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ABSTRACT OF THE DISSERTATION  

 

Modifiable and Protein-Stabilizing Polymers Prepared  

Using Controlled Polymerization Techniques 

 

by 

 

Emma Pelegri-O’Day 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2018 

Professor Heather D. Maynard, Chair 

 

 Even after significant advances in polymerization and protein modification chemistries, the 

majority of polymeric biomaterials focus on poly(ethylene glycol) (PEG)-based monomers. 

Despite their widespread use, these polymers present concerns due to their non-biodegradable 

nature, the possibility of toxicity and immunogenicity, and their limited chemical functionality. 

Therefore, there is significant interest in the rational design of alternative polymers with specific 

chemical or biological properties. Specifically, approaches that allow for the rapid and divergent 

synthesis of a large number of biodegradable polymeric materials capable of functionalization 

would be broadly applicable. This dissertation focuses on novel degradable and modifiable 

polymers with applications in protein conjugation and stabilization. 

 In Chapter 1, the history of protein-polymer conjugates for therapeutic use is outlined, from 

PEGylation techniques to next-generation conjugation strategies. Alternative polymer 
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technologies and future directions of the field are also presented. In Chapter 2, the synthesis and 

biological application of a degradable trehalose glycopolymer is described. The polymer is shown 

to stabilize the therapeutic protein granulocyte colony stimulating factor (G-CSF) against heat 

stress. While the polymer was noncytotoxic, its degradation products inhibited cell proliferation at 

high concentrations.  

 Chapter 3 details the development of poly(caprolactone)-based polyesters for protein 

stabilization. An alkene-substituted polyester was synthesized and modified using thiol-ene 

chemistry with thiols containing glucose, lactose, trehalose, PEG, and carboxybetaine units. The 

relative stabilizing ability of these side-chains toward G-CSF was assessed. Trehalose and 

carboxybetaine were found to maintain the most protein activity upon exposure to heat stress. We 

varied the size of these polymers and found a dependence on molecular weight, where longer 

polymers were more effective protein stabilizers. These materials and their degradation products 

were cytocompatible, yet exhibited minimal degradation in aqueous conditions. Chapter 4 

describes the synthesis of trehalose- and carboxybetaine-funcitonalized polyesters and 

polycarbonates with tunable degradability, with half-lives from 10 hours to over 4 months. We 

expect these materials will be useful in the development of novel protein-polymer therapeutics.  

 We also describe the development of novel PEG analogs using ring-opening metathesis 

polymerization (ROMP). Chapter 5 describes the synthesis of these PEG analogs and subsequent 

conjugation to the model protein lysozyme. Exploration of post-polymerization modifications to 

install thiols onto the unsaturated polymer backbone are also described.  
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Rational Design for the Improvement of Therapeutic Protein 

Delivery: Advancing Beyond PEG1 
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1.1. Introduction 

Protein-polymer conjugates display a unique combination of properties derived from the 

biologic and synthetic materials, which can be individually tuned to elicit a desired effect. Proteins 

can be used in therapies to replace deficient or absent natural proteins, upregulate existing 

metabolic pathways, or inhibit molecular targets.2 Proteins may function in chemotherapeutic 

delivery devices as targeting agents. Additionally, enzymes can be used to catalyze chemical 

reactions both in vivo and in vitro. Synthetic polymers exhibit high thermal and chemical stabilities 

and can be synthesized with controlled molecular weight and low dispersity (i.e. narrow molecular 

weight distribution). Moreover, synthetic polymers allow for the incorporation of desired 

functional groups and can be designed to respond to biological and non-biological stimuli 

including changes in pH, temperature, redox potential, or analyte concentration. This fusion of 

biological properties and chemical stability or reactivity gives protein-polymer conjugates a unique 

position at the intersection of chemistry, biotechnology, nanotechnology, and medicine.  

 The subject of protein-polymer conjugates has been extensively reviewed,3-10 with details 

on synthetic methods and comprehensive summaries of reported work. This introduction chapter 

will provide a brief overview on the history of poly(ethylene glycol) (PEG) conjugates, current 

status of therapeutic protein-polymer conjugates, advanced conjugates for biomedical use, and an 

outlook to the future of next-generation therapeutics. 

 

1.2. PEG Conjugates 

 In 1977, Abuchowski and coworkers demonstrated the first conjugation of monomethoxy 

PEG (mPEG) to bovine serum albumin (BSA) through the use of a cyanuric chloride coupling 

agent.11 This BSA-PEG conjugate displayed a lower immunogenic response in animal models 
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relative to the native protein. They later reported that PEGylated proteins increased circulation 

times in animal models relative to native proteins.11-12 Two years later, Kanamaru and coworkers 

reported the increased biocirculation of the chromoprotein neocarzinostatin when covalently 

coupled to a polystyrene-maleimide copolymer.13 Together, these discoveries prompted a flurry of 

interest in conjugating polymers to proteins for therapeutic use (Figure 1-1). In Japan, the protein-

polymer conjugate SMANCS (zinostatin stimalamer), which is made up of the anti-tumor 

chromoprotein neocarzinostatin and a styrene-maleic acid copolymer, was approved for the 

treatment of hepatocellular cancer.14 However, the majority of the focus for medical use has been 

on the conjugation of PEG to proteins, also known as PEGylation, and only PEG has been attached 

in all of the Food and Drug Administration (FDA)-approved protein conjugates.5 

 PEG is generally regarded as safe by the FDA and is known to increase protein half-life 

through multiple mechanisms. Conjugation of PEG to protein or small-molecule therapeutics 

increases their molecular weight, which reduces kidney clearance and increases biocirculation 

time. PEG is also well-known as a “stealth” molecule; this allows PEG therapeutic conjugates to 

avoid phagocytosis and removal from the bloodstream. One process for clearing foreign material 

from the body requires opsonization, or the coverage of exogenous particles by opsonin proteins, 

and subsequent activation of phagocytes, which then remove the foreign body via endocytosis and 

degradation.15 Opsonization relies on attractive forces between the exogenous body and the 

opsonins, and is increased for hydrophobic particles16-17 and charged species18 due to enhanced 

adsorbability. Because PEG is a hydrophilic, neutral, and non-fouling molecule, it exhibits low 

opsonization rates and longer biocirculation.16 Additionally, PEGylation adds steric bulk and 

nonfouling properties, which may reduce the immunological response to a protein by disruption 

of antibody binding or breakdown of the molecule by enzymes. There are currently ten FDA-
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approved PEG-protein conjugates and one PEG-aptamer conjugate with diverse applications as 

therapeutics.19-20 These conjugates function as replacement therapies for native enzyme 

deficiencies, stimulate immune responses, increase production of red or white blood cells, or 

neutralize overactive cytokines or receptors.5 They have been used to treat diseases such as 

Hepatitis C or Crohn’s disease, or to stimulate regrowth of white blood cells after chemotherapy.  

As a result, protein-polymer conjugates are an important class of biologics, generating more than 

7.5 billion dollars annually. 

 

 

Figure 1-1. Advances in protein-polymer conjugation chemistry 

 

1.3. Advances in Protein Conjugation Chemistry 

1.3.1. Straight-chain PEG Conjugates 

 PEG conjugation techniques have greatly improved over the past 40 years. First-generation 

PEGylation methods used semitelechelic mPEG to modify lysine side chains. The mPEG hydroxyl 

groups were activated through formation of derivatives such as mPEG dichlorotriazine, mPEG 

succinimidyl carbonate, mPEG benzotriazol and mPEG tresylate, but these methods were 

inefficient.3 They suffered from crosslinking due to contamination with bisfunctional PEG, 
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unstable and easily cleavable protein-polymer linkages, alterations in protein charges, and lack of 

selectivity, which all led to heterogeneity of the PEGylated proteins.6, 21 Most of these early protein 

conjugations relied on post-polymerization modifications or coupling reactions with the terminal 

hydroxyl group of PEG that required multiple steps or difficult purification procedures.11, 22 

 Second-generation techniques focused on chemical transformations of mPEG to 

derivatives such as mPEG-propionaldehyde, which could produce more stable linkages as well as 

more selective PEGylation, resulting in increased bioactivity.  For example, Neulasta was prepared 

by PEGylation of the N-terminus of granulocyte colony-stimulating factor (G-CSF) utilizing this 

chemistry.5 In other examples, it was shown that the N-terminal amine of interleukin 8 (IL-8) may 

be selectively oxidized with sodium periodate under mild conditions to form a glyoxyl group, 

which can subsequently react with an aminooxy PEG to form a conjugate via oxime bond 

formation (Figure 1-2a.).23 A transamination reaction was introduced wherein the N-terminus 

could be selectively modified with pyridoxal-5-phosphate (PLP) to yield an oxoamide (Figure 1-

2b.).24 A variety of hydroxylamine-functionalized molecules or polymers including PEG were 

conjugated to the resulting N-terminus carbonyls via an oxime bond. However, the downsides of 

these techniques are the possibility of nonselective oxidation affecting other amino acids and low 

yields in the transamination reaction. Second-generation techniques can also minimize the 

negative effects on biological activity caused by conjugation. For instance, PEGylation of G-CSF 

and other proteins resulted in less protein aggregation when the positive charge on the N-terminal 

methionine residue was retained after conjugation.25  
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Figure 1-2. Examples of second-generation site-selective protein PEGylation using oxime “click” 

chemistry a) Gaertner et al23b) Gilmore et al24 (Protein structure of interleukin 8 from PDB #1IL8. 

Protein structure of myoglobin from PDB #1WLA) 

 

 Free cysteines in the desired protein have also been targeted using thiol-reactive groups 

such as maleimide, vinylsulfone, iodoacetamide, and pyridyl disulfide.26-28 FDA-approved 

CIMZIA was prepared utilizing maleimide PEG addition to antitumor necrosis factor α (anti-TNF 

α).5 Recently, newer chemistries to target free cysteines have been reported. For instance, disulfide 

bridges may be reduced and conjugated in situ with a bridging moiety to retain tertiary structure 

while incorporating a linear or comb PEG chain.29-31 In another example, cross-metathesis was 

utilized to functionalize a protein with a short ethylene glycol. Specifically, a native cysteine was 

modified to contain an S-allyl group, which was then able to undergo cross-metathesis with a 

variety of alkenes, including carbohydrate groups and an alkene-functionalized tetra-(ethylene 

glcol).30 

 For proteins that do not contain free cysteines or where non-natural amino acids are desired, 

they can be inserted through genetic engineering.32-33 Other ways to incorporate reactive handles 

include the preparation of synthetic proteins using native chemical ligation34. For example, 
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erythropoiesis protein (EPO) was prepared by synthesizing polypeptide chains containing 

levulinyl ester-modified lysine residues (Figure 1-3).35 Branched PEG-like polymers with 

negatively charged end-groups were then site-specifically conjugated via oxime chemistry, and 

the resulting PEGylated EPO had similar bioactivity to the native protein with enhanced 

pharmacokinetics. The inclusion of reactive functional groups in the peptide sequence allows for 

site-specific PEGylation as well as retention of native protein bioactivity provided that the 

conjugated polymer does not inhibit access to the active site. However, of these above-mentioned 

PEGylation techniques, only five linker chemistries have been utilized in the FDA-approved 

protein conjugates: activated carbonyls such as N-hydroxysuccinimidyl (NHS) ester, p-nitrophenol 

carbonate, and NHS carbonate, as well a thiol-reactive maleimide and amine-reactive aldehyde.5 

 

 

Figure 1-3. Synthetic erythropoiesis protein with a) structure of branched, negatively charged 

PEG-like polymer b) schematic of resulting PEGylated protein.35 From Kochendoerfer et al 

Science 2003, 299, 884. Reprinted with permission from AAAS. 

 

1.3.2. New Polymeric Methods for Bioconjugation 

 Just as the development of novel techniques for PEG conjugation has greatly improved the 

field of PEGylated conjugates, the development and use of novel monomers and new 
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polymerization methods have greatly enhanced the field of protein-polymer conjugates. Controlled 

radical polymerization (CRP) is currently the most popular technique to prepare conjugates with 

polymers other than PEG. Atom transfer radical polymerization (ATRP), in which a halogenated 

initiator undergoes a reversible redox reaction mediated by a transition metal catalyst,36-37 and 

reversible addition-fragmentation chain transfer (RAFT) polymerization, which utilizes a chain 

transfer agent (CTA) to mediate the reversible chain-transfer process,38 are the two CRP 

techniques commonly used for this purpose. However, other methods have been used, including 

ring opening metathesis polymerization (ROMP),39-40 ring opening polymerization (ROP)41 and 

anionic polymerization, as in the case of PEG. These controlled polymerization techniques tolerate 

a wide range of functional groups, solvents, reaction conditions, and allow for the introduction of 

functional end-groups. Importantly for therapeutic applications, these techniques provide 

polymers with narrow molecular weight distributions. This can be important for FDA approval as 

well as for uniformity in resulting properties.  

 New polymerization techniques have also led to new methods of protein conjugation.4, 9, 42 

Grafting to is the covalent attachment of a synthetic polymer to a protein using a protein-reactive 

handle. CRP techniques using protein-reactive initiators or CTAs can eliminate post-

polymerization modifications and facilitate more efficient conjugations. For example, pyridyl 

disulfide and maleimide are commonly incorporated directly into initiators and CTAs, resulting in 

protein-reactive polymers by ATRP or RAFT without post-polymerization modification.43-44 

Grafting from involves the polymerization of monomers from an initiating site on the protein, 

which offers clear benefits in minimal steric hindrance and higher efficiency in the initiator-protein 

conjugation, as well as easier purification and characterization. Initial reports focused on 

biotinylated ATRP initiators that could bind streptavidin non-covalently and generate a protein 
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macroinitiator upon association with streptavidin.45 After polymerization of various monomers, 

the protein was modified at the biotin binding sites.  Shortly thereafter, pyridyl disulfide- and 

maleimide-functionalized ATRP initiators46 and RAFT agents47-48 were used and conjugated to 

free cysteines of BSA and T4 lysozyme to generate protein macroinitiators. ATRP initiators have 

also been introduced in proteins through other chemistries such as oxime formation, genetic 

encoding of unnatural amino acids, and intein-mediated attachment.49-51 Grafting from can also be 

carried out using ROMP; Grubbs III was conjugated to lysozyme and the resulting protein 

macroinitiator was used to polymerize water-soluble norbornene monomers.52 Figure 1-4 outlines 

a representative sampling of significant grafting from CRP methods that have been developed in 

this past decade.  
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Figure 1-4. Schematic presentating significant “grafting from” methods (Protein structure of 

Strepavidin from PBD #1N4J). References: a) Gao et al.,50 b) Peeler et al.49 c) Bontempo et al.,45 

d) Gao et al.,51 e) Lele et al.,53 Magnusson et al,54 f) Heredia et al.,46 Liu et al.,47 De et al.,55 

 

 Together, these new polymeric methods greatly enhance the available chemical space of 

the polymers while minimizing the number of synthetic steps. But a drawback to the use of CRP 

methods is the possibility of cytotoxicity: ATRP uses copper catalysts and the trithiocarbonate and 

dithioester moieties found in RAFT CTAs have shown degradation and cytotoxicity in vitro.56 

However, both of these issues can be solved by removal of the metal or by postpolymerization 

modification steps to remove the end groups. Additionally, at this stage there is a general lack of 
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long-term studies on the fate of these synthetic polymers in the body. Limited in vivo studies have 

showed promise as to the safety and efficacy of CRP polymer-protein conjugates50-51, 54, 57-62 but 

more thorough studies will need to be conducted. For example, little is known about their 

pharmacokinetic properties, safety, and long-term fate in the body.  

 

1.4. Alternatives to PEG in Development 

 An advantage of the new polymer and conjugation chemistries described above is the 

ability to prepare alternative polymers to PEG; this is especially important because of the potential 

side effects of the polymer that have been observed. PEG has been shown to cause hypersensitivity 

and immunological responses, accumulation in tissues, and accelerated blood clearance upon 

repeated exposure. The recognition of PEG by the body and the formation of anti-PEG antibodies 

were first reported in 1984.63 Reports of differing levels of PEG antibodies in the general 

population vary widely with detection technique, from 4% using general enzyme-linked 

immunosorbent assay (ELISA)64 up to 25% using a combination of serology and flow cytometry.65 

These PEG antibodies increased clearance rates of PEGylated conjugates.66-67 Since the goal of 

protein PEGylation is to reduce immunogenicity and increase biocirculation time, the occurrence 

of these antibodies detracts from their utility in protein therapies. Hypersensitivity has been 

observed in other cases; potential allergic reactions to PEG detract from its usefulness in some 

patient populations.68 The non-biodegradability of PEG is another main drawback; PEG has been 

shown to form vacuoles in organs such as the liver, kidney, and spleen after protein-PEG conjugate 

administration.69-73 While non-biodegradable, PEG has shown degradation under light, heat, and 

mechanical stress with the possibility of toxic side product buildup during storage.74 These 

deficiencies have led researchers to investigate alternative polymers for protein conjugation.  



 12 

1.4.1. Known Biocompatible Polymers 

 While PEG remains the only polymer conjugate to be FDA approved, many other polymers 

are widely recognized as biocompatible in other contexts (such as small-molecule drug carriers) 

and have been used to produce protein-polymer conjugates with improved in vitro and in vivo 

properties.  

 Statistical copolymers of N-(2-Hydroxypropyl)methacrylamide (HPMA) and a monomer 

containing a pendant drug-reactive group (such as an ester or carboxylic acid) have been 

thoroughly studied in many clinical trials.75 Although this polymer is well-established as a 

biocompatible drug carrier and promising as a PEG replacement, protein conjugates of HPMA are 

less developed. HPMA conjugates have demonstrated improved stability against heat and autolysis 

with model76-78 and therapeutically relevant proteins.79-81 The synthesis of end-functionalized 

HPMA by CRP using a protein-reactive thiazolidine-2-thione functionalized CTA has been 

reported.58, 76-77  

 Poly(vinylpyrrolidone) (PVP) has also been explored in vivo as a nontoxic and hydrophilic 

PEG alternative for conjugation to proteins82-83 and has been synthesized by RAFT 

polymerization.84 Studies comparing the immune response of protein conjugates revealed that both 

PVP and poly(N-acryloyl morpholine) (PNAcM) conjugates with uricase stimulated antibody 

production after the first dose.85 This result underscores the effect of conjugation on the 

immunological response to polymers and may limit the use of these polymers, since antibody 

production is already a concern in the use of PEG. 

 A set of promising alternatives are poly(2-oxazolines), which exhibit similar stealth 

behavior to PEG.86-87 These polymers are easily modifiable and thermoresponsive, and they have 

been widely promoted as biocompatible PEG alternatives for use as polyplexes, conjugates, and 
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micelles.88-90 Experiments have shown that the conjugation of poly(2-ethyl-2-oxazoline) to G-CSF 

through reductive amination or enzyme-mediated acyl transfer resulted in conjugates that are 

bioactive in vivo.91 

 

1.4.2. Degradable PEG Alternatives 

 The polymers above share with PEG the disadvantage of non-biodegradability. For those 

patients that use protein conjugates as replacement therapies, these polymers, like PEG, may 

accumulate in the body. This provides a strong reason to develop polymers that can eventually 

degrade. Degradable main-chain PEG-like polymers have been developed that offer exciting 

alternatives to existing PEGylation strategies (Figure 1-5). For example, redox sensitive 

degradable PEG has been produced by the introduction of disulfide bridges between oligomeric 

units.92-95 And more recently, poly[(ethylene oxide)-co-(methylene ethylene oxide) was prepared 

through post-polymerization elimination of epichlorohydrin monomer.96 The resulting copolymer 

was degradable at physiological pH and temperature yet stable to storage at 6 ºC.  Acid-labile 

acetals have also been incorporated into the backbone of functional PEGs.97 These polymers have 

not yet been conjugated to proteins or biologically evaluated, although the approach of preparing 

main-chain-degradable PEGs is promising. 

 

 

Figure 1-5. PEG-like polymers with degradable backbones 
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 Other degradable PEG alternatives in development have been studied in vivo, including 

hydroxyethyl starch (HES), polysialic acid, and dextrin (Figure 1-6).  HES polymer conjugates 

are one of the most advanced of these alternatives.98 HESylation of EPO by the pharmaceutical 

company Fresenius-Kabi showed in vivo and in vitro bioactivities comparable to Mircera® (the 

PEGylated protein currently on the market) with a threefold increase in half-life over the wild type 

protein.98 Other proteins, including G-CSF and interferon-alpha (IFNα), have also been HESylated 

with comparable results.98 HES has the advantage that it can be degraded by α-amylase, although 

degradation slows with increasing hydroxyethylation.98 While HES was commonly used as a 

volume expander for patients with severe blood loss, currently the safety of HES is under 

controversy. On the scale used for fluid therapy, HES has been shown to accumulate in the liver, 

kidney, and bone marrow, leading to increased risk of kidney injury and death for critically ill 

patients.99 While HESylated proteins exhibit good pharmacokinetic properties, the side effects 

associated with the repeated use of HES may be a hindrance to their widespread adoption as 

conjugates.  
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Figure 1-6. Examples of alternatives to PEG currently in use and development. PCB: 

poly(carboxybetaine). POZ: poly(2-oxazoline). PVP: poly(vinylpyrrolidone). pHPMA: poly(N-

hydroxypropyl)methacrylamide). pNAcM: poly(N-acryloylmorpholine). pPEGMA: 

poly(poly(ethylene glycol)methyl ether methacrylate). PG: poly(glycerol). PGA: polyglutamic 

acid. PSA: polysialic acid. HES: hydroxyethyl starch. 

 

 Conjugates utilizing dextrin, polysialic acid, and other biodegradable polymers have 

demonstrated improved therapeutic properties in animal studies.100 A recombinant human 

epidermal growth factor (rhEGF)-dextrin conjugate demonstrated greater wound healing in vivo 

than free rhEGF.101 Studies in rat models have reported that conjugation of polysialic acid to 
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insulin prolonged the reduction of glucose levels.102 Drug conjugates containing the enzymatically 

degradable poly(glutamic acid) (PGA) have been prepared and shown to increase tumor exposure 

to chemotherapeutics,103 but its conjugation to proteins has not yet been extensively explored. 

 

1.4.3. PEG Alternatives with Varied Architectures 

 Polymer architecture is an important consideration when designing protein conjugates, 

with branched104-105 or dendritic106 PEG-like polymers generally displaying improved 

biocirculation and stability. A notable example of branched PEG is the synthetic erythropoiesis 

protein described above (see Figure 1-3).35 Branching can also reduce the solution viscosity at 

high concentrations.107 Since PEG-containing protein conjugates must be injected, a decrease in 

viscosity for PEG alternatives would be especially important in increasing the ease of injection for 

patients. Furthermore, branched polymers may be able to mimic the glycosylation patterns on 

native proteins. These covalent glycans can be important for stability and signaling yet are missing 

from proteins expressed from Escherichia coli. Therefore, the exploration of PEG alternatives with 

disparate architectures will be important. A major recent focus in the field has been on comb-like 

PEG polymers because of their ease of synthesis and potential for low dispersity enabled by CRP 

techniques. These polymers can also be made degradable by including cyclic ketene acetals 

(CKAs) in the reaction mixture,108-110 and the degradable comb PEGs have been conjugated to 

proteins.111 Although more intensive studies need to be undertaken to verify the validity of these 

polymers as potential therapeutics, there are several that have shown promise in vivo; these 

examples are summarized below. 

 An early study involved site-specific conjugation of aldehyde pPEGMA to salmon 

calcitonin (sCT) through reductive amination.112 In vivo, the conjugate displayed 72% of the native 
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activity while displaying an extended half-life in rats.57 Grafting from recombinant human growth 

hormone (rh-GH) was shown to produce conjugates with improved properties.54 The initiator, 

NHS bromoisobutyrate was coupled to free amine groups on rh-GH and polymerization of 

PEGMA was conducted. The conjugate showed higher stability to denaturation and proteolysis 

compared to unmodified rh-GH. The in vivo efficacy of the hormone also improved, as confirmed 

by monitoring of weight growth in administrated female rats. Polymerization of PEGMA from the 

N-terminus of myoglobin and C-terminus of genetically modified green fluorescent protein (GFP) 

was also shown.50-51 In mice, these conjugates displayed improved pharmacokinetics compared to 

unmodified protein. These examples clearly demonstrated that similar to PEG conjugates, 

pPEGMA conjugates significantly extend the circulation lifetime of the protein and are effective 

in vivo. 

 Polyglycerols (PGs) are structurally similar to PEG and have been prepared in both linear 

form and with tunable branching. While linear PGs have recently been reviewed as alternatives 

for PEG,113 polymers are often designed to mimic the typically branched structures of 

proteoglycans. For example, a library of linear, mid-functional, hyperbranched, and linear-

hyperbranched PG conjugates were synthesized to assess the effect of structure on conjugate 

activity.114 Using BSA and lysozyme as model proteins, the mid-functional PG-lysozyme 

conjugates displayed higher activity than conjugates using linear PG, while hyperbranched PG 

conjugates displayed decreased activity. More  recently, it was reported that PG could be grafted 

from BSA using kinetic control to control the degree of branching.115 Using ring-opening 

polymerization with a tin triflate catalyst, short polymers were obtained in situ with relatively low 

polydispersity index (1.25-1.36) and low dendritic unit composition. These polyglycerols offer 

promising alternatives to PEGylation.   
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 Significant progress has been made in the synthesis of polymers that mimic natural glycans, 

especially in the area of ligands that exhibit biological functions,116-117 and some of these have 

been conjugated to proteins. For example, an alkyne end-functionalized glycopolymer synthesized 

via ATRP was conjugated to a cowpea mosaic virus (CPMV) modified with an azide group.118 

This virus-glycopolymer conjugate interacted with Concanavalin A (Con A) and could potentially 

be used to target cancer cells for drug delivery.  A maleimide end-functionalized glycopolymer 

with mannose pendent groups was prepared by a combination of ATRP and Cu-catalyzed azide-

alkyne cycloaddition (CuAAC) “click” chemistry.119 The polymer was then site-specially grafted 

to BSA, a non-glycosylated model protein. Surface plasmon resonance (SPR) studies showed 

binding of the BSA conjugates to a recombinant rat mannose-binding lectin (MBL). In addition, 

some groups have synthesized branched glycopolymers in order to better mimic proteoglycans. 

Highly branched carbohydrate structures are able to display more potent effects. For instance, a 

galactose dendrimer and subtilisin, a protease, were conjugated to construct a 

glycodendrioprotein.120 This synthetic glycoprotein demonstrated nanomolar inhibition of gram-

positive bacteria aggregation. This work presents well-defined and synthetically designed 

glycoprotein mimics that exhibit combined features of the original protein component and the 

lectin binding properties of the glycopolymer.  

 

1.5. Protein Therapeutics of the Future 

1.5.1. Biomimetic Polymer Design 

 While PEG substitutes have been discovered and developed, there remains a need for 

protein-polymer conjugates that exhibit specific desirable properties. Ideally, the attached polymer 

should improve existing functions or introduce new properties to the protein. This section details 
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the purposeful synthesis and design of biomimetic, biodegradable, and biocomplementary polymer 

systems. As with any new entity, these polymers would have to clear a large number of 

experimental hurdles prior to FDA approval and use as therapeutics, and many of these examples 

have not yet been tested in vivo. However, these approaches may significantly improve the 

properties of protein therapeutics beyond an enhancement in pharmacokinetics, and thus 

innovation in this area should not be deterred. 

 Polymers with stabilizing properties offer the possibility of not only increasing the 

circulation lifetime but also increasing the stability of the protein to storage, transport, and other 

stresses. Such materials could be superior analogs to PEG if both the pharmacokinetic properties 

and stability outside of the body are improved, particularly since the majority of protein 

therapeutics need to be refrigerated.121 To this end, glycopolymers with pendant trehalose side 

chains have been utilized as conjugates and excipients to increase protein stability to common 

environmental stressors (Figure 1-7a).122-127 The polymers significantly enhanced the protein 

stability to lyophilization and high temperatures. The polymer combines two important classes of 

stabilizers, namely the osmolytes and nonionic surfactants, providing a superior stabilization 

compared with PEG and trehalose alone.   
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Figure 1.7. Examples of stabilizing and biomimetic polymers. References: a) Adapted with 

permission from Mancini et al J Am Chem Soc 2012, 134, 8474.123 Copyright 2012 American 

Chemical Society. b) Adapted by permission from Macmillan Publishers Ltd: Nature 

Chemistry128, copyright 2011 (Protein structure of α-Chymotrypsin from PBD #4CHA) c) Adapted 

by permission from Macmillan Publishers Ltd: Nature Chemistry135, copyright 2013. 

 

 Poly(zwitterionic) protein conjugates were also recently reported (Figure 1-7b). 

Specifically, poly(carboxybetaine) was coupled to α-chymotrypsin, and the protein displayed 

higher activity than the comparable PEGylated conjugate or native protein at elevated 

temperatures.128 Polyionic conjugates that can stabilize proteins in the gut have also been reported; 

the covalent attachment of a cationic dendronized polymer to a proline-specific endopeptidase 
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(PEP) maintained enzyme activity in the stomach of rats for more than three hours, while control 

linear mPEG-PEP conjugates were inactive in the harsh environment.59 This is important because 

the conjugate has to pass through the stomach to enter the intestine to be active against coeliac 

disease. Other polymers such as anionic polyacrylate, PGA, and carboxylated 

polyamidosaccharides, as well as block copolymers of PEG and poly(histidine) have shown to 

stabilize a variety of proteins to stressors such as heat, aggregation, and lyophilization.129-134 In 

another example, a heparin-mimicking polymer, poly(styrene sulfonate-co-PEGMA) (p(SS-co-

PEGMA)), was conjugated to basic fibroblast growth factor (bFGF) (Figure 1-7c).135 The p(SS-

co-PEGMA)-bFGF conjugate exhibited superior stability to heat, acidic and proteolytic 

conditions, and storage when compared to the native protein which was inactivated by these 

conditions, while maintaining in vitro activity.  This example in particular demonstrates that 

rationally designing a polymer to mimic a known biological stabilizer can result in conjugates with 

superior properties, and further development of heparin-mimicking polymers has since been 

carried out.136-138  

 

1.5.2. Precise Sequence Control and Monodispersity 

 Another area of promise is to precisely control the order of different monomer units within 

a polymer (sequence control) and to obtain absolutely monodisperse conjugates.  The former is 

important for dialing in properties and the latter is advantageous for FDA approval and precise 

control over properties.  This has been recently accomplished for polymers, but has not yet been 

applied to conjugates. For example, through the use of DNA-templated synthesis, the order of 

monomer addition can be selectively controlled. Sequence-controlled alkene-linked amino acid 

oligomers have been synthesized through sequential Wittig reactions.139 To prepare these 
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oligomers, each amino acid was first functionalized with ylide and aldehyde groups, then coupled 

with DNA to yield ylide-aldehyde DNA macromonomers. Strand association brought 

macromonomers into contact, assisting Wittig reactions between complementary strands. 

Subsequent strand exchanges introduced new amino acids into the growing oligomer chain.  A 

DNA template was also used to synthesize sequence-defined polymers of PEG, as well as alpha- 

and beta-peptides.140-141 In a method designed to be analogous to translation, a series of azide- and 

alkyne-containing monomeric units were functionalized with peptide nucleic acids (PNAs), 

through cleavable disulfide linkers. The substrates could then site-specifically hybridize to DNA 

strands, undergo inter-monomer CuAAC coupling, and then cleave the PNA-monomer linker to 

free the sequence-controlled polymer from the DNA template. The polymers produced by this 

method were up to 26kD in size.  

 

1.5.3. Protein-‘Polymer’ Conjugates by Genetic Fusion   

 A novel approach toward the synthesis of protein-polymer conjugates is the expression of 

fusion proteins to increase serum-half life.142 One approach is fusion of a protein of interest to 

antibodies or other biomolecules that undergo a biological recycling mechanism in order to 

increase biocirculation time, and 11 of these constructs have already been FDA-approved.142 More 

interestingly, amino acid sequences have been designed to mimic PEG by increasing 

hydrodynamic volume and blocking proteolysis in vivo.143-144 These constructs have the advantage 

that they do not require chemical conjugation and have the potential to decrease production, 

purification, and heterogeneity in conjugate design. Furthermore, they are degradable due to the 

presence of amide bonds in the resulting polypeptide sequence. One of the most established of 

these methods is a sequence of aspartic acid, glutamic acid, glycine, proline, serine, and threonine, 
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named XTEN.145 This technology has been demonstrated on glucagon146, glucagon-like-peptide 

2147, human growth hormone148, and an antiretroviral peptide149, among others. Other designed 

amino acid sequences have been shown to have similar benefits to biocirculation, such as 

conjugation of sequences containing proline, alanine, and serine residues (PASylation).150 Fusion 

of elastin-like-peptide (ELP) to an anti-TNFα fragment resulted in improved pharmacokinetic 

properties in humanized mice.151 Amino acid sequences can also be designed for enhanced 

stability; zwitterionic sequences of amino acids consisting of alternating glutamic acid and lysine 

residues have been appended to lactamase and the fusion protein demonstrated increased stability 

against environmental stressors such as heat and high-salt solutions.152   

  

1.6. Summary  

 Outstanding progress has been made in the past four decades on protein-PEG conjugate 

drugs for use in medicine. Currently there are 10 PEGylated protein therapeutics that are used 

clinically to treat a range of diseases, with many more currently under investigation.  However, 

room for improvement still remains. Many conjugates, while improving half-life circulation, 

exhibit decreased biological activity compared to the native protein. It has been shown that by 

rational design of the conjugation site and the use of site-selective conjugation reactions, the 

activity of the protein can be fully retained. Also, the toolbox of protein conjugation techniques is 

steadily growing with the addition of grafting from methods, genetic engineering, highly efficient 

conjugation chemistries, and new approaches to synthesize end-functional polymers for 

conjugation.  This has led to PEG alternatives that are degradable and new biomimetic strategies 

to increase stability and activity of native proteins.  There are many more possibilities in the future, 

including polymers with precise sequence control and monodispersity and those that increase the 
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activity of the protein by specific orthogonal biological function. Protein-polymer conjugation will 

continue to be an exciting field requiring scientists with expertise in different disciplines including 

protein biologists, polymer, organic, and computational chemists, physicists, and pharmacologists. 
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Chapter 2 

 

Synthesis of Degradable Trehalose Polymers via Copolymerization 

of Cyclic Ketene Acetals1 
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2.1. Introduction 

 Poly(ethylene glycol) (PEG) is widely used in polymer-based therapeutics to improve the 

pharmacological properties of protein therapeutics. Decades of clinical experience and product 

development for PEG-based materials have both illustrated benefits and revealed shortcomings. 

Side effects include hypersensitivity and immunogenicity against PEG, accumulation of PEG in 

organs, and non-biodegradability.2-4 In addition, protein-PEG conjugates are known to be unstable 

to increased temperatures.5 These disadvantages provide a strong motivation for the development 

of PEG alternatives.  

In recent years, synthesis of polymers with additional benefits other than improved 

pharmacokinetic properties is of great interest.6-8 For example, polymers that stabilize proteins 

against environmental stressors can be used to eliminate the loss of protein activity associated with 

storage and handling.9 Charged materials such as poly(sulfonates), poly(carboxybetaines), and 

cationic dendronized polymers have protected conjugates against environmental and thermal 

stressors.10-13 Additionally, synthetic carboxylated polyamidosaccharides have been shown to 

retain lysozyme activity after multiple lyophilization cycles.14 And our group has previously 

reported on glycopolymers with trehalose side chains for enhancing stability of a wide range of 

proteins against lyophilization, mechanical, and heat stress.15-18 Yet, most of the reported 

stabilizers are not degradable. 

Hydrolytically or enzymatically degradable alternatives have been used but may present 

difficulties such as undesired biological side effects or difficulty in attaching protein-reactive units. 

For instance, hydroxyethyl starch has been extensively used for the preparation of protein 

conjugates with increased half-lives, but may accumulate in some organs increasing risk of death 

for critically ill patients.19-20 To address this need, we recently described stabilizing polymers with 
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polyester backbones.18 Specifically, polycaprolactone was prepared with zwitterionic and 

trehalose side chains. These polymers were highly effective protein stabilizers and also degraded 

through ester hydrolysis. We were thus interested to investigate other degradable protein stabilizers, 

specifically, those that could be made by controlled radical polymerizations (CRP). We had 

previously prepared degradable comb PEG polymers by CRP and conjugated them to proteins.21 

However, these polymers were not protein stabilizers. 

An effective method of introducing degradable units by CRP is by copolymerization of 

cyclic ketene acetals (CKAs).22-24 This class of monomers undergoes radical ring-opening 

polymerization to insert degradable esters into the growing polymer chain and is compatible with 

various CRP techniques. In particular, 5,6-benzo-2-methylene-1,3-dioxepane (BMDO) has been 

extensively employed,25-27 including in degradable glycopolymers. For example, Lu and 

coworkers described the synthesis of a styrenyl galactopyranose-based copolymer,28 and recently 

Stenzel and coworkers copolymerized BMDO with an acryloyl fructopyranose monomer.29 Herein, 

we describe the synthesis and initial biological evaluation of trehalose side chain polymers with 

BMDO units incorporated in the backbone by reversible addition-fragmentation chain transfer 

(RAFT) polymerization. 

  

2.2. Results and Discussion 

2.2.2. Polymer Synthesis and Characterization  

 Initial attempts to copolymerize BMDO with a trimethylsilyl (TMS)-protected trehalose 

monomer were unsuccessful, presumably due to steric hindrance between bulky protected 

trehalose units (data not shown). Therefore, a system of post-polymerization modification was 

employed. First, RAFT polymerization was performed with a trithiocarbonate chain transfer agent 
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(CTA)17, but-3-enyl methacrylate (bMA), BMDO, and azobisisobutyronitrile (AIBN) to yield 

p(BMDO-co-bMA) (see Scheme 2-1 for synthetic steps and Figure 2-7 for 1H NMR 

characterization). The final polymer contained 29 bMA units and 5 BMDO units, with a number-

average molecular weight (Mn) of 5200 by 1H-NMR and 2900 by gel permeation chromatography 

(GPC) and a molecular weight dispersity (Đ) of 1.76.  

 

Scheme 2-1. Synthesis of p(BMDO-co-bMA) and modification with thiolated trehalose to yield 

p(BMDO-co-BMA-trehalose). 

 

 Consistent with the literature,33 no crosslinking of alkene units was observed and there was 

no consumption of alkene protons (5.81ppm) compared to methylene protons (4.06 ppm) in the 

1H-NMR spectrum (Figure 2-7). The incomplete control over the polymerization is hypothesized 

to be due to the mismatch between BMDO and the activated bMA monomer. Thiolated trehalose18 

was then coupled via thiol-ene chemistry to prepare p(BMDO-co-BMA-trehalose-OAc). GPC 

analysis revealed a clean increase in molecular weight (Mn = 20,900) and decrease in Đ to 1.22, 

consistent with attachment of trehalose side chains (Figure 2-1).  
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Figure 2-1. Gel permeation chromatograms of p(BMDO-co-bMA), p(BMDO-co-BMA-trehalose-

OAc), and p(BMDO-co-BMA-trehalose). 

 

 The acetyl groups were then removed with K2CO3 to yield p(BMDO-co-BMA-trehalose) 

(see Figure 2-8 and Figure 2-9 for 1H NMR characterization). By GPC the Mn shifted to a value 

of 3300 Da and Đ of 1.29. (Mn = 4600 and Đ = 1.30 by aq. SEC), which is smaller than would be 

anticipated. The Mn by 1H-NMR could not be determined accurately because a complete loss of 

the aldehyde end group was observed. However, we believe the low molecular weight was not due 

to cleavage of the backbone during these mild deprotection conditions because treatment with 

KOH further reduces the molecular weight (Figure 2-2) and we have previously shown that 

BMDO copolymers are stable for greater than 7 days in carbonate solution.21 Instead, the low Mn 

is likely a result of interactions of the polymer with the GPC column, as we have previously 

observed with other trehalose polymers.34  

 Degradation of p(BMDO-co-BMA-trehalose) was evaluated by exposure to a 5% KOH 

solution. KOH is commonly used to accelerate conditions for polymer degradation.21, 25-26, 35 The 

trehalose copolymer was found to be hydrolytically degradable, and degradation was observed 
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within 24 hours as demonstrated by a decrease in GPC molecular weight to 1900 Da (Figure 2-2). 

No further degradation was observed upon longer incubation in KOH. The degraded products were 

neutralized and dialyzed in water to remove salts for cytotoxicity evaluation. Hydrolytic 

degradation in cell-conditioned media and upon esterase exposure was also explored (Table 2-1), 

but no decrease in molecular weight was observed on the time scale tested (3 weeks). Slight 

increases in observed Mn were hypothesized to be due to overlap between biomolecule peaks and 

p(BMDO-co-BMA-trehalose) in the SEC trace. 

 

 

Figure 2-2. Gel permeation chromatograms demonstrating degradation of p(BMDO-co-BMA-

trehalose) after 0, 24, and 72 hours in 5% KOH. 
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Table 2-1. Molecular weight and GPC data for degradation of p(BMDO-co-BMA-trehalose)  
 Time Mn Đ 

KOH 
0 h 4600 1.30 
24 h 1900 1.70 

Cell-conditioned media 
0h 4800 1.34 
192 h 5300 1.78 
504 h 5800 1.99 

1 wt% esterase 

0h 4700 1.30 
18 h 4900 1.37 
72 h 5000 1.42 
120 h 5000 1.40 

 

2.2.2. Cytocompatibility of Degradable Trehalose Polymers 

 Cytotoxicity assessment of the degraded and non-degraded products of p(BMDO-co-

BMA-trehalose) from 0.01 to 1 mg/mL concentrations was carried out in NFS-60 cells and human 

dermal fibroblasts (HDFs) using a LIVE/DEAD assay. Benzyl trehalose and p(styrenyl acetal 

trehalose) (Figure 2-3) both previously shown to be non-cytotoxic,16 were included in the assays 

as controls; benzyl trehalose was selected to be analogous with the degraded trehalose fragments. 

 

Figure 2-3. Structure of control polymer p(styrenyl acetal trehalose). 
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 In HDFs, degraded p(BMDO-co-BMA-trehalose) products were shown to reduce cell 

viability to 74% at 1 mg/mL, the highest concentration tested, while the non-degraded polymer 

and benzyl trehalose was shown to be non-cytotoxic at that concentration (Figure 2-4). These 

results indicate that the degraded BMDO unit, and not the trehalose monomer unit, is most likely 

associated with the observed cytotoxicity. Similar effects were observed in NFS-60 cells. 

p(Styrenyl acetal trehalose) exhibited no cytotoxicity (100% cell viability relative to no excipient), 

p(BMDO-co-BMA-trehalose) was 95%, and the degraded polymer fragments dropped to 90% cell 

viability at a concentration of 1 mg/mL (Figure 2-4b). Again, degraded p(BMDO-co-BMA-

trehalose) had a significantly greater adverse effect on cells compared to the non-degraded polymer, 

which suggests that the degraded products are cytotoxic at high concentrations. To our knowledge, 

no previous investigation of BMDO degradation product cytocompatibility at concentrations 

above 0.2 mg/mL has been carried out. At lower concentrations of degraded fragments, p(BMDO-

co-BMA-trehalose) is equivalent to those previously described.26, 29  
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Figure 2-4. Cytotoxicity assay of p(BMDO-co-BMA-trehalose) before and after degradation and 

benzyl trehalose in a) HDFs by LIVE/DEAD assay (n = 4), and of the non-degraded, degraded 

products and p(styrenyl acetal trehalose) in NFS-60 cells based on b) cell viability by LIVE/DEAD 

assay (n = 4), and c) cell proliferation (n = 6). Results are shown as the average with standard 

deviation and normalized to 100% to the condition of no excipients. ** = p < 0.01, *** = p < 0.005 

relative to no excipients. 

 
 The effects of p(BMDO-co-BMA-trehalose) and p(styrenyl acetal trehalose) on cell 

proliferation were evaluated at concentrations up to 1 mg/mL in NFS-60 cells (Figure 2-4c). At 

the highest concentration, the percent cell proliferation was reduced to 84% for the control 
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trehalose polymer, 60% for p(BMDO-co-BMA-trehalose), and 38% for degraded polymer relative 

to no additive control. Because these values are significantly higher than the decreases in cell 

viability previously observed, this indicates that the nondegraded polymers are inhibiting NFS-60 

cell growth rather than killing the cells. This combination of inhibition and slight cytotoxicity 

observed for both p(BMDO-co-BMA-trehalose) and the degraded products resulted in a significant 

decrease in NFS-60 cell proliferation at higher polymer concentrations. 

 

2.2.3. Stabilization of Granulocyte Colony Stimulating Factor (G-CSF) 

 Next, the trehalose glycopolymers were evaluated for their ability to stabilize the purified 

G-CSF protein to heat stress. G-CSF was heated at 40 °C for 30 minutes with and without 

excipients and the bioactivity was assayed by NFS-60 cell proliferation. The excipients included 

PEG, trehalose, p(BMDO-co-BMA-trehalose), and p(styrenyl acetal trehalose), and were screened 

with weight equivalents from 1 to 500 relative to G-CSF. The resulting G-CSF bioactivities with 

and without excipients are shown in Figure 2-5.  

 The activity of G-CSF was reduced to about 30% following heat treatment. The addition 

of PEG did not stabilize G-CSF as the activity levels (37% ± 3.8) were similar to the negative 

control (Figure 2-5a). In the presence of trehalose, 77% ± 7.6 activity was retained at 500 wt. eq. 

relative to G-CSF, which showed moderate stabilization (Figure 2-5b). Moderate stabilization of 

G-CSF was also observed with the addition of p(BMDO-co-BMA-trehalose) showing 66% ± 4.6 

and 51% ± 5.9 of the original activity with 10 and 500 wt. eq., respectively (Figure 2-5c). 

P(styrenyl acetal trehalose), especially at 500 wt. eq., showed full retention of activity (Figure 2-

5d). In all of the trehalose glycopolymers, even at the lowest concentration of 1 wt. eq., 

stabilization with statistical significance was observed compared to the negative control.  
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Figure 2-5. Bioactivity of G-CSF without any additive or with 1, 10, 100, or 500 weight 

equivalents of excipient to protein without heating (untreated) and with heating (treated) to 40 °C 

for 30 minutes. Excipients shown are a) 20 kDa PEG, b) trehalose, c) p(BMDO-co-BMA-

trehalose), and d) p(styrenyl acetal trehalose). Data shown as the average (n = 6) and standard 

deviation. *** = p < 0.005 relative to heated G-CSF control. 

 

 Additionally, the excipients were added without heating the protein to determine any 

inherent effects the additives had on GCSF activity. With PEG, trehalose, and p(BMDO-co-BMA-

trehalose), no significant change in activity was observed. However, the addition of the control 

p(styrenyl acetal trehalose) increased G-CSF activity to over 100% relative to the positive control. 

This result in enhancing activity has been observed with other proteins,16 and suggests that the 

polymer may help with enhancing protein/substrate binding or stabilization of the active site as 

does trehalose.36 We then calculated the percent decrease of the degradable and control polymers 

and found the values to be similar until 500 wt. eq. (Figure 2-6). This suggests that the ability of 
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the trehalose polymers to stabilize GCSF are similar at 1-100 weight equivalents, but GCSF with 

p(styrenyl acetal trehalose) starts at a higher activity leading to higher overall retention of activity 

upon heat stress.   

 

 

Figure 2-6. Bioactivity of G-CSF after heating with polymer excipients, p(styrenyl acetal 

trehalose) and p(BMDO-co-BMA-trehalose), presented as the percent activity relative to the 

unheated sample containing polymer excipient. 

 
 This work demonstrates evaluation of a hydrolytically degradable trehalose glycopolymer 

containing BMDO units. p(BMDO-co-BMA-trehalose) stabilized G-CSF against heat stress 

similar to the non-degradable control until the highest concentration tested; although the actual 

percent bioactivities were lower overall. The polymer itself was non-cytotoxic.  However, the 

degradation products demonstrated slight cytotoxicity at higher concentrations and inhibition of 

cell growth, likely due to the BMDO units. Further optimization of CKA structure may decrease 

this observed incompatibility. For instance, 2-methylene-1,3-dioxepane (MDO) ring opens into 

the well-known and FDA-approved poly(caprolactone).37 Alternatively, 2-methylene-4-phenyl-
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1,3-dioxolane (MPDL) could be used.38-39 These data provide important information about the 

allowable working concentrations of this polymer within cells.  

 

2.3. Conclusions 

A degradable trehalose copolymer was synthesized by CRP. The copolymer was prepared by 

copolymerizing but-3-enyl methacrylate with BMDO by RAFT polymerization to obtain 

hydrolysable esters in the backbone followed by thiol-ene modification with trehalose on the side 

chains. The therapeutic protein G-CSF was expressed and purified. Stability screening with G-

CSF with p(BMDO-co-BMA-trehalose) showed 66% retention of activity after heat stress. 

Characterization of the polymer confirmed that the BMDO-containing polymer was degraded 

within 1 day. Although the parent polymer was non-cytotoxic at the concentrations tested, the 

degraded fragments exhibited cytotoxicity at a concentration of 1 mg/mL.  

  



    

  49 

2.4. Experimental 

2.4.1. Materials 

All chemicals and reagents were purchased from Sigma-Aldrich or Fisher Scientific and used as 

received unless otherwise indicated. Butenyl methacrylate (bMA) was synthesized as previously 

described.33 5,6-benzo-2-methylene-1,3-dioxepane (BMDO) was synthesized as previously 

described.40 Nondegradable p(styrenyl acetal trehalose) glycopolymer, (Mn (GPC) = 9.5 kDa and 

Ð = 1.14), was synthesized as previously described.17 G-CSF was expressed as described.41 SDS-

PAGE analysis was performed using Bio-Rad Any kD Mini-PROTEAN TGX precast protein gels. 

Endotoxin removal spin columns (Pierce) were purchased from ThermoFisher Scientific. 

Enterokinase was purchased from GenScript. Human G-CSF DuoSET ELISA kit was purchased 

from R&D Systems. LIVE/DEAD Viability/Cytotoxicity assay kit and CellTiter-Blue cell 

viability assay were purchased from Invitrogen and Promega, respectively. 

 

2.4.2. Analytical Techniques 

NMR spectra were obtained on Bruker AV 500 and DRX 500 MHz spectrometers. 1H-NMR 

spectra were acquired with a relaxation delay of 2 s for small molecules and 30 s for polymers. 

Repeat units indicated for each polymer structure was calculated from the NMR spectrum. Infrared 

absorption spectra were recorded using a PerkinElmer FT-IR equipped with an ATR accessory. 

High-resolution mass spectra were obtained on Waters LCT Premier with ACQUITY LC and 

ThermoScientific Exactive Mass Spectrometers with DART ID-CUBE. Gel Permeation 

Chromatography (GPC) was conducted on a Shimadzu high performance liquid chromatography 

(HPLC) system with a refractive index detector RID-10A, one Polymer Laboratories PLgel guard 

column, and two Polymer Laboratories PLgel 5 µm mixed D columns. Eluent was DMF with LiBr 
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(0.1 M) at 50 °C (flow rate: 0.80 mL/ min). Calibration was performed using near-monodisperse 

PMMA standards from Polymer Laboratories. Size Exclusion Chromatography (SEC) was 

conducted on a Shimadzu HPLC system with a refractive index detector RID-10A, one Tosoh 

TSKGel guard column, and one Tosoh TSKGel G4000PW column. Eluent was 0.3 M NaNO3 + 

20 mM phosphate buffer pH 7 + 20% MeCN at 25 °C (flow rate 0.7 mL/min). Calibration was 

performed using near-monodisperse PEG standards from Polymer Laboratories. Fast protein liquid 

chromatography (FPLC) was performed on a Bio-Rad BioLogic DuoFlow chromatography system 

equipped with a GE Healthcare Life Sciences size exclusion column (Superdex 75 10/300 GL) in 

pH 5.0, 25 mM sodium acetate buffer at a flow rate of 0.5 mL/min. 

 

2.4.3. Methods 

Polymer Synthesis 

Synthesis of poly(5,6-benzo-2-methylene-1,3-dioxepane-co-3-buten-1-yl methacrylate) 

Trithiocarbonate CTA3 (6 mg, 0.02 mmol), bMA (96 mg, 0.68 mmol), BMDO (124 mg, 0.76 

mmol), and azobisisobutyronitrile (AIBN) (0.63 mg, 0.004 mmol) were added to a dry Schlenk 

tube. Toluene (1.3 mL) was added, and the tube was subjected to 4 freeze-pump thaw cycles (down 

to 100 mTorr) followed by immersion in an 80 °C oil bath. After 13.5 h, the polymerization was 

quenched in liquid N2, and the conversion was assessed by 1H NMR. Toluene was removed in 

vacuo and the crude oil was diluted with CH2Cl2 and precipitated 3x into cold hexanes to yield 

p(BMDO-co-bMA) (86.1 mg). 1H NMR (500 MHz, CD3CN): δ 9.96, 7.92, 7.89, 7.87, 7.25, 7.16, 

5.81, 5.14, 5.10, 5.08, 4.06, 3.96, 3.27, 2.62, 2.36, 2.13, 1.86, 1.77, 1.45, 1.25, 1.03, 0.97, 0.87, 

0.80. Mn (1H NMR) = 5,200, Mn (GPC) = 2,900, and Ð = 1.76. 
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Modification of p(BMDO-co-bMA) with protected trehalose  p(BMDO-co-bMA)  (15 mg, 94 µmol 

allyl groups), thiolated trehalose 4 (305 mg, 467 µmol), 2,2-dimethoxy-2-phenylacetophenone 

(DMPA) (12 mg, 47 µmol) and tetrahydrofuran (THF) (0.9 mL) were mixed in a vial with screw 

cap. The solution was degassed for 10 min and then irradiated with 365 nm light from a handheld 

UV lamp. After 4 h, the vial was opened and the solution precipitated into 15 mL cold MeOH to 

yield p(BMDO-co-BMA-trehalose-OAc) (54.5 mg). 1H NMR (500 MHz, CD3CN): δ 9.96, 7.93, 

7.24, 7.17, 5.38, 5.24, 5.02, 4.87, 4.16, 3.90, 2.66, 2.58, 2.08, 2.04, 2.00, 1.98, 1.95, 1.93, 1.93, 

1.92, 1.92, 1.65, 1.59, 1.25, 1.00, 0.78. Mn (1H NMR) = 28,900, Mn (GPC) = 20,900, and Ð = 1.22. 

 

Deprotection of p(BMDO-co-BMA-trehalose-OAc)  p(BMDO-co-BMA-trehalose-OAc)  (24.6 

mg, 0.9 µmol) was dissolved in CHCl3:MeOH 1:1 (2 mL). K2CO3 (26.5 mg, 0.19 mmol, 1 eq. per 

hydroxyl) was added and the mixture stirred at room temperature. After 1.5 h, the solution was 

diluted with CHCl3, and the precipitate was isolated, diluted with H2O, and dialyzed against 3.5 

kDa MWCO in 50% MeOH:H2O followed by switching to 100% H2O. The purified solution was 

lyophilized to remove water and yield p(BMDO-co-BMA-trehalose). 1H NMR (500 MHz, 

D2O+CD3CN): 7.27, 7.19, 5.07, 5.04, 3.94, 3.78, 3.72, 3.65, 3.50, 3.31, 3.25, 2.90, 2.57, 1.91, 

1.61, 1.15, 0.98, 0.75. Mn (aq SEC) = 4600, and Ð = 1.30. 

 
Degradation of p(BMDO-co-BMA-trehalose)  p(BMDO-co-BMA-trehalose) was dissolved in a 

5% KOH solution and incubated over the course of 3 days at 23 °C. Samples were taken at 0, 1, 

and 3 days and lyophilized. After drying, the samples were dissolved in GPC mobile phase (20% 

MeCN, 0.3 M NaNO3, 20 mM phosphate buffer), neutralized with concentrated HCl, filtered 

through a 0.20 µm filter, and analyzed by GPC. Additionally, cell-conditioned media (CCM) and 

esterase incubation were tested. Fibroblast growth medium (Promocell) containing 2% fetal calf 
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serum (FCS), 1 ng/mL basic fibroblast growth factor (bFGF), 5 µg/mL insulin, and 1% penicillin-

streptomycin (see Section 1.3.4) was used to incubate human dermal fibroblasts (HDFs) for 3 days 

and then used to dissolve p(BMDO-co-BMA-trehalose) at a concentration of 10 mg/mL. To assess 

degradation, aliquots (15 µL) were removed, diluted with SEC mobile phase (1:10), and filtered 

(0.22 µm) before analysis by aqueous SEC. For enzymatic degradation, p(BMDO-co-BMA-

trehalose) was dissolved in MilliQ water at a concentration of 10 mg/mL. Esterase from porcine 

liver (Sigma-Aldrich) was dissolved in MilliQ water at a concentration of 16.5 mg/mL Esterase 

stock solution was added to the polymer solution (2% v/v) and incubated at 37 ºC. To assess 

degradation, aliquots (12 µL) were diluted with SEC mobile phase (1:10) and filtered (0.22 µm) 

before analysis by aqueous SEC. 

 
Cytocompatibility 

 Cytotoxicity Assay in HDF Cells The cell compatibility of the trehalose glycopolymers to human 

dermal fibroblasts (HDFs, Promocell GmbH) were evaluated using a LIVE/DEAD 

viability/cytotoxicity assay (Invitrogen). Cytotoxicity of p(BMDO-co-BMA-trehalose), degraded 

p(BMDO-co-BMA-trehalose), and benzyl trehalose was analyzed in HDF cells. HDF cells were 

cultured in fibroblast growth medium (Promocell) containing 2% fetal calf serum (FCS), 1 ng/mL 

basic fibroblast growth factor (bFGF), 5 µg/mL insulin, and 1% penicillin-streptomycin. The cells 

were seeded in 48-well plates (BD Falcon) at a density of 5 × 103 cells per well. After 24 h, culture 

media were replaced with 200 µL of the working medium containing known polymer 

concentrations of 0.01, 0.1, 0.5, and 1 mg/mL. After incubation for 48 h, the cells were gently 

washed twice with pre-warmed D-PBS, and stained with the LIVE/DEAD reagent (2 µM calcein 

AM and 4 µM ethidium homodimer-1). Fluorescent images of each well were captured on an 

Axiovert 200 microscope with an AxioCam MRm camera and FluoArc mercury lamp. The number 
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of live and dead cells was counted, and percent cell viability was calculated by dividing the number 

of live cells by the total number of cells. All experiments were conducted with four repetitions. 

The percent viability was calculated as 100 × (number of live cells/total number of cells). The data 

is provided by normalizing each set to the control without any additives. Statistical analysis and 

calculation of p-values were performed using independent Student’s t-test assuming unequal 

variances. 

 

Cytotoxicity Assay with NFS-60 Cells Effects of trehalose, p(BMDO-co-BMA-trehalose), 

degraded p(BMDO-co-BMA-trehalose), and p(styrenyl acetal trehalose) on NFS-60 cells were 

evaluated by cell proliferation and LIVE/DEAD assay. The polymers were dissolved in working 

media containing growth factors (RPMI-1640) + 10% FBS + 2 ng/mL IL-3) and sterile filtered. 

NFS-60 cells were plated in 96-well plates at a cell density of 20,000 cells/well. The polymers 

were diluted and added to the wells at a final concentration of 0, 0.01, 0.1, 0.5, and 1 mg/mL. The 

plates were incubated at 37 °C/5% CO2. After 48 h incubation, CellTiter-Blue viability assay was 

performed to measure cell proliferation. LIVE/DEAD assay was performed as described above. 

Statistical analysis and calculation of p-values were performed using independent Student’s t-test 

assuming unequal variances. 

 

G-CSF Activity Assay 

Excipient Stabilization of G-CSF Against Heat Stress Stock solutions of sterile filtered G-CSF in 

10 mM acetic acid buffer at a concentration of 500 ng/mL was used. Excipients of 20 kDa PEG, 

trehalose, p(BMDO-co-BMA-trehalose), and p(styrenyl acetal trehalose) was added at 1, 10, 100, 

or 500 weight equivalents to G-CSF. Samples were heated in a water bath at 40 °C for 30 minutes. 
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The samples were then diluted in cold working media and added to plated NFS-60 cells in a 96-

well plate (cell density of 20,000 cells/well) at a final concentration of 0.25 ng/mL. The plate was 

incubated at 37 °C/5% CO2. After 48 h incubation, cell proliferation was measured by CellTiter-

Blue reagent. Data is normalized to 100% as untreated G-CSF control.  
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2.5. Appendix with Supplementary Figures  

 

Figure 2-7. 1H NMR spectrum of p(BMDO-co-bMA) (CD3CN, 500 MHz). * = protons from 

terminal repeat unit on polymer. 

 

 

 

Figure 2-8. 1H NMR spectrum of p(BMDO-co-BMA-trehalose-OAc) (CD3CN, 500 MHz). 
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Figure 2-9. 1H NMR spectrum of p(BMDO-co-BMA-trehalose) (D2O + CD3CN, 500 MHz). 
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Chapter 3 

 

Substituted Polyesters by Thiol–Ene Modification: Rapid 

Diversification for Therapeutic Protein Stabilization1 
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3.1. Introduction 

Due to their substrate specificity and biological function, proteins have unique and essential 

roles in various industries. For example, proteins are used as reagents for improving chemical 

transformations, as cosmetic additives, as supplements for improving nutrition of animal feed, and 

as biological therapeutics.  However, the stabilization of certain proteins during storage and 

transport, especially those used as therapeutics, can be critical to maintain structure and activity. 

Conditions such as UV exposure,2 heat,3 lyophilization,4 and excessive agitation5 can lead to 

protein unfolding, aggregation, or loss of biological activity. Measures to prevent this loss of 

activity, such as the maintenance of a refrigeration chain for delicate protein therapeutics, increase 

costs and may still result in inactivated protein.  

As a result, a number of compounds are used as excipients or additives to maintain protein 

activity.6 For instance, osmolytes and carbohydrates such as trehalose, sorbitol, and sucrose have 

been shown to maintain protein activity through preferential hydration or protein interactions.7 

Arginine, histidine, and other amino acids have also been shown to stabilize proteins through 

binding interactions, buffering, or hydration mechanisms.8-10 Moreover, proteins such as human 

serum albumin (HSA), have been used as bulking agents or to prevent protein adsorption.6 

Furthermore, surfactants such as polysorbate (Tween) or modified polysaccharides such as 

hydroxyethyl starch (HES) have been employed to prevent protein unfolding and aggregation.6, 11-

12 Excipients have also been used in nonbiological therapeutics. For instance, the recently-

approved hyperkalemia drug patiromer includes sorbitol in its formulation to improve stability.13 

However, therapeutics still suffer from activity loss despite the presence of these excipients, 

prompting further development of improved materials.  
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Synthetic polymers comprise another promising class of excipients used to stabilize 

proteins against environmental stressors. Polymers such as anionic polyacrylate, poly(glutamic 

acid), carboxylated polyamidosaccharides and block copolymers of poly(ethylene glycol (PEG) 

and poly(histadine) have been shown to stabilize a variety of proteins to stressors such as heat, 

aggregation, and lyophilization.14-19 Other charged polymers such as poly(ethylenimine) or heparin 

mimicking polymers can stabilize a variety of enzymes or growth factors using electrostatic 

interactions.20-23 Zwitterions have also been shown to have significant stabilizing ability due to 

their hydration and protein repulsion properties.24 Additionally, thermoresponsive copolymers 

have been used for refolding denatured proteins.25 We have previously developed styrene- and 

methacrylate- based polymers with trehalose side chains and shown that these polymers protect 

lysozyme, horseradish peroxidase (HRP), and glucose oxidase (GOX) against elevated 

temperatures both as excipients and as protein-polymer conjugates.26-27 And others have 

investigated the use of trehalose in polyacrylamide polymers to inhibit amyloid protein 

aggregation and in polycationic nanoparticles for delivery of siRNA.28-29 

Though synthetic polymers show promise in stabilization of proteins, most are 

nondegradable and thus will not be cleared from biological systems or will persist in the 

environment. For instance, poly(ethylene glycol) (PEG) is the most widely used biocompatible 

polymer, but has been shown to induce the formation of antibodies in 32-46 % of patients during 

a clinical trial because of its persistence in vivo.30-31 Additionally, vacuolation in rats has been 

reported upon injection with high molecular weight (40 kDa) PEG.32 Small-molecule excipients 

that have been widely used for therapeutic formulation present other disadvantages. For instance, 

sorbitol is widely used and effectively maintains protein activity, yet has been shown to result in 

GI tract complications such as bleeding, ulcers, and necrosis.33 Other high-performing excipients 
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include the nonionic surfactants Tween 20 and Tween 80, which effectively prevent protein 

aggregation but have been shown to undergo auto-oxidation, resulting in the formation of 

damaging peroxides.34 Therefore, the development of novel, degradable and functional polymers 

has been a subject of recent interest, especially for biological applications.35-36 Degradable 

polymers might alleviate immunogenic responses, while also enabling the use of higher molecular 

weight polymers, which typically cannot be employed due to difficulty in clearance. In addition, 

enzymes are widely employed in applications such as in detergents or animal feed, where the use 

of any protein stabilizers must be biodegradable to avoid unwanted environmental buildup. 

Therefore, there is significant need for well-controlled, homogeneous, and degradable synthetic 

materials for biological and environmental concerns.  

Herein we report the synthesis of degradable stabilizing polyesters using ring-opening 

polymerization (ROP). The polymers were prepared by first synthesizing alkene-functionalized 

polycaprolactones, followed by the installation of desired side chains using high-yielding thiol-

ene reactions. A variety of materials were easily synthesized by varying mercaptan identity and 

the resulting materials protected granulocyte colony-stimulating factor (G-CSF) against loss of 

biological activity when added as excipients. We expect that these polymers can function as protein 

stabilizers in a variety of fields due to their combination of biodegradability and stabilization 

abilities.  

 

3.2. Results  

 The nature of the degradable polymer backbone was an important consideration in the 

design of a modular system for protein stabilization. We have previously observed that trehalose 

polymers with hydrophobic backbones have demonstrated good protein stabilization27 and 
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hypothesized that the nonionic surfactant character of these materials was an important contributor 

to their desirable properties.6 Therefore, the FDA-approved polymer poly(caprolactone) (pCL) 

was selected because of its hydrophobic and biodegradable nature. Previous examples have 

introduced functional side chains onto pCL using a variety of post-polymerization click 

chemistries to avoid chemical incompatibilities with ROP conditions and also to minimize steric 

interference during polymerization. For instance, aminooxy-functionalized PEG chains have been 

added to ketone-modified pCL through oxime click chemistry, resulting in graft copolymers.37 

Alkyne- and alkene-functionalized valero- and caprolactone monomers have been synthesized and 

polymerized to yield polyesters with reactive handles for later installation of PEG and peptide side-

chains.38-39 We chose to synthesize our polyester backbone with reactive alkene side chains and 

use it as a common precursor to introduce stabilizing functionalities via postpolymerization thiol-

ene reactions. Thiol-ene is a particularly attractive type of “click” modification because it 

combines efficiency, a metal-free nature, and a tolerance of both water and oxygen.40-41 Using this 

type of chemistry allows for the ready introduction of different functional, potentially stabilizing 

moieties onto the polymer side-chains by using a variety of mercaptans (Figure 3-1). Additionally, 

with this post polymerization approach, the backbone length would be the same between the 

different classes to rule out differences in stabilizing ability due to changes in degree of 

polymerization. 
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Figure 3-1. Illustrative scheme of pCL backbone and modification with thiols using thiol-ene 

chemistry to produce a small library of degradable polymers.  

 

3.2.1. Synthesis of a Library of Functionalized Polyesters 

 The desired alkene-functionalized caprolactone monomer was synthesized by adding allyl 

bromide to CL in the presence of lithium diisopropylamide following a literature procedure38 and 

polymerized using ROP to produce polymers.  A degree of polymerization (DP) of 40 was targeted 

because it would result in functionalized polymers with molecular weights between 20.9 and 12.8 

kDa.  The organic catalyst 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) was used due to its fast 

polymerization kinetics at room temperature and narrow dispersity (Đ) for the ROP of functional 

lactones.42-45 The initiator 3-methyl-1-butanol was employed because its distinctive 1H-NMR 

peaks allowed for good characterization.46 Using a monomer concentration of 2 M, high 

conversion and good control over molecular weight were achieved, with Đ = 1.08, a degree of 

polymerization (DP) of 36, and a number average molecular weight of 5600 Da by 1H NMR and 

5400 by gel permeation chromatography (pCL-allyl40, Table 3-1). Initially, polymers were 
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purified by dialysis in DCM/MeOH. However, polymers purified using this method had 

unidentified impurities, which resulted in significant loss of protein activity in later experiments 

(data not shown). Purification by silica gel column chromatography successfully removed the 

impurities, and subsequent polymers were therefore purified using this method. 

 

 

Scheme 3-1. Synthetic scheme of thiol-ene modification of pCL-allyl polymers with acetyl-

trehalose, acetyl-glucose, acetyl-lactose and PEG thiols, followed by deprotection of the acetylated 

sugars.  

	
The allylated polymers were then used in radical thiol-ene reactions to install the desired 

pendant stabilizing groups (Scheme 3-1). The photoinitiator 2,2-dimethoxyphenylacetophenone 

(DMPA) was used because of its demonstrated high efficiency in photoinitiated thiol-ene 

reactions.47 A series of easily accessible thiols (A-D) were selected containing sugars or 

oligo(PEG) that as small molecules are known stabilizing excipients.6 Thiolated trehalose was 

synthesized in five steps and 53% overall yield from trehalose using trityl and acetate protecting 

groups (Scheme 3-2). Briefly, monohydroxyl trehalose heptaacetate was synthesized as previously 
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described.27 A tosylate ester was installed and displaced using potassium thioacetate. Selective 

cleavage of the thioester using hydrazine acetate then led to thiolated trehalose A. Thiolated lactose 

C35,48 and thiolated mPEG D49 were synthesized as previously described.  

 

 

Scheme 3-2. Synthesis of thiolated trehalose A 

	
Use of acetate-protected saccharide mercaptans was found to be important for good 

miscibility between the pCL backbone and the thiol, giving clean conversion to the acetylated 

glycopolymers.  In all cases, three equivalents of thiol per alkene were used to ensure complete 

reaction of the alkene side-chains. After polymer modification, removal of the acetate esters using 

potassium carbonate in MeOH/CHCl327 or hydrazine hydrate50-53 led to the desired glycopolymers 

without hydrolysis of the polyester backbone. Complete modification was confirmed by 

disappearance of the alkene peaks in the 1H-NMR (representative data in Figure 3-2a) as well as 

clean shifts in GPC molecular weight (representative data in Figure 3-2b).  
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Figure 3-2. Characterization of trehalose modification of pCL using thiol-ene chemistries. a) The 

1H-NMR traces before and after modification showing a disappearance of the alkene resonance 

peaks at 5.0 and 5.7 ppm and the appearance of resonance peaks corresponding to trehalose 

anomeric protons. b) GPC characterization of pCL-allyl40 before and after modification showing 

a shift toward a higher molecular weight species. After deprotection of the trehalose, a shift toward 

a lower molecular weight species was observed showing complete modification and deprotection 

of the polymer.    

 

The carboxybetaine zwitterionic pCL polymer was synthesized taking inspiration from a 

literature procedure for a non-degradable polymer (Scheme 3-3).54 2-(Dimethylamino)ethanethiol 

hydrochloride was added to the pCL-allyl40 backbone polymer using photoinitiated thiol-ene 

conditions and subsequently treated with sodium bicarbonate to neutralize the hydrochloride salt. 

Exposure to t-butyl bromoacetate quaternized the amine and hydrolysis of the t-butyl ester with 

trifluoroacetic acid led to the formation of the zwitterion. No acidic backbone scission was 

observed by GPC or 1H-NMR analysis. 
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Scheme 3-3. Synthetic scheme for the synthesis of zwitterionic polymer pCL-zwitterionn. 

 

All polymers were characterized by GPC and 1H-NMR to determine molecular weight and 

dispersity (Table 3-1). During the deprotection, there was unlikely to be chain scission, as the 

library of substituted pCL all gave narrow molecular weight distributions between 1.19 and 1.07 

and the peak shapes were generally well-defined and symmetrical (Figures 3-38, 3-47, 3-48). 

Using poly(methyl methacrylate) standards, the MN by GPC for the DMF-soluble polymers varied 

from 12.7 to 23.6 kDa. The zwitterionic material was not DMF-soluble and was instead analyzed 

using PEG standards, making direct molecular weight comparison difficult. However, because a 

postpolymerization approach was used to synthesize these materials, the same backbone was used 

to construct all polymers in the study. Therefore, while the molecular weight varied due to side 

chain identity, the DPs of all polymers (i.e. backbone length) compared were identical.  
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Table 3-1. Molecular weights and GPC data for the library of polyesters (DP40)  

 
Polymer Mn (1H-NMR) Mn (GPC) Ð 

pCL-allyl40 5600 5400 1.08 

pr
ot

ec
te

d 

pCL-trehalose-OAc40 34 700 28 400 1.06 

pCL-glucose-OAc40 20 300 22 300 1.06 

pCL-lactose-OAc40 29 900 28 900 1.07 

de
pr

ot
ec

te
d 

pCL-trehalose-OH40 18 500 12 700 1.17 

pCL-glucose-OH40 11 300 18 300 1.09 

pCL-lactose-OH40 18 000 16 900 1.17 

pCL-PEG40 20 400 23 600 1.07 

pCL-zwitterion40 12 500 5100a 1.19a 

a GPC run in buffer/MeCN with PEG standards. 

 

3.2.2. Assessment of Stabilizing Ability 

 Next the ability of the polymer to protect protein activity against environmental stressors 

was assessed. The therapeutic protein granulocyte colony-stimulating factor (G-CSF) was selected 

to compare excipient efficacy due to its clinical importance. G-CSF is FDA-approved as filgrastim 

(neupogen) and lenograstim and is used therapeutically to increase neutrophil granulocyte count 

during chemotherapy.55 G-CSF is highly unstable at physiological pH and is therefore stored at 

pH 4.0; still at this pH the protein readily degrades upon storage or subjection to heat.56 The side 

chain identity was varied to determine the relative stabilizing ability of the functional groups. To 

investigate storage at refrigeration temperatures, pCL polymers were added to G-CSF at 100 

weight equivalents to protein and the protein was stored for 90 minutes at 4 ºC at 1 µg/mL and pH 
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4.0. Protein activity was determined by measuring cell proliferation in murine myeloid leukemia 

NFS-60 cells, which is enhanced in the presence of G-CSF, and compared to the proliferation of 

freshly diluted protein.57 

 

 

Figure 3-3. Effect of side chain identity on stabilization of G-CSF at pH 4.0 to a) storage 

conditions at 4 ºC for 90 minutes and b) thermal stress at 60 ºC for 30 minutes. # = no difference 

from the fresh sample (p>0.01). Statistical analysis was done by ANOVA with Tukey’s HSD post-

hoc test. Data shown as the average of six experimental repeats and six well repeats with standard 

deviation 

 

After stressing at 4 ºC, G-CSF with no additive only exhibited 133 ± 6% cell proliferation, 

a drastic reduction compared to fresh G-CSF (Figure 3-3a). Addition of the pCL-glucose and 

pCL-lactose polymers was not statistically different than no additive, indicating that for this 
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protein, the polymers were not effective stabilizers. Interestingly, when the pCL-PEG polymer was 

added to the G-CSF solution, significantly lower cell proliferation was observed. PEG has been 

shown to associate with hydrophobic moieties on the protein surface due to its amphiphilic 

nature,58 and has been previously observed to lower protein thermal stability.59 A similar 

mechanism may be a factor for the destabilizing effect of this pCL-PEG polymer. Both the 

zwitterionic and trehalose side chains significantly outperformed the other polymers, stimulating 

171 ± 7% and 168 ± 3% cell proliferation respectively. Both stabilizing polymers were not 

statistically different than the fresh sample, indicating that both are equally effective at preventing 

G-CSF activity loss under these conditions. G-CSF was also stressed at 60 ºC for 30 minutes; this 

is representative of the maximum temperature inside truck and shipping containers during 

transport.60 As expected, G-CSF lost more than 95% of the native activity after heating; addition 

of the pCL-PEG polymer was not statistically different than no additive (Figure 3-3b). The pCL-

glucose and the pCL-lactose polymers were moderately stabilizing. Addition of the trehalose (133 

± 8%) and zwitterionic (179 ± 3%) side chain polymers resulted in the highest cell proliferation 

and the pCL-zwitterion80 was not statistically different than the fresh sample. We observed that 

the zwitterionic polymers retained greater activity than the trehalose side chain polymers to heat. 

Since one hypothesis of why trehalose provides stabilization is due to clustering of the sugar 

around flexible polar residues on the protein surface,61-62 we included a larger trehalose CL 

polymer (preparation vide infra) in the heat study.  In this case, a 40 kDa pCL-trehalose80 polymer 

was statistically the same as the zwitterionic polymer, showing that the larger trehalose pCL 

stabilizes as well as the zwitterionic polymer and suggesting a molecular weight dependence of 

the trehalose polymer stabilization ability.  
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3.2.3. Testing of Different Molecular Weights and Comparison to Common Excipients 

To further test this potential molecular weight dependence, various CL trehalose polymer 

sizes were synthesized. Using previously optimized ROP conditions, well-defined pCL-allyl 

polymers were synthesized with DP between 10 and 80 and Đ <1.25 (Table 3-2). These DPs were 

selected so that after modification with thiolated trehalose, the molecular weight of the pCL-

trehalose polymers would be between 5 and 40 kDa, assuming quantitative conversion. For the 

smallest pCL-allyl polymer, matrix assisted laser desorption ionization (MALDI) was used to 

confirm the molecular weight (Figure 3-25). Modification was again carried out using 

photoinitiated thiol-ene chemistry, yielding a series of trehalose-modified pCL polymers. This 

series demonstrated increased dispersity (Đ) with increasing molecular weight. At high molecular 

weights (Table 3-2, pCL-trehalose80) Đ was increased to 1.39 and the GPC molecular weight was 

correspondingly lower than that predicted by 1H-NMR. The peak shape was also asymmetrical 

and extended toward the low molecular weight side (Figure 3-4a). To confirm that this peak 

broadening was not due to hydrolysis of the backbone esters, the molecular weight of pCL-

trehalose80 was also measured on an aqueous size exclusion chromatography (SEC) system 

(Figure 3-4b). In aqueous solution, no asymmetry was observed and the calculated dispersity was 

lower (1.26). The dragging observed at high molecular weights was therefore hypothesized to be 

a result of interactions with the stationary phase of the GPC column. Similarly, a series of pCL-

zwitterion polymers were synthesized using photoinitiated thiol-ene chemistry on the pCL-allyl 

backbones. Analysis by GPC showed that they were well-defined and demonstrated clear shifts in 

molecular weight with increasing pCL-allyl DP (Table 3-2). 
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Table 3-2. Molecular weights and GPC data for the library of pCL-trehalose and pCL-zwitterion 
polymers with variable DP  

 Polymer Mn (1H-NMR) Mn (GPC) Ð 

St
ar

tin
g 

po
ly

m
er

s  pCL-allyl10 1600 NDa NDa 

pCL-allyl20 3600 2400 1.21 

pCL-allyl40b 5600 5400 1.08 

pCL-allyl80 12400 1220 1.08 

pr
ot

ec
te

d 

pCL-trehalose-OAc10 10 600 9600 1.07 

pCL-trehalose-OAc20 20 200 15 400 1.06 

pCL-trehalose-OAc40b 34 700 28 400 1.06 

pCL-trehalose-OAc80 67 000 53 100 1.06 

pr
ot

ec
te

d 

pCL-trehalose-OH10 6200 5600 1.09 

pCL-trehalose-OH20 14 400 8100 1.15 

pCL-trehalose-OH40b 18 500 12 700 1.17 

pCL-trehalose-OH80 41 000 17 000 1.39 

zw
itt

er
io

ns
 

pCL-zwitterion10 3200 1700c 1.17c 

pCL-zwitterion20 6400 3000c 1.12c 

pCL-zwitterion40b 12 400 5100c 1.19c 

pCL-zwitterion80 25 400 8900c 1.19c 

a Too small for GPC analysis. b Same entry as in Table 3-1. c GPC run in buffer/MeCN with PEG 
standards 
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Figure 3-4. Comparison of a) gel permeation chromatography (DMF) and b) size exclusion 

chromatography (aqueous) traces for pCL-trehalose80.  

 

Both sets of polymeric backbones were then subjected to the same stability tests using 100 

weight equivalents of polymer. First the trehalose polymers were tested and a very slight 

dependence of protein activity on molecular weight was observed upon storage at 4 ºC (Figure 3-

5a). Larger polymers offered improved stabilization compared to smaller polymers, but there was 

no significant difference between the stabilizing effects of DP40 and DP80 polymers, or between 

the DP10 and DP20 polymers. The series of pCL-trehalose polymers were also used as stabilizers 

against 60 ºC heating (Figure 3-5b). In this case, a drastic molecular weight dependence was 

observed, with the pCL-trehalose80 polymer exhibiting the highest cell proliferation. It should be 

noted, that despite the increase in molecular weight, the concentration of stabilizing units in 

solution remained constant at 69 weight equivalents of trehalose or 190 µM, indicating that the 

observed changes in stabilizing ability were solely due to the molecular weights of the polymers. 
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Figure 3-5. A) Effect of pCL-trehalose molecular weight on G-CSF stabilization at pH 4.0 to 

storage at 4 ºC for 90 minutes. B) G-CSF stabilization to thermal stress at 60 ºC for 30 minutes. 

Data shown as the average of six experimental repeats and six well repeats with standard deviation. 

C) Effect of pCL-zwitterion molecular weight on G-CSF stabilization at pH 4.0 to storage at 4 ºC 

for 90 minutes. D) G-CSF stabilization to thermal stress at 60 ºC for 30 minutes. Data shown as 

the average of four experimental repeats and six well repeats with standard deviation. All polymers 

other than pCL-trehalose10 and pCL-trehalose20 exhibited statistically significant stabilization 

(p<0.05) relative to no stabilizing additive. Greater molecular weight polymers showed greater 

stabilization (# = p < 0.01 relative to DP10 polymers, ‡ = p <0.01 relative to DP20 polymers, * = 
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p < 0.01 relative to DP40 polymers). Statistical analysis was done by ANOVA with Tukey’s HSD 

post-hoc test.  

 

Similar experiments were carried out using the zwitterionic backbone. Upon exposure to 

the milder 4 ºC stressor, only a moderate dependence on molecular weight was observed (Figure 

3-5c). While the pCL-zwitterion10 polymer sample exhibited reduced cell proliferation, there was 

no statistical difference between the DP20, DP40, and DP80 polymers. They were statistically the 

same as the fresh sample, indicating the presence of a molecular weight threshold for complete 

stabilization ability. However, when the protein was heated to 60 ºC for 30 minutes, separation 

between the polymer additives was observed (Figure 3-5d). At this temperature, the performance 

of the DP20, DP40 and DP80 polymers was significantly different to each other, and only the two 

largest polymers retained comparable activity to the pristine sample.  

Additional experiments were carried out to better understand the observed dependence on 

molecular weight. To determine if shorter polymers could demonstrate improved stabilization at 

higher weight equivalents, we stressed G-CSF at 60 ºC for 30 minutes and added pCL-trehalose40 

and pCL-zwitterion40, varying the amount of polymer in solution between 1 and 500 weight 

equivalents (Figure 3-6). We were curious to determine if the DP40 polymers would match the 

stabilizing performance of higher molecular weight DP80 polymers when more weight equivalents 

were used. Instead, there was a distinct plateau, and for both polymers only 100 weight equivalents 

were required to see the best stabilization, without further improvement at the higher 

concentrations tested. This is strong evidence that the number of repeat units on the polymer chain 

has a distinct effect on the polymer’s stabilizing ability. Trehalose has been previously shown to 

demonstrate a clustering effect in computational studies, self-organizing near polar residues on 
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proteins.62 The molecular weight trends observed support a multivalency effect in these materials, 

where increased equivalents offer inferior protection compared to a preorganized or pre-grouped 

set of stabilizing units. This sort of molecular weight effect has been previously reported in other 

systems.63 

 
Figure 3-6. Dependence on G-CSF stabilization on polymeric equivalents of pCL-trehalose40 and 

pCL-zwitterion40 against heating at 60 ºC for 30 minutes. 

 

The stabilizing abilities of the pCL polymers to protect G-CSF from 60 ºC thermal stress 

were additionally compared to commonly used small-molecule excipients: sucrose, trehalose, 

betaine, sorbitol and polysorbate 80 (Figure 3-7). These compounds were chosen to represent the 

materials present in the high-performing pCL scaffolds, with the addition of sorbitol and 

polysorbate 80 (Tween 80), which are used industrially in the formulation of Neupogen 

(therapeutic GCSF)64 and sucrose, which is a widely used excipient.6 The pCL-trehalose80 and 

pCL-zwitterion80 polymers were selected because they were the highest-performing pCL polymers 
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in the experiments described above and were added at 100 weight equivalents. Small molecules 

were added to be equivalent to the concentration of stabilizing units in the pCL-zwitterion80 

polymer except for Tween 80, which was added at 100 weight equivalents because of its larger 

molecular weight, similar to the CL polymers. After heating to 60 ºC for 30 minutes, sucrose, 

betaine and sorbitol had little stabilizing effect and the cell proliferation was low.  However, the 

sorbitol and Tween 80 maintained high protein activity that was statistically equivalent to pCL-

trehalose80, and pCL-zwiterion80, respectively. The results show that the degradable polymers with 

DP of 80 are as good as the currently utilized additives for therapeutic G-CSF and better than other 

common protein excipients at the concentrations tested.  

 

Figure 3-7. Stabilization of G-CSF against thermal stress at 60 ºC for 30 minutes and comparison 

of pCL-trehalose80 and pCL-zwitterion80 with relevant small molecule controls.  Data shown as 

the average of three experimental repeats and six well repeats. # = no statistical difference from 

the fresh control (p > 0.05). ‡ = no statistical difference from sorbitol (p > 0.05).  * = no statistical 
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difference from Tween (p > 0.05). Statistical analysis done by ANOVA with Tukey’s HSD post-

hoc test.  

 

Additionally, the half-life of G-CSF at 60 ºC was tested with the DP80 polymers as 

excipients (Figure 3-8). When the pCL-trehalose80 polymer was added, G-CSF retained 50% of 

the native activity until 48 minutes of heating, whereas when the pCL-zwitterion80 polymer was 

used, the half-life was calculated to be 90 minutes, almost double. In contrast, with no additive G-

CSF was already inactive after 30 minutes (first time point tested). These data show that that both 

pCL scaffolds, especially the zwitterion-substituted polymer, provide a significant increase in 

thermal stability.   

 
Figure 3-8. Timecourse of G-CSF activity in the presence of 100 weight equivalents of pCL-

trehalose80 and pCL-zwitterion80 when heated at 60 ºC. 
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3.2.4. Degradation, Biological Compatibility, TEM, and DSC Analysis of the Polymers 

To confirm that the polycaprolactone was still degradable, pCL-trehalose40 and pCL-

zwitterion40 were treated with 5% KOH to hydrolytically cleave the backbone esters. The 

molecular weight of the polymeric materials was determined post cleavage by aqueous SEC 

(Figure 3-9). In both cases, complete shift in molecular weight towards a lower molecular weight 

species was observed after 24 hours, confirming hydrolytic degradation. No hydrolytic degradation 

was observed under more moderate degradation conditions (cell media at 37 ºC) for up to 49 days, 

consistent with the slow hydrolysis rates observed for polycaprolactone in vivo.65 

 

Figure 3-9. Size exclusion chromatogram of the degradation of a) pCL-trehalose10 and b) pCL-

zwitterion20. Polymer is indicated by the black solid line and basic degradation products are 

indicated by the red dashed line. Peaks due to salts in the buffer indicated with ê. 
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Additionally, experiments were carried out to confirm that the pCL polymers remained 

stable at the acidic conditions of the cell assay. pCL-trehose and –zwitterion polymers were heated 

to 60 ºC for 30 minutes to mimic the thermal stress conditions, then buffer was removed and the 

materials analyzed by GPC (Figure 3-10). No shift was observed in the chromatogram, confirming 

that the polymers were intact throughout the experiment. 

 

Figure 3-10. Size exclusion chromatograms of pCL-trehalose40 and pCL-zwitterion40 before and 

after exposure to pH 4.0 at 60 ºC for 30 minutes.  

 

Cytotoxicity and biocompatibility of the trehalose and zwitterion based polycaprolactone 

polymers were also assessed in human umbilical vein endothelial cells (HUVECs) as a primary, 

non-cancerous cell line. HUVECs were cultured in the presence of pCL-trehalose20, pCL-

zwitterion20, and their polymeric degradation products.  Compared to the control, no reduction in 

cell viability was observed upon addition of either polymer (pCL-trehalose and pCL-zwitterion) 

or polymeric degradation products, up to 1 mg/mL, confirming that the substituted polyesters and 

their eventual degradation products are noncytotoxic (Figure 3-11).  
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Figure 3-11. Cytotoxicity assay of pCL-trehalose20, pCl-zwitterion20, and their basic degradation 

products with HUVECs. Data shown as the average of three experimental repeats with standard 

deviation. There is no statistical difference between groups.   

 

Analysis of the substituted pCL polymers using transmission electron microscopy (TEM) 

indicated the presence of aggregated structures in both samples of pCL-zwitterion80 and pCL-

trehalose80 alone and in the presence of G-CSF (Figure 3-12). This self-assembly may play an 

important role in the mechanism of stabilization and shows that the polymers are nonionic 

surfactants, an important class of excipients.6 Similar aggregates have been observed for tyloxapol, 

a polymeric material with an aryl backbone and poly(ethylene oxide) side chains that is structurally 

similar to the pCL polymers.66 We additionally investigated the osmolyte character of the 

synthesized materials using differential scanning calorimetry (DSC).  Both polymers changed the 

0

20

40

60

80

100

0.1 mg/mL 0.5 mg/mL 1 mg/mL

%
 C

el
l V

ia
bi

lit
y

pCL-zwitterion20 pCL-trehalose20
Trehalose degradation Zwitterion degradation



 85 

enthalpy of melting and crystallization of water (Table 3-3) suggesting the polymers are able to 

depress ice formation.27  

 

 
Figure 3-12. Transmission electron micrographs of a) pCL-trehalose80 b) pCL-zwitterion80 c) 

pCL-trehalose80 and G-CSF mixture d) pCL-zwitterion80 and G-CSF mixture. Solutions contained 

polymer (1 mg/mL) and G-CSF (0.15 mg/mL) and samples were stained using uranyl acetate as a 

negative stain.  
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Table 3-3. Changes in melting and crystallization enthalpy of water upon addition of 1 mol% 

trehalose, trehalose repeating units in pCL-trehalose80 , betaine, or zwitterionic repeating units in 

pCL-zwitterion80. 

 

 

 

3.3. Discussion 

We have demonstrated that a biodegradable backbone can be transformed into a library of 

potential protein stabilizers using thiol-ene chemistry.  This approach allows us to survey the 

effectiveness of various side chains without complications due to differences in the number of 

backbone repeat units.  We tested five relevant side chains: three sugars, oligoPEG and a 

zwitterion.  Yet, one can readily envision that synthesis of larger libraries of side chains using this 

approach. To investigate side chain effectiveness, the therapeutic protein G-CSF was stabilized 

against refrigeration and heat, two stresses that are relevant to the storage and shipping of many 

proteins; for example, nearly 80% of current protein therapeutics need to be refrigerated or 

frozen.67 This temperature requirement causes inconvenience and increased costs to patients and 

may make some therapeutics impossible for use in parts of the world that do not have an effective 

Sample Hm (J/g) ∆Hm (J/g) Hc (J/g) ∆Hc (J/g) 

Water 296.5  -252.2  

Trehalose 249.1 -47.4 -229.9 22.3 

T80 115.9 -180.6 -96.3 155.9 

Betaine 198.1 -98.4 -179 73.2 

Z80 16.41 -280.09 -23.4 228.8 



 87 

cold chain. In addition, in some industries such as personal care where products are stored at room 

temperature, the instability of some proteins of interest may preclude their use.   

We found that pCL with trehalose- and zwitterion-substituted side chains were the most 

effective stabilizers to G-CSF to room temperature storage and heating, with the zwitterion 

polymers as the most effective over different time and molecular weight ranges. Activity loss in 

G-CSF has been reported to be a result of both methionine oxidation and aggregation.56, 68-69 

Trehalose as an excipient has been shown to have no effect on methionine oxidation of G-CSF, 

presumably because it is preferentially excluded from the protein surface, but has been shown to 

broadly inhibit aggregation of various proteins.69-70 Zwitterionic materials are known to be 

nonfouling and to repel proteins due to their high hydrophilicity and strong hydration.71-

72Additionally, the nonionic surfactant Tween has been shown to reduce G-CSF aggregation 

through micelle formation.73  Initial analysis by TEM and DSC suggest that the trehalose and 

zwitterion-substituted polymers form structured aggregates alone and in the presence of G-CSF 

likely due to the non-ionic surfactant character of the polymers. Additionally, the materials have 

the capability to reduce the enthalpy of water crystallization and melting, equivalent to the 

thermodynamic effects that have been previously observed for their constituent side chain 

materials. Many current studies of osmolyte-protein interactions hypothesize that their stabilizing 

effect is in fact due to water-osmolyte interactions,74-75 and the pCL materials are likely to be 

similar to small-molecule osmolytes in this manner. The materials therefore combine two different 

classes of known excipients.  We also found the polymers to be as good as excipients currently 

used in the formulation for Neulasta, a therapeutic G-CSF. However, as has been previously noted, 

sorbitol and polysorbate both present downsides to large-scale and repeated applications in 

therapeutics. Namely, sorbitol has been linked to GI tract problems and polysorbate has been 
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shown to undergo auto-oxidation.33-34 The substituted pCL polymers offer equivalent stabilities, 

and may be potential alternatives to the clinically used additives for G-CSF. 

Although we looked at G-CSF, it should be possible to utilize this library approach to 

investigate a wide variety of proteins, and the outcome may be different depending on the 

individual protein degradation mechanism and the stress imposed.  Using the versatile thiol-ene 

strategy it should be possible to readily alter the polymer side chains to identify stabilizers for a 

wide variety of stressors. The use of controlled ring-opening polymerization allows for the rapid 

synthesis of a variety of molecular weights to compare to commercially available additives, which 

may also be available in multiple molecular weights. As we have demonstrated, the effect of 

molecular weight on stabilization can be quite important, and the ability to add molecular weight 

variation to a library of polymeric stabilizers is significant.  Additionally, the excellent control 

provided by ROP conditions allows for delicate tuning of the hydrolytic stability and degradability 

through selection of a variety of cyclic monomers or even using copolymerization. We anticipate 

this will greatly expand the possible applications for these materials, and this work is underway.  

Polymers have the additional advantage that they may be used as bulk materials for 

processed materials and are widely used in biomedical applications. For example, 

polycaprolactone is FDA-approved as a copolymer with glycolide in the absorbable suture 

Monocryl.76 We have previously shown that polystyrene with trehalose side chains stabilizes 

proteins in the solid state.77 Therefore, it may also be possible to utilize these substituted pCL 

polymers as solid-state protein stabilizers for a myriad of applications where degradability is 

required. Thermal gravimetric analysis (TGA) has shown that pCL-trehalose20 is stable to over 

250 ºC when heated (Figure 3-39), permitting use of these materials at high temperature.  

Furthermore, polymers such as PEG have been conjugated to proteins to increase their in vivo 
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stability via enhanced pharmacokinetic effects.35, 78 It should be possible to conjugate these 

polymers to a variety of proteins to additionally stabilize them to environmental stressors, and this 

work is underway.    

 

3.4. Conclusions 

 A series of alkene-functionalized polyesters were synthesized by organocatalyzed ring-

opening polymerization. Post-polymerization thiol-ene modification with a series of thiols led to 

well-defined trehalose-, lactose-, glucose-, PEG- and zwitterion-based biodegradable polyesters. 

These biodegradable stabilizers were investigated as to their ability to protect the therapeutic 

protein G-CSF from storage and heat stressors. Side chains containing trehalose and a zwitterionic 

carboxybetaine were found to be the most effective at maintaining G-CSF activity. Molecular 

weight studies of pCL-trehalose and pCL-zwitterion were explored and the polymers were shown 

to have moderate molecular weight dependence to refrigeration, where larger polymers (DP40 and 

DP80) demonstrated greater protein stabilization to heat. Both high-performing polymer scaffolds 

and their degradation products were also not cytotoxic up to at least 1 mg/mL.  These materials 

could be used for stabilization of protein activity in therapeutic and industrial applications, leading 

to improved performance and lowered cost. 
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3.5. Experimental  

3.5.1. Materials  

All materials and proteins were purchased from Sigma-Aldrich, Acros, or Fisher Scientific and 

were used without purification unless noted. Trehalose was purchased from The Healthy Essential 

Management Corporation (Houston, TX) and dried with ethanol and kept under vacuum before 

use. Anhydrous toluene was distilled from CaH2 and stored under argon prior to use. Anhydrous 

tetrahydrofuran (THF) was distilled from sodium benzophenone and stored under argon prior to 

use. Allyl-caprolactone was synthesized as previously described38 and purified by distillation 

under reduced pressure before use. Thiolated methoxy oligo(ethyleneglycol) was synthesized as 

previously described.49 Thiolactose heptaacetate was synthesized as previously described48, 79 from 

commercially available lactosyl bromide. Recombinant human G-CSF (herein called G-CSF) 

expressed in E. coli was expressed as described.80 

 

3.5.2. Analytical Techniques 

NMR spectra were obtained on Bruker AV 500 and DRX 500 MHz spectrometers. 1H-NMR 

spectra were acquired with a relaxation delay of 2 s for small molecules and 30 s for polymers. DP 

indicated for each polymer structure was calculated from the NMR spectrum.  Variations represent 

instrumental error rather than a change in the polymer backbone length. Infrared absorption spectra 

were recorded using a PerkinElmer FT-IR equipped with an ATR accessory. High-resolution mass 

spectra were obtained on Waters LCT Premier with ACQUITY LC and ThermoScientific Exactive 

Mass Spectrometers with DART ID-CUBE. Gel Permeation Chromatography (GPC) was 

conducted on a Shimadzu high performance liquid chromatography (HPLC) system with a 

refractive index detector RID-10A, one Polymer Laboratories PLgel guard column, and two 
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Polymer Laboratories PLgel 5 µm mixed D columns. Eluent was DMF with LiBr (0.1 M) at 50 °C 

(flow rate: 0.80 mL/ min). Calibration was performed using near-monodisperse PMMA standards 

from Polymer Laboratories. Size Exclusion Chromatography (SEC) was conducted on a Shimadzu 

HPLC system with a refractive index detector RID-10A, one Tosoh TSKGel guard column, and 

one Tosoh TSKGel G4000PW column. Eluent was 0.3 M NaNO3 + 20 mM phosphate buffer pH 

7 + 20% MeCN at 25 ºC (flow rate 0.7 mL/min). Calibration was performed using near-

monodisperse PEG standards from Polymer Laboratories. Matrix-assisted laser 

desorption/ionization (MALDI) was carried out on a Bruker Ultraflex. Solutions of trans-2-[3-(4-

tert-butylphenyl)-2-methyl-2-propylidene]malonitrile (DCTB) as a matrix (20 mg/mL in THF), 

sodium trifluoroacetate (0.33 mg/mL in THF) as a cationizing agent, and polymer (1 mg/mL in 

THF) were mixed then added to the target to prepare a thin matrix/analyte film.  

 

3.5.3. Methods 

Synthesis and Characterization of Small Molecules  

Synthesis of tosylated trehalose 2. In a two-neck round bottom flask, 

monohydroxylheptaacetyltrehalose 127 (1.54 g, 2.42 mmol) was dissolved in anhydrous CH2Cl2 

(15 mL) under argon. 4-Dimethylaminopyridine (59 mg, 0.48 mmol) and anhydrous pyridine (580 

µL, 7.26 mmol) were added and the reaction solution cooled to 0 ºC in an ice-water bath. Tosyl 

chloride (1.38 g, 7.26 mmol) was added slowly as a solid and the solution stirred for an additional 

20 minutes at 0 ºC before warming to room temperature and stirring for 14 hours. The crude 

mixture was diluted with additional CH2Cl2 (40 mL) and washed with water (2x 50 mL) and brine 

(50 mL). The organic layer was then dried with MgSO4 and concentrated in vacuo. The crude solid 

was purified by silica gel flash column chromatography (eluent 5:1 CH2Cl2: EtOAc) to obtain a 
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crispy white solid (1.34 g, 1.70 mmol, 70%). 1H-NMR (500 MHz in CDCl3) δ: 7.74 (d, J = 8.3 

Hz, 2H), 7.34 (d, J = 8 Hz, 2H), 5.47-5.41 (m, 2H), 5.14 (d, J =3.9 Hz , 1H), 5.05-5.01 (m, 3H), 

4.93-4.89 (m, 2H), 4.21 (dd, J  = 12.1 Hz, 6.7 Hz, 1H), 4.14-3.94 (m, 5H), 2.44 (s, 3H), 2.09 (s, 

3H), 2.06 (s, 3H), 2.05 (s, 3H), 2.03 (s, 3H), 2.02 (s, 3H), 2.01 (s, 3H), 2.00 (s, 3H). 13C NMR: 

(500 MHz in CDCl3) δ: 169.0, 169.9, 169.6, 169.6, 169.5, 169.5, 145.3, 132.4, 129.9, 128.0, 92.8, 

92.3, 70.0, 69.7, 69.7, 69.3, 68.6, 68.4, 68.2, 68.1, 67.5, 61.7, 21.7, 20.7, 20.7, 20.6, 20.6, 20.6, 

20.5. IR: ν = 2950, 1744, 1432, 1368, 1221, 1190, 1177, 1138, 1079, 1035, 1016, 988, 911, 862, 

805 cm-1. HRMS-ESI (m/z) [M+H2O]+ calcd for C33H44O21S, 808.2096; found 808.2226.  

 

Synthesis of thioacetylated trehalose 3. In a two-neck round bottom flask, tosylated trehalose 2 

(2.38 g, 3.01 mmol) was dissolved in anhydrous DMF (12 mL) under argon. Potassium thioacetate 

(1.03 g, 9.03 mmol) was added and the reaction solution heated to 70 ºC for 18 hours. After cooling 

to room temperature, DMF was removed in vacuo. The crude brown solid was dissolved in CH2Cl2 

and washed with water, sat. NaHCO3 (2x), water, and brine. The organic layer was dried with 

MgSO4 and concentrated in vacuo. The crude oil was purified by silica gel flash column 

chromatography (eluent 1:1 hexanes:EtOAc) to obtain 3 as a light tan solid (1.59 g, 2.29 mmol, 

76%).1H NMR: (500 MHz in CDCl3) δ: 5.47 (t, J = 10 Hz, 2H), 5.28 (dd, J = 4, 14 Hz, 2H), 5.07-

4.96 (m, 4H), 4.19 (dd, J = 6, 12 Hz, 1H), 4.04 (dd, J = 2, 12 Hz, 1H), 3.98-3.95 (m, 1H), 3.87 

(ddd, J = 2.6, 7.8, 10.2 Hz, 1H), 3.17 (dd, J = 2.5, 14.5 Hz, 1H), 2.96 (dd, J = 8, 14 Hz, 1H), 2.34 

(s, 3H), 2.10 (s, 3H), 2.08 (s, 3H), 2.08 (s, 3H), 2.07 (s, 3H), 2.04 (s, 3H), 2.03 (s, 3H), 2.02 (s, 

3H). 13C NMR: (500 MHz, CDCl3) δ: 194.7, 170.6, 169.9, 169.9, 169.9, 169.8, 169.7, 169.6, 91.4, 

91.2, 70.9, 70.1, 70.0, 69.8, 69.6, 69.3, 68.6, 68.2, 61.8, 30.4, 29.8, 20.7, 20.7, 20.6, 20.6, 20.6. IR: 
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ν = 2957, 1746, 1694, 1431, 1367, 1212, 1161, 1134, 1034, 981, 962, 900, 803 cm-1. HRMS-ESI 

(m/z) [M+Na]+ calculated for C28H38NaO18S, 717.1677, found 717.1650. 

Synthesis of selectively deprotected thiolated trehalose A. In a 20 mL screw-top vial, thioacetylated 

trehalose 3 (1.5 g, 2.16 mmol) was dissolved in DMF (22 mL) under argon. Acetic acid (122 µL, 

2.14 mmol) was added and the solution was stirred for 10 minutes. Hydrazine hydrate (70-82% in 

H2O, 131 µL, 2.14 mmol) was then added and the reaction solution was stirred at 21 ºC for a 

further 2 hours. Acetone (200 µL, 2.72 mmol) was added to quench the reaction, and the crude 

product was poured into H2O and extracted with EtOAc. The organic layer was washed with brine 

(2x), dried over MgSO4, and solvent removed in vacuo to obtain 4 as a light tan solid (1.52 g, 

quantitative yield). 1H NMR: (500 MHz in CDCl3) δ: 5.49 (t, J = 10 Hz, 2H), 5.31 (t, J = 4 Hz, 

2H), 5.11-5.00 (m, 4H), 4.22 (dd, J = 12, 5.5 Hz, 1H), 4.03-3.97 (m, 3H), 2.63-2.55 (m, 2H), 2.13 

(s, 3H), 2.09 (s, 6H), 2.07 (s, 3H), 2.05 (s, 3H), 2.03 (s, 3H), 2.03 (s, 3H), 1.68 (dd, J = 10, 7 Hz, 

1H). 13C NMR: (500 Hz, CDCl3) δ: 170.6, 170.0, 169.7, 169.7, 169.6, 92.2, 91.9, 71.2, 70.7, 70.0, 

70.0, 69.9, 69.4, 68.6, 68.2, 61.8, 25.8, 21.0, 20.7, 20.7, 20.6, 20.6. IR: ν = 2962, 1746, 1669, 1435, 

1368, 1215, 1166, 1137, 1033, 984, 964, 904, 804, 722, 659 cm-1.  HRMS-ESI (m/z) [M+Na]+ 

calcd for C26H36NaO17S, 675.1571; found 675.1624.  

 

Polymer Synthesis and Characterization 

Representative ring-opening polymerization (pCL-allyl40). For the synthesis of pCL-allyl40, a 1.5 

mm glass sample vial was equipped with a stir bar and 2-3 4Å molecular sieves and the setup was 

flame-dried. A 0.1 M solution of TBD in toluene (480 µL, 24 µmol, 2.5 mol%) and a solution of 

15% v/v 3-methyl-1-butanol in toluene (12.6 µL, 17 µmol, 1 equivalent) were added via nitrogen-

purged syringe and the initiator-catalyst mixture was allowed to stir for 30 minutes at 21 ºC before 
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adding allyl-caprolactone monomer (150 mg, 973 µmol, 56 equivalents) via nitrogen-purged 

syringe. The reaction mixture was stirred at 21 ºC and aliquots were removed for 1H-NMR analysis 

via a nitrogen-purged syringe. After the desired conversion was achieved, the reaction was 

quenched with AcOH and the crude mixture purified by silica gel column chromatography (eluent 

EtOAc in hexanes 15-50%) to give the polymer as a colorless oil (100.5 mg). Mn (GPC) = 5400 

Da, Đ = 1.08. 1H-NMR (500 MHz in CDCl3) δ: 5.75-5.67 (m, 36H), 5.06-5.00 (m, 72H), 4.11-

4.10 (m, 72H), 3.63-3.61 (m, 2H), 2.44-2.31 (m, 72H), 2.24-2.19 (m, 36H), 1.67-1.45 (m, 144H), 

1.36-1.30 (m, 72H), 0.92-0.91 (d, J = 7 Hz, 6H). IR: ν = 3077, 2941, 2863, 1729, 1642, 1444, 

1417, 1392, 1364, 1234, 1162, 1135, 1064, 994, 915, 736. 

 

Representative synthesis of functional polyesters via thiol-ene reaction (pCL-trehaloseOAc40). For 

the synthesis of pCL-trehaloseOAc40, in a 1.5 mm glass sample vial, pCL-allyl40 (12 mg, 2.1 µmol, 

77 µmol alkene groups) was dissolved in anhydrous THF (300 µL). Thiolated trehalose A (162 

mg, 249 µmol, 3 equivalents per alkene) and 2,2-dimethoxy-2-phenylacetophenone (DMPA) (11 

mg, 42 µmol, 0.5 equivalents per alkene) were added and the vial was sealed with a septum, 

degassed by sparging for 10 minutes, and exposed to a handheld UV lamp (λ = 365 nm) for 4 

hours. The crude solution was then precipitated into cold MeOH (protected sugars) or dialyzed in 

MeOH (PEG and zwitterion precursor) to yield the desired functional polyester (53.1 mg, 1.7 

µmol, 79%). Mn (GPC) = 28400 Da, Đ = 1.06. 1H-NMR (500 MHz in CDCl3) δ: 5.47 (q, 86H), 

5.30-5.26 (m, 86H), 5.13-5.10 (m, 44H), 5.06-4.97 (m, 129H), 4.24-4.20 (m, 43H), 4.06-4.00 (m, 

215H), 2.62-2.47 (m, 172H), 2.34-2.27 (m, 43H), 2.15-2.00 (m, 903H), 1.68-1.58 (m, 215H), 1.55-

1.42 (m, 172H), 1.34-1.26 (m, 86H), 0.93 (d, J = 6.5 Hz, 6H).  
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pCL-glucoseOAc40: Mn (GPC) = 22300 Da, Đ = 1.06. 1H-NMR (500 MHz in CDCl3) δ: 5.23 (t, 

39H), 5.09 (t, 39H), 4.99 (t, 39H), 4.52-4.45 (d, 39H), 4.25 (dd, 39H), 4.16-4.10 (d, 78H), 4.07-

3.97 (m, 78H), 3.75-3.69 (m, 39H), 2.73-2.60 (m, 78H), 2.37-2.28 (m, 39H), 2.13-1.97 (m, 468H), 

1.70-1.42 (m, 312H), 1.38-1.24 (m, 78H), 0.93 (d, J = 6.5 Hz, 6H). 

pCL-lactoseOAc40: Mn (GPC) = 28900 Da, Đ = 1.07. 1H-NMR (500 MHz in CDCl3) δ: 5.36 (d, 

37H), 5.27 (t, 37H), 5.09 (t, 37H), 4.99-4.86 (m, 74H), 4.53-4.40 (m, 111H), 4.18-3.95 (m, 185H), 

3.91-3.84 (t, 37H), 3.82-3.73 (t, 37H), 3.66-3.55 (m, 37H), 2.69-2.56 (m, 74H), 2.35-2.24 (m, 

37H), 2.18-1.90 (m, 777H), 1.71-1.40 (m, 370H), 1.34-1.21 (m, 74H), 0.92 (d, J  = 6.5 Hz, 6H). 

pCL-PEG40: Mn (GPC) = 23600 Da, Đ = 1.07. 1H-NMR (500 MHz in CDCl3) δ: 4.11-3.98 (m, 

78H), 3.74-3.51 (m, 1225H), 3.38 (s, 117H), 2.69 (t, 78H), 2.53 (t, 78H), 2.36-2.29 (m, 39H), 1.71-

1.42 (m, 332H), 1.36-1.25 (m, 78H), 0.93 (d, J = 6.5 Hz, 6H).  

 

Representative deprotection of acetylated glycopolymers (pCL-trehalose80). For the synthesis of 

pCL-trehalose80, in a 20 mL screw-top vial, pCL-trehaloseOAc80 (16.8 mg, 0.3 µmol, 145 µmol 

acetate groups) was dissolved in CHCl3:MeOH 1:1 (2 mL). K2CO3 (20 mg, 148 µmol, 1 equivalent 

per acetate group) was added, and the suspension was let stir at room temperature for 3 hours, 

during which time a white precipitate formed. The organic solvents were removed and the solid 

was dissolved in H2O, neutralized with 2M HCl and dialyzed against 3.5 kD MWCO in 50% 

MeOH, switching to 100% H2O after 24 hours. The resulting solution was removed from the 

dialysis tubing and lyophilized, yielding a fluffy white solid (6.3 mg, 0.16 µmol, 60% yield). Mn 

(GPC) = 17000 Da, Đ = 1.39. 1H-NMR (500 MHz in CDCl3) δ: 5.12-4.95 (d, 160H), 4.14-3.88 (s, 

320H), 3.89-3.56 (m, 400H), 3.54-3.42 (s, 320H), 3.36-3.16 (m, 160H), 2.94-2.78 (s, 80H), 2.65-
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2.42 (m, 240H), 2.36-2.22 (s, 80H), 1.78-1.35 (m, 480H), 1.31-1.09 (s, 160H), 0.82 (s, 6H). IR: ν 

= 3339, 2931, 1726, 1367, 1264, 1146, 1102, 1030, 991, 942, 841, 804, 731. 

pCL-glucose40: Mn (GPC) = 18300 Da, Đ = 1.09. 1H-NMR (500 MHz in CDCl3) δ: 4.38 (d, 32H), 

4.01 (s, 64H), 3.74 (d, 32H), 3.60 (s, 32H), 3.40-2.37 (m, 96H), 3.19 (t, 32H), 2.63 (s, 64H), 2.31 

(s, 32H), 1.59-1.42 (m, 256H), 1.29-1.17 (m, 64H), 0.84 (d, J = 6.5 Hz, 6H).  

pCL-lactose40: Mn (GPC) = 16900 Da, Đ = 1.17. 1H-NMR (500 MHz in CDCl3) δ: 4.38 (dd, 70H), 

4.06-3.93 (s, 70H), 3.90-3.78 (m, 70H), 3.74-3.41 (m, 280H), 3.26 (t, 32H), 2.70-2.58 (m, 70H), 

2.35-2.27 (m, 35H), 2.04-1.98 (m, 35H), 1.62-1.41 (m, 280H), 1.30-1.19 (m, 70H), 0.84 (d, J = 

6.5 Hz, 6H). 

 

Synthesis of pCL-zwitterion40. In a 1.5 mm glass sample vial, pCL-allyl40 (15 mg, 2.5 µmol, 96 

µmol alkene groups) was dissolved in MeOH:DCM (1:1, 400 µL total). Dimethylaminoethanethiol 

hydrochloride (41 mg, 288 µmol, 3 equivalents per alkene) and DMPA (12 mg, 48 µmol, 0.5 

equivalents per alkene) were added and the vial sealed with a septum, degassed by sparging for 10 

minutes, and exposed to a handheld UV lamp (λ = 365 nm) for 4 hours. The crude solution was 

opened to air and volatiles removed under reduced pressure. A solution of saturated sodium 

bicarbonate (3 mL) was then added to the vial and let stir for 1 hour. The aqueous layer was 

extracted with dichloromethane (3x 10 mL) and the organic layers combined and dried using 

MgSO4. Solvent was removed in vacuo, and thorough removal of water was ensured by freeze-

drying from benzene. The resulting oil was dissolved in anhydrous acetonitrile (2 mL) and t-butyl 

bromoacetate (57 µL, 384 µmol, 4 equivalents per amine) was added. The reaction mixture was 

stirred at 50 ºC for 17 hours. The crude was let cool to room temperature and the acetonitrile was 

removed in vacuo. Trifluoroacetic acid (TFA, 0.5 mL) was then added and the reaction mixture let 
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stir at room temperature for 3.5 hours. TFA was removed in vacuo and the crude material was 

dissolved in MeOH:H2O 1:1 and dialyzed against 3.5 kD MWCO dialysis tubing, switching to 

100% H2O after 24 hours. The resulting solution was filtered and lyophilized to remove water, 

yielding a white fluffy solid (18.2 mg, 1.5 µmol, 60% yield). Mn (GPC) = 5100 Da, Đ = 1.19. 1H-

NMR (500 MHz in CDCl3) δ: 4.07-3.96 (s, 78H), 3.84-3.77 (s, 78H), 3.76-3.65 (m, 78H), 3.23-

3.09 (s, 234H), 2.89-2.76 (m, 78H), 2.61-2.47 (m, 78H), 2.39-2.27 (m, 39H), 1.78-1.41 (m, 312H), 

1.33-1.16 (s, 78H), 0.84 (d, J = 6 Hz, 6H). IR: ν = 2944, 2861, 1721, 1626, 1457, 1385, 1325, 

1250, 1163, 1059, 1006, 960, 886, 799, 715. 

 

G-CSF Stabilization Studies. G-CSF samples (25 µL) were prepared in 10 mM acetate buffer, 

pH 4.0 at 1 µg/mL with 100 equivalents polymer additive by weight. Samples were stored at 4 ºC 

for 90 minutes or 60 ºC for 30 minutes and then were diluted with cold RPMI-1640 medium + 

10% FBS (735 µL). The samples were then further diluted with RPMI-1640 + 10% FBS to a final 

concentration of 1 ng/mL. G-CSF bioactivity was then assayed in a NFS-60 mouse myelogenous 

leukemia lymphoblast cell line. NFS-60 cells were cultured in RPMI-1640 medium supplemented 

with 10% FBS and 2 ng/mL interleukin-3 (IL-3) at 37 ºC/5% CO2. NFS-60 cells were passaged at 

least three times before use in proliferation experiments. Prior to treating NFS-60 cells with G-

CSF samples, NFS-60 cells were collected and resuspended in RPMI-1640 with 10% FBS (without 

additional growth factors). Cells were plated in the internal wells of a 96 well plate at a density of 

20,000 cells per well in 50 µL of medium. G-CSF solution (50 µL) was then added to provide a 

final concentration of 0.5 ng/mL and total well volume of 100 µL. Following 48 h incubation at 

37 °C/5% CO2, CellTiter-Blue viability assay was performed to measure cell proliferation. All 
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experimental groups were normalized to the control of media alone without G-CSF addition.  All 

p values were calculated using the independent Student’s t test assuming unequal variances.  

 

Transmission Electron Microscopy (TEM). Solutions were prepared for TEM by preparing 

polymer solutions (2 mg/mL) and G-CSF solutions (0.3 mg/mL) in 10 mM acetate buffer, pH 4.0. 

The solutions were mixed 1:1 and 3.0 µL of the resulting solution was added to TEM grids that 

had been pre-treated using a glow discharge unit (Pelco easiGlow). Samples were then stained 

using a 1% uranyl acetate solution, blotted dry, and imaged using a FEI Tecnai T12 cryo-electron 

microscope. Micrographs were recorded using a Gatan 4 megapixel CCD camera (2k by 2k).  

 

Differential Scanning Calorimetry (DSC). Solutions of trehalose, betaine, pCL-trehalose80, and 

pCL-zwitterion80 were made at 1 mol% of the stabilizing unit (trehalose or betaine) and analyzed 

by DSC (TA Instruments Q2000). Runs were carried out using two heat/cool cycles from -40 ºC 

to 40 ºC at 10 ºC and values were taken from the second run.  

 

Stability to Basic and Acidic Conditions. pCL-trehalose10 or pCL-zwitterion20 (3 mg) were 

dissolved in 5% aqueous KOH (1 mL) and placed on a rotating place at 4 ºC. Aliquots (300 µL) 

were removed after 24 hours, neutralized with a strong cationic resin (Dowex 50W-8x200), 

lyophilized to remove solvent, and analyzed by aqueous SEC to assess degradation.  
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Scheme 3-4. Basic hydrolysis of pCL-trehalose10 and pCL-zwitterion20 

Cytotoxicity. The cell compatibility of pCL-trehalose20, pCL-zwitterion20, and their KOH-

degraded polymeric products was evaluated in human umbilical vein endothelial cells (HUVECs, 

ATCC) using a LIVE-DEAD viability/cytotoxicity assay (Invitrogen). HUVECs were cultured in 

endothelial cell growth medium (ATCC) supplemented with 100 unit/mL penicillin and 100 

µg/mL streptomycin. At passage 6 the cells were trypsinized and resuspended in supplemented 

growth medium and then seeded in 48-well plates at a density of 5,000 cells/well in 200 µL 

medium. After 48 hours, culture medium was replaced with 200 µL of the working medium 

(endothelial cell growth medium with penicillin and streptomycin) containing polymer 

concentrations of 0.1, 0.5 and 1 mg/mL. Polymer solutions were sterile filtered prior to use and 

endothelial cell growth medium without polymers was used as a control. After incubation for 24 

hours at 37 °C/5% CO2, the medium was aspirated out of the wells and 125 uL of the LIVE/DEAD 

reagent (2 µM calcein AM and 4 µM ethidium homodimer-1) was added. The plate was incubated 

for 15 minutes and then images were captured on an Axiovert 200 microscope with a AxioCam 

MRm camera and FluoArc mercury lamp. The number of live and dead cells were counted using 
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ImageJ software and percent cell viability was calculated by dividing the number of live cells by 

the total number of cells.   
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3.6. Appendix with Supplementary Figures  

 
Figure 3-13. 1H-NMR spectrum of tosylated trehalose heptaacetate 2 (CDCl3, 500 MHz). 
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Figure 3-14. 13C-NMR spectrum of tosylated trehalose heptaacetate 2 (CDCl3, 500 MHz). 

 

Figure 3-15. COSY spectrum of tosylated trehalose heptaacetate 2 (CDCl3, 500 MHz). 
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Figure 3-16. 1H-NMR spectrum of thioacetylated trehalose heptaacetate 3 (CDCl3, 500 MHz). 

 

Figure 3-17. 13C-NMR spectrum of thioacetylated trehalose heptaacetate 3 (CDCl3, 500 MHz). 
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Figure 3-18. 1H-NMR spectrum of crude unpurified thiolated trehalose heptaacetate A (CDCl3, 
500 MHz). 
 
 

 
Figure 3-19. 13C-NMR spectrum of thiolated trehalose heptaacetate A (CDCl3, 500 MHz). 
 
 



 105 

 
Characterization of pCL-allylx Polymers 
 

 

Figure 3-20. 1H-NMR spectrum of pCL-allyl10 (CDCl3, 500 MHz). * = protons from terminal 

repeat unit on polymer.  
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Figure 3-21. 1H-NMR spectrum of pCL-allyl20 (CDCl3, 500 MHz). * = protons from terminal 

repeat unit on polymer. 
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Figure 3-22. 1H-NMR spectrum of pCL-allyl40 (CDCl3, 500 MHz). * = protons from terminal 

repeat unit on polymer. 
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Figure 3-23. 1H-NMR spectrum of pCL-allyl80 (CDCl3, 500 MHz). * = protons from terminal 

repeat unit on polymer.  
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Figure 3-24. Gel permeation chromatograms of pCL-allyl20, pCL-allyl40, pCL-allyl80. pCL-allyl10 
overlapped the solvent peak and was not able to be analyzed by GPC.   
 
 

 
Figure 3-25. Matrix-assisted laser desorption/ionization (MALDI) chromatogram of pCL-allyl10.  
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Characterization of Protected pCL-Saccharide Polymers 

 

Figure 3-26. 1H-NMR spectrum of pCL-trehaloseOAc10 (CDCl3, 500 MHz). * = protons from 

terminal unit on polymer.  
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Figure 3-27. 1H-NMR spectrum of pCL-trehaloseOAc20 (CDCl3, 500 MHz). * = protons from 

terminal unit on polymer. 
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Figure 3-28. 1H-NMR spectrum of pCL-trehaloseOAc40 (CDCl3, 500 MHz). * = protons from 

terminal unit on polymer. 

 
 
 



 113 

 

Figure 3-29. 1H-NMR spectrum of pCL-trehaloseOAc80 (CDCl3, 500 MHz). * = protons from 

terminal unit on polymer. 
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Figure 3-30. 1H-NMR spectrum of pCL-glucoseOAc40 (CDCl3, 500 MHz). * = protons from 

terminal unit on polymer. 
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Figure 3-31. 1H-NMR spectrum of pCL-lactoseOAc40 (CDCl3, 500 MHz). * = protons from 

terminal unit on polymer. 

 
 
 
 



 116 

 
Figure 3-32. Gel permeation chromatograms of pCL-trehaloseOAc10, pCL-trehaloseOAc20, pCL-
trehaloseOAc40, pCL-trehaloseOAc80. 
 

 

Figure 3-33. Gel permeation chromatograms of pCL-glucoseOAc40, pCL-lactoseOAc40. 
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Characterization of Substituted pCL Polymers 

 

Figure 3-34. 1H-NMR spectrum of pCL-trehalose10 (D2O, 500 MHz). 
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Figure 3-35. 1H-NMR spectrum of pCL-trehalose20 (D2O, 500 MHz). 
 
 

 
Figure 3-36. 1H-NMR spectrum of pCL-trehalose40 (D2O, 500 MHz). 
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Figure 3-37. 1H-NMR spectrum of pCL-trehalose80 (D2O, 500 MHz). 
 
 
 

 
Figure 3-38. Gel permeation chromatograms of pCL-trehalose10, pCL-trehalose20, pCL-
trehalose40, pCL-trehalose80. 
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Figure 3-39. Thermal gravimetric analysis (TGA) chromatogram of pCL-trehalose20. 
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Figure 3-40. 1H-NMR spectrum of pCL-glucose40 (D2O, 500 MHz). 
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Figure 3-41. 1H-NMR spectrum of pCL-lactose40 (D2O, 500 MHz). 
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Figure 3-42. 1H-NMR spectrum of pCL-PEG40 (CDCl3, 500 MHz). 
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Figure 3-43. 1H-NMR spectrum of pCL-zwitterion10 (D2O, 500 MHz). * = protons from terminal 

unit on polymer. 
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Figure 3-44. 1H-NMR spectrum of pCL-zwitterion20 (D2O, 500 MHz). * = protons from terminal 
unit on polymer. 
 

 
Figure 3-45. 1H-NMR spectrum of pCL-zwitterion40 (D2O, 500 MHz). 
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Figure 3-46. 1H-NMR spectrum of pCL-zwitterion80 (D2O, 500 MHz). * = protons from terminal 
unit on polymer. 

 
Figure 3-47. Gel permeation chromatograms of pCL-glucose40, pCL-lactose40, pCL-PEG40. 
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Figure 3-48. Size exclusion chromatograms of pCL-zwitterion10, pCL-zwitterion20, pCL-

zwitterion40, pCL-zwitterion80. Peaks due to salts in the buffer indicated with *. 
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Chapter 4  

 

Polymers with Tunable Degradability and Zwitterionic or Trehalose 

Side Chains via Ring-Opening Polymerization 
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4.1. Introduction  

 The current state-of-the-art polymer for biological applications is poly(ethylene glycol) 

(PEG), which is widely used in drug formulation and conjugation. PEG is used because of its inert 

backbone, amphiphillic nature, and its nonfouling properties. However, in the human population, 

PEG antibodies are present prior to and during therapeutic administration1-2, with subsequent 

deleterious effects such as accelerating blood clearance3, and allergic reactions4, and a growing 

body of work corroborates the immunogenicity of this polymer.5 Furthermore, PEG is non-

biodegradable which can lead to bioaccumulation and the formation of vacuoles.6 As a result, there 

is significant interest in developing novel polymers as PEG replacements that are biodegradable, 

present reduced immunogenicity, and can offer protein-stabilization properties, especially for 

protein-replacement therapeutics7-9 We described the synthesis and biological evaluation of novel 

stabilizing polymers with hydrophobic polyester backbones in Chapter 3.10 These 

polycaprolactone-based materials exhibited excellent protein-stabilizing properties, degraded 

through ester hydrolysis, and were non-cytotoxic both before and after degradation. However, the 

hydrophobic backbone of these non-ionic surfactants, which we hypothesized was important for 

their stabilizing properties, resulted in slow degradation at physiological pH.  

 Tunable and precise degradability is important for biomaterials, and there have been 

extensive studies of widely-used and FDA-approved polyesters such as polycaprolactone (pCL), 

poly(lactide-co-glycolide) and copolymers thereof.11-12 However, these materials are not water-

soluble and therefore often degrade via surface erosion, where water diffusion into the material is 

minimal compared to the rate of polymer degradation.11 There have been few studies that 

thoroughly investigate the tunable degradation of functional and water-soluble polymers. For 

example, Wurm and coworkers demonstrated that degradation rate of a series of 
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poly(phosphonate)s could be tuned from 4h to 6 days by adjusting the hydrophobicity and steric 

bulk of side chains.13 Polymers were then conjugated to bovine serum albumin (BSA) and detailed 

studies of the conjugate’s hydrolytic stability were carried out at neutral, acidic, and basic pH.14 

Shokrolahi and coworkers investigated the degradation of polyurethanes consisting of glycolide 

or caprolactone macroblocks, which exhibited variable degradation rate depending on macroblock 

composition.15 Chilkoti and coworkers described the preparation of water-soluble poly(carbonate) 

and polyphosphonate-based polymers for protein conjugation and described the polymeric 

degradation under neutral and enzymatic conditions.16 Alternatively, the degradable monomers 

cyclic ketene acetals (CKAs) can be incorporated into vinyl polymers at controlled ratios in order 

to target specific hydrolytic stabilities.17-19 And we recently showed that the hydrolytic stability of 

fluorous BMDO-trehalose triblock copolymers could be tuned by adjusting the fluorine content of 

the polymers.20 However, none of these materials are designed to have protein-stabilizing 

properties. 

 Herein we report the synthesis and evaluation of a series of trehalose- and zwitterionic 

polymers with tunable degradability that stabilize proteins. Poly(lactide) (pLA), poly(carbonate) 

(pC) and poly(caprolactone) (pCL)-based materials were polymerized using organocatalysis and 

modified using postpolymerization thiol-ene reactions in order to install stabilizing trehalose and 

carboxybetaine side chains onto the degradable backbones. The resulting polymers were 

characterized for their stability in vitro, with hydrolytic half-lives ranging from 12h to more than 

4 months. We expect that these degradable and stabilizing polymers will be useful in a variety of 

biomedical applications.  
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4.2. Results and Discussion 
 
4.2.1. Polymer Synthesis 

We selected three well-characterized polymer backbones with degradation kinetics that 

were expected to vary significantly. Hydroxylated pLA has been reported to undergo substantial 

weight within 4 hours21, PEG-substituted analogs of carbonate monomer 2 degrade fully in 2 

days16, and we have previously described that substituted and water-soluble pCL polymers are 

stable for up to 49 days in phosphate-buffered saline.10 Additionally, all of these polymers can be 

synthesized through controlled ring-opening polymerization, allowing for good control over 

dispersity and polymer molecular weight and enabling effective comparison between the 

polymeric backbones.22-24   

A series of allylated polymers were synthesized at degrees of polymerizatiom between 80 

and 90 in order to effectively compare backbone identity (Scheme 4-1). Allyl lactide25 (LA-allyl) 

1 was synthesized as reported and polymerized using 7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-

ene (MTBD).22 Methyl allyl carbonate (MAC) 2 was synthesized as previously described26 and 

polymerized using 1-(3,5-bis(trifluoromethyl)phenyl)-3-cyclohexylthiourea23 and 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU). Allylated caprolactone (CL-allyl) 3 was synthesized using 

literature conditions24 and polymerized using 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) as 

previously described.10 In all cases, 3-methyl-butanol was used as an initiator for ease of 

characterization due to its distinctive 1H-NMR peaks at 0.92 ppm.27 
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Scheme 4-1. Polymerization of allyl-functionalized lactide, carbonate, and caprolactone polymers. 

 

 All polymers were characterized by 1H-NMR and GPC and were shown to be between 80 

and 100 DP, with molecular weights (1H-NMR) varying between 12.3 and 15.4 kDa (Table 4-1). 

The dispersities (Ð) were all below 1.1, indicating that these polymers could be prepared with 

excellent control. A small high molecular weight shoulder was observed in pMAC, consistent with 

that previously observed at high [monomer]/[initiator] ratios and hypothesized to be due to 

undesired monomer self-initiation at high relative concentrations.28  

 
Table 4-1. Molecular weights and GPC data for allyl-functional polyesters and polycarbonates. 

polymer DP Mn (1H-NMR) Mn (GPC)b Ðb 

pCL-allyla 79 12 300 11 600 1.09 

pMAC 75 15 500 20 900 1.09 

pLA-allyl 77 13 200 24 100 1.03 
a Prepared as in ref. 9. b Measured in DMF using PMMA standards.  
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We aimed to use our previously-described conditions (Chapter 3) to install stabilizing 

zwitterionic carboxybetaine to these polymers in order to prepare degradable protein-stabilizing 

polymers with tunable hydrolysis rates. These conditions involved installation of a tertiary amine 

salt onto the polymer backbone, followed by neutralization of the salt with sat. NaHCO3 and 

subsequent quaternization using tert-butyl bromoacetate.10 However, polycarbonate (pC-X) and 

polylactide-based backbones (pLA-X) were less hydrolytically stable than previous caprolatone-

based materials and were susceptible to hydrolysis and degradation upon exposure to the basic 

bicarbonate solution (data not shown). Therefore, a cationic thiol 5 was synthesized and used to 

modify the alkene-substituted polymers, avoiding treatment with base (Scheme 4-2).  

 

 

Scheme 4-2. Synthesis of cationic thiol 5. 

 

 Briefly, dimethylaminoethanethiol hydrochloride was reduced to form the disulfide and 

then neutralized with aqueous KOH to form tetramethyl cystamine before treating with tert-butyl 

bromoacetate to yield the bis-quaternary amine precursor 4. The resulting disulfide was then 

reduced with tributylphosphine to yield cationic thiol 5 that could be used to modify alkene-

functional polymers in thiol-ene reactions. 
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Scheme 4-3. Synthesis of pCB-zwitterion and pLA-zwitterion using zwitterionic thiol 5.  

 

 Both the pC and pLA backbone were then subjected to photoinitiated thiol-ene 

modification with precursor 5 (Scheme 4-3). The polymers with tert-butyl ester protecting groups 

were organic-soluble and could be purified by dialysis in MeOH before removal of the tert-butyl 

esters using dry TFA. After purification, complete conversion to the zwitterion was observed by 

1H-NMR and GPC (Figure 4-11 and Figure 4-15). For the pLA-zwitterion, minimal material was 

recovered after dialysis purification. At first, it was hypothesized that the backbone was unstable 

to the TFA deprotection. However, the unsubstituted polymer backbone was tested for stability 

against acidic conditions and no backbone scission was observed (Figure 4-1). It was hypothesized 

that the material was lost during dialysis purification due to the hydrolytic instability imparted by 

the water-soluble side chains.  Therefore, a different method of purification employing the 

crosslinked dextran gel Sephadex was undertaken to quickly remove excess thiol and other small-

molecule contaminants from the pLA-X polymers before lyophilization of the polymer solution to 

avoid backbone degradation. 
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Figure 4-1. Stability of pLA-allyl after TFA treatment as measured by GPC.  
 

For modification of pC and pLA backbones with trehalose, this was initially undertaken as 

previously described for the polycaprolactone backbone (Chapter 3),10 with installation of the 

acetate-protected disaccharide and subsequent deprotection. However, cleavage of the acetate 

esters using either H2NNH2 or K2CO3 resulted in hydrolysis and degradation of the resulting 

polymer, again due to the hydrolytic instability of these backbones. Instead, an unprotected 

thiolated trehalose was directly installed onto the alkene-substituted polymer. This was undertaken 

in DMF to solubilize both the polymer and thiolated trehalose (Scheme 4-4). 

 

 

Scheme 4-4. Representative modification of pMAC using thiolated trehalose. 
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 Direct modification of the polymer led to good conversion to the glycopolymer. While the 

carbonate backbone could be purified by dialysis, lack of stability of the lactide backbone again 

required use of the Sephadex column to remove excess small molecules. Thus, after adjustment of 

the thiol-ene conditions to take into account the differing hydrolytic stabilities of the novel 

backbones, we were able to generate a small library of polyesters and polycarbonates with 

zwitterionic carboxybetaine and trehalose side chains (Table 4-2). All materials were between 

15.8 kDa and 30.0 kDa molecular weight as measured by GPC and were well-defined, with Ð < 

1.15. The pLA-zwitterion polymer was smaller than predicted and could be due to unwanted acidic 

hydrolysis despite the care taken during handling. TFA treatment could be avoided in the future 

by exchanging the t-butyl ester for a benzylic ester that could be removed using hydrogenation. 

 
 
Table 4-2. Molecular weights and GPC data for functional zwitterionic and trehalose polymers 

polymer Expected Mnb Mn (1H-NMR) DP Mn (GPC)c Ðc 

pCL-trehalosea 40 500 35 900 72 24 700 1.04 

pC-trehalose 42 000 41 900 71 28 000 1.08 

pLA-trehalose 40 700 40 200 76 28 800 1.03 

pCL-zwitteriona 25 100 26 000 82 26 300 1.13 

pC-zwitterion 27 200 27 200 74 30 000 1.08 

pLA-zwitterion 25 700 22 000 66 15 800 1.06 
a Prepared as in ref. 9. b Based on DP of starting allyl-substituted polymer. c Measured in 
MeCN/buffer using RALS-SEC 
 

4.2.2. Degradation Studies 

 The hydrolytic and enzymatic stability of the zwitterion-substituted polyesters and 

polycarbonates was then characterized. Polymers were incubated in Dulbecco’s phosphate-

buffered serum (DPBS) at 37 ºC and 250 rpm shaking and time points were removed at intervals 
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and analyzed by SEC using right-angle light scattering (RALS-SEC). A wide range of hydrolytic 

stabilities were observed (Figure 4-2). As expected due to the difficulty in preparing the lactide 

backbones, the pLA-zwitterion exhibited fast degradation kinetics when incubated in buffer, with 

the first time point at 12 hours already showing a 48% decrease in molecular weight. While only 

a small shift in retention volume was observed, there was significant loss in the light-scattering 

signal due to decrease of polymer size. Additionally, the measured dispersity (Ð) increased from 

1.05 to a maximum of 1.25 at 24 hours. Further increase in Ð was not observed, presumably due 

to overlap of the polymer peak with the solvent peaks as the retention time increased. A similar 

trend was observed for the pC-zwitterion polymer, with a 45% decrease in molecular weight 

between day 1 and day 8. For this experiment, a previously-run polymer sample was used as the 

initial timepoint for molecular weight calculations (Figure 4-3) and therefore no t0 chromatogram 

is shown in the overlay of Figure 4-2. For the pC-zwitterion backbone, only minimal changes in 

Ð were measured. No significant change was observed for the pCL-zwitterion polymer, with a 

slight molecular weight loss from 27.2 kDa to 26.3 kDa over 100 days of incubation (Figure 4-3). 
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Figure 4-2. SEC chromatogram of the DPBS degradation of a) and b) pC-zwitterion and c) and d) 

pLA-zwitterion. Chromatograms from the refractive index (RI) and light-scattering detectors are 

both shown.  
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Figure 4-3. Degradation kinetics of pX-zwitterion polymers as percent original molecular weight 

over time.  

 

 To test if the rate of hydrolysis would increase in the presence of enzymes, pCL-zwitterion 

was incubated with lipase B from candida antartica, a widely used enzyme that has been shown 

to have degradation activity against polycaprolactone and other synthetic polyesters.19 While 

normal lipase levels in healthy adults range from 30-190 U/L29, higher enzyme concentrations 

were used in this study in order to maximize possible hydrolysis. A resin-immobilized enzyme 

was used for easy enzyme removal and in order to prevent overlap of the polymer macromolecule 

signal with protein peaks. However, no degradation was observed within 7 days of incubation 

(Figure 4-4). This may be due to inactivation of the enzyme during this time period or because of 

steric bulk of the zwitterionic side chain making the ester inaccessible to the enzyme active site. 

We confirmed that the immobilized lipase was active by monitoring the hydrolysis of the model 

substrate 4-nitrophenyl acetate to 4-nitrophenol (Figure 4-16).30  Therefore, it is more likely that 

the hydrophilic side chains interfere with substrate binding in the protein active site.  
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Figure 4-4. Enzymatic treatment of pCL-zwitterion using immobilized lipase B.  

 

 In summary, we demonstrated the ring-opening polymerization of allyl 

polyesters/carbonates, modification with zwitterion or trehalose side chains and degradation of the 

substituted materials. By tracking the stability in phosphate-buffered saline, we were able to 

determine the conditions under which these materials might be able to be handled, modified, and 

then degraded in vitro or in vivo. However, additional optimization could be carried out for 

practical stability and degradation of the polymers. Even using high enzyme concentrations and 

extended time periods (<4 months), no degradation was observed for the polycaprolactone-based 

material. And surprisingly, the polylactide-based material degraded rapidly, necessitating special 

purification techniques and perhaps precluding its incorporation into complex biological materials 

(e.g. protein-polymer conjugates).  

 Previous reports have mentioned that incorporation of hydrophilic side chains onto these 

well-known polymer backbones increases hydrolytic susceptibility. Hydroxylated pLA degraded 

two orders of magnitude faster than the unsubstituted analog.21 Poly(trimethylene carbonate) 

(pTMC), the unfunctionalized analog of MAC, has been reported to degrade very slowly in vitro, 
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with no significant decrease in molecular weight over more than two years.31 However, subdermal 

pTMC implants underwent 25% weight loss in rats after 4 months, indicating susceptibility to 

enzymatic hydrolysis.32 Our results suggest that addition of zwitterionic carboxybetaine side 

chains significantly increase hydrolysis rates, perhaps by improving solubility and water 

penetration to the degradable units. While pCL-zwitterion demonstrated no observable 

degradation within the time frame studied, we expect that it will be faster than the unmodified 

hydrophobic polymer, which has been shown to be stable for 2-4 years depending on molecular 

weight.33  

 Copolymerization of the allyl-modified lactide with unfunctional L-lactide might increase 

the hydrophobicity of the polymer backbone and impart sufficient stability for further handling of 

the polymer. Similarly, an oxalate unit might be incorporated into the polycaprolactone for 

improved hydrolytic susceptibility34, or the caprolactone might be replaced with a lactone 

monomer containing fewer carbons, such as valerolactone or butyrolactone, to decrease the 

hydrophobicity of the backbone and improve the degradation profile. Alternatively, the alkene-

containing monomers studied above could be copolymerized. Copolymers incorporating lactides, 

carbonates, and/or caprolactone moieties are hypothesized to exhibit intermediate stabilities and 

monomer ratios could be tuned to target a specific degradation profile.  

   

4.3. Conclusions 

 Herein, we have described the synthesis of a series of three alkene-containing backbones 

and their post-polymerization modification with zwitterionic and trehalose thiols. We studied their 

degradation properties and found them to span a large range of timescales, from hours to greater 

than four months. We believe that further modification of hydrolytic stability will be possible by 
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including comonomers to increase or decrease hydrophobicity along the polymer backbone. These 

materials have potential applications in the protection of proteins from environmental stressors 

such as heat, lyophilization, or agitation. Further study will focus on their relative stabilizing 

abilities and toxicities in vitro and in vivo. 
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4.4. Materials and Methods  

4.4.1. Materials 

All materials and proteins were purchased from Sigma-Aldrich, Acros, or Fisher Scientific and 

were used without purification unless noted. Anhydrous toluene was distilled from CaH2 and 

stored under argon prior to use. Anhydrous tetrahydrofuran (THF) was distilled from sodium 

benzophenone and stored under argon prior to use. Anhydrous dichloromethane (DCM) was 

distilled from CaH2 and stored under argon prior to use. Polymerizations were carried out in a 

Vacuum Atmospheres Genesis stainless steel glove box under anhydrous nitrogen atmosphere. 

Allyl-caprolactone (CL-allyl) was synthesized as previously described24, purified by distillation 

under reduced pressure before use, and polymerized as previously described.10 Methyl allyl 

carbonate (MAC) was synthesized as previously described.26 Allylated lactide (LA-allyl) was 

prepared as previously described.25 Thiourea catalyst 1-(3,5-bis(trifluoromethyl)phenyl)-3-

cyclohexylthiourea was synthesized as previously described.23 Thiolated trehalose was a gift of 

Arvind Bhattacharya (UCLA).  

 

4.4.2. Analytical Techniques 

NMR spectra were obtained on Bruker AV 500 and DRX 500 MHz spectrometers. 1H-NMR 

spectra were acquired with a relaxation delay of 2 s for small molecules and 30 s for polymers. 

Infrared absorption spectra were recorded using a PerkinElmer FT-IR equipped with an ATR 

accessory. High-resolution mass spectra were obtained on Waters LCT Premier with ACQUITY 

LC and ThermoScientific Exactive Mass Spectrometers with DART ID-CUBE. Gel Permeation 

Chromatography (GPC) was conducted on a Shimadzu high performance liquid chromatography 

(HPLC) system with a refractive index detector RID-10A, one Polymer Laboratories PLgel guard 
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column, and two Polymer Laboratories PLgel 5 µm mixed D columns. Eluent was DMF with LiBr 

(0.1 M) at 50 °C (flow rate: 0.80 mL/ min). Calibration was performed using near-monodisperse 

PMMA standards from Polymer Laboratories. RALS size exclusion chromatography (RALS-

SEC) was conducted on a Malvern Viscotek VE 2001 GPCmax with a TDA 305 triple detector, 

with two Viscotek A600M general mixed aqueous columns. Eluent was 200 mM Na2SO4 and 20% 

MeCN. Conventional calibration was performed using near-monodisperse PEG standards from 

Polymer Laboratories. For zwitterionic polymers, a dn/dc value of 0.15 mL/g was calculated using 

pCL-zwitterion. For trehalose polymers, a dn/dc value of 0.119 mL/g was calculated using pCL-

trehalose. 

 

4.4.3. Methods 

Polymerization of allyl-lactide (LA-allyl)  

In the glovebox, a dram vial with stir bar was charged with MTBD, 10% v/v in toluene, 8.7 µL, 

6.1 µmol) and toluene (600 µL). A solution of LA-allyl (103 mg, 0.61 mmol) and 3-methylbutanol 

(10% v/v in toluene, 6.0 µL, 5.5 µmol) in toluene (600 µL) was added and the polymerization 

monitored by 1H-NMR. After 75 minutes, the solution was removed from the box and quenched 

with AcOH and purified by dialysis in acetone using 3.5 kDa MWCO tubing. After 3 days of 

dialysis, the solution was concentrated and dried in vacuo to yield a colorless oil. Yield: 68.9 mg 

(66.9 %). MN (1H-NMR) = 13.2 kDa, MN (GPC, PMMA standards) = 22.7 kDa, MW (GPC) = 23.4 

kDa, Đ = 1.03. 1H-NMR (500 MHz in CDCl3) δ: 5.89-5.69 (m, 90H), 5.34-5.06 (m, 372H), 2.86-

2.56 (m, 192H), 1.73-1.40 (m, 394H), 0.91 (d, J =6.7 Hz, 6H). 
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Polymerization of methyl allyl carbonate (MAC)  

In the glovebox, a dram vial with stir bar was charged with methyl allyl carbonate (MAC, 200 mg, 

1.00 mmol), 3-methylbutanol (10% v/v in toluene, 8.7 µL, 8.00 µmol), thiourea catalyst23 (18.5 

mg, 0.05 mmol) and DCM (2 mL) and mixed well to dissolve. Then DBU (7.5 µL, 0.05 mmol) 

was added. Conversion was monitored by 1H-NMR and after 145 minutes the solution was then 

removed from the box, quenched with AcOH, and precipitated into MeOH, yielding a colorless 

oil. Yield: 114 mg (76 %). MN (1H-NMR) = 15500 kDa, MN (GPC, PMMA standards) = 20900 

kDa, MW (GPC) = 22700 kDa, Đ = 1.09. 1H-NMR (500 MHz in CDCl3) δ: 5.93-5.83 (m, 75H), 

5.35-5.20 (m, 153H), 4.66-4.61 (d, 153H), 4.35-4.26 (m, 303H), 1.27 (s, 234H), 0.92 (d, J = 6.6 

Hz, 6H).  

 

Synthesis of zwitterionic disulfide 4  

In a 20 mL scintillation vial with stir bar, dimethylaminocystamine35 (132 mg, 0.63 mmol) was 

dissolved in MeCN (1.5 mL). t-butyl bromoacetate (280 µL, 1.90 mmol) was added and the 

mixture stirred at 45 ºC for 13 hours. The solution was then cooled to room temperature and the 

solution precipitated into 30 mL diethyl ether. The crude material was then further purified by 

preparatory HPLC (gradient 10-95 % MeOH in H2O) to yield an oil, which formed a white solid 

upon refrigeration (372 mg, 0.62 mmol, 98%). 1H-NMR (500 MHz in CD3CN) δ: 4.47 (s, 4H), 

4.02 (m, 4H), 3.43 (m, 4H), 3.39 (s, 12H), 1.50 (s, 18H). 13C-NMR (500 MHz in CD3CN) δ: 165.6, 

85.8, 64.9, 62.9, 52.7, 32.1, 28.2. IR: 3387, 2977, 2937, 1737, 1639, 1478, 1459, 1396, 1370, 1253, 

1153, 1025, 989, 960, 928, 897, 840, 757, 708. MS-QTOF (m/z) [M]+ calcd for C16H33N2O4S2 

381.1871; found 381.1913. 
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Synthesis of zwitterionic thiol 5  

In a 20 mL scintillation vial with stir bar, disulfide 4 (372 mg, 0.62 mmol) was dissolved in 

THF:H2O (10:1, 700 µL total). Tributyl phosphine (233 µL, 0.93 mmol) was then added and the 

mixture stirred at room temperature for 1 hour. All volatiles were removed in vacuo and the 

resulting thick oil was dissolved in MeOH and precipitated 2x into Et2O (30 mL) to yield a white 

crispy solid (264 mg, 0.88 mmol, 71%). 1H-NMR (500 MHz in CD3CN) δ: 4.05 (s, 2H), 3.65 (m, 

2H), 3.20 (s, 6H), 2.85 (m, 2H), 1.50 (s, 9H). 13C-NMR (500 MHz in CD3CN) δ: 164.2, 86.1, 67.8, 

62.9, 52.5, 28.1, 17.7. IR: 3406, 2977, 2930, 2401, 1727, 1476, 1457, 1426, 1395, 1370, 1292, 

1267, 1252, 1218, 1119, 1075, 1057, 1008, 990, 952, 929, 897, 877, 838, 787, 773, 762, 729, 711. 

MS-QTOF (m/z) [M]+ calcd for C10H22NO2S 220.1366; found 220.1404. 

 

Modification of pMAC with zwitterionic precursor 

In a dram vial, reduced thiol 5 (194 mg, 0.88 mmol) was dissolved in MeCN (0.5 mL) and added 

to a solution of pMAC (30 mg, 0.15 mmol alkene units) and DMPA (19 mg, 0.07 mmol) in 

THF/MeCN (50%, 0.5 mL total). The mixture was degassed by sparging for 5 minutes, then 

exposed to 365 nm UV light. After 4 hours, the solution was opened, diluted with MeOH, and 

dialyzed against 3.5 kDa MWCO in MeOH. After 39 hours, the crude polymer was then removed, 

solvent removed in vacuo, and TFA (1.5 mL) was added to the crude oil and stirred at room 

temperature. After 45 minutes, TFA was thoroughly removed in vacuo and the crude oil dissolved 

in H2O/MeOH and dialyzed against 3.5 kDa MWCO, switching to 100% H2O after 24 hours. The 

resulting solution was then lyophilized to remove solvent to yield a fluffy white solid (45 mg, 

84%). MN (1H-NMR) = 27200 Da, MN (RALS GPC) = 30200 Da, MW (RALS GPC) = 32.6 kDa, 

Đ = 1.08. 1H-NMR (500 MHz in D2O) δ: 4.35-4.02 (m, 441H), 3.86-3.75 (s, 155H), 3.75-3.61 (m, 
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149H), 3.24-3.05 (s, 455H), 2.93-2.77 (m, 150H), 2.67-2.51 (m, 150H), 1.94-1.76 (m, 147H), 1.23-

1.04 (s, 224H), 0.80 (d, J = 6.2 Hz, 6H).  

 

Modification of pMAC with thiolated trehalose  

In a dram vial with stir bar, pMAC (12.3 mg, 0.080 mmol alkene groups) was dissolved in DMF 

(500 µL). Thiotrehalose (86 mg, 0.240 mmol) and DMPA (10.2 mg, 0.040 mmol) were added and 

the mixture degassed by sparging for 5 minutes. The solution was then exposed to 365 nm light 

while stirring for 4 hours before being diluted with H2O and dialyzed against 3.5 kDa MWCO in 

50% MeOH, switching to 100% H2O after 24 hours. The resulted solution was then lyophilized to 

remove solvent to yield a white fluffy solid (34.6 mg, 77.6%). MN (1H-NMR) = 41.9 kDa, MN 

(RALS GPC) = 28.0 kDa, MW (RALS GPC) = 30.1 kDa, Đ = 1.08. 1H-NMR (500 MHz in D2O) 

δ: 5.18-4.96 (d, 2H), 4.41-3.96 (m, 6H), 3.86-3.58 (m, 6H), 3.58-3.43 (m, 2H), 3.38-3.18 (m, 2H), 

2.67-2.40 (m, 2H), 1.96-1.68 (m, 2H), 1.28-1.02 (s, 3H).  

 

Modification of pLA-allyl with zwitterionic precursor 5  

In a dram vial with stir bar, dissolve pLA-allyl (5 mg, 0.029 mmol alkenes), zwitterion precursor 

thiol 5 (53 mg, 0.176 mmol) and DMPA (3.8 mg, 0.015 mmol) in THF (100 µL) and MeOH (300 

µL). Degas by sparging for 5 minutes, then expose to 365 nm UV light. After 4 hours, solvent was 

removed in vacuo and thoroughly dried. The crude was then dissolved in TFA (0.75 mL) and let 

stir at room temperature for 45 minutes. Then toluene (2 mL) was added and removed in vacuo, 

and this process was repeated 1x. Diethyl ether (2 mL) was then added to the residual crude, mixed 

well, and centrifuged to separate. The solution was decanted and repeated until pH test of the ether 

layer were shown to be not acidic, 3x in total. The crude off-white solid was then dissolved in 2 
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mL H2O and purified by passage through a Sephadex PD-10 desalting column. The resulting 

solution was immediately lyophilized to remove water and stored under reduced pressure to yield 

a white solid (4.2 mg, 42.9%). MN (1H-NMR) = 22.0 kDa, MN (RALS GPC) = 15.8 kDa, MW 

(RALS GPC) = 16.7 kDa, Đ = 1.06. 1H-NMR (500 MHz in D2O) δ: 5.23-5.02 (m, 2H), 3.89-3.75 

(m, 2H), 3.75-2.62 (m, 2H), 3.19-3.08 (s, 6H), 2.91-2.72 (m, 2H), 2.64-2.49 (m, 2H), 2.07-1.83 

(m, 2H), 1.75-1.54 (m, 2H), 1.54-1.36 (s, 3H).   

 

Modification of pLA-allyl with thiolated trehalose  

In a dram vial with stir bar, pLA-allyl (5 mg, 0.03 mmol alkene units) was dissolved in DMF (400 

µL). Thiotrehalose (42 mg, 0.12 mmol) and DMPA (3.8 mg, 0.01 mmol) were added and stirred 

well to dissolve. The mixture was degassed by sparging for 5 minutes, then exposed to 365 nm 

UV light. After 4 hours, DMF was removed in vacuo. The resulting oil was dissolved in H2O (2 

mL) and purified by passage through a Sephadex PD-10 desalting column. The solution was 

immediately lyophilized to remove water and stored under reduced pressure as a white solid (4 

mg, 25%). MN (1H-NMR) = 40.2 kDa, MN (RALS GPC) = 28.8 kDa, MW (RALS GPC) = 29.7 

kDa, Đ = 1.03. 1H-NMR (500 MHz in D2O) δ: 5.38-5.08 (m, 329H), 4.02-3.73 (m, 488H), 3.71-

3.58 (m, 174H), 3.53-3.31 (m, 169H), 3.12-2.93 (m, 76H), 2.84-2.54 (m, 229H), 2.26-1.91 (m, 

146H), 1.90-1.67 (m, 155H), 1.67-1.43 (m, 244H), 1.00-0.89 (m, 6H).  

 

Representative hydrolytic degradation of modified polyesters  

In an Eppendorf tube, pC-zwitterion (12.5 mg) was dissolved in DPBS (1.25 mL) at a 

concentration of 10 mg/mL. The tube was then incubated at 37 ºC with shaking and time points 

were removed either every 7 days (pC-zwitterion) or every 12 hours (pLA-zwitterion) for analysis. 
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Aliquots (100 µL) were removed, diluted with SEC eluent (0.2 M Na2SO4, 20% MeCN, 100 µL) 

and filtered before SEC analysis.  

 

Representative enzymatic degradation of modified polyesters 

In an Eppendorf tube, pCL-zwitterion (5 mg) was dissolved in DPBS (500 µL) at a concentration 

of 10 mg/mL. Lipase B from Candida antarctica (immobilized on Immobead 150, 4400 U/g, 12 

mg, 52.8 U) was added for a final enzyme concentration of 106 U/mL. The tube was then incubated 

at 37 ºC with shaking and timepoints were removed at 1, 2, and 7 days for analysis. Aliquots (100 

µL) were removed, diluted with SEC eluent (0.2 M Na2SO4, 20% MeCN, 100 µL) and filtered 

before SEC analysis.  

 

Control enzymatic degradation of 4-nitrophenyl acetate 

To confirm that immobilized lipase B (4584 U/g) retained activity under the experimental 

conditions, the hydrolysis of 4-nitrophenyl acetate was monitored. In a microwell plate, a solution 

of 5 mM 4-nitrophenyl acetate in DPBS (200 µL) was treated with lipase (0.73-0.83 U) and 

incubated at 37 ºC with shaking. The concentration of released 4-nitrophenol (4-NP) was 

determined by measuring absorbance at 410 nm and presented as µM 4-NP per unit enzyme.  
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4.5. Appendix with Supplementary Figures 

 

 
Figure 4-5. 1H-NMR spectrum of zwitterion disulfide 4 (500 MHz, CD3CN). 
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Figure 4-6. 13C-NMR spectrum of zwitterion disulfide 4 (500 MHz, CD3CN). 
 

 
Figure 4-7. 1H-NMR spectrum of zwitterion thiol 5 (500 MHz, CD3CN). 
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Figure 4-8. 13C-NMR spectrum of zwitterion thiol 5 (500 MHz, CD3CN). 
 
 
 
 

 
Figure 4-9. 1H-NMR spectrum of pLA-allyl (500 MHz, CDCl3). 
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Figure 4-10. 1H-NMR spectrum of pMAC (500 MHz, CDCl3). * = protons from terminal unit on 

polymer.  
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Figure 4-11. 1H-NMR spectrum of pC-zwitterion (500 MHz, D2O).  
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Figure 4-12. 1H-NMR spectrum of pC-trehalose (500 MHz, D2O). 
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Figure 4-13. 1H-NMR spectrum of pLA-zwitterion (500 MHz, D2O). 
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Figure 4-14. 1H-NMR spectrum of pLA-trehalose (500 MHz, D2O). ‡ indicates incomplete 

modification of the starting alkene polymer.  
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Figure 4-15. SEC overlays of synthesized polyesters and polycarbonates. 

 

 

 

Figure 4-16. Enzymatic hydrolysis of 4-nitrophenyl acetate by immobilized lipase B.  
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Chapter 5 

 

Protein-Reactive Unsaturated PEG Analogs by ROMP   
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5.1. Introduction 

Covalent conjugation of poly(ethylene glycol) (PEG) to proteins, or protein PEGylation, is 

known to increase stability, solubility, and in vivo circulation lifetimes of proteins.1-3 This strategy 

has been employed in the development of PEGylated protein therapeutics, which display superior 

pharmacokinetic properties compared to unmodified proteins.4 PEGylation is well established and 

remains the mainstay in the field of protein therapeutics; there are ten PEGylated protein 

therapeutics currently approved for human use in the United States.4-5  They are employed to treat 

a variety of diseases ranging from cancer and chronic gout.   

Because of the utility of PEG, there is significant interest in preparing functional or 

structurally different analogs of the polymer. For instance, PEG-like polymers have been 

synthesized that contain degradable moieties, and hydrolyzable backbone functionalities, such as 

esters, have been introduced.6-9  In several early examples, Meijer and coworkers incorporated 

esters into linear PEG analogs via ring opening polymerization of oxo-crown ethers.6-8 

Copolymerization of short PEGs with lactides has been a popular route to obtaining degradable 

PEG analogs.10-13 For example, Hubbell and coworkers demonstrated the formation of degradable 

hydrogels from acrylate terminated copolymers of oligo(ethylene glycol) and α-hydroxy acids. 

Hawker and coworkers prepared hydrolytically degradable PEG analogs by introducing vinyl ether 

moieties into a PEG backbone via chloride elimination in poly(ethylene oxide-co-

epichlorohydrin).14 Furthermore, reductively degradable PEG analogs have been prepared by 

introducing disulfide bridges between oligo(ethylene glycol) units.15-16 

Additionally, backbone-functional alternatives to PEG have been developed based on the 

ring-opening polymerization of linear polyglycerols and derivatives.17-18 Some examples include 

polyglycerols containing hydroxyl, allyl19, and amine20 functional groups that have been prepared 
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and can be subsequently modified to include a variety of additional functionalities.  Chau and 

coworkers have also demonstrated the utility of this strategy by reporting a large number of 

backbone functionalized polyether polyols via post-polymerization modification of 

poly(ethoxyethyl glycidyl ether-co-ethylene oxide).21 Ferrocene-functionalized PEG copolymers 

have been synthesized as redox-switchable thermoresponsive materials.22 Most of the above 

examples are prepared by ring opening polymerization.  In this report, we disclose the use of end-

functionalized PEG-like polymers prepared by ROMP.   

ROMP is a functional-group-tolerant and well-established method for the development of 

functional and biocompatible polymers.23-24 Kiessling and coworkers have reported ROMP 

derived glycopolymers, which are capable of binding proteins.25-33 In an early example, a sulfated 

neoglycopolymer was prepared via ROMP, which was capable of binding P-selectin.26 In another 

example, ROMP was used for the preparation of glycopolymers capable of binding the lectin 

concanavalin A.25 Peptide-susbstituted polynorbornenes prepared by ROMP were additionally 

used to inhibit cell adhesion to fibronectin.34 Yet to date, there are only several examples of the 

development of ROMP polymers for protein polymer conjugation.35 Kane and coworkers, have 

reported the preparation of ROMP polymers containing pendant 2-chloromethylester functionality, 

which is reactive towards free thiols on cysteine residues at pH 8.0 through a displacement reaction 

of the chloride.35 Reaction of this cysteine reactive polymer with bovine serum albumin (BSA) 

resulted in protein multimers.35 In another example of protein-reactive ROMP polymers, Sleiman 

and coworkers have demonstrated the preparation of block copolymers with biotin end-group 

functionality, capable of binding streptavidin (SAv).36 Biotin functionality was installed by 

terminating the ROMP reaction with biotin functionalized vinyl ethers. In aqueous conditions, the 

biotin-functionalized block copolymers assembled into micelles, which could be crosslinked via 
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the addition of SAv tetramers. Recently, Pokorski and coworkers have reported ROMP based 

grafting from and grafting to methods for protein-polymer conjugation.37-38 In their grafting from 

approach, lysozyme modified with norbornene functionality was subjected to a Grubbs type 

ruthenium metathesis catalyst and subsequently used as a macro-catalyst for the polymerization of 

a PEG-modified norbornene.37 In their grafting to approach, Pokorski and coworkers utilized the 

living nature of ROMP to end-cap a water-soluble PEGylated norbornene polymer with a short 

block of amine reactive norbornene dicarboxylic anhydride.38 The resulting diblock copolymer 

could be conjugated to free amines present on lysozyme as well as the coat protein of bacteriophage 

Qβ.38  

We previously reported the ROMP of unsaturated crown ethers, producing water-soluble 

unsaturated PEG analogs.39-40 We prepared polymers with pendant amino acids by 

copolymerization of the unsaturated crown ether analogs with pendent amino acid unsaturated 

benzo-crown ethers. 40 However, these polymers did not have functional end groups for attachment 

to proteins. In this report, we describe the ROMP synthesis of PEG-analogs (rPEGs) containing 

ω-aldehyde end-group functionality, for straightforward conjugation to surface exposed amines by 

reductive amination. Formation of these rPEG-protein conjugates is described, as well as 

extensive, yet largely unsuccessful, investigation into the thiol-ene modification of the unsaturated 

alkene-containing backbone.   

 

5.2. Results and Discussion 

5.2.1. Polymer Synthesis 

Aldehyde end-functionalized PEGs are commonly used for bioconjugation to surface 

exposed amines on proteins via mild and efficient reductive amination reactions.41-43 rPEG 1-5 
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have been prepared by ROMP of the unsaturated crown ether monomer 1 (Scheme 5-1).39-40 

Aldehyde ω-end-group functionality was installed by terminating the ROMP with vinylene 

carbonate, as previously reported by Kilbinger and coworkers.44 

 

 

Scheme 5-1. Polymerization of monomer using ROMP. * marks end-group methylene units used 
for 1H-NMR analysis. 

 

Polymerizations were carried out in a glovebox under nitrogen atmosphere at 20-23 °C 

with a ratio of [Grubbs I]:[monomer 1] = [1]:[10-100]. Polymerizations were analyzed by 1H-

NMR and after the desired conversion was achieved, polymerization was terminated by the 

addition of an excess of vinylene carbonate. The crude polymers were then purified by repeated 

precipitation into cold diethyl ether. The resulting polymers were analyzed by 1H NMR and gel 

permeation chromatography (GPC) to determine the number average molecular weight (Mn) and 

dispersity (Đ). Mn was determined by 1H NMR end-group analysis by comparing the integration 

of the terminal phenyl protons (7.35-7.40 ppm) to the backbone alkenes (5.90-5.65 ppm). Polymers 

were additionally characterized by GPC using a multiangle light scattering (MALS) detector to 

determine Mn, Mw and Đ (Figure 5-1). A total of five rPEGs were prepared with molecular 

weights between 6 and 20 kDa as measured by GPC (Table 5-1).  
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Table 5-1. Reaction parameters for the synthesis of aldehyde-functional rPEGs  
 
 

[M]/[C] Conv. Predicted MW Mn (NMR) 
% aldehyde  
(% methylene) 

Mn (GPC) Đ (GPC) 

rPEG 1 10/1 91 % 1.8 kDa 4.3 kDa 58 (67) 6.0 kDa 1.13 
rPEG 2 25/1 99 % 5.0 kDa 7.1 kDa 57 (76)  7.4 kDa 1.28 
rPEG 3 50/1 95 % 9.6 kDa 11.6 kDa 53 (82) 11.5 kDa 1.54 
rPEG 4 75/1 91 % 13.8 kDa 13.9 kDa 46 (65) 17.4 kDa 1.40 
rPEG 5 100/1 91 % 18.4 kDa 19.5 kDa 53 (65) 19.9 kDa 1.56 
 
 

 

 
Figure 5-1. Gel permeation chromatography (GPC) traces for the synthesized rPEGs  

 

Molecular weight dispersities for the polymers were relatively high (1.1 > Đ >1.6), which 

was expected for the non-living polymerization of monomer 1.39-40 Furthermore, the presence of 

the aldehyde (9.79 ppm) could also be confirmed by 1H NMR and ranged between 50-60% end-

group retention. It should be noted that the aldehyde signals may be lower than expected due to 

hydrogen-deuterium exchange.44 Therefore, end-group methylene units (2.5 ppm) resulting from 

the vinylene carbonate installation (proton marked with * in Scheme 5-1) were also compared as 

evidence of the aldehyde’s installation and this led to 65-82% end group retention.  
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5.2.2. Protein Conjugation 

An ω-aldehyde rPEG (Mn = 16,800 Da) was conjugated to hen egg-white lysozyme (Lys) 

via reductive amination (Figure 5-2). Lys and rPEG were incubated in a pH 6.0 100 mM 

phosphate buffer (PB) at 25 °C using a ratio [Lys]:[rPEG] = 1:50. A large excess of polymer was 

used to ensure complete conjugation to all surface exposed amines on Lys. After 1 h, sodium 

cyanoborohydride was added to a final concentration of 20 mM in the reaction solution. The 

conjugation mixture was allowed to incubate for 48 h at 25 °C, before removal of the reducing 

agent via centrifugal filtration. 

 

Figure 5-2. a) Conjugation of rPEG to lysozyme b) SDS-PAGE analysis C) IEX purification and 

analysis.  
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The resulting Lys-rPEG conjugate was analyzed by sodium dodecyl sulfate polyacrylamide 

gel electrophoresis (SDS-PAGE) (Figure 2B). Conjugation is evident by a high molecular weight 

smeared band (Figure 2B, lane 3), which corresponds to a higher molecular weight than the 

unmodified Lys (Figure 2B, lane 2). The conjugate was also purified and analyzed via ion 

exchange chromatography (IEX) using a fast protein liquid chromatography (FPLC) system 

(Figure 2C). The decreased charge of the conjugate due to PEGylation is apparent by IEX, where 

a decreased retention time of the conjugate (~14 min) compared to unmodified Lys (~27 min) was 

observed. Based on the SDS-PAGE and IEX results, we believe the Lys is heterogeneously 

modified with a high degree of conjugation to the 7 free amines present on the protein surface.45 

 

5.2.3. Efforts Toward rPEG Chemical Modification  

 Given the previous reports of backbone alkene modification on polymers generated by 

ROMP46-49, we were interested in carrying out the same chemistry on these rPEG analogs. Initial 

attempts using a single batch of polymer demonstrated clean reaction at the backbone alkenes and 

complete conversion to the thiol-modified product when measured by 1H-NMR (Figure 5-9) and 

GPC (Figure 5-3a). However, this initial positive result was not reproducible with subsequent 

batches of polymer. Even with a significant excess of thiol (50 equivalents per alkene) and minimal 

photoinitiator concentration (0.05 equivalents per alkene), significant increases in molecular 

weight attributed to crosslinking were observed in the GPC traces (Figure 5-3b).  
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Figure 5-3. GPC trace of a) initial successful rPEG modification using thiolated glucose and b) a 

representative unsuccessful thiol-ene experiment using hexanethiol. 

 

 While there is a wealth of literature on mono-substituted alkene modification using radical 

thiols,50 successful thiol-ene modification of 1,2-disubstituted alkenes has been more challenging. 

This is due not only to lack of regioselectivity in the case of asymmetrical alkenes, but also to the 

essential stability of carbon radicals generated during the reactions.51 Specifically, thiol addition 

to 1,2-disubstituted alkenes is significantly more reversible than that to terminal alkenes (Scheme 

5-2).52 Some efforts to limit the reverse reaction and improve hydrogen transfer to the carbon-

centered radical have been reported, among them the addition of an active hydrogen atom donor 

such as HBr53 and the reduction of the reaction temperature54.  

 

 

Scheme 5-2. Reversibility and isomerization of thiol-ene addition. 

 

 An additional challenge is the presence of the allyl ether functionality. It has been reported 

that allylic and benzylic ethers are susceptible to undesired hydrogen atom abstraction due to their 
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weak carbon-hydrogen bonds.55 This structural challenge has led to the development of alternate 

methods, including triethylborane both with55 and without the addition of catechol56 as a mild 

radical source. It seemed likely that the previously observed crosslinking could be due to unwanted 

stability of carbon-centered radicals in the rPEG structure and therefore could be avoided through 

appropriate choice of thiol-ene conditions or additives. 

 Toward these aims, we synthesized a model compound based on the rPEG structure in 

order to easily screen thiol-ene modification conditions (Scheme 5-3). Briefly, tosylated 

methoxyethanol57 was added to 1,4-dihydroxybutene in the presence of sodium hydride at room 

temperature. Flash column chromatography led to the desired unsaturated oligoethylene glycol 

analog 2 in 76% yield.  

 

 

Scheme 5-3. Synthesis of rPEG model compound 2. 

 

 With model compound in hand, we initially screened a variety of conditions with the goal 

to reduce or eliminate the reversibility of the thiol addition as well as avoid the undesired 

abstraction of allylic hydrogen atoms (Table 5-2). In these studies, hexanethiol was used as a 

model thiol for ease of purification (Scheme 5-4).  
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Scheme 5-4. Thiol-ene modification of rPEG model compound 2 with hexanethiol. 

 

Table 5-2. Screen of thiol-ene conditions for the modification of rPEG model compound 2. 

Entry Conditions Eq. thiol Temp 
Relative percentages  

(cis-2 : trans-2 : product)a 

1 DMPA 5 25 ºC n.d.b 

2 DMPA/TTMSS 5 25 ºC 86% : 14% : 0% 

3 Et3B/catechol 3 25 ºC 55% : 45% : 0% 

4 DMPA 5 -78 ºC 53% : 5% : 42% 

5 DMPA 20 -78 ºC 27% : 8% : 65% 

6 DMPA 100 -78 ºC 22% : 2% : 76% 
a As measured by 1H-NMR. b Significant impurities in the crude 1H-NMR spectrum overlapped 
with both starting material and product peaks (Figure 5-12). 
 
 In this initial screen, addition of a hydrogen atom donor, such as tris(trimethylsilyl)silane 

(TTMSS), resulted in formation of no product, perhaps due to competition of the silyl radicals with 

the thiol radicals for addition to the alkene. Initiation with triethylborane and complexation with 

tert-butylcatechol resulted only in cis/trans isomerization and no product formation. However, 

lowering the temperature resulted in increased conversion to the desired thioether product, 

presumably by reducing the competing background reversion from the thioether to the trans-

alkene. Increasing thiol equivalents resulted in improved conversion rates, with 65% conversion 

observed using 20 equivalents of thiol per alkene and 76% conversion using 100 equivalents of 

thiol per alkene. In comparison to the thiol-ene reaction at room temperature (Figure 5-12), the 

conditions
O O

O O

C5H11 SH O O
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S
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1H-NMR spectrum of the reaction mixture at -78 ºC showed clean peaks and minimal byproducts 

(Figure 5-13).  

 These optimized conditions were then used to modify rPEG with hexanethiol.  In this case, 

while crosslinking was not apparent in the GPC chromatogram (Figure 5-14), 1H-NMR analysis 

indicated modification had mixed success (Figure 5-15). Minimal loss of alkene protons were 

observed at 5.7 ppm, but significant increase in hexanethiol protons at 0.8 ppm could be measured 

Additionally, the molecular weight was smaller after modification, indicating some kind of 

backbone scission. It is possible that the presence of residual ruthenium in the polymer interferes 

with the radical thiol-ene reaction, leading to minimal modification or radical-initiatied chain 

scission. Previous attempts to modify tris(hydroxymethyl)phosphine-purified58 rPEG also led to 

crosslinked polymer (data not shown). However, these modifications were carried out at 25 ºC. In 

the future, modification of a ruthenium-free polymer using the low-temperature modification 

conditions (-78 ºC) will be investigated, in the hope that it may lead to high conversion with 

minimal crosslinking.  

 

5.3. Conclusions 

 Using ring-opening metathesis polymerization, a series of unsaturated rPEGs of molecular 

weight 6 and 20 kDa were prepared with protein-reactive aldehyde w-end-group functionality and 

end-group retention between 65% and 82%. Subsequent conjugation via reductive amination to 

lysozyme as a model protein was demonstrated and the protein-polymer conjugate was purified 

using ion exchange chromatography. The characteristic unsaturated ROMP backbone was 

explored as a method of synthesizing functional PEG polymers. While initial thiol-ene experiments 

were successful, modification of subsequent polymer batches led to crosslinking and 
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unreproducible conversion efficiencies. A model compound was synthesized containing similar 

allyl ether functionality and used to screen a series of conditions for thiol-ene modification, with 

low temperature (-78 ºC) yielding up to 76% conversion. However, these conditions were not 

successfully translated to modification of rPEG. Currently we are exploring further modification 

of the material using alternate alkene-reactive chemistries. 
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5.4. Materials and Methods 

5.4.1. Materials  

All materials and proteins were purchased from Sigma-Aldrich, Acros, or Fisher Scientific and 

were used without purification unless noted. Anhydrous toluene was distilled from CaH2 and 

stored under argon prior to use. Anhydrous tetrahydrofuran (THF) was distilled from sodium 

benzophenone and stored under argon prior to use. Anhydrous dichloromethane (DCM) was 

distilled from CaH2 and stored under argon prior to use. Cyclic PEG monomer was synthesized as 

previously described40, ruthenium catalyst was removed58 and the monomer was distilled under 

reduced pressure before use. As a precaution, LiClO4 templated ring-closing metathesis was 

performed on small scale (<2.5 g) behind a blast shield. Polymerizations were carried out in a 

Vacuum Atmospheres Genesis stainless steel glove box under anhydrous nitrogen atmosphere.  

 

5.4.2. Analytical Techniques 

NMR spectra were obtained on Bruker AV 500 and DRX 500 MHz spectrometers. 1H-NMR 

spectra were acquired with a relaxation delay of 2 s for small molecules and 30 s for polymers. 

Infrared absorption spectra were recorded using a PerkinElmer FT-IR equipped with an ATR 

accessory. High-resolution mass spectra were obtained on Waters LCT Premier with ACQUITY 

LC and ThermoScientific Exactive Mass Spectrometers with DART ID-CUBE. Gel Permeation 

Chromatography (GPC) was conducted on a Shimadzu high performance liquid chromatography 

(HPLC) system with a refractive index detector RID-10A, one Polymer Laboratories PLgel guard 

column, and two Polymer Laboratories PLgel 5 µm mixed D columns. Eluent was DMF with LiBr 

(0.1 M) at 50 °C (flow rate: 0.80 mL/ min). Calibration was performed using near-monodisperse 

PEG and PMMA standards from Polymer Laboratories. Right-Angle Light Scattering GPC 
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(RALS-GPC) GPC was conducted on a Shimadzu HPLC Prominence-i system equipped with a 

UV detector, Wyatt DAWN Heleos-II Light Scattering detector, Wyatt Optilab T-rEX RI detector, 

one MZ-Gel SDplus guard column, and two MZ-Gel SDplus 100 Å 5µm 300x8.0 mm columns. 

Eluent was THF at 40 °C (flow rate: 0.70 mL/min). A dn/dc value of 0.067 mL/g for PEG in THF 

was used (Polymer Source). SDS-PAGE was performed using Bio-Rad Any kD Mini-PROTEAN-

TGX gels. SDS-PAGE protein standards were obtained from Bio-Rad (Precision Plus Protein Pre-

stained Standards). For SDS-PAGE analysis, approximately 5 µg of protein was loaded into each 

lane. SEC was performed on a Bio-Rad BioLogic DuoFlow chromatography system equipped with 

a HiTrap Heparin HP affinity column. A 10 mM sodium phosphate (pH 7.0) buffer containing was 

used as the solvent (flow rate: 0.4 mL/min) and the salt strength was increased from 0M to 1M in 

a linear gradient. 

 

 5.4.3. Methods 

Representative ROMP polymerization of cyclic monomer 1  

Cyclic unsaturated monomer 1 was synthesized as previously described.39 In a nitrogen-filled 

glovebox, Grubbs I (8 mg, 0.1 mmol) was dissolved in dichloromethane (495 µL) and added to a 

dram vial with stir bar containing monomer 1 (100 mg, 0.49 mmol). The polymerization solution 

was stirred rapidly at room temperature for 4 hours before addition of vinylene carbonate (75 µL) 

and letting stir an additional 60 minutes. The reaction vial was then removed from the box and 

residual active catalyst was further quenched with ethyl vinyl ether (150 µL) and stirred for an 

additional 75 minutes. The polymer was then precipitated 2x into cold ether (20 mL) and dried in 

vacuo to yield a tan oil (76 mg, 76% yield). MN (1H-NMR) = 11.6 kDa, MN (GPC) = 11.5 kDa, 

MW (GPC) = 17.8 kDa, Đ = 1.54. 1H-NMR (500 MHz in CD3CN) δ: 9.67 (t, J = 2 Hz, 1H), 7.42 
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(d, J = 7.5 Hz, 2H), 7.32 (t, J = 7.5 Hz, 2H), 7.24 (t, J = 7.3 Hz, 1H), 6.61 (d, J = 16 Hz, 1H), 6.32 

(dt, J = 16, 5.8 Hz, 1H), 5.89-5.55 (m, 112H), 4.14-3.89 (m, 226H), 3.71-3.42 (m, 690H), 2.58 (dt, 

J = 1.8, 5.9 Hz, 2H). 

 

Representative conjugation of rPEG to lysozyme and purification of conjugate  

In a LoBind Eppendorf tube, lysozyme (1 mg) was dissolved in 100 mM phosphate buffer, pH 6.0 

(400 µL). rPEG (Mn = 16,800) was separately dissolved in the same buffer (500 µL) and 

combined. The solution was incubated with shaking at 20 ºC for fifteen minutes and then a solution 

of NaCNBH3 in buffer (200 mM, 100 µL) was added. The conjugation mixture was incubated at 

20 ºC for 48 hours before purification. To purify, the crude mixture was exchanged using 

centrifugal filtration into a 10 mM phosphate buffer, pH 7.0. The solution was divided into 3 runs 

and the crude separated by FPLC using a HiTrap Heparin HP affinity column as anionic ion 

exchange column at 0.4 mL/min and a gradient from 0M to 1M HCl. Conjugate-containing 

fractions were pooled, concentrated using centrifugal filtration, and analyzed by SDS-PAGE to 

confirm purity. 

 

Representative thiol-ene reaction using DMPA as photoinitiator 

In a dram vial with stir bar, rPEG (7 mg, 34.6 µmol alkene units) was dissolved in anhydrous THF 

(700 µL). 1-thio-ß-D-glucose tetraacetate (554 mg, 1.52 mmol, 50 equivalents relative to alkene) 

and DMPA (1.56 mg, 6.1 µmol, 0.2 equivalents relative to alkene) were added and the mixture 

degassed by sparging for 10 minutes. Then the vial was exposed to 365 nm light for 2.5 hours. To 

purify, the solution was slightly concentrated in vacuo and precipitated into cold ether four times. 

MN (GPC) = 10.7 kDa, MW (GPC) = 16.3 kDa, Đ = 1.52. 1H-NMR (500 MHz in CD3CN) δ: 5.72-
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5.15 (m, 1H per repeat unit), 5.06-4.93 (m, 1H), 4.92-4.80 (m, 2H), 4.25-4.12 (m, 1H), 4.12-3.97 

(m, 1H), 3.89-3.75 (m, 1H), 3.74-3.43 (m, 16H), 3.19-3.04 (m, 1H), 2.08-1.88 (m, 15H), 1.72-1.56 

(m, 1H). 	

 

Synthesis of rPEG model compound 2  

A flame-dried 25 mL round bottom flask with stir bar was charged with NaH (68 mg, 1.70 mmol) 

and suspended in anhydrous DMF (3 mL). A solution of 1,4-dihydroxybutene (46 µL, 50 mg, 0.57 

mmol) in anhydrous DMF (1 mL) was added and stirred for 5 minutes, followed by the addition 

of a solution of 2-methoxyethanol tosylate57 (392 mg, 1.70 mmol) in anhydrous DMF (1 mL). The 

reaction was let stir at room temperature for 46 hours. To quench, the mixture was poured into 

water and extracted 3x with EtOAc. The organic layers were combined, dried over MgSO4, and 

solvent was removed in vacuo. The crude material was purified by Biotage using an EtOAc/DCM 

gradient to yield a colorless oil (67.5 mg, 0.33 mmol, 58%). 1H-NMR (500 MHz in CDCl3) δ: 5.74 

(ddd, J = 1, 3.7, 4.7 Hz, 2H), 4.10 (dd, 1, 3.7 Hz, 4H), 3.59-3.53 (m, 8H), 3.38 (s, 6H). 13C-NMR 

(500 MHz in CDCl3) δ: 129.4, 72.0, 69.4, 66.9, 59.1. IR: " =  2874, 1455, 1367, 1329, 1287, 1244, 

1198, 1091, 1038, 982, 882, 849, 708. MS-QTOF (m/z) [M+Na]+ calcd for C10H20NaO4 227.1259; 

found 227.1302.  

 

Thiol-ene reaction using Et3B + catechol as radical initiators  

In a flame-dried dram vial with stir bar, compound 2 (10 mg, 0.049 mmol), hexanethiol (21 µL, 

0.147 mmol), and tert-butyl catechol (10 mg, 0.058 mmol) were dissolved in anhydrous 

dichloromethane (100 µL) under argon. Triethylborane (1M in hexanes, 60 µL) was added and let 
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stir under argon for 2 h. Volatiles were removed under reduced pressure and conversion was 

assessed by 1H-NMR.  
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5.5. Appendix with Supplementary Figures 

 

Figure 5-4. 1H-NMR spectrum of 10:1 rPEG polymer (500 MHz, CD3CN). * indicates protons 

corresponding to cis backbone alkenes. ‡ indicates protons corresponding to a terminal alkene 

unit. 
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Figure 5-5. 1H-NMR spectrum of 25:1 rPEG polymer (500 MHz, CD3CN). * indicates protons 

corresponding to cis backbone alkenes.  
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Figure 5-6. 1H-NMR spectrum of 50:1 rPEG polymer (500 MHz, CD3CN). * indicates protons 

corresponding to cis backbone alkenes. 
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Figure 5-7. 1H-NMR spectrum of 75:1 rPEG polymer (500 MHz, CD3CN). * indicates protons 

corresponding to cis backbone alkenes. ‡ indicates protons corresponding to a terminal alkene 

unit. 
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Figure 5-8. 1H-NMR spectrum of 100:1 rPEG polymer (500 MHz, CD3CN). * indicates protons 

corresponding to cis backbone alkenes. ‡ indicates protons corresponding to a terminal alkene 

unit. 
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Figure 5-9. 1H-NMR spectrum of successful thiol-ene product rPEG-g-glucose (500 MHz, 

CD3CN). 
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Figure 5-10. 1H-NMR spectrum of rPEG model 2 (500 MHz, CDCl3). 
 

 
Figure 5-11. 13C-NMR spectrum of rPEG model 2 (500 MHz, CDCl3). 
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Figure 5-12. Crude 1H-NMR spectrum of model thiol-ene (Table 5-2, entry 1) (500 MHz, 

CDCl3). 
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Figure 5-13. Crude 1H-NMR spectrum of model thiol-ene (Table 5-2, entry 6) (500 MHz, 

CDCl3). 

 

 
 
Figure 5-14. DMF GPC trace of rPEG and rPEG using optimized thiol-ene conditions at -78 ºC. 
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Figure 5-15. 1H-NMR spectrum of thiol-ene using optimized conditions at -78 ºC (500 MHz, 

CD3CN). 
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