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ABSTRACT OF THE DISSERATION 

Glycomimetics via radical polymerization: 

The effect of saccharide identity, connectivity, 

 and architecture on biological interactions 

by  

Walter Tsu-i Liau 

Doctor of Philosophy in Bioengineering 

University of California, Los Angeles, 2017 

Professor Andrea M. Kasko, Chair 

 

Polysaccharides are polymeric chains comprised of saccharides connected through glycosidic 

bonds that have important biological functions, such as energy storage, structure, and cell 

signaling. Although polysaccharides are ubiquitous in nature, there are limited tools for 

examining their roles due to the complexity of polysaccharide synthesis. In order to synthesize 

well-defined polysaccharides, selective protection/deprotection techniques are employed that 

require tedious purification at each intermediate. In order to facilitate the creation of high 

molecular weight saccharide-bearing polymers, glycopolymers can be created as an alternative. 

Glycopolymers emulate the interactions observed in natural polysaccharides through the use of 

synthetic analogues. 

Glycopolymers are synthetic polymers that present saccharide side groups. Although 

glycopolymers have been produced with control over saccharide identity and molecular weight, 

only limited investigations have been conducted to incorporate cationic charge or control 

branched architecture. Currently, cationic charge is incorporated through the copolymerization of 

cationic monomers with glycomonomers, but the inclusion of cationic monomers has led to 
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increased cytotoxicity. There have been no examples of glycopolymers utilizing the inherent 

charge available on amino-sugars, such as glucosamine. In addition, branched glycopolymers 

have previously been studied using atom-transfer radical polymerization, but the polymerization 

technique is incompatible with amine-containing monomers and requires removal of the copper 

catalyst. Reversible addition-fragmentation chain transfer (RAFT) polymerization is an 

alternative technique for glycopolymer synthesis, but branching has only been introduced using 

crosslinkers that result in gelation at high degrees of incorporation. To address these limitations, 

new cationic glycomonomers and RAFT branching units have been synthesized. 

Using these new tools, in addition to those currently available for glycopolymer synthesis, a 

number of biomedical applications were investigated: bacterial attachment on glycopolymer-

modified surfaces, lectin interaction with 3D constructs that present saccharides at different 

densities, antibacterial activity of a cationic glycopolymer, and potential usage of a cationic 

glycopolymer in gene transfection. 

Using a set of four glycomonomers synthesized from glucose, galactose, mannose, and 

N-acetyl glucosamine, glycopolymer of various saccharide identities were polymerized via 

RAFT polymerization and conjugated to gold surfaces to investigate the attachment of 

Shewanella oneidensis and Vibrio cholerae. Polymeric mannose was seen to encourage 

significantly more attachment than monomeric mannose, polymeric galactose, and polymeric 

N-acetyl glucosamine. 

Using a RAFT branching unit, amphiphilic glycopolymers were polymerized and self-

assembled into nanoparticles with control over the surface saccharide density without affecting 

size and morphology. The nanoparticles with increased branching bound more lectin compared 

to nanoparticles without branching and glycopolymers in solution. 
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Using a cationic glycomonomer, a chitosan-mimic was polymerized and investigated for 

similarities in bioactivity. In antibacterial studies, the cationic glycopolymer closely mimicked 

the ability of chitosan to inhibit bacterial growth above a threshold molecular weight. Unlike 

chitosan, the glycopolymer was also soluble in neutral and basic buffer and maintained its ability 

to inhibit bacterial growth. As a transfection agent, the glycopolymer was able to induce gene 

expression with less cytotoxicity than poly(ethylenimine), the standard synthetic transfection 

agent, but with more cytotoxicity than chitosan. With optimization, the chitosan-mimic can be an 

efficient transfection agent with low cytotoxicity. 

We have described the addition of new synthetic tools for creating cationic glycopolymers 

and hyperbranched glycopolymers. The applications presented demonstrate the importance of 

control over saccharide identity, branching, and charge in glycomimetic systems and can be 

applied to the design of new therapeutics and devices. 
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CHAPTER 1 
1. Introduction 

Introduction 

1.1. Polysaccharides in biomedicine 

Polysaccharides, polymeric chains comprised of saccharides connected through glycosidic 

bonds, are ubiquitous in nature and function in a variety of ways, including energy storage, 

structure, and cell signaling. Their function is dictated by a number of characteristics, such as 

saccharide identity, connectivity, and architecture. Due to the ubiquity of polysaccharides in the 

body, polysaccharides have been investigated for their biomedical applications. For example, 

heparin has been used as an anticoagulant, and chitosan has been investigated for its 

antimicrobial properties.
1
 While polysaccharides isolated from natural sources are promising as 

therapeutics, they are limited by a lack of control over architecture and molecular weight, by 

difficulty in purification, and by batch-to-batch variability. To overcome the limitations of 

natural polysaccharides, polysaccharides have been created synthetically. Their synthesis, 

however, is subject to tedious protection/deprotection chemistry and purification techniques for 

each intermediate, making high yields and high molecular weights impractical.
2–6

 Glycopolymers 

have been used as an alternative to synthetic polysaccharides. Glycopolymers are polymers 

composed of a synthetic backbone with saccharide side groups and provide good synthetic 

control over saccharide identity and connectivity.
7,8

  

1.2. Glycomonomer synthesis 

Glycopolymers can be created via two methods: post-polymerization conjugation and direct 

polymerization. Post-polymerization conjugation attaches saccharide units to a preformed 
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polymer backbone. While this method allows for facile synthesis of the polymer backbone and 

saccharide units separately, their conjugation requires the incorporation of an additional linkage 

often not found in natural polysaccharides (e.g. amide bonds or triazole rings) and high 

conjugation efficiency is difficult to achieve. Direct polymerization requires the synthesis of 

glycomonomers, but ensures a saccharide at every repeat unit. Glycomonomers are synthesized 

from the modification of monosaccharides with polymerizable moieties. Monosaccharides, 

however, present numerous alcohol moieties for modification. In order to create a uniform 

sample of glycomonomer, selective protection/deprotection chemistry is applied. Most 

glycomonomers have polymerizable groups attached through a glycosidic bond at the anomeric 

position due to its increased reactivity or to the primary alcohol due to the selectivity of 

protecting groups. While multiple glycomonomers have been developed, glycomonomers have 

not been developed that present cationic charge. Currently, cationic charge is introduced through 

the copolymerization of a glycomonomer with a cationic monomer, but the usage of cationic 

monomers typically results in increased cytotoxicity. In order to create biocompatible cationic 

glycopolymers, cationic glycomonomers need to be developed that closely resemble the units 

found in natural polysaccharides. 

1.3. Glycopolymer synthesis 

Glycopolymers can be polymerized through a variety of techniques, but free-radical 

polymerization is particularly powerful, since it affords high flexibility in polymerization 

conditions, such as monomer, solvent, and temperature. Free-radical polymerization, however, 

can produce highly disperse polymer samples resulting from the premature termination of 

propagating chains. Controlled free-radical polymerization techniques, which reversibly maintain 

most propagating chains in a dormant state to avoid premature termination, can be used to 
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polymerize glycopolymers with control over molecular weight and limit dispersity.
7–14

 While 

branching plays a key role in the physical and biological properties of polysaccharides, few 

examples of branched glycopolymers have been reported.
15–18

 Initially, our group investigated 

hyperbranched glycopolymers made via atom-transfer radical polymerization (ATRP).
19

 ATRP 

controls molecular weight by the reversible deactivation of propagating chains through use of a 

copper catalyst, but it also carries certain limitations, which include the inability to polymerize 

amine-containing monomers due to competitive complex formation with the copper catalyst and 

the need to remove the copper catalyst post-polymerization.
20

 

As an alternative, reversible addition-fragmentation chain transfer (RAFT) polymerization is 

a versatile technique that is compatible with a wide variety of solvents, monomers, and 

initiators.
21

 RAFT polymerization controls molecular weight through the use of a chain transfer 

agent (CTA) that reversibly holds propagating chains in a dormant state as radicals are 

transferred from one chain to another at a high rate.
21

 At the completion of a RAFT 

polymerization, the CTA remains attached to the chain end and allows for reinitiation to continue 

chain propagation or is susceptible to facile chain end modification.
22

 Branching in 

glycopolymers created via RAFT polymerization, however, is currently introduced using a 

homobifunctional crosslinker, such as ethylene glycol dimethacrylate.
23

 Since the branching unit 

is a crosslinker, gelation has been observed when attempting high degrees of branching.
24–26

 In 

order to facilitate the creation of highly branched glycopolymers via RAFT polymerization, 

polymerizable chain transfer agents need to be developed that containing a RAFT chain transfer 

moiety for chain propagation and a polymerizable moiety for incorporation into another polymer 

chain. 
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1.4. Dissertation focus 

1.4.1. Overview 

The aim of this dissertation is to create new glycomimetic tools for controlling and 

understanding cellular interactions with polysaccharides. Previous research in the field has 

developed a number of tools including glycomonomrs that contain a variety of saccharide 

identities, such as glucose, galactose, mannose, and N-acetyl glucosamine, but there has yet to be 

an example of a cationic glycomonomer. In addition, although branched glycopolymers have 

been previously studied using an ATRP initiator-monomer, the limitations of ATRP (inability to 

polymerize amine-containing monomers and removal of the copper catalyst) has shifted interest 

to using RAFT polymerization. Branched glycopolymers are created via RAFT polymerization, 

however, it currently utilizes a crosslinker that leads to gelation at high degrees of branching. In 

order to form hyperbranched glycopolymers via RAFT polymerization, an alcohol-bearing CTA 

is required to attach a polymerizable group. In order to address the current limitations, the main 

focus of this dissertation is to create new glycopolymer tools to further bridge the gap between 

natural polysaccharides and synthetic glycopolymers and to use these tools to investigate 

biological interactions. 

1.4.2. Significance 

In this dissertation, we utilize the newly developed tools for polymerizing cationic 

glycopolymers and for polymerizing branched glycopolymers to investigate four biomedical 

applications: bacterial attachment on glycopolymer surfaces, lectin interaction with 3D 

constructs that present saccharides at different densities, antibacterial activity of a cationic 

glycopolymer, and potential usage of a cationic glycopolymer in gene transfection.  
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 While there have been examples of monosaccharides surfaces and some limited examples of 

glycopolymer surfaces, surfaces have not been created with the full spectrum of glycopolymers 

nor with patterned regions. The natural glycocalyx is a complex array of biomolecules. In the 

same way, patterned surfaces can have profound usefulness in directing the location and activity 

of bacteria through the presentation of different saccharide identities. Glycopolymers created via 

RAFT polymerization allow for facile control of saccharide identity and formation of 

glycopolymer surfaces on gold. Using RAFT polymerization, we created glycopolymers of 

different saccharide identities and modified gold surfaces to investigate the avidity of bacteria 

with each glycopolymer surface. 

Although interactions with glycopolymers in solution and on 2D substrates have numerous 

biomedical applications, the natural presentation of saccharides is on the surface of 3D 

constructs. Previous investigations polymerized glycopolymers from a 3D protein, but the use of 

a protein limited the polymerization sites to the locations of initiator attachment and also 

complicated the characterization of the glycopolymers produced. Using RAFT polymerization, 

we created amphiphilic glycopolymers and formed nanoparticles through self-assembly 

techniques. The incorporation of a polymerizable CTA allowed for control of the saccharide 

density on the surface. 

Finally, cationic polymers have a variety of biomedical applications, including as an 

antimicrobial and as a transfection agent. Much of the interest in cationic polysaccharides comes 

from the unique antimicrobial and biocompatible attributes of chitosan. Chitosan, as a naturally-

derived polysaccharide, suffers from a lack of control over molecular weight and difficulty in 

purification. Furthermore, chitosan is only soluble in acidic media. In order to overcome these 

limitations, research has sought to create synthetic cationic glycopolymers by the copolymerize 
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of cationic monomers with glycomonomer or create cationic polysaccharides through the 

chemical modification of other neutral polysaccharides. Both approaches, however, are difficult 

to characterize and suffer from limited therapeutic activity. Alternatively, we designed a cationic 

polymer that closely resembles chitosan in structure and investigated its potential as an 

antimicrobial and as a transfection agent. 

1.4.3. Outline of chapters 

Chapter 2 gives an overview of current synthetic techniques for creating glycomic tools and 

their biomedical applications. Chapter 3 describes the synthesis of a library of glycopolymer 

tools, including new cationic glycomonomers and branching units for RAFT polymerization. 

Chapter 4 details the polymerization of three sets of glycopolymers: 1) glycopolymers with a 

variety of saccharide identities attached to the polymer backbone through a glycosidic bond, 

2) linear and branched glycopolymers and linear and branched amphiphilic glycopolymers of 

various molecular weights with galactose attached through the primary alcohol to the polymer 

backbone, and 3) a cationic methyl glucosaminoside glycopolymer with various molecular 

weights isolated via fractional precipitation.  

Chapter 5 describes the formation of surfaces using the first set of glycopolymers synthesized 

in Chapter 4 to investigate bacterial attachment. Chapter 6 describes the formation of 

nanoparticles using the amphiphilic glycopolymers in the second set of glycopolymers 

synthesized in Chapter 4 to investigate lectin interaction with 3D constructs that present 

saccharides at different densities. Chapter 7 describes the investigation of the antibacterial 

property of the cationic glycopolymer synthesized in Chapter 4. Chapter 8 describes the 

investigation of using the cationic glycopolymer synthesized in Chapter 4 as a transfection agent. 
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Chapter 8 gives the conclusions drawn from this dissertation along with potential directions 

leading from this body of work. 
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CHAPTER 2 
2. Background 

Background 

Polysaccharides, peptides, and nucleic acids comprise the three main classes of biopolymers 

found in nature. Historically, polysaccharides have been considered an energy source or for 

structural support, which in turn are useful to humans as food, clothing, and paper. With more 

recent discoveries and development of analytical techniques, the role of polysaccharides in cell 

signaling, pathogen recognition, and disease states have been better understood allowing the 

design of improved biomedical treatments.
27–29

 Polysaccharides isolated for biomedical purposes 

were initially derived from natural sources. For example, heparin, originally isolated from dog 

liver
30,31

 and more contemporarily from the mucosal tissue of meat animals, is one of the oldest 

carbohydrate drugs still in widespread clinical use as an anticoagulant.
32

 

Natural polysaccharides, however, suffer from a number of short-comings, such as limited 

supply of source organisms, lack of control over molecular weight, and difficulty of purification, 

which lead to batch-to-batch variations. In 2008, Baxter Healthcare Corporation recalled nine 

lots of heparin linked to over 200 deaths in the United States.
33

 Such instances exemplify the 

need for synthetic alternatives to naturally-derived polysaccharide therapeutics. Two approaches 

have been taken to create synthetic alternatives: synthetic polysaccharides (synthetic duplicates 

of their natural counterparts) and glycomimetics (synthetic polymers that present saccharide side 

groups endeavoring to replicate the effects of natural polysaccharides). 

  



9 

 

2.1. Synthetic polysaccharides 

Synthetic polysaccharides are produced through the successive formation of glycosidic bonds 

between the anomeric carbon of a glycosyl donor and one of the hydroxyl groups of a glycosyl 

acceptor.
3
 A number of challenges, however, frustrate the creation of synthetic polysaccharides. 

First, both the glycosyl donor and acceptor are inherently unreactive, so anomeric activation is 

typically necessary on the glycosyl donor (Scheme 2.1a). Additionally, the bioactivity of the 

polysaccharide is affected by the stereoselectivity of the glycosyl linkage (α versus β) and thus 

needs to be carefully controlled (Scheme 2.1b). Finally, the regioselectivity of the linkage also 

affects bioactivity, so extensive protection/deprotection strategies are required to ensure the 

appropriate glycosidic linkages are formed. Two strategies for polysaccharides synthesis are 

typically employed: enzymatic or chemical. 

 
Scheme 2.1. Synthesis of synthetic polysaccharide with a) glycosyl donor activation and  

b) resultant polysaccharide with different bioactivity based on stereoselectivity of the glycosidic 

linkage. 
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2.1.1. Enzymatic synthesis 

In order to mimic how polysaccharides are naturally constructed, enzymes can be isolated or 

engineered to form specific glycosidic linkages. In general, these enzymes fall into two 

categories: glycosyltransferases and glycosidases.
34

 Glycosyltransferases utilize nucleotide 

sugars and glycosyl phosphates as glycosyl donors, the sugar that provides the anomeric alcohol 

in the glycosidic bond, to add saccharides to a growing saccharide chain.
35,36

 Using 

glycosyltransferases, multivalent polysaccharides can be made.
37

 For example, Loos has created 

hyperbranched polysaccharides off of a modified silicon substrate, an amine functionalized 

poly(ethylene glycol) macro primer, and a tri-functional tris(2-aminoethyl)amine primer using 

potato phosphorylase and Deinococcus geothermalis branching enzyme.
38,39

 Although the use of 

glycosyltransferases result in high yields and selectivity, the glycosyl donors and enzymes are 

difficult to acquire. 

Glycosidases, which typically hydrolyze polysaccharides, can be used to form glycosidic 

linkages with an alcohol that is a more efficient nucleophile than water. While both the enzymes 

and glycosyl donors are relatively inexpensive, reactions that utilize glycosidases are typically 

low yielding and lack regioselectivity, in spite of maintaining absolute stereoselectivity.
40

 In 

order to form glycosidic bonds using glycosidases, typically thermodynamic or kinetic controls 

are used. In thermodynamically controlled reactions, an excess of starting materials or increased 

temperature is used to bias the reaction towards the glycoside product. In kinetically controlled 

reactions, an activated glycosyl donor is used to favor transfer of itself over water to another 

sugar. Kinetically controlled reactions, however, need to be carefully monitored and quenched 

before hydrolysis predominates, but still only produce yields of 10-40%.
40,41

 In order to further 

increase yields, glycosidases have been mutated to allow the formation glycosidic bonds, but not 
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the hydrolysis of bonds.
42

 Although these engineered mutated glycosidases achieve higher 

yields, the saccharide identity is specific to each enzyme and polysaccharides exceeding 100 

repeat units are difficult to attain.
43

 

2.1.2. Chemical synthesis 

The creation of synthetic polysaccharides via chemical synthesis relies on the anomeric 

activation of the glycosyl donor and the use of appropriate protecting groups to direct the 

formation of the desired glycosidic bond.
44

 Common glycosyl donor anomeric leaving groups 

include glycosyl halides,
45,46

 glycosyl acetate, thioglycosides,
47

 glycosyl trichloroacetimidate,
48

 

and n-pentenyl glycoside.
49

 The reactivity of the leaving groups is often further catalyzed by the 

use of activating agents, usually a Lewis acid such as boron trifluoride or triflic acid which forms 

an oxocarbenium ion intermediate. The reactivity of the anomeric leaving group can further be 

affected by the protecting group on the other carbons of the sugar. For example, Mootoo et al. 

reported that a benzyl protected sugar was more reactive as a glycosyl donor compared to an 

acetyl protected sugar, preventing self-glycosylation of the acetyl protected sugar.
49

 This strategy 

of preferential reactivity using selective protecting groups was termed the armed/disarmed 

approach, with the intended glycosyl donor protected with arming groups and the intended 

glycosyl acceptor protected with disarming groups. 

In addition to reactivity, the protecting groups can also direct the stereoselectivity and 

regioselectivity of the glycosidic bond being formed. For example, when an acetyl group is used 

to protect the alcohol at C-2, an acetoxonium ion is formed which only permits a trans-side 

attack by the glycosyl acceptor.
50

 For saccharides with the C-2 alcohol in the equatorial position, 

such as glucose and galactose, this means that only β linkages are formed, whereas saccharides 

with the C-2 alcohol in the axial position, such as mannose, only α linkages are formed (Scheme 
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2.2). When an inert protecting group, such as a benzyl, is used on the alcohol at C-2, the 

anomeric effect typically dominates, and α linkages are formed.
51

 

 
Scheme 2.2. Stereoselectivity using an acetate protecting group at the C-2 alcohol. 

In regards to regioselectivity, selective protecting groups are used to block all other free 

alcohols on the glycosyl acceptor while leaving the alcohol of interest available for 

glycosylation. For example, the alcohol on C-6 can be selected for glycosylation through 

protection with triphenylmethyl chloride, protection of all other alcohols with acetic anhydride, 

and deprotection with hydrobromic acid (Scheme 2.3).
52

 Alternatively, the alcohol on C-4 of 

glucose can be selected for glycosylation by selective protection with benzaldehyde dimethyl 

acetal, protection of the remaining alcohols with benzyl bromide, and subsequent deprotection 

with triethylsilane and trifluoroacetic acid (Scheme 2.3).
53,54

  

 
Scheme 2.3. Synthesis of β-D-glucose-1,2,3,4-tetraacetate and benzyl 2,3,6-tri-O-benzyl-

D-glycopyranoside. 
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As each saccharide is added to a growing polysaccharide chain, a tedious process of 

protection and deprotection and purification must be employed. In order to facilitate synthesis of 

polysaccharides in a more efficient manner, solid-phase synthesis techniques have been 

employed.
55

 Seeberger introduced the first automated solid-phase oligosaccharide synthesizer 

which utilized an adapted peptide synthesizer with glycosyl phosphate and trichloroacetimidate 

donors and acceptors either protected with benzyl ethers (deprotected at the end of synthesis) or 

esters (deprotected before the addition of each additional saccharide).
6,56

 Using this technique, a 

variety of oligosaccharides have been made, including an α-(1,6)-oligomannoside of 30 units
57

 

and oligosaccharides with complex control of regioselectivity including branching.
58,59

 Using a 

column packed with resin-bound glycosyl acceptor, Stine and Demchenko have also used a 

standard high-performance liquid chromatography setup to flow solutions of glycosyl donors and 

activating agents to produce oligosaccharides.
60

 This method has the additional advantage of 

using the in-line UV detector to monitor the consumption of glycosyl donors to determine 

reaction completion. 

Although solid-phase synthesis techniques are attractive due to automation and ease of 

purification, the reaction is often inefficient due to the insolubility of the resin, requiring multiple 

repetitions of reaction steps to obtain high yields. Alternatively, techniques (e.g. fluorous-

tagging,
4,5,61–65

 polymer-support,
66–74

 and ionic liquid support
75–80

) have been developed that 

allow for coupling reactions to occur in solution while purification is conducted using 

solid-phase techniques. While these alternative techniques afford higher reaction efficiencies and 

conserves reagents, a number of issues continue to frustrate the widespread use of these 

techniques (e.g. expensive supports, difficulties with automation, and issues with solubility, 

especially as the oligosaccharide becomes longer). 
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2.2. Glycomimetics 

In light of the frustrations of isolating or creating polysaccharides, the field of glycomimetics 

seeks to create synthetic polymers at a lower cost, at a higher molecular weight, or in larger 

batches while still retaining at least the biological activity exhibited by natural polysaccharides. 

Unlike polysaccharides that are connected by glycosidic bonds, glycomimetics typically refers to 

multivalent saccharide-containing polymers that are connected with a synthetic backbone. While 

abandoning the specific connectivity through glycosidic bonds allows for more flexibility in 

synthetic design, the biological effect of such a modification is largely unknown.  

2.2.1. Considerations in glycomimetic design 

As glycomimetics deviate from being an exact replicate of natural polysaccharides, it is 

important to consider the critical attributes that may affect the functionality of the 

glycomimetics. The functionality of saccharide-containing molecules is most often evaluated 

using lectins, the natural binding receptor found on the surface of cells primarily utilized in cell 

recognition.
81,82

 The specificity of lectins comes from the conformation and sequence of the 

binding site, so that even small amino acid substitutions can have large effects on binding 

specificity.
83

 In designing glycomimetics, typically the following attributes are considered: 

saccharide identity, length of connectivity, and architecture of the polymer backbone. 

2.2.1.1. Saccharide identity 

Due to the stereospecificity of lectins, the saccharide identity must be carefully considered.
84

 

For example, Concanavalin A (ConA),
85,86

 one of the first isolated lectins, binds non-reducing 

terminal α-D-glucose and α-D-mannose, which differ only in the orientation of the hydroxyl 

functionality on C-2.
87

 On the other hand, Ricinus communis (castor bean) agglutinin 120 

(RCA120) only binds non-reducing terminal β-D-galactose with key interactions with the alcohol 
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groups at C-2, C-3, and C-4, while modification at C-6 has even exhibited enhanced activity with 

RCA120.
88,89

 In addition, Sakushima has underscored the importance of ring-closed saccharides in 

maintaining lectin bioactivity.
90

 

2.2.1.2. Connectivity and architecture 

In addition to saccharide identity, polymer length and architecture has also been observed to 

play a significant role in saccharide-lectin interactions. In general, increased molecular weights 

and increased branching enhances lectin interactions.
19,91–93

 The enhancement in interaction is 

attributed to the lectin having multiple carbohydrate recognition domains. For example, ConA 

has four binding sites, one from each of its subunits,
94

 and RCA120 is composed of two subunits, 

each with a carbohydrate recognition domain.
95,96

 Multiple carbohydrate recognition domains not 

only facilitate cellular crosslinking and lectin precipitation, but also allow each lectin to bind 

multiple saccharides on the same polymer when properly spaced, increasing its avidity. In a 

binding study of rabbit hepatocytes, divalent oligosaccharides exhibited dissociation constants 

ranging from 1-40 µM, while trivalent oligosaccharides ranged from 10-100 nM.
97

 Lee et al. also 

has reported that an oligosaccharide with three branches presented a 1000-fold increase in 

binding to hepatic lectin even though it contained only three times as much galactose compared 

to a similar linear oligosaccharide.
98

 The increased interaction due to clusters of saccharides has 

been termed “the cluster glycoside effect.”
91,99

 

2.2.2. Glycomimetic synthesis 

The design of glycomimetics typically falls into three categories: glycodendrimers, 

glycoclusters, and glycopolymers (Figure 2.1).
8
 Glycodendrimers are of the most complex and 

difficult to synthesize, but maintain the highest level of saccharide density, fully harnessing the 

cluster glycoside effect. Glycoclusters utilize small dendritic units to activate the cluster 
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glycoside effect, allowing more flexibility in synthetic design, but sacrifice the high saccharide 

density of glycodendrimers. Glycopolymers are typically linear multivalent polymers that 

present saccharide units as side groups, which activate the cluster glycoside effect due to the high 

degree of valency presented. Glycopolymers offer a method for facile creation of high molecular 

weight glycomimetics, but often lack homogeneity and the branched structure offered by 

glycodendrimers and glycoclusters. 

 
Figure 2.1. Common glycomimetic structures with red circles representing saccharide units. 

2.2.2.1. Glycodendrimers and glycoclusters 

Glycodendrimers utilize a synthetic dendritic core to display a densely packed saccharide 

periphery for biological interaction much like the glycocalyx of eukaryotic cells. The dendritic 

core is created via iterative steps in which a new branch point is added to every terminus. As the 

dendrimer grows, the molecule becomes increasingly spherical, at which point, molecules can be 

attached to the periphery of the molecule. As the dendrimer grows, however, termini density 

increases to the point where steric hindrance prevents high saccharides conjugation efficiency. 

For example, while up to a generation 2 poly(amidoamine) dendrimer can be fully functionalized 

with sugar, conjugation efficiency declines to 67% with a generation six dendrimer which would 

ideally have 256 saccharide residues attached.
100

 Some glycodendrimers have been constructed 

entirely of saccharide units, but are subject to the same drawbacks as synthetic 

polysaccharides.
101,102

 Although glycodendrimers can be used to create nano-sized particles, the 
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difficulties of creating high molecular weight dendrimers and the limited conjugation efficiency 

continue to frustrate their potential of being effective glycomimetics. 

Glycoclusters are glycomimetics that consist of a small synthetic unit with two to five 

saccharides attached, typically as an early generation dendrimer.
91

 These glycoclusters can be 

used independently,
103,104

 attached to a synthetic core,
105

 or polymerized together.
106

 Although 

glycoclusters afford more flexibility in synthetic design compared to dendrimers, they are still 

limited to low molecular weights due to steric hindrance as with dendrimers. Glycopolymers, 

consisting of a synthetic backbone with saccharide side groups, have been used as an alternative 

to produce glycomimetics with control over molecular weight and saccharide identity.
7,8

 

2.2.2.2. Glycopolymers 

Glycopolymers are primarily created using two methods: post-polymerization conjugation of 

saccharide groups to a preformed synthetic backbone and direct polymerization of sugar-

containing monomers (Scheme 2.4). Using the post-polymerization conjugation method, a 

synthetic polymer can be created using a variety of techniques without being limited by potential 

side reactions and the solubility of the saccharide moiety. This method is particularly useful 

when saccharide identity is varied and an identical polymer architecture is desired or when 

incorporating saccharides that are incompatible with polymerizations conditions. Due to steric 

hindrance, however, it is difficult to obtain quantitative conjugation of saccharides to the 

backbone.
8
 The direct polymerization method requires the creation of glycomonomers, which are 

often created through a tedious series of protection/deprotection reactions, but produces well-

defined polymer with saccharide moieties present on every repeat unit. 
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Scheme 2.4. Synthetic scheme demonstrating the difference between post-polymerization 

conjugation and direct polymerization. 

2.2.2.2.1. Post-polymerization conjugation 

Saccharides have been conjugated to polymers made through a variety of polymerizations 

techniques (e.g. free-radical polymerization, anionic polymerization, and ring-opening 

polymerization) bearing a variety of reactive handles (e.g. activated esters, pyridyl disulfides, 

alkenes, and alkynes).
107

 Amino-sugars are convenient for post-polymerization conjugation, 

since the amine is more nucleophilic compared to the alcohols. Using commercially available 

glucosamine and galactosamine, Kodama attached each sugar to a poly(acryloyl chloride) 

polymer.
108

 When compared to similar polymers made via direct polymerization, the 

glucosamine and galactosamine moieties achieved a conjugation efficiency of only 53.2% and 

41.6%, respectively. When using less reactive polymer side chains, activation may be required to 

achieve high conjugation efficiencies. Using EDC/NHS, glucosamine was conjugated to a 

polymer with carboxylic acid side chains with an efficiency of 85%.
109

 In another instance, 

poly(vinyl alcohol) was activated with 4-nitrophenyl chloroformate and achieved virtually 

quantitative conjugation of glucosamine.
110

 The resulting polymer showed activity with 

Concanavalin A (Con A), a glucose-binding lectin. 

In addition to amines, thiols
111–115

 and azides
116,117

 can be synthetically added to saccharides 

for conjugation to polymers bearing pyridyl disulfides, alkenes, and alkynes. The pyridyl 
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disulfide group allows for facile quantification of conjugation efficiency though the release of 

pyridyl-2-thione which absorbs 343 nm light. While polymers with pyridyl disulfide side groups 

have been synthesized,
118

 conjugation efficiency of saccharide moieties have been limited to less 

than 60%.
119

 The conjugation of thiols to alkenes and azides to alkynes is particularly attractive 

due to the reactions: 1) being modular and wide in scope, 2) being highly efficient, 3) generating 

inoffensive or no byproducts, 4) being stereospecific, 5) using readily available starting 

materials, 6) using benign or no solvent, and 7) requiring simple purification techniques.
120

 

Zhang has quantitatively conjugated 2-mercaptoethyl-β-D-glucoside to a poly(allyl glycidyl 

ether) backbone using free-radical addition as verified via the disappearance of the alkene 

protons in 
1
H NMR.

121
 Conjugating azide-containing saccharides to polymers with alkyne side 

groups using the Cu(I)-catalyzed Huisgen 1,3-cycloaddition, Haddleton
122

 and Perrier
24

 have 

created glycopolymers with various architectures. While post-polymerization modification has 

progressed to obtain high conjugation efficiency through the use of small, highly specific linkers, 

the use of these linkers increases the distance of the saccharide from the backbone and introduces 

additional functional groups not found in natural polysaccharide (e.g. triazole rings), moving 

further away from the compact attribute of natural polysaccharides. 

2.2.2.2.2. Direct polymerization 

Glycopolymers can also be synthesized through the direct polymerization of glycomonomers, 

ensuring the presence of a saccharide moiety on every repeat unit. Beginning in 1985,
123

 

glycopolymers have been created through a number of polymerization techniques including free-

radical polymerization, cationic polymerization, anionic polymerization, ring-opening 

polymerization, and ring-opening metathesis polymerization.
8,9,124

 Free-radical polymerization 
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continues to be a prevailing method for creating glycopolymers due to its tolerance for impurities 

and flexibility for different initiators, monomers, and solvents.  

Due to the influence of regioselectivity and stereoselectivity on biological interactions, 

protection/deprotection techniques developed for synthetic polysaccharides are adapted to 

control the attachment of polymerizable groups. Enzymatic techniques are typically utilized in 

two approaches: conjugation of a polymerizable group containing a free alcohol in a glycosidic 

bond
125

 or the selective removal of a protecting group to expose a single alcohol for attachment 

of a polymerizable group.
126

 The removal of a single acetate protecting group typically occurs at 

C-6, but other alcohols can be made available through acyl migration under appropriate chemical 

conditions (e.g. pH 8.5-9.5 at 4 °C).
127

 Enzymatic techniques, however, are limited by the 

specificity and cost of the enzyme. 

Chemical techniques, conversely, are often scalable and offer more versatility in saccharide 

identity. Applying the techniques utilized in the chemical synthesis of polysaccharides, 

polymerizable groups can be attached through the reaction of a free alcohol at the anomeric 

position or the conjugation of a polymerizable group to a free alcohol obtained through 

protecting group selectivity (Scheme 2.5). The Zentel group
128

 and Ratner group
129

 have 

separately applied a similar synthetic scheme to four saccharides (glucose, mannose, galactose, 

and N-acetyl glucosamine) and attached a polymerizable group with a free alcohol (2-

hydroxyethyl methacrylate) to the anomeric position of each saccharide. Likewise, selective 

protection and deprotection of the primary alcohol at C-6 using a trityl group
52,130

 has been used 

to attach a polymerizable group irrespective of saccharide identity.
19,131
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Scheme 2.5. Synthesis of a) 2-O-(2,3,4,6-tetraacetyl-β-D-glucosyl)hydroxyethyl methacrylate 

(polymerizable group attached to the anomeric position) and b) methacryloyl-

1,2,3,4-tetraacetate-β-D-glucose (polymerizable group attached to C-6). 

Glycomonomers with protected alcohols allow for the polymerization of glycopolymers in 

organic solvents and with hydrophobic components (e.g. comonomers and initiators).
132–135

 Post-

polymerization deprotection of these glycopolymers, however, can be non-uniform with partial 

deprotection or result in cleavage of the saccharide group.
136

 In comparing two glycopolymers, 

one constructed from a deprotected glycomonomer and the other deprotected post-

polymerization (Scheme 2.6), Ambrosi observed a fivefold reduction in the binding constant and 

a sevenfold reduction in interaction with lectin peanut agglutinin for the glycopolymer 

deprotected post-polymerization.
137

 

 
Scheme 2.6. Deprotection of alcohol protecting groups a) prior to polymerization and  

b) post-polymerization.
137
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2.3. Free-radical polymerization (FRP) 

Free-radical polymerization (FRP) is a powerful tool for creating high molecular weight 

polymers due to its tolerance for impurities and flexibility for different initiators, monomers, and 

solvents.
138

 Initiators for FRP need to be relatively stable under ambient conditions and are 

categorized into three classes: thermal, photochemical, and redox. Thermal initiators are the most 

commonly used and consist primarily of peroxides (e.g. benzoyl peroxide) and azo compounds 

(e.g. 2,2’-azobisisobutyronitrile and 4,4’-azobis(4-cyanovaleric acid)), which produce radicals 

between 50-100 °C. Monomers for FRP contain a polymerizable vinyl group. Acrylates and 

methacrylates are particularly useful due to their ease of attachment to amine and alcohol 

moieties. FRP has been conducted in a wide variety of solvents, ranging from nonpolar solvents 

(e.g. toluene) to polar, protic solvents (e.g. water). 

The process of FRP consists of three stages: initiation, propagation, and termination (Scheme 

2.7). During initiation, radicals are formed from the initiator, attached to a monomer, and 

transferred through the vinyl group. From this initiating species, the polymer begins to propagate 

to include more monomer until the chain is terminated. Termination can occur in two fashions: 

1) the combination of two propagating polymer chains or 2) disproportionation where a 

hydrogen atom from one polymer chain is abstracted to another, producing one saturated and one 

unsaturated chain end. In addition, propagating polymers can terminate by chain transfer where 

the radical is transferred to another species (i.e. solvent, monomer, initiator, or polymer), which 

can continue to propagate. When chain transfer occurs with a polymer, a branched point is 

produced. 
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Scheme 2.7. Mechanism of free-radical polymerization. 

2.3.1. Molecular weight distribution 

The molecular weight of the polymer depends on the model of termination (combination, 

disproportionation, or chain transfer), the concentration of monomer and initiator, and the rates 

of propagation and termination. Some of these parameters vary throughout the polymerization 

and produce a distribution of molecular weights. The number average molecular weight (Mn) is 

the summation of the product of the number of chains in each i
th

 mass (Ni) and their mass (Mi) 

divided by the total number of chains (Equation 2.1) and the weight average molecular weight 

(Mw) is the summation of the product of Ni and Mi squared divided by the summation of the 

product of Ni and Mi (Equation 2.2). The polymer distribution is described by the dispersity (Ð = 

Mw/Mn). For polymers that terminated by combination or disproportionation, the dispersity is 1.5 

or 2.0, respectively. When polymerizations are taken to high conversion, however, the 

concentration of initiator decreases much faster than the concentration of monomer, and the 
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dispersity can broaden to 2-5. When branched polymers are created via chain transfer to 

polymer, the dispersity can increase to as high as 20-50. Highly disperse polymer samples are 

not ideal, since differences in molecular weight can exhibit different polymer properties. 

𝑀̅𝑛 =
∑ 𝑁𝑖𝑀𝑖𝑖

∑ 𝑁𝑖𝑖
  Equation 2.1 

𝑀̅𝑤 =
∑ 𝑁𝑖𝑀𝑖

2
𝑖

∑ 𝑁𝑖𝑀𝑖𝑖
  Equation 2.2 

In order to limit dispersity, controlled radical polymerization techniques have been 

developed. Controlled radical polymerization techniques, such as nitroxide-mediated 

polymerization (NMP),
139

 atom transfer radical polymerization (ATRP),
140

 and reversible 

addition-fragmentation chain transfer (RAFT) polymerization,
21

 prevent termination and chain 

transfer by limiting the number of actively propagating chains at any given time. RAFT 

polymerization is particularly useful due to its tolerance for a wide range of reaction conditions 

and functionalities, in particular aqueous media and biomolecules.
11,141

 

2.3.2. Reversible addition-fragmentation chain transfer (RAFT) polymerization 

RAFT polymerization (Scheme 2.8) uses typical initiators, monomers, and solvents for free-

radical polymerizations, but adds a chain transfer agent (CTA). RAFT CTAs are often composed 

of a thiocarbonylthio unit attached to an electron rich stabilizing group (referred to as the Z 

group) and a polymerization reinitiator (referred to as the R group). Throughout polymerization, 

the CTA maintains the majority of radicals in a dormant adduct intermediate. This limits the 

number of actively propagating chains avoiding premature termination, which produces less 

disperse samples. 
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Scheme 2.8. Mechanism of reversible addition-fragmentation chain transfer polymerization. 

2.3.2.1. Chain transfer agent synthesis 

Due to the reliance of the RAFT polymerization technique on the CTA, a large amount of 

effort has been dedicated to the design of RAFT CTAs. In RAFT CTA design, careful 

consideration must be given to the selection of a proper Z group and R group. For controlled 

polymerization in RAFT, the rate of transfer to the adduct intermediate should be much greater 

than the rate of propagation, which is evaluated as the transfer coefficient (Ctr = ktr/kp, where ktr is 

the rate of transfer to the adduct and kp is the rate of propagation). Varying the Z group, which 

interacts with the carbon-sulfur double bond, allows for modification of the rate of addition of 

propagating radicals to form the dormant adduct intermediate and the rate of fragmentation from 

the dormant adduct intermediate to continue as a propagating polymer chain. In general, RAFT 

CTAs that contain dithioesters (e.g. dithiobenzoate) or trithiocarbonates have high transfer 

coefficients and are excellent RAFT CTAs, whereas RAFT CTAs with a lone pair of electrons 

on an oxygen or nitrogen adjacent to the thiocarbonyl have low transfer coefficients and are poor 

RAFT CTAs.
142

 In addition, not only must the R group be a good homolytic leaving group 
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relative to a propagating polymer chain, so that fragmentation can readily occur, but it must also 

be capable of reinitiating polymerization effectively upon fragmentation.
143

 

RAFT CTAs are generally synthesized through seven methods (Scheme 2.9): 1) thioacylation 

reactions, 2) thiation of a carboxylic acid or ester, 3) thiol exchange, 4) addition of a dithioic acid 

across an olefinic double bond, 5) radical-induced R-group exchange, 6) radical substitution of a 

bis(thioacyl) disulfide, 7) reaction of a carbodithioate salt with an alkylating agent.
144

 

 
Scheme 2.9. Methods of creating RAFT chain transfer agents via 1) thioacylation reactions,  

2) thiation of a carboxylic acid or ester, 3) thiol exchange, 4) addition of a dithioic acid across an 

olefinic double bond, 5) radical-induced R-group exchange, 6) radical substitution of a 

bis(thioacyl) disulfide, 7) reaction of a carbodithioate salt with an alkylating agent. 

Creation of a RAFT CTA using a radical substitution of a bis(thioacyl) disulfide was reported 

shortly after the development of RAFT polymerization.
145

 This method affords a facile way to 

create a RAFT CTA bearing an appropriate R group and ensuring that all polymer chains are 

initiated with the same end group by using the intended radical polymerization initiator in the 

creation of the RAFT CTA. It is also a convenient method for converting ATRP initiators and 

polymers into RAFT CTAs.
146

 Alternatively, thiocarbonylthio RAFT CTAs are also frequently 

created utilizing a nucleophilic substitution of a carbodithioate salt (produced via the reaction of 
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a Grignard reagent with carbon disulfide) to an alkylating agent under milder conditions (e.g. 

lower temperatures). 

2.3.2.2. End group modification 

The RAFT CTA chain end has often been associated with increased cytotoxicity
147

 and is 

often removed or modified into useful functional groups for conjugation. A number of end group 

modifications are available post-polymerizations (Scheme 2.10): nucleophilic substitution at the 

thiocarbonyl to produce a thiol end group; radical induced oxidation, reduction, and coupling; 

thermolysis to form an unsaturated chain end; and chain-extension of the polymer through 

reinitiation or conversion to another form of controlled radical polymerization initiator (ATRP 

and NMP). Nucleophilic substitution to form a thiol end group is particularly useful for post-

polymerization conjugation (e.g. disulfide formation, maleimide conjugation, thiol-acrylate 

Michael addition, and thiol-ene click reaction) or substrate attachment (e.g. thiol-gold 

interaction). 

 
Scheme 2.10. End group modification of RAFT polymers. 
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2.3.2.3. Glycopolymers via RAFT polymerization 

Combining the ease of synthesis and purification of glycomonomers over natural 

polysaccharides and the control and versatility offered by RAFT polymerization, synthetic 

glycopolymers can be created with control over monomer identity and connectivity. 

Glycopolymers can be formed using deprotected glycomonomers or using protected 

glycomonomers followed by a deprotection step. Forming polymers using deprotected 

glycomonomers is ideal for ensuring saccharide incorporation which might otherwise be lost due 

to hydrolysis during removal of the protecting groups. In cases of copolymerization or 

conjugation with water-insoluble molecules, however, glycopolymers have been formed using 

protected glycopolymers. When protected glycopolymers are formed, the acid-labile 

isopropylidene protecting group is often used, which can be deprotected under mild acidic 

conditions, limiting hydrolysis of other esters. 

The first example of a glycopolymer created by RAFT polymerization was by the 

McCormick group in 2003, which polymerized 2-methacryloxyethyl glucoside using 4-cyano-4-

(thiobenzoylthio)pentanoic acid as a chain transfer agent and 4,4′-azobis(4-cyanovaleric acid) as 

an initiator in a basic aqueous solution necessary for solubility (Scheme 2.11).
148

 Since RAFT 

polymerization was developed following other controlled polymerization techniques, even in this 

first investigation, the glycomonomer was polymerized in a deprotected form, and the chain was 

extended by reinitiation to create a block copolymer of 2-methacryloxyethyl glucoside and 

3-sulfopropyl methacrylate. While pseudo-first-order kinetics and the ability to reinitiate the 

chain end are indicative of control polymerization, the order in which the blocks were created 

affected the dispersity of the resultant copolymer. When poly(2-methacryloxyethyl glucoside) 

was used as a macro-CTA, the resultant copolymer had a dispersity of 1.63, and when 
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poly(3-sulfopropyl methacrylate) was used as a macro-CTA, the resultant copolymer had a 

disperisty of 1.18. The Davis group later discovered that the use of basic aqueous solutions in 

RAFT polymerization led to a loss of control at high conversion which could be circumvented by 

using a 10% ethanol solution.
149

 Since then, many glycopolymers have been created by RAFT 

polymerization for biomedical applications, but several synthetic tools are still absent that allow 

for systematic control of highly branched structures and incorporation of charged 

glycomonomers.
150,151

 

 
Scheme 2.11. First glycopolymer and block copolymer synthesized via RAFT polymerization by 

the McCormick group.
148

 

2.4. Applications of glycopolymers 

As a powerful alternative to natural polysaccharides, glycopolymers have been used in a 

number of biomedical applications. Some of the current applications include studying bacterial 

attachment, delivering therapeutics, and investigating cellular interactions. 

2.4.1. Bacterial attachment 

Bacteria utilize lectins to mediate adhesion to host cells and facilitate infection.
152

 This 

behavior can be utilized for bacterial detection and isolation. The Seeberger group synthesized a 

mannose-functionalized fluorescent polymer by conjugation of 2-aminoethyl mannoside to 

poly(p-phenylene ethynylene).
153

 Addition of the glycopolymer to E. coli formed fluorescent 

aggregates detectable within 15 minutes and with as little at 10,000 bacteria cells, similar to the 

detection limit of fluorescently labeled antibodies. The Ulbricht group grafted 
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2-lactobionamidoethyl methacrylate to a polypropylene microfiltration membrane using an 

entrapped photoinitiator.
154

 E. faecalis, which has galactose-binding lectin on the cell surface, 

exhibited a 40-fold enhancement in adhesion compared to an unmodified polypropylene 

microfiltration membrane, while S. matolphilia, which lacks galactose-binding lectin, saw 

similar adhesion to the unmodified membrane. Utilizing the synthetic techniques of the Narain 

group, Wang et al. synthesized galactose-bearing glycopolymers via RAFT polymerization and 

immobilized them on a gold-coated 2-D substrate for analysis of the adhesion mechanism of P. 

aeruginosa via quartz crystal microbalance with dissipation.
155

 They observed that P. aeruginosa 

in 10 mM CaCl2 exhibited a significantly higher contact point stiffness on the galactose-bearing 

surfaces compared to E. coli, indicating that galactose-binding lectin on the bacterial membrane 

were involved in adhesion to the surfaces. 

2.4.2. Therapeutic delivery 

Many therapeutics are limited in their efficacy due to poor solubility, protection from 

degradation, or specificity of target. Glycopolymers are an attractive solution due to saccharide 

involvement in cellular recognition within the body and their amplified efficiency due to their 

multivalency. 

2.4.2.1. Bioconjugates 

Many polysaccharide-drug conjugates have been created,
156

 but polysaccharides have 

recently been substituted with glycopolymers. The Li group takes advantage of RAFT chain end 

modification of a glucose glycopolymer to introduce a pyridyl disulfide moiety which is used to 

conjugate glutathione.
132

 Their peptide-glycopolymer bioconjugate exhibited antioxidant 

activity, clearing 50% of radicals from a solution after 24 hours at 37 °C. The Stenzel group, 

utilizing the RAFT chain-extension, synthesized a block-glycopolymer and self-assembled it into 



31 

 

micelles presenting auranofin moieties conjugated to glucose on its surface.
157

 These micelles 

displayed high activity as a chemotherapeutic agent against ovarian carcinoma cells. The Stenzel 

group created a thermosresponsive block copolymer containing poly(acryloyl glucosamine)-

block-poly(N-isopropylacryamide) via RAFT polymerization.
158

 When heated above the lower 

critical solution temperature (LCST), micelles are formed and stabilized using an acid-sensitive 

crosslinker incorporated through reinitiation of the RAFT polymerization. While stable at basic 

and slightly acid pH, the micelles degraded at pH 4 in approximately 12 hours and rapidly 

degraded at pH 2 within 30 minutes, making it a viable delivery system for selective targeting of 

carcinoma which tends to create a low pH environment due to high metabolic activity. 

In addition, many groups have looked at using saccharides as a ligand to target cell receptors 

for selective delivery of therapeutics. Suriano et al. designed self-assembled micelles presenting 

different saccharide identities on the surface and demonstrated selectivity of galactose-presenting 

micelles for asialoglycoprotein receptors (ASGPR) on HepG2 liver cancer cells over HEK293 

cells.
159

 Doxorubicin (DOX), a common chemotherapeutic, was loaded into the micelles and 

increased cytotoxicity was observed in HepG2. Furthermore, the Lu group created a degradable 

and biocompatible aldehyde-functionalized galactose glycopolymer via RAFT polymerization 

and attached DOX via an acid-labile Schiff base linkage, which allowed for selective delivery in 

low pH environments.
160

 Using hyperbranched galactose-containing glycopolymers created via 

RAFT polymerization, the Narain group found that galactose glycopolymers are highly 

hemocompatible (not inducing clot formation, red blood cell aggregation, or immune 

response).
161
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2.4.2.2. Gene Delivery 

Glycopolymers have also been utilized in the delivery of nucleic acids. In order for a polymer 

to be used as a gene delivery vehicle, it must complex with the genetic material and deliver the 

payload.
162

 One of the most extensively studied synthetic polymers for gene delivery purposes is 

poly(ethyleneimine) (PEI), due to its ability to avoid lysosomal degradation and complex/release 

DNA efficiently.
163–165

 However, PEI is toxic, has non-specific interactions, and elicits an 

immune response.
166–168

 The toxic effects of PEI are dependent on a number of parameters 

including molecular weight and branching, which affect charge density.
166,169–173

 In general, 

higher molecular weight
174

 and branching
173

 are correlated with higher transfection efficiency 

but also higher cytotoxicity.
167,168

 Godbey et al. report that cytotoxicity comes primarily from 

free PEI that interacts with negatively charged biomolecules and perturbs membranes after the 

release of genetic material.
165,175,176

  

To address the toxicity of PEI, many groups have developed PEI-derivatives that seek to 

maintain transfection efficiency while reducing toxicity.
177–180

 The Reineke group saw decreased 

cytotoxicity while maintaining high transfection efficiency when a ring-opened glucose 

derivative was used to interspace short oligo-ethylenimines.
181

 Shortly afterwards, they expanded 

the work using other ring-opened sugars and saw particular promise with galactose targeting 

HepG2 cells.
182

 Optimal transfection was observed at a nitrogen/phosphate (N/P) ratio between 

20 and 30,
182

 while polyplexes with an N/P ratio higher than 40 exhibited significant 

cytotoxicity.
183

 The presence of alcohols from the polysaccharides is believed to assist in 

strengthening the association of genetic material with the cationic polymer through hydrogen 

bonding,
184

 while longer cationic blocks were seen to prevent the release of genetic material after 

transfection.
185

 With the advantages of using glycopolymers to target ASGPR in mind, Zhang et 
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al. modified polyphosphoramidate polymers with galactose residues and observed decreased 

cytotoxicity and affinity for galactose-binding lectin.
186

 Transfection efficiency, however, also 

diminished due to decreased DNA-binding capacity and particle stability. The Narain group has 

utilized RAFT polymerization to make copolymers of cationic monomers (2-amino ethyl 

methacrylamide or 3-aminopropyl methacrylamide) and a ring-opened glycomonomer 

(3-gluconamidopropyl methacrylamide) and formed polyplexes with an N/P ratio between 40 to 

60 and saw similar gene expression compared to PEI with significantly lower toxicity.
187

 In order 

to utilize the ASGPR on HepG2 cells, they followed with a study using a galactose-containing 

monomer (2-lactobionamidoethyl methacrylamide) to form hyperbranched copolymers with 

2-aminoethyl methacrylamide via RAFT polymerization and achieved efficient transfection of 

hepatocytes at lower N/P ratios.
188

 Since then, many groups have used glycopolymers to mitigate 

the cytotoxic effects of cationic monomers, such as a L-lysine monomer
135

 and a spermine-like 

monomer,
189

 for gene delivery. 

2.4.3. Cellular interactions 

A dense layer of glycolipids and glycoproteins, the glycocalyx, is often found surrounding 

cell membranes and is important in recognition by the immune system and in other cell-cell 

interactions.
190

 An intact glycocalyx, for example, is essential in preventing leukocyte adhesion 

and preventing an inflammatory response.
191

 Glycopolymers are an attractive way to coat a 

surface with saccharide residues and create a layer similar to a glycocalyx for preventing 

non-specific activity and for investigating interactions with lectins, saccharide-binding proteins. 

The Ulbricht group created a glycocalyx mimic through surface-initiated atom transfer radical 

polymerization of D-gluconamindoethyl methacrylate from a surface plasmon resonance chip 

and showed resistance to non-specific protein adsorption, using bovine serum albumin (BSA), 
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lysozyme, and fibrinogen as model proteins.
192

 The glycopolymer coating prevented up to 

99.83% of BSA adsorption and up to 99.97% irreversible adsorption. 

Inspired by the properties of mucin, a major constituent of the glycocalyx of mucosal 

tissue,
193

 the Bertozzi group created an α-N-acetyl galactosamine glycopolymer to coat carbon 

nanotubes.
194

 Poly(methyl vinyl ketone) was polymerized using a lipophilic radical initiator and 

α-aminooxy-N-acetyl galactosamine was conjugated to the backbone through an oxime bond. 

These polymers were inserted into carbon nanotubes in order to prevent biofouling. Expanding 

on this work, glycolipids were created that contained N-acetyl galactosamine or N-acetyl 

lactosamine that could be inserted into lipid bilayers
195

 and eventually cellular membranes.
196

 

Using this technique, the Godula group remodeled the plasma membrane of embryonic stem 

cells deficient in heparin sulfate biosynthesis with a synthetic neoproteoglycan synthesized via 

RAFT polymerization.
197

 The neoproteoglycans assumed the function of the deficient heparin 

sulfate proteoglycans and sequestered fibroblast growth factor 2 promoting neural 

differentiation. These glycopolymers provide a powerful tool for understanding the role of 

glycolipids and glycoproteins in the glycocalyx through direct incorporation into the glycocalyx 

of live cells. 

To further understand the role of polysaccharides in the glycocalyx, nanoparticles and their 

interaction with lectins have been instrumental. Since cells are three-dimensional constructs, 

nanoparticles afford a similar presentation of saccharide residues to lectin to better mimic the 

natural presentation. The Akashi group has seen that even the conjugation of saccharides to the 

surface of a nanoparticle amplifies the interaction with lectin 100-fold.
198

 Utilizing RAFT 

polymerization, the Miura group conjugated a 2.5 nm layer of glycopolymer onto the surface of 

gold nanoparticles
199

 and the Jiang group created glucose-containing and galactose-containing 
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nanoparticles utilizing the LCST behavior of conjugated poly(N-isopropylacrylamide) blocks to 

create a glycocalyx mimic.
200
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2.5. Conclusion 

Although polysaccharides are ubiquitous in nature, there are only limited tools for examining 

their roles, especially compared to peptides and nucleic acids. The primary limiting factor is the 

complexity of synthetic polysaccharide synthesis due to the abundance of alcohols available for 

modification and the specificity of these modifications in biological activity. In order to create 

well-defined polysaccharides, an arduous process of selective protection and deprotection must 

be performed with the addition of each saccharide unit, making the creation of high molecular 

weight polysaccharides impractical. In order to facilitate the creation of higher molecular 

saccharide-bearing polymers, glycopolymers can be created via free-radical polymerization and 

used in a variety of biomedical applications, such as investigating bacterial attachment, 

therapeutic delivery, and cellular interactions. 

 In order to develop new glycopolymer tools, the investigations of this dissertation seek to 

develop new cationic glycomonomers and RAFT branching agents to: 1) create patterned 

substrates with various glycopolymers for directing bacteria, 2) develop 3D constructs of various 

saccharide density for investigating cellular interactions with saccharides as naturally presented, 

and 3) investigate the usage of cationic glycopolymers in biomedical applications.  
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CHAPTER 3 
3. Synthetic tools for glycopolymer synthesis 

Synthetic tools for glycopolymer synthesis 

3.1. Introduction 

Glycopolymer have been synthesized by numerous groups
7–14

 and have been used to 

investigate several structural property relationships, such as monomer identity and chain 

length,
15–18

 but the inclusion of cationic charge and branching is still not fully understood with 

few examples reported.  

3.1.1. Cationic charge 

Naturally-derived cationic polymers are limited to gelatin and chitosan. Gelatin is a protein 

obtained for chemical denaturation of collagen, and chitosan is a polysaccharide consisting of 

β-(1,4)-linked-D-glucosamine obtained from the alkaline deacetylation of chitin (Figure 3.1). 

Chitin is commonly isolated from the exoskeleton of insects and crustaceans or the cell wall of 

fungi.
201

 Upon deacetylation, the amines can adopt a cationic charge at low pH increasing the 

solubility of the polysaccharide. Due to its biocompatible, biodegradable, and cationic properties, 

chitosan has been used in a variety of applications including food, medicine, and cosmetics. 

 
Figure 3.1. Structure of natural polysaccharides. 

In an effort to replicate the cationic properties of chitosan, cellulose
202

 and dextran
203

 (Figure 

3.1) have been modified with glycidyltrimethyl ammonium chloride to introduce a cationic 
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charge. Cellulose, consisting of β-(1,4)-linked-D-glucose, is both renewable and widely 

abundant, but has limited solubility in most solvents. Dextran, consisting of α-(1,6)-linked-D-

glucose, is highly soluble irrespective of pH. While these chitosan-mimics have been useful as 

therapeutic delivery agents, they still maintain the inherent limitations of naturally-derived 

materials, such as immunogenicity and batch-to-batch variation. 

Synthetic cationic polymers can be constructed from small-molecule monomers that ensure 

high purity and enable control of molecular weight. Common cationic polymers include 

polyethylenimine, poly(L-lysine), polyamidoamine, poly(amino-co-ester)s, and 

poly(2-(N,N-dimethylamino)ethyl methacrylate (Figure 3.2). The main limitations of synthetic 

cationic polymers are their cytotoxicity
167,168

 and lack of biodegradability,
204

 which can lead to 

accumulation. 

 
Figure 3.2. Structure of synthetic cationic polymers. 

In order to retain the biocompatibility and biodegradability of natural polysaccharides 

without sacrificing synthetic control, monomers can be designed to more closely resemble their 

natural counterparts and polymerized into glycomimetics. Glucose, galactose, mannose, and 
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N-acetyl glucosamine have previously been transformed into glycomonomers.
19,128,129,131

 Primary 

amine containing saccharides, such as glucosamine and galactosamine, have also been used to 

create glycopolymers, but the amine moiety was used as a facile attachment site for a 

polymerizable group, such as with acryloyl chloride.
108

 The formation of an amide linkage 

eliminates the capability of the amine to adopt a cationic charge. In order to produce a cationic 

monomer using glucosamine, a polymerizable group must be incorporated while maintaining the 

primary amine moiety. This is particularly difficult due to the high reactivity of the amine 

compared to the alcohol moieties and the exceptional stability of amide bonds preventing 

deprotection. In this chapter, a series of amine-protected glycomonomers with differing 

connectivity to the polymerizable group were synthesized that allow for restoration of their 

cationic charge post-polymerization. 

3.1.2. Branching 

Initially, our group investigated hyperbranched glycopolymers made via atom-transfer 

radical polymerization (ATRP) and saw increase lectin interactions with increased branching 

density.
19

 However, ATRP is limited by the inability to polymerize amine-containing monomers 

due to competitive complex formation with the copper catalyst and the need to remove the 

copper catalyst post-polymerization.
20

 Therefore, we looked to reversible addition-fragmentation 

chain transfer (RAFT) polymerization as an alternative method for creating hyperbranched 

glycopolymers. 

 RAFT polymerization is one of many controlled radical polymerization techniques 

developed to synthesize polymers with well-defined molecular weights and is compatible with a 

wide variety of initiators, monomers, and solvents.
21

 RAFT polymerization is dependent on the 

use of a chain transfer agent (CTA) which is often composed of a thiocarbonylthio unit attached 
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to an electron-rich stabilizing group (referred to as the Z group) and a polymerization reinitiator 

(referred to as the R group). During polymerization, the CTA maintains the majority of radicals 

in a dormant adduct intermediate. This limits the number of actively propagating chains and 

avoids premature termination.  

Branching can be introduced in RAFT polymerizations using bifunctional monomers. 

Typically, branching is introduced using a homobifunctional branching unit containing two 

identical polymerizable units, such as ethylene glycol dimethacrylate (EGDMA).
23

 Since the 

branching unit is also a crosslinker, gelation has been observed at high degrees of branching.
24–26

 

In order to address this issue, heterofunctional polymerizable CTAs have been developed, which 

contain a polymerizable unit and a chain transfer unit.
205–207

 The polymerizable unit allows for 

incorporation of the branching unit into a propagating polymer chain whereas the chain transfer 

unit can only begin a new chain (Scheme 3.1). The polymerizable unit should have similar 

reactivity to the monomer and the chain transfer unit should have similar reactivity to the CTA 

used in the polymerization. In this chapter two RAFT CTAs are synthesized with an alcohol 

moiety available for attachment of a polymerizable unit. Using one of these RAFT CTAs, we 

attach a polymerizable acrylate or a glycomonomer. 
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Scheme 3.1. Hyperbranched polymer created with polymerizable CTA. 

3.2. Synthesis of glycomonomers 

In order to create a variety of glycopolymers, a library of glycomonomers was created using 

glucose, galactose, mannose, N-acetyl glucosamine, and glucosamine. The first set of 

glycomonomers was designed with the polymerizable group attached through a glycosidic bond, 

which tends to have increased biological activity compared to reducing saccharides.
88

 In 

addition, an acrylate polymerizable group was selected over the more hydrophobic methacrylate 

group to minimize poor solvent interactions with the glycopolymer. In general, the monomers 

were synthesized through the acetate protection of all the alcohols, Lewis acid-catalyzed 

glycosidic linkage of hydroxyethyl acrylate, and deprotection of the acetate protecting groups 

with sodium methoxide. Each saccharide, however, possessed subtle differences in the isolation 

of isomers and the optimization of acetate deprotection conditions. The N-acetyl glucosamine 

monomer, in particular, required stronger acid and elevated temperatures to form the oxazoline 

intermediate and facilitate the backside nucleophilic attack to form the glycosidic bond. In this 

fashion, four monomers were created: 2-O-(β-D-glucosyl)hydroxyethyl acrylate,  

2-O-(β-D-galactosyl)hydroxyethyl acrylate, 2-O-(α-D-mannosyl)hydroxyethyl acrylate, and  

2-O-(2-acetamido-2-deoxy-β-D-glucosyl)hydroxyethyl acrylate (Scheme 3.2). 
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Scheme 3.2. Synthesis of a) glucose, b) galactose, c) mannose, and d) N-acetyl glucosamine 

glycomonomers through the conjugation of hydroxyethyl acrylate through a glycosidic bond. 

A second set of glycomonomers was synthesized to contain a polymerizable group attached 

to the primary alcohol of the saccharide to diminish biological activity so that the cluster 

glycoside effect would be more pronounce. A galactose-based glycomonomer was synthesized 

through the selective protection of the secondary alcohols of D-galactose with isopropylidene 

protecting groups which can be deprotected under milder conditions than acetate protecting 

groups. An acrylate moiety was attached to the unprotected primary alcohol by base-catalyzed 

esterification with acryloyl chloride to obtain acryloyl-1,2:3,4-di-O-isopropylidene-α-D-

galactose (Scheme 3.3a). 

A glucose-based glycomonomer was synthesized through selective protection of the primary 

alcohol of D-glucose with triphenylmethyl chloride followed by acetate protection of the 

secondary alcohols to facilitate the formation of a glycosidic linkage. The α-isomer undergoes 

acetyl migration upon deprotection of the primary alcohol and was removed by solvation in 
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diethyl ether. The primary alcohol of the -isomer was deprotected with hydrobromic acid and a 

methacrylate moiety was attached by base-catalyzed esterification with methacrylic anhydride to 

obtain methacryloyl-1,2,3,4-tetraacetate-β-D-glucose (Scheme 3.3b). 

 
Scheme 3.3. Synthesis of a) acryloyl-1,2:3,4-di-O-isopropylidene-α-D-galactose  

b) methacryloyl-1,2,3,4-tetraacetate-β-D-glucose. 

A third set of glycomonomers was created based on glucosamine to produce cationic 

glycopolymers. While the amine moiety of glucosamine is a poor nucleophile in acidic 

conditions, basic conditions are often necessary for the attachment and removal of alcohol 

protecting groups and the attachment of polymerizable groups. In order to prevent the formation 

of an amide bond or a Michael addition with a polymerizable acrylate, the primary amine was 

protected with 9-fluorenylmethoxycarbonyl chloride (Fmoc-Cl). A total of three cationic 

monomers were synthesized: 1) with a polymerizable group attached to the primary alcohol, 

2) with a polymerizable group attached to the primary alcohol and bearing a methyl glycoside, 

and 3) with a polymerizable group attached through a glycosidic bond (Scheme 3.4). 



44 

 

 
Scheme 3.4. Synthesis of Fmoc-protected glycomonomers: 1) N-Fmoc-6-acryloyl-

D-glucosamine, 2) methyl N-Fmoc-6-acryloyl-β-D-glucosaminoside, and  

3) 2-O-(N-Fmoc-β-D-glucosaminosyl)hydroxyethyl acrylate. 

N-Fmoc-6-acryloyl-D-glucosamine was synthesized via four steps. First, the amine was 

protected with Fmoc-Cl followed by the selective protection of the primary alcohol with 

triphenylmethyl chloride and the secondary alcohols with acetic anhydride. The primary alcohol 

was initially deprotected using hydrobromic acid followed by base-catalyzed esterification with 

acryloyl chloride, but transesterification of the acetate protecting groups resulted in a mixture of 

products which produced an impractically low yield of 7%. Instead, a one-pot trityl 
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deprotection/acrylation method
208

 was employed using neat acryloyl chloride and a catalytic 

amount of hydrogen chloride, resulting in an improved yield of 54%. Finally, the secondary 

alcohols were deprotected using a sodium methoxide solution optimized for concentration and 

duration. The resultant glycomonomer was characterized via nuclear magnetic resonance (NMR) 

(Figure 3.3 and Figure 3.4) and electrospray ionization (ESI) spectrometry (Figure 3.5). 

 
Figure 3.3. 

1
H NMR of N-Fmoc-6-acryloyl-D-glucosamine taken in MeOD. 
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Figure 3.4. 

13
C NMR of N-Fmoc-6-acryloyl-D-glucosamine taken in MeOD. 

 
Figure 3.5. ESI of N-Fmoc-6-acryloyl-D-glucosamine taken in methanol. 
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Methyl N-Fmoc-6-acryloyl-β-D-glucosaminoside was synthesized in five steps beginning 

with the bromination of the anomic position and the acetylation at C-3, C-4, and C-6 with neat 

acetyl bromide. The amine was unaffected due to protonation from the acidic conditions. The 

methyl glycoside was formed using pyridine in methanol followed by acid hydrolysis of the 

acetate protecting groups using a solution of acetyl chloride in methanol, and the amine was 

protected with Fmoc-Cl. Initially, selective protection and deprotection of the primary alcohol 

was attempted as in the synthesis of N-Fmoc-6-acryloyl-D-glucosamine, but the deprotection 

conditions for removing the acetate groups also removed the acrylate moiety at a similar rate, 

resulting in no isolatable amount of the desired glycomonomer. Instead, the polymerizable group 

was attached to the primary alcohol by base-catalyzed esterification using acryloyl chloride as a 

limiting reagent and selectively esterifying the primary alcohol by utilizing the difference in 

reactivity of the alcohols due to steric hindrance. The resultant glycomonomer was characterized 

via NMR (Figure 3.6 and Figure 3.7) and ESI spectrometry (Figure 3.8). 

 
Figure 3.6. 

1
H NMR of methyl N-Fmoc-6-acryloyl-β-D-glucosaminoside taken in MeOD. 
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Figure 3.7.

 13
C NMR of methyl N-Fmoc-6-acryloyl-β-D-glucosaminoside taken in MeOD. 

 
Figure 3.8. ESI of methyl N-Fmoc-6-acryloyl-β-D-glucosaminosidetaken in methanol. 
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2-O-(N-Fmoc-β-D-glucosaminosyl)hydroxyethyl acrylate was synthesized in five steps 

beginning with the bromination of the anomic position and the acetylation at C-3, C-4, and C-6 

with neat acetyl bromide. Instead of methanol, ethylene glycol was used as a solvent and 

attached in a glycosidic bond. Following Fmoc protection of the amine, an acrylation was 

conducted on the exposed primary alcohol using acryloyl chloride. Finally, the secondary 

alcohols were deprotected using a sodium methoxide solution optimized for concentration and 

duration. The resultant glycomonomer was characterized via NMR (Figure 3.9 and Figure 3.10) 

and ESI spectrometry (Figure 3.11). 

 
Figure 3.9. 

1
H NMR of 2-O-(N-Fmoc-β-D-glucosaminosyl)hydroxyethyl acrylate taken in 

MeOD. 
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Figure 3.10. 

13
C NMR of 2-O-(N-Fmoc-β-D-glucosaminosyl)hydroxyethyl acrylate taken in 

MeOD. 

 
Figure 3.11. ESI of 2-O-(N-Fmoc-β-D-glucosaminosyl)hydroxyethyl acrylate taken in methanol. 
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3.3. Synthesis of polymerizable chain transfer agents 

In order to produce polymerizable chain transfer agents, a CTA was synthesized that 

contained a free alcohol available for attachment of polymerizable groups. Initially, an alcohol 

bearing CTA was synthesized from the nucleophilic substitution of methyl 2-bromo-

3-hydroxypropionate
209

 with a carbodithioate salt (Scheme 3.5). Decomposition of the CTA was 

observed in mild acid, mild base, and high temperatures, making modification the alcohol 

difficult and polymerization with thermal initiators impractical. 

 
Scheme 3.5. Initial synthesis of alcohol-bearing RAFT CTA from methyl 2-bromo-

3-hydroxypropionate. 

Alternatively, an alcohol-bearing CTA was synthesized by base-catalyzed esterification of 

2-bromopropionyl bromide with ethylene glycol followed by radical substitution of a 

bis(thioacryl) disulfide (Scheme 3.6a). Two polymerizable CTAs were created from this alcohol-

bearing CTA. Initially, base-catalyzed esterification of acryloyl chloride was attempted, but 

triethylamine was observed to cause aminolysis of the dithioester. Instead, a polymerizable CTA 

was created by esterification of acrylic acid with the alcohol-bearing CTA via a carbodiimide 

intermediate (Scheme 3.6b). A second polymerizable CTA was synthesized, which would 

incorporate a saccharide unit into the branch point of the polymer, through the Lewis acid-

catalyzed glycosylation of an acetate protected glycomonomer with the alcohol-bearing CTA 

(Scheme 3.6c).  
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Scheme 3.6. Synthesis of a a) RAFT CTA bearing a primary alcohol b) PCTA c) PCTA 

incorporating a saccharide into the branch point. 
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3.4. Conclusions 

In this chapter, a library of tools was created for polymerizing glycopolymers (Figure 3.12). 

A total of nine glycomonomers and two polymerizable CTAs were created. The glycomonomers 

can be divided into three categories. The first category contains four deprotected glycomonomers 

based on glucose, galactose, mannose, and N-acetyl glucosamine that all have a polymerizable 

group attached through a glycosidic bond. The second category contains an isopropylidene-

protected galactose glycomonomer and an acetate-protected glucose glycomonomer both with a 

polymerizable group attached to the primary alcohol. The isopropylidene groups allow for post-

polymerization deprotection without the cleavage of the saccharide form the polymer backbone, 

and the acetate protecting groups allow for the attachment of alcohols in a glycosidic bond. The 

third category of glycomonomers consist of three Fmoc-protected glycomonomers based on 

glucosamine with a polymerizable group attached at the primary alcohol, with a polymerizable 

group attached at the primary alcohol and a methyl glycosidic bond, and with a polymerizable 

group attached through a glycosidic bond. In addition, two polymerizable CTAs were 

synthesized through the attachment of a polymerizable group to an alcohol-bearing CTA or 

through the attachment of the same alcohol-bearing CTA to a glycomonomer through a 

glycosidic bond. Using these tools, a variety of glycopolymers can be created. 
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Figure 3.12. Summary of synthesized glycopolymer tools. 
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3.5. Experimentals 

3.5.1. Materials 

D-Glucose (ACROS, ACS grade), D-galactose (Fisher, off white to white powder), 

D-mannose (Amresco, high purity grade), D-glucosamine hydrochloride (ACROS, 98+%), 

9-fluorenylmethoxycarbonyl chloride (Fmoc-Cl) (Oakwood Products, 97%), triphenylmethyl 

chloride (ACROS, 98%), acetic anhydride (Fisher, ACS grade), boron trifluoride etherate 

(ACROS, 48%), trimethylsilyl trifluoromethanesulfonate (ACROS, 99%), 

trifluoromethanesulfonic acid (ACROS, 99%), hydrochloric acid (Fisher, ACS grade), sulfuric 

acid (Fisher, ACS grade), hydrobromic acid in acetic acid (ACROS, 33 wt%), 2-bromopropionyl 

bromide (Alfa Aesar, 97%), acetyl bromide (Alfa Aesar, 98+%), acetyl chloride (ACROS, ACS 

grade), acetic acid (Macron Chemicals, ACS grade), sodium acetate trihydrate (Fisher, ACS 

grade), 4-dimethylaminopyridine (DMAP) (Alfa Aesar, 99%), 1-ethyl-

3-(3-dimethylaminopropyl) carbodiimide (CreoSalus), triethylamine (Alfa Aesar, 99%), sodium 

bicarbonate (Fisher, USP/FCC), sodium carbonate (Fisher, ACS), sodium methoxide in methanol 

(ACROS, 5.4 M), phenylmagnesium bromide in THF (ACROS, 1 M), phenylmagnesium 

bromide in 2-methyltetrahydrofuran (Strem, Chemicals, 2.9 M), carbon disulfide (Fisher, ACS 

grade), Cu(0) (ACROS, 99%), iodine (ACROS, resublimed), ethylene glycol (MP Biomedicals, 

99%), methanol (EMD DriSolv, 99.8%), ethanol (Decon Labs, 200 proof), acetone (Fisher, ACS 

grade), diethyl ether (Macron Chemicals, ACS grade), tetrahydrofuran (EMD DriSolv, 99.9%), 

p-dioxane (ACROS, 99.8% extra dry), chloroform (Fisher, ACS grade), dichloroethane 

(ACROS, ACS grade), dimethyl sulfoxide (DMSO) (Fisher, ACS grade), ethyl acetate (Fisher, 

ACS grade), hexanes (Fisher, ACS grade), and DOWEX 50WX8 ion-exchange resin (ACROS, 

200-400 mesh) were used as received. N,N,N′,N′,N′′-Pentamethyldiethylenetriamine (Pfaltz & 
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Bauer Inc., 99%), hydroxyethyl acrylate (HEA) (Sigma-Aldrich, 96%), acryloyl chloride (Alfa 

Aesar, 96%), methacrylic anhydride (Sigma-Aldrich, 94%), toluene (Fisher, ACS grade), 

dichloromethane (DCM) (Fisher, ACS grade), pyridine (JT Baker, ACS grade), and water 

(Fisher, HPLC) were distilled. Acrylic acid (ACROS, 99.5%) was passed through basic alumina. 

CuBr (ACROS, 98%) was purified with acetic acid and washed with ethanol. Methyl 2-bromo-3-

hydroxypropionate was synthesized as reported by Pugh et al.
209

  

3.5.2. Analytical techniques 

1
H NMR spectra were recorded with a Bruker Avance 300. 

13
C NMR spectra were recorded 

on a Bruker Avance 500 equipped with a 5 mm dual cryoprobe. Electrospray ionization (ESI) 

was conducted on a Waters LCT Premier with ACQUITY UPLC with autosampler. 

3.5.3. 1,2,3,4,6-Pentaacetyl-β-D-glucose 

D-Glucose (6 g, 33 mmol) was added gradually to a solution of sodium acetate trihydrate (3 

g, 22 mmol) dissolved in acetic anhydride (42 mL, 0.45 mol) previously heated at 140 °C for 20 

minutes. The reaction was removed from heat after 15 minutes and allowed to cool to room 

temperature before gradually pouring into ice water and allowed to precipitate at 4 °C overnight. 

The solid was collected by vacuum filtration and recrystallized in ethanol (6.9 g, 53%).  

1
H NMR (300 MHz, CDCl3): δ5.73 (d, H-1), 5.10-5.30 (m, H-2,3,4), 4.10-4.30 (m, 2H, 

H2-6), 3.85 (m, H-5), 2.01-2.11 (s, 15H, 5 CH3). 

3.5.4. 2-O-(2,3,4,6-Tetraacetyl-β-D-glucosyl)hydroxyethyl acrylate 

Boron trifluoride etherate (2.7 mL, 21 mmol) was added dropwise to a stirring solution of 

1,2,3,4,6-pentaacetyl-β-D-glucose (2.7 g, 7 mmol) and hydroxyethyl acrylate (1.2 mL, 10.4 

mmol) dissolved in DCM (25 mL) cooled in an ice bath. The solution was allowed to warm to 

room temperature after the addition was completed and stirred for 16 hours. The reaction was 
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washed with DI water (2×), a saturated solution of sodium bicarbonate (2×), and brine. The 

organic solution was dried with sodium sulfate, concentrated, and isolated by silica column 

chromatography using 1:1 ethyl acetate in hexanes as an eluent (1.7 g, 55%).  

1
H NMR (300 MHz, CDCl3): δ6.42 (d, 1H, CH2═CH), 6.11 (m, CH2═CH), 5.85 (d, 1H, 

CH2═CH), 5.00-5.20 (m, H-2,3,4), 4.55 (d, H-1), 4.10-4.30 (m, 4H, H2-6, OCH2CH2OC═O), 

4.01 (m, 1H, OCH2CH2OC═O), 3.80 (m, 1H, OCH2CH2OC═O), 3.70 (m, H-5), 2.00-2.10 (s, 

12H, 4 CH3). 

3.5.5. 2-O-(β-D-Glucosyl)hydroxyethyl acrylate 

Sodium methoxide (2 mL, 0.2 M) was added to a solution of 2-O-(2,3,4,6-tetraacetyl-β-

D-glucosyl)hydroxyethyl acrylate (1.7 g, 4 mmol) dissolved in DCM (8 mL) and methanol (10 

mL) and stirred for 7 minutes before quenching with DOWEX 50WX8 ion-exchange resin for 30 

minutes. The glycomonomer was isolated by silica column chromatography using 2:8 methanol 

in DCM as an eluent (207 mg, 20%).  

1
H NMR (300 MHz, MeOD): δ6.42 (d, 1H, CH2═CH), 6.19 (m, CH2═CH), 5.91 (d, 1H, 

CH2═CH), 4.35 (m, 3H, H-1, OCH2CH2OC═O), 4.12 (m, 1H, OCH2CH2OC═O), 3.88 (m, 2H, 

H2-6, OCH2CH2OC═O), 3.69 (dd, 1H, H2-6), 3.31 (m, H-3,4,5), 3.19 (t, H-2). 

3.5.6. 1,2,3,4,6-Pentaacetyl-β-D-galactose 

D-Galactose (20 g, 111 mmol) was added gradually to a solution of sodium acetate trihydrate 

(10 g, 74.5 mmol) dissolved in acetic anhydride (200 mL, 2.1 mol) previously heated at 120 °C 

for 30 minutes. The reaction was removed from heat after an hour and allowed to cool to room 

temperature before gradually pouring into a solution of sodium bicarbonate. Additional sodium 

bicarbonate was added until no gas was produced upon addition. The solid was taken up in DCM 

and washed with saturated sodium bicarbonate (4×), DI water, and brine. The organic solution 
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was dried with sodium sulfate, concentrated, and covered with diethyl ether at -20 °C. The white 

crystals were collected by vacuum filtration (24.84 g, 67%).  

1
H NMR (300 MHz, CDCl3): δ5.71 (d, H-1), 5.43 (d, H-4), 5.34 (dd, H-2), 5.09 (dd, H-3), 

4.15 (m, 2H, H2-6), 4.05 (t, H-5), 2.00-2.17 (s, 15H, 5 CH3). 

3.5.7. 2-O-(2,3,4,6-Tetraacetyl-β-D-galactosyl)hydroxyethyl acrylate 

Boron trifluoride etherate (2.0 mL, 16 mmol) was added dropwise to a stirring solution of 

1,2,3,4,6-pentaacetyl-β-D-galactose (2.0 g, 5.1 mmol) and hydroxyethyl acrylate (1.2 mL, 10.4 

mmol) dissolved in DCM (25 mL) cooled in an ice bath. The solution was allowed to warm to 

room temperature after the addition was completed and stirred for 16 hours. The reaction was 

washed with DI water (3×), a saturated solution of sodium bicarbonate, and brine. The organic 

solution was dried with sodium sulfate, concentrated, and isolated by silica column 

chromatography using 7:3 ethyl acetate in hexanes as an eluent (2.0 g, 87%).  

1
H NMR (300 MHz, CDCl3): δ6.44 (d, 1H, CH2═CH), 6.13 (m, CH2═CH), 5.87 (d, 1H, 

CH2═CH), 5.39 (d, H-4), 5.21 (dd, H-2), 5.03 (dd, H-3), 4.54 (d, H-1), 4.32 (m, 2H, 

OCH2CH2OC═O), 4.15 (m, 3H, H2-6, OCH2CH2OC═O), 3.93 (t, H-5), 3.83 (m, 1H, 

OCH2CH2OC═O), 1.99-2.16 (s, 12H, 4 CH3). 

3.5.8. 2-O-(β-D-Galactosyl)hydroxyethyl acrylate 

Sodium methoxide (300 µL, 0.2 M) was added to a solution of 2-O-(2,3,4,6-tetraacetyl-

β-D-galactosyl)hydroxyethyl acrylate (2.0 g, 4.5 mmol) dissolved in methanol (20 mL) and 

stirred for 10 minutes before quenching with DOWEX 50WX8 ion-exchange resin for 30 

minutes. The glycomonomer was isolated by silica column chromatography using 2:8 methanol 

in DCM as an eluent (357 mg, 29%).  
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1
H NMR (300 MHz, MeOD): δ6.39 (d, 1H, CH2═CH), 6.17 (m, CH2═CH), 5.87 (d, 1H, 

CH2═CH), 4.33 (m, 2H, OCH2CH2OC═O), 4.26 (d, H-1), 4.09 (m, 1H, OCH2CH2OC═O), 3.60-

3.80 (m, 4H, H-4, H2-6, OCH2CH2OC═O), 3.50 (m, H-2,3,5). 

3.5.9. 1,2,3,4,6-Pentaacetyl-α,β-D-mannose 

Acetic anhydride (50 mL, 0.53 mol) was added to a solution of D-mannose (10 g, 55 mmol) 

dissolved in pyridine (100 mL) and stirred for 24 hours. The solution was concentrated in vacuo 

and added to cold DI water. The product was taken up in DCM and washed with a saturated 

sodium bicarbonate solution (2×), washed with brine, dried with sodium sulfate, and 

concentrated in vacuo (12.7 g, 59%).  

1
H NMR (300 MHz, CDCl3): δ6.10 (d, H-1α), 5.89 (d, H-1β), 5.10-5.50 (m, H-2,3,4), 3.71-

4.30 (m, H-5α, H2-6), 3.83 (m, H-5β), 2.00-2.19 (s, 15H, 5 CH3). 

3.5.10. 2-O-(2,3,4,6-Tetraacetyl-α-D-mannosyl)hydroxyethyl acrylate 

Boron trifluoride etherate (2.7 mL, 21 mmol) was added dropwise to a stirring solution of 

1,2,3,4,6-pentaacetyl-α,β-D-mannose (2.7 g, 6.9 mmol) and hydroxyethyl acrylate (1.0 mL, 8.7 

mmol) dissolved in DCM (25 mL) cooled in an ice bath. The solution was allowed to warm to 

room temperature after the addition was completed and stirred for 96 hours. The reaction was 

washed with DI water (3×), a saturated solution of sodium bicarbonate, and brine. The organic 

solution was dried with sodium sulfate, concentrated, and isolated by silica column 

chromatography using 11:9 ethyl acetate in hexanes as an eluent (1.5 g, 49%).  

1
H NMR (300 MHz, CDCl3): δ6.43 (d, 1H, CH2═CH), 6.15 (m, CH2═CH), 5.87 (d, 1H, 

CH2═CH), 5.20-5.40 (m, H-2,3,4), 4.87 (d, H-1), 4.34 (m, 2H, OCH2CH2OC═O), 4.03-4.27 (m, 

3H, H-5, H2-6), 3.78-3.90 (m, 2H, OCH2CH2OC═O), 1.99-2.17 (s, 12H, 4 CH3). 
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3.5.11. 2-O-(α-D-Mannosyl)hydroxyethyl acrylate 

Sodium methoxide (1 mL, 0.2 M) was added to a solution of 2-O-(2,3,4,6-tetraacetyl-

α-D-mannosyl)hydroxyethyl acrylate (1.5 g, 3.4 mmol) dissolved in DCM (5 mL) and methanol 

(4 mL) and stirred for 3 minutes before quenching with DOWEX 50WX8 ion-exchange resin for 

30 minutes. The glycomonomer was isolated by silica column chromatography using 2:8 

methanol in DCM as an eluent (368 mg, 39%).  

1
H NMR (300 MHz, MeOD): δ6.40 (d, 1H, CH2═CH), 6.19 (m, CH2═CH), 5.90 (d, 1H, 

CH2═CH), 4.80 (d, H-1), 4.34 (m, 2H, OCH2CH2OC═O), 3.94 (m, 1H, OCH2CH2OC═O), 3.58-

3.81 (m, 7H, H-2,3,4,5, H2-6, OCH2CH2OC═O). 

3.5.12. 2-Acetamido-1,3,4,6-tetraacetyl-2-deoxy-α-D-glucose 

Acetic anhydride (47 mL, 0.5 mol) was added to a solution of D-glucosamine hydrochloride 

(10 g, 46 mmol) and 4-dimethylaminopyridine (10 mg) dissolved in pyridine (50 mL) and stirred 

for 72 hours. The reaction was chilled in an ice bath and sodium bicarbonate was gradually 

added until no gas evolved. The product was extracted with ethyl acetate, washed with brine, 

concentrated in vacuo, and crystallized with ethanol (15 g, 84%).  

1
H NMR (300 MHz, CDCl3): δ6.18 (d, H-1), 5.61 (d, H-4), 5.24 (m, H-2,3), 4.52 (m, -NH), 

4.27 (dd, 1H, H2-6), 4.09 (dd, 1H, H2-6), 4.02 (m, H-5), 1.95-2.21 (s, 15H, 5 CH3). 

3.5.13. 2-Methyl-2-(3,4,6-triacetyl-1,2-dideoxy-α-D-glucosyl)-[2,1-d]-2-oxazoline 

Trimethylsilyl trifluoromethanesulfonate (1 mL, 5.5 mmol) was added to a solution of 

2-acetamido-1,3,4,6-tetraacetyl-2-deoxy-α-D-glucose (2.0 g, 5.1 mmol) dissolved in 

dichloroethane (9 mL) and heated at 50 °C for 21 hours before quenching with triethylamine 

(1 mL). The reaction was washed with DI water (4×) and dried with sodium sulfate. The product 
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was isolated by silica column chromatography using 9:1 ethyl acetate in hexanes as an eluent 

(1.5 g, 88%).  

1
H NMR (300 MHz, CDCl3): δ5.94 (d, H-1), 5.24 (t, H-3), 4.91 (d, H-4), 4.16 (m, H-5, 

H2-6), 3.60 (m, H-2), 2.07 (s, 12H, 4 CH3). 

3.5.14. 2-O-(2-Acetamido-3,4,6-triacetyl-2-deoxy-β-D-glucosyl)hydroxyethyl acrylate 

Trifluoromethanesulfonic acid (25 µL, 0.3 mmol) was added to a solution of 2-methyl-

2-(3,4,6-triacetyl-1,2-dideoxy-α-D-glucosyl)-[2,1-d]-2-oxazoline (1.0 g, 3 mmol) and 

hydroxyethyl acrylate (0.54 mL, 4.7 mmol) dissolved in dichloroethane (8.3 mL) and heated at 

60 °C for 6 hours before quenching with triethylamine and diluting with DCM. The reaction was 

washed with DI water (2×), washed with brine, dried with sodium sulfate, and crystallized from 

diethyl ether (1.0 g, 75%).  

1
H NMR (300 MHz, CDCl3): δ6.44 (d, 1H, CH2═CH), 6.14 (m, CH2═CH), 5.87 (d, 1H, 

CH2═CH), 5.67 (d, H-4), 5.30 (t, H-2), 5.04 (t, H-3), 4.78 (d, H-1), 4.43 (m, -NH), 4.25 (m, 2H, 

OCH2CH2OC═O), 4.15 (dd, 1H, H2-6), 4.02 (m, 1H, OCH2CH2OC═O), 3.86 (m, 2H, H2-6, 

OCH2CH2OC═O), 1.91-2.08 (s, 12H, 4 CH3). 

3.5.15. 2-O-(2-Acetamido-2-deoxy-β-D-glucosyl)hydroxyethyl acrylate 

Sodium methoxide (1 mL, 0.2 M) was added to a solution of 2-O-(2-acetamido-3,4,6-

triacetyl-2-deoxy-β-D-glucosyl)hydroxyethyl acrylate (511 mg g, 1.1 mmol) dissolved in DCM 

(2.5 mL) and methanol (1.5 mL) and stirred for 1 minutes before quenching with DOWEX 

50WX8 ion-exchange resin for 30 minutes. The glycomonomer was isolated by silica column 

chromatography using 2:8 methanol in DCM as an eluent (106 mg, 29%).  

1
H NMR (300 MHz, MeOD): δ6.40 (d, 1H, CH2═CH), 6.16 (m, CH2═CH), 5.88 (d, 1H, 

CH2═CH), 4.47 (d, H-1), 4.28 (m, 2H, OCH2CH2OC═O), 4.04 (m, 1H, OCH2CH2OC═O), 3.88 
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(dd, 1H, H2-6), 3.78 (m, 1H, OCH2CH2OC═O), 3.65 (m, 3H, H-3,4, H2-6), 3.46 (t, H-2), 3.32 

(m, H-5). 

3.5.16. 1,2:3,4-Di-O-isopropylidene-α-D-galactose 

D-Galactose (20 g, 111 mmol) was dissolved in acetone (300 mL, 4.1 mol), and sulfuric acid 

(1.5 mL, 28 mmol) was added at room temperature for 24 hours. The insoluble galactose was 

filtered and recycled. The filtrate was neutralized with sodium bicarbonate, and the solvent was 

removed in vacuo. The resultant syrup was dissolved in DCM and washed with brine (3×). The 

DCM was removed in vacuo and the product was distilled (19 g, 65%).  

1
H NMR (300 MHz, CDCl3): δ5.56 (d, H-1), 4.61 (dd, H-3), 4.34 (dd, H-2), 4.28 (dd, H-4), 

3.87 (m, 2H, H2-6), 3.73 (m, H-5), 1.52, 1.46, 1.33 (s, 12H, 4 CH3). 

3.5.17. Acryloyl-1,2:3,4-di-O-isopropylidene-α-D-galactose 

Acryloyl chloride (0.63 mL, 7.8 mmol) in DCM (2.26 mL) was added dropwise to a solution 

of 1,2:3,4-di-O-isopropylidene-α-D-galactose (1 g, 4.2 mmol) and triethylamine (1.34 mL, 9.6 

mmol) in DCM (10 mL) at 0°C and allowed to warm to room temperature and stir for 16 hours. 

The solution was washed with brine (3×), dried with sodium sulfate, and purified by silica dry 

vacuum column chromatography (0-50% EtOAc, hexanes). Fractions with Rf = 0.80 in 50% 

EtOAc/hexanes were combined and concentrated to yield a pale yellow syrup that was passed 

through basic alumina with DCM (0.89 g, 74%).  

1
H NMR (300 MHz, CDCl3): δ6.44 (d, 1H, CH2=CH), 6.17 (m, CH2=CH), 5.84 (d, 1H, 

CH2=CH), 5.55 (d, H-1), 4.63 (dd, H-3), 4.24-4.41 (m, 4H, H-2, H-4, H2-6), 4.07 (m, H-5), 1.52, 

1.46, 1.34 (s, 12H, 4 CH3). 
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3.5.18. Trityl-1,2,3,4-tetraacetate-β-D-glucose 

D(+)-glucose (20 g, 111 mmol), triphenylmethyl chloride (34 g, 122 mmol) and pyridine 

(80 mL) were combined and heated to 100°C for 20 minutes, after which acetic anhydride 

(60 mL, 636 mmol) was added and stirred overnight at room temperature. The solution was 

precipitated in vigorously stirred acetic acid (1.5 L, 3%) at 0°C for three hours. The precipitate 

was crystallized in diethyl ether (300 mL) and recrystallized in ethanol yielding fine crystals 

(20 g, 30%).  

1
H NMR (300 MHz, CDCl3): δ7.20-7.50 (m, 15H, φ), 5.73 (d, H-1), 5.1-5.3 (m, H-2,3,4), 

3.70 (m, H-5), 3.00-3.40 (m, 2H, H2-6), 1.76, 2.00, 2.06, 2.18 (s, 12H, 4 CH3). 

3.5.19. 1,2,3,4-Tetraacetate-β-D-glucose 

6-trityl-β-D-glucose-1,2,3,4-tetraacetate (19.26 g, 32.6 mmol) was heated in acetic acid 

(100 mL, glacial) until dissolved. Hydrobromic acid in acetic acid (10 mL, 33 wt%) was added at 

10°C and shaken vigorously for 45 seconds. The solution was filtered into DI water 

 (500 mL) at 4°C. The product was extracted with DCM, washed with cold water, dried with 

sodium sulfate, and crystallized from diethyl ether, yielding white crystals (4.5 g, 40%).  

1
H NMR (300 MHz, CDCl3): δ5.73 (d, H-1), 5.28 (t, H-3), 5.1 (m, H-2,4), 3.78 (m, H-5), 

3.61 (m, 2H, H2-6), 2.00-2.15 (s, 12H, 4 CH3). 

3.5.20. Methacryloyl-1,2,3,4-tetraacetate-β-D-glucose 

Methacrylic anhydride (1.1 mL, 7.4 mmol) in DCM (11 mL) was added dropwise to 

β-D-glucose-1,2,3,4-tetraacetate (1.6 g, 4.7 mmol) and triethylamine (1 mL, 7.5 mmol) in DCM 

(33 mL) at 0°C overnight. The reaction was wash with water (5×), dried with sodium sulfate, and 

purified by silica gradient column chromatography with a 1:1 ethyl acetate:hexanes mixture  

(1.9 g, 99%). 
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1
H NMR (300 MHz, CDCl3): δ6.15 (s, 1H, CH2═CCH3), 5.73 (d, H-1), 5.61 (s, 1H, 

CH2═CCH3), 5.26 (m, H-3), 5.14 (m, H-2,4), 4.26 (m, 2H, H2-6), 3.90 (m, H-5), 2.00-2.15 (s, 

12H, 4 CH3), 1.96 (s, CH2═CCH3). 

3.5.21. N-Fmoc-6-trityl-1,3,4-triacetyl-D-glucosamine 

9-Fluorenylmethoxycarbonyl chloride (Fmoc-Cl) (23 g, 89 mmol) was dissolved in 

p-dioxane (130 mL) and added to a solution of D-glucosamine hydrochloride (19 g, 88 mmol) 

and sodium bicarbonate (21 g, 250 mmol) dissolved in water (250 mL) cooled to 0°C and stirred 

for 16 hours. The precipitate was filtered, washed with toluene and water, dried, and used 

without further purification (28 g, 80%). Triphenylmethyl chloride (22 g, 78 mmol) was added to 

the Fmoc-protected glucosamine (28 g, 71 mmol) dissolved in pyridine (300 mL) at room 

temperature for 24 hours before the addition of acetic anhydride (150 mL, 1.6 mol). The solution 

was stirred for 24 hours and precipitated in water. The solid was collected and purified via silica 

gel column chromatography using 2:3 ethyl acetate in hexanes as an eluent (43 g, 80%).  

1
H NMR (300 MHz, CDCl3): δ7.00-8.00 (m, 24H, Fmoc, Trt, NH), 6.33 (d, H-1), 5.10-5.40 

(m, H-2,3,4), 4.20-4.50 (m, 3H, Fmoc), 3.91 (m, H-5), 3.06-3.32 (dd, 2H, H2-6), 1.80-2.20 (s, 

9H, 3 CH3). 

3.5.22. N-Fmoc-1,3,4-triacetyl-D-glucosamine 

N-Fmoc-6-trityl-1,3,4-triacetyl-D-glucosamine (2 g, 2.60 mmol) was dissolved in acetic acid 

(10 mL) and chilled to 10 °C. Hydrobromic acid in acetic acid (1 mL, 33%) was added and the 

mixture was shaken vigorously for 45 seconds and filtered into cold DI water (200 mL). The 

precipitate that formed in the water was collected by filtration and the product was isolated by 

silica column chromatography using 4:1 ethyl acetate in hexanes (215 mg, 16%). 
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1
H NMR (300 MHz, CDCl3): δ7.00-8.00 (m, 8H, Fmoc), 6.24 (d, H-1), 5.32 (t, H-3), 5.17 

(m, H-2,4), 4.20-4.50 (m, 3H, Fmoc), 3.85 (m, H-5), 3.65 (m, 2H, H2-6), 1.80-2.25 (s, 9H, 3 

CH3). 

3.5.23. N-Fmoc-6-acryloyl-1,3,4-triacetyl-D-glucosamine 

Method 1 

Acryloyl chloride (100 µL, 1.2 mmol) dissolved in DCM (1.4 mL) was added dropwise to a 

solution of N-Fmoc-1,3,4-triacetyl-D-glucosamine (215 mg, 0.41 mmol) and triethylamine 

(185 µL, 1.3 mmol) dissolved in DCM (4.3 mL) at 0 °C and stirred at room temperature for 16 

hours. The solution was washed with water, washed with a saturated sodium bicarbonate solution 

(3×), washed brine, dried with sodium sulfate, and purified via silica gel column chromatography 

using 1:1 ethyl acetate in hexanes as an eluent (108 mg, 46%). 

Method 2 

Hydrochloric acid (1 mL) was added dropwise to N-Fmoc-6-trityl-1,3,4-acetyl-D-glucosamine 

(43 g, 56 mmol) dissolved in acryloyl chloride (160 mL, 2 mol) and stirred for 16 hours at room 

temperature. The reaction was quenched by dropwise addition into an ice-cold sodium 

bicarbonate solution. The compound was extracted with DCM, washed with a saturated sodium 

bicarbonate solution (3×) and brine, dried with sodium sulfate, and purified via silica gel column 

chromatography using 1:1 ethyl acetate in hexanes as an eluent (17.5 g, 54%). 

1
H NMR (300 MHz, CDCl3): δ7.30-7.80 (m, 9H, Fmoc, NH), 6.44 (d, 1H, CH2═CH), 6.18 

(m, H-1, CH2═CH), 5.89 (d, 1H, CH2═CH), 5.23 (m, H-3,4), 5.03 (d, H-2), 4.11-4.52 (m, 5H, 

Fmoc, H2-6), 4.06 (m, H-5), 2.00-2.19 (s, 9H, 3 CH3). 
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3.5.24. N-Fmoc-6-acryloyl-D-glucosamine (1) 

 
Sodium methoxide (4 mL, 0.2 M) was added to N-Fmoc-6-acryloyl-1,3,4-acetyl-

D-glucosamine (1 g, 1.7 mmol) dissolved in DCM (20 mL) and methanol (16 mL) and stirred for 

10 minutes and quenched with DOWEX 50WX8 ion-exchange resin for 30 minutes. The 

compound was purified via silica gel column chromatography using 9:1 ethyl acetate in hexanes 

as an eluent (62 mg, 7%).  

1
H NMR (300 MHz, MeOD): δ7.31-7.82 (m, 8H, Fmoc), 6.42 (d, 1H, CH2═CH), 6.21 (m, 

CH2═CH), 5.90 (d, 1H, CH2═CH), 5.13 (d, H-1), 4.20-4.47 (m, 5H, H2-6, Fmoc), 4.05 (m, H-5), 

3.71 (d, H-3), 3.62 (dd, H-2), 3.37 (m, H-4).
 13

C NMR (400 MHz, MeOD): δ167.68 (C7), 158.88 

(C10), 145.41 (C13), 142.56 (C18), 131.70 (C9), 129.43 (C8), 128.77 (C16), 128.16 (C17), 126.27 

(C15), 120.90 (C14), 97.24 (Cβ-1), 92.97 (Cα-1), 75.82 (Cβ-3), 75.27 (Cβ-5), 72.62 (Cα-5), 72.50 

(Cα-3), 72.21 (Cβ-4), 70.75 (Cα-4), 67.99 (C11), 65.07 (C6), 60.27 (Cβ-2), 57.55 (Cα-2), 48.49 (C12). 

3.5.25. Methyl N-Fmoc-6-trityl-3,4-diacetyl-β-D-glucosaminoside 

Methyl N-Fmoc-β-D-glucosaminoside (2.64 g, 6.4 mmol) was synthesized as reported
210

 and 

was dissolved in pyridine (140 mL). Triphenylmethyl chloride (8.9 g, 32 mmol) was added at 

room temperature and stirred for 16 hours followed by the addition of acetic anhydride (15 mL, 

159 mmol) and stirred for an additional 16 hours. The reaction was precipitated in ice water, 
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filtered, dissolved in DCM, washed with brine, and concentrated. The product was purified by a 

silica plug eluting a trityl byproduct with 20% ethyl acetate in hexanes and eluting the product 

with 50% ethyl acetate in hexanes. The product was crystallized in ethyl acetate to produce fine 

white crystals (3.9 g, 83%).  

1
H NMR (300 MHz, CDCl3): δ7.20-7.90 (m, 24H, Fmoc, Trt), 5.21 (br, H-3), 5.4.92 (br, 

H-4), 4.20-4.60 (br, 4H, H-5, Fmoc), 3.50-3.90 (br, 4H, H-2, OMe), 3.28 (br, H-1), 3.16 (br, 

H2-6), 1.81-2.03 (s, 6H, 2 CH3). 

3.5.26. Methyl N-Fmoc-3,4-diacetyl-β-D-glucosaminoside 

Hydrobromic acid in acetic acid (2.5 mL, 33 wt%) was added to methyl 6-trityl-3,4-diacetyl-

2-N-Fmoc glycosaminoside (3.9 g, 5.3 mmol) dissolved in glacial acetic acid (180 mL) at room 

temperature for 3 minutes before quenching by pouring the reaction into ice water. The product 

was extract with DCM, dried with sodium sulfate, concentrated, and crystallized in diethyl ether 

to produce white crystals (1.56 g, 59%).  

1
H NMR (300 MHz, CDCl3): δ7.20-7.80 (m, 8H, Fmoc), 5.31 (br, H-3), 5.03 (br, H-4), 4.10-

4.60 (br, 4H, H-5, Fmoc), 3.27-3.92 (br, 6H, H-2, H2-6, OMe), 3.16 (br, H-1), 1.77-2.18 (s, 6H, 2 

CH3). 

3.5.27. Methyl N-Fmoc-6-acryloyl-3,4-diacetyl-β-D-glucosaminoside 

Acryloyl chloride (55 µL, 0.68 mmol) dissolved in DCM (5 mL) was added dropwise to 

methyl N-Fmoc-3,4-diacetyl-β-D-glucosaminoside (189 mg, 0.38 mmol) and triethylamine 

(105 µL, 0.76 mmol) dissolved in DCM (20 mL) chilled in an ice bath. The reaction was warmed 

to room temperature and stirred for 16 hours followed by washing with water, saturated sodium 

bicarbonate solution (3×), brine, and drying with sodium sulfate. The solution was concentrated 

and crystallized in methanol (120 mg, 57%).  
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1
H NMR (300 MHz, CDCl3): δ7.20-7.80 (m, 8H, Fmoc), 6.45 (d, 1H, CH2═CH), 6.17 (m, 

CH2═CH), 5.87 (d, 1H, CH2═CH), 5.09 (br, H-3,4), 4.10-4.60 (br, 6H, H-5, H2-6, Fmoc), 3.27-

3.92 (br, 4H, H-2, OMe), 3.08 (br, H-1), 1.77-2.18 (s, 6H, 2 CH3). 

3.5.28. Methyl N-Fmoc-6-acryloyl-β-D-glucosaminoside (2) 

 
Methyl N-Fmoc-β-D-glucosaminoside (1.5 g, 3.6 mmol) was synthesized as reported

210
 and 

dissolved in THF (60 mL) with triethylamine (625 µL, 4.5 mmol) in an ice bath. Acryloyl 

chloride (300 µL, 3.6 mmol) was dissolved in THF (15 mL) and added dropwise with vigorous 

stirring for 16 hours. The compound was precipitated into cold water, extracted with ethyl 

acetate, washed with a saturated solution of sodium bicarbonate (3×) and brine, dried with 

sodium sulfate, and purified via silica gel column chromatography using ethyl acetate as an 

eluent. The white solid was recrystallized from methanol (756 mg, 45%).  

1
H NMR (300 MHz, MeOD): δ7.20-7.71 (m, 8H, Fmoc), 6.34 (d, 1H, CH2═CH), 6.14 (m, 

CH2═CH), 5.85 (d, 1H, CH2═CH), 4.46 (m, H-1), 4.00-4.40 (m, 5H, H2-6, Fmoc), 3.25-3.60 (m, 

7H, H-2, H-3, H-4, H-5, -OMe).
 13

C NMR (400 MHz, MeOD): δ167.58 (C7), 159.04 (C10), 

145.35 (C13), 142.56 (C18), 131.80 (C9), 129.36 (C8), 128.74 (C16), 128.13 (C17), 126.29 (C15), 

120.89 (C14), 103.95 (C1), 75.81 (C3), 75.22 (C5), 72.16 (C4), 67.82 (C11), 64.79 (C6), 58.80 (C2), 

57.12 (C19), 48.66 (C12). 
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3.5.29. Hydroxyethyl 3,4,6-triacetyl-β-D-glucosaminoside 

Tri-O-acetyl-2-amino-2-deoxy-α-glucopyranosyl bromide hydrobromide (12.5 g, 27.5 mmol) 

was synthesized as report
210

 and dissolved in ethylene glycol (250 mL, 4.4 mol). Pyridine 

(2.5 mL, 31 mmol) was added and stirred at room temperature for 4 days. The solution was 

diluted with sodium carbonate (aq) (250 mL, 5%), extracted with chloroform (3×), concentrated, 

and crystallized by adding hexanes (4.0 g, 41%).  

1
H NMR (300 MHz, CDCl3): δ5.02 (m, H-3,4), 4.36 (d, H2-6), 4.23 (m, H-5, H2-6), 3.93 (m, 

OCH2CH2OH), 3.78 (m, H-2, OCH2CH2OH), 2.95 (td, H-1), 2.00-2.12 (s, 9H, 3 CH3). 

3.5.30. Hydroxyethyl β-D-glucosaminoside 

Hydroxyethyl 3,4,6-triacetyl-β-D-glucosaminoside (303 mg, 0.87 mmol) was dissolved in a 

solution of acetyl chloride (1.66 mL) and methanol (8 mL) and stirred for 24 hours. The solution 

was concentrated in vacuo, and the product was crystallized by adding ethyl acetate (120 mg, 

54%). 

1
H NMR (300 MHz, MeOD): δ4.59 (d, H-1), 4.02 (H-5), 3.89 (dd, 1H, H2-6), 3.75 (m, 3H, 

H2-6, OCH2CH2OH), 3.69 (m, 1H, OCH2CH2OH), 3.51 (m, 1H, OCH2CH2OH), 3.35 (m, H-3, 

H-4), 2.88 (dd, H-2). 

3.5.31. (N-Fmoc-3,4,6-triacetyl-β-D-glucosaminosyl)hydroxyethanol 

9-Fluorenylmethoxycarbonyl chloride (3.0 g, 12 mmol) was dissolved in p-dioxanes (50 mL) 

and added gradually to a solution of hydroxyethyl 3,4,6-triacetyl-β-D-glucosaminoside (4.0 g, 12 

mmol) and sodium bicarbonate (3.0 g, 36 mmol) dissolved in water (50 mL) submerged in an ice 

bath and stirred for 16 hours. The precipitate was filtered, dissolved in DCM, dried with sodium 

sulfate, concentrated, and crystallized in diethyl ether (3.6 g, 55%).  
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1
H NMR (300 MHz, CDCl3): δ7.29-7.83 (m, 8H, Fmoc), 5.00 (br, H-3,4), 4.00-4.84 (br, 6H, 

Fmoc, H-5, H2-6), 3.35-4.00 (br, 5H, H-2, OCH2CH2OH), 2.53 (br, H-1), 2.00-2.12 (s, 9H, 

3 CH3). 

3.5.32. 2-O-(N-Fmoc-3,4,6-triacetyl-β-D-glucosaminosyl)hydroxyethyl acrylate 

Acryloyl chloride (0.92 mL, 11.3 mmol) dissolved in DCM (25 mL) was added dropwise to 

(N-Fmoc-3,4,6-triacetyl-β-D-glucosaminosyl)hydroxyethanol (3.6 g, 6.3 mmol) and 

triethylamine (1.14 mL, 8.2 mmol) dissolved in DCM (125 mL) submerged in an ice bath and 

stirred for 16 hours. The solution was washed with water, washed with a saturated sodium 

bicarbonate solution (3×), washed brine, dried with sodium sulfate, concentrated, and 

crystallized in methanol (3.2 g, 82%).  

1
H NMR (300 MHz, CDCl3): δ7.27-7.88 (m, 8H, Fmoc), 6.37 (d, 1H, CH2═CH), 6.05 (m, 

CH2═CH), 5.76 (br, 1H, CH2═CH), 2.55-5.53 (br, 14H, H-1,2,3,4,5, H2-6, Fmoc, 

OCH2CH2OC═O), 1.80-2.18 (s, 9H, 3 CH3). 

3.5.33. 2-O-(N-Fmoc-β-D-glucosaminosyl)hydroxyethyl acrylate (3) 

 
Sodium methoxide (1 mL, 0.2 M) was added to 2-O-(N-Fmoc-3,4,6-triacetyl-

β-D-glucosaminosyl)hydroxyethyl acrylate (1 g, 1.6 mmol) dissolved in DCM (10 mL) and 

methanol (9 mL) and stirred for 10 minutes and quenched with DOWEX 50WX8 ion-exchange 
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resin for 30 minutes. The compound was purified via silica gel column chromatography using 

1:19 methanol in ethyl acetate as an eluent and crystallized from ethyl acetate (144 mg, 18%).  

1
H NMR (300 MHz, MeOD): δ7.31-7.82 (m, 8H, Fmoc), 6.31 (d, 1H, CH2═CH), 6.04 (m, 

CH2═CH), 5.73 (d, 1H, CH2═CH), 4.48 (d, H-1), 4.27 (m, 5H, OCH2CH2OC═O, Fmoc), 4.08 

(m, 1H, OCH2CH2OC═O), 3.91 (m, 2H, H-5, H2-6), 3.82 (br, 1H, OCH2CH2OC═O), 3.72 (m, 

1H, H2-6), 3.48 (m, H-2), 3.41 (m, H-3), 3.36 (m, H-4). 13
C NMR (400 MHz, MeOD): δ167.61 

(C7), 158.98 (C10), 145.38 (C13), 142.57 (C18), 131.65 (C9), 129.32 (C8), 128.78 (C16), 128.17 

(C17), 126.32 (C15), 120.91 (C14), 103.09 (C1), 78.00 (C5), 75.83 (C3), 72.13 (C4), 68.29 (C20), 

67.89 (C11), 64.88 (C19), 62.79 (C6), 58.89 (C2), 49.85 (C12). 

3.5.34. Methyl 2-(phenylcarbonothioylthio)-3-hydroxypropionate 

Carbon disulfide (280 µL, 4.6 mmol) was added to phenyl magnesium bromide in THF 

(4.08 mL, 1 M) and heated at 40 °C for 30 minutes. Methyl 2-bromo-3-hydroxypropionate 

(300 µL, 2.7 mmol) was added at room temperature and stirred for three hours before quenching 

by the addition of water. The compound was extracted with ether (5×), washed with water (5×), 

dried with sodium sulfate, concentrated in vacuo, and isolated by silica column chromatography 

using a 3:2 ethyl acetate:hexanes mixture as an eluent. Rf = 0.45 in 1:1 ethyl acetate:hexanes 

(386 mg, 55%). 

1
H NMR (300 MHz, CDCl3): δ7.40-8.05 (m, 5H, φ), 5.13 (dd, CHCH2OH), 4.11 (m, 

CHCH2OH), 3.81 (s, CH3), 2.45 (br, OH). 

3.5.35. Bis(thiobenzyl) disulfide (BTBD) 

Carbon disulfide (5.25 mL, 87 mmol) was added dropwise to a phenylmagnesium bromide 

solution in 2-methyltetrahydrofuran (30 mL, 2.9M) diluted with THF (15 mL) at 0°C and stirred 

under argon. The solution was stirred for 45 minutes and quenched by the addition of water 
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dropwise. The THF was removed in vacuo and the solution was filtered. The product was 

extracted with DCM as hydrochloric acid was added until the aqueous layer was colorless. The 

organic layer was washed with brine (2×) and reduced to a red oil in vacuo. The oil was 

crystallized with ethanol (10 mL), dimethyl sulfoxide (DMSO) (2 mL), and catalytic amounts of 

crystalline iodine at 0 °C. The magenta crystals were filtered and washed with water (4.18 g, 

31%).  

1
H NMR (300 MHz, CDCl3): δ7.40-8.10 (m, 10H, ). 

3.5.36. 2-Hydroxyethyl 2-bromo propionate 

A solution of 2-bromopropionyl bromide (2.1 mL, 20 mmol) in DCM (30 mL) was added 

dropwise to a solution of ethylene glycol (22.4 mL, 400 mmol) and triethylamine (3 mL, 21 

mmol) in DCM (30 mL) at 0°C and allowed to warm to room temperature and stir for 16 hours. 

The solution was washed with brine (3×), dried with sodium sulfate, and purified by silica dry 

vacuum column chromatography (0-80% EtOAc, hexanes). Fractions with Rf = 0.33 in 50% 

EtOAc/hexanes were combined and concentrated to yield a clear viscous liquid (1.5 g, 39%).  

1
H NMR (300 MHz, CDCl3): δ4.41 (q, 1H, BrCHCH3), 4.31 (m, 2H, CH2CH2OH), 3.87 (m, 

2H, CH2CH2OH), 1.85 (d, 3H, BrCHCH3). 

3.5.37. 2-Hydroxyethyl 2-(phenylcarbonothioylthio) propionate 

2-Hydroxyethyl 2-bromo propionate (677 µL, 5.0 mmol), BTBD (1.03 g, 3.4 mmol), Cu(0) 

(400 mg, 6.3 mmol), and CuBr (361 mg, 2.5 mmol) were combine in toluene (20 mL). The 

solution was degassed by freeze-pump-thaw cycles (5×) and backfilled with argon. 

N,N,N′,N′,N′′-Pentamethyldiethylenetriamine (526 µL, 2.5 mmol) was added, and the solution 

was degassed (3×), backfilled with argon, and heated to 80°C for 3 hours. The solution was 
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passed through neutral alumina with DCM, and the solvent was removed in vacuo (705 mg, 

49%).  

1
H NMR (300 MHz, CDCl3): δ7.40-8.00 (m, 5H, φ), 4.78 (q, 1H, CHCH3), 4.32 (m, 2H, 

CH2CH2OH), 3.86 (m, 2H, CH2CH2OH), 1.72 (d, 3H, CHCH3). 

3.5.38. 2-Acryloylethyl 2-(phenylcarbonothioylthio) propionate 

Acrylic acid (400 µL, 5.9 mmol), 4-dimethylaminopyridine (36 mg, 0.3 mmol), and 1-ethyl-

3-(3-dimethylaminopropyl)carbodiimide hydrochloride (567 mg, 3.0 mmol) were combined in 

DCM (40 mL) and stirred at room temperature for 15 minutes. 2-Hydroxyethyl 

2-(phenylcarbonothioylthio) propionate (400 mg, 1.48 mmol) was added and stirred for 16 hours. 

The solution was washed with a saturated sodium bicarbonate solution, dried with sodium 

sulfate, and the solvent was removed in vacuo (356 mg, 91%).  

1
H NMR (300 MHz, CDCl3): δ7.40-8.00 (m, 5H, φ), 6.42 (d, 1H, CH2=CH), 6.12 (m, 1H, 

CH2=CH), 5.85 (d, 1H, CH2=CH), 4.77 (q, 1H, CHCH3), 4.42 (m, 4H, CH2), 1.69 (d, 3H, 

CHCH3). 

3.5.39. 2-(Methacryloyl-2,3,4-triacetate glucopyranosyl)ethyl 2-(phenylcarbonothioylthio) 

propionate.  

Boron trifluoride etherate (193 µL, 1.53 mmol) was added to methacryloyl-

1,2,3,4-tetraacetate-β-D-glucose (138 mg, 0.51 mmol) and 2-hydroxyethyl 

2-(phenylcarbonothioylthio) propionate (193 mg, 0.46 mmol) in DCM (2 mL) at 0°C overnight. 

The reaction was wash with water (5×), dried with sodium sulfate, and purified by silica gradient 

column chromatography with an ethyl acetate/hexanes mixture (102 mg, 36%). 

1
H NMR (300 MHz, CDCl3): δ7.40-8.00 (m, 5H, φ), 6.14 (s, 1H, CH2═CCH3), 5.60 (s, 1H, 

CH2═CCH3), 5.18 (m, H-3), 5.07 (m, H-4), 4.96 (m, H-2), 4.74 (q, 1H, CHCH3), 4.56 (m, H-1), 
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4.26 (m, 2H, H2-6), 4.42 (m, 4H, CH2), 3.91 (m, H-5), 2.00-2.15 (s, 12H, 4 CH3), 1.96 (s, 

CH2═CCH3), 1.69 (d, 3H, CHCH3). 
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CHAPTER 4 
4. Polymerization and characterization of glycopolymers 

Polymerization and characterization of glycopolymers  

4.1. Introduction 

Free-radical polymerization (FRP) continues to be the most prevalent method for creating 

glycopolymers via direct polymerization due to its flexibility for different initiators, monomers, 

and solvents.
138

 In FRP, however, the molecular weight is difficult to control since polymers 

propagate and terminate quickly after radical initiation leading to dispersity values (Ð = Mw/Mn) 

ranging from 1.5 to 2 depending on the mode of termination. As polymerizations are taken to 

high conversion, dispersity values increase to as high as 50 from changes in concentrations and 

chain transfer. For biomedical applications, however, high dispersity values are undesirable due 

to the effect of molecular weight on the biological properties of the polymer, such as 

cytotoxicity. 

In order to maintain low dispersity, controlled radical polymerization techniques have been 

developed. One of these controlled radical polymerization techniques is reversible addition-

fragmentation chain transfer (RAFT) polymerization,
21

 which is particularly useful due to its 

tolerance for a wide range of reaction conditions and functionalities, in particular aqueous media 

and biomolecules.
11,141

 RAFT polymerization limits dispersity using a chain transfer agent 

(CTA) that reversibly limits the number of actively propagating chains, avoiding premature 

termination. By keeping most of the polymer chains in a dormant state and quickly transferring 

the radical among all the chains, the polymers grow in a uniform fashion throughout the entire 

course of the polymerization with molecular weight increasing proportionally with conversion. 
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At the completion of the polymerization, the RAFT CTA is still attached to the chain end and 

allows for continued polymerization by the addition of the same monomer or allows for the 

creation of block copolymers by the addition of a different monomer. Transformation of the 

RAFT CTA chain end into a free thiol can be facilitated with the addition of ethanolamine. Due 

to these attributes, RAFT polymerization is a particularly powerful technique for the creation of 

glycopolymers. In this chapter, three sets of glycopolymers are created using the glycopolymer 

tools synthesized in Chapter 3: 1) glycopolymers with a variety of saccharide identities linked to 

the polymer backbone through a glycosidic bond, 2) linear and branched glycopolymers and 

linear and branched amphiphilic glycopolymers of various molecular weights with galactose 

linked through the primary alcohol to the polymer backbone, and 3) a cationic methyl 

glucosaminoside glycopolymer with various molecular weights isolated via fractional 

precipitation. 
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4.2. Aqueous RAFT polymerization of glycopolymers 

The glycomonomers in the first set produced in Chapter 3 (Figure 4.1) were each 

polymerized via RAFT polymerization using 4,4’-azobis(4-cyanovaleric acid) (ACVA) and 

4-cyano-4-(thiobenzoylthio)pentanoic acid as an initiator and chain transfer agent, respectively, 

at 70 °C in 25% ethanolic water for 16 hours with a target degree of polymerization (DP) of 100 

repeat units (Scheme 4.1). In addition, poly(2-O-(α-D-mannosyl)hydroxyethyl acrylate) was also 

polymerized with a target degree of polymerization of 250. After the polymerization was 

complete, the polymerization solution was extensively dialyzed to remove any residual 

monomer, and the DP was determined from 
1
H NMR by comparing the saccharide proton to the 

CTA chain end protons (7.40-8.00 ppm). The resultant glycopolymers were lyophilized and 

analyzed for their molecular weight and dispersity via aqueous GPC relative to pullulan 

standards (Figure 4.2, Table 4.1).  

 
Figure 4.1. Set of deprotected glycomonomers based on a) glucose, b) galactose, c) mannose, 

and d) N-acetyl glucosamine. 

 
Scheme 4.1. Aqueous RAFT polymerization of deprotected glycomonomer. 
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Figure 4.2. Aqueous GPC trace of mannose DP 215 polymer (red), mannose DP 108 polymer 

(orange), N-acetyl glucosamine DP 76 polymer (purple), galactose DP 76 polymer (blue), and 

glucose DP 65 polymer (green) relative to pullulan standards. 

Table 4.1. Characterization of glucose, galactose, mannose, and N-acetyl glucosamine 

glycopolymers via 
1
H NMR and GPC. 

saccharide DPn
a
 Mw

b 
Mn

b
 Ð

b
 DPn

c
 

glucose 65 9600 6800 1.42 24 

galactose 76 12000 8500 1.41 31 

mannose 215 72600 37200 1.95 134 

mannose 108 28700 16400 1.75 59 

N-acetyl 

glucosamine 
76 14200 8400 1.68 27 

a
  Determined via 

1
H NMR comparison of the chain end and saccharide protons. 

b
  Determined via aqueous GPC relative to pullulan standards. 

c
 Determined from Mn divided by the molecular weight of the monomer. 

 

The degrees of polymerization determined via GPC were consistently lower than the degree 

of polymerization determined via 
1
H NMR. Figure 4.3 shows the linear relationship between the 

molecular weights obtained via GPC and 
1
H NMR. GPC separates polymers according to their 

hydrodynamic volume. The underestimation of molecular weight from GPC is likely due to the 
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hydrophobic characteristic of the glycopolymer backbone and the hydrophobic RAFT chain end, 

which are absent in pullulan (Figure 4.4). When dissolved in water, the glycopolymers adopt a 

more compact conformation to reduce the thermodynamically unfavorable interactions between 

the backbone and the solvent, resulting in smaller hydrodynamic volumes compared to pullulan 

of equivalent molecular weights.  

 
Figure 4.3. Plot and linear curve fit of the degree of polymerization (DPn) as determined from 

1
H 

NMR versus as determined via aqueous GPC relative to pullulan standards. 

 
Figure 4.4. Structure of a) a glycopolymer and b) pullulan. 

4.3. Polymerization of linear and branched glycopolymers 

Linear and branched glycopolymers of various molecular weights were synthesized via 

RAFT polymerization using azobisisobutyronitrile (AIBN) as an initiator, ethyl 

2-(phenylcarbonothioylthio) propionate as a CTA, 2-acryloylethyl 2-(phenylcarbonothioylthio) 
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propionate as a polymerizable CTA (PCTA) branching agent, acryloyl-1,2:3,4-di-

O-isopropylidene-α-D-galactose as a monomer, and toluene as a solvent at 80°C for 72 hours. 

The PCTA has a polymerizable acrylate unit and a chain transfer unit, analogous to ethyl 2-

(phenylcarbonothioylthio) propionate. This expected similarity in reactivity with the CTA and 

monomer promotes random incorporation of branching units into the glycopolymer. The 

isopropylidene protecting groups were removed via acidolysis with formic acid, and the RAFT 

chain ends were removed via aminolysis with ethanolamine (Scheme 4.2).  

 

 

 
Scheme 4.2. Polymerization and deprotection of hyperbranched poly(6-acryloyl-D-galactose). 

Different molecular weights of polymer were prepared by varying the [M]0:[CTA]0 from 

12:1 to 50:1, and polymers with different degrees of branching were prepared by varying the 

[PCTA]0:[CTA]0 from 0:1 to 5:1. Polymer characterization was conducted prior to deprotection 
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by 
1
H NMR and GPC in THF (Table 4.2). The DP was calculated from 

1
H NMR by comparing 

the anomeric proton of the saccharide (5.56 ppm) to the CTA chain ends (7.40-8.00 ppm). By 

GPC, branched polymers exhibited the characteristic drop in apparent molecular weight and 

increase in dispersity associated with branching. GPC measures molecular weight relative to the 

hydrodynamic volume of known linear standards. Branched polymers are more compact and thus 

have smaller hydrodynamic volumes, resulting in lower molecular weights being reported by 

GPC.
211

 The increase in dispersity is theorized to be caused by the difference in reactivity 

between the polymerizable unit and chain transfer unit on the PCTA.
212

 

Table 4.2. Summary of glycopolymers characterization via NMR
†
 and GPC

‡
. 

  target degree of polymerization 

  DP = 12  DP = 25  DP = 50 

degree of 

branching 

 
DP

†
 Mn

‡
 Ð

‡
 

 
DP

†
 Mn

‡
 Ð

‡
 

 
DP

†
 Mn

‡
 Ð

‡
 

0  9 2630 1.01  32 5410 1.02  41 7600 1.04 

1  15 1530 1.17  20 2340 1.06  46 4530 1.13 

5  10 1060 1.24  32 1750 1.36  58 2600 1.39 
†
 Determined via 

1
H NMR conducted in chloroform and calculated from the comparison of the 

chain end and saccharide protons. 
‡ 

Determined via GPC performed in THF and calibrated using linear poly(methyl methacrylate) 

standards. 

 

4.4. Polymerization of amphiphilic glycopolymers 

Taking advantage of the ability to chain-extend polymers in RAFT polymerization, 

amphiphilic polymers can be created. First, methyl acrylate was polymerized using ethyl 

2-(phenylcarbonothioylthio) propionate as a CTA and AIBN as an initiator. The polymer then 

underwent chain-extension with acryloyl-1,2:3,4-di-O-isopropylidene-α-D-galactose (Scheme 

4.3) or with acryloyl-1,2:3,4-di-O-isopropylidene-α-D-galactose and a PCTA to introduce a 

branched architecture (Scheme 4.4). The saccharide moieties were subsequently deprotected 

using a formic acid solution. Each copolymer was named according to the ratio of the degree of 

polymerization of methyl acrylate, the expected degree of polymerization of acryloyl-1,2:3,4-di-
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O-isopropylidene-α-D-galactose, and the expected number of branches per chain. For example, a 

copolymer with poly(methyl acrylate) with a degree of polymerization of 25, poly(acryloyl-

1,2:3,4-di-O-isopropylidene-α-D-galactose) with a target degree of polymerization of 50, and a 

target of five branches per chain would be named 25:50 5 branch.  

 
Scheme 4.3. Synthesis of linear poly(methyl acrylate-co-acryloyl-1,2:3,4-di-O-isopropylidene-

α-D-galactose). 
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Scheme 4.4. Synthesis of branched poly(methyl acrylate-co-acryloyl-1,2:3,4-di-

O-isopropylidene-α-D-galactose). 

Copolymer chain-extension polymerization conversion was determined by 
1
H NMR and was 

used to calculate the degree of polymerization of the saccharide monomer, while Mn and Mw 

were determined by GPC relative to poly(methyl methacrylate) standards (Figure 4.5) and used 

to calculate molecular weight distribution (Ð = Mw/Mn) (Table 4.3). As expected for copolymers 

with similar degrees of polymerization, as branching increased, a greater discrepancy is seen 

between relative molecular weights obtained by GPC and those calculated from 
1
H NMR.  
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Figure 4.5. Normalized GPC traces for each copolymer in THF relative to the poly(methyl 

acrylate) macro-CTA (black). 
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Table 4.3. Summary of the characterization via NMR and GPC for each chain-extension 

polymerization of poly(methyl acrylate) with acryloyl-1,2:3,4-di-O-isopropylidene-

α-D-galactose with a specified number of branches per chain. 

 
 

1
H NMR  GPC

† 

copolymer 

 conversion 

of chain-

extension 

DP of sugar Mn 

 

Mw Mn Ð 

25:50 

0 branch 

 
88% 44 16190 

 
10270 6480 1.58 

25:50 

1 branch 

 
86% 43 16170 

 
7790 5610 1.39 

25:50 

5 branch 

 
92% 46 18290 

 
7700 5830 1.32 

25:25 

0 branch 

 
90% 23 9480 

 
7580 5870 1.29 

25:25 

1 branch 

 
71% 18 8220 

 
6790 4980 1.36 

25:25 

5 branch 

 
78% 20 9800 

 
5420 3920 1.38 

25:12 

0 branch 

 
42% 5 4060 

 
6310 4800 1.31 

25:12 

1 branch 

 
30% 4 3680 

 
4820 4130 1.17 

25:12 

5 branch 

 
80% 10 6850 

 
4230 3350 1.26 

†
Gel permeation chromatography (GPC) was performed in THF and calibrated using linear 

poly(methyl methacrylate) standards. 

 

The incorporation of branching units was verified via 
1
H NMR. Although the ethylene peaks 

corresponding to the branching unit overlap with the saccharide peaks at 4 ppm, it is possible to 

quantify the amount of polymerizable CTA units incorporated from the increase of the 

integration of the peaks at 4 ppm and also the aromatic peak at 7.9 ppm from the chain transfer 

unit. For example, using both integrations, the 25:50 5 branch copolymer was determined to have 

approximately seven branching units incorporated (Figure 4.6). 
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Figure 4.6. 

1
H NMR taken in CDCl3 used to quantify the incorporation of the polymerizable 

CTA. 

After deprotection with formic acid, the amount of deprotected saccharide was determined by 

comparing the integration of the residual protected anomeric protons (5.5 ppm) relative to the 

methyl acrylate protons (3.6 ppm) (Figure 4.7). It was not possible to quantify the deprotected 

saccharide directly due to the overlapping peaks from the isomerization of the saccharide in 

DMSO-d6 as confirmed by the 
13

C NMR (Figure 4.8).
213

 Even though the deprotected saccharide 

cannot be quantified, NMR does confirm that the saccharide moieties are present and retain their 

natural ability to isomerize while connected to the polymer backbone.  
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Figure 4.7. 
1
H NMR of 25:50 0 branch protected copolymer overlaid with 

1
H NMRs of 

deprotected 0, 1, and 5 branch copolymers of the same molecular weight. Percent deprotection 

was calculated by using the methyl acrylate peak (8) as a reference and comparing the residual 

integration of the protected anomeric peak (1). All NMRs were taken in DMSO-d6. 
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Figure 4.8. 
13

C NMR in DMSO-d6 of 25:50 5 branch deprotected copolymer showing the 

isomerization of the deprotected saccharide unit. All four isomers (α-pyranose, β-pyranose, 

α-furanose, β-furanose) are observed. 

4.5. Polymerization of Fmoc-protected cationic glycopolymers 

For the polymerization of the Fmoc-protected cationic glycopolymers, methyl N-Fmoc-

6-acryloyl-β-D-glucosaminoside was used as a model monomer due to its relatively high yield. A 

number of free-radical polymerization techniques and conditions were explored. Initial 

investigations using RAFT polymerization failed to produce any evidence of monomer 

conversion via 
1
H NMR. Based on the structural differences between methyl N-Fmoc-6-acryloyl-

β-D-glucosaminoside and 2-O-(2-acetamido-2-deoxy-β-D-glucosyl)hydroxyethyl acrylate, which 

was polymerized by RAFT polymerization, the Fmoc group was suspected to be interfering with 

polymerization. A series of amine-protected monomers was synthesized (Scheme 4.5) and used 

to investigate the effect of incorporating Fmoc into a monomer utilized in RAFT polymerization. 
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Each monomer was polymerized using ethyl 2-(phenylcarbonothioylthio) propionate as a RAFT 

CTA and AIBN as an thermal initiator in toluene or a mixture of tetrahydrofuran/toluene at 

80 °C for 70 hours after which monomer conversion was evaluated using 
1
H NMR (Table 4.4). 

 
Scheme 4.5. Series of amine-protected monomers: a) N-Fmoc-2-aminoethyl acrylate,  

b) 2-(N-Fmoc-2-aminoethoxy)ethyl acrylate, c) Fmoc-glycine-HEA, and d) Boc-glycine-HEA. 

Table 4.4. Monomer conversion of RAFT polymerizations of amine-protected monomers. 

monomer conversion
†
  

N-Fmoc-2-aminoethyl acrylate <10% 

2-(N-Fmoc-2-aminoethoxy)ethyl acrylate 31% 

Fmoc-glycine-HEA 41% 

Boc-glycine-HEA 74% 
†
 Determined by 

1
H NMR in CDCl3. 

From the series of amine-protected monomers, monomer conversion increased as the Fmoc 

protecting group was distanced from the polymerizable group, and typical RAFT polymerization 

conversion was recovered when a tert-butyloxycarbonyl protecting group
214

 was substituted for 

the Fmoc protecting group. These results suggest that the Fmoc moiety has an inhibitory effect 
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on free-radical polymerization, preventing the creation of high molecular weight polymers 

through controlled radical polymerization techniques. 

Since glycopolymers via RAFT polymerization were not achievable, conventional free-

radical polymerization techniques were explored. Initial investigations focused on determining a 

suitable polymerization solvent. Due to the amphiphilic characteristic of the glycomonomers 

from the deprotected alcohols and the Fmoc protecting group, glycomonomer solubility was 

limited to polar, organic solvents. Many of these solvents, however, facilitate the removal of the 

Fmoc protecting group at elevated temperatures,
215

 which are necessary for thermal initiators, 

leading to polymerization of the monomer via a Michael addition (Scheme 4.6). Tetrahydrofuran 

(THF) was found to dissolve the glycomonomers while preserving the Fmoc protecting group at 

elevated temperatures. Employing ACVA as an initiator, glycopolymers were created in THF at 

70 °C for 90 hours. Under these conditions, however, only relatively low molecular weight 

polymers were produced (Table 4.5). In an effort to generate higher molecular weight polymers, 

the monomer concentration, initiator concentration, temperature, and the type of initiator were 

adjusted (Table 4.6). 

 
Scheme 4.6. Polymerization from the Michael addition of methyl 6-acryloyl-

β-D-glucosaminoside. 

For a polymerization initiated by the homolytic cleavage of a thermal initiator, the kinetic 

chain length () is governed by Equation 4.1, where kp is the rate constant of propagation, [M] is 
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the monomer concentration, f is the initiator efficiency, kd is the rate constant of initiator 

disassociation, kt is the rate constant of termination, and [I] is the initiator concentration. For 

polymers that terminate via combination, the molecular weight will be equal to 2, whereas for 

polymers than terminate via disproportionation, the molecular weight will be equal to . Since 

the kinetic chain length scales with [M]/[I]
1/2

, increasing monomer concentration while 

decreasing initiator concentration should produce polymers of higher molecular weight. 

𝜈 =
𝑘𝑝[𝑀]

2(𝑓𝑘𝑑𝑘𝑡[𝐼])
1
2

   Equation 4.1 

In considering the effect of temperature on molecular weight, the energetic effect on each 

rate constant needs to be taken into account. In general, the rate of propagation and the molecular 

weight are governed by Equation 4.2 and Equation 4.3, respectively, where A is the collision 

frequency factor, E is the Arrhenius activation energy, and T is the Kelvin temperature. For a 

thermally initiated polymerization, ER is about 80-90 kJ/mol and 𝐸𝑋̅𝑛
 is about -60 kJ/mol. With 

decreasing temperature, the molecular weight will increase while rate of propagation will 

decrease. In addition, a decrease in temperature also promotes higher molecular weights by 

reducing chain transfer.
216

 

𝑙𝑛 𝑅𝑝 = 𝑙𝑛 [𝐴𝑝 (
𝐴𝑑

𝐴𝑡
)

1

2
] + 𝑙𝑛 [(𝑓[𝐼]

1

2[𝑀])] −
𝐸𝑅

𝑅𝑇
   Equation 4.2 

𝑙𝑛 𝑋̅𝑛 = 𝑙𝑛 [𝐴𝑝(𝐴𝑑𝐴𝑡)−
1

2] + 𝑙𝑛 [(𝑓[𝐼])−
1

2[𝑀]] −
𝐸𝑋̅𝑛

𝑅𝑇
  Equation 4.3 

In addition to thermal initiators, photoinitiated polymerization was also investigated. For a 

pure photochemical polymerization, ER and 𝐸𝑋̅𝑛
 are both approximately 20 kJ/mol indicating that 

both the rate of propagation and the molecular weight will increase with increasing temperature. 

At higher temperatures, however, photoinitiators may also initiate thermally, which would 

complicate the molecular weight prediction. 
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Table 4.5. 
1
H NMR and GPC characterization of N-Fmoc-6-acryloyl-D-glucosamine, methyl 

N-Fmoc-6-acryloyl-β-D-glucosaminoside, and 2-O-(N-Fmoc-β-D-glucosaminosyl) hydroxyethyl 

acrylate polymerized using 4,4’-azobis(4-cyanovaleric acid) in THF at 70 °C for 90 hours. 

polymer 
conversion

a 

(%) 

Mw
b 

(Da) 

Mn
b 

(Da) 
Ð

b
 DPn

c 

poly(N-Fmoc-6-acryloyl-D-glucosamine) 73 4042 2197 1.84 5 

poly(methyl N-Fmoc-6-acryloyl-β-

D-glucosaminoside) 
55 3369 1545 2.18 3 

poly(2-O-(N-Fmoc-β-

D-glucosaminosyl)hydroxyethyl acrylate) 
95 491 445 1.10 1 

a 
Determined via 

1
H NMR comparing the Fmoc aromatic peaks to the acrylate peaks. 

b 
Determined via GPC in THF relative to polystyrene standards. 

c
 Determined from Mn divided by the molecular weight of the monomer. 

 

Table 4.6. Polymerization of methyl N-Fmoc-6-acryloyl-β-D-glucosaminoside with various free-

radical polymerization conditions with characterization via 
1
H NMR and GPC. 

initiator 
temperature 

(°C) 

[M] 

(mM) 

[I] 

(mM) 

conversion
a
 

(%) 

Mw
b 

(Da) 

Mn
b 

(Da) 
Ð

b
 DPn

c 

ACVA 70 210 1.05 55 3370 1550 2.18 3 

ACVA 70 790 1.43 98 3940 2760 1.43 6 

ACVA 70 790 0.71 94 3980 2790 1.42 6 

ACVA 50 790 0.71 47 6690 4830 1.38 10 

ACVA 40 790 0.71 38 4750 3580 1.33 8 

AIBN 40 790 0.71 40 4360 3290 1.32 7 

Irgacure 

2959 
RT 833 0.83 100 7370 5250 1.40 11 

a 
Determined via 

1
H NMR comparing the Fmoc aromatic peaks to the acrylate peaks. 

b 
Determined via GPC in THF relative to polystyrene standards. 

c 
Determined from Mn divided by the molecular weight of the monomer. 

 

As expected from Equation 4.1, as monomer concentration was increased, conversion and 

molecular weight increased, and as initiator concentration was decreased, conversion slightly 

decrease and molecular weight slightly increased. As temperature was decreased, there was a 
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drop in conversion and an increase in molecular weight as expected from Equation 4.2 and 

Equation 4.3. As temperature was decreased further to 40 °C, the molecular weight began to 

decrease, suggesting that the optimal temperature for creating high molecular weight polymer 

was approximately 50 °C. The use of Irgacure 2959 at room temperature produced the highest 

molecular weight polymer with close to quantitative conversion, making this the optimal 

conditions for producing high molecular weight polymer (Table 4.6). RAFT polymerization was 

investigated using Irgacure 2959 as an initiator, but the polymerization lost its characteristic 

magenta color, exhibited a decrease in conversion, and produced a bimodal distribution by GPC 

indicative of degradation of the RAFT CTA by UV irradiation as has been previously reported in 

literature.
217–219

 Recent advancements in the use of visible light for initiating RAFT 

polymerizations
220,221

 may be a viable option for creating glycopolymers via controlled radical 

polymerization but were not investigated herein. 

The conditions used to polymerize methyl N-Fmoc-6-acryloyl-β-D-glucosaminoside were 

applied to N-Fmoc-6-acryloyl-D-glucosamine, and likewise, higher molecular weight polymer 

was produced (Table 4.7). When the same conditions were applied to 2-O-(N-Fmoc-

β-D-glucosaminosyl)hydroxyethyl acrylate, however, precipitate formed during the 

polymerization with a conversion of only about 17%. Similar conversions were observed in other 

solvent systems, including mixtures of THF and methanol, dimethyl sulfoxide, and 

dimethylformamide, while the monomer was insoluble in water, anisole, toluene, and 

dichloromethane. A conversion of 40% was achieved using ammonium persulfate catalyzed with 

tetramethylethylenediamine, but only low molecular weight oligomers were produced similar to 

the size of the glycopolymer produced using thermo-initiated radical polymerization. 
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Table 4.7. Analysis of 1) poly(N-Fmoc-6-acryloyl-D-glucosamine) and 2 )poly(N-Fmoc-

6-acryloyl-D-glucosamine) (2) polymerized using Irgacure 2959 in THF. 

polymer 
conversion

a
 

(%) 

Mw
b 

(Da) 

Mn
b 

(Da) 
Ð

b
 DPn

c 

1 92 4650 3420 1.36 8 

2 100 7370 5250 1.40 11 
a 
Determined via 

1
H NMR comparing the Fmoc aromatic peaks to the acrylate peaks. 

b 
Determined via GPC in THF relative to polystyrene standards. 

c
 Determined from Mn divided by the molecular weight of the monomer. 

 

In order to obtain a series of glycopolymers with various molecular weights and reduced 

dispersity of each sample produced by photoinitiated polymerization, the glycopolymers were 

dissolved in THF and subjected to fractional precipitation using methanol as a nonsolvent 

(Figure 4.9, Table 4.8, Figure 4.10, Table 4.9). 

  
Figure 4.9. GPC plot of the absorbance at 254 nm of poly(N-Fmoc-6-acryloyl-D-glucosamine) 

prior to fractional precipitation (black) and fraction 1 (red), fraction 2 (orange), fraction 3 

(green), fraction 4 (purple), and filtrate (blue) from fractional precipitation in THF relative to 

polystyrene standards. 
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Table 4.8. GPC analysis of the fractional precipitation of poly(N-Fmoc-6-acryloyl-

D-glucosamine). 

fraction 
solvent 

(mL THF/mL methanol) 

Mw
† 

(Da) 

Mn
† 

(Da) 
Ð

†
 DPn

‡ 

1 5/20 9430 5930 1.65 13 

2 5/27.5 8610 5910 1.65 13 

3 5/42.5 7480 5550 1.56 12 

4 2/15 6450 5150 1.38 11 

filtrate 
 

4610 3120 1.29 7 
† 

Determined via GPC in THF relative to polystyrene standards. 
‡ 

Determined from Mn divided by the molecular weight of the monomer. 

 
Figure 4.10. GPC plot of the absorbance at 254 nm of poly(methyl N-Fmoc-6-acryloyl-

β-D-glucosaminoside) prior to fractional precipitation (black) and fraction 1 (red), fraction 2 

(orange), fraction 3 (green), fraction 4 (purple), and filtrate (blue) from fractional precipitation in 

THF relative to polystyrene standards. 

Table 4.9. GPC analysis of the fractional precipitation of poly(methyl N-Fmoc-6-acryloyl-

β-D-glucosaminoside). 

fraction 
Solvent 

(mL THF/mL methanol) 

Mw
† 

(Da) 

Mn
† 

(Da) 
Ð

†
 DPn

‡ 

1 5/5.42 7670 4630 1.66 10 

2 5/7.42 6570 3970 1.65 8 

3 5/8.92 6050 3880 1.56 8 

4 5/12.92 5880 4270 1.38 9 

filtrate 
 

3080 2400 1.29 5 
† 

Determined via GPC in THF relative to polystyrene standards. 
‡
 Determined from Mn divided by the molecular weight of the monomer. 
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The reported molecular weights via GPC in THF relative to polystyrene standards were 

smaller than expected, and the polymers were observed to be sparingly soluble in THF. These 

observations were indicative that THF may be a poor solvent for these glycopolymers. A poor 

solvent would cause the polymer to adopt a collapsed chain conformation resulting in a smaller 

hydrodynamic volume. Since GPC separates polymers according to their hydrodynamic volume, 

the reported molecular weights would be smaller than expected. Select samples were analyzed by 

GPC in DMF with 0.01 M LiBr and significantly higher molecular weights were observed due to 

the difference in solvent quality (Table 4.10). 

Table 4.10. GPC analysis of select samples of poly(methyl N-Fmoc-6-acryloyl-

β-D-glucosaminoside) in DMF with 0.01 M LiBr. 

initiator 
temp 

(°C) 

[M] 

(mM) 

[I] 

(mM) 

Mw
† 

(Da) 

Mn
† 

(Da) 
Ð

†
 DPn

‡
 

ACVA 70 210 1.05 22500 20400 1.10 43 

ACVA 70 790 0.71 26900 21300 1.26 45 

ACVA 50 790 0.71 43400 33100 1.31 71 

† 
Determined via GPC in DMF with 0.01 M LiBr relative to polystyrene standards. 

‡
 Determined from Mn divided by the molecular weight of the monomer. 
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Due to the discrepancies between the two GPC solvent systems, the poly(methyl N-Fmoc-

6-acryloyl-β-D-glucosaminoside) series obtained from fractional precipitation was further 

analyzed via gel permeation chromatography with multi-angle light scattering (GPC-MALS) to 

determine the absolute molecular weights of each fraction. In order to obtain accurate molecular 

weights via multi-angle light scattering (MALS), the change in refractive index with respect to a 

change in concentration (dn/dc) must be accurately determined via batch injection of increasing 

concentrations into the differential refractive index (dRI) detector (Figure 4.11). The dn/dc for 

poly(methyl N-Fmoc-6-acryloyl-β-D-glucosaminoside) in THF was determined to be 0.143 

mL/g. When the series of fractionally precipitated poly(methyl N-Fmoc-6-acryloyl-

β-D-glucosaminoside) was analyzed by GPC-MALS (Figure 4.12), the higher molecular weight 

fractions were observed to form aggregates at a concentration of 4 mg/mL. These aggregates 

were seen to scatter a large amount of light but have little effect on the index of refraction 

(Figure 4.12a & b). When molecular weights were calculated, the extremities of the dRI peaks 

were avoided to not include aggregates, but the molecular weights may still be skewed towards 

higher molecular weights (Figure 4.13). Even in fractions where no aggregation was observed, a 

sharp increase in molecular weight was observed at earlier elution times characteristic of 

branched structures (Figure 4.12c). Branched polymers are more density packed and thus have a 

higher molecular weight compared to a linear polymer of identical hydrodynamic volume. 

Branched structures can form at high conversion due to chain transfer to polymer.
138
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Figure 4.11. Determining change in refractive index per unit concentration (dn/dc) of 

poly(methyl N-Fmoc-6-acryloyl-β-D-glucosaminoside) dissolved in THF via batch injection of 

increasing concentrations into the differential refractive index detector. 
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Figure 4.12. GPC-MALS plot of the differential refractive index response (black), MALS 

response at 90° (red), and molecular weight (light blue) of poly(methyl N-Fmoc-6-acryloyl-

β-D-glucosaminoside) a) fraction 1, b) fraction 2, c) fraction 3, d) fraction 4, and e) filtrate from 

fractional precipitation in THF. 
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Figure 4.13. GPC-MALS plot of the differential refractive index (dRI) (black), MALS response 

at 90° (red), and molecular weight (light blue) of fraction 2 of poly(methyl N-Fmoc-6-acryloyl-

β-D-glucosaminoside) in THF with the range of molecular weight calculation (- - -). 

Each fraction of poly(methyl N-Fmoc-6-acryloyl-β-D-glucosaminoside) was evaluated by 

GPC-MALS, and the molecular weight information was compared to those determined by GPC 

relative to polystyrene standards (Table 4.11). In general, the polystyrene standards 

underestimated the molecular weight of the polymers in an exponential manner as the polymer 

fractions increased in molecular weight (Figure 4.14). The higher molecular weight fraction, 

however, may have skewed higher molecular weights due to the presence of aggregation and 

branched architectures. 

Table 4.11. Molecular weights of the fractional precipitation of poly(methyl N-Fmoc-6-acryloyl-

β-D-glucosaminoside) in THF relative to polystyrene standards and via multi-angle light 

scattering (MALS). 

 
 relative to polystyrene  MALS 

fraction 
 Mw

 

(kDa) 

Mn
 

(kDa) 

Mp
 

(kDa) 
Ð  

Mw
 

(kDa) 

Mn
 

(kDa) 

Mp
 

(kDa) 
Ð 

1  7.67 4.63 9.97 1.65  151 84.0 83.2 1.80 

2  6.57 3.97 8.80 1.65  108 70.2 83.5 1.53 

3  6.05 3.88 7.89 1.56  43.6 38.2 41.1 1.14 

4  5.88 4.27 7.36 1.38  22.1 19.2 23.1 1.15 

filtrate  3.08 2.39 3.29 1.29  8.56 6.49 7.94 1.32 
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Figure 4.14. Weight-average molecular weight (Mw) (), number-average molecular weight 

(Mn) (), and peak molecular weight (Mp) () of the fractional precipitation of poly(methyl 

N-Fmoc-6-acryloyl-β-D-glucosaminoside) in THF via multi-angle light scattering (MALS) 

versus relative to polystyrene standards. 

The difference in molecular weights determined by GPC using polystyrene standards versus 

GPC-MALS comes from the difference in the solvent quality of THF for poly(methyl N-Fmoc-

6-acryloyl-β-D-glucosaminoside) compared to polystyrene. The relationship between the radius 

of gyration (Rg) and molecular weight (M) is defined by Rg = KM

. A Mark-Houwink equation 

exponent () of 1/3, 1/2, and 3/5 corresponds to a poor solvent (collapsed chains that minimize 

polymer-solvent interaction), theta solvent (unperturbed, ideal chain), and good solvent (swollen 

chain that maximizes polymer-solvent interaction), respectively. From the log-log plot of the root 

mean square radius of gyration versus the molecular weight determined by MALS, the slope of 

the linear region is equal to the Mark-Houwink equation exponent, representing the solvent 

quality of poly(methyl N-Fmoc-6-acryloyl-β-D-glucosaminoside) in THF (Figure 4.15). With 

 = 0.299, poly(methyl N-Fmoc-6-acryloyl-β-D-glucosaminoside) exists as a collapsed chain in 

THF as opposed to polystyrene ( = 0.725), which exists as a swollen chain in THF.
222
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GPC separates polymers based on hydrodynamic volume, poly(methyl N-Fmoc-6-acryloyl-

β-D-glucosaminoside) will appear to be a much smaller polymer due to the poor solvent quality. 

 
Figure 4.15. Log-log plot of root mean square radius of gyration (Rg) versus molecular weight 

(M) determined by multi-angle light scattering with the slope of the linear region equal to the 

Mark-Houwink equation exponent, representing solvent quality of poly(methyl N-Fmoc-6-

acryloyl-β-D-glucosaminoside) in tetrahydrofuran. 

Using poly(methyl N-Fmoc-6-acryloyl-β-D-glucosaminoside) as molecular weight standards, 

more accurate molecular weight estimates were determined for poly(N-Fmoc-6-acryloyl-

D-glucosamine) (Table 4.12). 

Table 4.12. Molecular weights of the fractional precipitation of poly(N-Fmoc-6-acryloyl-

D-glucosamine) in THF relative to polystyrene standards and to relative poly(methyl N-Fmoc-

6-acryloyl-β-D-glucosaminoside). 

 

 

relative to polystyrene  

relative to poly(methyl 

N-Fmoc-6-acryloyl-

β-D-glucosaminoside) 

fraction 
 Mw

 

(kDa) 

Mn
 

(kDa) 
Ð  

Mw
 

(kDa) 

Mn
 

(kDa) 
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1  9.43 5.93 1.59  120 56.1 2.13 

2  8.61 5.91 1.46  93.0 49.1 1.90 

3  7.48 5.55 1.35  66.7 40.4 1.65 

4  6.45 5.15 1.25  47.8 32.1 1.49 

filtrate  4.61 3.12 1.48  12.0 5.44 3.67 
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4.6. Characterization of cationic glycopolymers 

The Fmoc protecting group on the glycopolymers was removed using typical deprotection 

conditions from peptide synthesis (20% piperidine in DCM). When the deprotection conditions 

were applied to poly(N-Fmoc-6-acryloyl-D-glucosamine) the polymer developed a brown color, 

would not dissolve in aqueous solution of any pH, swelled in dimethyl sulfoxide, and collapsed 

in acetone and DCM. Based on these observations, polymer crosslinking was suspected through 

a Maillard reaction, typically seen when reducing sugars (alcohol functionality at the anomeric 

carbon) are in the presence of amines (Scheme 4.7).
223

 In a model reaction in which the 

deprotection conditions were applied to N-Fmoc glucosamine, the 
1
H and 

13
C NMR showed that 

glucosamine was not the product of the reaction, and the ESI showed higher molecular weight 

products that are consistent with polymerization via a Maillard reaction that results in the loss of 

a molecule of water. When ethanolamine was added to compete with the amine on glucosamine 

in the Maillard reaction, the polymer likewise developed a brown color, but was soluble in water. 

The 
1
H NMR of the deprotected polymer showed the persistence of peaks characteristic of 

ethanolamine even after exhaustive dialysis. While water-soluble polymer can be produced using 

ethanolamine, it is difficult to properly characterize the saccharide side groups of the polymer. 

 
Scheme 4.7. Maillard reaction with poly(6-acryloyl-D-glucosamine). 
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When the deprotection conditions were applied to poly(methyl N-Fmoc-6-acryloyl-

β-D-glucosaminoside), which contains a methyl glycoside instead of the reducing sugar, the 

polymer remained white after lyophilization and dissolved easily in water. Using the difference 

in molecular weights of the repeat unit with and without the Fmoc protecting group, molecular 

weights were calculated for the cationic glycopolymers from the molecular weights obtained 

from MALS (Table 4.13). 

Table 4.13. Calculated molecular weights of poly(methyl 6-acryloyl-β-D-glucosaminoside) from 

the ratio of the molecular weight of methyl 6-acryloyl-β-D-glucosaminoside and methyl 

N-Fmoc-6-acryloyl-β-D-glucosaminoside. 

fraction  
Mw

 

(kDa) 

Mn
 

(kDa) 
DPn

† 

1  79.7 44.2 179 

2  56.7 37.0 149 

3  22.9 20.1 81 

4  11.6 10.1 41 

filtrate  4.51 3.42 14 
†
 calculated from Mn divided by the molecular weight of the monomer. 

 

Following deprotection of the Fmoc group with 20% piperidine in DCM, the polymers were 

analyzed for amine content using the CBQCA Protein Quantification Kit and pKa by 

potentiometric titration (Table 4.14). The glycopolymers contain between 85-95% of the 

expected amines. Previously, post-polymerization deprotection of the acetate groups was 

employed and only 60% of the expected amines were detected, underscoring the importance of 

deprotecting glycomonomers prior to polymerization. The potentiometric titration of the 

polymers revealed the pKa of poly(6-acryloyl-D-glucosamine), poly(methyl 6-acryloyl-

β-D-glucosaminoside), and poly(2-O-(β-D-glucosaminosyl) hydroxyethyl acrylate) to be 7.20, 

6.61, and 6.46, respectively. The pKa of the glycosides are approximately 6.5, the pKa of 

chitosan,
224

 whereas poly(6-acryloyl-D-glucosamine) is closer to 7.58, the pKa of 

glucosamine.
225

 Upon hydrolysis of the ester linkage to release the saccharide moiety from the 
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polymer backbone, the pKa of the amine increases, which could be a useful characteristic for 

shielding the anionic charge from the resultant carboxylic acid on the polymer backbone or for 

facilitating an enhanced proton sponge effect by increasing cationic charge within a lysosome. 

Table 4.14. Amine quantification and pKa of cationic glycopolymers. 

polymer 
amine 

content
† pKa

‡ 
pKa of expected 

saccharide product 

from hydrolysis
‡ 

poly(6-acryloyl-D-glucosamine) 85% 7.20 7.51 

poly(methyl 6-acryloyl-β-D-

glucosaminoside) 
95% 6.61 7.15 

poly(2-O-(β-D-glucosaminosyl) 

hydroxyethyl acrylate) 
89% 6.46 7.08 

† 
Determined via CBQCA protein quantification assay. 

‡
 Determined via potentiometric titration. 
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4.7. Conclusion 

In this chapter, three sets of glycopolymers were created: 1) glycopolymers with a variety of 

saccharide identities linked to the polymer backbone through a glycosidic bond, 2) linear and 

branched glycopolymers and linear and branched amphiphilic glycopolymers of various 

molecular weights with galactose linked through the primary alcohol to the polymer backbone, 

and 3) a cationic methyl glucosaminoside glycopolymer with various molecular weights isolated 

via fractional precipitation. Using the four glycomonomers with the polymerizable group 

attached through a glycosidic bond, the first set of glycopolymers was synthesized via RAFT 

polymerization. Using a galactose glycomonomer with a polymerizable group attached at the 

primary alcohol and one of polymerizable CTAs developed in Section 3.3, a second set of 

glycopolymers was synthesized with varying molecular weights and degrees of branching. Using 

methyl acrylate as a hydrophobic monomer and the galactose glycomonomer as a hydrophilic 

monomer, we created amphiphilic block copolymers of various molecular weights and degrees 

of branching in the hydrophilic domain. The saccharide moieties were observed to retain their 

natural ability to isomerize even though connected to the polymer backbone. 

A final set of Fmoc-protected glycopolymers was created using free-radical polymerization. 

Initially, RAFT polymerization was attempted, but an inhibitory effect was observed, which 

prevented high conversion. Even using conventional free-radical polymerization techniques with 

a thermo-initiator, only glycooligomers could be formed. By increasing monomer concentration 

and lowering the polymerization temperature, higher molecular weights were produced, but with 

lower conversions. When a UV-photoinitiator was substituted for the thermo-initiator, high 

molecular weight polymers were produced with high conversion at room temperature with 

N-Fmoc-6-acryloyl-D-glucosamine and methyl N-Fmoc-6-acryloyl-β-D-glucosaminoside. 
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UV light, however, is incompatible with RAFT polymerizations due to the degradation of the 

RAFT CTA. Low dispersity glycopolymers were obtained through fractional precipitation and 

were analyzed by GPC. After deprotection of the Fmoc protecting group, poly(N-Fmoc-

6-acryloyl-D-glucosamine) exhibited evidence of side reactions involving the reducing 

saccharide that resulted in crosslinking, which can be avoided by including ethanolamine but are 

difficult to characterize. Poly(methyl N-Fmoc-6-acryloyl-β-D-glucosaminoside) was deprotected 

without signs of side reactions. The deprotected glycopolymers were characterized by an amine 

quantification assay for amine content and potentiometric titration for pKa. 
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4.8. Experimental 

4.8.1. Materials 

Phenylmagnesium bromide in 2-methyltetrahydrofuran (Strem, Chemicals, 2.9 M), carbon 

disulfide (Fisher, ACS grade), iodine (ACROS, resublimed), ethyl 2-(phenylcarbonothioylthio) 

propionate (Sigma-Aldrich, 97%), Irgacure 2959 (Ciba), ethanolamine (Sigma-Aldrich, 98%), 

2-(2-aminoethoxy)ethanol (ACROS, 98%), glycine (Fisher, white crystals), Fmoc-glycine-OH 

(Anaspec), 9-fluorenylmethoxycarbonyl chloride (Fmoc-Cl) (Oakwood Products, 97%), 

di-tert-butyl dicarbonate (Alfa Aesar, 97+%), immobilized TCEP disulfide reducing gel (Pierce), 

hydrochloric acid (Fisher, ACS grade), formic acid (Fluka, 98%), sodium phosphate dibasic 

heptahydrate (Fisher, USP grade), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide 

hydrochloride (EDC•HCl) (CreoSalus), 4-dimethylaminopyridine (DMAP) (Alfa Aesar, 99%), 

triethylamine (Alfa Aesar, 99%), sodium bicarbonate (Fisher, USP/FCC), sodium hydroxide 

(Fisher, ACS grade), tetrahydrofuran (THF) (Fisher, HPLC), p-dioxane (ACROS, 99.8% extra 

dry), acetone (Fisher, ACS grade), diethyl ether (Macron Chemicals, ACS grade), dimethyl 

sulfoxide (DMSO) (Scharlau, HPLC grade), ethanol (Decon Labs, 200 proof), methanol (EMD 

DriSolv, 99.8%), hexanes (Fisher, ACS grade), and petroleum ether 40/60 (Alfa Aesar) were 

used as received. Methyl acrylate (Alfa Aesar, 99%) was passed through basic alumina. 

Azobisisobutyronitrile (AIBN) (Sigma-Aldrich, 98%) and 4,4’-azobis(4-cyanovaleric acid) 

(ACVA) (Pfaltz & Bauer, 98%) was recrystallized in methanol. Piperidine (Alfa Aesar, 99%), 

hydroxyethyl acrylate (HEA) (Sigma-Aldrich, 96%), acryloyl chloride (Alfa Aesar, 96%), 

toluene (Fisher, ACS grade), dichloromethane (DCM) (Fisher, ACS grade), and ethyl acetate 

(Fisher, ACS grade) were distilled. Water was distilled or purified using an ELGA PURELAB 

Classic. Photopolymerizations were irradiated with 365 nm light using a UVP XX-15L 
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Black-Ray UV bench lamp. Dialysis was conducted using a Spectra/Por® dialysis membrane 

(1000 Da). 

4.8.2. Analytical techniques 

Lyophilization was conducted on a Labconco FreeZone 4.5 freeze dryer or a Christ Alpha 

1-2 LD plus freeze dryer. NMR spectra were recorded with a Bruker Avance 300, except for the 

copolymers that were recorded with a Bruker Avance 400. Aqueous gel permeation 

chromatography (GPC) was conducted on a Jasco system equipped with a UV detector, a 

refractive index detector, and four Waters ultrahydrogel columns (100-5K, 1K-80K, 10K-400K, 

2K-4M, 500-10M) using 10 mM PBS with 0.3 M NaCl at pH 6.6 as a eluent at 30 °C and a flow 

rate of 1.0 mL/min calibrated using pullulan standards. Branched glycopolymers were analyzed 

by GPC on a Waters system equipped with a refractive index detector and four Waters styragel 

columns (100-5K, 500-30K, 50-100K, 5K-600K) using tetrahydrofuran at a flow rate of 1.0 

mL/min and calibrated using linear poly(methyl methacrylate) standards. Fmoc-protected 

glycopolymers were analyzed by GPC on a Jasco system equipped with a UV detector, a 

refractive index detector, and four Waters styragel columns (100-5K, 500-30K, 50-100K, 5K-

600K) using tetrahydrofuran at 30 °C or dimethylformamide with 0.01 M lithium bromide at 

40 °C with a flow rate of 1.0 mL/min and calibrated using linear polystyrene standards or a 

Shimazu system equipped with a UV detector, a Wyatt Optilab T-rEX, a Wyatt DAWN 

HELEOS-II (MALS), and four Waters styragel columns (100-5K, 500-30K, 50-100K, 5K-600K) 

using tetrahydrofuran at 30 °C with a flow rate of 1.0 mL/min. Amine quantification was 

conducted with the CBQCA Protein Quantification Kit (Molecular Probes) and read on a BioTek 

Synergy H1 multi-mode reader with an excitation of 465 nm and an emission of 550 nm. 
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Potentiometric titration was conducted using 0.1 M HCl and measured using a Thermo Scientific 

Orion Star A111 pH meter. 

4.8.3. Bis(thiobenzyl) disulfide (BTBD) 

Carbon disulfide (5.25 mL, 87 mmol) was added dropwise to a phenylmagnesium bromide 

solution in 2-methyl tetrahydrofuran (30 mL, 2.9M) diluted with tetrahydrofuran (THF) (15 mL) 

at 0°C and stirred under argon. The solution was stirred for 45 minutes and quenched by the 

addition of water dropwise. The THF was removed in vacuo and the solution was filtered. The 

product was extracted with DCM as hydrochloric acid was added until the aqueous layer was 

colorless. The organic layer was washed with brine (2×) and reduced to a red oil in vacuo. The 

oil was crystallized with ethanol (10 mL), DMSO (2 mL), and catalytic amounts of crystalline 

iodine at 0 °C. The magenta crystals were filtered and washed with water (4.18 g, 31%).  

1
H NMR (300 MHz, CDCl3): δ7.40-8.10 (m, 10H, ). 

4.8.4. 4-Cyano-4-(thiobenzoylthio)pentanoic acid  

4,4’-Azobis(4-cyanovaleric acid) (584 mg, 2.1 mmol) and bis(thiobenzyl) disulfide (425 mg, 

1.4 mmol) were dissolved in distilled ethyl acetate (8 mL) and heated to 80 °C for 18 hours. The 

product was isolated as a magenta solid by silica column chromatography using 1:1 ethyl acetate 

in hexanes as an eluent (470 mg, 60%).  

1
H NMR (300 MHz, CDC13): δ7.40-8.00 (m, 5H, ), 2.76 (m, CH2CH2COOH), 2.45-2.63 

(m, CH2CH2COOH), 1.96 (s, CH3).  

4.8.5. RAFT polymerization of glycomonomer attached through a glycosidic bond 

Glycomonomer (100 equivalents), 4-cyano-4-(thiobenzoylthio)pentanoic acid (1 equivalent), 

and 4,4’-azobis(4-cyanovaleric acid) (0.3 equivalents) were dissolved in a solution of 

water/ethanol (3:1). The solution was degassed via freeze/pump/thaw cycles (5×) and heated at 
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70 °C for 18 hours followed by quenching in liquid nitrogen and exposure to air. The reaction 

was diluted with water, and a sample was lyophilized to determine conversion via 
1
H NMR. The 

remainder of the polymer solution was dialyzed in DI water over 16 hours, changing the water 

every two hours, and lyophilized. The resultant polymer were analyzed by 
1
H NMR and GPC. 

4.8.6. Representative RAFT polymerization of glycomonomer attached through a 

glycosidic bond 

2-O-(α-D-Mannosyl)hydroxyethyl acrylate (517.5 mg, 1.86 mmol), 4-cyano-

4-(thiobenzoylthio)pentanoic acid (5.2 mg, 0.019 mmol), and 4,4’-azobis(4-cyanovaleric acid) 

(1.6 mg, 0.006 mmol) were dissolved in a solution of water/ethanol (2 mL, 3:1). The solution 

was degassed via freeze/pump/thaw cycles (5×) and heated at 70 °C for 18 hours followed by 

quenching in liquid nitrogen and exposure to air. The reaction was diluted with water, and a 

sample was lyophilized to determine conversion via 
1
H NMR. The remainder of the polymer 

solution was dialyzed in DI water over 16 hours, changing the water every two hours, and 

lyophilized. The resultant polymer were analyzed by 
1
H NMR and GPC. 

4.8.7. Poly(acryloyl-1,2:3,4-di-O-isopropylidene-α-D-galactose) 

For each molecular weight, acryloyl-1,2:3,4-di-O-isopropylidene-α-D-galactose was added to 

ethyl 2-(phenylcarbonothioylthio) propionate in toluene (3 mL) and aliquoted into three equal 

portions. The corresponding amount of polymerizable CTA was added as calculated respectively 

for no branching, one branch per polymer, and five branches per polymer. Azobisisobutyronitrile 

(AIBN) (0.1 mol/mol of CTA) was added, and the total amount of toluene was increased to 

2.54 mL. The solution was degassed via freeze-pump-thaw cycles (5×), backfilled with argon, 

and heated to 80°C for 72 hours. Each polymerization was quenched by cooling with liquid 
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nitrogen followed by exposure to air. When possible, the polymers were precipitated in cold 

methanol and analyzed by 
1
H NMR and GPC. 

4.8.8. Representative synthesis of poly(acryloyl-1,2:3,4-di-O-isopropylidene-α-D-galactose) 

(DP = 50, 0 branch) 

Acryloyl-1,2:3,4-di-O-isopropylidene-α-D-galactose (2.9 g, 9 mmol) was added to ethyl 

2-(phenylcarbonothioylthio) propionate (46.5 mg, 0.18 mmol) dissolved in toluene (3 mL). A 

third of this solution was aliquoted, AIBN (1 mg, 0.006 mmol) was added, and the solution was 

diluted with 1.54 mL of toluene. This solution was degassed via freeze-pump-thaw cycles (5×), 

backfilled with argon, and heated to 80°C for 72 hours. The polymerization was quenched by 

cooling with liquid nitrogen followed by exposure to air. The polymer was precipitated in cold 

methanol and analyzed by 
1
H NMR and GPC. 

4.8.9. Poly(methyl acrylate) macro-CTA (PMA CTA) 

Ethyl 2-(phenylcarbonothioylthio) propionate (120 mg, 0.47 mmol), AIBN (12 mg, 0.07 

mmol), and methyl acrylate (1.07 mL, 11.8 mmol) were dissolved in toluene (1.07 mL) and 

degassed via freeze-pump-thaw cycles (5×), backfilled with argon, and heated to 80°C for 18 

hours. The polymerization was quenched by cooling with liquid nitrogen followed by exposure 

to air. Residual monomer was washed away with hexanes, and the polymer was analyzed by 
1
H 

NMR and GPC (586.2 mg). By 
1
H NMR, the polymer was determined to have a degree of 

polymerization of 24.8 corresponding to a molecular weight of 2388 Da by comparing the ethyl 

chain end to the methyl side chain integrations. The PMA CTA had a Mn = 4100 Da and a 

Mw = 5269 Da, resulting in a molecular weight distribution (Ð) of 1.3 via GPC. 
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4.8.10. Poly(methyl acrylate-co-acryloyl-1,2:3,4-di-O-isopropylidene-α-D-galactose) 

The same batch of PMA CTA was used in all chain-extension polymerizations. For each 

molecular weight, acryloyl-1,2:3,4-di-O-isopropylidene-α-D-galactose was added to the PMA 

CTA in toluene (3 mL) and aliquoted into three equal portions. The corresponding amount of 

polymerizable CTA was added as calculated respectively for no branching, one branch per 

copolymer, and five branches per copolymer. AIBN (0.3 mol/mol of CTA) was added and the 

total amount of toluene was increased to 2 mL. The solution was degassed via freeze-pump-thaw 

cycles (5×), backfilled with argon, and heated to 80°C for 24 hours. The polymerization was 

quenched by cooling with liquid nitrogen followed by exposure to air. When possible, the 

copolymers were precipitated in cold methanol and analyzed by 
1
H NMR and GPC. 

4.8.11. Representative synthesis of poly(methyl acrylate-co-acryloyl-1,2:3,4-di-O-

isopropylidene-α-D-galactose) (DP = 25 methyl acrylate, 50 acryloyl-1,2:3,4-di-O-

isopropylidene-α-D-galactose, 0 branch) 

Acryloyl-1,2:3,4-di-O-isopropylidene-α-D-galactose (964.5 mg, 3.07 mmol) was added to 

PMA CTA (146.6 mg, 0.06 mmol) dissolved in toluene (3 mL). A third of this solution was 

separated, AIBN (1.0 mg, 0.006 mmol) was added, and the solution was diluted with 1 mL of 

toluene. This solution was degassed via freeze-pump-thaw cycles (5×), backfilled with argon, 

and heated to 80°C for 24 hours. The polymerization was quenched by cooling with liquid 

nitrogen followed by exposure to air. The copolymer was precipitated in cold methanol and 

analyzed by 
1
H NMR and GPC. 

4.8.12. Deprotection of isopropylidene protecting groups 

All glycopolymers and amphiphilic copolymers were deprotected in similar fashion. 

Polymers (70 mg) were stirred in formic acid (10 mL, 90%) for 2.5 hours after which water 
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(4 mL) was added, and the reaction mixture was allowed to stir for an additional 3 hours. The 

acid was removed by dialysis in water over at least 24 hours, changing the water every 2 hours as 

possible, no less than 5 times. The deprotected polymers were lyophilized and verified via 
1
H 

NMR in DMSO-d6 by the disappearance of the isopropylidene peaks at 1.35-1.5 ppm and the 

disappearance of the anomeric peak of the protected saccharide at 5.5 ppm. 

4.8.13. Representative acidolysis of poly(methyl acrylate-co-acryloyl-1,2:3,4-di-O-

isopropylidene-α-D-galactose) (DP = 25 methyl acrylate, 50 acryloyl-1,2:3,4-di-O-

isopropylidene-α-D-galactose, 0 branch) 

The copolymer (70 mg, 0.05 mmol) was stirred in formic acid (10 mL, 90%) for 2.5 hours 

after which water (4 mL) was added, and the reaction mixture was allowed to stir for an 

additional 3 hours. The acid was removed by dialysis in water over at least 24 hours, changing 

the water every 2 hours as possible, no less than 5 times. The deprotected copolymer was 

lyophilized (40.4mg, 77.4%). 

4.8.14. Aminolysis of RAFT chain end 

All glycopolymer and amphiphilic copolymer chain ends were removed in similar fashion. 

TCEP (50 µL) and ethanolamine (50 µL) were added to polymer (10 mg) dissolved in water 

(1 mL) when possible, otherwise dissolved in DMSO (1 mL). After 1 hour, the solution was 

filtered and dialyzed in water over at least 24 hours, changing the water every 2 hours as 

possible, no less than 5 times. The polymers were lyophilized and verified via 
1
H NMR by the 

disappearance of the aromatic peaks at 7.4-8.0 ppm. 
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4.8.15. Polymerization of Fmoc-protected cationic glycomonomer 

4.8.15.1. Thermo-initiator 

Fmoc-protected glycomonomer (1000 equivalents) and ACVA (1 equivalent) were dissolved 

in THF, degassed via freeze-pump-thaw cycles (5×), backfilled with argon, and heated at 70 °C 

for 90 hours. The polymerization was quenched by cooling with liquid nitrogen followed by 

exposure to air. The polymer was precipitated in cold methanol and analyzed by 
1
H NMR and 

GPC. 

4.8.15.2. Photoinitiator 

Fmoc-protected glycomonomer (1000 equivalents) and Irgacure 2959 (1 equivalent) were 

dissolved in THF, degassed via freeze-pump-thaw cycles (5×), backfilled with argon, and 

irradiated with 2.6 mW/cm
2

 of 365 nm UV light (Figure 4.16) for 16 hours. The polymerization 

was quenched by exposure to air, and the polymer was precipitated in cold methanol and 

analyzed by 
1
H NMR and GPC. 

 
Figure 4.16. Irradiance spectrum of 365 nm UV light source. 
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4.8.16. Representative polymerization of Fmoc-protected cationic glycomonomer 

4.8.16.1. Thermo-initiator 

Methyl N-Fmoc-6-acryloyl-β-D-glucosaminoside (185 mg, 0.40 mmol) and ACVA (0.1 mg, 

0.4 µmol) were dissolved in THF (0.5 mL), degassed via freeze-pump-thaw cycles (5×), 

backfilled with argon, and heated at 70 °C for 90 hours. The polymerization was quenched by 

cooling with liquid nitrogen followed by exposure to air. The polymer was precipitated in cold 

methanol and analyzed by 
1
H NMR and GPC. 

4.8.16.2. Photoinitiator 

Methyl N-Fmoc-6-acryloyl-β-D-glucosaminoside (196 mg, 0.42 mmol) and Irgacure 2959 

(0.09 mg, 0.4 µmol) were dissolved in THF (0.5 mL), degassed via freeze-pump-thaw cycles 

(5×), backfilled with argon, and irradiated with 2.6 mW/cm
2

 of 365 nm UV light for 16 hours. 

The polymerization was quenched by exposure to air, and the polymer was precipitated in cold 

methanol and analyzed by 
1
H NMR and GPC. 

4.8.17. Fractional precipitation of glycopolymer 

Fmoc-protected glycopolymer was dissolved in THF and methanol was gradually added until 

precipitate formed an opaque solution. The solution was stored at -20 °C for 16 hours, and the 

precipitate was isolate by centrifugation at 4000 rpm for 10 minutes. The process of addition of 

methanol and centrifugation was repeated until an opaque solution cannot be formed. The 

supernatant was then concentrated in vacuo. Each fraction was analyzed by GPC. 

4.8.18. Deprotection of Fmoc protecting group 

Polymer (~50 mg) was stirred in a solution of piperidine in DCM (1 mL, 20%) for 30 

minutes. The reaction was diluted with DCM, and the polymer was precipitated and washed with 
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petroleum ether. The deprotected polymers were dried in vacuo and analyzed via 
1
H NMR for 

the absence of the Fmoc group (δ7.00-8.00). 

4.8.19. N-Fmoc-2-aminoethanol 

Fmoc-Cl (500 mg, 1.9 mmol) was added to a suspension of sodium bicarbonate (974 mg, 

11.6 mmol) and ethanolamine (0.13 mL, 2.1 mmol) in DCM (6 mL) at 0 °C and stirred for 16 

hours. The product was extracted with DCM (100 mL, 3×), washed with cold DI water (30 mL), 

washed with brine (30 mL), and dried with sodium sulfate. The solvent was removed in vacuo 

(519 mg, 95%).  

1
H NMR (300 MHz, CDCl3): δ7.20-7.80 (m, 8H, Fmoc), 5.18 (br, NH), 3.71 (d, 2H, Fmoc), 

4.22 (t, 1H, Fmoc), 3.71 (br, CH2CH2OH), 3.35 (q, CH2CH2OH), 2.14 (br, OH). 

4.8.20. N-Fmoc-2-aminoethyl acrylate  

Acryloyl chloride (299 mg, 3.30 mmol) in DCM (5 mL) was added dropwise to a solution of 

triethylamine (510 µL, 3.66 mmol) and N-Fmoc-2-aminoethanol (519 mg, 1.83 mmol) dissolved 

in DCM (21 mL) at 0 °C and stirred for 16 hours. The reaction was washed with DI water, 

saturated sodium bicarbonate solution (4×), and dried with sodium sulfate. The DCM was 

removed in vacuo. The product was dissolved in acetone, precipitated into water, dissolved in 

DCM, and passed through a silica plug with DCM (300 mg, 49%). 

1
H NMR (300 MHz, CDCl3): δ7.20-7.80 (m, 8H, Fmoc), 6.45 (d, 1H, CH2═CH), 6.17 (m, 

CH2═CH), 5.86 (d, 1H, CH2═CH), 5.06 (br, -NH), 4.42 (d, 2H, Fmoc), 4.25 (m, 3H, 

NHCH2CH2O, Fmoc), 3.52 (q, NHCH2CH2O). 

4.8.21. 2-(N-Fmoc-2-aminoethoxy)ethanol 

Fmoc-Cl (1.2 g, 4.5 mmol) dissolved in p-dioxanes (4.5 mL) was added to a solution of 

2-(2-aminoethoxy)ethanol (300 µL, 3 mmol) and sodium bicarbonate (1 g, 12 mmol) in water (9 
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mL) and p-dioxanes (4.5 mL) at 0 °C and stirred for 16 hours. The product was extracted with 

ethyl acetate, washed with 1 M HCl and brine, dried with sodium sulfate, and purified with silica 

column chromatography using ethyl acetate as an eluent. The fractions were concentrated and the 

product was crystallized at -20 °C (609 mg, 62%). 

1
H NMR (300 MHz, CDCl3): δ7.16-7.80 (m, 8H, Fmoc), 5.64 (br, NH), 4.40 (d, 2H, Fmoc), 

4.16 (t, 1H, Fmoc), 3.64 (t, NHCH2CH2OCH2CH2OH), 3.46 (m, NHCH2CH2OCH2CH2OH), 

3.32 (q, NHCH2CH2OCH2CH2OH), 2.99 (br, OH). 

4.8.22. 2-(N-Fmoc-2-aminoethoxy)ethyl acrylate  

Acryloyl chloride (270 µL, 3.4 mmol) in DCM (5 mL) was added dropwise to a solution of 

2-(N-Fmoc-2-aminoethoxy)ethanol (609 mg, 1.86 mmol) with triethylamine (520 µL, 3.7 mmol) 

in DCM (20 mL) at 0 °C. After 4 hours, the reaction was washed with water (3×), saturated 

sodium bicarbonate (3×), brine (2x), and dried with sodium sulfate. The product was passed 

through silica and basic alumina plugs with DCM (441 mg, 62%).  

1
H NMR (300 MHz, CDCl3): δ7.22-7.84 (m, 8H, Fmoc), 6.43 (d, 1H, CH2═CH), 6.14 (m, 

CH2═CH), 5.82 (d, 1H, CH2═CH), 5.18 (br, NH), 4.38 (d, 2H, Fmoc), 4.32 (t, 

NHCH2CH2OCH2CH2OC═O), 4.23 (t, 1H, Fmoc), 3.70 (t, NHCH2CH2OCH2CH2OC═O), 3.57 

(t, NHCH2CH2OCH2CH2OC═O), 3.40 (q, NHCH2CH2OCH2CH2OC═O). 

4.8.23. Fmoc-glycine-HEA 

Fmoc-glycine-OH (1.00 g, 3.36 mmol), EDC•HCl (1.29 g, 6.74 mmol), and DMAP (82 mg, 

0.68 mmol) were dissolved in THF (20 mL) and stirred for 15 minutes before adding 

hydroxyethyl acrylate (1.540 mL, 13.46 mmol) and stirred for 16 hours. The product was 

precipitated into DI water and collected. The product was recrystallized in methanol (857 mg, 

65%).  
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1
H NMR (300 MHz, CDCl3): δ7.19-7.90 (m, 8H, Fmoc), 6.44 (d, 1H, CH2═CH), 6.11 (m, 

CH2═CH), 5.84 (d, 1H, CH2═CH), 5.29 (br, -NH), 4.38 (m, 6H, OCH2CH2O, Fmoc), 4.23 (t, 

1H, Fmoc), 4.03 (d, NHCH2CO2). 

4.8.24. Boc-glycine 

Di-tert-butyl dicarbonate (4.8 mL, 20.8 mmol) in p-dioxanes (10 mL) was added dropwise to 

NaOH (834 mg, 20.8 mmol) and glycine (1.05 g, 14.0 mmol) in water (20 mL) and p-dioxanes 

(10 mL) at 0 °C and stirred for 16 hours at room temperature. The reaction was washed with 

diethyl ether (3×), and the product was extracted from the diethyl ether with a saturated sodium 

bicarbonate solution (3×). The aqueous layers were combined and acidified using Na2HPO4. The 

product was extracted with ethyl acetate (3×), washed with water, and dried with sodium sulfate. 

The ethyl acetate was removed in vacuo to yield a white solid (2.4 g, 97%).  

1
H NMR (300 MHz, CDCl3): δ6.58, 5.38 (br, NH), 3.90 (m, NHCH2COOH), 1.45 (s, 

OC(CH3)3). 

4.8.25. Boc-glycine-HEA 

Boc-glycine (500 mg, 2.8 mmol) was dissolved in DCM (10 mL) and DMAP (70 mg, 0.6 

mmol) and EDC•HCl (1.094 g, 5.7 mmol) were added and stirred for 15 min. Hydroxyethyl 

acrylate (1.31 mL, 11.4 mmol) was added, and the reaction was stirred for 16 hours. The reaction 

was washed with water (3×) and brine and dried with sodium sulfate. The product was purified 

by silica column chromatography using 3:2 ethyl acetate in hexanes as an eluent. The product 

was passed through a basic alumina with DCM. The solvent was removed in vacuo (585 mg, 

75%). 

1
H NMR (300 MHz, CDCl3): δ6.45 (d, 1H, CH2═CH), 6.14 (m, CH2═CH), 5.89 (d, 1H, 

CH2═CH), 3.49 (m, NHCH2CO2), 4.36 (m, OCH2CH2O), 1.46 (s, OC(CH3)3). 
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4.8.26. RAFT polymerization of model amine-protected cationic monomers 

Model amine-protected cationic monomer (25 equivalents), ethyl 

2-(phenylcarbonothioylthio) propionate (1 equivalent), and AIBN (0.3 equivalents) were 

dissolved in toluene. The solution was degassed via freeze/pump/thaw cycles (5×), backfilled 

with argon, and heat at 80 °C for 70 hours. After quenching with liquid nitrogen and exposure to 

atmosphere, monomer conversion was evaluated by 
1
H NMR. 

4.8.27. Representative RAFT polymerization of model amine-protected cationic monomers 

2-(N-Fmoc-2-aminoethoxy)ethyl acrylate (233 mg, 0.61 mmol), ethyl 

2-(phenylcarbonothioylthio) propionate (6.2 mg, 0.024 mmol), and AIBN (1.2 mg, 0.007 mmol) 

were dissolved in toluene (1 mL). The solution was degassed via freeze/pump/thaw cycles (5×), 

backfilled with argon, and heat at 80 °C for 70 hours. After quenching with liquid nitrogen and 

exposure to atmosphere, monomer conversion was evaluated by 
1
H NMR. 
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CHAPTER 5 
5. Bacterial attachment to surfaces modified with various glycopolymers 

Bacterial attachment to surfaces 

modified with various glycopolymers 

5.1. Introduction 

In order for bacteria to establish a colony and initiate an infection, the bacteria must first land 

and attach to a surface, such as the epithelial layer of the digestive tract. These surfaces, 

however, are often subjected to continuous shear forces that can sweep bacteria away. To 

facilitate adhesion, bacteria have a number of cell-surface proteins on the tips of cell appendages, 

such as fimbriae or pili, which recognize and bind to eukaryotic glycans. Escherichia coli, for 

example, has been extensively studied for its ability to adhere to surfaces containing mannose,
226

 

galabiose,
227

 and N-acetyl glucosamine.
228

 More recently, Vibrio cholerae, often found in 

contaminated drinking water, and Shewanella oneidensis, capable of reducing heavy metal ions 

and producing electrically conductive appendages,
229

 have garnered increased attention. Vibrio 

cholerae is known to display mannose and N-acetyl glucosamine-recognition domains for 

attachment,
230–233

 and Shewanella oneidensis primarily utilizes mannose-recognition domains for 

attachment.
234

 Utilizing the specificity of bacterial adhesion lectins for particular sugars, devices 

can be constructed to direct, isolate, or concentrate mobile bacteria onto surfaces. 

Self-assembled monolayers (SAMs) are a common approach to functionalize a surface in a 

well-defined manner, typically using small molecules. SAMs can be created on gold substrates 

through the attachment of thiol-terminated molecules. The Whitesides group has created 

carboxylic acid-terminated SAMs on a gold surface and attached monosaccharide moieties.
235
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Although bacterial lectins have low affinity for monosaccharides, the presentation of saccharides 

on a SAM increases the density of the saccharides to induce a higher avidity.
91

  

In contrast to small molecules, macromolecules are more difficult to self-assemble, and are 

typically grafted onto a surface instead. There are four main strategies for grafting polymers onto 

a surface: 1) grafting to, where a surface is functionalized and polymer is conjugated to the 

surface 2) grafting from, where an initiator is attached to the surface and a polymer is grown 

from the initiator 3) grafting through, where a monomer is attached to the surface and 

incorporated into a growing polymer chain and 4) direct immobilization, where a preformed 

polymer is attached directly with the surface.
236

 While grafting from and grafting through 

techniques ensures high conjugation density to the surface, the surface-bound polymers are 

difficult to characterize. Grafting to and direct immobilizations affords the ability to fully 

characterize the polymers prior to attachment to the surface. The choice between grafting to or 

direct immobilization techniques is often determined by the reactivity of the surface. Glass, for 

example, is extremely inert making direct immobilization difficult. Coated surfaces on glass 

substrates are typically created through the functionalization of the glass surface with an 

organofunctional alkoxysilane. Gold substrates, on the other hand, are often utilized with direct 

immobilization due to its selectivity for interaction with free thiols. 

Reversible addition-fragmentation chain transfer (RAFT) polymerization is an ideal method 

for creating polymers for attachment to gold surfaces. Not only does RAFT polymerization 

afford the ability to create polymers with control over chain length, but it also provides a 

convenient protected-thiol chain end that can be deprotected under mild conditions. The 

McCormick group has synthesized a variety of water soluble polymers via RAFT polymerization 

using 4,4‘-azobis(4-cyanopentanoic acid) and 4-cyanopentanoic acid dithiobenzoate as an 
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initiator and chain transfer agent, respectively, and created polymer-modified surfaces following 

reduction of the dithioester chain end with sodium borohydride.
237

 More recently, the Narain 

group in collaboration with the Liu group created a surface by immobilizing glycopolymers 

created by RAFT polymerization onto a sensor surface for studies of bacterial adhesion by quartz 

crystal microbalance with dissipation.
155

  

In this collaborative investigation with the research groups of Professor Paul S. Weiss and 

Professor Gerard C. L. Wong, a set of glycopolymers of various saccharide identities was used to 

create glycopolymer surfaces, and the surfaces were studied for their ability to promote bacterial 

attachment. 
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5.2. Formation of glycopolymer surfaces 

Using the set of glycopolymers that have various saccharides attached to the polymer 

backbone through a glycosidic bond from Section 4.2, various glycopolymer surfaces can be 

created to control bacterial adhesion. Four glycopolymers were previously created containing 

glucose, galactose, mannose, and N-acetyl glucosamine with a degree of polymerization (DP) of 

approximately 100. In addition, one mannose-containing glycopolymer was created with a DP of 

215. In collaboration with the Weiss lab, glycopolymer surfaces were created by applying 

solutions of glycopolymer pre-reacted with ethanolamine to form a thiol chain end to substrates 

coated with gold via vapor deposition. The surfaces were rinsed and analyzed by X-ray 

photoelectron spectroscopy (XPS) for characterization of glycopolymer conjugation (Figure 5.2). 

 
Figure 5.1. Set of glycopolymers synthesized in Section 4.2 containing a) glucose DP 65, 

b) galactose DP 76, c) mannose DP 108 and 215, and d) N-acetyl glucosamine DP 76 
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Figure 5.2. X-ray photoelectron spectroscopy analysis of a) gold 4f, b) sulfur 2p, c) carbon 1s, 

and d) nitrogen 1s electrons on a polymeric mannose-bearing surface. 

From the XPS analysis, we can clearly see the gold from the surface (Figure 5.2a), the sulfur 

from the glycopolymer chain end (Figure 5.2b), and the carbon from the polymer backbone and 

saccharides (Figure 5.2c). Figure 5.2d shows no obvious peak for nitrogen, which indicates that 

the ethanolamine did not bind to the surface nor conjugate to the glycopolymer. By comparing 

the percent composition of carbon (34.66%) to gold (42.86%), there were approximately 175 

surface gold atoms per polymer chain. Infrared spectroscopy of the surfaces exhibited peaks 

characteristic of alcohol and ether C-O stretching at 1100 cm
-1

 from the saccharide moieties and 
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ester stretching at 1250 cm
-1

 and carbonyl stretching at 1740 cm
-1

 from the linkage of the 

saccharides to the polymer backbone (Figure 5.3). 

 
Figure 5.3. Infrared spectrum of a polymeric mannose-bearing surface. 

5.3. Biological interaction with bacteria 

5.3.1. Attachment of Shewanella oneidensis 

In collaboration with the Weiss lab, glycopolymer surfaces were created in quadruplicate in 

the wells of a 96-well plate by coating the plate with gold via vapor deposition and incubating 

each well with a solution of glycopolymer pre-reacted with ethanolamine. After rinsing the plate 

to remove excess polymer, each well was incubated overnight with a solution of Shewanella 

oneidensis MR-1 strains wild type with GFP-containing plasmid p519nGFP in phosphate buffer 

saline (PBS) followed by rinses with PBS. The green fluorescent protein (GFP) emission, 

representative of the amount of bacteria attached to the surface in each well, was quantified with 

an excitation of 470 nm and an emission of 507 nm light. The galactose DP 76 and N-acetyl 

glucosamine DP 76 polymers exhibited significantly less bacterial adhesion, 78% and 89% 

respectively, compared to the mannose DP 108 polymer (p < 0.01) (Figure 5.4). 
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Figure 5.4. Normalized GFP emission at 507 nm from 470 nm excitation of Shewanella 

oneidensis MR-1 strains wild type with GFP-containing plasmid p519nGFP attached to various 

glycopolymer surfaces in quadruplicate. 

 In evaluating the effect of molecular weight, surfaces were created with polymeric mannose 

DP 108 and 215, and Shewanella oneidensis attachment was quantified relative to a chain-

terminated mannose surface (Figure 5.5). Surfaces with polymeric mannose DP 108 and DP 215 

exhibited a 3.2× and 2.2× amount of cell adhession, respectively, compared to monomeric 

mannose. Higher molecular weight glycopolymers should have more bacterial attachment due to 

the cluster glycoside effect.
91

 As expected, both polymeric surfaces bound more bacteria than the 

monomeric surface, but surprisingly, less bacteria bound to the high molecular weight polymeric 

mannose surface compared to the low molecular weight polymeric mannose surface. To further 

investigate this effect, a 250 mM solution of methyl α-D-mannopyranoside was applied to 

competitively inhibit the attachment of the bacteria to the surface, and while all surfaces saw a 

decrease in bacteria, the low molecular weight polymeric mannose surface retained a statistically 

significant higher amount of bacteria compared to the other surfaces (p < 0.01) (Figure 5.5) and 

maintained the most bacteria (37%) compared to the high molecular weight polymeric mannose 
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surface (19%) and the monomeric mannose surface (27%) (Table 5.1). Thus, the difference in 

bacterial adhesion in not just a difference in bacteria density, but it is a difference in avidity for 

the surface. While the high molecular weight glycopolymer is expected to have higher avidity 

compared to the low molecular weight glycopolymer, this observation was made with 

glycopolymers in solution. When the glycopolymers are attached to a substrate, only the 

saccharide residues exposed on the surface are accessible for bacterial adhesion. With higher 

molecular weight glycopolymer, the bulk of the sugar content may be hidden and inaccessible to 

the bacteria resulting in a decreased amount of avidity. In addition, the higher molecular weight 

polymer may create a surface with a saccharide density that surpasses an optimal density for 

bacterial interaction. A similar effect was observed by Serizawa et al. with saccharides attached 

to a nanoparticle surface.
198

 When saccharide density reached a critical density (0.43 < critical 

density < 0.71 μg/cm
2
) lectin binding becomes suppressed, presumably due to steric hindrance.  

  
Figure 5.5. Normalized GFP emission at 507 nm from 470 nm excitation of Shewanella 

oneidensis MR-1 strains wild type with GFP-containing plasmid p519nGFP attached to a 

monomeric mannose and various molecular weight polymeric mannose surfaces in quadruplicate 

(light gray) and after incubation with a 250 mM solution of methyl α-D-mannopyranoside for 13 

hours (dark gray). 
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Table 5.1. Percentage of GFP emission remaining after incubation with a 250 mM solution of 

methyl α-D-mannopyranoside for 13 hours. 

mannose 
poly(mannose) 

DP 108 

poly(mannose) 

DP 215 

27% 37% 19% 

 

5.3.2. Attachment of Vibrio cholerae 

Using the mannose polymer that exhibited the most bacterial attachment, (poly(mannose) DP 

108), the movement of Vibrio cholerae was tracked on a surface in a flow cell in collaboration 

with the Wong lab (Figure 5.6). Looking at the trajectories of the bacteria, we observe that 

Vibrio cholerae interacts with glass and move in an orbital path with a diameter of 

approximately 10 µm (Figure 5.6a). When the bacteria interact with the polymeric mannose 

surface, the orbital paths decrease in size and number, indicating a stronger interaction with the 

surface (Figure 5.6b). When bacteria without MSH pili are introduced to the polymeric mannose 

surface, the orbital paths are lost entirely, indicating that there is no interaction between the 

bacteria and the surface (Figure 5.6c). Therefore, the interaction of the bacteria with the 

polymeric mannose surface is dependent on the expression of MSH. Analyzing the movement 

speed of the bacteria on the different surfaces, we observed that about 24% of the bacteria are 

stationary (moving < 5 µm/sec) on the polymeric mannose surface, whereas only about 5% of 

the cells are stationary on the glass surface and none of the cells are stationary without MSH pili 

(Figure 5.7). 
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Figure 5.6. Trajectory of a) Vibrio cholerae on glass, b) Vibrio cholerae on a poly(mannose) 

surface, and c) Vibrio choleraemshA on a poly(mannose) surface. 

 
Figure 5.7. Percentage of stationary Vibrio cholerae cells (moving < 5 µm/sec). 
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5.4. Conclusions 

Various glycopolymers composed of different saccharide identities were used to construct 

glycopolymer-modified surfaces on gold-coated substrates and characterized via X-ray 

photoelectron spectroscopy and infrared spectroscopy, which verified the presence of the 

glycopolymers on the gold substrates. Using these substrates, the ability to attach and direct the 

movement of Shewanella oneidensis and Vibrio cholerae was investigated since both bacteria 

facilitate adhesion using mannose-sensitive hemagglutinin (MSH). Using Shewanella oneidensis 

MR-1 strains wild type with GFP-containing plasmid p519nGFP on surfaces created on a gold-

coated 96-well plate, the total amount of bacterial adhesion was quantified and demonstrated 

preferential attachment to mannose surfaces over galactose and N-acetyl glucosamine surfaces. 

In addition, we observed that surfaces constructed from higher molecular weight glycopolymer 

resulted in a decrease in bacterial adhesion in number and in avidity. When movement of Vibrio 

cholerae was tracked on a polymeric mannose surface in a flow cell, increased adhesion was 

observed when MSH was expressed. Using a combination of saccharide identity and molecular 

weight, patterned surfaces can be created that direct bacteria using the differences in cellular 

interaction with the various glycopolymer surfaces.  
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5.5. Experimentals 

5.5.1. Materials 

2-(2-[2-(11-Mercaptoundecyloxy)-ethoxy]-ethoxy)-ethoxy-acetic acid (Toronto Research 

Chemicals), 2-(2-[2-(11-mercaptoundecyloxy)-ethoxy]-ethoxy)-ethanol (Toronto Research 

Chemicals), 4-aminophenyl-α-D-mannopyranoside (LC scientific, 98%), trifluoroacetic acid 

(Sigma-Aldrich, 99%), ethanolamine (Sigma, 98%), triethylamine (Alfa Aesar, 99%), 1-ethyl-

3-(3-dimethylaminopropyl) carbodiimide hydrochloride (Advanced Chem Tech, 98%), 

N-hydroxysuccinimide (Aldrich, 98%), ethanol (Decon Labs, 200 proof), and phosphate-

buffered saline (PBS) (Cellgro) were used as received. Shewanella oneidensis MR-1 strains wild 

type with GFP-containing plasmid p519nGFP were used in cell attachment experiments. The 

WT O1 Serotype, El tor Biotype, A1552 strain of Vibrio cholerae and the isogenic mutant strains 

mshA (lacking MSHA pilin) were used in the cell tracking experiments. Luria-Bertani (LB) 

media was made from LB broth powder (Fisher, 25 g/L). LB plates were poured using agar 

powder (Fisher, 15 g/L) in LB media. 

5.5.2. Analytical techniques 

X-ray photoelectron spectra were acquired using a Kratos Axis Ultra spectrometer (Chestnut 

Ridge, NY) with a monochromatic Al KR source (20 mA, 1.4 keV). Samples were fixed to a 

holder by a metal bar to complete a conductive path. The spectra were acquired at a pressure of 

10
-8 

torr, anode voltage of 15 kV, emission of 20 mA, and a spot size of 300 µm × 700 µm. 

Survey spectra were acquired at a pass energy of 160 eV, while high-resolution spectra of the 

O 1s, N 1s, C 1s, S 2p, and Au 4f regions were collected at a pass energy of 20 eV. High-

resolution spectra were averaged over 10 sweeps and had a 250 ms dwell time. Infrared 

absorption spectra were collected using a Nicolet 6700 FTIR spectrometer (Thermo Electron 
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Corp., Madison, WI) equipped with a liquid-nitrogen-cooled mercury-cadmium-telluride 

detector. The spectrometer was purged with dry and CO2-free nitrogen. The substrate is placed at 

a grazing angle to the IR beam, 82 degrees relative to the surface normal. The polarization of the 

IR beam was modulated elliptically. Spectra were transformed using Norton-Beer (N-B) medium 

apodization, averaged over 2056 scans with a resolution of 2 cm
-1

. Quantification of Shewanella 

oneidensis attachment to surfaces was conducted on a BioTek Synergy H1 multi-mode reader 

with excitation at 470 nm and emission at 507 nm. High-speed movies of V. cholerae motion in 

the flow-cells were captured with a Phantom V12.1 high-speed camera (Vision Research), 

collecting ~20,000 bright-field images at 5 ms resolution with a 100× oil objective on an IX81 

Olympus microscope. 

5.5.3. Vapor deposition of gold surfaces 

5.5.3.1. Glass cover slips 

Glass coverslips were cleaned by sonicating in ethanol, rinsing with 1% Alconox detergent in 

water, and rinsing with water for 30 minutes each. The substrates were then submerged in 

piranha solution (3:1 sulfuric acid with 30% hydrogen peroxide) for 1 hour and rinsed 

thoroughly with Millipore filtered water and dried with a nitrogen stream. Metal layers (2 nm of 

titanium followed by 2 nm of gold) were deposited by electron beam metal evaporation (Kurt J. 

Lesker Company, Jefferson Hills, PA) at a pressure beneath 1 x 10
-7

 torr to ensure even metal 

coverage at a rate of 0.3 Å/sec. Substrates, were flame annealed by passing a 4 cm hydrogen 

flame over the substrate once a second for 60 seconds. 

5.5.3.2. 96-Well plate 

96-Well plates were used as received and coated with 10 nm of titanium followed by 80 nm 

of gold by electron beam metal evaporation (Kurt J. Lesker Company, Jefferson Hills, PA) at a 
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pressure around 10
-6

 torr to soften shadows in the deposition at a rate of 1 Å/sec. Well plates 

were visually inspected and wells that were not fully covered by gold were not used in 

glycopolymer surface formation. 

5.5.4. Creation of saccharide surfaces 

5.5.4.1. Monomeric mannose surface 

A solution of 0.5 mM 2-(2-[2-(11-mercaptoundecyloxy)-ethoxy]-ethoxy)-ethoxy-acetic acid, 

0.5 mM 2-(2-[2-(11-mercaptoundecyloxy)-ethoxy]-ethoxy)-ethanol, and 130 mM trifluoroacetic 

acid was mixed in ethanol and added to the gold substrate for three days. The solution was 

removed and the substrates were rinsed with triethylamine in ethanol (10 v/v%) followed by 

ethanol. A solution of N-hydroxysuccinimide (0.05 M) and 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (0.2 M) in water was added for 30 minutes to form an NHS ester. The surface was 

rinsed with water and dried with a nitrogen stream. A solution of 4-aminophenyl-

α-D-mannopyranoside (2 mg/mL) in sodium phosphate buffer (25 mM, pH 8.0) was applied to 

the surface for two days. 

5.5.4.2. Polymeric saccharide surface 

A glycopolymer solution (0.5 mM) was reacted with ethanolamine (80 mM) in water for 30 

minutes before addition to the gold surface for three days followed by rinsing with water, 

ethanol, and PBS (pH 7.2). 

5.5.5. Quantification of attachment through green-fluorescent protein (GFP) emission 

Shewanella oneidensis MR-1 WT p519nGFP from frozen stock incubated for 24 hours at 

32 °C was streaked on LB agar plates containing kanamycin. The bacteria were precultured by 

inoculating LB media (20 mL) in a 125mL flask and incubating at 32 °C for 24 hours. The 

preculture (1 mL) was diluted into LB media with 50 mg/L kanamycin (20 mL). The culture was 
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incubated until the optical density at 600 nm reached 0.9 (approximately two hours). The cell 

were washed by centrifugation (2300 RCF, 5 minutes) and resuspended in PBS (3×). The 

bacteria solution was diluted 10× in PBS and aliquoted into each sample well (250 µL) and 

incubated at 32 °C for 18 hours to allow for cell attachment. The wells were rinsed with PBS 

(4×) and covered with PBS (100 µL). The green fluorescent protein emission was quantified by a 

plate reader at an excitation of 470 nm and emission of 507 nm. Gold-coated surfaces covered 

with PBS without bacteria (100 µL) were used as a negative control and subtracted from the 

fluorescence of each well prior to normalization. 

5.5.6. Cell tracking 

The bacteria were cultured in LB media overnight under shaking at 30 °C. Prior to 

inoculation, a subculture was made by diluting the overnight culture into 2% LB (containing 

171 mM NaCl) to an optical density at 600 nm in the range of 0.01–0.03. V. cholerae were then 

injected into a sterile flow-cell heated at 30 °C containing the same media and high-speed 

movies of V. cholerae motion in the flow-cells were captured. 

5.5.7. Cell-tracking algorithm and analysis 

We preprocess every frame of a movie in Matlab (Mathworks) by subtracting the 

background, scaling, smoothing, and thresholding to generate a binary image using Otsu 

thresholding
238

. Bacteria appear as bright regions. Tracking is done by locating all bright objects 

that overlap objects in the next frame by combining the two frames into a three-dimensional (3D) 

matrix and then by locating 3D connected components. 

We store the results in a tree-like structure with multiple roots
239

; every newly detected 

bacterium that appears is recorded as a ‘root’ of the tree. When bacteria interact, they are 

recorded as a ‘node’ of the tree; when they depart, they are recorded as a ‘leaf’. Each root or 
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node stores the sequence of pixel lists that comprise the bacterium in all frames until the next 

interaction or detachment event. We measure the instantaneous shape properties of the bacteria 

using the Matlab regionprops function. From these properties we can calculate the MSD, 

∆𝑥2(𝑡) = 〈(𝑥⃗(𝑡 + 𝑡2) − 𝑥⃗(𝑡𝑖))
2

〉, where 𝑥⃗(𝑡𝑗) = 𝑅⃗⃗𝑗  and is the position vector of the j
th

 point on 

the trajectory and the angled brackets indicate an average over all times ti. The MSD gives 

information about the average displacement between points in the trajectory separated by a fixed 

time lag
240

. The instantaneous speed is calculated as, 𝜐𝑖 = |𝑥⃗(𝑡 + 𝑡𝑖+1) − 𝑥⃗(𝑡𝑖)|/Δ𝑡, where 

Δ𝑡 = 𝑡𝑖+1 − 𝑡𝑖. The angle difference is defined as the angle between a bacterium’s instantaneous 

velocity and its body axis, limited to the range [0,
𝜋

2
]241,242

.  
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CHAPTER 6 
6. Biological interaction of hyperbranched glycopolymers presented in 3D 

Biological interaction of hyperbranched 

glycopolymers presented in 3D  

The contents of this chapter were adapted from with permission from Biomacromolecules 16, 

284–94 (2015). 

6.1. Introduction 

Lectins are saccharide-binding proteins that are important in biological recognition and 

immune response. Lectins typically exhibit weak interactions with monosaccharides, but the 

clustering of saccharide ligands and increased density of their presentation (e.g. through 

branching) enhances these interactions. Lectins contain multiple carbohydrate recognition 

domains (CRDs). Although lectins from diverse sources lack primary sequence homology, they 

share similarities in tertiary structure. This implies that the primary sequence may be important 

for recognizing specific monosaccharide residues, but that the 3D presentation of the saccharides 

to the lectin is a key determinant in the avidity of this interaction.
243

 

Since the natural binding partners of lectin may be polysaccharides and/or glycoproteins, our 

group has investigated the interactions of synthetic binding analogues of these partners, both 

glycopolymers and protein-glycopolymer conjugates, with lectin.
19,119

 In particular, we 

demonstrated that branched polymers incorporating a saccharide unit (mannose) into the 

branching repeat unit show a higher affinity for the corresponding lectin (mannose binding 

lectin, MBL) than linear polymers of the same molecular weight or branched polymers with the 

same number of mannose residues but without mannose incorporation in the branching repeat 

unit. Furthermore, we demonstrated that the lectin affinity increases with increasing polymer 
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branching density, which has also been recently verified by another group.
244

 In addition to linear 

and branched glycomimetics, synthetic glycoproteins
245

 and protein glycoconjugates
246–250

 have 

also been reported in literature and synthesized by our group
251

. We polymerized 

glycomonomers from protein-based initiators to obtain protein-glycomimetic conjugates. 

Interestingly, the 3D presentation of the glycoresidues (mannose) from the protein surface 

appears to significantly enhance their interaction with lectin (MBL). This indicates that the 3D 

presentation of the sugar groups may more strongly influence their interaction with lectins than 

the chain length, consistent with observations about the distribution of CRDs on lectins. 

While using protein-glycoconjugates to study the role of 3D presentation is promising, there 

are several synthetic limitations. First, the distribution of glycopolymer chains and the 3D shape 

of the protein are inherently limited by the sequence and 3D structure of the protein and are not 

easy to systematically vary. The distribution of glycopolymer chains on the surface of the protein 

is limited to available reactive amino acids, such as lysine, which can be converted into initiating 

groups. Second, polymerization would ideally be conducted in water to maintain the 3D protein 

structure, but this polymerization is difficult to control and requires the use of a sacrificial 

initiator.
140

 Finally, the characterization of this protein-glycopolymer conjugates is difficult, 

especially the determination of the glycopolymer chain length.
251

  

As an alternative, the relationship between glycopolymer structure, glycoresidue density, and 

3D presentation to lectins can be systematically studied using amphiphilic copolymers that self-

assemble into nanoparticles. Nanoparticles offer several advantages, including facile synthesis 

and tunable size and surface chemistry. Glyconanoparticles can be created by surface 

modification of nanoparticles, by conjugation of hydrophobic polymers to glycopolymers or 

natural polysaccharides, by post-polymerization modifications of reactive block copolymers, or 
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by direct polymerization of glycomonomers from macroinitiators. In the first approach, 

nanoparticles are fabricated prior to conjugation of saccharide moieties onto their surface.
252–254

 

While this ensures the formation of nanoparticles, the conjugation of saccharide moieties is 

limited due to the nanoparticles’ insolubility and the steric hindrance of grafting to the surface. 

Direct conjugation of hydrophobic polymers to natural polysaccharides or growth of 

hydrophobic polymers from polysaccharide macroinitiators allows direct incorporation of natural 

residues.
255–262

 However, natural polysaccharides may offer little control over architecture or 

molecular weight, can be difficult to purify, and can suffer from batch-to-batch variability. 

Amphiphilic block copolymers incorporating a glycopolymer block can be synthesized via post-

polymerization modification of a reactive block (such as an azide-alkyne Huisgen 

cycloaddition)
24,120,263–266

 or by direct polymerization of glycomonomers from a living 

macroinitiator. For example, the Sanderson group created an amphiphilic glycopolymer via 

direct polymerization of methacryloyl-1,2:5,6-di-O-isopropylidene-D-glucofuranose and then 

extending the chain with styrene or methyl acrylate, followed by deprotection of the 

isopropylidene protecting groups.
267

 Controlled radical polymerizations are particularly useful 

for making such block copolymers as they tolerate a wide variety of polymerization conditions 

and monomers. Controlled radical polymerization has been used to create amphiphilic 

glycopolymers via nitroxide-mediated polymerization (NMP),
258,268

 atom transfer radical 

polymerization (ATRP),
269–275

 and radical addition-fragmentation chain transfer (RAFT) 

polymerization.
151,267

 RAFT polymerization is of particular interest as it avoids the use of 

biotoxic metal catalysts and is susceptible to facile chain-end modification.
276–278

 Once the 

amphiphilic polymers are synthesized, they can be assembled into nanoparticles via techniques 

such as solvent evaporation, nanoprecipitation, emulsification/solvent diffusion, salting out, or 
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dialysis.
279

 For example, Pati et al. used nanoprecipitation to self-assemble glycopolypeptide-

dendrons,
280

 and Bonduelle et al. used nanoprecipitation to self-assemble tree-like 

glycopolypeptides.
281

 

After self-assembly, the 3D glyconanoparticles can interact with lectins that also have a 3D 

conformation. A common method to determine the bioactivity of glycopolymers is to investigate 

their ability to bind native lectins through in vitro experiments. Increased molecular weights and 

branching in glycopolymers have been seen to enhance lectin interactions.
19,91–93

 The 

enhancement in interaction is attributed to the lectin having multiple carbohydrate recognition 

domains as with Ricinus communis (castor bean) agglutinin 120 (RCA120).
95,96

 Multiple 

carbohydrate recognition domains allow the lectin to bind multiple saccharides on the same 

polymer when properly spaced. Spain et al. has reported increased binding of RCA120 with 

increasing molecular weight of linear glycopolymer.
282

 Lee et al. has reported that an 

oligosaccharide with three branches presented a 1000-fold increase in binding to hepatic lectin 

even though it contained only three times as much galactose compared to a similar linear 

oligosaccharide.
98

 The increased interaction due to clusters of saccharides has been termed “the 

cluster glycoside effect.”
91

 These examples, however, only present the glycopolymer in solution. 

Since nanoparticles are composed of densely packed amphiphilic molecules, lectins may not 

be able to penetrate into the nanoparticle such that only the ligands presented on the surface may 

be available for binding. Increased lectin binding has been observed with nanoparticles that 

present monomeric saccharides on their surface compared to monomeric saccharides in 

solution.
254,275

 Functionalization of the surface of polymer vesicles and nanoparticles with 

dendritic saccharides further amplifies this effect.
254

 The Akashi group has reported that 

saccharide surface density is directly proportional to the size of the nanoparticle when size is 
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adjusted by increasing the length of the hydrophobic block.
283

 In addition, there is an optimal 

surface density for lectin binding, above which lectin interaction decreases.
198,283

 

To better understand structure-activity relationships between glycopolymers and lectins, it is 

important to study the combined effects of branching and 3D presentation. Using the set of 

amphiphilic glycopolymer with systematic variation of molecular weight and branching created 

in Section 4.4 (Table 6.1), nanoparticles were self-assembled via nanoprecipitation, and the 

bioactivity of the nanoparticles was examined using two representative biological assays, an 

inhibitory enzyme-linked lectin assay and the hemagglutination assay. By adjusting the 

molecular weight and degree of branching of the glycoblock of the copolymer, the size of the 

self-assembled nanoparticle and the saccharide density on its surface can be tuned, impacting its 

interaction with lectin.  
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Table 6.1. Summary of amphiphilic copolymers synthesized in Section 4.4. 

 
 

1
H NMR  GPC

† 

copolymer 

 conversion 

of chain-

extension 

DP of sugar Mn 

 

Mw Mn Ð 

25:50 

0 branch 

 
88% 44 16190 

 
10270 6480 1.58 

25:50 

1 branch 

 
86% 43 16170 

 
7790 5610 1.39 

25:50 

5 branch 

 
92% 46 18290 

 
7700 5830 1.32 

25:25 

0 branch 

 
90% 23 9480 

 
7580 5870 1.29 

25:25 

1 branch 

 
71% 18 8220 

 
6790 4980 1.36 

25:25 

5 branch 

 
78% 20 9800 

 
5420 3920 1.38 

25:12 

0 branch 

 
42% 5 4060 

 
6310 4800 1.31 

25:12 

1 branch 

 
30% 4 3680 

 
4820 4130 1.17 

25:12 

5 branch 

 
80% 10 6850 

 
4230 3350 1.26 

†
Gel permeation chromatography (GPC) was performed in THF and calibrated using linear 

poly(methyl methacrylate) standards. 
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6.2. Self-assembly into 3D micelles 

Each copolymer from Section 4.4 was named according to the ratio of the degree of 

polymerization of methyl acrylate, the expected degree of polymerization of acryloyl-1,2:3,4-di-

O-isopropylidene-α-D-galactose, and the expected number of branches per chain. For example, a 

copolymer with poly(methyl acrylate) with a degree of polymerization of 25, poly(acryloyl-

1,2:3,4-di-O-isopropylidene-α-D-galactose) with a target degree of polymerization of 50, and a 

target of five branches per chain would be named 25:50 5 branch. First, the isopropylidene-

deprotected copolymer samples were self-assembled via direct hydration, but only the 25:50 

copolymers were observed to form well-defined structures (Table 6.2). Nanoprecipitation was 

conducted by quickly injecting a solution of copolymer dissolved in DMSO into water (Method 

1) or by adding water dropwise to the DMSO solution (Method 2). Transmission electron 

microscopy (TEM) images of the samples created via direct hydration revealed a continuous 

gradient of sizes ranging from 10 to 200 nm in diameter, whereas the samples created via 

nanoprecipitation revealed more homogeneous nanoparticles (Figure 6.1). Nanoprecipitation 

Method 1 tended to produce more polydisperse nanoparticles than Method 2 (Table 6.2). 

Therefore, nanoprecipitation Method 2 was employed, and the resulting nanoparticles were 

analyzed via dynamic light scattering (DLS) and recorded via TEM (Figure 6.2). 
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Figure 6.1. TEM images of nanoparticles formed from 25:50 0 branch copolymers by a) direct 

hydration (DH) and b) nanoprecipitation Method 2. 

Table 6.2. Average diameter and polydispersity index (PDI) of 25:50 copolymers using the 

following methods of self-assembly: direct hydration (DH) measured after 2 hours and 2 days; 

nanoprecipitation by addition of the DMSO solution into water (Method 1) or addition of water 

dropwise into the DMSO solution (Method 2). 

  0 branch  1 branch  5 branch 

 

 diameter  

(nm) 
PDI 

 diameter  

(nm) 
PDI 

 diameter  

(nm) 
PDI 

DH  

(2 hours) 

 
280 0.32 

 
219 0.48 

 
319 0.54 

DH  

(2 days) 

 
244 0.19 

 
198 0.48 

 
261 0.45 

Nanoprecipitation 

Method 1 

 
81 0.41 

 
46 0.39 

 
70 0.50 

Nanoprecipitation 

Method 2 

 
107 0.20 

 
57 0.44 

 
85 0.36 
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Figure 6.2. TEM images of copolymer nanoparticles with corresponding diameter and PDI from 

DLS of a) 25:50 0 branch, b) 25:50 1 branch, c) 25:50 5 branch, d) 25:25 0 branch, e) 25:25 

1 branch, f) 25:25 5 branch, g) 25:12 0 branch, h) 25:12 1 branch, and i) 25:12 5 branch. 

In general, decreasing the length of the hydrophilic segment of the copolymer produced 

larger nanoparticles with lower polydispersity. Some of the samples produced abnormally high 

polydispersities (Figure 6.2b) compared to other samples of similar molecular weight (Figure 

6.2a). We suspect that a more gradual and continuous solvent displacement method might be 

necessary. The non-circular shape observed in some TEM samples may indicate a non-spherical 

morphology that may be explained by the glassy character of the hydrophobic domain, which 

can lead to out of equilibrium structures. In addition, the increase in size with decreasing 

molecular weight indicates that we do not have simple micelles. 
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The samples that appeared to be monodisperse by TEM were further analyzed by multi-angle 

light scattering (MALS). The calculated hydrodynamic radius (RH) from MALS (Table 6.3) was 

in close agreement with the measurement obtained from DLS. Static light scattering was also 

conducted on the 25:12 0 branch nanoparticles to obtain the radius of gyration (Rg). By taking 

the ratio for Rg/RH, a shape factor of 0.84 was calculated (Figure 6.3). A solid sphere has a shape 

factor of 0.78, while a hollow sphere has a shape factor that approaches 1.
265,284–286

 Based on the 

shape factor and the TEM analysis, we conclude that the nanoparticles were solid spheres, 

possibly stabilized by the hydrophobic CTA chain ends. 

Table 6.3. Hydrodynamic radius (RH) as determined from multi-angle light scattering. 

nanoparticle 

sample 
RH (nm) 

25:50 0 branch 52 

25:50 5 branch 44 

25:25 1 branch 81 

25:12 0 branch 96 

25:12 5 branch 105 

 

 
Figure 6.3. Multi-angle light scattering analysis of 25:12 0 branch copolymer nanoparticles for 

determining shape factor: a) decay constant (Γ) versus squared magnitude of the scattering vector 

(q
2
) for determining hydrodynamic radius (RH) using the Stokes-Einstein equation and b) Guinier 

plot for determining radius of gyration (Rg). 
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To further investigate the possibility of an aggregated construct facilitated by the CTA chain 

end, the copolymer chain ends were modified by aminolysis into a free thiol and self-assembled 

via nanoprecipitation and investigated by DLS (Figure 6.4). The resulting nanoparticles 

constructed from the lowest molecular weight copolymers were significantly smaller in size 

(Table 6.4). When the copolymers with higher proportion of hydrophilic block were subject to 

the same end group modification, monodisperse nanoparticles could not be formed, suggesting 

that the hydrophobic CTA chain end assists in the formation of stable nanoparticles. Aminolysis, 

therefore, may be a viable method of dissolution of these nanoparticles.  

 
Figure 6.4. Histogram of DLS of 25:12 0 branch (red) and 25:12 5 branch (blue) copolymer 

nanoparticles prior to aminolysis and 25:12 0 branch (black) and 25:12 5 branch (green) 

copolymer nanoparticles after aminolysis. 

Table 6.4. Diameter and PDI of nanoparticles before and after aminolysis as measured by DLS. 

  before aminolysis  after aminolysis 

 
 dia. 

(nm) 
PDI 

 dia. 

(nm) 
PDI 

25:12  

0 branch 

 
196 0.05 

 
112 0.09 

25:12  

5 branch 

 
219 0.04 

 
113 0.10 

 

6.3. Biomolecular interaction with linear and branched glycopolymers presented in 3D 

In addition to observing the morphology of these self-assembled nanoparticles, the biological 

relevance of the nanoparticles was assessed via lectin binding assays.
9
 First, we qualitatively 

investigated the direct interaction of the nanoparticles with Ricinus communis (castor bean) 
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agglutinin 120 (RCA120, an R-type galactose binding lectin) via a lectin precipitation assay. While 

it is generally accepted that RCA120 is specific for non-reducing -linked D-galactose, Fais et al. 

demonstrated that both terminal galactose and 6-substituted galactose can interact with the 

carbohydrate binding site of RCA120.
88

 At the same concentration of galactose, the high 

molecular weight copolymer nanoparticles induced more crosslinking/precipitation of RCA120 

than the low molecular weight copolymer nanoparticles as observed the absorbance at 450 nm 

(Figure 6.5). The high molecular weight copolymer nanoparticles have more saccharides per 

copolymer. Since the nanoparticles are smaller, the high molecular weight copolymer 

nanoparticles also have a higher surface area to volume ratio. Thus, they have more saccharide 

residues available for lectin interaction. 
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Figure 6.5. Absorbance at 450 nm versus total galactose in solution of 25:50 0 branch (●), 25:50 

5 branch (■), 25:12 0 branch (○), and 25:12 5 branch (□) nanoparticles added to a RCA120 

solution (2 mg/mL). 

To obtain a more quantitative measure of lectin activity, the hemagglutination assay and an 

inhibitory enzyme-linked lectin assay (ELLA) were used. The hemagglutination assay is an 
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inhibition assay which indirectly quantifies nanoparticle-lectin interactions. In the absence of 

nanoparticles, the lectin will cause red blood cell precipitation, but if nanoparticles are present 

and bind the lectin, the red blood cells will not precipitate. Varying concentrations of 

nanoparticles in solution are prepared, and lectin is added and allowed to interact with the 

nanoparticles. Red blood cells are subsequently added to the lectin-nanoparticle solution, and the 

minimum concentration of nanoparticles needed to prevent red blood cell precipitation is 

recorded. In the inhibitory ELLA, well plates are coated with a high molecular weight 

polysaccharide or glycopolymer that competitively binds to the lectin. Solutions of lectin and 

varying concentrations of nanoparticles are added to the well plate, and the amount of lectin that 

binds to the wells is quantified as the concentration of nanoparticles decreases. The percent 

inhibition versus saccharide concentration is plotted and curve fitted. The concentration at which 

50% inhibition of interaction is observed can be reported and used to calculate relative potency. 

The galactose concentrations listed for the hemagglutination assay (Figure 6.6) and ELLA 

(Figure 6.7) describe the total galactose concentration in the system. This concentration 

represents the maximum amount of galactose residues available for interaction, although the 

number of residues actually available may be significantly less. That is, unless the lectin is able 

to intercalate the glycopolymer layer, only the residues displayed on the surface of the 

nanoparticle may interact. The 25:50 nanoparticles exhibit no significant inhibition in either 

assay, in contrast to samples with shorter glycoblocks. In the literature, the interaction between 

galactose-functionalized nanoparticles and RCA120 has been shown to depend on the density of 

saccharide residues on the surface. Increasing potency is observed with increasing galactose 

density on the surface until a critical density of saccharide residues is reached (0.43 < critical 

density < 0.71 μg/cm
2
), at which point binding becomes suppressed, presumably due to steric 
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hindrance.
198

 With the increased galactose content per copolymer, the 25:50 nanoparticles may 

exceed the critical galactose surface density, thus sterically limiting their interaction with 

RCA120. Relative potencies for the remainder of the nanoparticles were reported relative to 

poly(galactose acrylate) with a DP of 12 and 5 branches per chain (Table 6.5). 

 
Figure 6.6. Example of the hemagglutination assay plate with the lowest nanoparticle 

concentration where red blood cell precipitation is inhibited circled. 
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Figure 6.7. a) Percent RCA120 inhibition as a function of galactose content in 25:50 0 branch (●), 

25:50 5 branch (■), 25:25 1 branch (▲), 25:12 0 branch (○), and 25:12 5 branch (□) 

nanoparticles and b) 25:12 5 branch (□) nanoparticle with a 3D structure exhibit increased lectin 

binding compared to 12 0 branch (-), 12 5 branch (×), 25 1 branch (▼), 50 0 branch (◊), and 50 

5 branch (♦) glycopolymers in solution. The ratios in the samples represent the degree of 

polymerization of the copolymer PMA:poly(galactose acrylate) followed by the number of 

branches per chain. When no ratio is present, the number represents the degree of polymerization 

of poly(galactose acrylate) (PGA) followed by the number of branches per chain. 
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Table 6.5. Relative potencies of glycopolymer and nanoparticle interactions with RCA120.  

compound 
hemagglutination  

relative potency† 

ELLA  

relative potency‡ 

poly(galactose acrylate) 

12 0 branch - 0.3 

12 5 branch 1 1 

25 1 branch - 0.8 

50 0 branch - 0.9 

50 5 branch - 0.6 

nanoparticle 

25:12 0 branch 4.8 26 

25:12 5 branch 6.5 13 

25:25 1 branch 16 58 
† 

Relative potency is calculated as the ratio of the concentration at which inhibition of 

precipitation is last observed for the 12 5 branch glycopolymer divided by the concentration at 

which inhibition of precipitation is last observed for the compound. 
‡ 

Relative potency is calculated as the ratio of the concentration at which 50% inhibition is 

observed for the 12 5 branch glycopolymer divided by the concentration at which 50% inhibition 

is observed for the compound. 
 

In both assays, the nanoparticle of intermediate size and galactose content (25:25 1 branch) 

exhibits the highest potency. Nanoparticles of larger size and lower galactose content exhibit 

lower potency than the 25:25 1 branch nanoparticles, but higher potency than free glycopolymers 

in solution. These particles may have a lower density of galactose on the surface than the 25:25 

1 branch particles, which is consistent with both the particle size and the (relatively) shorter 

glycoblocks. 

The apparent discrepancies between the hemagglutination assay and the inhibitory ELLA 

may be attributed to inherent differences between the two assays. RCA120
 
is a 120 kDa divalent 

β-galactose binding lectin with the two binding sites separated by 12 nm.
96,287

 In the 

hemagglutination assay, each RCA120 can bind either a) monovalently to a red blood cell (RBC) 

with one binding site free; b) monovalently to a nanoparticle with one binding site free; 

c) divalently to a single nanoparticle or single RBC; or d) divalently to bridge two separate 

species (two nanoparticles, two RBCs, one RBC and one nanoparticle). The hemagglutination 
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assay measures the amount of crosslinking species in solution (free RCA120 that binds to two 

different red blood cells and nanoparticles with multiple RCA120 attached through only one 

binding site each that can then bind two or more red blood cells). It does not account for 

nanoparticles with only one RCA120 attached through one binding site nor RCA120 divalently 

attached to a single nanoparticle or RBC. The inhibitory ELLA quantifies the amount of RCA120 

bound to the well plate (RCA120 unbound to nanoparticles and RCA120 monovalently bound to a 

nanoparticle, along with all the RCA120 bound to that nanoparticle). Due to these differences, the 

ELLA tends to amplify measured potencies compared to the hemagglutination assay. The 

inversion in relative potency between the two 25:12 nanoparticles suggests that when the 

nanoparticles are mixed with RCA120, the samples without branches produce more crosslinking 

species whereas the samples incorporating branches allow more RCA120 to be bound to the plate.  

If we consider a nanoparticle with multiple lectins bound to it, the difference can be 

explained by an increase in monovalent lectin bound to the nanoparticles, which allow for denser 

packing on the nanoparticle (Figure 6.8). With a higher galactose density on the surface of the 

branched nanoparticle, lectin can bind in greater density, which can hinder divalent binding to 

the nanoparticle. The higher lectin density on the nanoparticle does not necessarily translate into 

more crosslinking species since both types of nanoparticles may still bind multiple RCA120 

molecules monovalently; furthermore, increased density of RCA120 on the surface of the 

nanoparticle incorporating branched glycoblocks may result in steric hindrance when interacting 

with the RCA120 receptors on the surface of RBCs. However, increased lectin density on the 

nanoparticles incorporating branched glycoblocks will translate into more lectin absorbing to the 

well plate in the inhibitory ELLA. 
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Figure 6.8. Representation of RCA120 (blue) saturated a) linear copolymer nanoparticle  

b) branched copolymer nanoparticle. 

To verify that nanoparticles incorporating branched glycoblocks bind more RCA120 than their 

linear analogues, we analyzed the total amount of RCA120 bound to nanoparticles made from 

25:12 0 branch and 25:12 5 branch copolymers via a dot blot assay (using an equal mass of 

nanoparticles for each compound), which revealed that the branched copolymer nanoparticles 

bind 1.64 times as much RCA120 compared to the unbranched copolymer nanoparticles (Figure 

6.9). The mass ratio of total galactose content for the nanoparticles with the branched block to 

the nanoparticles with the linear block is 1.14. While this could, in theory, explain some of the 

enhancement of binding to the branched particles over the linear particles, not all of the galactose 

is accessible, as some is likely sequestered in the interior of the nanoparticle. 

 
Figure 6.9. Dot blot quantification of RCA120 bound to nanoparticle samples. 

If we consider only the galactose exposed on the surface of the nanoparticles, we can 

calculate the total surface area of all the nanoparticles of each sample beginning from the total 

mass of polymer used in each sample. The total mass of all the nanoparticles in a sample is the 
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product of the volume of each nanoparticle, the density of each nanoparticle, and the number of 

nanoparticles. Since the same total mass of polymer was used in each nanoparticle solution 

(Equation 6.1) and assuming equal nanoparticle density, the ratio of the number of nanoparticles 

in the linear sample to the branched sample is the ratio of the cube of the radius of the branched 

nanoparticle to the cube of the radius of the linear nanoparticle (Equation 6.2). 

4

3
𝜋𝑟𝑙𝑖𝑛

3 (𝑁𝑙𝑖𝑛𝜌) =
4

3
𝜋𝑟𝑏𝑟

3 (𝑁𝑏𝑟𝜌)  Equation 6.1 

𝑁𝑙𝑖𝑛

𝑁𝑏𝑟
=

𝑟𝑏𝑟
3

𝑟𝑙𝑖𝑛
3   Equation 6.2 

The total surface area in a sample is the surface area of one nanoparticle multiplied by the 

total number of nanoparticles in that sample. The ratio of the total surface area of the linear 

sample to the total surface area of the branched sample is thus equal to the ratio of the radius of 

the branched sample to the radius of the linear sample (Equation 6.3). From DLS, the radius of 

the branched particles is approximately 10% larger than the linear particles, resulting in 

approximately 10% lower surface area per unit mass. Therefore, the increase in amount of lectin 

bound to the branched nanoparticles cannot be explained by differences in galactose content or 

particle diameter, and must be due to an enhanced interaction. 

𝑁𝑙𝑖𝑛

𝑁𝑏𝑟

4𝜋𝑟𝑙𝑖𝑛
2

4𝜋𝑟𝑏𝑟
2 =

𝑟𝑏𝑟
3

𝑟𝑙𝑖𝑛
3

4𝜋𝑟𝑙𝑖𝑛
2

4𝜋𝑟𝑏𝑟
2 =

𝑟𝑏𝑟

𝑟𝑙𝑖𝑛
  Equation 6.3 

In summary, previously in glycomimetics, studies have been conducted with polymers in 

solution, but the natural binding partners of lectins are presented in 3D. To better mimic the 

natural binding partners of lectins, we have used protein-glycomimetic conjugates but were faced 

with inherent synthetic limitations. Glyconanoparticles offer a method of presenting 

glycomimetics in a 3D fashion with more synthetic control. The approach we report introduces a 

way to create well-defined glyconanoparticles that allow for independent control of size and 
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surface saccharide density through the chain-extension of a hydrophobic polymer with a 

glycomonomer and a heterobifunctional branching unit. The separate control of these two 

variables enables the creation of nanoparticles with a broader range of attributes. 
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6.4. Conclusions 

Using RAFT polymerization, tunable amphiphilic copolymers with variable monomer 

identity, molecular weight, and degree of branching were previously synthesized. In this chapter, 

these copolymers were self-assembled using the nanoprecipitation method to create solid 

spherical nanoparticles with saccharide moieties on the nanoparticle surface available for lectin 

binding. Nanoparticle size was observed to be inversely proportional to copolymer molecular 

weight. The nanoparticles are stabilized by the CTA chain ends, which may lead to an 

aggregated construct. Saccharide density on the surface of the nanoparticles can be increased via 

branching without affecting the size and morphology of the nanoparticle, allowing for intricate 

studies of multivalent lectin binding to a 3D substrate. These results add another aspect of 

control to the design of synthetic glyconanoparticles for improved biological activity. 
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6.5. Experimentals 

6.5.1. Materials 

Dimethyl sulfoxide (Scharlau, HPLC grade) were used as received. Water was purified using 

an ELGA PURELAB Classic. Dialysis was conducted using a Spectra/Por® dialysis membrane 

(1000 Da). Ricinus communis (castor bean) agglutinin 120 (Sigma-Aldrich, 10 mg/mL in 

0.005 M sodium phosphate, 0.2 M sodium chloride, pH 7.2, 0.1% NaN3 buffered aqueous 

solution), rabbit red blood cells in saline with 0.1% NaN3 (Fitzgerald), goat anti-Ricinus 

communis RCA60,RCA120 (MyBioSource, MBS6011813), rabbit anti-goat HRP (Life 

Technologies, A16136), slow (3,3’,5,5’-tetramethylbenzidine) (TMB) substrate (Pierce), Nunc 

Maxisorp 96 well plates, SuperSignal West Pico Chemiluminescent substrate (Pierce), and 

Protran BA 85 nitrocellulose membrane (Whatman, 0.45 µm) were used as received. 

6.5.2. Analytical techniques 

Dynamic light scattering (DLS) used to obtain average nanoparticle size was performed on a 

Malvern Zetasizer Nano ZS90 with a 90° backscattering at room temperature. Multi-angle light 

scattering (MALS) measurements were performed using an ALV laser goniometer, with a 

22 mW linearly polarized laser (632.8 nm HeNe) and an ALV- 5000/EPP multiple tau digital 

correlator at 25°C. The scattering angle was varied between 30° and 150° in 5° increments. 

Hydrodynamic radius (RH) was determined from the apparent diffusion coefficient and the 

Stokes-Einstein equation. The radius of gyration (Rg) was determined from a Guinier plot 

resulting from the measurement of the average scattered intensity at the same angles. 

Transmission electron microscopy (TEM) images were recorded using a Hitachi H7650 

microscope working at 80 kV equipped with a GATAN Orius 11 Megapixel camera. TEM 

samples were prepared by aerosolizing a 1 mg/mL solution of nanoparticles by a flow of 
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nitrogen as it was dispensed from a pipet onto an Agar Scientific formvar/carbon 200 mesh 

copper grid positively charged via glow discharge. The samples were air dried for 3.5 minutes, 

followed by staining with a 1.3% uranyl acetate solution for 1.5 minutes. Lectin precipitation 

assays were quantified using a Molecular Devices SpectraMax M2 microplate reader. Inhibitory 

enzyme-linked lectin assays (ELLA) were quantified using a Beckman Coulter DTX880 

Multimode plate reader. Dot blots were read using a Bio-Rad ChemiDoc XRS+ System with 

Image Lab Software. 

6.5.3. Self-assembly 

6.5.3.1. Direct hydration 

Water (1 mL) was filtered through a 0.8µm Supor membrane syringe filter and added to the 

copolymer (1 mg) and agitated on an IKA Vibrex VSR shaker plate.  

6.5.3.2. Nanoprecipitation 

Copolymers (2 mg) were dissolved in DMSO (200 µL) and agitated on an IKA Vibrex VSR 

shaker plate overnight. The DMSO solutions were filtered through a 0.2 µm PTFE syringe filter. 

Water (1.8 mL) was filtered through a 0.8 µm Supor membrane syringe filter. Nanoprecipitation 

was conducted by quickly injecting the DMSO solutions into water (Method 1) or by gradually 

adding water dropwise to the DMSO solutions (Method 2). The DMSO was removed by dialysis 

in water over at least 24 hours, changing the water every 2 hours as possible, no less than 5 

times. The self-assembled nanoparticle solutions were analyzed via DLS, and those created via 

Method 2 were recorded by TEM. Samples that appeared monodisperse by TEM were further 

investigated by MALS. 
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6.5.4. Biological assays 

6.5.4.1. Lectin precipitation 

Lectin precipitation assays were conducted with Ricinus communis (castor bean) agglutinin 

120 (RCA120). Nanoparticle solutions (10 µL, 1 mg/mL) were added 5 times, once every 5.5 

minutes, to a lectin solution (100 µL, 2 mg/mL). Absorbance was measured at 450 nm by a 

Molecular Devices SpectraMax M2 microplate reader 5 minutes after each addition of 

nanoparticle solution. 

6.5.4.2. Hemagglutination 

A solution (95 µL) including RCA120 (5 µL, 33.3 µg/mL) and galactose containing sample 

(glycopolymer/nanoparticle of interest) diluted to a prescribed concentration was added to each 

well of a 96 U-bottom well plate. After 10 minutes, rabbit red blood cells (RBC) (5 µL) were 

added and mixed via pipet and allowed to sit without agitation for 1 hour. MIC values were 

recorded as the minimum concentration at which inhibition of RBC precipitation was observed. 

6.5.4.3. Inhibitory enzyme-linked lectin assay (ELLA) 

Poly(galactose acrylate) polymerized using 0.5% Irgacure dissolved in coating buffer 

(15 mM Na2CO3, 35 mM NaHCO3, pH 9.6) (100 µL, 10 µg/mL) was incubated at room 

temperature overnight in immunosorp wells. The solution was removed and replaced with 

blocking buffer (200 µL, 5 mg/mL BSA, 10 mM TrisCl, 145 mM NaCl, pH 7.4) and incubated at 

37°C for two hours. While blocking the wells, lectin solution (0.08 µg/mL RCA120, 1 mg/mL 

BSA, 20 mM TrisCl, 1 M NaCl, 0.05% Triton X-100, pH 7.4) was combined in equal volume 

with a serial dilution of the inhibitor (glycopolymer/nanoparticle of interest) and incubated at 

room temperature for 30 minutes. The wells were washed three times with washing buffer 

(100 mM TrisCl, 0.9% NaCl, 0.05% Tween 20, pH 7.5) before adding the inhibitor/lectin 
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solution (100 µL) and incubated at 4°C overnight. The wells were washed three times with 

washing buffer, and goat anti-RCA in washing buffer (100 µL, 1 µg/mL) was incubated at room 

temperature for two hours. The wells were washed three times with washing buffer, and rabbit 

anti-goat HRP in washing buffer (100 µL, 0.05 µg/mL) was incubated at room temperature for 

two hours. The wells were washed three times with washing buffer, and slow TMB substrate 

(100 µL) was used to develop the wells at room temperature for 25 minutes. The development 

was stopped with sulfuric acid (100 µL, 2 M), and the absorbance of the wells was recorded at 

450 nm. 0% inhibition was measured as the absorbance of wells that had a lectin solution added 

without any inhibitory nanoparticles/glycopolymer, and 100% inhibition was measured as the 

absorbance of wells that were not coated with poly(galactose acrylate) (non-specific adsorption 

of lectin to the well). Percent inhibition was calculated as 100-100(Absinhibitior/Absnoninhibitor). 

Error was calculated as the standard deviation of the mean between the four replicates within the 

same plate. Plots were curve fitted and IC50 values were recorded as the concentration at which 

50% inhibition occurs. 

6.5.4.4. Dot blot assay 

A solution of nanoparticles (100 µL, 0.8 mg/mL) was combined with a solution of RCA120 

(100 µL, 100 µg/mL) and incubated at room temperature for 30 minutes. The nanoparticle 

solutions were centrifuged at 5000 rpm for 10 minutes, and the supernatant was removed. The 

nanoparticles were washed twice with DI water (200 µL) and resuspended in DI water (200 µL). 

The solutions were serially diluted and blotted (1 µL) on a nitrocellulose membrane. The 

membrane was allowed to dry before immersing in blocking buffer (5% BSA, 0.05% Tween 20, 

20 mM Tris-Cl, 150 mM NaCl, pH 7.5) and incubated at room temperature for two hours. 

Following removal of the blocking solution, the membrane was incubated at room temperature 
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for 30 minutes with goat anti-RCA in blocking buffer. The membrane was washed with TBS-T 

(0.05% Tween 20, 20 mM Tris-Cl, 150 mM NaCl, pH 7.5) (3 × 5 minutes) and incubated at 

room temperature for 30 minutes with rabbit anti-goat HRP in blocking buffer. The membrane 

was washed with TBS-T (2 × 5 minutes) and TBS (20 mM Tris-Cl, 150 mM NaCl, pH 7.5) (2 × 

5 minutes), before developing with SuperSignal West Pico Chemiluminescent Substrate. The 

chemiluminescence was recorded by a Bio-Rad ChemiDoc XRS+ System with Image Lab 

Software and analyzed with ImageJ. Serial dilutions were conducted to ensure the 

chemiluminescence recorded were within an acceptable range for analysis by ImageJ.  



163 

 

CHAPTER 7 
7. Antibacterial activity of cationic glycopolymers 

Antibacterial activity of cationic glycopolymers 

7.1. Introduction 

Cationic polymers have been investigated extensively for antibacterial activity.
288

 In 

particular, chitosan has been shown to inhibit the growth of a wide range of bacteria and fungi.
289

 

While the antimicrobial characteristic of chitosan is well known, the mechanism of this 

characteristic is still not fully understood. The antimicrobial property of chitosan is dependent on 

a number of parameters, such as pH, degree of deacetylation, concentration, and molecular 

weight.
289

  

In general, the antimicrobial activity of chitosan increases with decreasing pH and exhibits 

no activity at neutral or basic pH due to a lack of solubility.
290–293

 The concentration of acid used 

to decrease the pH, however, can also inhibit bacterial growth and should be considered.
294

 

Likewise, antimicrobial activity increases with decreasing degree of acetylation.
295

 With regards 

to the concentration and molecular weight of chitosan, there is a more complex interdependence. 

Liu et al. has observed that chitosan promotes bacterial growth at low concentrations (20 ppm) 

for all molecular weights tested (55-155 kDa).
294

 As the concentration is increased, lower 

molecular weight chitosan (< 70 kDa) exhibits antimicrobial activity against E. coli before higher 

molecular weight chitosan (> 88k Da). It has also been determined that chitosan should have a 

molecular weight of at least 10 kDa (DPn = 62) to exhibit antimicrobial activity.
296

 All these 

parameters ultimately affect the solubility of chitosan, which has been suggested to be a key 

factor in its antimicrobial activity.
297,298
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Currently, three prominent theories exist regarding the antibacterial mode of action for 

chitosan: 1) the cationic charge on chitosan interacts with the anion cell surface altering the 

permeability,
299–305

 2) chitosan penetrates the cell and interacts with the microbial DNA to 

prevent mRNA and protein synthesis,
306

 or 3) the amino group in chitosan chelates essential 

nutrients and metals
307,308

. Most investigations into the antimicrobial mechanism of chitosan 

have been conducted through observations of cell morphology and released components of 

modified chitin. Rather than using naturally-derived polysaccharides, glycomimetics can be used 

to construct polymer with more precise control over saccharide identity, molecular weight, and 

functionalization. In this chapter, we investigated the antibacterial characteristic of a chitosan-

mimic, poly(methyl 6-acryloyl-β-D-glucosaminoside) synthesized in Section 4.6. Poly(methyl 

6-acryloyl-β-D-glucosaminoside) maintaining the same number of exposed functional groups 

and preserves the glycosidic bond, which also maintains a similar pKa compared to chitosan 

(Figure 7.1). 

 
Figure 7.1. Structure of chitosan (pKa 6.5) and poly(methyl 6-acryloyl-β-D-glucosaminoside) 

(pKa 6.61). 
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7.2. Fractional precipitation of chitosan 

In an initial investigation, a stock solution of chitosan was fractionally precipitated to obtain 

a series of molecular weights with low dispersity. As a naturally-derived polysaccharide, 

chitosan is highly disperse. In addition, chitosan is only soluble in acidic aqueous solutions and 

forms a highly viscous fluid even at low concentration. For fractional precipitation, chitosan was 

initially dissolved in an acetic acid solution, and the pH was adjusted with a sodium hydroxide 

solution until precipitate formed but dissolved upon agitation. Gradually, methanol was added 

until precipitate formed and was isolated by centrifugation. The process of addition of methanol 

and isolation of precipitate was repeated for each fraction. The precipitate was dissolved in 

acetate buffer (0.2 M acetic acid/0.1 M sodium acetate) and diluted to a series of concentrations 

to determine viscosity by rheology. By plotting the reduced viscosity (red) (Equation 7.1) and 

inherent viscosity (inh) (Equation 7.2) versus concentration, intrinsic viscosity ([]) (Equation 

7.3) was determined by extrapolation, where  is the viscosity of the solution, s is the viscosity 

of the solvent, and c is the concentration of the solution (Figure 7.2). 

𝜂𝑟𝑒𝑑 =
𝜂−𝜂𝑠

𝑐𝜂𝑠
  Equation 7.1 

𝜂𝑖𝑛ℎ =
ln (

𝜂
𝜂𝑠

⁄ )

𝑐
   Equation 7.2 

[] = lim𝑛→0(𝜂𝑟𝑒𝑑) = lim𝑛→0(𝜂𝑖𝑛ℎ)  Equation 7.3 
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Figure 7.2. Sample linear curve fits of reduced viscosity (•) and inherent viscosity () versus 

chitosan concentration extrapolated to determine intrinsic viscosity. 

The intrinsic viscosity and molecular weight can be related by the Mark-Houwink equation 

developed for chitosan solutions in 0.2 M acetic acid/0.1 M sodium acetate buffer (Equation 7.4) 

by Wang et al., where DD equals the percent degree of deacetylation.
309

 Using the degree of 

deacetylation determined by 
1
H NMR in deuterium oxide with trifluoroacetic acid and the 

intrinsic viscosity determined by rheology, molecular weights were determined for each chitosan 

fraction (Table 7.1). Due to the lack of uniformity and the complex effect of degree of 

deacetylation and molecular weight on solvent interactions, the precipitated fractions lack a trend 

in either degree of deacetylation or molecular weight. These results further exemplify the 

limitations of working with chitosan as a naturally-derived polysaccharide. 

[𝜂] = 𝐾𝑀𝑣
𝑎, with K = 1.64×10-30 × DD14 and a = – 1.02×10-2 × DD + 1.82 Equation 7.4 
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Table 7.1. Degree of deacetylation (DD), intrinsic viscosity ([]), and viscosity molecular weight 

(Mv) of fractionated chitosan. 

sample DD (%)
a 

[] (mL/g)
b Mv (kDa)

c 

unfractionated chitosan  86.7 413 428 

fraction 1 79.8 415 550 

fraction 2 77.0 415 620 

fraction 3 72.5 426 786 

fraction 4 78.9 460 632 

fraction 5 80.6 378 486 

fraction 6 80.2 405 529 
a
 Determined by 

1
H NMR in deuterium oxide with trifluoroacetic acid 

b 
Determined using plots of viscosity versus concentration  

c 
Determined using the Mark-Houwink equation 

 

7.3. Antibacterial properties 

Chitosan is only soluble in acidic solutions, most commonly acetic acid solutions. Before 

evaluating the antibacterial capacity of saccharide-containing polymers, the effect of acetic acid 

on bacterial growth was investigated. Acetic acid concentrations was serially diluted and 

incubated overnight with a typical gram-negative bacteria, E. coli. At acetic acid concentrations 

greater than 0.125%, acetic acid inhibits the growth of bacteria (Figure 7.3). 

 
Figure 7.3. Optical density of E. coli incubated overnight at various concentrations of acetic acid 

in M9 salt buffer. 
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In order to minimize the inhibitory effect of acetic acid, a minimal amount of acetic acid 

should be used. With chitosan, however, the concentration of acetic acid drastically affects its 

solubility. In order to create solutions of chitosan with low concentrations of acetic acid, a stock 

solution of chitosan was dissolved overnight in M9 salts buffer with 1% acetic acid. Immediately 

prior to use, the stock solution was diluted to the appropriate concentration of acetic acid. In 

order to create a “0% acetic acid” solution, the stock solution was dialyzed and a sample aliquot 

was lyophilized to determine the chitosan concentration. While dialysis may not completely 

remove all the acetic acid due to electrostatic interactions between the acetic acid and the 

protonated amine, it reduces the acetic acid to the minimum amount required to maintain 

chitosan in solution. 

Using this series of chitosan solutions in various concentrations of acetic acid, the synergistic 

antibacterial effects of chitosan and acetic acid were investigated using the minimum inhibitory 

concentration (MIC) assay (Figure 7.4). The solution that contained only a minimal amount of 

acetic acid exhibited no antibacterial activity whatsoever. At acetic acid concentrations higher 

than 0.20%, bacterial growth was completely inhibited even without chitosan. Between 0.10% 

and 0.20% acetic acid, the solutions were only antibacterial with the inclusion of chitosan. A 

solution of 0.20% acetic acid buffer had a partial inhibitory effect on the bacteria, indicating an 

upper concentration limit of acetic acid tolerance by the bacteria. At a concentration of 0.10% 

acetic acid, a chitosan concentration-dependent inhibitory effect was observed, indicating a 

lower acetic acid concentration limit. 
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Figure 7.4. Optical density of E. coli incubated overnight with various concentrations of chitosan 

in 0% (•), 0.10% (), 0.15% (), 0.20% (), and 0.25% (×) acetic acid concentrations in M9 

salt buffer. 

Using a concentration of 0.10% acetic acid, the poly(methyl 6-acryloyl-

β-D-glucosaminoside) series was investigated for its antibacterial properties. The MIC assay 

showed a clear relationship between the molecular weight of the glycopolymer and its efficacy in 

inhibiting bacterial growth (Figure 7.5). Sometimes at the concentration just below the MIC, 

higher optical density was observed with higher variability due to visible aggregation of bacteria 

forming a heterogeneous suspension. Fraction 3 of the poly(methyl 6-acryloyl-

β-D-glucosaminoside) series has a degree of polymerzation of 81 repeat units and showed a 

partial inhibitory effect at concentrations of 62.5 µg/mL and above, suggesting it is near the 

lower molecular weight limit for inihibiting bacterial growth. The minimum molecular weight 

limit observed with poly(methyl 6-acryloyl-β-D-glucosaminoside) is similar to chitosan, which 

exhibits antimicrobial activity with molecular weights above 10 kDa (DPn = 62).
296

 Fractions 

with molecular weights lower than fraction 3 exhibited no inhibitory effect on bacteria up to a 

concentration of 1 mg/mL, whereas fractions 1 and 2, which have higher molecular weights than 
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fraction 3, exhibited an inhibitory effect at 62.5 µg/mL and 125 µg/mL, respectively, 

approaching the MIC of chitosan at 31.3 µg/mL (Table 7.2). Adjusting the MICs to reflect the 

concentration of glucosamine, the MIC of chitosan, poly(methyl 6-acryloyl-

β-D-glucosaminoside) fraction 1, and poly(methyl 6-acryloyl-β-D-glucosaminoside) fraction 2 

are 0.194 mM, 0.253 mM, and 0.506 mM, respectively.  

In expanding the scope of bacteria investigated, a similar inhibitory effect was observed for 

chitosan and poly(methyl 6-acryloyl-β-D-glucosaminoside) fraction 1 on P. aeruginosa with an 

MIC of 62.5 µg/mL (0.388 mM of glucosamine) and 125 µg/mL (0.506 mM of glucosamine), 

respectively (Figure 7.6). P. aeruginosa infections are known to be particularly difficult to treat, 

which is observed in the slightly higher MICs of chitosan and poly(methyl 6-acryloyl-

β-D-glucosaminoside) compared to E. coli. 

 
Figure 7.5. Minimum inhibitory concentration assay of chitosan (black) and poly(methyl 

6-acryloyl-β-D-glucosaminoside) fraction 1 (red), fraction 2 (orange), fraction 3 (green), fraction 

4 (purple), and filtrate (blue) on E. coli in 0.10% acetic acid in M9 salts. 
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Table 7.2. Minimum inhibitory concentration of chitosan and fractionated poly(methyl 

6-acryloyl-β-D-glucosaminoside) on E. coli in 0.1% acetic acid in M9 salts. 

sample DPn
† 

MIC (µg/mL) 
MIC

‡
 

(mM glucosamine) 

chitosan 2660 31.3 0.194 

fraction 1 179 62.5 0.253 

fraction 2 149 125 0.506 

fraction 3 81 – – 

fraction 4 41 – – 

filtrate 14 – – 
†
 Determined for chitosan from Mv divided by the molecular weight of the repeat unit and 

determined previously in Section 4.6 for poly(methyl 6-acryloyl-β-D-glucosaminoside). 
‡
 Determined by dividing the MIC (µg/mL) by the molecular weight of the respective repeat unit. 

 

 
Figure 7.6. Minimum inhibitory concentration assay of chitosan (black) and poly(methyl 

6-acryloyl-β-D-glucosaminoside) fraction 1 (red) on P. aeruginosa in 0.1% acetic acid in M9 

salts. The minimum inhibitory concentration for chitosan and poly(methyl 6-acryloyl-

β-D-glucosaminoside) fraction 1 were 62.5 µg/mL (0.388 mM of glucosamine) and 125 µg/mL 

(0.506 mM of glucosamine), respectively. 

Although chitosan is only soluble in acidic aqueous solutions, poly(methyl 6-acryloyl-

β-D-glucosaminoside) was soluble at neutral and basic pH. Extreme pHs were still avoided due 

to the inherent antibacterial nature under those conditions and the possibility of hydrolysis of 

poly(methyl 6-acryloyl-β-D-glucosaminoside). When the MIC of poly(methyl 6-acryloyl-

β-D-glucosaminoside) was tested using M9 salts without acetic acid (pH 7.0) and a basic 

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0 0.05 0.1 0.15 0.2 0.25

o
p
ti
c
a
l 
d
e
n
s
it
y
 a

t 
6
0
0
 n

m
 

concentration (mg/mL) 



172 

 

solution of ammonium hydroxide in M9 salts (pH 7.8), similar antibacterial potency was 

observed relative to acetic acid in M9 salts (pH 6.7) (Figure 7.7). This result has profound 

implications concerning the scope of usefulness and the interaction of poly(methyl 6-acryloyl-

β-D-glucosaminoside) with bacteria. Unlike chitosan, poly(methyl 6-acryloyl-

β-D-glucosaminoside) has the potential to be used as a potent antibacterial agent regardless of 

pH. This greatly expands the scope of applications in areas such as food additives and cosmetics. 

In addition, since no apparent effect on the antibacterial activity of poly(methyl 6-acryloyl-

β-D-glucosaminoside) was observed with the increase of pH, even far beyond its pKa of 6.61, it 

suggests that the inhibitory activity in bacteria is more complex than simply an electrostatic 

interaction with the bacterial membrane. 

 
Figure 7.7. Minimum inhibitory concentration assay of poly(methyl 6-acryloyl-

β-D-glucosaminoside) fraction 1 on E. coli in 0.1% acetic acid in M9 salts (pH 6.7) (– ·– ·), M9 

salts (pH 7.0) (- -■ - -), and 0.017 M ammonium hydroxide in M9 salts (pH 7.8) (—▲—). 

7.4. Cell viability of cationic polymers in solution 

For most cationic polymers, an increase in cytotoxicity is observed with increasing molecular 

weight.
167,168,187,188,310

 In order to investigate the selectivity of poly(methyl 6-acryloyl-

β-D-glucosaminoside) for inhibiting bacterial growth without cytotoxicity towards mammalian 
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cells, the cytotoxicity of poly(methyl 6-acryloyl-β-D-glucosaminoside) was evaluated using 

HEK293 cells. Cells were seeded on a 96-well plate at a density of 10,000 cells per well and 

incubated overnight. Polymers were dissolved in an acetate buffer (0.3 acetic acid/0.2 sodium 

acetate, pH 4.4) at 2 mg/mL and diluted to prescribed concentrations. Each sample was diluted 

10× with serum-free media, and the media in each well was replaced with the polymer solutions 

and incubated for 48 hours. The cell viability was assessed using an MTT assay (Figure 7.8). 

From the MTT assay, a clear trend was seen with increasing molecular weight resulting in 

increased cytotoxicity. When compared to common compounds used with HEK293 cells (Figure 

7.9), the glycopolymer fractions exhibited similar cytotoxicity to Glycofect with the higher 

molecular fractions approaching the cytotoxicity of PEI (Table 7.3). 

 
Figure 7.8. HEK293 cell viability via MTT assay in the presence of poly(methyl 6-acryloyl-

β-D-glucosaminoside) fraction 1 (red), fraction 2 (orange), fraction 3 (green), fraction 4 (purple), 

and filtrate (blue) in pH 4.4 acetate buffer diluted with serum-free media. 
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Figure 7.9. HEK293 cell viability via MTT assay in the presence of chitosan (), Glycofect (■), 

and poly(ethyleneimine) (PEI) (•) in pH 4.4 acetate buffer diluted with serum-free media. 

Table 7.3. Cytotoxicity of Glycofect and various molecular weights of poly(methyl 6-acryloyl-

β-D-glucosaminoside) relative to PEI in pH 4.4 acetate buffer diluted with serum-free media. 

sample 
relative 

cytotoxicity
†
 

PEI 1 

Glycofect 0.36 

fraction 1 0.69 

fraction 2 0.66 

fraction 3 0.53 

fraction 4 0.42 

filtrate 0.28 
† 

Relative cytotoxicity is calculated as the ratio of the concentration at which 50% viability is 

observed for PEI divided by the concentration at which 50% inhibition is observed for the 

compound. 

 

Since poly(methyl 6-acryloyl-β-D-glucosaminoside) was soluble and inhibited bacteria at 

neutral pH, its cytotoxicity was also examined at pH 7.2 by dissolving the polymer in distilled 

water and diluting with serum-free media. Under these conditions, no significant cytotoxicity 

was observed up to a concentration of 200 µg/mL (Figure 7.10). This suggests that the cationic 

charge plays a direct role in the cytotoxicity of these glycopolymers towards mammalian cells. 
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Figure 7.10. HEK293 cell viability via MTT assay in the presence of poly(methyl 6-acryloyl-

β-D-glucosaminoside) fraction 1 (•) and fraction 2 () in distilled water diluted with serum-free 

media (pH 7.2). 
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7.5. Conclusions 

Using poly(methyl 6-acryloyl-β-D-glucosaminoside) due to its structural similarity to 

chitosan, we investigated the antibacterial properties associated with chitosan. The reported 

potency of chitosan, however, varies greatly due to inconsistent experimental conditions, such as 

various concentrations of acetic acid and various molecular weights and degrees of deacetylation 

of chitosan due to its derivation from natural sources. Although acetic acid is necessary to 

dissolve chitosan, the investigations in this chapter determined that less than 0.2% acetic acid 

should be used to prevent an inhibitory effect from acetic acid on bacteria. When poly(methyl 

6-acryloyl-β-D-glucosaminoside) was investigated to mimic the antibacterial activity of chitosan 

on E. coli, a similar molecular weight dependence was observed as previously reported for 

chitosan. Unlike chitosan, poly(methyl 6-acryloyl-β-D-glucosaminoside) was soluble at neutral 

and basic pH and maintained its ability to inhibit bacterial growth. In evaluating the cytotoxicity 

of poly(methyl 6-acryloyl-β-D-glucosaminoside) on a model eukaryotic cell (HEK293), 

cytotoxicity was seen to increase with molecular weight. When poly(methyl 6-acryloyl-

β-D-glucosaminoside) was dissolved at neutral pH, no cytotoxic effect was observed. 
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7.6. Experimentals 

7.6.1. Materials 

Chitosan (Aldrich, high purity, M 60-120 kDa), linear PEI (Alfa Aesar, 25 kDa), acetic acid 

(Macron, ACS grade), and ammonium hydroxide (Fisher, ACS grade plus) were used as 

received. Glycofect was synthesized according to the protocol found in Liu et al.
182

 Luria-

Bertani (LB) media was made from LB broth powder (Fisher, 25 g/L). LB plates were poured 

using agar powder (Fisher, 15 g/L) in LB media. M9 salts buffer was made from Difco M9 

minimal salts (BD, 11.28 g/L). HEK293 were cultured in 10% fetal bovine serum in Dulbecco’s 

Modification of Eagle’s Medium (Cellgro) with 4.5 g/L glucose and L-glutamine at 37 °C and 

5% CO2. 

7.6.2. Analytical techniques 

Rheology of chitosan solutions was conducted on an Anton Paar Physica MCR 301 

rheometer with a CP50-1 measuring cone (50 mm diameter, 1° cone angle). Minimum inhibitory 

concentration plates were read on a BioTek ELx800 plate reader. Cell viability was determined 

by MTT assay (ATCC) read on a BioTek Synergy H1 multi-mode reader.  

7.6.3. Fractional precipitation of chitosan 

Chitosan (100 mg) was dissolved in 2% acetic acid (1 mL) and diluted with distilled water 

(9 mL) and the pH was adjusted to approximately 5.5 with 0.1 M sodium hydroxide. Methanol 

was added gradually with swirling until a cloudy solution was obtained and the solution was 

stored overnight at 4 °C. The precipitate was collected by centrifugation and washed with 0.1 M 

sodium hydroxide and distilled water and dried in vacuo. Molecular weights were determined by 

rheology in acetate buffer (0.2 M acetic acid/0.1 M sodium acetate) and application of the Mark-
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Houwink equation ([]=KM
a
, with K=1.64×10

-30 
× DD

14
 and a= – 1.02×10

-2
 × DD + 1.82, 

where DD is the percent degree of deacetylation).
309

 

7.6.4. Minimum inhibitory concentration (MIC) 

Escherichia coli (MG1655 WT) and Pseudomonas aeruginosa (PAO1 WT) from a frozen 

stock were streaked onto a fresh LB agar plate and grown overnight at 37 °C. A single colony 

from the streaked plate was grown in LB media overnight in a 37 °C shaker. Bacteria from the 

overnight culture was added to fresh LB media and shaken at 37 °C for two hours to achieve log-

phase bacteria. The bacteria culture was diluted to a working density of ~8 × 10
6
 CFU/mL. In a 

96-well plate, each sample (90 µL) in triplicate was serially diluted using the appropriate buffer 

with the last well containing only buffer as a positive control. The diluted bacteria culture 

(10 µL) was added to each well. The plate was sealed with Parafilm and shaken overnight at 37 

°C, and the optical density at 600 nm was read for each well. 

7.6.5. Cell viability assay of polymers in solution 

HEK293 cells (100 µL, 100 cells/µL) were seeded in each well of a 96-well plate and 

incubated overnight at 37 °C and 5% CO2. Stock solutions of each sample were prepared at a 

concentration of 2 mg/mL in buffer and passed through a 0.22 µm syringe filter into a sterile 

centrifuge tube. Each sample in triplicate was diluted to the prescribed concentration (10 µL) and 

diluted with serum-free media (90 µL). The media in the plate was replaced with each polymer 

sample and incubated at 37 °C and 5% CO2 for 48 hours. Control wells were filled with serum-

free media. The polymer solutions were replaced with serum-free media (100 µL) and MTT 

reagent (10 µL) and incubated for 2 hours at 37 °C and 5% CO2 followed by the addition of 

detergent (100 µL) and incubation at room temperature overnight. The absorbance at 570 nm 

was read for each well. Error was calculated as the standard deviation between the three 
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replicates within the same plate. Plots were curve fitted and LC50 values were recorded as the 

concentration at which 50% cell viability was observed.  
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CHAPTER 8 
8. Transfection potential of cationic glycopolymers 

Transfection potential of cationic glycopolymers 

8.1. Introduction 

Cationic polymers are often utilized in gene delivery due to the ability of the cationic charge 

to complex with anionic nucleic acids. With the introduction of gene therapy in the 1970s and 

the completion of the Human Genome Project, there has been an impending need to develop 

effective gene delivery methods. Current methods include viral vectors, non-viral vectors, and 

physical methods.
311

 Although viral vectors are a highly effective method for delivering genetic 

material, issues with carcinogenesis
312

 and immunogenicity
313–316

 were observed in clinical trials. 

Alternatively, non-viral vectors, while lacking high gene delivery efficacy, allow for more design 

control, particularly with synthetic polymers. 

One of the most extensively studied synthetic polymers for gene delivery is 

poly(ethyleneimine) (PEI). PEI has been observed to avoid lysosomal degradation and 

complex/release DNA efficiently.
163–165

 Cytotoxicity, non-specific interactions, and elicitation of 

an immune response limit the usefulness of PEI.
166–168

 In an effort to mitigate the cytotoxicity of 

PEI, Reineke et al. developed ring-opened poly(glycoamidoamine) copolymers
317

 that exhibit 

high transfection efficiency due to transport via the endoplasmic reticulum and the Golgi 

complex with limited cell toxicity due to reduced membrane disruption.
318

 Their 

poly(galactaramidoamine) copolymer has since been commercialized as Glycofect
TM

 (Figure 

8.1a).
319

 More recently, both the Narain group (Figure 8.1b) and the Reineke group (Figure 8.1c) 

have developed block-copolymers that employ a cationic block 
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(e.g. 2-aminoethylmethacrylamide) to complex nucleic acids and a saccharide block for reducing 

cytotoxicity and enable cell targeting.
187,320

 

 

Figure 8.1. a) Glycofect,
317

 b) poly(2-amino ethyl methacrylamide-block-3-gluconamidopropyl 

methacrylamide),
187

 c) poly(methacrylamido N-acetyl-D-galactosamine-block-2-amino ethyl 

methacrylamide).
320

 

In order to create gene delivery vehicles that are more biocompatible than PEI, chitosan has 

also been investigated as a gene delivery vehicle.
321–324

 Effective transfection of genetic material 

has been seen to be dependent on a number of factors,
325

 many of which change the charge 

density of the polysaccharide, including deacetylation
326,327

 and pH.
328

 Zhao et al. observed that 

polyplexes constructed from mixing PEI and chitosan maintained high transfection efficacy with 

no sign of cytotoxicity.
329

 Pezzoli et al. demonstrated that grafting PEI off a chitosan backbone 

also decreased cytotoxicity relative to PEI alone.
330

 

To bridge the gap between copolymerizing glycomonomers with synthetic cationic 

monomers and modification of a natural cationic polysaccharide, we utilized poly(methyl 

6-acryloyl-β-D-glucosaminoside), synthesized in Section 4.6 (Table 8.1), to investigate its 

potential as a transfection agent. Due to its structural similarity to chitosan, we hypothesized that 
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we would observe decreased cytotoxicity compared to PEI. In addition, the lower pKa of 

poly(methyl 6-acryloyl-β-D-glucosaminoside) (6.61) compared to PEI (~8.0) and the 

degradability of the ester linkages connecting the saccharides to the polymer backbone may 

facilitate release of the complexed genetic material increasing its transfection efficiency 

compared to chitosan. 

Table 8.1. Molecular weights of poly(methyl 6-acryloyl-β-D-glucosaminoside) from Section 4.6. 

fraction  Mw (kDa) Mn (kDa) DPn
 

1  79.7 44.2 179 

2  56.7 37.0 149 

3  22.9 20.1 81 

4  11.6 10.1 41 

filtrate  4.51 3.42 14 
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8.2. Polyplex formation 

In evaluating the potential usage of poly(methyl 6-acryloyl-β-D-glucosaminoside) as a 

transfection agent, its ability to complex nucleic acids was first investigated. Select molecular 

weights (fraction 1, fraction 4, and filtrate) of poly(methyl 6-acryloyl-β-D-glucosaminoside) 

were dissolved in acetate buffer (0.3 M acetic acid/0.2 M sodium acetate, pH 4.4) at various 

concentrations corresponding to a particular nitrogen to phosphate (N/P) ratio, added to a 

solution of pEGFP-C1, and allowed to complex at room temperature for 30 minutes. The 

resultant solutions were analyzed via agarose gel electrophoresis (Figure 8.2). When the 

glycopolymer has effectively complex the nucleic acid, the resultant polyplexes will be unable to 

travel down the gel. At high molecular weight (fraction 1), poly(methyl 6-acryloyl-

β-D-glucosaminoside) was observed to begin complexing nucleic acid at an N/P of 30, similar to 

what was used by the Narain group with their sugar containing copolymer.
187

 At lower molecular 

weights (fraction 4), partial complexation was observed at an N/P of 30 with a faint free nucleic 

acid band remaining and complete complexation was observed at an N/P of 60. At the lowest 

molecular weight (filtrate), only a loose interaction was observed between the polymer and the 

nucleic acid resulting in a smeared band that still travelled down the agarose gel, albeit slower 

than free nucleic acid. 
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Figure 8.2. Agarose gel of select molecular weights of poly(methyl 6-acryloyl-

β-D-glucosaminoside) complexed with pEGFP-C1 at increasing nitrogen to phosphate ratios. 

Using the N/P ratios at which complexation was observed, samples were created using 2 µg 

of pEGFP-C1 and diluted to 1 mL with water for analysis by dynamic light scattering (Table 

8.2). The glycopolymer from the filtrate fraction was observed to only form aggregates with the 

nucleic acid. Using the glycopolymer from fraction 4, large, polydisperse polyplexes were 

formed at an N/P of 30 with the size decreasing with increasing N/P ratio. With the highest 

molecular weight glycopolymer from fraction 1, polyplexes with approximately 150 nm 

diameters were formed with relatively low polydispersity at all N/P ratios tested. In general, 

increased molecular weight glycopolymers and increased N/P ratios both contribute to forming 

polyplexes for transfection. 

Table 8.2. Diameter and zeta-potential of polyplexes formed from select molecular weights of 

poly(methyl 6-acryloyl-β-D-glucosaminoside). 

  filtrate  fraction 4  fraction 1 

N/P 
 diameter 

(nm) 
PDI 

zeta-

potential 

 diameter 

(nm) 
PDI 

zeta-

potential 

 diameter 

(nm) 
PDI 

zeta-

potential 

30  9280 0.76 12.7  663 0.51 29.0  152 0.24 9.60 

60  14900 0.88 14.7  265 0.28 18.9  145 0.25 10.3 

120  10600 0.97 9.67  218 0.37 14.6  179 0.26 11.9 
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8.3. Cytotoxicity of polyplexes 

While polyplex formation is important in successful transfection, the cytotoxicity of the 

polyplexes must also be considered. Polyplex solutions were formed by dissolving each fraction 

of poly(methyl 6-acryloyl-β-D-glucosaminoside) in acetate buffer (0.3 M acetic acid/0.2 M 

sodium acetate, pH 4.4) at various concentrations corresponding to an N/P of 30 and 60, adding a 

solution of pEGFP-C1, and allowing the polyplexes to complex at room temperature for 30 

minutes. The solutions were diluted with serum-free Dulbecco’s Modification of Eagle’s 

Medium (DMEM) and incubated with HEK293 cells for 48 hours at 37 °C and 5% CO2. 

Afterwards, the polyplex solutions were aspirated and replaced with serum-free DMEM for 

quantification of cell viability via MTT assay (Figure 8.3). Initially, the MTT assay was 

conducted without replacing the polyplex solutions, but significant interaction was observed 

between the polyplex solutions and the MTT assay. In general, polyplexes constructed of higher 

molecular weight polymer and higher N/P ratios exhibited higher levels of cytotoxicity. This is 

consistent with what has been reported for other cationic polymers used in transfection.
170,331

 The 

source of the cytotoxicity is reportedly due to the presence of unbound cationic polymers, which 

increases in toxicity with molecular weight and are more abundant with increased N/P ratios. In 

comparison to other common cationic transfection vectors, the polyplexes formed using 

poly(methyl 6-acryloyl-β-D-glucosaminoside) mirror the cytotoxicity of the free polymer, less 

cytotoxic than PEI, more cytotoxic than chitosan, and in the same range of cytotoxicity as 

Glycofect (Figure 8.4). 
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Figure 8.3. HEK293 cell viability (normalized to HEK293 cells grown in serum-free media) in 

the presence of polyplexes formed from poly(methyl 6-acryloyl-β-D-glucosaminoside) of 

various molecular weights and pEGFP-C1 at an N/P ratio of 30 (light gray) and 60 (dark gray). 

 
Figure 8.4. HEK293 cell viability (normalized to HEK293 cells grown in serum-free media) in 

the presence of polyplexes formed from poly(methyl 6-acryloyl-β-D-glucosaminoside) compared 

to reported transfection conditions for chitosan, PEI, and Glycofect. 
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8.4. Transfection of HEK293 cells 

HEK293 cells were transfected with polyplex solutions created with PEI (N/P 10), chitosan 

(N/P 10), Glycofect (N/P 20), poly(methyl 6-acryloyl-β-D-glucosaminoside) fraction 1 (N/P 30 

and 60), and poly(methyl 6-acryloyl-β-D-glucosaminoside) fraction 4 (N/P 30 and 60). Cationic 

polymer solutions were allowed to complex with pEGFP-C1 (0.4 µg) at room temperature for 30 

minutes, diluted with serum-free DMEM, and incubated with HEK293 cells for 48 hours at 

37 °C and 5% CO2. The cells were imaged every 24 hours, and the media was changed every two 

days with 10% fetal bovine serum in DMEM. After 48 hours, significant expression of green 

fluorescent protein (GFP) was observed in wells transfected with PEI (Figure 8.5b2), Glycofect 

(Figure 8.5d2), and poly(methyl 6-acryloyl-β-D-glucosaminoside) fraction 1 (Figure 8.6a2 and 

Figure 8.6b2). Sparse expression of GFP was observed in wells transfected with chitosan (Figure 

8.5c2) and poly(methyl 6-acryloyl-β-D-glucosaminoside) fraction 4 (Figure 8.6c2 and Figure 

8.6d2). No noticeable amount of cell death was observed except with PEI (Figure 8.5b1). 
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Figure 8.5. 1) Phase-contrast and 2) fluorescence images of HEK293 cells transfected with  

a) DNA, b) PEI (N/P 10), c) chitosan (N/P 10), and d) Glycofect (N/P 20) after 48 hours. 
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Figure 8.6. 1) Phase-contrast and 2) fluorescence images of HEK293 cells transfected with 

poly(methyl 6-acryloyl-β-D-glucosaminoside) a) fraction 1 (N/P 30), b) fraction 1 (N/P 60),  

c) fraction 4 (N/P 30), and d) fraction 4 (N/P 60) after 48 hours. 
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After five days, significant GFP expression was observed in wells transfected with chitosan, 

while no significant increase in GFP expression was seen with wells transfected with 

poly(methyl 6-acryloyl-β-D-glucosaminoside) fraction 4 (Figure 8.7). The delay in gene 

expression when using chitosan as a transfection agent has been previously observed to reach a 

maximum after five days, with the fraction of cells expressing GFP increasing 202% between the 

two-day time point and the five-day time point after transfection.
332

 Replenishing the cells with 

10% fetal bovine serum media was also seen to facilitate gene expression after transfection with 

chitosan.
333

 Unfortunately, no increase in GFP expression was observed in using poly(methyl 

6-acryloyl-β-D-glucosaminoside) fraction 4 even after five days with a replenishment of 10% 

fetal bovine serum media on day 2. When the concentration of polyplexes was increased 

fivefold, however, transfection was observed using poly(methyl 6-acryloyl-β-

D-glucosaminoside) fraction 4 although considerable cell debris was also observed (Figure 8.8). 
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Figure 8.7. 1) Phase-contrast and 2) fluorescence images of HEK293 cells transfected with  

a) chitosan (N/P 10) and b) poly(methyl 6-acryloyl-β-D-glucosaminoside) fraction 4 (N/P 60) 

after 5 days. 

 
Figure 8.8. 1) Phase-contrast and 2) fluorescence images of HEK293 cells transfected with 5× 

poly(methyl 6-acryloyl-β-D-glucosaminoside) fraction 4 a) N/P 30 and b) N/P 60 after 2 days. 
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8.5. Conclusions 

Due to its cationic nature and biocompatibility with eukaryotic cells, chitosan has been 

investigated as a transfection agent, but is limited by the drawbacks of naturally-derived 

polysaccharides including a lack of control of molecular weight and difficulty in purification. As 

an alternative, poly(methyl 6-acryloyl-β-D-glucosaminoside) was evaluated for its potential as a 

transfection agent. Complexation of nucleic acids was observed at approximately an N/P ratio of 

30, with higher molecular weight glycopolymer and higher N/P ratios creating smaller and more 

homogeneous polyplexes. Higher molecular glycopolymer and higher N/P ratios, however, also 

exhibited higher cytotoxicity towards HEK293 cells, a common cell line for transfection. A 

dilute solution of polyplexes created with high molecular weight poly(methyl 6-acryloyl-

β-D-glucosaminoside) demonstrated significant gene expression while exhibiting no visual signs 

of cell death. A more concentrated solution of low molecular weight poly(methyl 6-acryloyl-

β-D-glucosaminoside) also demonstrated significant gene expression but exhibited significant 

signs of cell death. In order to maximize gene expression while limiting cytotoxicity, the 

transfection conditions should be optimized with consideration given to the molecular weight of 

glycopolymer, N/P ratio, and concentration of the polyplex solution. 
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8.6. Experimentals 

8.6.1. Materials 

Chitosan (Aldrich, high purity, M 60-120 kDa), linear PEI (Alfa Aesar, 25 kDa), acetic acid 

(Macron, ACS grade), sodium acetate trihydrate (Fisher, ACS grade), agarose (Apex 

BioResearch Products, general purpose), DNA loading dye (New England BioLabs Nucleic Acid 

Gel Loading Dye Purple (6×)), Biotium GelRed Nucleic Acid Gel Stain (10,000× in water), and 

phosphate-buffered saline (Cellgro) were used as received. Glycofect was synthesized according 

to the protocol found in Liu et al.
182

 Water was distilled. HEK293 were cultured in 10% fetal 

bovine serum in Dulbecco’s Modification of Eagle’s Medium (Cellgro) with 4.5 g/L glucose and 

L-glutamine at 37 °C and 5% CO2. 

8.6.2. Analytical techniques 

Agarose gels were visualized using a ChemiDoc Touch imaging system. Polyplex size and 

zeta-potential were determined by on a Malvern Zetasizer Nano ZS. Cell viability was 

determined by MTT assay (ATCC) read on a BioTek Synergy H1 multi-mode reader. 

Transfection images were captured on a Zeiss Axiovert Observer Z1 inverted fluorescent 

microscope.  

8.6.3. Agarose gel 

Cationic polymers were dissolved in acetate buffer (0.3 M acetic acid/0.2 M sodium acetate) 

and diluted to the appropriate concentration using acetate buffer. An equal volume of plasmid 

DNA solution (0.5 µg, pEGFP-C1) was added to each polymer solution and allowed to complex 

at room temperature for 30 minutes. Loading dye (2 µL) was added, the sample was loaded into 

a 1% agarose gel with Biotium GelRed Nucleic Acid Gel Stain in TAE buffer, and 100 volts was 

applied for 45 minutes. 
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8.6.4. Polyplex size and zeta-potential 

Cationic polymers were dissolved in acetate buffer (0.3 M acetic acid/0.2 M sodium acetate) 

and diluted to the appropriate concentration using acetate buffer. An equal volume of plasmid 

DNA solution (2 µg, pEGFP-C1) was added to each polymer solution and allowed to complex at 

room temperature for 30 minutes followed by dilution with distilled water to 1 mL. 

8.6.5. Cell viability assay of polyplexes 

HEK293 cells (100 µL, 100 cells/µL) were seeded in each well of a 96-well plate and 

incubated overnight at 37 °C and 5% CO2. Polyplexes were formed by adding the cationic 

polymer in acetate buffer (0.3 acetic acid/0.2 sodium acetate, pH 4.4) at the appropriate 

concentration (10 µL) to pEGFP-C1 dissolved in distilled water (10 µL, 200 ng/µL) and 

incubated at room temperature for 30 minutes. Each sample in triplicate was diluted with serum-

free media (80 µL). The media in the plate was replaced with each polyplex solution and 

incubated at 37 °C and 5% CO2 for 48 hours. Control wells were filled with serum-free media. 

The media was replaced with serum-free media (100 µL) and the MTT reagent (10 µL) and 

incubated for 2 hours at 37 °C and 5% CO2 followed by the addition of detergent (100 µL) and 

incubation at room temperature overnight. The absorbance at 570 nm was read for each well.  

8.6.6. Transfection 

HEK293 cells (100 µL, 100 cells/µL) were seeded in each well of a 96-well plate and 

incubated overnight at 37 °C and 5% CO2. Polyplexes were formed by adding the solution of 

cationic polymer in acetate buffer (0.3 acetic acid/0.2 sodium acetate, pH 4.4) (2 µL) to 

pEGFP-C1 dissolved in distilled water (2 µL, 200 ng/µL) and incubated at room temperature for 

30 minutes. Each sample in quadruplicate was diluted with serum-free media (96 µL). The media 

in the plate was replaced with each polyplex solution and incubated at 37 °C and 5% CO2. The 



195 

 

cells were imaged every 24 hours for seven days, changing the media every two days with 10% 

fetal bovine serum in DMEM. 
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CHAPTER 9 
9. Conclusions and future directions 

Conclusions and future directions 

9.1. Conclusions 

This dissertation creates new tools for the synthesis of glycopolymers and utilizes these 

glycopolymers to explore three aspects of glycomimetic research: 1) utilization of glycopolymers 

to create a 2D substrate for bacterial attachment, 2) utilization of a polymerizable RAFT CTA to 

create branched glycopolymers with control of saccharide density on 3D substrates, and 

3) utilization of a cationic glycomimetic to investigate its potential biomedical applications. 

9.1.1. Utilization of glycopolymers to create a 2D substrate for bacterial attachment 

We synthesized a set of glycopolymers with various saccharide identities via RAFT 

polymerization taking advantage of the ability to control molecular weight, limit dispersity, and 

modify the chain end into a free thiol. The various glycopolymers were used to modify the 

surfaces of gold-coated substrates, and the surfaces were characterized via X-ray photoelectron 

spectroscopy and infrared spectroscopy. Using these substrates, we investigated the attachment 

and movement of mannose-sensitive hemagglutinin expressing Shewanella oneidensis and Vibrio 

cholerae. We observed preferential attachment to mannose surfaces over galactose and N-acetyl 

glucosamine surfaces and decreased cell adhesion to surfaces constructed from higher molecular 

weight glycopolymer. Using a combination of saccharide identity and molecular weight, patterned 

surfaces can be created to direct bacteria using the differences in cellular interaction with the various 

glycopolymer surfaces.  
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9.1.2. Utilization of a polymerizable RAFT CTA to create branched glycopolymers with 

control of saccharide density on 3D substrates 

Using RAFT chain transfer agent (CTA) synthesis techniques, we developed two alcohol-

bearing RAFT CTAs. Using one of these alcohol-bearing RAFT CTAs, a polymerizable group or 

a glycomonomer was attached, allowing for the polymerization of hyperbranched structures 

without crosslinking. Using one of these polymerizable CTAs, a series of glycopolymers was 

synthesized with varying molecular weight and degree of branching. Expanding upon this work, 

tunable amphiphilic copolymers with variable monomer identity, molecular weight, and degree 

of branching were synthesized. Using methyl acrylate as a hydrophobic monomer and galactose 

acrylate as a hydrophilic monomer, we created amphiphilic block copolymers of various 

molecular weights and degrees of branching in the hydrophilic domain. The saccharide moieties 

were observed to retain their natural ability to isomerize even though connected to the polymer 

backbone. These copolymers were self-assembled using the nanoprecipitation method to create 

solid, spherical nanoparticles with saccharide moieties on the nanoparticle surface available for 

lectin binding. Nanoparticle size was observed to be inversely proportional to copolymer 

molecular weight, and the nanoparticles were stabilized by the CTA chain ends, which may lead 

to an aggregated construct. Saccharide density on the surface of the nanoparticles was increased 

via branching without affecting the size and morphology of the nanoparticle, allowing for 

intricate studies of multivalent lectin binding to a 3D substrate. 

9.1.3. Utilization of a cationic glycomimetic to investigate its potential biomedical 

applications 

We synthesized a series of glycomonomers incorporating an Fmoc protecting group and a 

polymerizable acrylate moiety. Each glycomonomer was designed with a slight structural 
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variation of glucosamine and variation in the saccharide attachment site to the polymer 

backbone. Design focused on methyl N-Fmoc-6-acryloyl-β-D-glucosaminoside, which most 

closely mimics the structure of glucosamine in chitosan, containing a β-glycosidic bond and 

maintaining only two free alcohols. Methyl N-Fmoc-6-acryloyl-β-D-glucosaminoside was 

polymerized via a UV-photoinitiator, and a series of molecular weights was obtained through 

fractional precipitation. After deprotection of the Fmoc protecting group, the glycopolymers 

were characterized by an amine quantification assay for amine content and potentiometric 

titration for pKa. 

Using poly(methyl 6-acryloyl-β-D-glucosaminoside), we investigated two biomedical 

applications that are commonly studied for chitosan, as an antimicrobial and as a gene 

transfection vector. Although acetic acid is necessary to dissolve chitosan, less than 0.2% acetic 

acid should be used to prevent an inhibitory effect from acetic acid. When poly(methyl 

6-acryloyl-β-D-glucosaminoside) was investigated for its inhibitory effect on E. coli, it 

demonstrated a similar molecular weight dependence as previously reported for chitosan. Unlike 

chitosan, poly(methyl 6-acryloyl-β-D-glucosaminoside) is soluble without acetic acid and was 

found to maintain its inhibitory effect in neutral and basic pH buffers. In evaluating the 

cytotoxicity of poly(methyl 6-acryloyl-β-D-glucosaminoside) on eukaryotic cells, cytotoxicity 

was observed to increase with the molecular weight of the polymer. When poly(methyl 

6-acryloyl-β-D-glucosaminoside) was dissolved at neutral pH, however, no cytotoxic effect was 

observed. 

Furthermore, we evaluated the potential of poly(methyl 6-acryloyl-β-D-glucosaminoside) as 

a transfection agent. Complexation of nucleic acids was observed at approximately an N/P ratio 

of 30, with higher molecular weight glycopolymer and higher N/P ratios creating smaller and 
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more homogeneous polyplexes. Higher molecular glycopolymer and higher N/P ratios, however, 

also exhibited higher cytotoxicity towards HEK293 cells, a common cell line for transfection. A 

dilute solution of polyplexes created with high molecular weight poly(methyl 6-acryloyl-

β-D-glucosaminoside) demonstrated significant gene expression while exhibiting no visual signs 

of cell death. A more concentrated solution of low molecular weight poly(methyl 6-acryloyl-

β-D-glucosaminoside) also demonstrated significant gene expression but exhibited significant 

signs of cell death. In order to maximize gene expression while limiting cytotoxicity, the 

transfection conditions should be optimized with consideration given to the molecular weight of 

glycopolymer, N/P ratio, and concentration of the polyplex solution. 

 

Overall, this dissertation has presented a number of synthetic tools for expanding the scope 

of glycomimetic research. While much of glycomimetic research had previously focused on 

linear glycopolymers in solution, the work in this dissertation extends the scope of glycopolymer 

investigations to include the design of more complex 2D substrates, the control of saccharide 

density on the surface of 3D structures, and the inclusion of cationic charge on the saccharide 

moiety. These advances can be utilized in numerous biomedical applications for studying 

biological interactions with glycomimetics, controlling biological responses due to 

glycomimetics, and developing novel therapeutics using glycomimetics.  
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9.2. Future directions 

The results of this dissertation provide the initial basis for further glycomimetic 

investigations. While the direction of future investigations may progress in many ways, we 

present a few immediate possibilities. 

From the work in Chapter 5, glycopolymer surfaces have been constructed on gold-coated 

substrates. While gold is a convenient medium for attaching chain end modified RAFT 

glycopolymers, it is difficult to construct a gold substrate that is also optically transparent to 

allow for the imaging of bacterial activity on the substrate. As an alternative, glass substrates can 

be modified with thiol-reactive acrylate moieties as presented by Biggs et al.
334

 for the 

attachment of RAFT glycopolymers. The surface modification of glass also opens the possibility 

of functionalizing the surface with different moieties for attachment of different glycopolymer 

populations. For example, a glass substrate can be patterned with an atom-transfer radical 

polymerization (ATRP) initiator and a maleimide moiety. Glycopolymers can be created by 

polymerization from the ATRP initiator, and a thiol-terminated glycopolymer can be attached to 

the maleimide. In this fashion, patterned substrates can be created with control over saccharide 

identity, molecular weight, and architecture. 

From the work in Chapter 6, a non-crosslinking branching unit was created for RAFT 

polymerizations from which branched amphiphilic glycopolymers were created. Linear and 

branched amphiphilic glycopolymers were self-assembled into nanoparticles with control over 

saccharide density at their surface. Using these nanoparticles, we studied the interaction of 

lectins with saccharide-bearing 3D constructs. Building on this work, additional saccharide 

identities can be studied including polymers containing multiple saccharide identities to mimic a 
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natural glycocalyx. In addition, the nanoparticle platform can be used to investigate cellular 

interactions and potentially used as a carrier for hydrophobic therapeutics. 

From the work in Chapters 7 and 8, a cationic glycopolymer was synthesized and used to 

investigate potential applications as an antimicrobial and as a transfection vector. The cationic 

glycopolymer with its series of molecular weights can be used to investigate bacterial membrane 

behavior in model systems to further elucidate the antibacterial mechanism of chitosan. 

Furthermore, the effect of pH on the release of genetic material complexed to the cationic 

glycopolymer should be studied. The lower pKa of the cationic glycopolymer relative to 

poly(ethyleneimine) is potentially advantageous for disassociation of anionic material in near 

neutral conditions, such as the delivery of siRNA in the cytoplasm. In addition, the 

polymerization and deprotection conditions can be tuned to facilitate creation of glycopolymers 

from the remaining cationic glycomonomers that vary the structure of the saccharide unit to 

probe structural dependencies in biomedical applications. Furthermore, copolymerization of 

these cationic glycomonomers with other glycomonomers can be used to create glycopolymers 

with varied charge densities that might also have profound effects on bioactivity. In addition, 

visible light-initiated RAFT polymerization can be explored as a technique for producing Fmoc-

protected glycopolymers. Additional glycomonomers can, also, be designed to include different 

amine protecting groups, such as tert-butyl carbamate, which would allow for amine 

deprotection prior to polymerization using acidic conditions that would protonate the amine and 

prevent a Michael addition reaction with the polymerizable acrylate. Finally, the synthetic 

techniques for creating cationic glycomonomers can be applied to other amino-saccharides, such 

as galactosamine and mannosamine for studies of the importance of saccharide identity in 

cationic glycopolymers.  
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