

We examined the effect of multivalent 3D presentation of the glycopolymer
chains from the protein compared to glycopolymers with no protein attachment
(synthesized as described in Chapter 3). Inhibition of rMBL binding by a mannose
glycopolymer with 75 pendant mannose residues was 260 times weaker than inhibi-
tion by M150 with 70 mannoses per protein (Figure 6.11, Table 6.5). These results
are even more striking when considering that the average degree of polymerization
for M150 is three repeat units if all 22 initiation sites are reactive. In comparison,
inhibition curves by a linear glycopolymer with 14 repeat units were no different

than monosaccharide mannose.
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Figure 6.11: (a) M150, a BSA-mannose glycopolymer with 70 mannoses arranged
around the protein, inhibits rMBL better than a linear glycopolymer with 75
repeat units. A linear glycopolymer with 14 repeat units has similar inhibition as
monomeric mannose. (b) Idealized structures of the protein-polymer conjugate

(fragment shown here) compared to the linear polymer.
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Table 6.5: Summary of rMBL inhibition data.

Compound # mannoses/protein # mannoses per chain IG5

M1200 360 16 2.35E-05
M600 239 11 8.43E-06
M150 70 3 9.26E-05
MG300300 87 4 6.95E-04
Linear 75mer N/A 75 1.38E-02
Linear 14mer N/A 14 N/A

Mannose N/A 1 N/A
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These multivalent 3D presentation results add a new dimension to the tradi-
tional view of the cluster glycoside effect as the presence of multiple short mannose
chains attached to one protein clearly results in increased interaction between
the glycopolymer and rMBL as compared to individual longer polymer chains
(Figure 6.11b). The carbohydrate binding activity of most lectins is thought to be
mediated through multiple carbohydrate recognition domains (CRDs) comprised
of a limited number of amino acids. Lectins from diverse sources lack primary se-
quence homology but share similarities in their tertiary structure. The similarities
in tertiary structure imply that the 3D presentation of multiple CRDs is crucial
for lectin-polysaccharide interactions, especially since the per-residue affinity for

saccharide-lectin interactions is quite low.

Kiessling has also synthesized a protein with 3D presentation of individual
saccharides.’” Up to ten thiolated mannoses were attached to lysines modified
with maleimide groups. The saccharide modified protein inhibited Con A binding
38 times better than aMeMan. In comparison, a 12-mer linear mannose polymer
synthesized through ring-opening metathesis polymerization had greater inhibition
with 1000 times more binding than aMeMan. We found more inhibition with our
protein-saccharide structures versus free linear polymers. Our protein structures
differed from Kiessling’s structures by having multivalent presentation of saccha-
rides in the form of glycopolymer chains, while having similar 3D presentation of

saccharides around the protein.

Another group linked a streptavidin-oligosaccharide conjugate to biotinylated
BSA resulting in 11 streptavidins and 140 oligosaccharides bound to BSA on aver-
age.'%” The BSA-streptavidin-oligosaccharide conjugate bound Chinese hamster
ovary cells 42 times better than individual streptavidin-oligosaccharide structures.
These results are not directly comparable to our results due to differences be-
tween the assays. However, they do reinforce the importance of both multivalent

structures and 3D presentation of polymer chains to promote binding of lectins.
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We speculate that the attachment of each polymer chain to the central protein
component maintains the polymer chains in close proximity and allows for rMBL
to more easily span and bind two polymer chains. Further work is still required to

elucidate the mechanistic basis behind these enhancements.

6.3.2 Activation of complement

The protein-glycopolymers were tested for their ability to activate complement.
The assays described so far only quantify (either directly or indirectly) the amount
of MBL bound by the glycopolymers, but do not give any information on whether
the lectin binding could support complement activation. We adapted an existing
protocol for determining complement activation through the mannose binding
lectin pathway.!®® The assay detects the product of the first step of the MBL
complement cascade: the cleavage of C4 by MASP. The well was coated with the
protein of interest, blocked, and then incubated with human serum to allow binding
of MBL and MBL-associated serine proteases (MASP). The MASP complex cleaved
supplemented C4 which was detected with an anti-C4 antibody. Any cleavage of C4
by the classical pathway was prevented by using high ionic strength conditions (1
M NaCl) that prevent binding of Clq to antibody and degrades the C1 complex.'5!

Complement binding results revealed that both mannose and galactose protein-
polymers were able to activate immune complement (Figure 6.12a). These results
do not agree with prior ELLA experiments which showed strong binding of rMBL
to mannose polymers but little binding to galactose polymers (Figure 6.9b), as well
as commonly understood mechanisms of the MBL pathway. Furthermore, native
BSA is not glycosylated and is not expected to trigger any significant activation
of complement through the mannose binding lectin pathway. Complement could
be activated through the classical pathway due to antibodies reacting against
the bovine protein; however, high sodium chloride concentration should prevent

activation of the cascade by breaking down any binding of complement proteins
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to antibody. While complement activation through the alternative pathway is
possible due to a chance of increased hydrolysis of C4 by the synthetic polymer

component, C4 does not play a role in the alternative pathway.

In order to further explore these results, human serum was depleted of mannose
binding lectin through exposure to mannan-agarose. This depletion resulted in
near total loss of complement activity against a mannan polysaccharide, but only
partial loss of complement activity for the protein-polymers. Mannose polymers
had a greater loss of complement activity with MBL depletion than compared
to galactose polymers as shown in Figure 6.12b,c for the absolute difference as
well as ratio between Abs,orma and AbSgepiered although the differences were not

statistically significant.

These results suggest that MBL plays a role in directing complement activity
against mannose-containing glycopolymer structures, but that there are also
unknown pathways that result in continued complement activity against both
mannose and galactose protein-polymers, even after MBL depletion from serum.

Further studies are warranted to explore these findings.
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Figure 6.12: Complement is activated against both mannose and galactose protein-
polymers through the MBL pathway as well as an unknown pathway. (a) Ab-
sorbance values (corrected for a protein control) show activation of complement
against protein-glycopolymers and mannan. When serum is depleted of MBL,
complement activity is significantly decreased for mannan and to a lesser extent
for protein-glycopolymers. Loss of complement activity differs between mannose
and galactose protein-polymers when comparing the (b) difference and (c) ratio

between Abs;ormar and AbSgepieted-
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6.4 Biological interaction of polymers bearing RGD cell

binding domain or galactose from Chapter 5

The polymers from Chapter 5 have pendant GCGYGRGDSPG peptides or galac-
toses through post-polymerization modification of pyridyl disulfides. These modi-
fied polymers were tested for their effect on cell adhesion. Table 6.3 summarizes

the properties of the polymers investigated in this section.

6.4.1 Polymers modified with RGD peptide

Cells bind with extracellular matrix (ECM) proteins such as collagen or fibronectin
through integrin mediated adhesion. The specific cell binding domain sequence
in the protein has been identified as arginine-glycine-aspartic acid (RGD). This
sequence has been incorporated into synthetic peptides in order to promote cell
adhesion to tissue engineering surfaces. Conversely, if a peptide containing the
RGD sequence is present in solution, it will competitively inhibit cell adhesion to
a surface. For 2D polystyrene surfaces used in routine cell culture, cells adhere to
the plastic due to hydrophilic and ionic interactions along with integrin-mediated

binding due to ECM proteins present in the culture medium.

Competitive inhibition has been demonstrated previously using clusters of 64
RGD peptides on the periphery of polyamidoamine dendrimers.!? The RGD
conjugated dendrimers decreased cell adhesion with a concentration-dependent
effect under serum-free conditions. However, there was no difference in cell adhesion
compared to control samples with free RGD indicating that there is no clustering

effect for the presentation of soluble RGD.

Branched polymers, in comparison to dendrimers, are not as perfectly branched
or as densely crowded. Branch points are incorporated statistically rather than
through designed syntheses of multiple generations. This architectural change

may result in a different effect on cell adhesion. Therefore, we supplemented free
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GCGYGRGDSPG peptide (referred to simply as RGD peptide from here) or RGD
polymer (RGD 198:5:5:1) to the media used to cultivate NIH 3T3 fibroblasts grown
on 10% poly(ethylene glycol) diacrylate hydrogels containing 1 mM of tethered
RGD.

Within five minutes of adding the free RGD peptide or RGD polymer supple-
mented media, the fibroblasts had adopted a rounded morphology and began to
detach from the hydrogel as the soluble RGD (in both forms) began to compete
with tethered RGD for cell binding sites as can be seen in Figure 6.13a and b.
After incubating for two hours, the gels were gently washed twice with media to
remove detached cells. Cell quantification with Cell Titer-Blue assay showed no
significant difference between either RGD polymer or free RGD peptide, although
a clear dose-dependent trend was seen, again without a significant difference

(Figure 6.13d).

Strong conclusions cannot be made from these results about the efficacy of
RGD polymer clustering due to the error introduced from large variability of
2D cell culture on hydrogels. However, it is clear that the presentation of RGD
through disulfide exchange with the pyridyl disulfide polymer does not disrupt its
biological activity. Furthermore, large multivalent polymers may be advantageous

for the removal of cells or generation of cell aggregates.
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Figure 6.13: 3T3s seeded on 10% PEG hydrogels with 1 mM RGD exhibited

rounded morphology and began to detach after five minutes exposure to (a) 100

uM free RGD and (b) RGD 198:5:5:1 with overall 100 uM RGD content, compared

to (¢) 3T3s cultured in regular media. (d) Cell number was quantified with

Cell Titer-Blue and showed no significant difference between RGD presentation

methods.
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It is interesting to note that when a similar experiment was conducted using
3T3 fibroblasts seeded onto a fibronectin-coated polystyrene surface, the addition
of free RGD peptide or RGD polymer (RGD 100:5:5:1 or 198:5:5:1) had no effect
on cell adhesion as seen in the DNA quantification results of Figure 6.14 as well as
optical micrographs (not shown). We attribute this difference in binding results
of PEG-RGD hydrogels and fibronectin coated polystyrene surfaces to binding
affinity differences between the short RGD peptide sequence and the full fibronectin
sequence, as well as modulus differences between the soft hydrogel and relatively

stiff polystyrene surface.
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Figure 6.14: DNA quantification shows no effect from free RGD and RGD polymers

on cells adhering to a fibronectin coated surface.
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6.4.2 Polymers modified with galactose

Saccharides may also play a role in cell adhesion. For example, liver tissue enginer-
ing often relies on surfaces modified with galactose to bind with the asiaglycoprotein
receptor (ASGPR) on hepatocytes. ASGPR binding reduces integrin mediated
signalling and avoids the loss of hepatocyte phenotype. Aside from liver tissue
engineering, much of the research with biomimetic ECMs has ignored the promi-
nent role sugars have between cells and the natural ECM due to glycosylated
proteins (e.g. chondroitin sulfate on aggrecan) and polysaccharides (hyaluronic
acid). Instead, biomimetic ECMs used in tissue engineering have been composed

of proteins and protein derived compounds.

A related pilot project in our lab incorporated galactose monomers into PEG
hydrogel networks to see if cell adhesion could be mediated by saccharide containing
structures. In this work, NIH 3T3 fibroblasts were found to adhere to 10%
PEG hydrogels when the PEG diacrylate was photopolymerized with 6-acryloxy
galactopyranose (20 to 100 mole % with respect to PEG) as shown in Scheme 6.1.
PEG hydrogels with no galactose content and no added cell-binding domains had
minimal cell adhesion, with cells adopting a rounded morphology (Figure 6.15).
Cells were similarly sparse on the 20 mole % galactose gels, but adopted a more
extended morphology. There were dense regions of cells with extended morphology
on the 50 mole % gels. When galactose content was increased to 100 mole %,
some regions were very dense while others had very little adhesion, possibly due to
delamination as a result of overgrowth. Picogreen DNA quantification confirmed

the visual results as well (Figure 6.16).
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We hypothesize that galectins in solution may bind to the hydrogel’s galac-
tose polymer chains and in turn, mediate fibroblast adhesion to the hydrogel.*>3
However, our results were somewhat inconsistent, possibly due to varying levels of
galectin produced by the fibroblasts or in the cultivation serum, or to distribution

of monovalent residues throughout the gel.
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Scheme 6.1: Hydrogels with galactose content were created through UV initiated
polymerization of poly(ethylene glycol 4000) diacrylate with 6-acryloxy galactopy-

ranose.
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Figure 6.15: 3T3s seeded on 10% PEG hydrogels of different compositions exhibited
varying morphologies: (a) PEG 4K gels with no galactose content, (b) 20 mole %
galactose (c¢) 50 mole % galactose (d)100 mole % galactose with high cell adhesion
(e) and 100 mole % galactose with low cell adhesion. Cells were also seeded directly

on (f) tissue culture plates for comparison.
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Figure 6.16: Picogreen quantification of DNA showed more cells on hydrogels with
high galactose content (50 and 100 mole %), roughly correlating with the visual

results.
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We wanted to verify the results above by using soluble galactose polymers to
competitively inhibit cell adhesion, similar to the RGD cell adhesion experiments
in the previous section. If soluble galactose could disrupt cell adhesion, it would
give further support towards the ability of tethered galactose to help mediate cell

adhesion.

3T3s were cultured on 10% PEG hydrogels with 1 mM tethered RGD and
exposed to media supplemented with free galactose or galactose glycopolymer.
Much like the RGD experiment, the fibroblasts became rounded and also aggregated
together (Figure 6.17a and b), indicating that soluble galactose of both presentation
types can also interfere with cell adhesion albeit at a much higher concentration.
After a two hour incubation and media wash, cell quantification showed a dose-
dependent effect of galactose on cell adhesion, but no significant difference between

free galactose and clustered galactose polymer (Figure 6.17d).

While these specific results do not indicate any increase in activity due to poly-
mer clustering versus monomeric galactose for cell adhesion, they do reinforce the
notion that galactose mediated cell adhesion is possible for other cell lines beyond
hepatocytes. Taken together with the behavior of 3T3s cultured with tethered
galactose polymers on PEG hydrogels, these results justify further investigation

into the use of glycopolymers as extracellular matrix mimics for cell adhesion.
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Figure 6.17: 3T3s seeded on 10% PEG hydrogels with 1 mM RGD exhibited round
morphology and began to detach after five minutes exposure to (a) 5000 uM free
galactose and (b) Gal 198:5:5:1 with overall 5000 M galactose content, compared
to (c) 3T3s cultured in regular media. (d) Cell number was quantified with Cell

Titer-Blue and showed no significant difference between galactose presentation

methods.
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6.5 Conclusions

These binding results of the glycopolymers described in Chapters 3 and 4 provide
more information on the structure-property relationships of glycopolymers and
lectin binding, and can guide the design and synthesis of potential glycomimetic

drugs for immune applications.

For the glycopolymers described in Chapter 3, their biological interaction
with mannose binding lectin increased with longer chain length. Glycopolymers
with branched architectures also increased their biological interaction with MBL.
90 times greater inhibition was seen when the architecture of glycopolymer was
changed from linear to branched, with higher apparent branching density increasing
the interaction with MBL. Mannose at the branch point was also found to increase
inhibition of MBL to mannan as compared to similar structures with galactose or

no saccharide content at the branch point.

Bovine serum albumin glycopolymers from Chapter 4 were also tested for their
interaction with MBL. Increasing number and density of mannose resulted in more
interaction with MBL. More significantly, 3D presentation of multiple polymer
chains had superior interaction with MBL than compared to linear glycopolymer
chains with the same number of mannoses but without 3D presentation. These
enhanced binding results with small quantities of saccharides arranged in a multi-
valent 3D presentation can have profound impact in how glycopolymer conjugates
are constructed, particularly when using compounds available in short supply. The
combination of this saccharide presentation method with a protein component
could potentially lead to materials with enzymatic activity combined with lectin

binding properties.

The polymers described in Chapter 5 were tested for their ability to inhibit cell
adhesion. Both RGD and galactose containing polymers could inhibit adhesion, but

neither had any difference in 3T3 fibroblast adhesion when compared to monomeric
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RGD or galactose. These results show, in contrast to the binding results with MBL,
that there is no improvement in activity because of ligand clustering. Nevertheless,
the galactose adhesion results suggest that galactose plays a role in fibroblast

adhesion to tissue engineering surfaces.

6.6 Experimentals

6.6.1 Materials

Human serum (Lonza, 12001-814), mouse anti-mannan binding lectin (Pierce
Biotechnology, HYB1311402), goat anti-mouse HRP (Invitrogen, 62-6520), recom-
binant human mannose binding lectin (US Biological, M2250), mouse anti-mannose
binding lectin (US Biological, M2245), C4 (Sigma, C8195), sheep anti-C4 HRP
(Abcam, AB80051), mannan-agarose (Sigma), and TMB (Acros, 98%) were used
as received. Nunc Maxisorp 96 well plates were used for adsorbing compounds.

The NIH 3T3 cell line was obtained from ATCC.

The following buffers were used:

HEPES buffer: 10 mM HEPES, 150 mM NaCl, 1 mM CaCly

Coating buffer: 15 mM Nay,COg3, 35 mM NaHCOg3, pH 9.6

Blocking buffer: 5 mg/mL BSA, 10 mM TrisCl, 145 mM NaCl, pH 7.4

Washing buffer: 100 mM TrisCl, 0.9% NaCl, 0.05% Tween 20 and 5 mM
CaCly, pH 7.5

Lectin binding buffer: 20 mM TrisCl, 1 M NaCl, 0.05% Triton X-100, 10
mM CaCly, 1 mg/mL BSA, pH 7.4
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6.6.2 Binding assays of linear and branched glycopolymers from Chap-
ter 3

Turbidimetric assay

The polymer of interest (synthetic polymer or mannan) was dissolved to 0.1 mg/mL
in HEPES buffer and mixed with an equal volume of 1 M concanavalin A. The
solution was placed in a cuvette and absorbance at 420 nm was recorded for 15

minutes.

Direct enzyme linked lectin assay

100 pL of 10 pug/mL polymer of interest (synthetic polymer or mannan) in coating
buffer was incubated at room temperature overnight in immunosorp wells. The
solution was removed and replaced with blocking buffer for two hours at 37 °C.
Human serum diluted 1:1500 was added to the wells and incubated overnight at 4
°C. The wells were then washed three times with washing buffer and then 100 pL
of mouse anti-MBL diluted 1:250 in washing buffer was added to each well and
incubated for two hours at room temperature. Wells were washed again then 100
pLof HRP Goat anti-mouse diluted 1:1500 in washing buffer was added to each
well and incubated for two hours at room temperature. Following a final wash, 100
pl of TMB was added to each well and developed for 25 minutes before stopping

with 2 M sulfuric acid and read at 450 nm on a plate reader.
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Inhibitory enzyme linked lectin assay

100 pL of 10 pg/mL mannan in coating buffer was incubated at room temperature
overnight in immunosorp wells. The solution was removed and replaced with
blocking buffer for two hours at 37 °C. While wells were blocking, the inhibitor
(glycopolymer of interest) was dissolved in lectin binding buffer to 16 mg/mL, and
then serially diluted. Equal volume of human serum solution was added to result
in overall serum dilution of 1:1500 and concentrations of inhibitor from 8 mg/mL
to 0.06 mg/mL. For the no inhibitor solutions, a 1:750 dilution of human serum
was diluted with equal volume lectin binding buffer. Inhibitor and serum was
pre-incubated for 30 minutes at room temperature. The wells were washed three
times with washing buffer and then 100 uL of pre-incubated inhibitor and serum
were added and incubated overnight at 4 °C. Wells were washed with washing
buffer then 100 puL of mouse anti-MBL diluted 1:250 in washing buffer was added
to each well and incubated for two hours at room temperature. Wells were washed
again then 100 ul. HRP Goat anti-mouse diluted 1:1500 in washing buffer was
added to each well and incubated for two hours at room temperature. Following a
final wash, 100 uL. of TMB was added to each well and developed for 25 minutes
before stopping development with 2 M sulfuric acid and read at 450 nm on plate
reader. % inhibition was calculated as 100-100x Abs;,nipitor / AbSnoinnivitor- Relative
potency was determined through the ratio of mannose concentration needed for

25% inhibition for the polymer of interest versus monomeric mannose.
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6.6.3 Binding assays of protein-glycopolymers from Chapter 4

Direct enzyme linked lectin assay

A similar protocol for direct ELLA as above was used for the protein-glycopolymers.
Recombinant MBL at a final concentration of 5 pug/mL (1:2000 dilution) was used
rather than human serum. Mouse anti-recombinant MBL diluted 1:5000 was used

rather than mouse anti-MBL.

MBL depletion from human serum

2 mL of human serum was adjusted to 10 mM calcium with CaCly and incubated
for 16 hours at 4 °C with mannan agarose (500 uL slurry adjusted with TBS:1
mL 10 mM TrisHCI, 150 mM NaCl, 10 mM CaCly, pH 7.4). The serum-agarose
suspension was passed through a short column of additional mannan-agarose (also
adjusted with TBS) to collect the depleted serum. MBL depletion was validated
with MBL ELLA against normal serum that was diluted a corresponding amount

with TBS.

Inhibitory enzyme linked lectin assay

A similar protocol for inhibitory ELLA as above was used for the protein-glycopolymers.
Inhibitor (protein-glycopolymer) was diluted from 1 mg/mL to 0.008 mg/mL with
respect to protein content. Recombinant MBL at a final concentration of 5 pug/mL
(1:2000 dilution) was used rather than human serum. Mouse anti-recombinant MBL
diluted 1:5000 was used rather than mouse anti-MBL. Sample analysis accounted

for the different saccharide concentrations of each compound.
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Complement binding assay

100 puL of 10 pg/mL compound of interest (BSA-Bryy, BSA-polymer, or mannan)
in coating buffer was incubated at room temperature overnight in immunosorp
wells. The solution was removed and replaced with blocking buffer for two hours
at 37 °C. Human serum (normal or MBL depleted) was added to the wells and
incubated overnight at 4 °C. The wells were then washed three times with washing
buffer then 5 pg/mL C4 in washing buffer was incubated for two hours at 37
°C. The wells were washed again and then 100 uL of anti-C4 HRP diluted 1:250
in washing buffer was added to each well and incubated for two hours at room
temperature. Following a final wash, 100 uL. of TMB was added to each well and
developed for 25 minutes before stopping development with 2 M sulfuric acid and

read at 450 nm on a plate reader.

6.6.4 Cell adhesion experiments of exchanged polymers from Chapter

5

PEG4000 diacrylate

Polyethylene glycol 4000 (10 g, 2.5 mmol) was dissolved in dichloromethane (50
mL) and triethylamine (1 mL, 7.5 mmol) and cooled in an ice bath prior to drop
wise addition of acryloyl chloride (470 L, 5.82 mmol) in dichloromethane (10 mL).
The solution was stirred overnight followed by evaporation of dichloromethane by
rotary evaporation. The solution was re-suspended in acetone to precipitate the
triethylamine salts which were filtered by a silica plug. Acetone was removed by
rotary evaporation and the solution was again suspended in a minimal amount
of dichloromethane before being precipitated slowly into vigorously stirring cold

ether (100 mL/g). Precipitate was filtered to yield 9.8 g (98%) of a white powder.
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Ezperiments with competitive 3T3 adhesion between soluble cell adhesion

molecules and PEG hydrogels with RGD

PEG4000 diacrylate (150 mg) and GCGYGRGDSPG peptide (1.6 mg) were
dissolved in PBS (600 pL, 100 mM, pH 8) and allowed to react for 30 minutes.
Irgacure 5929 photoinitiator (150 uL of a 0.5% w/v solution, final concentration
0.05% w/v) and PBS (750 uL, 100 mM, pH 7) were then added to make the
pre-polymer solution. The hydrogel disks were formed by placing the solution
between two glass slides separated by rubber spacers to ensure a thickness of 2 mm.
Hydrogels were cured under the UV-lamp for 10 minutes. The resulting gels were
cut into 5 mm discs and then left to swell in water overnight. Gels were sterilized
by five 20 minutes washes with 70% ethanol followed by five 20 minute washes
with sterile phosphate buffer saline (supplemented with calcium and magnesium)
followed by incubation overnight in 3T3 growth medium.

NIH 3T3 cells was cultured in Dulbecco’s Modified Eagle Medium (DMEM)
with 10% bovine calf serum. Cells were seeded at a density of 2,000 cells per cm?
and allowed to settle for two hours. Gels were washed gently with media once
before media with supplemented cell adhesion molecules at different concentrations
(RGD and RGD 198:5:5:1 at 100 and 10 uM, galactose and 198:5:5:1 at 5000 and
500 uM) was added. Gels were incubated with modified media for two hours before

quantification.
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Experiments with 3T3s on PEG hydrogels with tethered galactose glycopolymers

Hydrogels were fabricated with varying concentrations of galactose acrylate: 0,
20, 50 and 100 mole percent with respect to PEG4000 diacrylate. Each solution
was prepared by dissolving PEG4000 diacrylate (10% w/v) in water, followed
by addition of Irgacure 5929 photoinitiator (final concentration 0.05% w/v) and
the appropriate amount of galactose acrylate monomer. The hydrogel disks were
formed by placing the solution between two glass slides separated by rubber
spacers to ensure a thickness of 2 mm. Hydrogels were cured under the UV-lamp.
Minimum amount of time for curing was 10 minutes, corresponding to the gels
without galactose, and maximum was 35 minutes, corresponding to the highest
volume of galactose. The resulting gels were cut into 10 mm discs and then left
to swell in water overnight. Gels were sterilized by five 20 minute washes with
70% ethanol followed by five 20 minute washes with sterile phosphate buffer saline
(supplemented with calcium and magnesium) followed by incubation overnight in

3T3 growth medium.

NIH 3T3 cells was cultured in Dulbecco’s Modified Eagle Medium (DMEM)
with 10% bovine calf serum. In a typical experiment, cells were seeded at a
density of 2,000 cells per cm? and allowed to settle for at least 12 hours before any

quantification or manipulation.
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Quantification of cell adhesion

Images of hydrogels were taken on an optical microscope or quantified through
Picogreen assay or Cell Titer-Blue assay. Before cell quantification, the wells were

gently washed twice with media to remove detached cells.

For Picogreen, media was aspirated from the well and replaced with a 0.1%
Triton X solution and incubated for 30 minutes at room temperature before
addition of 0.1% BSA solution for another 30 more minutes. 10 puL from each
sample was combined with 90 uL. TE buffer and 100 ul. Picogreen solution in a

black fluorescent plate and read with Ex: 485 nm, Em: 535 nm.

For Cell Titer-Blue assay, media was aspirated from the well and replaced
with media containing Cell Titer-Blue reagent and incubated for four hours in the
incubator. 100 pL of the solution was transferred to a black fluorescent plate and

read with Ex: 535 nm, Em: 595 nm.
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CHAPTER 7

Conclusions and future directions

7.1 Project conclusions

This dissertation describes new synthetic methods for creating glycopolymers that
bridge the gap between natural glycan structures and synthetic glycopolymers.
Branched glycopolymers were synthesized using a glycoinimer that incorporated
saccharide content at the branch point. These glycopolymers with pendant man-
noses and mannose at the branch point were shown to interact with mannose
binding lectin using enzyme linked lectin assays. MBL interaction with glycopoly-
mers increases with increasing mannose content and with increasing branching.
Most significantly, mannose at the branch point increases the polymer’s interaction
with MBL compared to similar structures with galactose or no saccharide content

at the branch point.

Protein-glycopolymers were polymerized directly from a protein macroinitiator
using a grafting-from approach, in contrast to previous efforts towards protein-
glycopolymers that used a grafting-to approach. These protein-glycopolymers were
shown to interact with recombinant MBL. Increasing mannose number (controlled
through the polymer chain length) and density (controlled through the comonomer
feed ratio of mannose versus galactose) results in increased interaction with MBL.
The 3D presentation of multiple glycopolymer chains around the protein enhances
its interaction with MBL more than simply clustering glycoresidues in a linear

polymer chain.
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Finally, branched polymers with pendant pyridyl disulfide groups were synthe-
sized as a facile route towards incorporating thiolated biomolecules. Thiogalactoside
and cysteine-containing cell adhesion peptide were exchanged onto the polymer
and tested for their ability to competitively inhibit cell adhesion to PEG hydrogels
with tethered RGD. The clustered presentation of these biomolecules in the form
of polymers did not have an effect on cell adhesion relative to freely associated
galactose or RGD. However, in our preliminary experiments, it may prove to be

useful in other applications such as cell aggregation.

Overall, this dissertation has described synthetic techniques for creating biomimetic
glycopolymers that were used to study structure-property relationships between
polymers and lectins (Figure 7.1). Previous studies have provided abundant ev-
idence towards the enhancement of protein binding due to multivalency. The
current research found that subtle changes in polymer architecture (with regard to
branching) and 3D presentation can also lead to dramatic enhancement of protein
binding. These findings can direct the design of glycomimetic drugs for various

biomedical applications.

169



Mannose binding lectin interaction

>

3D presentation Linear chain, DP = 75

Total mannose = 70
@® Pendant mannose

@ Branch point mannose

Figure 7.1: Structure-property relationships found in this dissertation are sum-
marized: Branched glycopolymers with saccharide at the branch point and were
shown to have superior interaction with MBL compared to linear glycopolymers of
similar mannose content. Higher branching density and mannose at the branch
point were also found to increase MBL interaction. Mannose glycopolymers were
also synthesized from protein macroinitiators. The 3D presentation of polymer

chains was found to significantly increase MBL interaction.
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7.2 Future directions

The results of this dissertation provide a glimpse of how sugars can be harnessed
for urgent biomedical needs. Before these needs can be addressed, further synthetic
work must be conducted to be able to fully understand the structure-property
relationships of branching and 3D presentation with lectin binding (Figure 7.2).
The synthetic schemes can be expanded to include charged monosaccharides or
disaccharides (including the repeat units of various glycosaminoglycans) in the
branch point (Chapter 3 glycopolymers). The synthesis of disaccharide inimers may
be challenging so synthesis of glycomimetics containing these disaccharides can also

be pursued through post-polymerization modification (Chapter 5 glycopolymers).

More complex polymer architectures can also be incorporated with protein-
glycopolymers. All previous examples of protein-glycopolymers have had linear
architectures, in contrast to the diverse architectures of natural glycoproteins.
Branching architecture can be introduced by using a glycoinimer similar to that
seen in Chapter 3, or by using a simple divinyl monomer as seen in Chapter
5. Protein-glycopolymers can be expanded to include proteins with active bio-
logical properties such as immune reactivity or enzymatic activity (Chapter 4
glycopolymers). Glycopolymers can be used to target enzymes or shield them
from degradation, although further work must be done to ensure that synthesis
of the initiator or the polymerization process does not destroy or inhibit enzy-
matic activity. Improved methods for specifically controlling the placement of the
polymer chain, regardless of grafting technique, would help tremendously in that
regard. 3D presentation of glycopolymer chains can also be explored without a
protein component by, for example, polymerizing monomers from the surface of

nanoparticles.
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Future synthetic advances Potential applications

Glycopolymer with

charged units DNA gene delivery

Glycopolymer with

disaccharide units f’ .é -9 |:> Synthetic signalling molecules
(e.g. GAG mimic) ¢ ® Growth factor sequestration

Targeted enzymes
Vaccines
Adjuvants

Branched glycopolymer %é ““H

from protein with biologically Ao %’5
active properties A g ﬁé‘

. Ny |
Pendant monosaccharide Miscellaneous glycopolymers:

® Charged monosaccharide Artificial ECM
Branch point disaccharide Anti-microbial strategies

Figure 7.2: Future synthetic advances include: glycopolymers with charged or
disaccharide units that also incorporate branching architecture, and branched
glycopolymers from proteins with biologically active properties. These synthetic

advances would allow us to pursue various therapies.
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With these synthetic advances, glycopolymers can be applied to solve biomedical
problems. For example, gene delivery is one avenue where glycopolymers can be
applied as shown by Reineke and other’s work.!%® Branched glycopolymers with
charged monosaccharides such as glucosamine as pendant groups or in the branch
point can be used to complex and deliver DNA with potentially less cytotoxic effects.
The effect of glycopolymer structure on gene delivery efficiency and cytotoxicity

can be studied with a library of these branched charged glycopolymers.

Glycopolymers that incorporate the disaccharide repeat units of glycosaminogly-
cans can create mimics of their source polysaccharide. These mimics can be used in
some cases as synthetic signalling molecules. For example, a hyaluronic acid micmic
glycopolymer with a repeat unit of glucuronic acid and N-acetylglucosamine can
be used to promote signalling with the CD44 receptor through the same route as
natural hyaluronic acid. Glycopolymers with the correct saccharide composition
can also be used to stabilize growth factors, similarly to how fibroblast growth

factor 2 is stabilized by heparin.

Glycopolymers can also be used as artificial ECM mimics. Pilot experiments
described in Chapter 6 demonstrated that glycopolymers can mediate fibroblast
adhesion to hydrogel surfaces. This research can be expanded to fully understand
how glycopolymer structure (glycoside identity, chain length, distribution) affects
cell adhesion, proliferation, migration, and differentiation (in the case of stem
cells). The glycopolymers with glycosaminoglycan derived disaccharides can also
be incorporated into the hydrogels to create niches with localized growth factor

sequestration.

Protein-glycopolymers can be applied towards vaccination if proteins with more
potent immune reactivity are used as macroinitiators and saccharides associated
with pathogens are used as glycomonomers. Saccharides are poor immunogens by
themselves and often require a carrier protein to generate a lasting immune response.

Glycopolymers have been recently explored for vaccination to replace traditional
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lower valency vaccines, but either did not include a protein component,”™ or used
a " grafting-from” method to attach the glycopolymer.® Different glycomonomers
can also be incorporated into the protein glycopolymer in order to present multiple
vaccination antigens in one compound. This strategy has been explored using
glycoclusters of multiple saccharide cancer antigens on one synthetic backbone
to provide broad spectrum immunization against heterogeneous cancers.'® A
logical next step would be to create co-glycopolymers with several cancer antigens
displayed either as statistical or block mixtures. This multiblock and multivalent
glycopolymer vaccine design could generate a more robust immune response and

subsequent improvement in clinical responses.

Finally, glycopolymers can be used to study bacteria pili binding and eventually
be used as a method to prevent bacterial adhesion to a surface and subsequent
biofilm formation. Preliminary work with Professor Gerard Wong’s group (not
described in this dissertation) has shown that mannose glycopolymers can bind
to V. cholera. We can further study the attachment profiles of V. cholera as a
solution’s mannose content increases and competitively binds with bacteria pili
and prevents adhesion to a surface. Alternatively, we can capture bacteria by
promoting bacteria adhesion through a mannose glycopolymer coated surface. This
in-depth study would shed further light into the mechanistic aspects of bacteria
pili-saccharide interaction and provide further insight for strategies to inhibit

bacteria adhesion.
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