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Peptide and protein therapeutics are a growing and diverse field of medicine for the 

treatment of numerous diseases. Compared to small molecule therapeutics, protein and peptide 

therapeutics offer high specificity towards their target, minimizing off-target effects. However, 

translation of these therapeutics to the clinic is limited by their poor stability, pharmacokinetics, 

and immunogenetic concerns. Polymeric materials have been used to stabilize and deliver these 

biologics as excipients, conjugates, and nanoparticles. Herein, challenges with the stability of 

protein and peptide therapeutics will be discussed as well as polymeric delivery strategies with an 
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emphasis on polymeric nanoparticles, covalent conjugation of PEG, known as PEGylation, and 

biodegradable polymers. My research focuses on 1) the exploration of polymeric nanoparticles to 

stabilize and deliver the therapeutic peptide glucagon, 2) the comparison of polymer protein homo 

dimerization via cysteine bioconjugation, 3) the comparison of polymer protein multimerization 

with Au (III) reagents via cysteine bioconjugation, and 4) the synthesis and characterization of 

degradable sulfonated polymers.  

Glucagon is a peptide hormone that acts via receptor-mediated signaling predominantly in 

the liver to raise glucose levels by hepatic glycogen breakdown or conversion of noncarbohydrate, 

3 carbon precursors to glucose by gluconeogenesis. Glucagon is administered to reverse severe 

hypoglycemia, a clinical complication associated with type 1 diabetes. However, due to low 

stability and solubility at neutral pH, there are limitations in the current formulations of glucagon. 

In Chapter 2, trehalose methacrylate-based nanoparticles were utilized as the stabilizing and 

solubilizing moiety; glucagon was site-selectively modified to contain a cysteine at amino acid 

number 24 to covalently attach to the methacrylate-based polymer containing pyridyl disulfide 

side chains. PEG2000 dithiol was employed as the crosslinker to form uniform nanoparticles. 

Glucagon nanogels were monitored in Dulbecco's phosphate-buffered saline (DPBS) pH 7.4 at 

various temperatures to determine its long-term stability in solution. Glucagon nanogels were 

stable up to at least 5 months by size uniformity when stored at −20 °C and 4 °C, up to 5 days at 

25 °C, and less than 12 hours at 37 °C. When glucagon stability was studied by either HPLC or 

thioflavin T assays, the glucagon was intact for at least 5 months at −20 °C and 4 °C within the 

nanoparticles at −20 °C and 4 °C and up to 2 days at 25 °C. Additionally, the glucagon nanogels 

were studied for toxicity and efficacy using various assays in vitro. The findings indicate that the 

nanogels were nontoxic to fibroblast cells and nonhemolytic to red blood cells. The glucagon in 



 iv 

the nanogels was as active as glucagon alone. These results demonstrate the utility of trehalose 

nanogels towards a glucagon formulation with improved stability and solubility in aqueous 

solutions, particularly useful for storage at cold temperatures. 

Protein self-assembly into dimers and higher order structures in biological systems can be 

essential for protein function and activity, however, many of these complexes are unstable in vivo. 

Polymeric linkers with reactive handles for protein bioconjugation can stabilize protein higher 

order structures and improve their pharmacokinetics. In Chapter 3, cysteine bioconjugation 

strategies are explored with poly(ethylene) glycol (PEG) reagents to dimerize the model protein 

T4 lysozyme (V131C), containing a single surface exposed cysteine. Dimer conversion with 

dicyclohexylphosphine (PCy2) P,N ligated PEG2000 Au(III), di-1-adamantylphophine (PAd2) P,N 

ligated PEG2000 Au(III), (maleimide)2, and (vinyl sulfone)2 bifunctionalized PEG were compared 

at pH 6.0, pH 7.5, and 9.0 and their stability evaluated.  This work adds to the growing body of 

literature on protein dimerization. 

The work towards investigating higher order oligomeric protein polymer structures is 

expanded on utilizing the therapeutic protein basic fibroblast growth factor 2 (FGF-2) in Chapter 

4. The multimerization conversion from monomeric FGF-2 is investigated at various equivalents, 

temperatures, and reaction times. This work adds to the growing body of literature on protein 

multimerization. 

Polycaprolactone is a widely used biocompatible and degradable polymer. However, the 

polymer is hydrophobic, and not soluble in water. There are advantages to rendering the polymer 

soluble in aqueous solutions. In Chapter 5, allyl functionalized caprolactone underwent anionic 

ring-opening polymerization (ROP) and post-polymerization modification via thiol-ene click 

chemistry with 3-mercaptopropane sulfonate. ROP of ally caprolactone to yield poly (allyl-
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caprolactone) with molecular weights from 6.3 - 81.2 kDa and poly (sulfonate-caprolactone) with 

molecular weights from 12.2 - 163.3 kDa after functionalization via thiol-ene.  The synthetic 

approaches taken to access high molecular weights of poly (sulfonate-caprolactone), mechanical 

properties, and degradability of these materials are discussed. 

Chapter 2 is published as: Puente, E. G.; Sivasankaran, R.; Vinciguerra, D.; Yang, J.; 

Lower, H. C.; Hevener, A.; Maynard, H. D. “Uniform Trehalose Nanogels for Glucagon 

Stabilization.” RSC Appl. Polym. 2024, 2, 473. Chapter 3 is in preparation for publication as: 

Puente, E. G.; Polite, M. F.; Meckes, F. A.; Spokoyny, A. M.; Maynard, H. D. “Comparison of 

Polymer Protein Homo Dimerization via Cysteine Bioconjugation.” In Preparation. Chapter 5 is 

in preparation for publication as: Puente, E. G.; Snell, K. M.; Maynard, H. D. “Degradable 

Sulfonate Polymers by Thiol-ene Click Chemistry.” In Preparation. 
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1.1 Introduction 

Therapeutic biologics are a growing and diverse field of medicine derived from a biological 

source and include monoclonal antibodies, growth factors, proteins and peptides.1 The United 

States Food and Drug Administration (FDA)-approved biologics have increased in the past 

century, gaining a large interest, with recent advances such as CRISPR–Cas9-edited cell therapy 

and antibody-based therapies.2 Compared to small molecule therapeutics, protein and peptide 

therapeutics offer high specificity towards their target, minimizing off-target effects. In vivo, 

proteins and peptides often experience low cell membrane permeability, degradation and 

denaturation, and rapid metabolism, resulting in decreased bioavailability.3,4 Proteins and peptides 

face additional stability challenges through manufacturing, formulation, and cold chain 

transportation.5,6 Polymeric materials have been used to stabilize and deliver these biologics as 

excipients, conjugates, and nanoparticles. Herein, challenges with the stability of protein and 

peptide therapeutics will be discussed as well as polymeric delivery strategies with an emphasis 

on polymeric nanoparticles, covalent conjugation of PEG, known as PEGylation, and 

biodegradable polymers.  

1.2 Challenges with Stability of Protein and Peptide Therapeutics  

1.2.1 Mechanisms of Instability: Degradation, Fibrillation, Aggregation  

Protein and peptide stability in biologics is a challenge that the biopharmaceutical industry 

faces. Proteins experience many changes to their environments during the manufacturing process, 

formulation, and cold chain transportation.5,6 Stress factors that can affect the stability of the 

protein include temperature, pH, and agitation.7,8 Countries with poor access to refrigeration and 

in regions with elevated climatic temperatures have attempted to delay the degradation of these 

biologics by using handmade cold storage devices; however, these attempts are temporary and are 
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not sustainable.9,10 The stresses of the bioprocessing system such as temperature fluctuations, pH 

variations, shear forces, and interactions with container surfaces affect protein formulation stability 

and efficacy, and ultimately lead to alterations in the pharmacokinetic profile, reduction in 

bioavailability, and pose a threat to the patient health. Therefore, it is important to understand the 

mechanisms and causes of biologic instability to further improve their formulation stability.11 The 

mechanism of instability of a protein generally falls in the two categories: physical or chemical 

instability.  

1.2.2. Physical Instability  

Proteins that exhibit physical instability undergo a transformation in their higher-order 

structure, thereby altering the protein itself. Protein denaturation is one of the most common 

physical changes. Denaturation is a process in which a protein unfolds, resulting in the disruption 

of secondary and/or tertiary structure. Proteins subjected to increased temperatures undergo 

thermal denaturation, a process usually irreversible in nature. When proteins are properly folded, 

their hydrophobic patches are buried deeply, minimizing their exposure to water. Once denatured, 

the unfolded protein becomes highly disordered, forming higher-ordered structures such as dimers 

and oligomers that lead to soluble and insoluble aggregates in solution.11–14 The model protein 

lysozyme has been shown to denature at temperatures at or above 65 °C, resulting in the formation 

aggregation and fibrils.15 The pathway of aggregation can be classified as unfolding, chemical 

linkage, self-association, and degradation.16 Insulin undergoes an approximately 10-fold increase 

in degradation for every 10 °C rise at temperatures above 25 °C.9 Even the clinical formulations 

of insulin are prone to fibrillation and aggregation at low pH and high temperature, resulting in a 

decrease in helical content and generation of insulin fibers.9,17,18 Glucagonlike peptide-1 (GLP-1) 

and its C-terminal amide derivative, GLP-1Am, are known to aggregate into amyloid fibrils over 
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time when exposed to elevated temperatures.19 However, the low molecular weight oligomers 

formed by an off-pathway mechanism, which competes with amyloid fibril formation, were shown 

to be stable.19 During bioprocessing, proteins adsorb at the air/water interface, which increases the 

exposure of hydrophobic regions, enhancing aggregation; this was studied for various proteins 

such as bovine serum albumin, catalase, lipase, lysozyme, and papain.20  

1.2.3. Chemical Instability  

Proteins that exhibit chemical instability undergo a covalent modification through the 

breaking or forming of bonds in the first order structure. Therapeutic biomolecules are susceptible 

to hydrolysis, which is unfavorable when formulating them in aqueous solution. At pH 2.7, bovine 

serum albumin (BSA) can readily undergo hydrolysis or interact with metal ions, resulting in a 

denatured protein.21 The aspartic acid-proline (Asp-Pro) amino acid sequence of proteins is 

commonly susceptible to hydrolysis due to the catalysis of the carbonyl group of the Asp residue.22 

Deamidation occurs via the hydrolysis of the side-chain amide linkage in asparagine (Asn), 

especially asparagine-glycine (Asn-Gly) and asparagine-serine (Asn-Ser) and glutamine (Gln), 

leading to the formation of a free carboxylic acid.23,24 The conversion of a neutral residue to a 

negatively charged residue can reduce bioactivity if it affects the active site or the structural 

conformation of the protein. Oxidation of a protein can occur with changes to pH, exposure to 

light, atmospheric oxygen, or redox-active metal ions (Cu2+, Fe2+).25–27 Oxidation is known to 

impact the structure, functionality, and biological activity of the therapeutic depending on the site 

of oxidation.26 Oxidation typically occurs in methionine (Met), histidine (His), lysine (Lys), 

tryptophan (Trp), and tyrosine (Tyr) residues in proteins [40]. For example, the recombinant human 

vascular endothelial growth factor (rhVEGF) has been shown to be susceptible to oxidation and 

deamidation, leading to a reduction in its overall efficacy.28 
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1.3 Polymeric Delivery Strategies 

1.3.1 Polymeric Nanoparticles  

Protein and peptide-containing nano-formulations have been used in the clinical setting 

and have demonstrated enhanced efficacy and reduced side effects upon delivery due to their 

nanoscale confinement.29–32 A variety of natural, synthetic or composite nanomaterials have thus 

far been investigated as potential candidates for protein stabilization and delivery, such as carbon 

nanotubes,33 inorganic-based materials such as mesoporous silica,34 metallic nanoparticles,35 and 

many others. These nanocarriers, however, demonstrate significant limitations, including low 

encapsulation efficiency, physical instability and inherent toxicity to cells or tissues.36,37 Notable 

nanocarriers in biomolecule stabilization include lipid-containing, colloidal systems (i.e. lipid 

nanoparticles),38 liposomes,39 protein-based carriers,40 and polymeric nanoparticles.41 Polymeric 

nanocarriers have gained a particular interest as vehicles for protein delivery and stabilization 

thanks to their multifunctionality along with shell, protecting proteins from hydrolytic, enzymatic, 

Figure 1.1 Polymeric materials used for stabilization and delivery of therapeutic biologics 

include, but are not limited to, A) polymeric nanoparticles, B) PEGylation, and C) 

biodegradable polymers.  
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or chemical degradation, enabling targeted delivery of potentially fragile proteins.42–44 Protein and 

peptide cargoes can be loaded into various nanocarriers using different strategies. The most 

prevalent include covalent conjugation approaches, physical adsorption/complexation (non-

covalent) including electrostatic interactions, hydrophobic interactions, hydrogen bonding, and 

physical encapsulation/confinement.  

Amphiphilic block copolymers have been used extensively in nanoparticle engineering 

owing to their structural adaptability, chemical composition, and flexibility. They exhibit a self-

assembly behavior in selective solvents forming high-ordered nanostructures.45 Moreover, their 

variable molecular weight and tunable chemical properties can be tailored to the requirements of 

each protein.46,47 Polyelectrolytes, amphiphilic block copolymers comprising of at least one 

polyelectrolyte block, and surfactants are also an interesting class of synthetic macromolecules for 

protein stabilization.48,49 Polyion complex micelles (PICs) are formed when a negatively or 

positively charged block copolymer containing a hydrophilic non-ionic block is mixed with an 

oppositely charged homopolymer or block copolymer through electrostatic interactions and van 

der Waals forces. During this approach, the use of an organic solvent is avoided, eliminating the 

side effects caused by the organic solvent and providing PICs as appropriate candidates for the 

stabilization of proteins and nucleic acids due to their varying charge.50,51  

Most common polymeric architectures involved in peptide stabilization and delivery 

include micelles, nanogels, hydrogels and vesicles (Figure 1.1A). In this regard, several properties 

of polymeric nanoparticles, including shape, size, structure, and surface must be considered. These 

factors play a critical role in the protein’s stability, targeting specificity, release kinetics and, thus, 

therapeutic efficacy. Nanogels are classified as crosslinked materials at high water content with 

nanoscale size. The water-containing cavity is environmentally beneficial for the localization and 
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delivery of proteins and other cargo. Specifically, their crosslinked network can restrict the free 

movement of the cargo, thereby decreasing aggregation and increasing stability.52,53 Nanogels have 

been extensively deployed for the long-term stabilization and storage of therapeutic proteins and 

other biological cargoes. Nanogels provide a protective shell against proteases and enhance the 

protein transmembrane and intracellular delivery.54 Various natural and synthetic building blocks, 

including polysaccharides and vinyl-derived polymers, have been used in nanogel design.55,56 

Functionalization with ligand moieties or incorporation of responsive materials can enhance the 

protein delivery and therapeutic efficacy through temporal and distribution control like other 

nanoparticle systems discussed previously.  

Two main approaches have been used to design biomolecule-nanogel formulations. These 

include graft-to through protein post-modification using pre-synthesized polymers and 

crosslinkers, or graft-from which involves the localization of monomers and crosslinkers 

(covalent/non-covalent) around the surface of the protein followed by polymerization to yield a 

protective, polymeric shell.57 Although nanogels containing a singular enzyme (known as enzyme 

nanogels, ENGs) are a versatile platform for industrial catalysis and biomedical applications, they 

are mainly limited to enzymes with small molecule substrates. The polymer around the protein 

prevents the latter from interacting with other biomacromolecules. Therefore, this system cannot 

be freely translated to proteins that interact with other macromolecule substrates, such as growth 

factors, cytokines, and antibodies. In addition, this strategy involves the direct modification of the 

protein, which can lead to a reduction in activity and even denaturation. To address these 

challenges, several approaches for non-covalent formation of protein-stabilized nanogels have 

been developed including the localization of positively charged monomers around a charged 

protein and the employment of degradable cross-linkers.58–65 Our group conjugated photocleavable 



 8 

polymerization handles to phenylalanine ammonia lyase (PAL) to synthesize a nanogel around the 

protein by graft-from. The covalent bonds between nanogel and protein was cleaved using light 

after encapsulation, restoring enzyme activity.66 Lu and co-workers reported the synthesis of 

organophosphorus hydrolase nanogels exhibiting significantly improved stability at elevated 

temperature, in organic solvents, after freeze-thaw cycles, and prolonged storage up to seven 

months.67 Segura et al. developed a graft-from ATRP approach to grow poly(2-

(dimethylamino)ethyl methacrylate) p(DMA)-based homopolymers on ribonuclease (RNase), 

showing enhancement in enzyme stability compared to RNase alone. This enzyme was proposed 

as a candidate drug for cancer therapeutics owning to its capability to cease rapid division of tumor 

cells.68 

1.3.2 PEGylation  

PEGylation is one of the most widely incorporated polymer strategy for stabilizing and 

delivering protein and peptide therapeutics with 31 FDA-approved PEGylated biologics on the 

market (Figure 1.1B). Formulating biologics with PEG has been shown to increase 

pharmacokinetics, improve stability, reduce renal clearance, and minimize immunogenicity in 

vivo.69 Upon PEGylation of proteins in aqueous solutions, the hydrodynamic radius increases, 

which provides anti-fouling and stealth benefits to protect the biologic towards immune 

responses.70–72 Due to these stealth properties and inert polyether backbone, PEG has historically 

been regarded as non-immunogenic and non-antigenic, and is also generally regarded as safe by 

the FDA. 73 Additionally, these characteristics tend to improve with larger PEG sizes, however 

accumulation of PEG molecules greater than 20 kDa interact more strongly with the glomerular 

filtration membrane, slowing their renal clearance.74  
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Conjugation chemistry between proteins and polymers can often be challenging bringing 

two large molecules together. Additionally, the efficiency, conversion, and yield of conjugation 

can limit the translatability of these therapeutics to clinical use. The relative ease of synthesis to 

prepare amine, thiol, and numerous “click” reactive PEG reagents offers an advantageous approach 

in synthesizing versatile and scalable protein polymer conjugates.75–78 PEGylation of interleukin-

2 (IL-2) via copper-free click reaction significantly improved the pharmacokinetics and half-life 

and could offer a more general approach to improving the therapeutic performance to treat 

autoimmune diseases.79 Site-specific conjugation with varying PEG sizes to growth hormone 

receptor antagonist B2036-alkyne through copper mediated click chemistry significantly improved 

the bioactivity of this therapeutic.80 Molecular dynamics simulations of insulin and lysozyme 

reveal that PEG likely stabilizes the proteins at higher temperatures by shielding the hydrophobic 

regions of the biomolecules from water molecules, thereby stabilizing their secondary structure.81  

Over the recent decades, there has been an increasing concern regarding the 

immunogenicity potential of PEGylated therapeutics. Patients who were previously or 

continuously treated with PEGylated therapeutics can form anti-PEG antibodies, which can 

unfortunately result in reduced efficacy and hypersensitivity.82–87 It has been found that some 

individuals who have not received a PEGylated therapeutic before can exhibit pre-existing anti-

PEG antibodies, potentially due to the increase in everyday consumer goods containing PEG 

products.88–90 At the same time, PEG alternatives such as poly(glycerol)s, trehalose-based 

polymers, poly(carboxybetaines), and others have gained increased interest as researchers search 

for polymers that provide similar stabilizing and enhanced pharmacokinetic properties.91–95  

1.3.3 Biodegradable Polymers 
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Biodegradable polymers are made from renewable resources such as corn, sugarcane, and 

potato that can degrade into non-toxic compounds when exposed to water, air, and microbes.96 The 

physical properties such as glass transition temperature (Tg) of biodegradable polymers offer 

mechanical properties that allow for varying delivery applications such as drug delivery, wound 

healing, and implants. The most common synthetic biodegradable polymers, also used in biologic 

therapeutic delivery, include poly(lactic acid) (PLA), poly(glycolic acid) (PGA), and 

poly(caprolactone) PCL (Figure 1.1C).97 Synthetic polymers often require the use of 

environmental conditions, such as temperature, humidity, pH, and high-oxygen conditions to 

degrade. PCL for example requires the use of strong acids or bases and/or high temperatures to 

degrade via environmental conditions and otherwise can take a long time in vivo. Alternatively, 

natural polymers based on polypeptides and polysaccharides exhibit biocompatibility and low cost, 

however, they can be difficult to functionalize and modify compared to synthetic polymers.98  

The ability to functionalize and modify biodegradable polymers with relative ease and 

flexibility gives access to a range of synthetically accessible novel properties and applications.  

Biodegradable polymers can either be functionalized on the monomer or contain a functional 

handle to access post-polymerization to give access to conjugation handles or stabilization 

moieties. Conjugation of a macroinitiator to a lipase enzyme and subsequential enzymatic ring 

opening polymerization with ε-caprolactone yielded biodegradable protein–PCL conjugates, 

which degraded faster than PCL alone without the presence of the lipase enzyme.99 The field of 

protein-polypeptide (PEPylation) conjugations is growing due to the tunable degradation and 

versatility in side chain functionalities.100 For example, grafting from poly-L-proline (PLP) from 

enhanced green fluorescent protein (EGFP) bearing an N-cysteine, dihydrofolate reductase 

(DHFR), and ASNase, demonstrated improved stability to heat and organic solvent in the case of 
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DHFR.101 The thermoresponsive, degradable, and self-immolative poly(ethyl glyoxylate) has been 

utilized in hydrogels and diblock copolymers to study the degradation properties through a variety 

of triggers based on both endcap and backbone unit.102–104  The Wurm group has led the field in 

the synthesis and application of poly(phosphoesters) (PPEs) with myoglobin-PPE conjugates 

bearing hydrophilic pendant groups, protecting against thermally induced aggregation and 

proteolytic degradation, whereas hydrophobic PPEs led to protein destabilization.105  

Due to its biodegradability, biocompatibility, and versatility, PCL has attracted increasing 

attention as a promising material for broad applications. PCL has been used in the development of 

nano-drug delivery systems when copolymerized with hydrophilic counterparts to deliver 

therapeutic biologics, and furthermore as electrospun materials for wound and tissue therapies.106–

110 For example, PCL-chitosan microparticles increased the loading capacity and extended the 

release of anti-vascular endothelial growth factor (VEGF).109 PCL was electrospun and coated with 

chitosan-based nanogels for a controlled release platform of growth factors bone morphogenetic 

protein 2 (BMP-2) and transforming growth factor-β3 (TGF-β3).111 While there have been many 

advances implementing PCL with other polymers as a biodegradable material, our group has 

worked towards synthesizing a easy to functionalize PCL with allyl side chains to allow for thiol-

ene post polymerization to click on stabilizing and water solubilizing side chains stabilize insulin 

and granulocyte colony stimulating factor (G-CSF).112,113 

In this thesis, chapter 2 will demonstrate the improvement of stability on the therapeutic 

peptide, glucagon using a polymeric nanoparticle; chapter 3 and chapter 4 will utilizing 

PEGylation to prepare protein dimers and multimers; and chapter 5 will explore the degradation 

and mechanical properties of a PCL derivative.  

1.4 Conclusion and Future Perspectives 
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Polymeric materials act as a protective shield for biomolecule therapeutics, providing 

improvements in stability during formulation and transportation caused by environmental stressors 

and in activity in vivo. The polymeric delivery strategies outlined herein have shown rapid and 

evolving progress towards improving the stability and activity of therapeutic biologics. As these 

therapeutics move towards clinical use, challenges of purification and characterization of these 

polymeric systems remain. Additionally, developing biodegradable polymers which degrade more 

quickly or with predictability in biologically relevant conditions will help improve the area of 

degradable biologics. Innovative advancements through academic research in protein engineering 

and chemistry continue to progress the field with new possibilities to meet the demand of improved 

biologics. Scientists should continue to explore new polymers in hopes of discovering novel 

properties and modes of stabilization while also building on the extensive foundation and learning 

from our challenges.  
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2.1 Introduction 

Individuals with type 1 diabetes regularly inject insulin to manage blood glucose levels; 

however, insulin overdose and irregular eating schedules can lead to hypoglycemia.1 Severe 

hypoglycemia occurs when blood glucose levels fall below 50 mg dL−1, with complications 

ranging from weakness, difficulty walking, vision impairment, confusion, and seizures.1–3 

Glucagon is currently administered to treat emergency hypoglycemic episodes.4 Glucagon 

increases blood glucose concentration through binding to hepatic glucagon receptors, which 

stimulate glycogen breakdown and release of glucose from the liver.5–7 Due to low stability, low 

solubility at physiological pH, and tendency to form toxic fibrils, glucagon formulations for 

emergency delivery remain a challenge.8–10  

New glucagon formulations have been developed within the past few years, with some 

receiving FDA approval. In 2019, Eli Lilly released the first nasal rescue glucagon, BAQSIMI™, 

formulated as a 3 mg dry powder.11–13 Later that year, Xeris Pharmaceuticals released the GVOKE 

HypoPen® formulated as a solution of glucagon in sulfuric acid and dimethyl sulfoxide (DMSO) 

in an automatic injector.14,15 In 2021, Zealand Pharma released their automatic injector 

ZEGALOGUE™, which contains a glucagon analogue, dasiglucagon.16–18 Although these 

formulations demonstrate great progress and effort towards a stable and efficacious glucagon 

formulation, their stability in an aqueous pH 7.4 solution at a range of temperatures is limited. For 

example, BAQSIMI™ is only stable up to 30 °C as a dry powder and cannot be exposed to 

moisture. GVOKE HypoPen® is only stable up to 25 °C, is formulated in organic solvent, and 

could cause pain at the injection site from the sulfuric acid. ZEGALOGUE™ is only stable up to 

25 °C.11,15,16 Thus, there is still a need for glucagon formulations stable in aqueous solution. 

Glucagon has been stabilized by various strategies including chemical modification, covalent 
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attachment of poly(ethylene glycol) (PEG), and addition of excipients including salts, surfactants, 

and sugars.19–22 However, even with these excipients in solution, glucagon is still susceptible to 

degradation at neutral or slightly acidic pH (5–7) within ∼26 h in solution.23 During manufacture, 

storage, and cold chain transport, many biomolecules experience environmental stressors 

necessitating stabilization.21,24,25 In particular, trehalose has been used as an excipient for RNA, 

enzymes, insulin, and other proteins, including glucagon in the GVOKE HypoPen®.25–29 

Trehalose stabilizes proteins in both solution and lyophilized form;30–32 which is hypothesized to 

be achieved through vitrification, water entrapment, and/or water replacement mechanisms.33–35 

Properties that make trehalose a good stabilizer are its high solubility in water, large hydration 

number, and a high glass transition temperature (Tg).36 Trehalose polymers, where the 

disaccharide is a side chain, exhibit superior stabilizing capabilities compared to trehalose.37–41 We 

have previously shown that proteins retain greater bioactivity against heat and lyophilization in the 

presence of trehalose polymers as either an excipient, conjugate, hydrogel, or nanogel compared 

to trehalose.37–39,42 Others have reported that nanoformulations of trehalose polymers are 

considerably more stable than other nanoparticles in cell culture media and upon storage to deliver 

RNA and DNA in vivo.27  

We previously synthesized a trehalose nanoparticle by utilizing a chemically modified 

glucagon, thiolated at N-terminus and Lys12. This modification stabilized a glucagon nanoparticle 

in aqueous solution (pH 7.4) for up to three weeks.29 However, these trehalose nanoparticles were 

non-uniform in size and morphology when employing glucagon as a crosslinker.29 To translate a 

formulation to human use, it is desirable that nanoparticles be synthesized with a high level of 

purity and uniformity.43 In the study described herein, we aimed to investigate an alternative 

crosslinker to create uniform trehalose nanoparticles and evaluate the long-term stabilization of 
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glucagon in aqueous solutions over a range of relevant temperatures. Glucagon was site-selectively 

modified to contain a cysteine at glutamine (Gln) 24 to create a thiol reactive handle for ease of 

conjugation (glucagon–SH). Previously, Gln24 was replaced with alanine, yielding potency 

similar to the native peptide.44 Additionally, a crystal structure of a glucagon analogue binding to 

its receptor including a substitution at Gln24 showed that the modification did not significantly 

influence receptor binding.45 We copolymerized methacrylate functionalized trehalose with  

pyridyl disulfide ethyl methacrylate using free radical polymerization conditions forming trehalose 

polymers with thiol reactive handles. Glucagon–SH was conjugated via a PDS disulfide exchange, 

followed by crosslinking with PEG2000 dithiol to give pH 7.4 soluble and stable glucagon nanogels 

uniform in size. The glucagon stability and nanogel uniformity was thoroughly investigated at 

temperatures mimicking environmental stressors as well as the in vitro biocompatibility and 

efficacy.   

2.2 Results and Discussion 

2.2.1 Optimization of Glucagon Nanogel Synthesis.  

Figure 2.1 Glucagon nanogel formation begins with the covalent attachment of glucagon-SH 

to poly(PDSMA-co-TrMA), followed by crosslinking with PEG2000 dithiol. In the presence of 

glutathione, glucagon-SH was released as well as PEG2000 dithiol and trehalose methacrylate 

polymer.  
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TrMA and PDSMA were copolymerized using free radical polymerization with a feed ratio 

of 1 : 1 to yield poly(PDSMA-co-TrMA) with a molecular weight of 9.8 kDa and Đ of 1.9 (Figure 

2.14 and 2.15).29 We first wanted to understand the time course of the disulfide exchange between 

glucagon–SH and the PDS group of poly(PDSMA-co-TrMA) using the cysteine installed 

glucagon–SH. We monitored the kinetics via HPLC (Figure 2.16). A solution of poly(PDSMA-

co-TrMA) and glucagon– SH in 10 mM HCl were mixed at 4 °C to observe 50% conjugation 

within 15 minutes and 82% conjugation after 3 h, reaching a plateau. Release of glucagon–SH was 

confirmed by HPLC, SDS-PAGE, and LC-MS by comparing the purified glucagon nanogel peak 

to the reduced nanogel peak (Figure 2.17-2.19). A nanoparticle <200 nm was targeted for optimal 

release of glucagon, clearance, and circulation.46–48 Glucagon nanogel synthesis was first 

attempted through crosslinking with 10, 20, 30, 40, and 50% PEG2000 dithiol (by PDS group) 

followed by the covalent attachment of glucagon–SH (to the remaining PDS groups) in 1 : 1 50 

mM DPBS pH 7.4 : 10 mM HCl and purified by microdialysis using a 20 kDa MWCO filter against 

50 mM DPBS pH 7.4 (Figure 2.20). Crosslinking percentages of 10–50% yielded nanogels with 

sizes >200 nm, with increasing crosslinking percentages yielding smaller nanogel sizes. We 

hypothesize this was due to the glucagon conjugation to the outside of the nanoparticle; the 

glucagon could aggregate, causing an increase in nanoparticle size. Although the 50% crosslinking 

yielded nanogels of 640 nm, we used this percentage in subsequent optimization to synthesize 

nanogels with 50% glucagon loading (half of the pyridyl disulfide groups). Using a 50% 

crosslinking, nanogel formation was next attempted with simultaneous glucagon–SH conjugation 

by mixing both PEG2000 dithiol and glucagon–SH in 1: 1 50 mM DPBS pH 7.4 : 10 mM HCl and 

purified by microdialysis using a 20 kDa MWCO filter against 50 mM DPBS pH 7.4 (Figure 

2.21). This yielded a uniform glucagon nanogel of 360 nm, which led us to believe a smaller size 



 35 

could be achieved by attaching the glucagon–SH first and then crosslinking. To prevent the 

glucagon from aggregating in solution, the reaction solvent was changed to HCl to ensure any free 

glucagon in solution would remain soluble throughout purification. Glucagon–SH was then 

conjugated to poly(PDSMA-co-TrMA) followed by the crosslinking with varying PEG dithiol 

sizes (600, 1000, and 2000 Da) yielding nanogel sizes of 3190, 310, 150 nm, respectively (Figure 

2.22-2.24). As the crosslinker length increased, the nanogel size decreased. This could be due to 

the ability of the larger PEG to better encapsulate the glucagon attached to the trehalose polymer. 

Thus, PEG2000 dithiol was used as the crosslinker going forward, with adding the glucagon first to 

minimize aggregation. With glucagon nanoparticles of 150 nm, the nanogel stability and 

uniformity to lyophilization was investigated. Lyophilization removes water through sublimation 

of ice under high vacuum, which has been known to offer a longer shelf-life and ease of 

transportation of many pharmaceutical products.24,49,50 DLS and TEM images show the uniformity 

of the nanogels after lyophilization, reconstituted in 50 mM DPBS pH 7.4, with sizes comparable 

to the non-lyophilized solution form (Figure 2.25 and 2.26). Although the lyophilization of the 

glucagon nanogel could offer additional stabilizing properties, for the scope of this paper we aimed 

to focus on the solution-based formulation. Formulating the nanogel to be stored in solution 

removes the reconstitution step for a patient or caregiver during an emergency hypoglycemic 

event. We see this as clinically advantageous. The optimized nanogel synthesis using a 50% 

glucagon–SH conjugation followed by crosslinking with 50% PEG2000 in HCl, buffer exchanged 

to DPBS pH 7.4 was moved forward for the short- and long-term stability experiments (Figure 

2.1). The glucagon nanogels were stored at −20 °C, 4 °C, 25 °C, and 37 °C to mimic cold chain 

transport, refrigeration, room temperature, and body temperature. The nanogel uniformity was 
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assessed using DLS and TEM, while the glucagon stability was assessed using HPLC to monitor 

degradation and ThT to monitor fibrillation. 

2.2.2 Characterization of Glucagon Nanogel Size.  

The size and uniformity of the glucagon nanogel was monitored over 5 months at −20 °C 

and 4 °C, 5 days at 25 °C, and 12 h at 37 °C using DLS and TEM (Figure 2.2). At day 0, the 

glucagon nanogels Z-average (d nm) was 150 by DLS. The glucagon nanogels at −20 °C and 4 °C 

underwent a small shift in size after day 0 but did not exhibit significant changes in size and 

uniformity by DLS and TEM (Figure 2.2A-D) over time and therefore were deemed stable in size 

up to 5 months, which was the longest time tested. We attempted to obtain TEM images with more 

particles in the frame by concentrating the nanogels, however, this caused the nanogels to 

aggregate. A wider frame of the nanogels at their final time point shows uniformity in size 

distribution of the nanogels at −20 °C and 4 °C (Figure 2.27). The glucagon nanogel stored at 25 

Figure 2.2 a) Glucagon nanogels (1 mg mL−1) were analyzed by DLS after being stored at (A) 

−20 °C, (C) 4 °C, (E) 25 °C, and (G) 37 °C for the indicated times. TEM images were taken at 

the final time point after storage at (B) −20 °C for 5 months, (D) 4 °C for 5 months, (F) 25 °C for 

5 days, and (H) 37 °C for 12 hours. DLS intensity was measured at 25 °C. TEM images were 

taken using a 2% uranyl acetate negative stain.  
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°C exhibited an increased shift of approximately 100 nm after 1 day by DLS, however, after 5 days 

the glucagon nanogels remained of similar size by both DLS and TEM (Figure 2.2E and F). After 

12 h at 37 °C, the glucagon nanogels size began shifting dramatically with a large size distribution 

by DLS (Figure 2.2G). However, by TEM, an increase in size was not observed. In a wider frame 

by TEM, some potential fibrils can be seen after 5 days at 25 °C and after 12 h at 37 °C (Figure 

2.27). The discrepancy is likely due to DLS intensity putting an emphasis on larger particle sizes.51 

It has been observed that nanoparticles increase in size at increased temperatures due to 

aggregation.52–54 However, trehalose polymers have been shown to prevent this aggregation.55  

Therefore, the glucagon either internally or near the surface could be causing the aggregation 

observed at 37 °C. The glucagon nanogels at −20 °C and 4 °C can be studied past 5 months to 

evaluate additional time points; however, the glucagon nanogels formulation at 25 °C and 37 °C 

will likely need be reformulated before evaluating at longer time points. A larger PEG dithiol 

crosslinker could potentially be employed to create smaller nanoparticles and improve the stability 

at higher temperatures, glucagon loading could be lowered, or the trehalose polymer size or 

trehalose content could be increased. These studies are planned for the future. 

2.2.3 Degradation and Fibrillation of Glucagon.  

The degradation and fibrillation of the glucagon in the optimized glucagon nanogel 

formulation was also monitored over 5 months at −20 °C and 4 °C, 5 days at 25 °C, and 12 h at 37 

°C using HPLC and ThT assay. A quantitative assessment of glucagon–SH degradation was made 

by integrating the AUC of the glucagon nanogel after reducing with TCEP, for simplicity, 

compared to free glucagon–SH at the same temperature and time point. After 2 months at −20 °C, 

the free glucagon began to degrade significantly more than glucagon in the nanogel (Figure 2.3A). 

After only 1 month at 4 °C, the free glucagon began to degrade significantly more than glucagon 
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nanogel (Figure 2.3B). In contrast, the glucagon released from the glucagon nanogel at −20 °C 

and 4 °C remained above 95% up to 5 months. After 3 days at 25 °C, the free glucagon began to 

degrade significantly more than glucagon nanogel; however, the glucagon from the nanogel was 

63% intact after 3 days (Figure 2.3C). After 4 h at 37 °C, the free glucagon began to degrade 

significantly more than glucagon nanogel; however, the glucagon from the nanogel was also 

degrading after 4 h (Figure 2.3D). Glucagon is known to form fibrils in acidic and alkaline pH 

solutions within hours at 25 °C.56 Glucagon fibrillation can be assessed qualitatively by measuring 

the fluorescence with ThT, a fluorescence dye that is known to bind to amyloid fibrils in vitro and 

can be used to monitor the formation of fibrils in a 96-well plate.8,56 Since the ThT fluorescence is 

dependent on both acidic and basic pH, inducing a significant decrease in ThT absorbance, a 

Figure 2.3 Glucagon–SH degradation was assessed by integrating the AUC of the released 

glucagon–SH using HPLC for glucagon nanogels stored at (A) −20 °C, (B) 4 °C, (C) 25 °C, 

and (D) 37 °C at various time points. Normalization was done by comparing all samples 

against t0. Statistical significance was determined by comparing the glucagon–SH released 

from nanogel to the glucagon–SH control at the respective time and storage temperatures. 

Statistical significance was determined via a one-way ANOVA with multiple comparisons 

(p = 0.1 (ns), p < 0.01 (**), p < 0.001 (***), p < 0.0001 (****)) (n = 6). 
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soluble solution of glucagon–SH at either acidic or basic pH was not suitable to be used as a 

positive control.57 Thus, bovine serum albumin (BSA) fibrils was used as a positive control 

through induced fibrillation by heating to 80 °C before incubating with ThT, since in this case 

neutral pH was utilized.58 Both the glucagon released as described above from the nanogels stored 

at −20 °C and 4 °C exhibited no statistically significant increase in fluorescence over the 5 months 

of monitoring, indicating no fibril formation (Figure 2.4A and B). However, after 5 days at 25 °C, 

the glucagon nanogels exhibited a significant increase in fluorescence compared to the control and 

day 0, indicating fibril formation (Figure 2.4C). Additionally, after 12 h at 37 °C, the glucagon 

Figure 2.4 Glucagon–SH fibrillation was assessed by measuring the ThT fluorescence of 

glucagon nanogels stored at (A) −20 °C, (B) 4 °C, (C) 25 °C, and (D) 37 °C at various time 

points. Statistical significance was determined by comparing each sample to t0 at the 

respective time and storage temperatures. Unless annotated, there is no statistical 

significance between t0 and other time points. Statistical significance was determined via a 

one-way ANOVA with multiple comparisons (****p ≤ 0.0001.) (n = 6). 



 40 

nanogels exhibited a statistically significant increase in fluorescence compared to the control and 

day 0, indicating fibril formation (Figure 2.4D). We hypothesize that glucagon started forming 

small molecular weight aggregates that were not detectable by the ThT assays at 3 days at 25 °C, 

and by day 5 detectable fibrils had begun to form. Likewise, after 4 h at 37 °C less glucagon was 

observed by HPLC and by 12 h fibrils were observed. It is also possible that some of the glucagon 

degrades and therefore it not detected at earlier time points. From these studies, it can be concluded 

that improved glucagon stability against degradation and fibrillation was observed at all 

temperatures studied. The glucagon nanogels at −20 °C and 4 °C exhibited no significant 

degradation or fibrillation up to 5 months and are promising for further studied to increase cold 

chain stability of glucagon. 

2.2.4 Nanogel Stability in Cell Media Conditions.  

Glucagon nanogel stability was assessed in cell media conditions before beginning in 

vitro experiments.59 The glucagon nanogels were incubated with 10% FBS and stored at 4 °C, 25 

°C, and 37 °C and analyzed by DLS. DLS measurements were taken up to 3 days for the glucagon 

nanogels stored at 4 °C and 25 °C and 12 h for the glucagon nanogel at 37 °C. The glucagon 

nanogels did not exhibit any significant change in size at any of the temperatures and time points 

Figure 2.5. Glucagon nanogels were treated with 10% FBS and visualized by DLS for the 

respective storage temperatures (A) 4 ºC, (B) 25 ºC, (C) 37 ºC at various time points. DLS 

intensity was measured at 25 ºC.  
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(Figure 2.5). Additionally, the glucagon nanogel remained uniform up until 12 h at 37 °C with 

10% FBS, which differs from its DLS size measurement in (Figure 2.5C vs. 2.5G). It is possible 

the proteins and other components in FBS helped to stabilize the aggregation of the nanogels at 37 

°C.60  

2.2.5 In vitro Biocompatibility.  

The in vitro biocompatibility of the empty nanogel and glucagon nanogels (freshly 

prepared, 4 °C for 3 months, and −20 °C for 3 months) were evaluated for 24 h in mouse embryonic 

fibroblasts, NIH 3T3, by performing the colorimetric MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyl-2H-tetrazolium bromide) assay. The in vitro biocompatibility was evaluated at 24 h at 

increasing concentrations of nanogel 10–1000 μg mL−1. The cell viability exposed to empty 

nanogel and glucagon nanogels were not statistically different from the control except for glucagon 

nanogels stored for 4 °C for 3 months at 1 mg mL−1, and −20 °C for 3 months at greater than 0.5 

Figure 2.6. In vitro biocompatibility was evaluated after 24 h in mouse embryonic fibroblasts, 

NIH3T3 by performing the colorimetric MTT assay. Data are represented as mean ± SEM (n = 

3). Statistical significance was determined via a one-way ANOVA with multiple 

comparisons p < 0.05 (*). 
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mg mL−1 after 24 h, indicating good in vitro biocompatibility of the material (Figure 2.6). Further, 

a live/dead assay was used to evaluate the biocompatibility of empty nanogel and freshly prepared 

glucagon nanogel qualitatively for 24 h (Figure 2.7). The calcein AM stains the live cells green 

and ethidium homodimer-1 stains the dead cells red. The green fluorescence and very minimal red 

Figure 2.7 In vitro biocompatibility was evaluated after 24 hours in mouse embryonic 

fibroblasts, NIH 3T3 by performing a live/dead assay using calcein AM and ethidium 

homodimer. The cells exposed to the empty nanogel and glucagon nanogel were imaged 

using a bright field and fluorescent microscope (scale bar: 100 μm). 
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fluorescence indicate the empty nanogel and glucagon nanogel are biocompatible at 10, 100, 500, 

and 1000 μg mL−1 (Figure 2.7 and Figure 2.28). 

2.2.6 In vitro Efficacy.  

The in vitro efficacy of the glucagon nanogel was evaluated by comparing the levels of 

lactate produced when treated with empty nanogel, glucagon–SH and glucagon nanogel. Glucagon 

is known to promote the conversion of glycogen to glucose in the liver, producing lactate as a by-

product of glycogenolysis (breakdown of the glucose).5 Herein, a liver cell model, HepG2 cells 

were starved with media containing low glucose, resembling hypoglycemic conditions. After 

starvation, media was replaced containing normal levels of glucose along with empty nanogel, 

glucagon–SH and glucagon nanogel. The levels of lactate were measured at different time points 

from 2–72 h using bioluminescence (Figure 2.8). The results show that cells treated with 

glucagon–SH and glucagon nanogel produce significantly higher levels of lactate than the control 

and empty nanogel. Further, a color change of the cell culture media was observed (phenol red to 

Figure 2.8 In vitro efficacy evaluated in a liver cell line model, HepG2 by comparing the 

levels of lactate produced from 2–72 h by observing bioluminescence. Statistical 

significance was determined via a one-way ANOVA with multiple comparisons (p = 0.1 

(ns), p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), p < 0.0001 (****)) (n = 3). 
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golden yellow) in samples treated with native glucagon, glucagon–SH, and glucagon nanogel 

when compared to the control (Figure 2.29). The color change is due to the production of the 

lactate, an acidic bioproduct of glycogenolysis. These cell studies indicate the activity of the 

glucagon–SH both free and conjugated to the nanogel, confirming our hypothesis that the modified 

glucagon is active as native glucagon. 

2.2.7 Hemocompatibility.  

The toxicity of the glucagon nanogels and its components to cells were assessed by 

measuring the destruction of red blood cells (RBCs). The concentrations of 200–500 μg active 

ingredient (glucagon) tested were chosen to mimick future and past in vivo experiments.29 Using 

sheep RBCs, the glucagon nanogels, PEG2000 dithiol, poly(PDSMA-co-TrMA), and glucagon–SH 

all showed ≤3% hemolysis, indicating the samples are not disrupting the cells (Figure 2.9). This 

is also understood qualitatively by observing a clear supernatant for the samples tested (Figure 

2.30). The results show that the nanoparticles, loaded or empty, are non-hemolytic. 

Figure 2.9 Hemocompatibility of the glucagon nanogel and its components were assessed 

in sheep RBCs. Data are represented as mean ± SEM (n = 3). 
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2.2.8 Viscosity.  

For the emergency delivery of glucagon, a subcutaneous (SC) route is typically used.15,17 

When considering SC injectable therapeutics, one factor to consider is the viscosity of the 

solution.61–63 The viscosity of formulations that can be SC injected within 10 seconds into humans 

without pain tolerance concerns is up to 15–20 centipoise (cp).63 At a concentration of 1 mg mL−1 

active ingredient (glucagon), the viscosities of the empty and loaded nanogel were measured. At 

25 °C with a shear rate of 5000 s−1, viscosity of the empty nanogel was 1.38 ± 0.19 cp and the 

glucagon nanogel was 1.31 ± 0.06 cp, well below 15–20 cp. These results suggest that viscosities 

of the nanogels are acceptable for subcutaneous injection of the nanogel formulation into 

humans.61 

2.3 Conclusion 

In conclusion, we prepared and evaluated a uniform nanogel formulation that solubilized 

glucagon in aqueous solution at pH 7.4 for long term stabilization at −20 °C and 4 °C. The system 

was optimized by varying the crosslinker size, crosslinking percentage, and order of addition of 

the components to yield uniform glucagon loaded nanogels of ∼150 nm in size. The glucagon 

nanogels were shown to be biocompatible and efficacious in vitro by comprehensive study of 

hemolysis, colorimetric MTT assay, live/dead assay, and lactate assay. Additionally, this 

formulation exhibited viscosity suitable for subcutaneous delivery in humans, meaning that the 

viscosity was much lower than would cause pain tolerance concerns. 

2.4 Experimental 

2.4.1 Materials  

Trehalose was purchased from The Healthy Essential Management Corporation (Houston, 

TX) and was azeotropically dried with ethanol and kept under vacuum until use. Unless otherwise 
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noted, all materials were of analytical grade and purchased and used as received from Fisher 

Scientific, Acros Organics, Oakwood Chemicals and Sigma Aldrich. Anhydrous compounds were 

dried over molecular sieves. Azobis(isobutryronitrile) (AIBN) was recrystallized from acetone 

before use. DMSO was dried using molecular sieves and kept under an inert atmosphere. 

Spectra/Por3 regenerated cellulose membrane (MWCO 1.0 or 3.5 kDa) was purchased from 

Spectrum Chemical (New Brunswick, NJ) for polymer dialysis. Thiolated glucagon (GCG-SH, 

sequence: HSQGTFTSDYSKYLDSRRAQDFVCWLMNT) and native GCG (sequence: 

HSQGTFTSDYSKYLDSRRAQDFVQWLMNT) were purchased from Biomatik at >90% purity. 

MilliporeSigma™ Millex™ hydrophilic PTFE filters were used for all glucagon nanogel 

experiments. Sheep red blood cells (RBCs) were purchased from Innovative Research (lot # 

39841). Dulbecco’s Phosphate buffer saline (DPBS) (pH 7.4), Dulbecco’s Modified Eagle’s 

Medium (DMEM) cell culture media, and Pen Strep (Penicillin and Streptomycin) were procured 

from Gibco, ThermoFisher Scientific. Fetal bovine serum (FBS) was procured from Sigma-

Aldrich. Trypsin was purchased from MP Biomedicals. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) was procured from RPI (Research Product International Corp.). 

DMSO was procured from VWR chemicals. Glo TM Calcein AM and ethidium homodimer-1 were 

purchased from Invitrogen. Lactate- GloTM assay was purchased from Promega. 

2.4.2 Analytical Techniques 

Nuclear magnetic resonance (NMR) spectra were obtained using a Bruker AV 400 MHz 

spectrometer and the data was analyzed using MestRenova v12 software. Deuterated solvents 

obtained from Cambridge Isotope Laboratories were used for all NMR spectroscopic analyses. A 

Biotage Isolera Prime equipped with KP-SNAP Ultra Biotage columns was used for all flash 

column chromatography. Analytical reverse-phase high performance liquid chromatography 
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(HPLC) was carried out on an Agilent 1260 Infinity II HPLC system equipped with an autosampler 

and a UV detector using a Zorbax 300SB-C18 (analytical: 3.5 μm, 3.0 × 150 mm) with monitoring 

at λ = 220 nm and with a flow rate of 0.8 mL/min, using a gradient 30-45% of solvent B (A: H 2 

O + 0.1% TFA; B: CAN + 0.1% TFA) over 18 minutes. Preparatory HPLC purification was 

performed on a Shimadzu HPLC system equipped with a UV detector using a Luna 5 µm C18 100 

Å column (preparatory: 5 µm, 250 × 21.2 mm) with monitoring at λ = 215 and 254 nm. Gradient 

solvent system (H2O:MeOH = 90:10 to 40:60 over 20 min) was used as the mobile phase at a flow 

rate of 20 mL/min. Gel permeation chromatography (GPC) using a  size exclusion chromatography 

(SEC) measurements were performed in DMF on an Infinity 1260 II HPLC system from Agilent 

equipped with a multiangle light scattering detector MALS and a diode array detector DAD and 

differential refractive index detector dRI from Wyatt technology. Polymers were separated on two 

Plgel Mixed-D gel columns PL1110–6504 (300 × 7.5 mm) at a flow rate of 0.6 mL min–1 . Column 

temperatures were held at 40 °C in DMF with LiBr (0.1 M). Molar masses were calculated from 

the dn/dc. Absorbance and fluorescence readings were measured using the SpectraMax iD3Multi-

Mode Microplate Reader from Molecular Devices.Electrospray ionization (ESI) mass spectra were 

obtained using an Agilent 6530 QTOF-ESI in tandem with a 1260 Infinity LC. Dynamic light 

scattering (DLS) measurements were carried out using a Malvern Zetasizer Nano at polymer 

concentrations of 1 mg/mL. Transmission electron microscopy (TEM) images were acquired on a 

FEI T12 instrument using formvar/carbon coated grids (200 mesh, Cu, Ted Pella). Grids were glow 

discharged for 15 seconds. 5 μL of sample (1 mg/mL) were placed on the grid and allowed to 

adhere for 5 minutes. After, the grids were stained with 3 μL of 2% uranyl acetate for 3 minutes. 

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

accessory. For SDS-PAGE gels, samples were loaded using 2X Laemmli sample buffer and run on 



 48 

Mini-Protean TGX, Any kD gels (Bio-Rad) at 195V for 35 minutes using Tris/Glycine/SDS buffer 

(Bio-Rad). Gels were stained with Coomassie. SDS-PAGE protein standards were obtained from 

Bio-Rad (Precision Plus Protein Prestained Standards). fluorescence Microscopy. The 

fluorescence images were taken using Zeiss Viscosity was measured using a RheoSense 

microVisc.  

2.4.3 Methods 

Synthesis of trehalose methacrylate monomer3 

 

Anhydrous trehalose (5.02 g, 14.6 mmol, 5 eq) was dissolved in dry DMSO (60 mL) in a 

dry round bottom flask (250 mL) equipped with a stir bar. The solution was stirred under argon 

until most of the trehalose dissolved. Under argon, dry triethylamine (6.1 mL, 43.8 mmol, 15 eq) 

was added followed by methacrylic anhydride (0.43 mL, 2.92 mmol, 1 eq). The solution was left 

to stir at room temperature for 72 hours. The solution was added dropwise to ice-cold 8:2 hexanes: 

dichloromethane (2000 mL) with gradual stirring over 10 minutes. A sticky yellow oil was left at 

the bottom of the flask. The organic layer was poured off to leave the oil and some remaining 

solvent. The solution was transferred to a round bottom flask (1000 mL) to remove any remaining 

organic solvent via a rotary evaporator. The sticky solid was re-dissolved in deionized water. The 

material was purified via HPLC (C18 column, 10-60% MeOH). The pure fractions were collected 

and transferred to a round bottom flask containing MEHQ solution (10 μL, 4 mg/mL in water) to 

prevent autopolymerization. The methanol was removed by blowing air into the round bottom for 

18 hours. The material was rinsed with distilled water and transferred to a tared falcon tube and 
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lyophilized to yield a white fluffy solid (Yield: 38 %). 1H NMR (400 MHz, D2O) δ 6.15 (p, J = 1.0 

Hz, 1H), 5.74 (p, J = 1.5 Hz, 1H), 5.16 (dd, J = 13.5, 3.9 Hz, 2H), 4.49 (dd, J = 12.3, 2.2 Hz, 1H), 

4.36 (dd, J = 12.3, 5.2 Hz, 1H), 4.07 (ddd, J = 10.1, 5.1, 2.1 Hz, 1H), 3.88 – 3.40 (m, 11H), 1.93 

(dd, J = 1.6, 1.0 Hz, 3H).  Spectrum matched published one. 

Synthesis of PDSMA monomer 

Synthesis of pyridyl disulfide ethyl alcohol64  

 

2-2 dipyridyl disulfide, (5.052 g, 22.9 mmol) was dissolved in 25 mL of methanol. Glacial 

acetic acid (330 μL) was added to the mixture. 2-mercaptoethanol (800 µL, 11.4 mmol) was added 

to the mixture drop-wise at room temperature making a yellow solution. The reaction was stirred 

at 4 hours at room temperature. The solution was concentrated down to a yellow oil by removing 

the methanol. The oil was redissolved in dichloromethane and washed with sodium bicarbonate 

(30 mL), distilled water (30 mL), and brine (30 mL). The organic layer was dried over magnesium 

sulfate. The material was purified by flash chromatography using a 25% ethyl acetate: hexanes 

isocratic method to remove the 2,2-dipyridyl disulfide peak first and then increased to a gradient 

of 25%-40% ethyl acetate: hexanes to elute the product peak. The pure fractions were collected 

and rotovapped to remove the solvent. The product was concentrated to a clear oil (Yield: 72%). 

1H NMR (400 MHz, CDCl3) δ 8.36 (ddd, J = 6.0, 2.0, 1.1 Hz, 1H), 7.43 (dddd, J = 8.0, 7.4, 1.8, 

0.7 Hz, 1H), 7.25 (dt, J = 8.1, 1.0 Hz, 1H), 7.00 (ddt, J = 7.2, 5.0, 1.1 Hz, 1H), 3.68 – 3.61 (m, 

2H), 2.82 – 2.76 (m, 2H). FT-IR (film) 𝜆= 3307 cm-1, 2853 cm-1, 2842cm-1, 1573 cm-1, 1406 

cm-1, 1042 cm-1.   NMR spectrum matched published one. 

Synthesis of pyridyl disulfide ethyl methacrylate monomer64  
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Pyridyl disulfide ethyl alcohol (500 mg) was dissolved dry dichloromethane (2 mL) in a 

dry round bottom flask with a stir bar. Dry triethylamine (483 µL) was added and the mixture was 

stirred in an ice-bath under argon. Methacryloyl chloride (260 µL) was diluted in dry 

dichloromethane (800 µL) then added drop-wise with continuous stirring to the reaction flask. The 

reaction mixture was then stirred at room temperature for 6 hours. The stirring was stopped, and 

the reaction mixture was washed with sodium bicarbonate (3x30 mL), distilled water (3x30 mL), 

and brine (30 mL). The organic layer was collected and dried over anhydrous magnesium sulfate. 

The product was purified via flash column chromatography using a 20% isocratic method. The 

product eluted first and was concentrated to yield a clear oil (Yield: 56 %). 1H NMR (400 MHz, 

CDCl3) δ 8.46 (ddd, J = 4.9, 1.8, 0.9 Hz, 1H), 7.70 – 7.59 (m, 2H), 7.09 (ddd, J = 7.3, 4.9, 1.2 Hz, 

1H), 6.12 (dq, J = 2.0, 1.0 Hz, 1H), 5.58 (p, J = 1.6 Hz, 1H), 4.39 (t, J = 6.4 Hz, 2H), 3.09 (t, J = 

6.4 Hz, 2H), 1.93 (dd, J = 1.6, 1.0 Hz, 3H).  Spectrum matched literature. 

Free radical polymerization of PDSMA and TrMA 

 

For a 1:1 PDSMA:TrMA feed ratio, TrMA (50 mg, 122 µmol), PDSMA (31.1 mg, 122 

µmol), and azobisisobutyronitrile (AIBN) (1 mg, 6 µmol) were dissolved in dry 

dimethylformamide (0.80 mL) to give a [TrMA]:[PDSMA]:[initiator] ratio of 20:20:1. The 

solutions were degassed by freezepump–thawing five times. The polymerization reaction vessel 
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was then put under argon to stir for 5 hours at 80 ºC in an oil bath. The polymerization stopped at 

5 hours by exposing to air. The polymerization was purified by precipitating in ethyl acetate and 

dialyzing for 3 days against deionized water using 1 kDa MWCO tubing. The polymer was 

lyophilized for 2 days to yield a white fluffy solid (Yield: 53%). 1H NMR (400 MHz, DMSO) δ 

8.46 (s, 1H), 7.79 (s, 2H), 7.24 (s, 1H), 4.85 (d, J = 41.0 Hz, 10H), 1.81 (s, 4H), 0.87 (d, J = 69.0 

Hz, 8H). 

Empty nanogel synthesis 

Poly(PDSMA-co-TrMA) (1.0 mg) was dissolved in 500 μL 10 mM HCl in a 1.5 mL lo bind 

Eppendorf tube equipped with a micro stir bar. PEG2000 dithiol (0.63 mg, 50% of PDS side chain) 

was dissolved in 250 μL 10 mM HCl, added to the reaction vial dropwise, and left to stir at 8000 

rpm, 4 °C for 3 h. The crude empty nanogel solution was purified against DPBS 50 mM pH 7.4 

using a 20 kDa MWCO microdialysis cup at 4 °C for 2 days. After purification, the empty nanogels 

were filtered using a 0.2 μm PTFE filter until further analysis and stored at 4 °C. 

Glucagon nanogel synthesis 

Poly(PDSMA-co-TrMA) (1.0 mg) was dissolved in 500 μL 10 mM HCl in a 1.5 mL lo bind 

Eppendorf tube equipped with a micro stir bar. Glucagon–SH (2.2 mg, 50% of PDS side chain) 

was dissolved in 250 μL 10 mM HCl and added to the reaction vial. The vial was left to stir at 

8000 rpm, 4 °C for 2 h. PEG2000 dithiol (0.63 mg, 50% of PDS side chain) was dissolved in 250 

μL 10 mM HCl, added to the reaction vial dropwise, and left to stir at 8000 rpm, 4 °C for 3 h. The 

crude glucagon nanogel was purified against DPBS 50 mM pH 7.4 using a 20 kDa MWCO 

microdialysis cup at 4 °C for 2 days. After purification, the glucagon nanogels were filtered using 

a 0.2 μm PTFE filter and stored at either −20 °C, 4 °C, 25 °C, or 37 °C. All glucagon nanogels 

were stored at 1 mg mL−1 (polymer) in a solution of DPBS 50 mM pH 7.4 unless otherwise noted 



 52 

for all subsequential experiments. All glucagon nanogels were used immediately unless otherwise 

noted. 

HPLC glucagon quantification 

Glucagon incorporation and conjugation was monitored via the disappearance of the 

glucagon peak during the nanogel formation and reappearance after reducing with tris(2-

carboxyethyl)phosphine (TCEP) 100 equiv. using the AUC of the glucagon peak (Figure 2.17) at 

220 nm using high performance liquid chromatography (HPLC). Glucagon–SH controls were 

dissolved in minimal 10 mM HCl then brought to pH 7.4 with 50 mM DPBS. 

Thioflavin T (ThT) assay 

BSA fibrils prepared at 1 mg mL−1 were used as the positive control by inducing fibrils by 

heating to 80 °C for 1 h.46 Empty nanogels at 1 mg mL−1 (polymer) in DPBS 50 mM pH 7.4 with 

100 equiv. TCEP was used as the negative control. Glucagon nanogels were incubated with 100 

equiv. TCEP for 15 min at 4 °C before analysis. 250 μL of ThT solution at 50 μM (in DPBS) was 

added into a black plate followed by the addition of 50 μL of either glucagon nanogel, empty 

nanogel, or BSA. The solutions were covered in the dark and incubated at 25 °C for 20 min. 

Fluorescence intensity was then measured using a plate reader (λex = 450 nm, λem = 482 nm).47 

Fetal bovine serum (FBS) glucagon nanogel stability 

Glucagon nanogels were incubated with 10% FBS. DLS measurements were taken at 0, 1, 

2, and 3 days for samples stored at 4 °C and 25 °C and at 0, 4, 8, and 12 h for samples stored at 37 

°C. 

Cell lines and maintenance 

The mouse embryonic fibroblasts, NIH 3T3 were provided by Professor Andrea M Kasko, 

Engineering V, University of California Los Angeles and the human liver cancer cells, HepG2, 

https://pubs.rsc.org/en/content/articlehtml/2024/lp/d3lp00226h#cit46
https://pubs.rsc.org/en/content/articlehtml/2024/lp/d3lp00226h#cit47


 53 

from Professor Yu-Pei, California NanoSystem Institute, UCLA. The mouse embryonic 

fibroblasts, NIH 3T3, and human liver cancer cells, HepG2, were cultured in Dulbecco's modified 

Eagle's medium (DMEM) media supplemented with 10% FBS (v/v), 1% Pen Strep, and antibiotics 

at 37 °C in a standard humidified atmosphere containing 5% carbon dioxide (CO2). 

In vitro biocompatibility 

The in vitro biocompatibility of empty nanogels and glucagon nanogels were evaluated for 

24 h in mouse embryonic fibroblasts, NIH 3T3, by performing the colorimetric MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide) assay. The MTT assay was evaluated 

for different concentrations: 10, 50, 100, 250, 500, 1000 μg mL−1 for 24 h. 0.7 × 104 cells per well 

were counted using hemocytometer, seeded in 96-well plates, and incubated at 37 °C overnight. 

The next day, the cells were treated with different concentrations of the empty nanogel and 

glucagon nanogel (freshly prepared, 3 month at 4 °C, and 3 months at −20 °C) and incubated at 37 

°C for 24 h. Media supplemented with FBS served as a control. After incubation, cell culture media 

was replaced with serum-free media containing MTT reagent (5 mg per 10 mL) and incubated at 

37 °C for 3 h. The MTT-containing media was removed, a solubilizing agent, DMSO, was added 

to dissolve the formazan crystals, and the absorbance was measured at 570 nm using a plate reader. 

For normalizing, the absorbance was measured at 630 nm. 

Live/dead cell assay 

The in vitro biocompatibility of empty nanogels and glucagon nanogels were evaluated for 

24 h in mouse embryonic fibroblasts, NIH 3T3, by performing a microscopic live/dead assay. The 

live/dead assay was evaluated at 4 different concentrations: 10, 100, 500, 1000 μg mL−1. 0.7 × 

104 cells per well were counted using a hemocytometer, seeded in 96-well plates, and incubated at 

37 °C for 12 h. The next day, the cells were treated with different concentrations of the empty 
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nanogel and glucagon nanogel and incubated for 24 h at 37 °C. After 24 h, the cell culture media 

was replaced with fresh media and fluorescent probes calcein AM (green fluorescence) and 

ethidium homodimer-1 (red fluorescence) were added, incubated for 20 min at 37 °C, and imaged 

using a fluorescent microscope. 

In vitro efficacy study 

The in vitro efficacy of the glucagon nanogel was evaluated by comparing the level of 

lactate produced using a Lactate-Glo™ assay kit, Promega. The liver model cell line, HepG2 was 

used for evaluating the levels of lactate produced. Cells (0.7 × 104 per well) were plated in a 96-

well plate and incubated overnight at 37 °C. The next day, the cell culture media was replaced with 

1 mg of glucose containing media without FBS and starved for 4 h. After 4 h, the media was 

replaced with 4.5 mg of glucose containing media with 10% FBS along with the empty nanogel, 

glucagon–SH (20 μg) and glucagon nanogel (20 μg). The sample of the medium at experimental 

time points (2, 3, 6, 24, 48, and 72 h) were collected by diluting 4 μl into 96 μl DPBS. The samples 

were collected and frozen at −20 °C until ready to perform the assay. The samples were thawed 

and 50 μl was transferred to a white 96-well assay plate. 50 μL of Lactate Detection Reagent 

(Lactate-Glo™ assay, Promega) was added and incubated for 60 min at 25 °C. Luminescence was 

recorded using the plate reader. 

Metabolic activity 

The metabolic activity of the glucagon nanogels were evaluated qualitatively by 

monitoring the color change of the cell culture media in a liver model cell line, HepG2. Cells (0.3 

× 106 per well) were plated into 35 mm cell culture dishes and incubated for 12 h at 37 °C. The 

next day, the cell culture media was replaced with 1 g L−1 of glucose containing media without 

FBS and starved for 4 h. The control for the experiment was the cells cultured in the cell culture 
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media supplemented with FBS. After 4 h, the media was replaced with 4.5 g L−1 of glucose 

containing media with 10% FBS along with native glucagon, glucagon–SH (20 μg mL−1) and 

glucagon nanogel (20 μg mL−1). The media color change was observed every day and imaged after 

72 h. 

Hemocompatibility 

Hemolytic effects of the glucagon nanogels were determined following a previous 

report.65 Sheep red blood cells (RBCs) (1 mL, 100%) were resuspended in 5 mL of DPBS (50 mM, 

pH = 7.4) and centrifuged at 3000 rpm, 4 °C for 10 min. The supernatant was discarded and 

replenished with more DPBS. This wash was repeated 3–5 more times until the supernatant was 

visibly clear. The RBCs were resuspended to 8 mL with DPBS. The cells were counted using a 

hemacytometer and diluted to 2.0 × 107 cells per mL. 250 μL of diluted RBCs were added to clear 

lo bind Eppendorf tubes followed by the addition of 750 μL of sample. PEG2000 dithiol, 

poly(PDSMA-co-TrMA), glucagon–SH, and glucagon nanogel at concentrations 5–50 μM were 

tested (n = 3). Concentrations were based on glucagon–SH. 50 mM DPBS was used as the negative 

control and 20% Triton X-100 in DPBS was used as the positive control. The samples were 

incubated at 37 °C for 1 h. Then, the samples were centrifuged at 3000 rpm, 4 °C, for 10 min. 100 

μL of supernatant of each sample were aliquoted in a 96-well plate. The absorbance was measured 

at 540 nm. To determine the hemolysis percentage, we used the following equation: % hemolysis 

= 100(A − A0)/(ATX − A0) where A is the absorbance reading of the sample, A0 is the negative 

hemolysis control, and ATX is the positive hemolysis control. 

Viscosity measurements 

The empty nanogel and glucagon nanogel were prepared as mentioned above and then 

loaded into a Rheosense syringe. Air bubbles were carefully removed from the syringe. Syringe 
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was loaded into the viscometer and allowed to equilibrate at the measurement temperature for 20 

min. 

Statistical analysis 

All experimental values are reported as the mean ± SD. Graph Pad Prism 8 software was 

used for statistical analyses. One-way analysis of variance (ANOVA) followed by Turkey's 

multiple comparison test was employed to compare the means and determine the significance. 

Statistical significance is denoted by p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), p < 0.0001 

(****). 

2.5 Appendix I 

 

Figure 2.10. 1H NMR spectrum of TrMA (400 MHz in D2O).   
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Figure 2.11. 1H NMR spectrum of PDSOH (400 MHz in CDCl3).   
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Figure 2.12. FT-IR spectrum of PDSOH. 
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Figure 2.13. 1H NMR spectrum of PDSMA (400 MHz in CDCl3).   
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Figure 2.14. 1H NMR spectrum of poly(PDSMA-co-TrMA (400 MHz in DMSO-d6).   

 

Figure 2.15. GPC of poly(PDSMA-co-TrMA) in DMF (Mn = 9820; Ð = 1.9).   
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Figure 2.16. Glucagon-SH conjugation kinetics to poly(PDSMA-co-TrMA) was monitored via 

HPLC over 3 hours. 

 

Figure 2.17. Representative HPLC traces of glucagon-SH conjugation and release from the 

glucagon nanogel. 
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Figure 2.18. Representative SDS-PAGE of glucagon-SH conjugation and release from the 

glucagon nanogel. Lane 1: protein ladder; lane 2: crude glucagon nanogel; lane 3: purified 

glucagon nanogel; lane 4: glucagon nanogel from lane 3 reduced with TCEP (100 eq). 
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Figure 2.19. Representative LC-MS trace of glucagon-SH standard compared to reduced glucagon 

nanogels show no degradation in fresh glucagon-SH or immediately after reduction. Calculated 

m/z= 3460, observed m/z=3460, retention time= 6.3 minutes. 
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Figure 2.20. Varying percentages of PEG2000 dithiol varied the glucagon nanogel size by DLS.   

 

Figure 2.21. DLS of simultaneous crosslinking of PEG2000 dithiol and glucagon-SH PDI: 0.427 Z-

average (d.nm): 360.0. with microdialysis purification. 
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Figure 2.22. DLS of covalent attachment of glucagon-SH followed by crosslinking of PEG600 

dithiol in 10 mM HCl, buffer exchanged to DPBS pH 7.4, purified by microdialysis. PDI: 0.02, Z-

average (d.nm): 3189. 

 

Figure 2.23. DLS of covalent attachment of glucagon-SH followed by crosslinking of PEG1000 

dithiol in 10 mM HCl, buffer exchanged to DPBS pH 7.4 and purified by microdialysis. PDI: 0.23, 

Z-average (d.nm): 312.4.   
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Figure 2.24. DLS of covalent attachment of glucagon-SH followed by crosslinking of PEG2000 

dithiol in 10 mM HCl, buffer exchanged to DPBS pH 7.4 and purified by microdialysis. PDI: 0.18, 

Z-average (d.nm) 149.1. 

 

Figure 2.25. DLS of glucagon nanogels 1 mg/mL lyophilized versus in solution show comparable 

sizes of 149.1 nm (nanogel) and 155.2 nm (lyophilized nanogel).   
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Figure 2.26. Transmission electron microscopy image of glucagon nanogels 1 mg/mL lyophilized.   

 

Figure 2.27. Zoomed out TEM of the glucagon nanogels at A) -20 ºC for 5 months, B) 4 ºC for 5 

months, C) 25 ºC for 5 days, and D) 37 ºC for 12 hours.   
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Figure 2.28. In vitro biocompatibility was evaluated after 24 hours in mouse embryonic 

fibroblasts, NIH3T3 by performing a live/dead assay using calcein AM and ethidium homodimer-

1. The empty nanogel and glucagon nanogel are biocompatible at 500 μg/mL and 10 μg/mL.   

 

Figure 2.98. Metabolic activity was qualitatively evaluated after 24 hours in a liver cell model, 

HepG2 cells by visualizing a color change of golden yellow to phenol red of the control compared 

to the glucagon containing samples. 0.3x106 cells/well were counted using hemocytometer. 
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Glucagon-SH: 

 

Glucagon Nanogel: 

 

PEG2000 dithiol: 

 

PDSMA-co-TrMA: 

  

Figure 2.30. Qualitative hemolysis results left to right: DPBS, 20% Triton-X, 0 μM , 5 μM, 10 

μM, 25 μM, 50 μM.   
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3.1 Introduction 

Protein dimerization and oligomerization is a widespread phenomenon in biology, 

providing crucial improvements in stability compared to monomer , regulation of activity, and 

increased complexity.1–3 Homodimers of therapeutic proteins are used to treat diseases such as 

diabetes, cancer, and SARS-CoV-2, demonstrating the demand for the development of novel, 

multivalent therapeutic biologics.4–8 However, some of these dimers which are assembled via 

disulfide bonds, can assemble and disassemble in an uncontrolled manner, leading to undefined 

and unpredictable function and toxicity.3,9,10 Techniques to synthesize stable protein homodimers 

would improve the understanding and applicability of these potential therapeutics. Notably, 

conjugation of polymers to proteins can stabilize, increase circulation time, and reduce 

immunogenicity.11,12 Specifically, attachment of poly(ethylene) glycol or (PEGylation), is the only 

FDA approved polymer for conjugation to therapeutic proteins.12–14 Currently, over 30 PEGylated 

biologics have been approved with a range of polymer sizes and conjugation linkages, offering 

versatility in its application.15 Thus, utilizing PEG as the dimerization linker via stable thiol-ether 

bonds can afford additional favorable properties. 

Bioconjugation to cysteines residues is a widely employed strategy due to their relatively 

low abundance and high nucleophilicity compared to other amino acids.16,17 Cysteine 

bioconjugation techniques commonly include thiol-reactive groups such as maleimides, pyridyl 

disulfides, and vinyl sulfones. Although these conjugation chemistries are essential to the field, 

disulfide and maleimide Michael addition products can be labile in vivo. This can be a negative if 

undesired.18 Cysteine S-arylation is a promising bioconjugation technique due to the potentially 

more stable S-C(sp2) bond in vivo.19,20 The Spokoyny and Maynard groups have developed 
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organometallic oxidative addition complexes (OACs) to perform S-arylation of biomolecules with 

various polymers and polymer sizes.21–26,20 

Exploiting the rapid kinetics, facile synthesis, and versatility of Au OACs to prepare 

homodimers of proteins linked by polymers is a promising approach that has yet to be explored. 

Protein activity is dependent on proper protein conformation and stability; however, changes in 

pH can alter these properties, posing a challenge when synthesizing dimers in vitro.27–30 Thus, the 

pH employed for protein dimerization should be considered when preparing these biologics. In 

addition, a major challenge with protein-polymer-protein formation is low conversion. For 

example, the model protein, T4 lysozyme (T4L) (V131C), containing a single surface exposed 

cysteine, has been previously used to prepare protein homodimers with a bifunctional maleimide 

poly(N-isopropylacrylamide) in only 21% yield after 16 h at 4 ºC using maleimide addition.31,32 

In this work, dimerization of a model protein utilizing Au(III) OACs was investigated at 

various pHs and compared to commonly used Michael acceptors.  Specifically, the protein homo-

dimerization conversion of T4L with bifunctional dicyclohexylphosphine (PCy2) P,N ligated 

PEG2000 Au(III) OAC and di-1-adamantylphophine (PAd2) P,N ligated PEG2000 OAC was 

investigated. The conversions of T4L PEG2000 dimers with the Au (III) reagents at pH 6.0, 7.5 and 

9.0 were directly compared to conversion to dimerization with a bifunctional maleimide PEG2000 

and bifunctional vinyl sulfone PEG2000. Additionally, the stabilities of the resulting S-arylated T4L 

PEG2000 dimers were assessed for comparison to known values reported in literature for small 

molecule substrates. 
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3.2 Results and Discussion 

3.2.1 Synthesis of homo-bifunctional PEG2000 reagents.    

 Homo-bifunctional PEG2000 linkers capped by dicyclohexylphosphine (PCy2) P,N ligated 

Au (III) or di-1-adamantylphophine (PAd2) P,N ligated Au (III) (Figure 3.1, 1 and 2 respectively) 

were prepared from the respective bis-para-iodobenzene end-functionalized polymers (see SI for 

details).23 PEG reagents for the cysteine bioconjugation of protein dimers with PEG reagents are 

well known and some are commercially available;32–37 thus comparison to the commonly used 

Michael acceptors was undertaken. To that end, bismaleimide PEG2000 (3) was purchased from 

JenKem USA and divinyl sulfonate PEG2000 (4) was synthesized as previously reported.38 

Although the kinetic rates of Au (III) (PAd)2 and (PCy)2 have been well studied with small 

molecules and peptides, the direct comparison between these reagents and more common cysteine 

bioconjugation polymer reagents has not been reported.21 

3.2.2 Bioconjugation Screening.  
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We have previously shown that our Au (III) (PAd)2 complex reaches full conversion with 

glutathione (GSH) or a small molecule respectively at pH 0.5-14.0 and with the model protein, 

DARPin at pH 5.5 within 1 minute.23,24 Thus, we anticipated that conjugation in various pHs would 

be effective, despite the steric hinderance encountered by bringing together three macromolecules. 

Specifically, conjugations in pHs 6.0, 7.5 and 9.0 were undertaken and the samples run on SDS 

PAGE to quantify dimer formation by ImageJ analysis. 

First, T4L controls in Tris buffer pH 6.0, pH 7.5 and pH 9.0 were prepared and incubated 

at 37 °C for 18 h. No change in band intensity was observed relative to each other in these 

conditions (Figure 3.11). Therefore, for all future experiments, the T4L control was run at pH 7.5. 

Initially, reactions using 0.5 eq of PEG linkers 1-4, respectively, to 1 eq T4L, at 25 °C for 12 h 

were undertaken (Figure 3.12). For 4, 6 % of T4L was converted to dimer in pH 9.0 and 0% at pH 

6.0 and pH 7.5. Dimerization with 3 showed similar conversions at all three pHs, ranging 35% to 

43%. While 1 and 2 showed the highest conversion to dimer at pH 6.0, of 71 % and 54 % 

respectively, with the next highest at pH 7.5 of 54% and 44%, and the lowest conversion (34% and 

6%) to dimer at pH 9.0 for 1 and 2, respectively.  The results clearly demonstrate that the PEG 

with the kinetically faster Au(III) cyclohexane complex had the highest yields of all the samples, 

and higher than the slower Me-DalPhos Au(III) complex and faster than the Michael acceptors 

(Table 3.3). Specifically, our conversions were much higher with both 1 and 2 compared to our 

previously reported T4L dimers with bis-tetrazine pNIPAAm and bis-tetrazine-PEG, yielding 38 
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% and 37% respectively.32 However, the results are not directly comparable since the polymer is 

different, which can affect the conjugation percentage. The pH dependance for the Au(III) OACs 

was unexpected because our work with small molecules clearly showed no dependence on 

conversion.24  We hypothesized the Au (III) reagents are slower at the higher pH due to negatively 

charged amino acid residues or neutral amine residues on the proteins coordinating to the Au (III), 

either reacting with the end group or slowing down the process.  To test this, we subjected the T4L 

dimers prepared with 1, with citric acid or glutamic acid, however no significant difference in 

conversion was observed (Figure 3.13). Regardless, the results clearly show that 1 gave superior 

Figure 3.2 A) T4L PEG dimerization scheme and SDS-PAGE after 12 h at 37 ºC. Lane 1: 

ladder, Lane 2: T4L control, T4L with 1 at pH 6.0, 7.5 and 9.0 converted to 73%, 54%, and 

36% respectively. % Conversion calculated with ImageJ. B) SDS-PAGE after 12 h at 37 ºC. 

Lane 1: ladder, Lane 2: T4L control, T4L with either 2, 3, or 4 at pH 6.0, 7.5 and 9.0.for 12 

h. Percent Conversion calculated by Image J with n= 2 and the range is listed. 
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dimerization yields of 73% compared that with tetrazine click ligation, but without the need for 

incorporation of an artificial amino acid.   

In a recent study, T4L linear and cyclic PEG2000 conjugates were prepared using the Au 

(III) (Ad)2 reagent, reaching full conversion in 18 h at 37 °C.22 Therefore to increase the yield 

further, the temperature was increased to 37 °C using 0.5 eq PEG linker to 1 eq T4L (Figure 3.2). 

Dimerization conversion slightly increased for 3 and 4; more dimer conjugate was formed at pH 

9.0 and 7.5 with 4 and at all pHs with 3. However, only a slight increase was observed at 37 °C 

with 1 or 2. Dimerization percent conversion for all reagents with 0.5 eq at 37 °C are summarized 

in Table 3.1.Even though we obtained higher yields were obtained at this higher temperature, we 

also observed that with 1 and 2 at 18 hours at 37 °C, higher molecular weight bands appeared 

(Figure 3.14). Similar types of higher molecular weight bands were seen previously with T4L 

using a trans- cylcooctene polymer reagent.32 The origin of these bands is unknown, but suggest a 

multimerization product. 

 In summary, the highest conversion to T4L PEG dimers is observed with 1 at pH 6.0, 7.5 

and 9.0 compared to the other reagents at the same pH. The best conversion for 1 was at a slightly 

acidic pH of 6.  Also, a 12 h conjugation time was better than 18 h, since the latter gave higher 

molecular weight bands in the SDS PAGE gel, suggesting multimerization.  It should be noted that 

a low conversion was observed at pH 9 for reagent 2.  Since this contrasts what was observed for 

PEG2000 Reagent % Conversion pH 6.0 % Conversion pH 7.5 % Conversion pH 9.0 
1 72-75 53-57 50-56 

2 55-57 45-48 4-6 

3 35-38 47-49 39-43 

4 0 5-7 3-5 

Table 3.1 T4L-PEG-T4L dimer conversions with 0.5 equivalents of PEG reagent at 37 ºC 

for 12 h. Percent Conversion calculated by Image J with n= 2 and the range is listed. 
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small molecules in organic solvents, it does suggest that the Me-DalPhos Au (III) reactivity is 

negatively affected by the presence of the T4L.   Yet at neutral pH 2 was the same as maleimide 

with regard to conversion.  Vinyl sulfone end functionalized PEG performed poorly in the 

dimerization reaction at all pHs tested.   

3.2.3 Stability of S-arylated T4L-PEG-T4L dimers.  

 Stability of the S-Ar bond has been studied for small molecules, but not for polymers.39 

To study the stability of the polymer, the S-arylated T4L PEG2000 dimers, we subjected them to 

either acidic, basic, or oxidative reagents under the same condtions as the small molcules. After 2 

days at 25 ºC then 4 days at 37 ºC, the T4L PEG2000 dimers were anlayzed by LC-MS comparing 

the area under the curve to the initial, unperturbed dimer (Table 3.2). In the presence of both acid 

and base, there was approximately a 25 % decrease in dimer while in the presence of oxidative 

condtions, a 10% decrease was observed. These results were comparable to the small molecule 

conjugates, demonstrating that the polymer or protein does not have an appreciable effect on 

stability. 

3.3 Conclusion 

In conclusion, pH, temperature, and time, were screened to gain an understanding of the 

homodimer conversion of T4L with cysteine bioconjugation using bifunctional vinyl sulfone, 

maleimide, Au (III) (PAd)2, and Au (III) (PCy)2 PEG2000 reagents. The Au (III) (PCy)2 PEG2000 

reagent resulted in the highest conversions at pH 6.0, 7.5, and 9.0 compared to other polymers. 

The S-arylated T4L PEG2000 dimers were comparable to reported stabilities for small molecule-

Conditions Acid Base Oxidation 

% T4L-PEG-T4L  72.9% 74.2% 91.1% 

Table 3.2 Stability of S-aryl T4L PEG2000 dimers. 
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peptide conjugates under acidic, basic, and oxidative conditions. These results show that Me-

DalPhos Au (III) bis functionalized PEG is promising for protein dimerization.   

3.4 Experimental 

3.4.1 Materials  

Unless otherwise noted, all materials were of analytical grade and purchased and used as 

received from Fisher Scientific, Acros Organics, Oakwood Chemicals or Sigma Aldrich. The silver 

hexafluoroantimonate (AgSbF6) was stored in the glovebox under an atmosphere of N2 and 

removed prior to use. Milli-Q water was used for all experiments. Fisher Water Optima™ LC-MS 

Grade and Fisher Acetonitrile Optima™ LC-MS Grade were used exclusively for LC-MS mobile 

phase solvents.  Protein was expressed and purified from the plasmid pET29c(+)hFGF-2, which 

was kindly provided by Professor Thomas Scheper from the Helmholtz Centre for Infection 

Research (Braunschweig, Germany) according to Chen et al.31 

3.4.2 Analytical Techniques 

NMR spectra were recorded on AV 400 Bruker spectrometers at 400 MHz (1H) and 121 

MHz (31P{1H}). Spectra are reported in δ (parts per million) relative to residual proteo-solvent 

signals for 1H and H3PO4 (δ 0.00 ppm) for 31P{1H}. Deuterated solvents (Cambridge Isotope 

Laboratories) were used for all NMR experiments. 1H NMR spectra for all polymers, spectra were 

acquired with a relaxation delay of 4 seconds. Data was analyzed using MestRenova v12 software. 

A Biotage Isolera Prime equipped with KP-SNAP Ultra Biotage columns was used for all flash 

column chromatography.  

Protein and protein conjugates were purified by FPLC on a Bio-Rad BioLogic DuoFlow 

chromatography system. All purifications were carried out at 4 °C. All buffers were freshly 

prepared and filtered over a Thermo Scientific Nalgene 565-0020 Filter Unit, 0.2um PES prior to 
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use. Size exclusion chromatography (SEC) purifications were performed using a Superdex 75 

Increase 10/300 GL column. All protein purifications were monitored at wavelengths of 254 nm 

and 280 nm. A standard isocratic method was used for all sampled (20 mM Tris, 150 mM NaCl 

buffer, pH 7.5 over 50 minutes). Protein concentration measurements were determined on a 

NanoDrop 2000 UV-Vis spectrophotometer at 280 nm (Extinction coefficient = 16,055 M-1 cm-1). 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out 

in a Mini-PROTEAN Tetra Cell system (Bio-Rad) connected to a PowerPac HC (BioRad) power 

supply using Bio-Rad Any kD™ Mini-PROTEAN® TGX™ Precast Gels at 195 V and 3 A for 30 

minutes in a running buffer (25 mM Tris, 192 mM Glycine, 0.1% (w/v) SDS, pH 8.3). Precision 

Plus Protein™ Dual Xtra Prestained Protein Standards (2 μL) were used as protein ladder in all 

SDS-PAGE analysis. Laemmli 2x Concentrate (Sigma) containing 4% SDS, 20% glycerol, 

0.004% bromophenol blue and 0.125 M Tris HCl at a pH of approximately 6.8 was used to load 

all protein and conjugate samples. Protein bands were visualized by staining the gels in an aqueous 

solution (0.1% Coomassie Brilliant Blue R 250, 45% MeOH, 9% acetic acid) and microwaving 

for 30 seconds followed by agitation for 15 minutes. Destaining was carried out by submerging 

the gels in an aqueous destaining solution (10% MeOH, 14% acetic acid), microwaving for 30 

seconds, and agitating for several hours until the background of the gel became fully destained. 

ImageJ was used to calculate conversion by optical densitometry.  

3.4.3 Methods 



 90 

Synthesis of ditosyl PEG2000  

 

Adapted from Montgomery, et. al. 23 PEG2000 dihydroxy (1000 mg, 1 eq) was added to a 

round bottom equipped with a stir bar and DCM (10 mL). TEA (151.8 mg, 209 μL, 3 eq) was 

added slowly, stirred for 5 min, and subsequently cooled to 0 °C. 4-methylbenzenesulfonyl 

chloride (286.0 mg, 3 eq) was dissolved in DCM (10 mL) and added dropwise to the reaction flask. 

The reaction was allowed to warm to 25 ºC and stir for 16 h. The reaction was concentrated under 

reduced pressure. The off-white sticky solid was dissolved in minimal DCM and purified by 

precipitation in ice cold diethyl ether 3 times. The product was dried by vacuum to yield a white 

solid in 72% yield. 1H NMR (400 MHz, CDCl3) δ 7.76 (dd, J = 7.8, 5.9 Hz, 4H), 7.35 – 7.29 (m, 

3H), 7.17 – 7.12 (m, 1H), 4.15 – 4.10 (m, 3H), 3.62 (s, 180H), 3.34 (t, 1H), 2.42 (s, 5H).  

Synthesis of bis para- iodobenzene PEG2000  

 

Adapted from Montgomery, et. al. 23 Ditosyl PEG2000 (300 mg, 1 eq) and 4-iodophenol (278 

mg, 10 eq) were added to an oven-dried round bottom flask equipped with a stir bar and dissolved 

in anhydrous MeCN (10 mL). K2CO3 (175 mg, 10 eq) was then added to the solution while stirring. 

The reaction mixture was heated to 80 °C and was stirred for 12 hours at reflux. The solvent was 

removed under reduced pressure to afford an orange oil. The crude mixture was dissolved in DCM 
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and filtered to remove excess carbonate. The DCM was removed under vacuum and the remaining 

solids were dissolved in a small amount of water, and the basic solution was neutralized to pH 7-

8 with 1 M NH4OAc buffer. The aqueous solution was removed by lyophilization to provide white 

solids. These solids were resuspended in DCM and filtered to remove undissolved salts. The DCM 

solution was concentrated under reduced pressure and precipitated from cold diethyl ether 3 times. 

The precipitate was then run using 100% DCM to elute the aryl/tosyl peaks and then a gradient to 

10% MeOH to elute the product as a white solid in 64% yield. 1H NMR (400 MHz, CDCl3) δ 7.58 

– 7.50 (m, 4H), 6.73 – 6.67 (m, 3H), 4.08 (dd, J = 5.7, 4.0 Hz, 4H), 3.89 – 3.79 (m, 5H), 3.64 (s, 

160H).  

Synthesis of bis para- Au (III) (Cy)2 PEG2000 (1) 

 

AgSbF6 (5.9 mg, 3.5 eq) was added to a one-dram vial in the glovebox in the absence of 

light. This was removed from the glovebox, electrical taped, and charged with a stir bar. DCM 

(200 µL) was added to the vial, creating a clear solution. Separately, ((PCy2)Me-DalPhos)AuICl 

(9.5 mg, 3.5 eq) and para-iodobenzene PEG2000 (12.0 mg, 1 eq) were weighed out into a one-dram 

vial. This was dissolved in DCM (200 µL), creating a clear solution. Both reaction vials were 

added to the -20 ºC freezer for 1 min. The contents of the Au/ArI vial were transferred to the silver 

vial and stirred at 25 ºC for 18 h. The dark yellow/orange mixture was filtered through Celite, 

washed with DCM, and concentrated under vacuum to yield an orange oil. There was residual 

green material on the Celite.  The concentrated orange oil was dissolved in minimal DCM and 

precipitated in diethyl ether 3 times. The material was concentrated under vacuum to yield an 
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orange oil in 81% yield. 1H NMR (400 MHz, CDCl3) δ 7.96 – 7.84 (m, 8H), 7.79 (d, J = 7.9 Hz, 

3H), 7.55 – 7.50 (m, 2H), 7.12 (d, J = 8.6 Hz, 5H), 7.00 – 6.94 (d, 5H), 6.72 – 6.65 (m, 2H), 4.16 

(dd, J = 5.7, 3.7 Hz, 5H), 4.08 (dd, J = 5.7, 4.0 Hz, 3H), 3.91 – 3.81 (m, 10H), 3.64 (s, 254H), 3.44 

(s, 23H), 2.74 (d, J = 12.2 Hz, 5H), 1.75 (d, J = 38.8 Hz, 28H), 1.47 – 1.03 (m, 21H), 0.76 (d, J = 

12.9 Hz, 6H). 31P NMR (162 MHz, CDCl3) δ 60.21. 

Synthesis of bis para- Au (III) (Ad)2 PEG2000 (2) 

 

Adapted from Montgomery, et. al.23 AgSbF6 (25.6 mg, 3.5 eq) was added to a one-dram 

vial in the glovebox in the absence of light. This was removed from the glovebox, electrical taped, 

and charged with a stir bar. DCM (500 µL) was added to the vial, creating a clear solution. 

Separately, Me-DalPhos)AuCl (48.8 mg, 3.5 eq) and para-iodobenzene PEG2000 (30.0 mg, 1 

eq) were weighed out into a one-dram vial. This was dissolved in DCM (500 µL), creating a clear 

solution. Both reaction vials were added to the -20 ºC freezer for 1 min. The contents of the Au/ArI 

vial were transferred to the silver vial and stirred at 25 ºC for 18 h. The dark yellow/orange mixture 

was filtered through Celite, washed with DCM, and concentrated under vacuum to yield a yellow 

oil. There was residual green material on the Celite.  The concentrated orange oil was dissolved in 

minimal DCM and precipitated in diethyl ether 3 times. The material was concentrated under 

vacuum to yield a yellow oil in 84% yield.1H NMR (400 MHz, CDCl3) δ 8.04 – 7.89 (m, 6H), 7.77 

(s, 2H), 7.31 (d, J = 8.9 Hz, 38H), 6.92 (d, J = 8.7 Hz, 4H), 4.15 (t, J = 4.7 Hz, 4H), 3.90 – 3.85 
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(m, 4H), 3.65 (s, 177H), 2.25 (d, J = 8.3 Hz, 12H), 2.11 (s, 27H), 1.75 (s, 25H). 31P NMR (162 

MHz, CDCl3) δ 77.76. 

Synthesis of divinyl sulfone PEG2000 (4)  

 

 

Adapted from Decker, et. al. 38 Sodium hydride (59.1 mg, 25 eq) was weighed into an oven-

dried round-bottom flask equipped with a stir bar under argon. The flask was cooled in an ice-bath, 

and dry DCM (100 mL) was added. PEG2000 dihydroxy (200 mg, 1 eq), previously freeze-dried 

from benzene to remove water, was dissolved in dry DCM (50 mL). The PEG2000 dihydroxy was 

then added dropwise to the cooled slurry of sodium hydride and DCM. After hydrogen evolution 

(30 minutes stirring), (vinylsulfonyl)ethene (1.16 g, 989 μL, 100 eq) was added quickly. The 

solution was allowed to come to room temperature and stir for 3 days under argon. The solution 

was then neutralized with acetic acid, concentrated, and purified by precipitation into ice cold 

diethyl ether 5 times. The product was dried by vacuum to yield a light pink solid in quantitative 

yield. 1H NMR (400 MHz, C2D6OS) δ 6.94 (dd, J = 16.6, 9.9 Hz, 2H), 6.29 – 6.14 (m, 4H), 3.73 

(t, J = 5.9 Hz, 4H), 3.69 – 3.42 (m, 175H), 3.38 (t, J = 5.8 Hz, 6H). 
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3.5 Appendix II 

 

Figure 3.3. 1H NMR of ditosyl PEG2000 in CDCl3 at 23 ºC. 
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Figure 3.4. 1H NMR of bis para-iodobenzene PEG2000 in CDCl3 at 23 ºC. 
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Figure 3.5. 1H NMR of bis para- Au (III) (Cy)2 PEG2000 (1) in CDCl3 at 23 ºC. 

 



 97 

 

Figure 3.6. 31P NMR of bis para- Au (III) (Cy)2 PEG2000 (1) in CDCl3 at 23 ºC.
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Figure 3.7. 1H NMR of bis para- Au (III) (Ad)2 PEG2000 (2) in CDCl3 at 23 ºC.  
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Figure 3.8. 31P NMR of bis para- Au (III) (Ad)2 PEG2000 (2) in CDCl3 at 23 ºC. 
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Figure 3.9. 1H NMR of divinyl sulfone PEG2000 (4) in C2D6OS at 23 ºC. 
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Protein Dimerization Experiments  

T4L-PEG-T4L Dimers 

T4 Lysozyme V131C (T4L) Protein Expression 

T4 lysozyme V131C (T4L) protein expression and purification was adapted from literature 

procedures.5 T4 lysozyme V131C (T4L) Sequence (Calculated Mass: 18605.36 Da): 

MNIFEMLRIDEGLRLKIYKDTEGYYTIGIGHLLTKSPSLNAAKSELDKAIGRNTNGVITKD

EAEKLFNQDVDAAVRGILRNAKLKPVYDSLDAVRRAALINMVFQMGETGVAGFTNSLR

MLQQKRWDEAACNLAKSRWYNQTPNRAKRVITTFRTGTWDAYKNL. 

E. coli host BL21(DE3) (Invitrogen) was used to express T4 lysozyme V131C (T4L) using 

an ampicillin resistant expression vector obtained from Prof. Wayne Hubbell (UCLA). To each of 

two 2 L flasks each containing 750 mL of previously autoclaved LB Broth (Miller) with ampicillin 

(50 μg/mL) was added 5 mL of a saturated 18 hour culture inoculated from a glycerol stock. The 

culture was grown at 37 °C with 250 rpm shaking for ca. 6 hours before the OD600 reached ~0.75 

and the culture was induced with 1 mM isopropyl β- d-1-thiogalactopyranoside (IPTG). The 

culture continued to shake at 37 °C at 250 rpm for approximately 2 hours. The cultures were 

harvested by centrifugation at 4000 rpm for 15 min to yield a cell pellet. The pellet was 

resuspended in 20 mL lysis buffer (25 mM Tris, 25 mM MOPS, 0.2 mM EDTA, pH 7.6) by stirring 

vigorously. Spontaneous bacterial lysis occurred during resuspension as evident by increased 

viscosity of the suspension due to DNA release. Bacterial lysis was likely due to proteolytic activity 

of the lysozyme present in the bacteria. One subsequent freeze-thaw cycle ensured complete lysis 

of the bacteria. Benzoase (0.2 μL/mL) was then added to the solution and incubated at 25 °C for 

15 min. Bacterial debris was then separated by centrifugation at 17,000 rpm for 25 min at 4 °C. 

The supernatant was loaded onto a 5 mL gravity SP Sepharose Fast Flow column (Cytiva) and 

https://www.zotero.org/google-docs/?arYIr5
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washed with 200 mL lysis buffer. The column was then washed with two column volumes of lysis 

buffer with increasing NaCl content (gradient from 0 M to 0.5 M in 0.1 M steps) to elute the desired 

protein. SDS-PAGE was run on all fractions and under reducing conditions with Coomassie Blue 

staining. Pure fractions were combined and solvent exchanged into storage buffer (20 mM PBS, 

pH 6.5) and concentrated to ~15 mL using an Amicon 3K Ultra-15 Centrifugal Filter (Millipore). 

Protein was further purified by preparative SEC-FPLC using an isocratic method in 20 mM PBS, 

pH 6.5. Pure fractions were concentrated and stored in storage buffer as described above. The 

purified protein was analyzed by LCMS and SDS-PAGE confirming sample purity and molecular 

weight (main text Figure 2). Concentration was determined by A280 (Extinction coefficient = 

25,440 M-1 cm-1) The protein sample was diluted with storage buffer to 76 μM and aliquots were 

flash frozen and stored in a -80 °C freezer.  

 

 

Figure 3.10.  A) SDS-PAGE gel of T4 lysozyme following purification. B) LCMS total ion 

chromatogram (TIC) of T4 lysozyme following purification. C) LCMS deconvoluted mass of T4 

lysozyme following purification m/z = 18.6 kDa. 
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Preparation of T4L-PEG-T4L Dimers 

T4L-PEG-T4L Dimer Conditions Screening  

All equivalent screenings are in relation to protein equivalents as 1. All reactions are done 

in reducing conditions unless otherwise noted. 

General conditions for dimerizations are as follows: 70 µM T4L, Tris Buffer pH 6.0, 7.5 

or pH 9.0 X equiv. TCEP·HCl, 4 equiv. (1, 2, 3, or 4) PEG2000 reagent, 12 h, 25 or 37 °C. To a 50 

µL solution of T4L at 76 µM, 5 µL of a 3 mM TCEP·HCl (4 eq) solution in Tris Buffer was added. 

The protein underwent disulfide reduction for 1 hour at 37 ºC. Next, 5 µL of either 1, 2, 3 or 4 was 

added to the reaction mixture. Stock solutions of either 1, 2, 3 or 4 were prepared in MeCN prior 

to the procedure. After 12 h, the reaction was stopped by dilution in SDS-PAGE conditions (See 

below). 

General SDS-PAGE Sample Preparation Procedure: 1 µL of a given reaction mixture was 

added to 19 µL of Laemmli loading buffer. For samples run under reducing conditions, the 

Laemmli loading buffer was prepared to contain 5% mercaptoethanol by volume and samples were 

heated at 90 ºC for five minutes prior to loading. Samples were loaded onto SDS-PAGE gel and 

run as described above in the general experimental information. 

Temperature Screen: To a 50 µL solution of T4L at 76 µM, 5 µL of a 3 mM TCEP·HCl (4 

eq) solution in PBS was added. The protein underwent disulfide reduction for 1 hour at 37 ºC. 

Next, 5 µL of either 1, 2, 3 or 4 were added to the solution at 0.5 eq with all PEG stock solutions 

prepared in MeCN. The reactions were allowed to proceed at either 23 ºC or 37 ºC 12 h. Then, the 

samples underwent the general SDS-PAGE sample preparation procedure as described above. 
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Figure 3.11.  SDS-PAGE gel of T4L in Tris buffer pH 6.0, 7.5 and 9.0 at 37 ºC for 18 h in reducing 

conditions.  

 

 

Figure 3.12.  SDS-PAGE gel of T4L in Tris buffer with 0.5 eq PEG reagent at 25 ºC for 12 h in 

reducing conditions. Lane 1: ladder, Lane 2: T4L control. Highest % Conversion for each reagent: 

71% pH 6.0 with 1, 54% pH 6.0 with 2, 43% pH 7.5 with 3, 6% pH 9.0 with 4.  
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Table 3.3.  SDS-PAGE gel of T4L in Tris buffer with 0.5 eq PEG reagent at 25 ºC for 12 h in 

reducing conditions. Percent conversion calculated with ImageJ with n= 2 and therefore the range 

is listed. 

 

 

 

Figure 3.13.  SDS-PAGE gel of T4L in Tris buffer with 0.5 eq 1 (left), 1 + citric acid (middle), 

and 1+ glutamic acid (right) at 37 ºC for 12 h in reducing conditions.  

 

PEG2000 Reagent % Conversion pH 6.0 % Conversion pH 7.5 % Conversion pH 9.0 

1 65- 71 51-54  47- 54  

2 50 -54  41-44  3-6  

3 34-37 41-43  38-40  

4 0 0 4-6 



 106 

 

 

Figure 3.14. SDS-PAGE gel of T4L in Tris buffer with 0.5 eq PEG reagent at 37 ºC for 18 h in 

reducing conditions. 

Characterization of S-arylated T4L-PEG-T4L Dimers 

Stability Assessment in the Presence of Base, Acid, and Oxidation 

The stability of the S-arylated T4L-PEG-T4L dimers was assessed with adaptation from 

previously reported literature.5 Stability was measured by integrating the area under the curve of 

the samples using LC-MS.  

Base reagent: K2CO3 (2 μL, 0.16 mM in H2O) 

Acid reagent: HCl (2 μL, 0.003 M in H2O) 

Oxidation reagent: H5IO6 (2 μL, 400 μM in H2O) 

Base and Acid Stability 

S-arylated T4L-PEG-T4L was buffer exchanged to H2O and prepared as 0.03 mM stock 

solutions for the stability experiments. S-arylated T4L-PEG-T4L (0.03 mM; 18 μL) and stability 
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test reagent (2 μL, in H2O) were combined in a plastic Eppendorf and left at 25 ºC for 2 days, 

followed by 4 days at 37 °C. The reactions (20 uL) were quenched with a solution of 50% H2O: 

50% MeCN (v/v, 20 uL) and the resulting samples were analyzed by LC-MS.  

Oxidation Stability 

S-arylated T4L-PEG-T4L was buffer exchanged to H2O and prepared as 0.03 mM stock 

solutions for the stability experiments. S-arylated T4L-PEG-T4L (0.03 mM; 18 μL) and stability 

test reagent (2 μL, in H2O) were combined in a plastic Eppendorf and placed in an incubator at 37 

ºC for 30 min. The reaction was quenched with a solution Na2SO3 (20 μL, 400 μM in H2O). A 

solution of 50% H2O: 50% MeCN (v/v, 20 uL) was added, and the resulting samples were analyzed 

by LC-MS. 
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Chapter 4 

 

FGF-2 Multimers Utilizing  

Au (III) Bifunctional PEGylated Linkers 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 



 115 

4.1 Introduction 

According to the protein data bank, most proteins found in biology exist primarily in their 

oligomeric form compared to their monomer state.1,2 Oligomerization improves protein stability 

against degradation and aggregation by exposure of surface residues to solvents, thus lowering the 

surface area to volume ratio.2–4 In nature, proteins often form oligomeric or multimeric complexes 

that prove critical for effective activity and regulation.5–7 Likewise, fixation of multiple proteins 

to a polymer scaffold can result in a conjugate that exhibits higher activities then the monomeric 

conjugate.8 These multimeric complexes can allow for control over the accessibility and specificity 

of active sites; however, the chemistries to make these structures covalent are underexplored.9 

Consequently, development of highly efficient, yet biologically compatible protein dimerization 

is a growing subfield  in chemical biology, medicine, and biotechnology.10–19 It remains 

challenging to overcome the steric hindrance of proteins to reach full conjugation conversion at an 

acceptable kinetic rate and yield.20  

FGF-2 is a growth factor protein that moderates cell proliferation, differentiation and 

migration, playing a critical role in wound healing, angiogenesis, bone regeneration, 

neuroregeneration, and can even result in scarless healing.21,22 We have previously shown that 

FGF-2 dimers stimulated superior metabolic activity and migration in fibroblast and endothelial 

cells compared to FGF-2.19 The optimal linker length was empirically determined to be that closest 

to the FGF-2:FGFR (FGF receptor) tetramer inter-cysteine distance, 70 Å, corresponding to a 

PEG2000.19 Furthermore, other groups have found that PEGylation of FGF-2 resulted in increased 

plasma lifetimes and decreased clearance through functionalization of the N-terminus.23,24 We 

hypothesized that conjugation of FGF-2 with PEG2000 to create higher order oligomeric complexes, 

larger than dimers, could offer even greater activity and stability.  
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Given the complex landscape presented at the biomolecule surface, the choice of 

conjugation chemistry at the biomolecule/polymer interface is of critical importance.25 We have 

established that (Me-DalPhos)Au-substrates are highly efficient for cysteine arylation of proteins 

with polymers.26–28 Bench stable and isolable polyethylene glycol PEG (Me-DalPhos)Au reagents 

were previously synthesized for the PEGylation of the model protein DARPin.26 Thus, we 

hypothesized that the rapid bimolecular kinetics of the cysteine arylation approach will be 

amenable to the synthesis of multimeric FGF-2 scaffold utilizing the two accessible cysteine 

(Cys78 and Cys96) (Figure 4.1). FGF-2 is susceptible to degradation and aggregation after 1 h at 

25 ºC and 30 min at 37 ºC, 29 thus, we anticipated that multimerization utilizing the rapid kinetics 

of Au (III) would be critical. The resulting S-aryl bonds also mitigates reversibility concerns 

compared to some other conjugation linkages such as thiol ethers formed from maleimides, which 

can be reversible in vivo. Herein are described efforts to synthesize a range of FGF-2 complexes 

from dimer, trimer, tetramer, and highest order multimers using bifunctional Au (III) PEGylated 

complexes. We prepared several Au (III) PEGylated complexes with different steric availability to 

explore the different conversions of higher order oligomers with each linker. 

4.2 Results and Discussion 

4.2.1 Synthesis of bifunctional Au (III) PEG2000 linkers.    

Figure 4.1 Multimerization of wt FGF-2 utilizing bifunctional Au (III) polymeric linkers. 
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PEG2000 bifunctional Au (III) linkers were synthesized through the general synthetic 

approach of ditosylation, arylation, and oxidative addition (OA). The Maynard and Spokoyny 

groups reported (Me-DalPhos)AuCl and more recently an ultrafast (dicyclohexPhos)AuCl reagent, 
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and both were tested.28 The synthesis of a bifunctional dicyclohexyl Au (III) PEG2000 reagent (bis 

para- Au (III) (Cy)2 PEG2000, 5) was undertaken in 92% yield (Figure 4.2). Oxidative addition on 

2 with (Me-DalPhos)AuCl yielded a bifunctional (Me-DalPhos) Au (III) PEG2000 reagent (bis 

para- Au (III) (Ad)2 PEG2000, 6). Additionally, we have recently demonstrated the ability to slow 

down the kinetics of S-arylation by sterically hindering the Au (III) sites.30 Since the para- Au 

(III) position offers the greatest accessibility for reductive elimination (RE) of cysteines, we 

synthesized the meta- and ortho- Au(III) reagents from the respective 3-iodophenol and 2-

iodophenol to afford 3 and 4. OA of with (Me-DalPhos)AuCl 3 and 4 yielded Au (III) PEG2000 

reagents 7 and 8. We hypothesize 8 will provide the slowest conversion when exposed to FGF-2. 

This small toolbox of PEG2000 OA complexes was then used in the multimerization of FGF-2.  

4.2.2 FGF-2 Multimerization by SDS-PAGE.  

Before accessing higher order FGF-2 complexes, we utilized the mutant fibroblast growth 

factor 2 (mFGF-2) (C78S) to understand the dimerization conversion. Dimerization of mFGF-2 (2 

eq) with 6 (1 eq) in Tris Buffer at pH 9.0 was monitored by SDS-PAGE, reaching 13 % after 1 h 

at 25 ºC (Figure 4.3). Due to the limited conversion of mFGF-2 to PEGylated dimer, the native 

FGF-2 was used for the future experiments.  

 

Figure 4.3. Dimerization of mFGF-2 (1 eq) with 6 (1 eq). Lane 1: ladder, Lane 2: mFGF-2, Lane 

3: 60 min. By ImageJ optical densitometry, % Conversion from mFGF-2: 13 %.  
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RE of 1 eq of FGF-2 with 1 eq of 5 after 1 minute (Figure 4.4) gave 95% conversion of 

FGF-2 to multimeric structures by ImageJ optical densitometry analysis of SDS-PAGE exposed to 

silver stain. Due to the ultrafast kinetics of the (dicyclohexPhos)AuCl reagent, the multimeric 

complex of FGF-2 reached > 250 kDa by SDS-PAGE as indicated by the dark band at the top of 

the gel, visible by silver training.  It is also possible these higher MW bands are due to aggregation 

of degraded products, as some protein degradation is observed in the gel below the FGF-2 band. 

RE of FGF-2 with 3 eq of 6 after 1 min yielded 76% conversion from monomeric FGF-2 with a 

distribution of dimer, pentamer, and multimers by SDS-PAGE (Figure 4.20). After 30 min (Figure 

4.5), monomeric FGF-2 was 91% converted to oligomeric structures, mostly visible by silver 

Figure 4.5. Conjugation of FGF-2 (1 eq) with 6 (3 eq). Lane 1: ladder, Lane 2: FGF-2, Lane 3: 

10 min, Lane 4: 30 min. % Conversion from FGF-2: 83% Lane 3, 91% Lane 4. 

Figure 4.4. Conjugation of FGF-2 (1 eq) with 5 (1 eq). Lane 1: ladder, Lane 2: FGF-2, Lane 3: 1 

min.  By ImageJ optical densitometry, Lane 3 is 95% converted from the FGF-2 starting material.  
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staining and quantified by ImageJ optical densitometry. Silver staining is a more sensitive staining 

technique compared to Coomassie, allowing the smaller multimeric complexes to be visible. The 

decreased band intensity of FGF-2 by Coomassie indicates that most of the FGF-2 converted to 

higher order multimeric complexes. Interestingly, the distribution between smaller oligomeric 

sizes was not equal. The highly reactive Au (III) reagents resulted in converion to higher order 

multimeric complexes. After 1 h with 3 eq of 6, nearly quantitative conversion was reached with 

99% of the monomeric FGF-2 converted to the highest order multimeric complex visible by the 

dark staining at the top of the gel (Figure 4.21). Typically, with protein-polymer conjugation, 

excess polymer is added to increase conversion to the conjugate, however, we hypothesized adding 

excess protein, in this case, could help control the size of oligomeric complex. To 1 eq of FGF-2, 

0.25- 2 eq of 6 was added and monitored over 2 h (Figure 4.6). After 10 min (Lanes 1-6, Figure 

4.6), 12% conversion in Lane 3 was reached with 2 eq and 6% conversion in Lane 4 was reached 

with 1 eq. After 1 h (Lanes 1’-6’, Figure 4.6), 54% conversion in Lane 3’ was reached with 2 eq 

and 26% conversion in Lane 4’ was reached with 1 eq. No conversion from monomeric FGF-2 

Figure 4.6. Equivalent screen of FGF-2 (1 eq) conjugation with 6 (2, 1, 0.5, or 0.25 eq) after 

10 min (Lanes 1-6), 1 h (Lanes 1’-6’), 2 h (Lanes 1’’-6’’). Lane 1: ladder, Lane 2: FGF-2, Lane 

3: 2 eq, Lane 4: 1 eq, Lane 5: 0.5 eq, Lane 6: 0.25 eq. % Conversion from FGF-2: 12% Lane 

3, 6% Lane 4, 54% Lane 3’, 26% Lane 4’, 73% Lane 3”, 44% Lane 4”, 19% Lane 5”, 7% Lane 

6”.  



 121 

was reached after 1 h with lower equivalents of 0.5 eq or 0.25 eq. However, after 2 h (Lanes 1”-

6’’, Figure 4.6), the highest conversion was reached with 73% conversion in Lane 3”, and 

improved conversion of 44% in Lane 4”, 19% in Lane 5”, and 7% in Lane 6”. Not surprisingly, 

conversion from monomeric FGF-2 increased as the time of the reaction went on, and with higher 

equivalents of FGF-2. Silver staining of these conjugations was undertaken in attempt to visualize 

the multimeric structures (Figure 4.22).  

Utilizing the more sterically hindered Au (III) PEG2000 reagents, OA with 8 and 7 at 

varying equivalents with time points up to 2 h was visualized by SDS-PAGE and % conversion 

only listed for the most converted lane for simplicity (Figure 4.7). A general trend was observed 

that with higher equivalents of polymer in this case and more time of either 8 or 7 yielded higher 

conversion of FGF-2. RE with 3 eq of 8 yielded 91% conversion after 1 h and 98% after 2 h and 

with 3 eq of 7 yielded 95% conversion after 1 h and 100% after 2 h. With these reagents, more 

mono conjugate is observed (FGF-2-PEG-Au (III)) before converting to higher order structures.  

Figure 4.7. Equivalent screen of FGF-2 (1 eq) conjugation with 8 (Lanes 1-10) and 7 (Lanes 

1’-10’) (X eq) after X min. Lane 1: ladder, Lane 2: FGF-2, Lane 3: 1.3 eq 1 min, Lane 4: 1.3 

eq 30 min, Lane 5: 1.3 eq 1 h, Lane 6: 1.3 eq 2 h, Lane 7: 3 eq 1 min, Lane 8: 3 eq 30 min, 

Lane 9: 3 eq 1 h, Lane 10: 3 eq 2 h.  % Conversion from FGF-2: 91% Lane 9, 98% Lane 10, 

95% Lane 9’, 100% Lane 10’.  
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The multimeric conjugates are often smeared and therefore difficult to quantify.  As a result, 

in all these cases, the decrease in FGF-2 in the SDS PAGE was quantified. Therefore, it cannot be 

certain that FGF-2 is converted completely into multimeric species.  It could be that the FGF-2-

polymer conjugate was formed (single protein) and this was observed in some cases.  Or it could 

be that FGF-2 had degraded: after 1 h at 25 ºC, FGF-2 becomes susceptible to degradation and 

aggregation.  Therefore, the balance between increasing conversion and preserving FGF-2 is a 

challenge.  It can be concluded that control over the size of multimers formed utilizing bifunctional 

Au (III) reagents with equal reactivity will be difficult due to the accessibility of both Cys78 and 

Cys96 and reactivity of our reagents. Therefore, this approach was not pursued further.  However, 

the work did provide interesting Au(III)-PEG-Au(III) linkers that could be utilized for dimerization 

of a mutant FGF-2 that contains one free cysteine or another proteins with free thiols.    

4.3 Conclusion 

Herein, multimeric complexes of FGF-2 utilizing Au (III) bifunctional PEG2000 linkers with 

a range of reactivity were synthesized and monitored by SDS-PAGE. Complete conversion of 

monomeric FGF-2 to multimers with sizes above 250 kDa, corresponding to oligomers of more 

than 7 FGF-2 units, was observed with 1 equivalent the of the (dicyclohexPhos)AuCl reagent, 5, 

within 1 min. To slow multimer formation, the (Me-DalPhos)AuCl reagent was utilized, and by 

varying equivalents of 6, 54% conversion was reached with 2 equivalents and 26% conversion 

with 1 equivalent after 1 h. For reagents 7 and 8, 3 equivalents after 1 h yielded 95% and 91% 

conversion, however these reagents mostly converted to mono-conjugate rather than higher order 

structures. In conclusion, higher order oligomeric structures were synthesized and control over 

size was difficult to achieve.  

4.4 Experimental 
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4.4.1 Materials  

Unless otherwise noted, all materials were of analytical grade and purchased and used as 

received from Fisher Scientific, Acros Organics, Oakwood Chemicals or Sigma Aldrich. The silver 

hexafluoroantimonate (AgSbF6) was stored in the glovebox under an atmosphere of N2 and 

removed prior to use. Milli-Q water was used for all experiments. Fisher Water Optima™ LC-MS 

Grade and Fisher Acetonitrile Optima™ LC-MS Grade were used exclusively for LC-MS mobile 

phase solvents.  Protein was expressed and purified from the plasmid pET29c(+)hFGF-2, which 

was kindly provided by Professor Thomas Scheper from the Helmholtz Centre for Infection 

Research (Braunschweig, Germany) according to Chen et al.31 

4.4.2 Analytical Techniques 

NMR spectra were recorded on AV 400 Bruker spectrometers at 400 MHz (1H) and 121 

MHz (31P{1H}). Spectra are reported in δ (parts per million) relative to residual proteo-solvent 

signals for 1H and H3PO4 (δ 0.00 ppm) for 31P{1H}. Deuterated solvents (Cambridge Isotope 

Laboratories) were used for all NMR experiments. 1H NMR spectra for all polymers, spectra were 

acquired with a relaxation delay of 4 seconds. Data was analyzed using MestRenova v12 software. 

A Biotage Isolera Prime equipped with KP-SNAP Ultra Biotage columns was used for all flash 

column chromatography.  

Protein and protein conjugates were purified by FPLC on a Bio-Rad BioLogic DuoFlow 

chromatography system. All purifications were carried out at 4 °C. All buffers were freshly 

prepared and filtered over a Thermo Scientific Nalgene 565-0020 Filter Unit, 0.2um PES prior to 

use. Size exclusion chromatography (SEC) purifications were performed using a Superdex 75 

Increase 10/300 GL column. All protein purifications were monitored at wavelengths of 254 nm 

and 280 nm. A standard isocratic method was used for all sampled (20 mM Tris, 150 mM NaCl 
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buffer, pH 7.5 over 50 minutes). Protein concentration measurements were determined on a 

NanoDrop 2000 UV-Vis spectrophotometer at 280 nm (Extinction coefficient = 16,055 M-1 cm-1). 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out 

in a Mini-PROTEAN Tetra Cell system (Bio-Rad) connected to a PowerPac HC (BioRad) power 

supply using Bio-Rad Any kD™ Mini-PROTEAN® TGX™ Precast Gels at 195 V and 3 A for 30 

minutes in a running buffer (25 mM Tris, 192 mM Glycine, 0.1% (w/v) SDS, pH 8.3). Precision 

Plus Protein™ Dual Xtra Prestained Protein Standards (2 μL) were used as protein ladder in all 

SDS-PAGE analysis. Laemmli 2x Concentrate (Sigma) containing 4% SDS, 20% glycerol, 

0.004% bromophenol blue and 0.125 M Tris HCl at a pH of approximately 6.8 was used to load 

all protein and conjugate samples. Protein bands were visualized by staining the gels in an aqueous 

solution (0.1% Coomassie Brilliant Blue R 250, 45% MeOH, 9% acetic acid) and microwaving 

for 30 seconds followed by agitation for 15 minutes. Destaining was carried out by submerging 

the gels in an aqueous destaining solution (10% MeOH, 14% acetic acid), microwaving for 30 

seconds, and agitating for several hours until the background of the gel became fully destained. 

ImageJ was used to calculate conversion by optical densitometry.  

4.4.3 Methods 

Synthesis of ditosyl PEG2000 (1)  

 

Adapted from Montgomery, et. al.26 PEG2000 dihydroxy (1000 mg, 1 eq) was added to a 

round bottom equipped with a stir bar and DCM (10 mL). TEA (151.8 mg, 209 μL, 3 eq) was 

added slowly, stirred for 5 min, and subsequently cooled to 0 °C. 4-methylbenzenesulfonyl 
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chloride (286.0 mg, 3 eq) was dissolved in DCM (10 mL) and added dropwise to the reaction flask. 

The reaction was allowed to warm to 25 ºC and stir for 16 h. The reaction was concentrated under 

reduced pressure. The off-white sticky solid was dissolved in minimal DCM and purified by 

precipitation in ice cold diethyl ether 3 times. The white precipitate was dried by vacuum. 1H NMR 

(300 MHz, CDCl3) δ 7.76 (dd, J = 7.8, 5.9 Hz, 4H), 7.35 – 7.29 (m, 3H), 7.17 – 7.12 (m, 1H), 4.15 

– 4.10 (m, 3H), 3.62 (s, 180H), 3.34 (s, 1H), 2.42 (s, 5H). 

Synthesis of bis para-iodobenzene PEG2000 (2)  

 

Adapted from Montgomery, et. al.26 Ditosyl PEG2000 (300 mg, 1 eq) and 4-iodophenol (278 

mg, 10 eq) were added to an oven-dried round bottom flask with an appropriately sized stir bar 

and were dissolved in anhydrous MeCN (10 mL). To this solution was added K2CO3 (175 mg, 10 

eq) while stirring. The reaction mixture was heated to 80 °C and was stirred for 12 hours at reflux. 

The solvent was removed under reduced pressure to afford an orange oil. The crude mixture was 

dissolved in DCM and filtered to remove excess carbonate. The DCM was removed under vacuum 

and the remaining solids were dissolved in a small amount of water, and the basic solution was 

neutralized to pH 7-8 with 1 M NH4OAc buffer. The aqueous solution was removed on the 

lyophilizer to provide white solids. These solids were resuspended in DCM and filtered to remove 

undissolved salts. The DCM solution was concentrated under reduced pressure and precipitated 

from cold diethyl ether three times. The Biotage was then run using 100% DCM to elute the 

aryl/tosyl peaks and then a gradient to 10% MeOH to elute the product as a white solid. 1H NMR 
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(400 MHz, CDCl3) δ 7.58 – 7.50 (m, 4H), 6.73 – 6.67 (m, 3H), 4.08 (dd, J = 5.7, 4.0 Hz, 4H), 3.89 

– 3.79 (m, 5H), 3.64 (s, 160H). 

Synthesis of bis meta-iodobenzene PEG2000 (3) 

 

Ditosyl PEG2000 (300 mg, 1 eq) and 3-iodophenol (278 mg, 10 eq) were added to an oven-

dried round bottom flask with an appropriately sized stir bar and were dissolved in anhydrous 

MeCN (10 mL). To this solution was added K2CO3 (175 mg, 10 eq) while stirring. The reaction 

mixture was heated to 80 °C and was stirred for 12 hours at reflux. The solvent was removed under 

reduced pressure to afford an orange oil. The crude mixture was dissolved in DCM and filtered to 

remove excess carbonate. The DCM was removed under vacuum and the remaining solids were 

dissolved in a small amount of water, and the basic solution was neutralized to pH 7-8 with 1 M 

NH4OAc buffer. The aqueous solution was removed on the lyophilizer to provide white solids. 

These solids were resuspended in DCM and filtered to remove undissolved salts. The DCM 

solution was concentrated under reduced pressure and precipitated from cold diethyl ether three 

times. The biotage was then run using 100% DCM to elute the aryl/tosyl peaks and then a gradient 

to 10% MeOH to elute the product as a white solid. 1H NMR (400 MHz, CD3CN) δ 7.28 (ddd, J 

= 4.7, 2.1, 0.8 Hz, 2H), 7.02 (t, J = 8.2 Hz, 1H), 6.91 (ddd, J = 8.3, 2.4, 1.0 Hz, 1H), 4.09 – 4.03 

(m, 2H), 3.75 – 3.71 (m, 2H), 3.70 – 3.38 (m, 142H). 

Synthesis of bis ortho-iodobenzene PEG2000 (4) 
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Ditosyl PEG2000 (300 mg, 1 eq) and 2-iodophenol (278 mg, 10 eq) were added to an oven-

dried round bottom flask with an appropriately sized stir bar and were dissolved in anhydrous 

MeCN (10 mL). To this solution was added K2CO3 (175 mg, 10 eq) while stirring. The reaction 

mixture was heated to 80 °C and was stirred for 12 hours at reflux. The solvent was removed under 

reduced pressure to afford an orange oil. The crude mixture was dissolved in DCM and filtered to 

remove excess carbonate. The DCM was removed under vacuum and the remaining solids were 

dissolved in a small amount of water, and the basic solution was neutralized to pH 7-8 with 1 M 

NH4OAc buffer. The aqueous solution was removed on the lyophilizer to provide white solids. 

These solids were resuspended in DCM and filtered to remove undissolved salts. The DCM 

solution was concentrated under reduced pressure and precipitated from cold diethyl ether three 

times. The biotage was then run using 100% DCM to elute the aryl/tosyl peaks and then a gradient 

to 10% MeOH to elute the product as a white solid. 1H NMR (400 MHz, CD3CN) δ 4.15 – 4.09 

(m, 5H), 3.84 – 3.78 (m, 5H), 3.55 – 3.47 (m, 296H), 3.35 (s, 1H). 

Synthesis of bis para-Au (III) (Cy)2 PEG2000 (5) 

 

Adapted from Montgomery, et. al.26 AgSbF6 (5.9 mg, 3.5 eq) was added to a one dram vial 

in the glovebox in the absence of light. This was removed from the glovebox, electrical taped, and 

O
O

44
S

O

O

OH

MeCN
80°C, 16 h

K2CO3

OS
O

O
O

O
44

O

I

I I

25%

O
O
44

I
AgSbF6
DCM

Cl

Au

P

NO

I
Cl

Au
P

N

O O O
44

Cl
Au

P

N

2SbF62

81%



 128 

charged with a stir bar. 500 µL of DCM was added to the vial, creating a clear solution. 

Separately, Au(I) cyclohexyl (9.5 mg, 3.5 eq) and 2 (12.0 mg, 1 eq) were weighed out into a one-

dram vial. This was dissolved in 500 µL of DCM, creating a clear solution. Both reaction vials 

were added to the -20ºC freezer for 1 min. The contents of the Au/ArI vial were transferred to the 

silver vial and stirred at 25ºC for 18 h. The dark yellow/orange mixture was filtered through Celite, 

washing with DCM, and concentrated under vacuum to yield an orange oil. There was residual 

green material on the Celite.  The concentrated orange oil was dissolved in minimal DCM and 

precipitated in diethyl ether three times. The material was concentrated under vacuum to yield an 

orange oil. 1H NMR (400 MHz, CDCl3) δ 7.96 – 7.84 (m, 8H), 7.79 (d, J = 7.9 Hz, 3H), 7.55 – 

7.50 (m, 2H), 7.12 (d, J = 8.6 Hz, 5H), 7.00 – 6.94 (m, 5H), 6.72 – 6.65 (m, 2H), 4.16 (dd, J = 5.7, 

3.7 Hz, 5H), 4.08 (dd, J = 5.7, 4.0 Hz, 3H), 3.91 – 3.81 (m, 10H), 3.64 (s, 254H), 3.44 (s, 23H), 

2.74 (d, J = 12.2 Hz, 5H), 1.75 (d, J = 38.8 Hz, 28H), 1.47 – 1.03 (m, 21H), 0.76 (d, J = 12.9 Hz, 

6H). 31P NMR (162 MHz, CDCl3) δ 60.21. 

Synthesis of bis para-Au (III) (Ad)2 PEG2000 (6) 

 

AgSbF6 (25.6 mg, 3.5 eq) was added to a one-dram vial in the glovebox in the absence of 

light. This was removed from the glovebox, electrical taped, and charged with a stir bar. 500 µL 

of DCM was added to the vial, creating a clear solution. Separately, Me-DalPhos)AuCl (48.8 mg, 

3.5 eq) and 2 (30.0 mg, 1 eq) were weighed out into a one-dram vial. This was dissolved in 500 

µL of DCM, creating a clear solution. Both reaction vials were added to the -20ºC freezer for 1 
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min. The contents of the Au/ArI vial were transferred to the silver vial and stirred at 25ºC for 18 

h. The dark yellow/orange mixture was filtered through Celite, washing with DCM, and 

concentrated under vacuum to yield a yellow oil. There was residual green material on the 

Celite.  The concentrated orange oil was dissolved in minimal DCM and precipitated in diethyl 

ether three times. The material was concentrated under vacuum to yield a yellow oil.1H NMR (400 

MHz, CDCl3) δ 8.04 – 7.89 (m, 6H), 7.77 (s, 2H), 7.31 (d, J = 8.9 Hz, 38H), 6.92 (d, J = 8.7 Hz, 

4H), 4.15 (t, J = 4.7 Hz, 4H), 3.90 – 3.85 (m, 4H), 3.65 (s, 177H), 2.25 (d, J = 8.3 Hz, 12H), 2.11 

(s, 27H), 1.75 (s, 25H). 31P NMR (162 MHz, CDCl3) δ 77.76. 

Synthesis of bis meta-Au (III) (Ad)2 PEG2000 (7) 

 

AgSbF6 (25.6 mg, 3.5 eq) was added to a one-dram vial in the glovebox in the absence of 

light. This was removed from the glovebox, electrical taped, and charged with a stir bar. 500 µL 

of DCM was added to the vial, creating a clear solution. Separately, Me-DalPhos)AuCl (48.8 mg, 

3.5 eq) and 3 (30.0 mg, 1 eq) were weighed out into a one-dram vial. This was dissolved in 500 

µL of DCM, creating a clear solution. Both reaction vials were added to the -20ºC freezer for 1 

min. The contents of the Au/ArI vial were transferred to the silver vial and stirred at 25ºC for 18 

h. The dark yellow/orange mixture was filtered through Celite, washing with DCM, and 

concentrated under vacuum to yield a yellow oil. There was residual green material on the 

Celite.  The concentrated orange oil was dissolved in minimal DCM and precipitated in diethyl 

ether three times. The material was concentrated under vacuum to yield a yellow solid. 1H NMR 
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(400 MHz, Acetone) δ 8.37 – 8.32 (m, 1H), 8.27 – 8.21 (m, 1H), 7.33 – 7.21 (m, 3H), 6.91 – 6.83 

(m, 1H), 4.16 (q, J = 5.1 Hz, 3H), 3.87 – 3.29 (m, 170H), 2.79 (d, J = 12.9 Hz, 14H), 2.49 (s, 9H), 

2.27 (s, 11H), 1.84 (t, J = 11.6 Hz, 8H), 1.74 (d, J = 13.3 Hz, 10H). 31P NMR (162 MHz, Acetone) 

δ 74.49. 

Synthesis of bis ortho-Au (III) (Ad)2 PEG2000 (8) 

 

AgSbF6 (25.6 mg, 3.5 eq) was added to a one-dram vial in the glovebox in the absence of 

light. This was removed from the glovebox, electrical taped, and charged with a stir bar. 500 µL 

of DCM was added to the vial, creating a clear solution. Separately, Me-DalPhos)AuCl (48.8 mg, 

3.5 eq) and 4 (30.0 mg, 1 eq)) were weighed out into a one-dram vial. This was dissolved in 500 

µL of DCM, creating a clear solution. Both reaction vials were added to the -20ºC freezer for 1 

min. The contents of the Au/ArI vial were transferred to the silver vial and stirred at 25ºC for 18 

h. The dark yellow/orange mixture was filtered through Celite, washing with DCM, and 

concentrated under vacuum to yield a yellow oil. There was residual green material on the 

Celite.  The concentrated orange oil was dissolved in minimal DCM and precipitated in diethyl 

ether three times. The material was concentrated under vacuum to yield a dark orange oil. 1H NMR 

(400 MHz, Acetone) δ 8.44 – 8.33 (m, 1H), 8.33 – 8.23 (m, 1H), 8.14 – 8.05 (m, 1H), 7.84 (ddd, 

J = 8.7, 7.1, 2.1 Hz, 1H), 7.60 – 7.51 (m, 1H), 7.37 – 7.26 (m, 1H), 7.09 – 7.02 (m, 1H), 7.00 (dd, 

J = 8.1, 1.4 Hz, 1H), 4.47 – 4.40 (m, 1H), 3.96 – 3.55 (m, 129H), 3.48 – 3.32 (m, 5H), 2.46 (t, J = 

25.4 Hz, 10H), 2.17 (q, J = 3.5 Hz, 4H), 2.00 – 1.86 (m, 8H), 1.74 (dt, J = 37.4, 13.6 Hz, 11H). 
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31P NMR (162 MHz, Acetone) δ 78.03, 69.09. 

Mutant Basic Fibroblast Growth Factor 2 (mFGF-2 C78S) Protein Expression 

Mutant FGF-2 (mutant C78S) protein expression and purification were adapted from 

literature procedures.6 mFGF-2 Sequence (Calculated Mass: 17106.36 Da): 

MAAGSITTLPALPEDGGSGAFPPGHFKDPKRLYCKNGGFFLRIHPDGRVDGVREKSDPHI

KLQLQAEERGVVSIKGVCANRYLAMKEDGRLLASKCVTDECFFFERLESNNYNTYRSR

KYTSWYVALKRTGQYKLGSKTGPGQKAILFLPMSAKS. Protein was expressed and purified 

from the plasmid pET29c(+)hFGF-2, which was kindly provided by Professor Thomas Scheper 

from the Helmholtz Centre for Infection Research (Braunschweig, Germany) according previously 

published literature.6 To each of two 5 mL of a saturated 18 hour culture inoculated from a glycerol 

stock. The culture was grown at 30 °C with 250 rpm shaking for about 6 hours before the OD600 

reached ~0.75 and the culture was induced with 1 mM IPTG. The culture was continued to shake 

at 37 °C at 250 rpm for approximately 2 hours. The cultures were harvested by centrifugation at 

4000 rpm for 15 min to yield a cell pellet. Cell pellets were frozen at -80ºC until further purified. 

To further purify, cells were suspended in lysis buffer (25 mM phosphate buffer, pH 7.5, 100 mM 

NaCl, 0.25 g/L MgCl2(7H2O), 3 mM DTT and 1 mM EDTA) at 40 g/L dry cell mass, and 1 

protease inhibitor cocktail tablet per 50 mL at 25ºC for 15 min. Cells were homogenized. cells 

were centrifuged for 1 hour at 17,000G and 4 °C. The supernatant was loaded onto a 5 mL heparin 

Sepharose drip column. The supernatant was passed through the column 3 times and incubated at 

4ºC for 12 h. The column was then washed with three column volumes of elution buffer (25 mM 

sodium phosphate buffer, pH 7.5, 3 mM DTT, 1 mM EDTA, and 0, 1.5 or 2 M NaCl) to elute the 

desired protein. SDS-PAGE was run on all fractions and under reducing conditions with 

Coomassie Blue staining. Pure fractions were combined, and solvent exchanged into storage buffer 
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(20 mM PBS, pH 6.5) and concentrated to ~15 mL using a using Amicon 3K Ultra-15 Centrifugal 

Filter (Millipore). Protein was further purified by preparative SEC FPLC using an isocratic method 

in 20 mM Tris-HCl buffer pH 7.5. Pure fractions were concentrated and stored in storage buffer 

(20 mM Tris-HCl buffer pH 9.0, 150 mM NaCl). The purified protein was analyzed by LC-MS 

and SDS-PAGE confirming sample purity and molecular weight. Concentration was determined 

by A280 (Extinction coefficient =  18,055 M-1 cm-1) The protein sample was diluted with storage 

buffer to 76 μM and aliquots were flash frozen and stored in a –80 °C freezer. 

Basic Fibroblast Growth Factor 2 (wild type FGF-2) Expression  

FGF-2 (wt) protein expression and purification were adapted from literature procedures.31 

Wt FGF-2 Sequence (Calculated Mass: 17691.55 Da): 

MAAGSITTLPALPEDGGSGAFPPGHFKDPKRLYCKNGGFFLRIHPDGRVDGVREKSDPHI

KLQLQAEERGVVSIKGVCANRYLAMKEDGRLLASKCVTDECFFFERLESNNYNTYRSR

KYTSWYVALKRTGQYKLGSKTGPGQKAILFLPMSAKS. Protein was expressed and purified 

from the plasmid pET29c(+)hFGF-2, which was provided by Professor Thomas Scheper from the 

Helmholtz Centre for Infection Research (Braunschweig, Germany) according previously 

published literature.31 To each of two 5 mL of a saturated 18 hour culture inoculated from a 

glycerol stock. The culture was grown at 30 °C with 250 rpm shaking for about 6 hours before the 

OD600 reached ~0.75 and the culture was induced with 1 mM IPTG. The culture was continued 

to shake at 37 °C at 250 rpm for approximately 2 hours. The cultures were harvested by 

centrifugation at 4000 rpm for 15 min to yield a cell pellet. Cell pellets were frozen at -80ºC until 

further purified. To further purify, cells were suspended in lysis buffer (25 mM phosphate buffer, 

pH 7.5, 100 mM NaCl, 0.25 g/L MgCl2(7H2O), 3 mM DTT and 1 mM EDTA) at 40 g/L dry cell 

mass, and 1 protease inhibitor cocktail tablet per 50 mL at 25ºC for 15 min. Cells were 
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homogenized. cells were centrifuged for 1 hour at 17,000G and 4°C. The supernatant was loaded 

onto a 5 mL heparin Sepharose drip column. The supernatant was passed through the column 3 

times and incubated at 4ºC for 12 h. The column was then washed with three column volumes of 

elution buffer (25 mM sodium phosphate buffer, pH 7.5, 3 mM DTT, 1 mM EDTA, and 0, 1.5 or 

2M NaCl) to elute the desired protein. SDS-PAGE was run on all fractions and under reducing 

conditions with Coomassie Blue staining. Pure fractions were combined, and solvent exchanged 

into storage buffer (20 mM PBS, pH 6.5) and concentrated to ~15 mL using a using Amicon 3K 

Ultra-15 Centrifugal Filter (Millipore). Protein was further purified by preparative SEC FPLC 

using an isocratic method in 20 mM Tris-HCl buffer pH 7.5. Pure fractions were concentrated and 

stored in storage buffer (20 mM Tris-HCl buffer pH 9.0, 150 mM NaCl). The purified protein was 

analyzed by LC-MS and SDS-PAGE confirming sample purity and molecular weight. 

Concentration was determined by A280 (Extinction coefficient = 16,055 M-1 cm-1) The protein 

sample was diluted with storage buffer to 76 μM and aliquots were flash frozen and stored in a –

80 °C freezer. 

Representative Reductive Elimination Experiment of FGF-2 with Au(III) linkers 

Adapted from previously reported literature.26 50 µL of a solution of 76 µM FGF-2 in 20 

mM Tris-HCl buffer pH 9.0, 150 mM NaCl (1 eq) was reduced with 5 µL of a 3mM sock solution 

of TCEP•HCl (4 eq) in MilliQ H2O at 25ºC for 1 h to reduce disulfide bonds formed during storage.  

Then, 5 μL of a X mM (0.19, 0.38, 0.76, 0.99, 1.1, 1.5, or 1.8 mM) stock solution of Au(III) PEG 

reagent (0.25, 0.5, 1, 1.3, 1.5, 2, 3 equivalents, respectively)  in MeCN was added, gently flicked 

to mix and allowed to react for one minute at 25ºC. After one minute, the reaction was stopped by 

dilution in appropriate media for analysis (see below). 

Representative SDS-PAGE Procedure 
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After X min, 1 μL of the reaction mixture was diluted into 19 μL Laemmli loading buffer 

(5% BME) in preparation for SDS-PAGE analysis. Samples were loaded onto SDS-PAGE gel and 

run at 195 V for 30 min and Coomassie stained and/or silver stained. Approximate sizes of 

PEGylated FGF-2 complexes: FGF-PEG2000: 19.2 kDa, Dimer: 36.4 kDa, Dimer + PEG2000: 38.4 

kDa, Trimer: 55.6 kDa, Trimer + PEG2000: 57.6 kDa, Tetramer: 74.8 kDa, Tetramer + PEG2000: 76.8 

kDa, Pentamer FGF: 94.0 kDa, Pentamer FGF + PEG2000: 96.0 kDa, Hexamer FGF: 113.2 kDa, 

Hexamer FGF+ PEG2000: 115.2 kDa, Heptamer FGF: 132.4 kDa, Heptamer FGF + PEG2000: 134.4 

kDa. 

4.5 Appendix III 

 

Figure 4.8. 1H NMR spectrum of ditosyl PEG2000 (400 MHz in CDCl3).  
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Figure 4.9. 1H NMR spectrum of bis para- diiodobenzene- PEG2000 (400 MHz in CDCl3).   
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Figure 4.10. 1H NMR spectrum of bis meta- diiodobenzene-PEG2000 (400 MHz in CD3CN).  

 



 137 

 

Figure 4.11. 1H NMR spectrum of bis ortho- diiodobenzene- PEG2000 (400 MHz in CD3CN).   
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Figure 4.12. 1H NMR spectrum of bis para- Au (III) (Cy)2 PEG2000 (400 MHz in CDCl3).   
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Figure 4.13. 31P NMR spectrum of bis para- Au (III) (Cy)2 PEG2000 (400 MHz in CDCl3).   
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Figure 4.14. 1H NMR spectrum of bis para- Au (III) (Ad)2 PEG2000 (400 MHz in CDCl3).   
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Figure 4.15. 31P NMR spectrum of bis para- Au (III) (Ad)2 PEG2000 (400 MHz in CDCl3).   
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Figure 4.16. 1H NMR spectrum of bis meta- Au (III) (Ad)2 PEG2000 (400 MHz in (CD3)2CO).   
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Figure 4.17. 31P NMR spectrum of bis meta- Au (III) (Ad)2 PEG2000 (400 MHz in (CD3)2CO).   
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Figure 4.18. 1H NMR spectrum of bis ortho- Au (III) (Ad)2 PEG2000 (400 MHz in (CD3)2CO).   
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Figure 4.19. 31P NMR spectrum of bis ortho- Au (III) (Ad)2 PEG2000 (400 MHz in (CD3)2CO). 

 

Figure 4.20. 1: Reductive elimination of FGF-2 (1 eq) with 3 eq of 6. Lane 1: ladder, Lane 2: 

FGF-2, Lane 3: 1 min. % Conversion from FGF-2: 76%. 
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Figure 4.21. 1: Reductive elimination of FGF-2 (1 eq) with 3 eq 6. Lane 1: ladder, Lane 2: FGF-

2, Lane 3: 1 h. % Conversion from FGF-2: 99%. 

 

Figure 4.22. Silver stain of Figure 4.5 Reductive elimination of FGF-2 (1 eq) equivalents screen 

after 10 min (Lanes 1-6), 1 h (Lanes 1’-6’), 2 h (Lanes 1’’-6’’) with 6. Lane 1: ladder, Lane 2: 

FGF-2, Lane 3: 2 eq, Lane 4: 1 eq, Lane 5: 0.5 eq, Lane 6: 0.25 eq. 
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5.1 Introduction 

Biodegradable materials offer a promising solution to address the global plastic waste 

crisis. Polymers that degrade into non-toxic compounds when exposed to water, air, and microbes 

are in high demand due to their biocompatibility and abundance.1,2 They can be found in nature or 

synthetically derived from renewable materials, bio-based precursors, and microorganisms. 

Biodegradable polymers have many biomedical applications including implantable large devices, 

medical delivery, and tissue engineering.3–5 The susceptibility of these polymers to degradation is 

significantly influenced by various factors, such as polymer type, crystallinity, molecular weight, 

and functional groups, which ultimately affect their resultant applications.6  

Aliphatic polyesters such as poly (є-caprolactone) (pCL) are notable for their degradability 

and compatibility in biomedical applications.7 PCL’s flexible mechanical properties such as semi-

crystallinity and low glass transition temperature (Tg), Young’s modulus, and yield stress make it 

a suitable polymer for tissue engineering, drug delivery, and implantable biomaterials.8,9 The 

physical, chemical, and mechanical properties of pCL can be modified by co-polymerization or 

blending with other polymers to afford changes in crystallinity, solubility, and degradation.10 

Another technique for altering properties is to install functional groups at the end group or side 

chains of pCL via  alkynyl-azide, allyl-thiol, and sulfhydryl-maleimide reactions.11–14 Hydrophilic 

polymers or small molecules are often used to increase hydrophilicity of pCL while still 

maintaining its mechanical properties in order to expand applications.   

 Hydrophilic moieties such a sulfonate groups are incorporated in polymeric biomaterials 

like hydrogels, scaffolds, and nanoparticles to improve cellular responses such as adhesion, 

proliferation, and differentiation.15 Sulfonate groups have also been shown to improve chitosan 

properties and mimic heparin activity.15–18 PCL has been previously grafted from with 
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poly(sodium styrene sulfonate), however these surfaces can films and electrospun surfaces have 

uneven distributions and can be difficult to control.19–22 Poly (ally-caprolactone) pCL-allyl has 

been utilized to install functional groups thiol-ene reactions.12,23,24 Herein, we demonstrate a 

simple approach to access pCL-sulfonate polymers of varying molecular weight (MW).25 pCL-

allyl with varying MWs were synthesized via anionic ring-opening polymerization (ROP). 

Sulfonate side chains were attached to pCL-allyl via thiol-ene click chemistry to yield polymers 

between 10 kilodaltons (kDa) and 160 kDa. The mechanical properties and degradation were 

investigated. 

5.2 Results and Discussion 

5.2.1 Synthesis of pCL-allyl via ROP.    

First, pCL-allyl of different molecular weights were synthesized from ally caprolactone 

utilizing ROP (Figure 1A). ROP of allyl caprolactone has been previously reported using the 

thiourea catalyst 1-(3,5-bis(trifluoromethyl)phenyl)-3-cyclohexylthiourea (3-O) and base 7-

methyl-1,5,7-triazabicyclo(4.4.0)dec-5-ene (MTBD).12,23,24 Therefore, this catalyst system was 

first utilized and pCL-allyl was synthesized with DP 40 (1) and 135 (2) (Table 5.1).26 For the 

synthesis of 2, an elevated temperature of 50 °C was required to achieve a polymer of this DP with 

dispersity (Đ) <1.5. Polymerizations of DP larger than 135 were attempted at 20 °C and 50 °C at 

2 M or 4M monomer concentration; however, the percent conversion did not exceed 67% by 1H 

NMR (entries 7 - 10) (Table 5.3). 

To access higher molecular weights while maintaining relatively low dispersity, an 

alternative catalyst was used. The Waymouth group has expanded the field of ROP urea anion 

catalysts, including 1-cyclohexyl-3-phenylurea, or Urea 7 catalyst.27 ROP of unmodified 

caprolactone with Urea 7 yielded 89 % conversion and a MW of 17.9 kDa after 12 s with Đ <1.2.27 
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We first tested the Urea 7/NaH system to prepare lower MW pCL-allyl, 10 kDa and 20 kDa. 

Although full conversion was achieved within 30 min and 1 h, respectively, the dispersities were 

slightly higher than with the 3-O/MTBD system with values of 1.2 (entry 9 and 10 respectively, 

Table 5.3). For a higher DP of 285, the Urea 7/NaH system achieved 92% conversion after 3 h to 

give a 50 kDa pCL-allyl (entry 3, Table 5.1) using 2 M of monomer. When attempting to access 

DP 400, 450, and 500 with the same monomer concentration, the conversions were limited to a 

maximum of 65 %, 45 % and 39 % respectively (entry 13, 14, 15, Table 5.3). When increasing the 

monomer concentration from 2M to 4M, DPs of approximately 370, 472, and 528 were reached 

with conversions > 80 % (entry 4 - 6, Table 5.1) with greater than 80% conversion and Đ of 1.36, 

1.42, and 1.57, respectively. By varying the catalyst/base, monomer concentration, and 

temperature, a range of molecular weights from 6.3 kDa to 81.2 kDa was achieved with a slight 

increase in Đ as DP increased; DMF size exclusion chromatography (SEC) traces are shown in 

Figure 5.1B. 

Figure 5.1. (A) ROP of allyl caprolactone general scheme using either 3-O with MTBD or Urea 

7 with NaH. (B) DMF Size Exclusion Chromatography (SEC) of 1, 2, 3, 4, 5, and 6. 
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5.2.2 pCL-allyl functionalization via thiol-ene.  

To install the sulfonate group, thiol-ene click chemistry was employed between the library 

of pCL-allyl and 3-mercaptopropane sulfonate (Figure 5.2). This reaction was challenging 

because pCL-allyl is hydrophobic and 3-mercaptopropane sulfonate is soluble in water.  To remedy 

this, the phase transfer catalyst (PTC) tetrabutylammonium bromide was employed, which allowed 

for successful thiol-ene in immiscible solvents. pCL-allyl and the photoinitiator 

dimethoxyphenylacetophenone (DMPA) were dissolved in DCM and 3-mercaptopropane 

sulfonate in H2O with the addition of the PTC. After exposure to UV light for 30 minutes, complete 

conversion from allyl was not achieved. We found that reducing 3-mercaptopropane sulfonate 

PCL- 
allyl 

Catalyst
/Base 

Time 
(h) 

Concent
ration 
(M) 

% 
Conversion 
Mn (H1 
NMR) 

Expect
ed Mn 

DP 
(H1 
NMR) 

Mn 
(SEC) 

Đ 
(SEC) 

1 3-
O/MTB
D 

2.5 2 100 6.3 40 7.4 1.06 

2A 3-O 
/MTBD 

5 2 84.4 21.0 135 22.3 1.18 

3 Urea 
7/NaH 

3 2 92.1 44.1 285 50.1 1.31 

4 Urea 
7/NaH 

4 4 89.3 57.2 370 73.0 1.36 

5 Urea 
7/NaH 

8 4 85.9 73.0  472 92.5 1.42 

6 Urea 
7/NaH 

12 4 81.2 81.2 528 125.0 1.57 

Table 5.1. ROP conditions for pCL-allyl40, pCL-allyl135, pCL-allyl285, pCL-allyl370, pCL-

allyl472, pCL-allyl528. All polymers were synthesized using a 1: 1.19: 1.19 ratio of initiator: 

catalyst: base in THF at 25 °C. 3-methyl 1-butanol was used to initiate all polymerizations.  

aTemperature at 50 °C. Mn values reported in kDa. Expected Mn is calculated from H1 NMR 

observed conversion. 
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immediately before use with TCEP·HCl for 1 h at 25 °C was crucial to ensure full conversion from 

the allylated polymer. Additionally, if the polymer was left exposed to UV light for too long, DMPA 

incorporation into the backbone was observed by H1 NMR. After performing kinetics of this 

reaction, we determined that at 0.3 mM polymer, 30 minutes was the optimal time for all the 

polymers to reach full conversion without any photo initiator incorporation. The pCL-sulfonate 

polymer library resulted in polymers from 12.2 kDa to 163.3 kDa with 1.1 ≤ Đ≤1.6, approximately 

similar dispersities as the starting pCL-ally (Table 5.2). A clear shift in MW can be seen when  

 overlayed by SEC, further providing evidence of the conversion from the pCL-allyl to the pCL-

sulfonate (Figure 5.18). It was possible that when lowering the ratio of 3-mercapropropane 

PCL-SULFONATE Mn (1H NMR)  Mn  (SEC) Đ (SEC) 

1’ 12.2 10.8 1.14 
2’ 41.8 39.5 1.21 
3’ 88.2 76.3 1.37 
4’ 114.4 105.6 1.40 
5’ 146.0 143.5 1.56 
6’ 163.3 152.1 1.63 

Figure 5.2. (A) Thiol-ene of pCL-ally to yield pCL-sulfonate general scheme. (B) DMF SEC 

of 1, 2, 3, 4, 5, and 6 denoted with a ‘ to indicate the sulfonated version. 
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sulfonate to polymer, partial functionalization of the ally polymer to the corresponding sulfonate 

could be targeted (Figure 5.19). Thus, if desired for an application, partial sulfonation would be 

possible. 

5.2.3 Thermogravimetric analysis (TGA). 

Thermogravimetric analysis of the pCL-sulfonate polymers were assessed (1’-5’) (Figure 

5.3A). Due to the polymers being very hydroscopic, the temperature was initially held at 100 °C 

to remove any excess water. Differential scanning calorimetry shows there is no glass transition 

before the degradation temperature is reached, and thus the polymer decomposes prior to melting 

(Figure 5.20). The lower MW polymers show a slightly faster initial % weight loss compared to 

the higher MW polymers (Figure 5.3B). However, as the temperature increases, these changes 

become insignificant to one another as seen by the variability in 50% weight loss (Figure 5.3C). 

 

5.2.4 Hydrolytic Degradation.  

To confirm that functionalization with the sulfonate side chain still allowed for degradation 

of the pCL backbone, the library of pCL-sulfonate polymers, soluble in water, were treated with 
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5% KOH to hydrolytically cleave the backbone.12 After treatment for 24 h, the degraded polymers 

were analyzed by DMF SEC (Figure 5.4). All of the polymers showed a lower molecular weight 

peak corresponding to smaller degraded products. However, the smaller polymers appeared to be 

degraded more than the larger polymers at this time point; longer time points would be needed to 

reach full degradation. Yet the results did demonstrate that the polymers modified with sulfonate 

groups could degrade in water.  

5.3 Conclusion 

In conclusion, pCL-allyl with molecular weights ranging from 6.3 kDa – 81.2 kDa was 

synthesized by ROP. The pCL-ally polymers were successfully functionalized via thiol-ene to yield 

pCL-sulfonate polymers from 12.2 kDa to 163.3 kDa, with minimal increase in dispersity. The 
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Figure 5.4. DMF SEC degradation after treatment with 5% KOH for 24 h at 4 °C of pCL-
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Zoomed in TGA of pCL-sulfonate at the initial weight loss. C) Zoomed in TGA of pCL-
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pCL-sulfonate polymers showed no significant dependence on molecular weight loss with regard 

to temperature induced degradation. However, there was a molecular weight loss dependence on 

degradation. Yet all the polymers were degradable with time. 

5.4 Experimental 

5.4.1 Materials  

Unless otherwise stated, all materials were purchased and used as received from Fisher 

Scientific, Acros, Alfa Aesar, Oakwood Chemicals, or Sigma Aldrich. Polymerization reagents 

were stored in a glovebox maintained under a nitrogen atmosphere prior to use. Milli-Q water was 

used for all experiments. Anhydrous tetrahydrofuran (THF) was distilled from sodium 

benzophenone and stored under argon prior to use. Allyl bromide, e- caprolactone, 7-methyl-1,5,7-

triazabicyclo(4.4.0)dec-5-ene (MTBD), and 2-methyl 1-butanol were distilled under vacuum over 

activated 4 Å molecular sieves prior to use. 

Polymerizations were performed in a Vacuum Atmospheres Genesis stainless steel 

glovebox under anhydrous nitrogen atmosphere. Allyl caprolactone was synthesized as previously 

described,26 purified by distillation under reduced pressure before use, and polymerized as 

previously described.12 Sodium hydride (NaH) (60% in mineral oil) was rinsed five times with 

hexanes and dried under reduced pressure before use. The thiourea catalyst 1-(3,5-

bis(trifluoromethyl)phenyl)-3-cyclohexylthiourea (3-O) was synthesized as previously 

described.28 The thiourea catalyst Urea 7 was synthesized as previously described.27 Ultraviolet 

irradiation was carried out in a Photochemical Safety Reaction Cabinet from Ace Glass 

Incorporated at 365 nm. Spectra/Por3® regenerated cellulose membrane (MWCO 3.5 kDa) was 

purchased from Spectrum Chemical (New Brunswick, NJ) for polymer dialysis.  

5.4.2 Analytical Techniques 
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NMR spectra were recorded on the following: AV400 Bruker spectrometer at 400 (1H); 

Spectra are reported in δ (parts per million) relative to residual proteo-solvent signals for 1H and 

H3PO4 (δ 0.00 ppm) for 31P{1H}. The following abbreviations were used to explain multiplicities: 

s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet. Deuterated solvents were purchased 

from Cambridge Isotope Laboratories and used as received for all NMR experiments. 1H NMR 

spectra for all polymers, spectra were acquired with a relaxation delay of 4 seconds. Data was 

analyzed using MestReNova v12 software.  

DMF Size Exclusion Chromatography (SEC)/Gel Permeation Chromatography (GPC) was 

conducted on an Agilent 1260 Infinity II high performance liquid chromatography (HPLC) system 

with a Wyatt Optilab (RI and MALS detection), one Polymer Laboratories PLgel guard column, 

and two Polymer Laboratories PLgel 5 μm mixed D columns. The eluent was DMF (HPLC Grade, 

99.7+%, Thermo Scientific Chemicals) containing LiBr (0.1 M) at 40 °C (Flow rate: 0.6 mL/min). 

Molecular weight information was determined for data collected using a PMMA (Agilent 

Technologies, EasiVial PMMA, pre-weighed calibration kit) conventional calibration analysis. 

Thermal degradation measurements were carried out using a PerkinElmer 

Thermogravimetric Analyzer (TGA) 8000. Temperature programs were run from 30 to 500 °C at 

a heating rate of 10°C/min. TGA tests were performed in alumina crucibles where solid samples 

(5-10 mg) were placed without any previous treatment and experiments were run immediately. All 

TGA tests were carried out in a nitrogen environment using a flow rate 20 ml/min to prevent 

oxidation. 

Thermal properties of the sample were evaluated using a PerkinElmer Differential 

Scanning Calorimeter (DSC) 8000. Approximately 5–10 mg of the sample was accurately weighed 

and sealed in an aluminum pan. An empty aluminum pan was used as the reference. The sample 
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was subjected to a heating-cooling cycle under a nitrogen atmosphere with a flow rate of 20 ml/min 

to prevent oxidation. The sample was heated from 0 °C to 500 °C at a rate of 10°C/min and cooled 

at a rate of 20 °C/min. 

5.4.3 Methods 

Ring-opening polymerization (ROP) of allyl caprolactone  

 

The general procedure for ROP of allyl-caprolactone was adapted from previously reported 

literature.12,23,24,26 

General Procedure for ROP utilizing 3-O/MTBD system 

In a nitrogen-filled glovebox, a dram vial was charged with a stir bar, 3-O, MTBD, THF, 

and 2-methyl 1-butanol. Allyl-caprolactone was added to initiate the polymerization. 

Polymerization was allowed to proceed at 20 °C for 6.3 kDa and 20.8 kDa polymers. For the 20.8 

kDa polymer, the dram vial and its contents were fully assembled and sealed, then removed from 

the box and allowed to polymerize at 50 °C in an oil bath. Reaction was monitored by 1H NMR. 

After 2.5 h (6.3 kDa) and 5 h (20.8 kDa) the polymerization was quenched with either acetic acid 

or benzoic acid in toluene outside of the glovebox. The conversions were 96% and 84% 

respectively. Percent Conversion was determined by the disappearance of the allyl monomer 

proton at 5.81 ppm (1H) and appearance of the ally polymer proton at 5.71 ppm (1H) using 1H 

NMR (monomer proton/polymer proton x 100). Polymers were purified by precipitation five times 

in ice cold hexanes and dried under reduced pressure to give the polymer as a colorless oil.  

O

O
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Representative ROP (pCL-allyl40):  

In a nitrogen-filled glovebox, For the synthesis of pCL-allyl40 (2M) a dram vial was 

charged with a stir bar, 3-O (17.5 mg, 1.19 eq, 0.019 mmol), MTBD (2.76 µL, 1.19 eq, 0.019 

mmol), THF (227.1 µL), and 2-methyl 1-butanol (1.76 µL, 1 eq, 0.016 mmol). Allyl-caprolactone 

(97.1µL, 40 eq, 0.65 mmol) was added to initiate the polymerization. Polymerization was allowed 

to proceed at 20 °C for 6.3 kDa at 2.5 h. The polymerization was quenched with acetic acid outside 

of the glovebox. Polymers were purified by precipitation five times in ice cold hexanes and dried 

under reduced pressure to give the polymer as a colorless oil in 95.6% yield (97.0 mg). 

6.3 kDa pCL-allyl40 (1): 1H NMR (400 MHz, CDCl3) δ 5.72 (ddt, J = 16.9, 10.1, 6.8 Hz, 

39H), 5.09 – 4.97 (m, 80H), 4.13 – 3.96 (m, 81H), 2.47 – 2.28 (m, 83H), 2.22 (dddd, J = 12.7, 5.9, 

3.5, 1.2 Hz, 40H), 1.69 – 1.57 (m, 122H), 1.57 – 1.44 (m, 78H), 1.40 – 1.27 (m, 81H), 0.92 (d, J 

= 6.6 Hz, 6H). Mn (DMF SEC) = 7,400 Da; Đ = 1.06. % Conversion (by 1H NMR): 100%. Yield: 

97.0 mg, 95.6 %. 

21.0 kDa pCL-allyl135 (2): 1H NMR (400 MHz, CDCl3) δ 5.71 (ddt, J = 16.8, 9.9, 6.8 Hz, 

136H), 5.09 – 4.95 (m, 275H), 4.04 (tdd, J = 6.5, 3.6, 1.6 Hz, 295H), 2.44 – 2.27 (m, 342H), 2.26 

– 2.15 (m, 139H), 1.68 – 1.55 (m, 578H), 1.48 (ddd, J = 13.4, 10.5, 6.5 Hz, 148H), 1.34 (dp, J = 

15.1, 7.1 Hz, 348H), 0.91 (d, J = 6.6 Hz, 6H). Mn (DMF SEC) = 22,300 Da; Đ = 1.18. % Conversion 

(by 1H NMR): 84.4%. Yield: 82.0 mg, 81.7 %. 
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General Procedure for ROP utilizing Urea 7/NaH system:  

In a nitrogen-filled glovebox, a dram vial was charged with a stir bar, Urea 7, NaH, THF, 

and 2-methyl 1-butanol. Stock solutions were made of Urea 7, NaH, and 2-methyl-butanol in THF. 

Polymerization of the 43.0 kDa polymer was at 2M and for the 57 kDa, 70 kDa, and at 4M for the 

81 kDa. Allyl-caprolactone was added to initiate the polymerization. Polymerization was allowed 

to proceed at 20 °C. Reaction was monitored by 1H NMR. After 3 h (44 kDa), 4 h (57 kDa), and 8 

h (73 kDa), 12 h (81 kDa) the polymerization was quenched with either acetic acid or benzoic acid 

in toluene outside of the glovebox. The conversions were 92%, 90%, 86% and 81%, respectively. 

% Conversion was determined by the disappearance of the allyl monomer proton at 5.81 ppm (1H) 

and appearance of the ally polymer proton at 5.71 ppm (1H) using 1H NMR (monomer 

proton/polymer proton x 100). Polymers were purified by precipitation five times in ice cold 

hexanes and dried under reduced pressure to give the polymer as a colorless oil. 

Representative ROP (pCL-allyl285):  

In a nitrogen-filled glovebox, a dram vial was charged with a stir bar, Urea 7 (0.54 mg, 

1.19 eq, 0.0025 mmol), NaH (0.06 mg, 1.19 eq, 0.0025 mmol), THF (227.1 µL), and 2-methyl 1-

butanol (0.23 µL, 1 eq, 0.0021 mmol) were added. Allyl-caprolactone (97.1µL, 310 eq, 0.65 mmol) 

was added to initiate the polymerization. Polymerization was allowed to proceed at 20 °C for 43.0 

kDa at 3 h. The polymerization was quenched with acetic acid outside of the glovebox. Polymers 

were purified by precipitation five times in ice cold hexanes and dried under reduced pressure to 

give the polymer as a colorless oil (89.0 mg) in 88.8% yield. 
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44.1 kDa pCL-allyl285 (3): 1H NMR (400 MHz, CDCl3) δ 5.72 (ddt, J = 16.9, 10.1, 6.8 Hz, 

283H), 5.09 – 4.98 (m, 577H), 4.05 (dddt, J = 13.2, 10.8, 6.6, 3.3 Hz, 572H), 2.46 – 2.29 (m, 

582H), 2.23 (td, J = 13.3, 6.7 Hz, 318H), 1.72 – 1.44 (m, 1845H), 1.34 (h, J = 7.0 Hz, 613H). 0.84 

(d, J = 6.5 Hz, 6H).; Mn (DMF SEC) = 50,100 Da, Đ = 1.31% Conversion (by 1H NMR): 92.1%. 

Yield: 89.0 mg, 88.8 %. 

57.2 kDa pCL-allyl370 (4): 1H NMR (400 MHz, CDCl3) δ 5.71 (ddt, J = 16.9, 10.1, 6.8 Hz, 

369H), 5.09 – 4.96 (m, 743H), 4.11 – 3.96 (m, 739H), 2.47 – 2.28 (m, 751H), 2.21 (dt, J = 13.6, 

6.3 Hz, 375H), 1.69 – 1.55 (m, 1184H), 1.54 – 1.42 (m, 406H), 1.33 (p, J = 7.4 Hz, 749H). 0.89 

(d, J = 6.5 Hz, 6H). Mn (DMF SEC) = 73,000; Đ = 1.36. % Conversion (by 1H NMR): 89.3%. 

Yield: 87.2 mg, 87.1 %. 

73.0 kDa pCL-allyl472 (5): 1H NMR (400 MHz, CDCl3) δ 5.71 (ddt, J = 16.9, 10.2, 6.8 

Hz, 472H), 5.13 – 4.90 (m, 961H), 4.15 – 3.92 (m, 956H), 2.45 – 2.28 (m, 964H), 2.21 (dt, J = 

14.2, 6.0 Hz, 477H), 1.69 – 1.56 (m, 1431H), 1.48 (tdd, J = 12.9, 9.1, 5.0 Hz, 506H), 1.33 (p, J = 

7.4 Hz, 971H). 0.90 (d, J = 6.5 Hz, 6H). Mn (DMF SEC) = 92,500 Da; Đ = 1.42. % Conversion 

(by 1H NMR): 85.9%. Yield: 81.0 mg, 80.9%. 

81.2 kDa pCL-allyl528 (6):  1H NMR (400 MHz, CDCl3) δ 5.70 (ddt, J = 16.9, 10.1, 6.8 

Hz, 528H), 5.11 – 4.92 (m, 1079H), 4.13 – 3.91 (m, 1085H), 2.36 (dtt, J = 28.6, 8.1, 6.2 Hz, 

1096H), 2.25 – 2.15 (m, 530H), 1.67 – 1.54 (m, 1634H), 1.48 (dtd, J = 13.3, 8.0, 5.2 Hz, 566H), 

1.32 (p, J = 7.4 Hz, 1087H). 0.90 (d, J = 6.5 Hz, 6H). Mn (DMF SEC) = 125,00 Da; Đ = 1.57. % 

Conversion (by 1H NMR): 81.3%. Yield: 79.6 mg, 79.5 %. 
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General Procedure for thiol-ene:  

 

In a dram vial, sodium 3-mercaptopropane sulfonate was reduced with TCEP·HCl in H2O 

for 1 h at 25 ºC. Separately, pCL-allyl, dimethoxyphenylacetophenone (DMPA), and 

tetrabutylammonium bromide were combined in a dram vial equipped with a stir bar and DCM. 

The reduced thiol and MeOH were added to the polymer vial. The mixture was degassed by 

sparging for 30 min with argon and then placed in the UV reactor on a stir plate with vigorous 

mixing and exposed to 365 nm UV light. After 30 min, the solution was opened and dialyzed 

against 3.5 kDa MWCO in acetone/ H2O for 24 h and then H2O for 24 h. After 48 h, the resulting 

solution was then lyophilized to yield a sticky light yellow solid. Yields were quantitative.  

Representative synthesis of functional polyesters via thiol-ene reaction (pCL-sulfonate40):  

In a dram vial, sodium 3-mercaptopropane sulfonate (85.4 mg, 3 equivalents per alkene, 

479 µmol) was reduced with TCEP·HCl (137.4 mg, 3 equivalents per alkene, 479 µmol) in H2O 

(1.0 mL) for 1 h at 25 ºC. Separately, pCL-allyl40 (25.0 mg, 1 eq, 4.0 µmol), DMPA (20.5 mg, 0.5 

eq, 79.9 µmol), and tetrabutylammonium bromide (51.5 mg, 1 eq, 160 µmol) were combined in a 

dram vial equipped with a stir bar and DCM (1.0 mL). The reduced thiol and MeOH (200 µL) 

were added to the polymer vial. Final concentration of polymer was 0.3 mM. The mixture was 

degassed by sparging for 30 min with argon and then placed in the UV reactor on a stir plate with 

vigorous mixing and exposed to 365 nm UV light. After 30 min, the solution was opened and 

O

O
O H TCEP•HCl, DMPA

DCM/H2O/MeOH, 365 nm

O

O

S
HS S

O

O
O- Na+

SO
OO-

+

O H

N
Br

n

n



 167 

dialyzed against 3.5 kDa MWCO in acetone/ H2O for 24 h and then H2O for 24 h. After 48 h, the 

resulting solution was then lyophilized to yield a sticky light yellow solid (quantitative yield). 

12.4 kDa pCL-sulfonate40 (1’): 1H NMR (400 MHz, D2O) δ 4.15 (s, 72H), 3.24 (d, J = 

10.5 Hz, 93H), 3.00 (s, 69H), 2.66 (d, J = 32.8 Hz, 148H), 2.46 (s, 42H), 2.05 (s, 68H), 1.65 (d, J 

= 36.1 Hz, 412H), 1.41 (t, J = 7.4 Hz, 189H), 1.00 (t, J = 7.2 Hz, 148H). IR: 𝜈 = 2915, 1720, 1152, 

1033 cm-1. Mn (DMF SEC) = 10,800 Da; Đ = 1.14.  

41.8 kDa pCL-sulfonate135 (2’): 1H NMR (400 MHz, D2O) δ 4.16 (s, 198H), 3.24 (s, 

178H), 3.01 (s, 167H), 2.66 (d, J = 32.2 Hz, 349H), 2.45 (s, 135H), 1.65 (d, J = 35.8 Hz, 954H), 

1.41 (d, J = 7.1 Hz, 432H), 0.99 (t, J = 7.3 Hz, 282H). IR: 𝜈 = 2921, 1721, 1150, 1029 cm-1. Mn 

(DMF SEC) = 39,500 Da; Đ = 1.21. 

88.2 kDa pCL-sulfonate285 (3’): 1H NMR (400 MHz, D2O) δ 4.15 (s, 538H), 3.25 (s, 

610H), 3.00 (s, 555H), 2.66 (d, J = 33.7 Hz, 1142H), 2.45 (s, 285H), 2.05 (s, 542H), 1.65 (d, J = 

37.2 Hz, 2935H), 1.50 – 1.28 (m, 1237H), 1.00 (t, J = 7.1 Hz, 875H). IR: 𝜈 = 2912, 1718, 1149, 

1031 cm-1. Mn (DMF SEC) = 76,300 Da; Đ = 1.37. 

114.4 kDa pCL-sulfonate370 (4’): 1H NMR (400 MHz, D2O) δ 4.14 (s, 577H), 3.26 (s, 

606H), 3.00 (s, 571H), 2.66 (d, J = 34.0 Hz, 1124H), 2.45 (s, 370H), 2.05 (s, 578H), 1.65 (d, J = 

36.9 Hz, 2959H), 1.42 (d, J = 6.4 Hz, 1225H), 1.00 (t, J = 7.1 Hz, 811H). IR: 𝜈 = 2917, 1721, 

1157, 1032 cm-1. Mn (DMF SEC) = 105,600 Da; Đ = 1.40. 

146.0 kDa pCL-sulfonate472 (5’): 1H NMR (400 MHz, D2O) δ 4.15 (s, 808H), 3.25 (t, J = 

8.1 Hz, 1087H), 3.00 (s, 846H), 2.79 – 2.54 (m, 1682H), 2.45 (s, 472H), 2.05 (s, 838H), 1.65 (d, 

J = 36.8 Hz, 4476H), 1.41 (p, J = 7.4 Hz, 2005H), 1.00 (t, J = 7.2 Hz, 1626H). IR: 𝜈 = 2913, 1716, 

1151, 1031 cm-1. Mn (DMF SEC) = 143,500 Da; Đ = 1.56. 
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163.3 kDa pCL-sulfonate528 (6’): 1H NMR (400 MHz, D2O) δ 4.15 (s, 967H), 3.25 (d, J 

= 9.9 Hz, 1056H), 3.00 (s, 887H), 2.66 (d, J = 33.5 Hz, 1764H), 2.45 (s, 528H), 2.05 (s, 864H), 

1.65 (d, J = 37.0 Hz, 4980H), 1.42 (dd, J = 14.6, 7.5 Hz, 2252H), 1.00 (t, J = 7.2 Hz, 1604H). IR: 

𝜈 = 2912, 1724, 1149, 1036 cm-1.  Mn (DMF SEC) = 152,100 Da; Đ = 1.63. 

pCL-allyl249-sulfonate249: 1H NMR (400 MHz, D2O) δ 5.75 (s, 250H), 5.04 (s, 731H), 

4.07 (s, 528H), 3.26 (s, 374H), 2.77 – 2.12 (m, 1359H), 1.69 (s, 1550H), 1.42 (s, 712H), 1.00 (s, 

454H). *0.5 equivalent 3-mercaptopropane sulfonate used for this polymer only 

Degradation of pCL-sulfonate: 

The general procedure for the degradation experiments was adapted from previously 

reported literature.12  

 

General Experimental Information 

pCL-sulfonate (3 mg) was 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 DMF SEC to assess 

degradation. 
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Figure 5.5. 1H NMR spectrum allyl caprolactone (400 MHz, CDCl3) at 23 ºC. 
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Table 5.3. ROP conditions screening. Initiator: Catalyst: Base Ratio: 1: 1.19: 1.19. 2-methyl 1-

butanol was used to initiate all polymerizations in THF.  

 

ENTR

Y 

Catalyst/B

ase 

Tim

e 

(h) 

Temperat

ure ºC 

Concentrat

ion (M) 

Targ

et DP 

%Conversi

on Mn (H1 

NMR) 

DP  

(H1 

NM

R) 

Mn 

(H1 

NM

R) 

7 3-O/MTBD 5 20 2 150 66.7 100 15.5 

8 3-O/MTBD 8 20 2 250 46.8 117 18.1 

9 3-O/MTBD 8 50 2 250 53.7 134 20.8 

10 3-O/MTBD 5 50 4 250 60.9 152 23.5 

11 Urea 7/NaH 0.5 20 2 70 99.8 70 10.1 

12 Urea 7/NaH 1 20 2 140 98.9 140 21.2 

13 Urea 7/NaH 4 20 2 400 65.1 260 40.2 

14 Urea 7/NaH 8 20 2 450 45.2 203 31.4 

15 Urea 7/NaH 12 20 2 500 39.2 196 30.3 
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Figure 5.6. 1H NMR spectrum pCL-allyl40 (1) (400 MHz, CDCl3) at 23 ºC. 

 

Figure 5.7. 1H NMR spectrum pCL-allyl135 (2) (400 MHz, CDCl3) at 23 ºC. 
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Figure 5.8. 1H NMR spectrum pCL-allyl285 (3) (400 MHz, CDCl3) at 23 ºC. 

 

 

Figure 5.9. 1H NMR spectrum pCL-allyl370 (4) (400 MHz, CDCl3) at 23 ºC. 
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Figure 5.10. 1H NMR spectrum pCL-allyl472 (5) (400 MHz, CDCl3) at 23 ºC. 

 

 

Figure 5.11. 1H NMR spectrum pCL-allyl528 (6) (400 MHz, CDCl3) at 23 ºC. 
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Figure 5.12. 1H NMR spectrum pCL-sulfonate40 (1’) (400 MHz, D2O) at 23 ºC. 
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Figure 5.13. 1H NMR spectrum pCL-sulfonate135 (2’) (400 MHz, D2O) at 23 ºC. 

 

 



 176 

Figure 5.14. 1H NMR spectrum pCL-sulfonate285 (3’) (400 MHz, D2O) at 23 ºC. 

Figure 5.15. 1H NMR spectrum pCL-sulfonate370 (4’) (400 MHz, D2O) at 23 ºC. 
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Figure 5.16. 1H NMR spectrum pCL-sulfonate472 (5’) (400 MHz, D2O) at 23 ºC. 
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Figure 5.11. 1H NMR spectrum pCL-sulfonate528 (6’) (400 MHz, D2O) at 23 ºC. 

 

 

Figure 5.18. DMF Size exclusion chromatography of pCL-sulfonaten overlayed with pCL-allyln. 

(A) n= 40 (B) n= 135, (C) n= 285, (D) n= 370, (E) n= 472, (F) n= 528.  
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Figure 5.19. 1H NMR spectrum pCL-allyl249-sulfonate249 (400 MHz, D2O) at 23 ºC. 

 

 

Figure 5.20. Representative DSC of pCL-sulfonate524. 
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