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  Peptide and protein therapeutics are highly effective for the treatment and management of 

numerous diseases. Despite this, their clinical potential is underutilized mainly due to drawbacks 

inherent to many native proteins such as poor stability, immunogenicity, and short 

pharmacokinetics. These issues cause a multitude of challenges in manufacturing, formulation, 

transportation, and administration. Ideally, peptide and protein therapeutics are shelf stable and are 

able to be administered in its native state through a minimally invasive method. My research 

focuses on 1) the exploration of different polymeric models in response to various stimuli to 

elucidate mechanisms behind certain drug delivery vehicles, 2) the sustained release of therapeutic 

peptide glucagon through a glucose-responsive hydrogel for the prevention of hypoglycemia, 3) 

the site-selective conjugation of a degradable, zwitterionic polymer to a model protein, and 4) the 

investigation of how polymer tacticity affects biological function through the conjugation of regio-
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and sequence-defined macromolecules to a model protein. Chapter 1 discusses three different 

strategies  

 

Stimuli-responsive nanoparticles, particularly those that respond to two different 

environmental cues, are useful materials in drug delivery. In chapter 2, the size-response of 

nanogels based on two different polymers, poly(N-isopropylacrylamide) p(NIPAM) and 

poly(oligo(ethylene glycol) methyl ether methacrylate) (PEGMA), to temperature and glucose 

concentration changes was investigated. The nanogels were prepared by precipitation 

polymerization, 114 nm and 169 nm for  pNIPAM and PEGMA at 37 °C, respectively,  and 

characterized by proton nuclear magnetic resonance and infrared spectroscopies. Both nanogels 

underwent a volume phase transition in biologically relevant ranges upon heating. Incorporation 

of 2-aminophenylboronic acid enabled glucose-binding, resulting in a shift of the volume phase 

transition temperature (VPTT) of both nanogels as assessed by differential scanning calorimetry 

(DSC) and turbidity measurements. P(NIPAM) nanogel demonstrated a predictable decrease in 

size in response to both increase of temperature and glucose. PEGMA nanogel showed a 

predictable decrease in size to increasing temperature and but exhibited a surprising increase then 

decease in size to increasing concentrations of glucose. 

Glucagon is a peptide hormone used in the treatment of hypoglycemia. Unlike its 

counterpart insulin, glucagon has only started garnering interest in the past few decades. While 

recent advances have introduced user friendly formulations for glucagon administration, there 

remain no glucagon formulations on the market intended for combating nocturnal hypoglycemia. 

Chapter 3 details the sustained release of native glucagon using a glucose- and thermo-responsive 
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hydrogel. RAFT polymerization was used to create PEG-b-p(NIPAM-co-2-APBA) polymers 

which were subsequently crosslinked using glucose. Polymer size, PEG length, boronic acid 

incorporation, and polymer wt % were varied to optimize hydrogel sensitivity to 1 mg/mL glucose 

at 37 ⁰C, which correspond to normoglycemia. Glucagon release was tested over 48 hours in which 

the hydrogel released up to 80% of the payload, 40% more than its control. Rheological 

measurements demonstrate the shear-thinning property of the hydrogel. Finally, viscosity 

measurements in conjunction with injectability calculations show that the hydrogel can be 

formulated as an injectable.  

Chapter 4 describes the exploration of a degradable zwitterionic polymer as a PEG-

alternative. Zwitterionic polymers have gained rising interest for their ability to stabilize proteins, 

increase circulation time, and retain bioactivity. While polyethylene glycol (PEG) still exists as 

the gold standard polymer used to mitigate challenges associated with native proteins, there are 

merits to investigating alternative polymers for this purpose. In this work, we report the site-

selective conjugation of degradable zwitterionic poly(caprolactone-carboxybetaine) (pCLZ) to 

growth hormone receptor antagonist (GHA) B2036-alkyne and study bioactivity, 

pharmacokinetics, and immunogenicity. Azide-containing pCLZs of 5, 20, and 60 kDa are 

conjugated to GHA B2036-Alkyne via copper-catalyzed click reaction and their in vitro bioactivity 

is compared to PEGylated GHA B2036 5, 10, and 20 kDa, of matching hydrodynamic radii. The 

ability of pCLZs to elicit IgG and IgM antibody production was tested in vivo and no measurable 

antibody production was detected. Herein, we report that pCLZs demonstrate a high retention of 

bioactivity, as measured by half-maximal inhibitory concentrations in vitro, as well as low 

immunogenicity in vivo. Using 18F labeled PET/CT imaging, pharmacokinetics of our pCLZ 
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conjugates show a significant increase in circulation time by 23 min compared to that of GHA 

B2036.  

Finally, in chapter five, a series of uniform, stereospecific protein-polymer conjugates 

were synthesized through copper-mediated click chemistry. Discrete, uniform polymers were 

provided by Wencong Wang from Prof. Jeremiah Johnson’s lab at the Massachusetts Institute of 

Technology. The impact of molecular features of the conjugated polymers were evaluated 

through activity studies of growth hormone antagonist. Preliminary attempts at crystallizing the 

protein, polymer, and protein-polymer conjugates are demonstrated. Crystallization screening 

and crystallography model fitting was done largely with help from Genesis Falcon, Niko 

Vlahakis, and Dr. Michael Sawaya. 

Chapter 2 is in preparation for publication as: Yang, J.; Messina, K.M.M.; Vinciguerra, D.; 

Maynard, H.D. “A Comparative Study of Dual Thermo- and Glucose- Responsive Nanogel 

Systems and Their Response to Stimuli.” In preparation. Chapter 3 is in preparation for 

publication as: Yang, J.; Vinciguerra, D.; Messina, K.M.M.; Lower, H.C.; Maynard, H.D. 

“Sustained Release of Glucagon from an Injectable Glucose- and Thermo- responsive Hydrogel.” 

In preparation. Chapter 4 is in preparation for publication as: Yang, J.; Gelb, M.B.; Tamshen, K.; 

Forsythe, N.L.; Puente, E.G.; Pelegri-O’Day, E.; Jamieson, S.M.F.; Perry, J.K.; Maynard, H.D. 

“Site-selective conjugation of degradable zwitterionic poly(caprolactone-carboxybetaine) to 

growth hormone receptor antagonist B2036.” In preparation. Chapter 5 is in preparation for 

publication as: Yang, J.; Wang, W.; Perry, J.K.; Maynard, H.D.; Johnson, J. “Uniform polymer-

protein conjugates for evaluating the impact of molecular features of conjugated polymers on the 

activities of growth hormone antagonist.” In preparation. 
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1.1 Introduction 

Proteins and peptides are a class of therapeutic agents that are used to relieve symptoms of 

and treat numerous diseases. Unlike small molecule therapeutics, proteins and peptides have 

higher target specificity and fewer off-target effects. Though this is an immense advantage, native 

proteins and peptides do suffer from their own set of disadvantages including instability during 

transportation and storage, short in vivo half-lives, and cell limited permeability.1–4 Addressing the 

stability of biological therapeutics during transportation and storage is important for cost-reducing 

measures that ultimately ease patient financial burden and environmental pollution. Having shelf 

stable formulations can reduce the need for cold chain transport and storage, which would also 

allow for more therapeutics to be available in wider geographic regions across the world. Secondly, 

extending the half-life of a biological therapeutic can increase the overall utility of a drug. 

Oftentimes, for a protein or peptide to produce its desired effect, it needs to bypass different 

physiological barriers safely and stably in the body such as the acidic stomach lining, tight 

junctions in the blood brain barrier, or more generally cell membranes. Proteins in their native 

form may not possess these abilities but that can be overcome by altering the lipophilicity, polar 

surface area, or the number of rotatable bonds. Broadly speaking, these challenges can often be 

ameliorated using excipients and drug delivery vesicles. 

To mitigate these aforementioned challenges, various strategies have been developed. 

Researchers have explored numerous drug delivery models ranging from entirely inorganic 

nanoparticles to hybrid inorganic and organic frameworks to autologous vesicles.5–9   Polymers 

are attractive materials because their physical and chemical properties can easily be tuned  by 

varying the size and monomer composition. The downside to this versatility is that these polymers 

often need to be uniquely tailored for each individual application. This chapter will focus on 
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polymer-based delivery strategies with a particular emphasis on protein-polymer conjugates, 

nanogels, and hydrogels.  

Regardless of delivery system and mechanism, important parameters to evaluate and tailor 

are encapsulation or conjugation efficiency, rate of drug release, and fate of delivery system upon 

administration. While proof-of-concept experiments undoubtedly advance the overall field, many 

reported delivery systems are not practically feasible due to manufacturing costs. One main 

component that can greatly affect this is the efficiency at which the drug is encapsulated or 

conjugated. Methods requiring large excess of protein have low yields and poor scalability that 

increase manufacturing costs. Next, the rate of drug release needs to match the physiological dose 

and timeline at which maximal therapeutic benefits are observed. For example, in the case of 

severe hypoglycemia a high bolus of therapeutic peptide glucagon is desired to offset the 

potentially fatal symptoms as fast as possible. However, in the case of nocturnal hypoglycemia, a 

sustained release of glucagon would be most desirable to prevent blood glucose levels from 

gradually falling below target ranges due to factors such as time of last meal, higher amounts of 

basal insulin, or changes in exercise routine. The last parameter that will be discussed here is the 

fate of delivery system after administration. Depending on the size and/or charge of the carrier, the 

system can be immediately cleared from the body by the macrophages before releasing its payload. 

Cationic nanoparticles are generally accepted to be more cytotoxic and inflammatory than neutral 

or anionic nanoparticles.10–12 In addition, polymers above 40 kDa and nanoparticles above 200 nm 

in diameter have been shown to activate the lymphatic system and are removed from circulation 

quicker.13–16 After the initial response and pathway, clearance of these foreign carriers is important 

to evaluate. Accumulation within organs is undesirable, and furthermore, accumulation in 

environmental waste systems should receive more attention.   
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Of the many polymers incorporated into therapeutics, PEG has the longest clinical track 

record with more than 22 FDA-approved PEG-protein conjugates on the market. As expected with 

a gold standard polymer, PEG and PEGylation have demonstrated increased pharmacokinetics, 

improved storage stability, reduced renal clearance, and/or blocking of antibody and protein 

binding sites depending on the particular formulation. PEG is an amphiphilic polymer that imparts 

these aforementioned benefits upon conjugation by increasing the hydrodynamic radius of the 

conjugated protein, as well as sterically shielding the protein through the immune system. Despite 

the broad utility of PEG and PEGylation, there has been an increased importance in discovering 

and studying PEG-alternatives due to reported shortcomings regarding accumulation and 

immuogenicity.17–19 The overall toxicity of PEG is reported to be low, however, chronic dosing of 

high molecular weight PEGylated biologics has been associated with vacuolation and degeneration 

of renal tubular epithelial cells.20 Accumulation of large PEG molecules (>20-30 kDa) in vivo with 

long-term exposure is a potential concern,21–24 but regardless of  PEG size, biodegradability is 

necessary for materials entering environmental or wastewater systems.25 To that point, PEGs are 

unfortunately not degradable under physiologically or environmentally friendly conditions.26 

Furthermore, patients with pre-existing antibodies against PEG can show allergic responses to 

some PEGylated medicines. The greater concern here is that many individuals, naïve to PEGylated 

therapeutics, can have pre-existing PEG antibodies in their circulation most likely due to casual 

exposure through cosmetic and healthcare products.18 While PEGs are generally regarded as safe 

by the United States Food and Drug Administration (FDA), the FDA updated their guidelines and 

implemented in 2014 a screen for anti-PEG antibodies during clinical trials of PEGylated 

therapeutics. For at least these reasons, PEG-alternatives are an important area of research to 

mediate the non-degradability and immunogenicity of PEG. There are many misconceptions 
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concerning the immunogenic path and nature of PEG but the bottom line is that the administration 

of some PEGylated drugs has resulted in anti-PEG antibodies which reduced treatment efficacy or 

caused adverse drug reactions.17,20,21,23,27,28  

Many different classes of polymers have been used as PEG-alternatives in protein-polymer 

conjugates.17,19,29 Our group has long been interested in studying alternative polymers to PEG both 

for improving the stabilization of therapeutic proteins and improving drug efficacy through 

prolonging blood circulation time. PEG alternatives that have been reported in literature include 

synthetic polymers such as poly(oxazolines) and poly(acrylamides), natural polymers such as 

lipids and carbohydrates, and zwitterionic polymers such as poly(carboxybetaine) and 

poly(sulfobetaine), among others.19,30–33 Polyzwitterions are an interesting class of polymers. They 

have a net neutral charge and have been demonstrated to stabilize proteins through their ionic 

structuring of water. An advantage of polyzwitterions versus PEG is that in some cases, 

conjugation of polyzwitterions has shown to increase the binding affinity towards the receptor.32  

1.2 Protein-Polymer Conjugates 

Covalent conjugation of a polymer to a protein is a commonly used method to stabilize and 

deliver proteins.32,34–36 One major disadvantage of covalent conjugation of polymer to protein is 

the direct chemical modification of the biomolecule and possible downstream effects stemming 

from it. The conjugation site on the protein needs to be carefully chosen to mitigate loss in 

bioactivity as well as other important parameters including solubility and stability. For example, 

residues that interact with the receptor should not be chosen as the conjugation site as it can directly 

affect bioactivity. In addition, there needs to be careful selection of the conjugation chemistry that 

is used to attach the polymer since, depending on the chemistry, it could require conditions that 

may cause protein instability. Relevant methods and techniques to prepare and characterize 
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protein-polymer conjugates are controlled polymerizations, bioorthogonal chemistry, size 

exclusion chromatography, gel electrophoresis, and fast protein liquid chromatography. 

The three different methods to creating protein-polymer conjugates are listed in order of 

most to least utilized: grafting to, grafting from, and grafting through. In the grafting to strategy, 

the polymer is pre-formed and subsequently covalently conjugated to a protein. This strategy 

receives the most use because it introduces the protein at the last step which limits exposure to 

potentially harsh conditions. In addition, this strategy can take advantage of the numerous 

conjugation chemistries introduced by the rapidly growing field of bioorthogonal chemistry. The 

downsides to the grafting to approach are that with most conjugation chemistries, it requires a large 

molar excess of the polymer which can introduce issues for product scale up, as well as subsequent 

purification of the excess polymer. Next, the grafting from technique entails installing a 

polymerization initiation handle directly onto the protein and using the protein as an initiator. In 

contrast to the grafting to strategy, grafting from does not require the use of large molar excess of 

polymer. Polymerization strategies that have been utilized in this context are ATRP, RAFT, and 

ROMP.37–39 Finally, the grafting through method requires installing a polymerizable unit, such as 

an acrylate, directly onto the protein and copolymerizing the protein with the other monomers. The 

advantages and disadvantages of grafting through are similar to those of the grafting from 

technique.  

In this thesis, examples of protein-polymer conjugates, nanogels, and hydrogels are 

demonstrated. Accordingly, an example of grafting to protein-polymer conjugates further detailed 

in chapter four and five, growth hormone receptor antagonist and its numerous conjugates embody 

a wide array of combinations and scenarios that contribute to a variety of therapeutic results.40–46 

The B2036 variant of GHA, formulated as Pegvisomant, has four to six non-specifically 
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conjugated 5 kDa PEG molecules to nine possible amines through NHS displacement. This 

nonspecific multi-PEGylation extends the circulation half life from 15 min to 74 h. This major 

improvement is not without its drawbacks, however. UnPEGylated B2036 demonstrates a 4.5 fold 

greater affinity for GH binding protein in comparison to that of Pegvisomant.42 To overcome this 

loss of bioactivity, a higher molar amount of Pegvisomant needs to be administered. Expanding 

upon this work, an alkyne moiety was incorporated into GHA B2036 using an amber code 

suppression method in order to examine the effects of site-specific conjugation. Azido-mPEGs of 

5, 10, and 20 kDa were site-selectively conjugated to GHA B2036-Alkyne through copper 

mediated click chemistry and the bioactivity loss was significantly mitigated compared to 

Pegvisomant.43 Using half-maximal inhibitory concentrations as a measure of bioactivity, site-

specific conjugation demonstrates 12 to 23-fold retention of bioactivity compared to Pegvisomant. 

In this instance, circulation time in vivo was not measured so a direct comparison of half lives is 

not possible. A further exploration of growth hormone receptor antagonist -polymer conjugates is 

detailed in chapters four and five. 

1.3 Nanogels 

Nanogels are crosslinked, three-dimensional gels at the nanoscale. Unlike protein-polymer 

conjugates, nanogels encapsulate the entire therapeutic payload in a three-dimensional structure. 

The main advantages of nanogels include high loading capacity and versatility in design. The outer 

shell can provide a protective shield for the cargo. Depending on the chemical design and strategy, 

the outer shell can also be functionalized with targeting agents such as cell penetrating peptides or 

stealth agents such as PEG. This can greatly enhance the transmembrane and intracellular delivery 

of protein drugs. The payload can be encapsulated either through covalent linkages that will release 

upon exposure to a particular stimulus or noncovalent loading followed by diffusion-based release. 
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Varying the crosslinking density can help tune the loading and release of the cargo. Encapsulation 

of biological therapeutics, however, still remains a challenge for nanogels. Important techniques 

for analyzing nanogels include dynamic light scattering, transmission electron microscopy, 

scanning electron microscopy, and small angle x-ray scattering. 

 A common method of synthesizing nanogels is through emulsion-based polymerization of 

monomers and a crosslinker in aqueous conditions.47,48 In some cases, the protein is encapsulated 

during this step through a microemulsion technique that targets microparticle polymerization 

around the protein. Another method for creating nanogels is to covalently link polymerizable 

motifs onto the protein and polymerize around the protein. The key difference between the two 

methods above is noncovalent versus covalent encapsulation of the protein. In both cases, an 

external stimulus is generally used to trigger the release of the cargo. Stimuli-responsive 

nanomedicine has received wide attention and thus a wide variety of stimuli have been examined 

such as temperature, pH, light, redox, magnetic field, biomolecule recognition, and more.49–52 In 

addition, nanogels can be imparted with multiple stimuli and designed to release sequentially 

depending on the stimulus.  

 When the protein is attached to the nanogel covalently, the drug is often attached through 

bonds that can be easily broken by a specific stimulus. For example, acid sensitive linkers, such as 

hydrazones, are used because the intracellular environment becomes acidic upon uptake of the 

carrier by endocytosis. In another example, disulfide bonds are used to covalently link the protein 

that can be released in the presence of glutathione, which is a reduction-responsive mechanism. 

Covalently bound systems have greater drug stability compared to noncovalently bound systems. 

Having the drug tethered to the delivery vehicle reduces the opportunity for payload leakage from 

formulation to site of intended payload release.  
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 For noncovalent encapsulation, nanogel systems that can swell and shrink in response to 

pH and temperature are commonly used. The thermoresponsive polymer pNIPAM has a cloud 

point at 32 ⁰C and shrinks and swells at temperatures above and below its cloud point, respectively.  

The general delivery strategy here is that upon nanogel swelling, the pores of the nanogel expand 

and release the payload through diffusion. For biological applications, a solely thermoresponsive 

nanogel is limited in usefulness because the physiological temperature is 37 ⁰C with little deviation. 

To that point, dual pH- and thermo-responsive nanogels, as well as other iterations, are used to 

take advantage of the swelling and contraction from the thermoresponsive moieties and the degree 

of swelling and contracting determined by the pH responsive segments. Polyacrylates are 

commonly incorporated into these nanogels. The change in pH will cause a change in the degree 

of ionization which then triggers a size change of the nanogel, allowing for payload release. A dual 

glucose- and thermo-responsive nanogel system is explored in chapter two. 

1.4 Hydrogels 

 Hydrogels are crosslinked networks with high water content that remain insoluble in water 

and maintain their three-dimensional structure. Hydrogels can be crosslinked chemically or 

physically and can have a wide range of properties depending on their chemical composition and 

crosslinking density. They are advantageous drug delivery systems because of their injectability 

and ability to achieve sustained release. Other administration methods include surgical 

implantation or systemic delivery via intravenous infusion. In addition, hydrogels are prepared in 

generally mild conditions which help preserve protein stability. Relevant analytical methods for 

hydrogels include rheology, viscosity, and atomic force microscopy.  

 The two main mechanisms for protein delivery from hydrogels are diffusion and surface 

erosion.53–55 The polymer and protein characteristics govern which release mechanism is at play. 
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In the case that the protein size is smaller than the pores of the hydrogel, diffusion is the primary 

method of release. When the relative sizes are reversed, surface erosion will need to occur for the 

protein to release. The release rate of this method is limited by the rate at which the hydrogel 

network degrades. With the invention of novel hydrogel systems, different release mechanisms are 

expected to be observed. In order to bias the release mechanism towards one method, the 

crosslinking density, which influences the hydrogel pore size, is the most logical parameter to 

modify. Similarly, tuning the network degradation rate and erosion mechanism will be important 

for achieving the desired release profile.  

 One method of hydrogel preparation is directly polymerizing monomers and crosslinkers 

to create a 3-D network, similar to nanogels.54,56,57 Hydrophilic monomers are typically used along 

with an initiator and crosslinker. The protein or peptide of interest is also added at this step for 

drug delivery applications. In this method of hydrogel preparation, the hydrogel formation can be 

seen macroscopically. Upon termination, the hydrogel should be washed to remove unreacted 

reagents. Another method of hydrogel preparation is the polymerization of the linear polymer 

followed by a subsequent step of crosslinking. The crosslinking can be permanent covalent 

junctions or transient junctions that can break based on ionic interactions, hydrogen bonds, 

hydrophobic interactions, or other external interactions. This method can be advantageous when 

precisely synthesized polymers are needed to impart the desired functionality on the hydrogel. 

Precisely synthesized polymers can include properties hard to achieve in a one-step reaction such 

as side-chain functionalities, reactive handles, and monodispersity. The protein or peptide of 

interest is added at the step of crosslinking, which may reduce the exposure of the biologic to harsh 

chemical conditions.  
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 Though significant progress has been made towards the discovery of hydrogels, some 

challenges remain. Unwanted release at inopportune times is a key shortcoming that needs to be 

overcome. Burst release is an initial payload release that is often attributed to the rate of gelation 

of the hydrogel. Particularly for injectable hydrogels, the sol-gel transition upon administration 

needs to be at a sufficiently high rate to minimize undesirable initial payload release. If the sol-gel 

transition is slower than desired, the therapeutic remains as a solution longer, which widens the 

window for premature leakage of protein into the surrounding tissue. Burst release is also possible. 

1.5 Conclusions and Future Perspectives 

Selection of the desired stimuli must be carefully decided as this will often limit the 

possible chemical reactions that can be used to create a delivery vehicle. For this reason, it is 

recommended to add the biological drug of interest at the last step possible in the formulation. 

While nanogels are clearly an innovative approach, more development is needed in some cases to 

achieve uniform particle sizes, because a wider dispersity can cause larger variations in the 

distribution of the nanogels in the body along with interaction with biological cells. Particle 

Replication in Non-Wetting Templates (PRINT) nanoparticles is a uniform nanoparticle 

fabrication technology that has the potential to overcome limitations from polydispersity. Nanogel 

morphology is another parameter to study and modify.58 Some reports have shown ellipsoid or 

disc-shaped particles have demonstrated weaker phagocytosis compared to spherical particles59,60 

and it will be important to see the morphological effects of novel nanogel systems. 

For polymer-mediated drug delivery systems, a recurring concern is batch to batch 

reproducibility and polydispersity of the polymer.61,62 The variation often stems from the 

polymerization process. These resulting variations in molecular weight, crosslinking density, and 

monomer distribution often cause issues in reproducing desired properties. For protein-polymer 
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conjugates, these concerns have been addressed through the development and use of controlled 

polymerizations. In addition, owing to the wide use of PEG in drug formulations, PEGs of narrow 

dispersities are widely available commercially. Of the delivery systems described in this chapter, 

nanogels, for example, can suffer from issues with batch to batch reproducibility. Nanogels 

commonly have three or more comonomers, making it more challenging to closely study 

polymerization kinetics. In addition, there is a lack of methods to monitor or elucidate the 

distribution of monomers within the 3-D network.  However, in the case the nanogels crosslinked 

in a separate step from the polymerization, the batch to batch reproducibility can be improved, 

owing to the presence of one less monomer to track. has shown to be sufficient. This can be 

explained through the use of commercial polymers or controlled polymerization techniques to 

create the linear polymer. This way, there is already a strong basis of conformity amongst the 

particles. Layer-by-layer delivery systems are an example of highly reproducible nanogels.63 

Finally, hydrogels have similar batch to batch reproducibility trends as nanogels meaning if the 

polymeric precursors are well defined, the reproducibility is higher. The development and large-

scale manufacturing of monodisperse polymers will likely be instrumental in addressing 

reproducibility issues.   

Another concern to be addressed is the degradability of polymers used in these systems. 

As briefly mentioned above, PEG and other commonly used polymers are not biodegradable. In 

general, the chemical degradation of many synthetic polymers requires the use of harsh conditions. 

Natural polymers based on polypeptides and polysaccharides are a good alternative. However, 

their use is limited by the difficulty in preparing and modifying the existing structures to impart 

desired functionalities.30 Another alternative is synthetic polymers with easily degradable 

functional groups within the backbone. For example, polyesters, polyanhydrides, and polyamides 
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are promising because they are hydrolysable under acidic or basic conditions.64–69 While these 

structures definitely can be hydrolyzed, most of the conditions for degradation require strong acids 

or bases and/or high temperatures and can take a long time in vivo. Some literature reports argue 

that polythioesters are degradable under milder conditions.70 The degradability of these polymers 

is a delicate situation requiring the molecules to be robust enough to withstand necessary reaction 

conditions, but also able to degrade with relative ease and desired timeframe. Future work 

expanding on truly degradable polymers will be an important area.  

Of the polymeric drug delivery systems detailed in this chapter, protein-polymer 

conjugates are the most straightforward to synthesize and characterize. One of the biggest 

challenges with protein-polymer conjugates is the purification of the conjugate from unreacted 

protein and polymer. Nanogels and hydrogels can be simple to synthesize depending on the method, 

but they are difficult to thoroughly analyze and characterize the 3D network, which contributes to 

batch to batch irreproducibility. Nonetheless, all three delivery systems have shown high levels of 

promise with regards to translational nanomedicine. Synergistic collaboration amongst chemists, 

material scientists, biologists, and process engineers will greatly expand the clinical use of 

polymeric drug delivery systems for protein and peptide therapeutics.  
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2.1 Introduction 

The glucose-binding capacity of boronic acids has been exploited for a variety of 

applications including sensors, separations, chromatography, and drug delivery.1,2 Boronic acids 

can form dynamic covalent bonds with 1,2- and 1,3-cis-diols. For this reason, a multitude of 

materials bearing boronic acids have been explored for delivery of insulin in response to changes 

in blood glucose concentration.3,4 Polymeric nanogels containing boronic acids are a promising 

approach to drug delivery, presenting the biocompatibility of hydrophilic hydrogel networks at 

nanometer scale diameter, therefore enabling  intravenous injection and prolonged circulation in 

the blood, as well as the responsiveness of the boronic acid.5 Investigation of nanogels as glucose-

responsive drug delivery vehicles has been pursued by several groups in recent years.6 The 

mechanism of drug release in many of these systems relies on the swelling of the network due to 

the change in charge of the boronic acid after complexation with glucose.  

Nanogels presenting a novel mechanism of contraction upon addition of glucose were 

recently reported. These nanogels were synthesized by copolymerizing thermoresponsive n-

isopropyl acrylamide (NIPAM) and N-isopropylmethacrylamide (NIPMAM) with acrylic acid 

(AA), which was modified with 2-aminophenylboronic acid (2-APBA) post-polymerization.7,8 

Unlike similar nanogels utilizing 3-aminophenylboronic acid that become more soluble and 

expand from the increase in effective charge after binding with glucose due to the change from 

neutral trigonal to negative tetrahedral form,9 the 2-APBA-bearing nanogels became less soluble 

and contracted in the presence of glucose. The selected phenylboronic acid did not change charge 

upon binding because the B-O dative bond with the carbonyl oxygen inherently stabilizes the 

negative tetrahedral geometry.10 Instead, glucose acted as an additive, structuring water in its 

proximity, that changed the hydration of the pNIPAM chain to shift the lower critical solution 
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temperature (LCST) of the polymer and volume phase transition temperature (VPTT) of 

nanogels.11–13 Incorporation of boronic acid in the polymer chain effectively concentrated the 

saccharide near the thermoresponsive polymer, amplifying this effect (Figure 2.1). 

 Inspired by this design, we set out to explore if the contraction-type mechanism could be 

replicated with a different thermoresponsive polymer. Because of general concern about pNIPAM 

toxicity in vivo,14 poly(ethylene glycol) methyl ether methacrylate (PEGMA) was selected as an 

alternative thermoresponsive component in the nanogels. These polymers have been explored for 

biomedical applications because they are biocompatible, with low toxicity in vitro and in vivo.15–

17 PEGMA-based nanogels have been prepared for applications in drug delivery including delivery 

of anticancer drugs, nucleic acids, and proteins.18–21 Additionally, the LCST of these polymers can 

be readily tuned through alteration of the number of ethylene glycol units in the monomer and 

ratios of these monomers.22 Thus, PEGMA is of interest to explore as a material for stimuli-

responsive drug delivery. Herein, we describe the synthesis of these novel nanogels and 

comparison of their response to stimuli to the NIPAM nanogels reported previously.7,8 

2.2 Results and discussion 

Figure 2.1 Mechanism of LCST shift for 2-APBA copolymers with glucose as additive. 
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First, the nanogels reported by Zhang and coworkers were prepared.8 NIPAM nanogels were 

synthesized as previously reported (Figure 2.2A), with NIPMAM as a comonomer to tune the 

VPTT to a physiologically relevant temperature. Precipitation polymerization with NIPAM, 

NIPMAM, AA, and N,N′-methylenebis(acrylamide) (BIS) crosslinker at 70 °C with 20 mM 

sodium dodecyl sulfate (SDS) was found to give uniform nanogels with a diameter of 220 nm 

(polydispersity index, PDI = 0.289) at 20 °C by dynamic light scattering (DLS). A lower 

concentration of SDS (10 mM) resulted in larger nanogels with a diameter of 324 nm (PDI = 0.204) 

at 20 °C by DLS. Nanogels were functionalized post-polymerization by 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) coupling with 2-APBA as the glucose-sensing moiety. 

The 1H-NMR and FT-IR spectra of the NIPAM nanogels agreed with the previously 

reported spectra.8 Monomer incorporation was calculated by studying kinetics via high 

performance liquid chromatography (HPLC) (Figure 2.8) using phenylalanine as a standard. Near 

complete conversion of each monomer was observed.  Coupling of 2-APBA to AA was confirmed 

by the appearance of peaks from phenylboronic acid (7.6-6.7 ppm). By comparing integration of 

the peaks from phenylboronic acid and tertiary carbon of the isopropyl groups of NIPAM and 

NIPMAM (3.99-3.45 ppm) full conversion was demonstrated, showing overall 15% 2-APBA 

functionalization, which was consistent to the feed ratio of AA (Figure 2.3A). The FT-IR spectrum 

of NIPAM nanogels after coupling showed the presence of boronic acid (3302 cm-1), amide 

carbonyl and amine (1634 and 1524 cm-1), aromatic ring (2971 cm-1), and polymer backbone 

alkane (2875 cm-1) functional  groups (Figure 2.11). 
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PEGMA nanogels were also prepared by precipitation polymerization (Figure 2.2B). To 

tune the VPTT to a physiologically relevant temperature, the feed ratio of approximately 1 to 10 

of 480 Da oligo(ethylene glycol) methyl ether methacrylate (OEGMA480) and diethylene glycol 

methyl ether methacrylate (DEGMA) was selected based on previous reports.22,23 Precipitation 

polymerization with OEGMA480, DEGMA, acrylic acid, and ethylene glycol dimethacrylate 

(EGDMA) crosslinker at 70 °C with 1.12 mM SDS was used to synthesize PEGMA nanogels with 

a diameter of 200 nm (PDI = 0.205) at 20 °C calculated by DLS. PEGMA nanogels were also 

functionalized with 2-APBA by post-polymerization EDC coupling.  

Conversion of each individual monomer was not successfully studied for the PEGMA 

nanogel due to the difficulty of distinguishing between the various PEGMA monomers. However, 

incorporation of boronic acid moiety in the PEGMA nanogel was determined by 1H-NMR (Figure 

2.3B) comparing the integrations of the peak from the terminal methoxy protons of the side chains 

Figure 2.2 Synthesis of (A) NIPAM and (B) PEGMA nanogels by precipitation polymerization 

and post-polymerization coupling of boronic acid. 
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(3.26-3.14 ppm, 3 H for each DEGMA and OEGMA480) to the aromatic protons of the 2-APBA 

(7.70-6.69 ppm, 4H). The 2-APBA incorporation was calculated to be 17 mol % incorporation. 

The FT-IR spectrum of PEGMA nanogels after coupling confirmed the presence of boronic acid 

(3438 cm-1), ester carbonyl (1724 cm-1), aromatic ring (2966 cm-1), and polymer  backbone alkane 

(2878 cm-1) functional groups (Figures 2.13). 

  

Figure 2.3 1H-NMR spectra of (A) NIPAM (D2O) and (B) PEGMA nanogels (D2O). 
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Figure 2.4 VPTT of (A) NIPAM and (B) PEGMA nanogels with and without 10 mg/mL glucose 

in 20 mM DPBS pH 7.4 
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For biological applications, temperature response at body temperatures near 37 °C is 

desirable. The temperature response of both NIPAM and PEGMA nanogels in 20 mM phosphate 

buffer pH 7.4 was tested by differential scanning calorimetry (DSC), UV-visible 

spectrophotometry at 600 nm, and DLS. VPTT for NIPAM and PEGMA nanogels was found to 

be approximately 43-45 °C and 60 °C respectively by DSC (Figure 2.4). The NIPAM nanogel 

exhibited a VPTT in the biologically relevant range due to the precise tuning of the monomers. 

The PEGMA nanogel, however, has a VPTT much higher than what was targeted and this was 

attributed to the higher incorporation of the OEGMA480 monomer compared to the feed ratio. This 

is evidenced by the 1H NMR (Figure 2.3B) that shows an approximate 5-7 to 1 ratio between the 

DEGMA and OEGMA480. Despite numerous attempts to optimize the VPTT of the PEGMA 

nanogels towards physiological temperature, we were unsuccessful in part due to difficulties in 

monitoring polymerization kinetics. NMR, HPLC, nor GC yielded clear kinetics analysis. 

Different length OEGMA oligomers as well as varying monomer feed ratios were explored in 

these attempts.. The transition profile (Figure 2.4) showed a sharp transition from PEGMA 

nanogels unlike the broad transition for NIPAM nanogels which agrees with existing literature.24 

The change in nanogel diameter in response to temperature was measured by DLS. 

Nanogel diameters decreased by 106 nm and 31 nm when heating from 20 °C to 37 °C or 40 °C, 

temperatures close to body temperature for NIPAM and PEGMA nanogels respectively (Table 

2.1). Gratifyingly, both nanogel compositions yielded nanogels that underwent shrinking behavior 

in response to temperatures in the same biologically relevant range, confirming that both polymers 

retain their LCST behavior with incorporation of 2-APBA and the comonomer ratios were tuned 

to achieve appropriate temperature response for biological applications such as drug delivery. Size 

and morphology of the nanogels were also assessed via transmission electron microscopy (TEM). 
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NIPAM nanogels averaged a diameter of 80 nm with overall spherical shape despite displaying 

rough edges (Figure 2.14). The smaller sizes, compared to DLS, are to be expected since the 

samples for TEM are in a dehydrated state. PEGMA nanogels could not be imaged under the same 

conditions likely due to low intrinsic electron-optical image contrast.25,26 

Table 2.1. Measurement of nanogel diameter by DLS in response to temperature 

Nanogel 
Diameter below 

37 ⁰C a 

PDI below 

37 ⁰C a 

Diameter near 

37 ⁰C 

PDI near 

37 ⁰C 

NIPAM 220 nm 0.289 114 nm b 0.135 b 

PEGMA 200 nm 0.205 169 nm c 0.173 c 

a 20°C, b 37°C, c 40°C 

 

Next, response of the nanogels to addition of glucose was evaluated using DSC. As 

expected, the addition of glucose (10 mg/mL) lowered the VPTT of NIPAM nanogels, changing 

the VPTT from 44 to 39 °C (Figure 2.4). The addition of glucose (10 mg/mL) also lowered the 

VPTT of the PEGMA nanogels from 59 to 53 °C. With this data, we tested the glucose 

concentration dependent size changes of each nanogel system using DLS. As we previously 

hypothesized, the NIPAM nanogel diameter decreased with increasing concentrations of glucose 

(Figure 2.A-B). The glucose-induced size changes ranged from 130 nm to 86 nm from 0 to 10 

mg/mL, respectively, and displayed narrow PDIs throughout the measurements. The most 

noticeable shift in size change occurred at 3 mg/mL. On the other hand, the size of the PEGMA 

nanogels increased with the addition of glucose until 8 mg/mL glucose and subsequently decreased 

with higher glucose concentrations (Figure 2.A,C).  Upon observing this trend, size changes from 
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additional glucose concentrations were tested. Interestingly, the size distribution at 5, 6, and 7 

mg/mL glucose was bimodal with a shift towards the bigger peak with increasing glucose 
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Figure 2.5 A) Measurement of PEGMA and NIPAM nanogel diameter by DLS at 37 °C in 20 mM 

DPBS at various glucose concentrations, (B) Measurement of NIPAM nanogel diameter and PDI 

by intensity at 0, 1, 2, 3, 5, 7, 10 mg/mL glucose in 20 mM DPBS, (C) Measurement of PEGMA 
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concentrations. At 8 mg/mL of glucose, the PEGMA nanogel size reached its maximum of 567 

nm and subsequently decreased to 304 nm and then 198 nm at 10 mg/mL and 12 mg/mL glucose, 

respectively.  

The response of the nanogels to addition of glucose was also evaluated by temperature-

controlled UV-visible spectrophotometer. Turbidity measurements (Figure 2.) also confirmed the 

VPTT values measured by DSC (Figure 2.4). The sensitivity of the nanogels at 0, 1, 3, 5, 7, and 

10 mg/mL glucose was assessed. As expected, the addition of glucose shifted the VPTT of the 

NIPAM nanogels to lower temperatures. At the lowest glucose concentration tested, that is 1 

mg/mL, the NIPAM nanogels (Figure 2.A) demonstrated a VPTT shift of 0.8 °C. Moreover, in 

accordance to the DSC results, the total VPTT shift from 0 to 10 mg/mL of glucose was 

approximately 5.5 °C. In contrast, the PEGMA nanogels (Figure 2.B) did not show a measurable 

VPTT up to a glucose concentration of 3 mg/mL due to the upper limit of the instrument 

temperature of 65 °C. Starting from 5 mg/ml of glucose, a clear VPTT was noted. The presence of 

higher concentrations of glucose shifted the VPTT to lower temperatures, as expected. The total 

VPTT shift from 0 to 10 mg/mL is greater than 10 °C, but unfortunately due to the limitations of 
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Figure 2.6. VPTT shift with addition of various glucose concentrations measured by temperature-

controlled UV-visible plate reader for (A) NIPAM and (B) PEGMA nanogels 
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the instrument, higher temperatures could not be assessed. Some discrepancy between the VPTT 

measurements of DSC and UV-vis can be attributed to the differences in the measured parameters 

which are heat loss and turbidity, respectively.  

2.3 Conclusion 

The different behavior of NIPAM and PEGMA in solution may lead to the observed 

differences in diameter and VPTT changes upon addition of glucose. The major difference 

between the two systems that is demonstrated here is the swelling and deswelling behaviors of 

PEGMA nanogels upon glucose addition. It has been reported that EGDMA-based microgels 

exhibit a densely crosslinked core with a loosely crosslinked shell.24 Densely core crosslinked 

microgels with dangling polymer chains have been reported to show different thermoresponsive 

phase transitions.27–29 Based on a kinetics study of a similar PEGMA-based nanogel,24 both the 

crosslinker and glucose-responsive moieties are expected to be concentrated along the core of the 

particle. At the lower glucose concentrations, the interactions between the glucose and loosely 

crosslinked chains are thought to be dominant. The presence of ether oxygen in PEG offers various 

possibilities of hydrogen bond formation which has been demonstrated with sugars and poly(vinyl 

alcohol).30-32 The contraction process begins as the glucose reaches the dense core of the particle 

and dehydrates the polymer backbone. Additionally, PEGMA lacks hydrogen bonding donors, 

such as the amide of NIPAM which is hypothesized to play a role in the hysteresis observed for 

pNIPAM upon cooling but not observed with PEGMA.22 The mechanism of nanogel collapse is 

dependent upon the hydration of the polymer chains with glucose acting as an additive. Thus, we 

hypothesize that the increase in structured water around glucose affects the hydration of PEGMA 

nanogels more than NIPAM nanogels because of the differences in hydrogen bonding and 

amphiphilicity of OEGMA. The swelling of the PEGMA nanogels is affected by not only the 
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elasticity of the network but also the interplay of polymer-solvent and polymer-polymer 

interactions.33  

 In conclusion, dual thermo- and glucose-responsive nanogels were prepared using 

precipitation polymerization to incorporate glucose-binding phenylboronic acid and two different 

polymers exhibiting LCST behavior. Both NIPAM and PEGMA nanogels underwent a volume 

phase transition in response to temperature and glucose. Interestingly, PEGMA nanogels exhibited 

a swelling then contracting behavior in response to increased glucose concentrations while the 

NIPAM nanogels demonstrated a correlation of contracting in size from increased glucose 

concentrations. Finally, to our knowledge this is the first report of PEGMA-based nanogels that 

undergo a size change in response to glucose. 

2.4 Appendix A 

Materials 

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

without purification unless noted otherwise. N-Isopropylacrylamide was recrystallized from n-

hexane. N-Isopropylmethacrylamide was recrystallized from n-hexane. Acrylic acid was distilled 

under vacuum. Liquid monomers were purified by passage over basic alumina before use in 

polymerizations. For polymerizations, water was sparged with argon 30 min prior to initiation. 

Analytical techniques 

Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker AV 400 MHz 

spectrometer. DSC for characterization of nanogel VPTT was conducted on a Mettler Toledo 

DSC3+ with 80 µL 10 mg/mL 20 mM DPBS pH 7.4 solution in 100 µL aluminum pans with 

gradient of 10 to 90 °C and a ramp rate of 5 °C/min. DLS for characterization of nanogel size and 
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temperature response was conducted on a Malvern Nanozetasizer at approximately 1 mg/mL in 20 

mM DPBS pH 7.4. Nanogel turbidity was measured with 10 mg/mL solution in 20 mM DPBS pH 

7.4 at 600 nm on a Tecan M1000 plate reader or SpectraMax iD3 plate reader. High performance 

liquid chromatography (HPLC) was conducted on an Agilent 1260 Infinity II HPLC system 

equipped with an autosampler and a UV detector using a C18 Zorbax column. Transmission 

electron microscopy (TEM) images were taken on a Tecnai FEI T12 microscope. 

 

Experimental 

Synthesis of NIPAM nanogel 

In a 3-neck round-bottom flask under argon, NIPAM (428 mg, 3.8 mmol, 27.1 

equiv.), NIPMAM (245 mg, 1.9 mmol, 13.8 equiv.), AA (75 mg, 1.0 mmol, 1 equiv.), N,N'-

methylenebis(acrylamide) (21.5 mg, 0.14 mmol, 1 equiv.), SDS (58 mg, 0.2 mmol, 1.4 

equiv.), water (9.5 mL), and a stir bar were added. The flask was placed in a 70 °C oil bath and 

stabilized under argon for 1 hour. APS (43 mg, 0.15 mmol, 1.07 equiv.) dissolved in water (0.5 

mL) was added to the flask to initiate the reaction. Polymerization was ended after 7 h by exposure 

to oxygen and removal from the heat source. The nanogel was purified by dialysis (6-8 kDa 

MWCO) against water 3 days. To a round bottom flask under argon, 10 mL of NIPAM nanogel 

(0.12 mmol acrylic acid, 1 equiv.) was added. To the flask, 2-APBA (305 mg, 1.8 mmol, 10 

equiv.), EDC (410 mg, 2.6 mmol, 15 equiv.), and DMAP (4.3 mg, 35 µmol, 0.2 equiv.) were added 

successively. The reaction proceeded at 0 °C in an ice bath for 4 hours under argon. The product 

was purified by dialysis (6-8 kDa MWCO) against water for 3 days. 1H NMR (400 MHz in D2O) 

δ: 7.44, 7.20, 6.97, 3.76, 1.83, 1.52, 1.01. IR: ν = 3302, 2971, 2930, 2675, 1634, 1524, 1449, 1387, 
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1367, 1216, 1173, 1130, 1028, 962, 885, 840, 763 cm-1. Characterization results matched the 

protocol the synthesis is based on.8,9  

 

Synthesis of PEGMA nanogel 

In a 3-neck round-bottom flask under argon, DEGMA (295 µL, 1.6 mmol, 37.5 equiv.), 

OEGMA480 (137 µL, 0.17 mmol, 4 equiv.), acrylic acid (22 µL, 0.32 mmol, 7.5 equiv.), ethylene 

glycol dimethacrylate (8 µL, 0.043 µmol, 1 equiv.), SDS (8 mg, 0.028 mmol, 0.66 equiv.), water 

(24.5 mL), and a stir bar were added. The flask was placed in a 70 °C oil bath and stabilized under 

argon for 1 hour. APS (7.3 mg, 0.032 mmol, 0.75 equiv.) dissolved in water (0.5 mL) was added 

to the flask and the reaction was initiated. Polymerization was ended after 20 h by exposure to 

oxygen. Gels were purified by dialysis (6-8 kDa MWCO) against water for 3 days. 

PEGMA nanogel (400 mg, 0.32 mmol acrylic acid, 1 equiv.) suspended in 25 mL water was 

transferred to a round bottom flask under argon in an ice bath (0 °C). To this was added EDC (255 

mg, 1.6 mmol, 5 equiv.), DMAP (20.0 mg, 0.16 mmol, 0.5 equiv.) and 2-APBA (283 mg, 1.6 

mmol, 5 equiv.). The mixture was stirred at 21 °C for 16 hours before being quenched by exposure 

to oxygen. The nanogels were purified by dialysis (6-8 kDa MWCO) against water for 3 days. 1H 

NMR (400 MHz in D2O) δ: 7.42, 7.19, 4.05, 3.63, 3.55, 3.50, 3.27, 1.86, 0.97, 0.80. IR: ν = 3438, 

2966, 2878, 1724, 1450, 1388, 1352, 1246, 1104, 1028, 944, 850, 750 cm-1. 
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Figure 2.7. 1H-NMR spectrum of NIPAM nanogels before coupling with 2-APBA (D6DMSO) 
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Figure 2.8. Monomer incorporation kinetics for the precipitation polymerization of NIPAM 

nanogel studied using HPLC C18 Zorbax 10-90% acetonitrile(0.1% TFA)/water(0.1% TFA). 

Phenylalanine was used as an internal standard.  
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Figure 2.9. 1H-NMR spectrum of PEGMA nanogels before coupling with 2-APBA (D2O) 

The mole ratio of DEGMA and OEGMA480 was crudely calculated by setting the terminal 

methoxy protons of the side chains (3.33 - 2.97 ppm, 3 H for each DEGMA and OEGMA480) to 

an integration of 6 and examining the integration of the side chain protons (3.84 – 3.33 ppm, 6 H 

for DEGMA, 58 H for OEGMA480) which was 14.5. Subtracting the 6 protons contributed from 

DEGMA, OEGMA480 becomes 8.5 which translates to an approximate ratio of 1 DEGMA for 

every 0.15 OEGMA480. The same ratio can be calculated by setting alpha hydrogens of ester in 

DEGMA and OEGMA480 (4.39 – 3.84 ppm, 2 H for each DEGMA and OEGMA480) to 4 and 

examining the integration of the side chain protons. 
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Figure 2.10. FT-IR spectrum of NIPAM nanogels before coupling with 2-APBA 

 

Figure 2.11. FT-IR spectrum of NIPAM nanogels after coupling with 2-APBA 
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Figure 2.12. FT-IR spectrum of PEGMA nanogels before coupling with 2-APBA 

 

Figure 2.13. FT-IR spectrum of PEGMA nanogels after coupling with 2-APBA 
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Sustained Release of Glucagon from an Injectable Glucose- and 

Thermo-responsive Hydrogel 
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3.1 Introduction 

Diabetes is an autoimmune disorder that affects almost 10% of the worldwide population, 

with type I diabetes accounting for more than 400 million people.1–5 Glucagon is an important 

hormone for the regulation of blood glucose levels.6 In contrast to insulin, glucagon increases 

blood glucose levels to prevent hypoglycemia. Once glucagon binds to its receptor, a cascade of 

events catalyze glycogenolysis, gluconeogenesis, and even ketogenesis.6 Regular insulin boluses 

are delivered throughout the day where glucagon is currently only used as an emergency injection 

for severe hypoglycemia.7,8 Much of that reason can be attributed to the challenges that exist with 

glucagon formulation including low stability, low solubility at physiological pH, and its tendency 

to form toxic fibrils.6,9–11  

Within the past number of years, new formulations of glucagon have been developed in 

industry with many such products being tested in clinical trials, with some receiving FDA approval. 

Eli Lilly unveiled the first nasal rescue glucagon, BAQSIMI™, which is formulated as a 3 mg dry 

powder.12 Xeris Pharmaceuticals introduced the GVOKE™ hypopen which is formulated as a 

solution of glucagon in dimethyl sulfoxide in a ready-to-inject automatic injector.13 Similarly, 

Zealand Pharma debuted their automatic injector ZEGALOGUE™ which contains an aqueous 

solution of a glucagon analog.14 These new formulations have received much success, prompting 

Eli Lilly to announce the discontinuation of their original glucagon emergency rescue kit.15 While 

these new hypoglycemia rescue kits are undoubtedly valuable, they are not intended for nighttime 

hypoglycemia. Almost 50% of all episodes of severe hypoglycemia occur at night during sleep.16,17 

When undetected and unmanaged, nocturnal hypoglycemia is associated with further impairment 

of counterregulatory responses to falling blood glucose levels and in the most extreme cases can 

lead to sudden death in bed syndrome.16,17 A delivery system that allows for sustained and 
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controlled release of glucagon over a few hours span would greatly reduce the incidence of 

dangerous hypoglycemic states overnight. Since the embarkment of our experiments, there have 

been a handful of relevant publications that help solidify the need for sustained glucagon release 

models as well as our rationale behind the design of our system. A limited number of studies 

evaluate glucagon release models responsive to glucose levels. Yu et al reported the formulation 

of a glucose-responsive peptide-based hydrogel that releases dasiglucagon over a few hours.18 

Microneedle arrays have been explored as well with reports from Wu and coworkers of glucose-

triggered native glucagon release at 0.5 mg/mL glucose.19,20    

 

Here in this work, we present a hydrogel-mediated controlled delivery of native glucagon, 

formulated as an injectable, to combat nighttime hypoglycemia. Glucose- and thermo-responsive 

block co-polymer of polyethyleneglycol-block-poly(n-isopropylacrylamide-co-2-

Figure 3.1 Hydrogel formation at normoglycemia followed by hydrogel dissolution and payload 

release at hypoglycemia. Blue helix = glucagon, green line = polymer, black molecule = boronic 

acid, red molecule = glucose 
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aminophenylboronic acid) (PEG-b-p(NIPAM-co-2APBA)) was synthesized via reversible 

addition-fragmentation chain transfer (RAFT) polymerization followed by post-polymerization 

addition of the glucose responsive moiety 2-APBA.21 Next, glucose was used as the crosslinker by 

taking advantage of the dynamic covalent bonds that phenylboronic acids promote. The use of 2-

aminophenylboronic acid here is crucial to our mechanism as it forms a B-O dative bond with the 

carbonyl oxygen, inherently stabilizing a negative tetrahedral geometry which allows for glucose 

to act as an additive.22 Glucose then structures water in its proximity and changes the hydration 

state of the pNIPAM chain to shift the lower critical solution temperature (LCST) of the polymer23 

and subsequently the gelation point of the hydrogel. With this mechanism, the 3D hydrogel 

network was formed by the addition of glucose at physiological temperature – encapsulating the 

glucagon within the hydrogel. As glucose levels decrease, the glucose crosslinks slowly dissolve 

and thereby release the glucagon (Figure 3.1). The effects of the polymer composition were 

investigated to optimize the sensitivity of the hydrogel. Then, the hydrogel was tested for glucagon 

release under hypoglycemic conditions. Lastly, rheological measurements demonstrated shear-

thinning behavior and injection force was calculated for a wide range of needle gauges and flow 

rates.  

 

3.2 Results and Discussion 
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Synthesis and Characterization of Block Copolymer Library  

We designed a block copolymer-based hydrogel for a glucose-responsive glucagon 

delivery system. First, using a PEG chain transfer agent (CTA) (Figure 3.9), we employed RAFT 

to polymerize NIPAM and acrylic acid, followed by carbodiimide coupling to functionalize the 

acrylic acid with 2-amino phenyl boronic acid (Figure 3.2,10-11). This particular boronic acid 

was chosen because, unlike other commonly reported boronic acids, upon binding with glucose 

the charge remains unchanged because the B-O dative bond with the carbonyl oxygen inherently 

stabilizes the negative tetrahedral geometry. Several unsuccessful attempts to assess polymer size 

via gel permeation chromatography were made. A number of different solvents were screened 

including dimethylformamide, dimethylsulfoxide, tetrahydrofuran, and 200 mM Na2SO4 with 20% 

acetonitrile. The polymers were not reproducibly observed on the chromatograms, most likely due 

to some interaction of the boronic acids with the column. Therefore, the polymer molecular weight 

was calculated by 1H NMR.  

Figure 3.2 Synthesis of PEG-b-p(NIPAM-co-2APBA) via RAFT polymerization of NIPAM and 

AAc with PEG chain transfer agent followed by coupling of 2-APBA using carbodiimide 

chemistry 
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Using the well-known thermo-responsive polymer, p(NIPAM), along with different 

lengths of PEG, the effect of the lower critical solution temperature (LCST), and subsequently the 

gel point, based on the relative ratios of the two components was examined. Previous work by 

Zhang and co-workers demonstrated the influence of 2-APBA content on the LCST of the polymer.   

The influence of PEG on LCST was explored in the study summarized in this report.21 The LCST 

for p(NIPAM) alone is 32 °C.24 The addition of hydrophilic moieties to p(NIPAM), like 2-APBA, 

is known to increase the transition temperature.25 As such, longer lengths of PEG, and higher 

overall ratios of PEG, increased the transition temperature. Comparing two different length 

polymers for each PEG size, the difference in the LCSTs exemplify this trend (Table 3.1, Figure 

3.31). For each PEG length used, the LCSTs of two polymers, one longer and one shorter, are 

compared to demonstrate this point. As such, PEG5000 increased the LCST the most and required 

long chains of the NIPAM-2APBA block to tune the LCST back down to the physiological 

temperature range. In contrast, PEG550 and PEG750 affected the LCST minimally as the LCST 

difference between the two polymers for each PEG CTA length in each category is under 1 and 2 

Table 3.1 Influence of relative PEG length on LCST determined by turbidity measurements via UV-

Vis at 600 nm. Polymer was prepared at 10 wt % in 20 mM DPBS pH 7.4 
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⁰C, respectively.  The minor differences in the mole percent of 2-APBA can subtly affect the LCST 

as well. From here, we decided to proceed with PEG2000 polymers as a middle ground as it 

allowed for a wide range of LCSTs based on modifications to polymer chain length.  

Hydrogel Formation by Dynamic Glucose Crosslinking 

There are many reports of using dynamic crosslinking in hydrogels.26–32 Reversible 

covalent bonds are attractive design features in hydrogels because they allow an external stimulus 

to control the sol-gel transition. Another added advantage is that mesh size becomes much less 

important of an issue with regard to drug diffusion and release from the system. Some of the most 

commonly reported reversible crosslinking is based on chemistries utilizing imines, hydrazones, 

oximes, thiol-disulfides, and boronate esters.29,33,34 In this work, glucose is utilized as the 

crosslinker due to the dynamic covalent bonds that phenylboronic acids form with 1,2 and 1,3 

diols. The use of glucose alone as a crosslinker has been reported in literature.35 Ideally, at 

normoglycemia levels, the hydrogel is intact due to the presence of glucose crosslinks and at 

hypoglycemia levels, the hydrogel crosslinks are slowly removed to release glucagon. 

Figure 3.3 Hydrogel formation starting with A) a solution of polymer, glucose, and buffer 

dissolved at 4 ⁰C followed by B) the addition of FITC-glucagon as a visual guide. C) Hydrogel 

was formed at 37 ⁰C with D) UV light demonstrating the evenly distributed FITC-glucagon 
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Crosslinking via bis-glucose boronic acid binding has been demonstrated numerous times in 

literature26,27,36 and is one of two main mechanisms for the hydrogel formation herein. The second 

mechanism being that glucose also acts as an additive, structuring water in its proximity, changing 

the hydration state of the thermoresponsive pNIPAM chain to depress the LCST of the polymer 

and the gel point of the hydrogel.23 The presence of the boronic acid moiety helps localize this 

effect closer to the pNIPAM chain.  

To form the hydrogel, the polymer was dissolved in carbonate buffer with glucose under 

refrigeration, below the LCST, to aid the solubilization of the polymer. At 4 ⁰C, due to the 

thermoresponsive nature of the polymer, the solubility was higher and therefore aids in the 

dissolution of the polymer. Once the solution was homogeneous, the vial was placed into a 37 ⁰C 

incubator and the solution slowly solidified into an opaque gel. As a visual aid, the hydrogel 

formation and glucagon encapsulation process were demonstrated using glucagon labelled with 

fluorescein isothiocyanate (FITC) (Figure 3.3). Once the polymer, glucose, and buffer were a 

homogeneous solution at 4 ⁰C (Figure 3.3A), FITC-glucagon was added to the vial and allowed 

to mix on a rocker at 4 ⁰C for 10 min (Figure 3.3B). The vial was removed from refrigeration and 

allowed to solidify at 37 ⁰C. The vial inversion test confirmed the gelation (Figure 3.3C) and UV 

light was applied to demonstrate the encapsulation of the FITC-glucagon (Figure 3.3D). 

 Because of the various responsive components of this model, a number of formulations 

had to be examined to ensure that the gel point and glucose sensitivity were close to 37 ⁰C and 1 

mg/mL, respectively. The gel point of the hydrogel was tuned based on the LCST of the polymer. 

Because glucose acts as an additive and lowers the LCST, the polymer alone should ideally have 

a LCST slightly higher than 37 ⁰C. Tuning the glucose sensitivity to a physiologically relevant 

level posed a bigger challenge. Initially, following commonly reported literature protocols,37–39 the 
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hydrogel was formed with 10 wt % polymer and the glucose sensitivity was determined by slowly 

adding concentrated aliquots of glucose solution. This proved to be a rather time-consuming way 

to study and tune the glucose sensitivity because it would require that a new polymer be 

synthesized with each result. Using this method, we were able to successfully form a library of 

hydrogels in which the glucose sensitivity could be tuned with PEG content. However, it must be 

noted that the glucose sensitivity was often 10-600 fold of the physiological level (Table 3.2) 

which could be irrelevant for further clinical applications. With this set of experiments, we 

elucidated that the closer the LCST of the polymer was to 37 ⁰C, the greater the glucose sensitivity, 

likely because less glucose was required to depress the LCST to 37 ⁰C.   

Influence of Polymer Weight Percent on Hydrogel Formation 

At this point, the polymer concentration was varied to examine the effects on the glucose 

sensitivity and gel point. For the application of this system, the necessary working temperature, 37 

⁰C, and glucose sensitivity, 1 mg/mL, are already determined by physiological conditions. To 

demonstrate if the polymer wt % alone could shift the gel point, polymer solutions of 10 – 30 wt % 

Table 3.2 Glucose concentration to form hydrogel crosslinks at 10 wt % polymer in 20 mM 

DPBS pH 7.4 
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were prepared in carbonate buffer. With these solutions, the temperature was incrementally 

increased and stabilized to determine the gel point. This shows the gel point is inversely related to 

the polymer wt % in a linear fashion (Figure 3.4A,B). Upon confirmation of these results, the 

polymer wt % was held constant and the temperature was varied to assess the necessary glucose 

concentration to form a hydrogel at a certain temperature (Figure 3.4C). After observing these 

trends, temperature and glucose concentration were kept constant at physiological levels and the 

polymer wt % was gradually increased to observe gelation. Interestingly, this confirmed that 

glucose sensitivity could be controlled and tuned to normoglycemia (or the desired glucose level) 

simply by varying the polymer concentration. A higher polymer wt % pushes the material to its 

saturation point so that a smaller glucose level will induce gelation. In addition, more polymer 

automatically translates to more boronic acid moieties in the vial, increasing the opportunity for 

glucose-boronic acid binding. Subsequently, two polymer formulations responsive to 1 mg/mL 

glucose at 37 ⁰C, polymer 18 and 19 (Table 3.3), were identified and prepared for glucagon release 

studies. A value of 1 mg/mL glucose was chosen as a middle range number for normoglycemia.  

Figure 3.4 Dependence of polymer concentration (wt %) on the gelation temperature for A) 

polymer 16 and B) polymer 17 and C) the temperature dependent glucose concentration needed 

for gelation for polymer 5 at 30 wt % 
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Glucagon Loading and Release from Hydrogel 

Glucagon loaded hydrogels were prepared by dissolving the polymer in carbonate buffer 

pH 9.0 followed by the addition of glucose and glucagon as solutions. Polymer 18 was prepared 

at 19 wt % and polymer 19 at 32.5 wt % to allow for glucose responsivity at 1 mg/mL. The final 

glucagon concentration was 1 mg/mL. The contents were allowed to mix for 30 minutes at 4 ⁰C 

then pipetted into lo-bind centrifuge tubes (n = 3 control, n = 3 release) as a clear, thick liquid. The 

vials were placed in a 37 ⁰C incubator and allowed to gel for 30 minutes prior to the start of release. 

The clear viscous liquid turned into an off-white opaque gel. The vial inversion test was used to 

confirm the gelation. To initiate the release, 800 uL of 0 or 1 mg/mL glucose in 20 mM DPBS pH 

7.4 was added to each vial with shaking at 250 rpm. Aliquots to determine glucagon release were 

taken at 5 min, 30 min, 1 h, 2 h, 4 h, 7 h, 16 h, 24 h, and 48 h. Polymer 18 shows statistical 

difference between the control and release starting at 7 h (Figure 3.5A) while polymer 19 shows 

statistical difference at 14 h (Figure 3.5B). At 48 h, polymer 18 shows release of up to 80% (240 

ug) of glucagon and polymer 19 shows up to 40% (120 ug). Compared to their respective controls, 

polymer 18 released up to 40% (120 ug) and polymer 19 released up to 20% (60 ug) more glucagon 

when in hypoglycemic condition. The difference in the overall payload release between polymers 

18 and 19 can be largely attributed to the final polymer wt % that was used. The higher polymer 

concentration that was used for polymer 19 creates a denser hydrogel network making it more 

difficult for the glucagon to diffuse out at low glucose concentrations. As is the case with many 

drug delivery systems,40 some background release of glucagon was detected. Due to the methods 

and principles behind our hydrogel formation and release, some of the glucagon is reasonably 

expected to be on the surface of the gel and can be accounted for some of the payload, particularly 

in the initial timepoints. In addition, a macroscopic difference of the control and release vials can 
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be observed at the end of the 48-hour release study. The control group vials showed hydrogels that 

are largely intact with little dissolution (Figure 3.5C) while the release group vials showed 

considerably less remaining hydrogel, indicating that the hydrogel had dissolved and released 

glucagon in response to the hypoglycemic environment (Figure 3.5D). 

Rheology and Injectability of Hydrogel 

There is a growing interest in injectable hydrogels that can gelate in situ upon injection 

because it eliminates the need for complicated surgical procedures.41,42 Shear-thinning properties 

are desirable as it will enable flow under modest pressure followed by self-healing gelation in a 

Figure 3.5 Glucagon release study using A) polymer 18 at 19 wt% and B) polymer 19 at 32.5 

wt% over 48 hours. (*p < 0.5, **** p < 0.0001, two-way ANOVA with Sidak’s multiple 

comparisons test) Representative images of hydrogels (n=3) post release study of C) the control 

group and D) the release group 
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reasonable amount of time.41,43–45 To assess the mechanical properties of our hydrogel, a frequency 

sweep with constant 1% strain was applied at 22 ⁰C to a preformed hydrogel of polymer 20 (Table 

3.3) at 10 wt %. The storage modulus (G’) values exceed the loss modulus (G”) values which 

indicates that our formulation presents hydrogel characteristics (Figure 3.6A). Shear-thinning is 

supported by the decreasing dynamic viscosity. To further confirm this, the dynamic viscosity and 

shear rate were plotted according to the Ostwald-de Waele power law (Figure 3.6B). The flow 

behavior index, n, is a value below 1, indicating a shear-thinning pseudoplastic fluid. The flow 

Figure 3.6 A) Rheological measurement of polymer 20 at a constant strain of 1%, and an 

angular frequency range of 0.1 to 10 rad s−1 plotted with B) Ostwald-de Waele power law  

A 

B 
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consistency index, K, was calculated to be 4403 Pa sn. Next, to study the injection force of our 

hydrogel, the hydrogel formed from polymer 19 was loaded into a syringe as a liquid at 4 ⁰C and 

eluted through a viscometer at 25 ⁰C (Table 3.4). Many drugs, including injectables, are commonly 

administered at room temperature unless particular requirements are indicated so the viscosity was 

measured at 25 ⁰C. Due to the instrument limitations, the viscosity data was measured at 0.000192 

Figure 3.7 A) Simple shear-thinning fluid injection force equation. B) Injection force at assumed 

needle and barrel dimensions at measured flow rate of 0.000192 mL/sec. C) Injection force at 

assumed needle and barrel dimensions at hypothetical flow rates 
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mL/sec. Viscosity measurements from the viscometer as well as the power index, n, from the 

rheometer were applied to a simple shear thinning fluid equation to calculate the injection force 

(Figure 3.7A). Using assumed needle and barrel measurements for a typical 1 mL syringe and ½ 

inch needle (Table 3.5),46 the injection force at various relevant gauges and injection rates were 

calculated. At the measured injection rate, the injection force ranged from 0.002 to 0.18 N (Figure 

3.7B, Table 3.6). The measured injection rate, however, is three orders of magnitude smaller than 

typical used injection rates of 0.1 to 0.3 mL/sec.47,48 At 0.1 mL/sec, 21G, 25G, and 27G were under 

20 N which is the threshold for patient discomfort (Table 3.7).49 At 0.3 mL/sec, 21G and 25G 

were under 20 N (Figure 3.7C, Table 3.8). For subcutaneous injections, 25G and 27G needles of 

½ inch are most commonly used.41,46 Taking all of this into account, a 25G needle at 0.1 and 0.3 

mL/sec or a 27G needle at 0.1 mL/sec are most suitable for subcutaneous administration of our 

hydrogel models.  

The hydrogel system described herein demonstrates a proof of concept sustained delivery 

of native glucagon targeted for nocturnal hypoglycemia. In order to bring this model forward, more 

optimization of the polymers and hydrogel will be necessary in order to ensure glucagon releases 

at 0.6 mg/mL glucose, an upper threshold for hypoglycemia, rather than the 0 mg/mL glucose 

concentration used in this work. In addition, glucagon leakage can lead to instabilities in blood 

glucose levels which, at normoglycemia, has the potential to cause hyperglycemia.  

 

3.3 Conclusion 

In conclusion, dual thermo- and glucose-responsive polymers of PEG-b-p(NIPAM-co-2-

APBA) in conjunction with dynamic glucose crosslinking was used to formulate a hydrogel for 

sustained release of native glucagon. To optimize the system, the polymer size, block lengths, and 
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polymer concentration were screened to determine the effect of each parameter. In two separate 

formulations, the hydrogels released a total of 80 and 40% of the total loaded glucagon and 30 and 

20% more than their respective controls. In addition, rheological measurements were used to assess 

the shear-thinning and injectable nature of our hydrogel, which showed that our hydrogel model 

is suitable for subcutaneous administration. Finally, to the best of our knowledge, this is the first 

demonstrated sustained release of native glucagon using a glucose responsive hydrogel with 

potential to combat nocturnal hypoglycemia. 
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3.4 Appendix B 

Materials 

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

without purification unless noted otherwise. N-Isopropylacrylamide was recrystallized from n-

hexane. α,α′-Azoisobutyronitrile was recrystallized from acetone. Acrylic acid was distilled under 

vacuum. Anhydrous dimethylsulfoxide was obtained by drying over molecular sieves. Glucagon 

was purchased from BioMatik at >90% purity.  

Analytical Techniques 

Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker AV 400 MHz 

spectrometer. Nanogel turbidity was measured with 10 mg/mL solution in 20 mM DPBS pH 7.4 

at 600 nm on a Tecan M1000 plate reader or SpectraMax iD3 plate reader.  To determine hydrogel 
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mechanical properties, an AR 2000ex rheometer (TA instruments) in parallel plate geometry was 

used with an 8-mm diameter stainless steel, cross-hatched upper plate and 60 mm stainless steel, 

cross-hatched lower plate cover, at 22 °C, constant strain of 1%, and an angular frequency range 

of 0.1 to 10 rad s−1. Viscosity was measured using a RheoSense microVisc. 

Methods 

Synthesis of CTA acid 2-(((ethylthio)carbonothioyl)thio)-2-methylpropanoic acid 

Product was synthesized in accordance with previously reported literature.50 

Representative Synthesis of PEG-CTA  

In an oven-dried round bottom, methoxyPEGx was added to a solution of 2-

(((ethylthio)carbonothioyl)thio)-2-methylpropanoic acid, dimethylaminopyridine, and N,N’-

dicyclohexylcarbodiimide in anhydrous DCM with a stir bar. The reaction was allowed to stir at 

25 ⁰C for 20 h. The urea byproduct was filtered out and the supernatant was evaporated under 

reduced pressure and the product was purified by flash chromatography (DCM to DCM/MeOH 

8/2 gradient). A yellow-colored solid was obtained as product (70.3% yield).  

Representative RAFT Polymerization of PEG-b-p(NIPAM-AAc) 

In an oven-dried Schlenk tube, stock solutions of NIPAM, PEG CTA, acrylic acid, and 

AIBN in dry DMSO were added with a stir bar. The tube was sealed off and subjected to three 

freeze, pump, thaw cycles. The polymerization was carried out at 75 °C for 2 h under argon. 

Polymerization was quenched by opening to air and submerging the tube into cold water. Crude 

reaction was carried forward directly. A small aliquot of the crude reaction was saved for 1H NMR 

analysis in d-DMSO. NIPAM conversion was calculated by comparing the areas under the peak 
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of monomeric and polymeric amide peak at 7.9 ppm and 6.9-7.6 ppm, respectively. AAc mol% 

was calculated by comparing the area under the peak of AAc polymeric acidic peak at 11.8-12.1 

ppm and NIPAM polymeric amide peak at 6.9-7.6 ppm. DPNIPAM was calculated by comparing 

PEG glycolic peak at 3.4-3.5 ppm and NIPAM polymeric amide peak at 6.9-7.6 ppm. DPAAc was 

calculated by comparing PEG glycolic peak at 3.4-3.5 ppm and AAc polymeric acidic peak at 

11.8-12.1 ppm. Mn,NMR was calculated according to the formula Mn,NMR = MWPEG-CTA + (DPNIPAM 

* MWNIPAM) + (DPAAc * MWAAc). 

Representative EDC Coupling of 2APBA to PEG-b-p(NIPAM-AAc) 

EDC (4 eq.), DMAP (0.5 eq.), and PEG-b-p(NIPAM-AAc)  (1 eq. of AAc), were dissolved 

in water in a round bottom flask and stirred for 20 min. Then, 2-APBA hydrochloride (2 eq.) was 

added and the reaction was allowed to stir for 24 hr. Afterwards, the solution was dialyzed using 

a 3.5 kDa MWCO membrane for 3 days against water and lyophilized to yield a fluffy white solid. 

Polymer molecular weight was determined by 1H NMR. 2-APBA mol% was calculated by 

comparing the area under the peak of 2-APBA aromatic peak at 6.8-7.5 ppm and NIPAM tertiary 

isopropyl peak at 3.6-3.9 ppm. DPNIPAM was calculated by comparing PEG glycolic peak at 3.5 

ppm and NIPAM tertiary isopropyl peak at 3.6-3.9 ppm. DP2-APBA was calculated by comparing 

PEG glycolic peak at 3.5 ppm and 2-APBA aromatic peaks at 6.8-7.5 ppm. Mn,NMR was calculated 

according to the formula Mn,NMR = MWPEG-CTA + (DPNIPAM * MWNIPAM) + (DP2-APBA * MW2-APBA). 

Hydrogel Formation  

PEG-b-p(NIPAM-2APBA) was dissolved in carbonate buffer pH 9.0 at a specified weight % 

on a rocker at 4 ⁰C, for 16 h. Once the solution was homogeneous, it was pipetted into a 1.5 mL 

lo-bind tube along with a glucose solution in carbonate buffer pH 9.0. For glucagon release studies, 
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glucagon was added to the vial at this time as a solution in carbonate buffer pH 9.0. The vial was 

placed in an incubator at 37 °C. The contents of the vial turned opaque indicating hydrogel 

formation. The full formation of the hydrogel was confirmed by the inverted tube test. 

 

Glucagon Release Studies 

300 µL of pre-hydrogel solution was carefully pipetted into 1.5 mL lo-bind vials. Upon 

confirming full gelation, 800 uL of either 20 mM DPBS pH 7.4 (release) or 20 mM DPBS pH 7.4 

with 1 mg/mL glucose (control) were added. Vials were placed on a thermoshaker at 37 °C and 

250 rpm. Timepoints were taken by removing all of the supernatant and replenishing with 20 mM 

DPBS pH 7.4 (release) or 20 mM DPBS pH 7.4 with 1 mg/mL glucose (control). Timepoints were 

frozen at -20 ⁰C until ready for analysis. Glucagon was quantified via fluorescamine assay. 30 uL 

of fluorescamine (3 mg/mL in DMSO) was added to 120 uL of sample in a 96-well plate. The plate 

was shaken and incubated for 5 minutes, then scanned on the plate reader ( λex = 382 nm, λem = 

480 nm).  

Rheology 

Hydrogel, without glucagon, was pre-formed in a 4 mL dram vial. The hydrogel disc was 

carefully removed from the dram vial using a spatula and placed onto the parallel plate for 

measurement. 

Viscosity 

The hydrogel solution, without glucagon, was allowed to homogenize at 4 ⁰C 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 

minutes.  

 

Table 3.3 Table of polymers in order of introduction in text with PEG size, polymer length, and 

mole percent of 2-APBA 
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Figure 3.8 1H NMR of CTA acid. 1H NMR of 2-(((ethylthio)carbonothioyl)thio)-2-

methylpropanoic acid (400 MHz, CDCl3).  
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Figure 3.9. Representative 1H NMR of PEG2000-CTA. 1H NMR of PEG2000-CTA (400 MHz, 

CDCl3). 
1H NMR (400 MHz, CDCl3) δ 4.27 – 4.22 (m, 2H), 3.70 – 3.57 (m, 178H), 3.37 (s, 3H), 

3.27 (q, J = 7.4 Hz, 2H), 1.67 (d, J = 9.8 Hz, 6H), 1.31 (t, J = 7.4 Hz, 3H). 
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Figure 3.10 Representative 1H NMR of crude PEGx-b-(NIPAM-co-AAc). 1H NMR of PEG2000- 

b-(NIPAM-co-AAc) (400 MHz, DMSO). 1H NMR (400 MHz, DMSO) δ 11.96 (s, 39H), 7.16 (s, 

217H), 3.85 (m, 278H), 3.47 (s, 170H), 1.96 (m, 273H), 1.76 – 1.16 (m, 491H), 1.12 – 0.75 (m, 

1778H). 
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Figure 3.11 Polymer 1 1H NMR of PEG2000-b-(NIPAM-co-APBA). 1H NMR of PEG2000- b-

(NIPAM-co-APBA) (400 MHz, DMSO). 1H NMR (400 MHz, DMSO) 7.16 (s, 76H), 3.85 (m, 

96H), 3.47 (s, 48H), 1.96 (m, 88H), 1.76 – 1.16 (m, 148H), 1.12 – 0.75 (m, 453H). 
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Figure 3.12 Polymer 2 1H NMR of PEG550-b-(NIPAM-co-APBA). 1H NMR of PEG550- b-

(NIPAM-co-APBA) (400 MHz, D2O). 1H NMR (400 MHz, D2O) δ 7.20 (t, 49H), 3.74 (s, 49H), 

3.57 (s, 48H), 3.30 (s, 3H), 2.18 – 1.15 (m, 181H), 1.00 (s, 1506H). 
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Figure 3.13. Polymer 3 1H NMR of PEG750-b-(NIPAM-co-APBA). 1H NMR of PEG750- b-

(NIPAM-co-APBA) (400 MHz, D2O). 1H NMR (400 MHz, D2O) δ 7.20 (t, 129H), 3.74 (s, 133H), 

3.57 (s, 67H), 2.18 – 1.74 (m, 187H), 1.74 - 1.25 (m, 308H), 1.00 (s, 907H). 
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Figure 3.14. Polymer 4 1H NMR of PEG1000-b-(NIPAM-co-APBA). 1H NMR of PEG1000- b-

(NIPAM-co-APBA) (400 MHz, D2O). 1H NMR (400 MHz, D2O) δ 7.20 (t, 26H), 3.74 (s, 34H), 

3.57 (s, 67H), 2.18 – 1.74 (m, 47H), 1.74 - 1.25 (m, 73H), 1.00 (s, 216H). 
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Figure 3.15. Polymer 5 1H NMR of PEG1000-b-(NIPAM-co-APBA). 1H NMR of PEG1000- b-

(NIPAM-co-APBA) (400 MHz, D2O). 1H NMR (400 MHz, D2O) δ 7.20 (t, 79H), 3.74 (s, 34H), 

3.57 (s, 67H), 2.18 – 1.74 (m, 47H), 1.74 - 1.25 (m, 73H), 1.00 (s, 216H). 



77 

 

 

Figure 3.16. Polymer 6 1H NMR of PEG1000-b-(NIPAM-co-APBA). 1H NMR of PEG1000- b-

(NIPAM-co-APBA) (400 MHz, D2O). 1H NMR (400 MHz, D2O) δ 7.20 (t, 34H), 3.74 (s, 38H), 

3.57 (s, 89H), 2.18 – 1.74 (m, 55H), 1.74 - 1.25  (m, 80H), 1.00 (s, 252H). 
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Figure 3.17. Polymer 7 1H NMR of PEG2000-b-(NIPAM-co-APBA). 1H NMR of PEG2000- b-

(NIPAM-co-APBA) (400 MHz, D2O). 1H NMR (400 MHz, D2O) δ 7.20 (t, 202), 3.74 (s, 237H), 

3.57 (s, 178H), 2.18 – 1.74 (m, 345H), 1.74 - 1.25 (m, 577H), 1.00 (s, 1654H). 
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Figure 3.18. Polymer 8 1H NMR of PEG2000-b-(NIPAM-co-APBA). 1H NMR of PEG2000- b-

(NIPAM-co-APBA) (400 MHz, D2O). 1H NMR (400 MHz, D2O) δ 7.20 (t, 16H), 3.74 (s, 24H), 

3.57 (s, 178H), 2.18 – 1.74 (m, 28H), 1.74 - 1.25 (m, 48H), 1.00 (s, 138H). 
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Figure 3.19. Polymer 9 1H NMR of PEG5000-b-(NIPAM-co-APBA). 1H NMR of PEG5000- b-

(NIPAM-co-APBA) (400 MHz, D2O). 1H NMR (400 MHz, D2O) δ 7.20 (t, 221H), 3.74 (s, 276H), 

3.57 (s, 444H), 2.18 – 1.74 (m, 406H), 1.74 - 1.25 (m, 663H), 1.00 (s, 1889H). 
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Figure 3.20. Polymer 10 1H NMR of PEG5000-b-(NIPAM-co-APBA). 1H NMR of PEG5000- b-

(NIPAM-co-APBA) (400 MHz, D2O). 1H NMR (400 MHz, D2O) δ 7.20 (t, 47H), 3.74 (s, 59H), 

3.57 (s, 444H), 3.30 (s, 3H), 2.18 – 1.74 (m, 86H), 1.74 - 1.25 (m, 134H), 1.00 (s, 396H). 
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Figure 3.21. Polymer 11 1H NMR of pure PEG2000-b-(NIPAM-co-APBA). 1H NMR of PEG2000- 

b-(NIPAM-co-APBA) (400 MHz, D2O). 1H NMR (400 MHz, D2O) δ 7.20 (t, 98H), 3.74 (s, 86H), 

3.57 (s, 178H), 2.18 – 1.74 (m, 140H), 1.74 – 1.23 (m, 207H), 1.00 (s, 610H). 
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Figure 3.22. Polymer 12 1H NMR of pure PEG2000-b-(NIPAM-co-APBA). 1H NMR of PEG2000- 

b-(NIPAM-co-APBA) (400 MHz, D2O). 1H NMR (400 MHz, D2O) δ 7.20 (t, 100H), 3.74 (s, 

135H), 3.57 (s, 178H), 2.18 – 1.74 (m, 195H), 1.74 – 1.23 (m, 307H), 1.00 (s, 933H). 
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Figure 3.23. Polymer 13 1H NMR of pure PEG2000-b-(NIPAM-co-APBA). 1H NMR of PEG2000- 

b-(NIPAM-co-APBA) (400 MHz, D2O). 1H NMR (400 MHz, D2O) δ 7.20 (t, 203H), 3.74 (s, 

238H), 3.57 (s, 178H), 2.18 – 1.74 (m, 345H), 1.74 – 1.23 (m, 577H), 1.00 (s, 1654H). 
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Figure 3.24. Polymer 14 1H NMR of pure PEG2000-b-(NIPAM-co-APBA). 1H NMR of PEG2000- 

b-(NIPAM-co-APBA) (400 MHz, D2O). 1H NMR (400 MHz, D2O) δ 7.20 (t, 346H), 3.74 (s, 

267H), 3.57 (s, 178H), 2.18 – 1.74 (m, 556H), 1.74 – 1.23 (m, 825H), 1.00 (s, 1750H). 
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Figure 3.25 Polymer 15 1H NMR of crude PEG2000-b-(NIPAM-co-APBA). 1H NMR of 

PEG2000- b-(NIPAM-co-APBA) (400 MHz, DMSO) 7.16 (s, 439H), 3.85 (m, 516H), 3.47 (s, 

178H), 1.96 (m, 511H), 1.76 – 1.16 (m, 854H), 1.12 – 0.75 (m, 3033H). 
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Figure 3.26. Polymer 16 1H NMR of pure PEG2000-b-(NIPAM-co-APBA). 1H NMR of PEG2000- 

b-(NIPAM-co-APBA) (400 MHz, D2O). 1H NMR (400 MHz, D2O) δ 7.20 (t, 71H), 3.74 (s, 83H), 

3.57 (s, 178H), 2.18 – 1.74 (m, 116H), 1.74 – 1.23 (m, 198H), 1.00 (s, 555H). 
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Figure 3.27. Polymer 17 1H NMR of pure PEG2000-b-(NIPAM-co-APBA). 1H NMR of PEG2000- 

b-(NIPAM-co-APBA) (400 MHz, D2O). 1H NMR (400 MHz, D2O) δ 7.20 (t, 264H), 3.74 (s, 

295H), 3.57 (s, 178H), 2.18 – 1.74 (m, 437H), 1.74 – 1.23 (m, 699H), 1.00 (s, 2030H). 
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Figure 3.28. Polymer 18 1H NMR of pure PEG2000-b-(NIPAM-co-APBA). 1H NMR of PEG2000- 

b-(NIPAM-co-APBA) (400 MHz, D2O). 1H NMR (400 MHz, D2O) δ 7.20 (t, 156H), 3.74 (s, 

208H), 3.57 (s, 178H), 2.18 – 1.74 (m, 283H), 1.43 (m, 460H), 1.00 (s, 1506H). 
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Figure 3.29. Polymer 19 1H NMR of pure PEG2000-b-(NIPAM-co-APBA). 1H NMR of PEG2000- 

b-(NIPAM-co-APBA) (400 MHz, D2O). 1H NMR (400 MHz, D2O) δ 7.20 (t, 69H), 3.74 (s, 86H), 

3.57 (s, 178H), 3.30 (s, 3H), 2.18 – 1.74 (m, 139H), 1.74 – 1.23 (m, 204H), 1.00 (s, 586H). 
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Figure 3.30. Polymer 20 1H NMR of PEG550-b-(NIPAM-co-APBA). 1H NMR of PEG550- b-

(NIPAM-co-APBA) (400 MHz, D2O). 1H NMR (400 MHz, D2O) δ 7.20 (t, 77H), 3.74 (s, 102H), 

3.57 (s, 8H), 2.18 – 1.12 (m, 337H), 1.00 (s, 674H). 

 

Table 3.4 Viscosity Measurements using polymer 19 performed in triplicate.  

Sample 

Name 

Temp 

(C°) 

Viscosity 

mPa-s 

Flow 

Rate 

(ul/min) 

P-

Scale 

(%) 

Shear 

Rate 

(1/s) 

Shear 

Stress 

(Pa) 

Volume 

(ul) 

R2 

Trial 1 20.06 15.53 11.5 10.89 213.1 3.31 105.1 0.99 

Trial 2 20.04 15.76 11.5 10.6 213.1 3.36 55 0.98 

Trial 3 20.07 18.85 11.5 13.2 213.1 4.02 55 1 

Average 
 

16.71 11.5 
 

213.1 3.56 
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Table 3.5 Assumed measurements of 1 mL syringe and various needle gauges 

Needle and Barrel assumptions:       

  21 G 25 G 27 G 29 G 

Length (mm) 12.7 12.7 12.7 12.7 

Diameter barrel (mm) 6.35 6.35 6.35 6.35 

Inner Diameter Needle (mm) 0.514 0.26 0.21 0.184 

 

 

Table 3.6 Injection force calculations based on assumed needle and barrel dimensions at 0.02 

mL/sec flow rate 

Flow rate of 0.02 mL/sec          

Needle 21 G  25 G 27 G 29 G 

Force (N) 0.0784  1.19 2.81 4.77 

Force (mPa) 78.4  1190 2810 4770 

 

 

Table 3.7 Injection force calculations based on assumed needle and barrel dimensions at 0.1 

mL/sec flow rate 

Flow rate of 0.1 mL/sec         

Needle 21 G 25 G 27 G 29 G 

Force (N) 0.392 5.99 14.1 23.9 
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Force (mPa) 392 5990 14100 23900 

 

 

 

Table 3.8 Injection force calculations based on assumed needle and barrel dimensions at 0.02 

mL/sec flow rate 

 

 

 

 

 

 

 

 

 

Flow rate of 0.3 mL/sec     

Needle 21 G 25 G 27 G 29 G 

Force (N) 8.22 17.9 42.2 71.7 

Force (mPa) 8220 17900 42200 71700 
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Figure 3.31. LCST determination of polymer library via UV-vis turbidity measurements at 600 

nm 
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4.1 Introduction 

Protein therapeutics are highly effective for the treatment and management of numerous 

diseases. Despite this, their clinical potential is underutilized mainly due to drawbacks inherent to 

many native proteins such as poor stability, immunogenicity, and short pharmacokinetics. 

Currently, PEGylation is considered to be one of the hardiest routes to circumvent the 

aforementioned drawbacks of some native proteins. Upon covalent conjugation onto a protein, 

PEG has demonstrated the ability to prolong circulation time and increase stability of protein under 

storage conditions.1 The half-life of PEGylated proteins is extended by protecting the protein from 

enzymatic degradation and immunogenic recognition, while the increased size also prevents 

filtration by the renal clearance pathway.1–3 Though PEGylation has undoubtedly proven its utility, 

PEG-alternatives are an interesting field of research and will only help expand the toolset for 

stabilizing proteins and further the development and improvement of protein therapeutics.  

As such, zwitterlation is an alternative strategy to PEGylation that has been studied in 

increasing frequency. Surface hydration and steric exclusion effect is considered to be the key 

properties that PEG exhibits in reducing nonspecific protein adsorption.4 Zwitterionic materials 

have been applied to numerous biomedical and engineering materials for their non-fouling 

properties and have demonstrated the ability to reduce nonspecific protein adsorption.5,6 

Zwitterions bind water molecules through electrostatically induced hydration which results in 

much stronger interactions than that of the hydrogen bonding associated with PEG.7 Previous 

studies from our group have shown that, when used as excipients,  polyesters functionalized with 

a zwitterionic carboxybetaine side chains are able to stabilize insulin against agitation as well as 

granulocyte colony stimulating factor against thermal stress.8,9 Inspired by this previous work, we 

sought to further explore the stabilizing effect of these polymers when covalently conjugated to a 
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therapeutic protein. The polyester backbone of our pCLZ renders our polymer biodegradable, 

alluding to fewer issues regarding organ and environmental accumulation.10–12 Aliphatic 

polyesters are representative examples of environmentally relevant polymeric materials due to 

their hydrolysable ester bonds.10,13 

To study the in vitro and in vivo effects of the covalent conjugation of our degradable 

zwitterionic polymer, we utilized a growth hormone receptor antagonist (GHA). GHAs are a class 

of recombinantly engineered protein therapeutics important for regulation of GH signaling in 

diseases such as acromegaly  and insulin-like growth factor 1-dependent cancers.14–20 The GHA 

B2036 variant has an FDA-approved multi-PEGylated formulation by the name Pegvisomant 

(Pfizer, Inc) which demonstrates an in vivo half life extension from 15 minutes for unmodified 

GHA B2036 to 74 h.21 As with other non-specifically PEGylated proteins, unfortunately, 

PEGylation of 4-5 lysine residues of GHRA B2036 results in Pegvisomant having a reduced 

activity, and the PEGylation could elicit immunogenic responses in patients.21–24 To address the 

bioactivity challenge, our group recently designed a modification to GHA B2036 whereby the 

tyrosine at the residue site 35 is replaced with the unnatural amino acid propargyl tyrosine (pgIY, 

T35pgIY) to function as a site-specific handle for bioconjugation.25  This insertion site was 

selected based on research scanning a range of hGH residues for UAA incorporation to determine 

which sites could be modified without interfering with GHR binding26–29 and later which could be 

used to site-specifically PEGylate hGH for increased peptide half-life without significantly 

reducing the bioactivity.30,31 In that same work, we demonstrate the enhanced bioactivity of site-

selectively PEGylated GHA B2036 and conclude that, compared to Pegvisomant, the half-

maximal inhibitory concentrations (IC50) are 12.5 to 23.8 fold lower, depending on the PEG size.  

With these benchmarks in mind, we site-selectively conjugated azido-pCLZs of 5, 20, and 
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60 kDa to GHA-alkyne via copper-catalyzed cycloaddition. We hypothesized that site-specific 

protein-polymer conjugation with pCLZ to GHA-alkyne would improve the pharmacokinetics 

without decreasing the bioactivity or increasing the immunogenicity of the GHA. Evaluation of 

the in vitro bioactivity of these conjugates resulted in IC50 values to be 107 to 430 fold improved 

compared to Pegvisomant. Pharmacokinetics, studied via 18F labelled PET/CT imaging, showed a 

significant, though short, increase in circulation time by 23 min. Finally, this is the first instance 

of a site-selective conjugation of a biodegradable, zwitterionic polymer to the best of our 

knowledge. 

4.2 Results and Discussion 

Design and Preparation of pCLZ 

The initial synthetic scheme was to initiate ROP with PEG4-azide and functionalize the poly(allyl-

caprolactone) in two subsequent steps as reported.8,9 While the polymerization itself was 

successful, the following steps introduced many variables to the polymers, including azide 

photodegradation, possible crosslinking leading to aqueous insolubility, and incomplete 

functionalization of the allyl side chain. Interestingly, the thiol-ene functionalization step under 

UV irradiation caused the degradation of the azide handle. While the photodegradation of aryl 

azides have been reported along with their use as photocrosslinkers,32–36 alkyl azides are thought 

to be more stable against photolysis. To circumvent the aforementioned list of issues, a new 

initiator was synthesized to allow for post-polymerization incorporation of the azide. This new 

initiator was designed with the following parameters in mind: easily discernible peaks on 1H NMR 

for monitoring polymerization, protected amino moiety allowing for post polymerization 

modification, and an overall structure resembling the caprolactone monomer. Ring opening 

polymerization of allyl-caprolactone using a N-Boc tyramine-O-hexanol was carried out under 
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inert conditions (Figure 4.1A) using the 3-O/MTBD co-catalyst system. Poly(allyl-caprolactone) 

polymers were prepared targeting sizes of 2.5, 10, and 30 kDa, designed to match the 

hydrodynamic radii of mPEG 5, 10, and 20 kDa. The poly(allyl-caprolactone) 30 kDa shows a 

broader peak, with a slight shoulder, which can likely be attributed to the occurrence of backbiting 

or co-catalyst degradation. For this particular polymer, an elevated temperature was necessary to 

achieve sizes past 15 kDa. Previous work by Kiesewetter and co-workers reported co-catalyst 

degradation at temperature ≥ 80 ⁰C in 60 min in toluene, therefore 50 ⁰C was chosen as an 

appropriate temperature for this reaction.37 Further optimization of temperature, reaction time, and 

solvent may circumvent the broad tailing evidence on the GPC trace. However, overall 

polydispersity was still within the accepted range for controlled polymerizations, so the polymer 

was carried forward. Unfunctionalized polymers were characterized using gel permeation 

chromatography in DMF compared against poly(methyl methacrylate) standards (Figure 4.1B-C). 

The previously utilized two-step functionalization of the zwitterionic side chain, thiol-ene click 

with dimethylaminoethanthiol hydrochloride followed by amine quarternization with t-butyl 

bromoacetate, was modified to a single step of thiol-ene click with zwitterionic precursor (Figure 

4.2). This modification proved to be key in ensuring full side chain functionalization. Additionally, 

the UV source was changed from a hand-held lamp irradiation for 4 h to a photosafety cabinet 

irradiation period of 10 min. The disappearance of the alkene protons and quantitative appearance 

of protons from the carboxybetaine moiety on 1H NMR confirmed the successful thiol-ene reaction 

(Figure 4.25-27).  
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Figure 4.1 A) Ring opening polymerization of poly(allyl-caprolactone) using 3-O/MTBD co-

catalyst system B) DMF GPC traces detected by refractive index and C) polymerization conditions, 

size, and dispersity 
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Figure 4.2 Scheme of functionalization of poly(allyl-caprolactone) and subsequent azidation 

 

Site-Specific Conjugation of GHA-alkyne to Azido-pCLZ 

Using a previously reported GHA-alkyne from our group,25 standard copper catalyzed 

azide-alkyne cycloaddition (CuAAC) conditions were used to prepare the conjugates. For the 

conjugations using pCLZ 5 kDa and pCLZ 20 kDa, no modifications to this procedure were 

needed (70% conversion, 50% yield). For the conjugation using pCLZ 60 kDa, however, a 

number of different optimization conditions were explored, including the addition of organic co-

solvents, modification of reaction temperature, and investigation of different catalyst 

concentrations (Figure 4.29). Due to the large size of the pCLZ 60 kDa polymer, the azide 

handle was thought to be less readily accessible to interact with the alkyne of the protein. The 

equivalents of protein to pCLZ 60 kDa were varied from 1:10 to 1:1. A higher equivalence of 

pCLZ 60 kDa, interestingly, did not increase conjugation efficiency and made subsequent FPLC 

purification more challenging. For this reason, the equivalents for the conjugation of GHA to 

pCLZ 60 kDa was set to 1:1. Using double the concentration of both CuSO4 and BTTAA ligand, 

the CuAAC of GHA-pCLZ60k was carried out at 37 °C for 2 h, with a conversion of 

approximately 50%. Subsequent purification was carried out using FPLC on a Bio-Rad BioLogic 
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DuoFlow chromatography system equipped with two daisy-chained 1 mL GE Healthcare HiTrap 

Q HP columns using a method of 0-1 M NaCl in 10 mM PB, pH 7.4, 10% glycerol. 

Concentration of conjugates was determined via BCA assay and protein purity was assessed by 

SDS-PAGE (Figure 4.3). An overall 25% yield of pure GHA-pCLZ60k conjugate was obtained. 

 

  

Figure 4.3 SDS-PAGE of GHA-Alkyne and purified conjugates visualized with Coomassie 
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Evaluation of Conjugate Activity In Vitro as a Function of pCLZ Molecular Weight 

As previously performed in the literature and in our group, the efficacy of GHA-alkyne 

and the different conjugates was assessed by a cell viability assay with Ba/F3 cells engineered to 

stably express GHR and depend on hGH for proper growth.25,38 For this assay, cells were incubated 

with different GHAs and hGH for 48 h before the cells were measured for viability with resazurin 

blue and the resulting GHA response was calculated from this measurement. As the efficacy of 

GHA-alkyne had already been found comparable to B2036 without the 35pgIY insertion, and the 

conjugation of mEG polymers was clearly shown to reduce bioactivity as a function of polymer 

size,25 we decided to study a rnage of sizes of GHA-pCLZ and GHA-mPEG compared against 

GHA-alkyne. Despite larger polymer sizes detrimentally affecting conjugate bioactivity, it was 

reported that Pegvisomant, the non-site-specifically conjugated GHA-mPEG (totaling 20-25 kDa 

in mPEG), had an IC50 an order of magnitude larger (1289 nM) than the site-specific GHA-mPEG 

(20 kDa) (103.3 nM). By measuring the bioactivity of Ba/F3-GHR cells incubated with GHA-

alkyne, GHA-pCLZ (60 kDa), GHA-pCLZ (20 kDa), GHA-pCLZ (5 kDa), GHA-mPEG (20 kDa), 

GHA-mPEG (10 kDa), and GHA-mPEG (5 kDa), the inhibitory efffect of the different polymers 

as well as the polymer chain lengths could be compared to determine the relationship between 

polymer, size, and bioactivity (Figure 4.4).  
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Figure 4.4 A) GHA efficacy of GHA-alkyne, GHA-pCLZ conjugates (5-60 kDa), and GHA-

mPEG conjugates (5-20 kDa) measured by inhibitory bioactivity dose response in Ba/F3-GHR 

cells. B) Averaged IC50 and 95% confidence interval (CI) results from three individual Ba/F3-

GHR cell inhibitory experiments. All IC50 values are statistically different from each other (p < 

0.05) except for the two smallest GHA-pCLZ conjugates (5 and 20 kDa, p < 0.05) according to 

ANOVA with subsequent Students’ t-test. 
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In comparing the two different polymers, it is clear that conjugation of any polymer 

decreases the bioactivity of the conjugates, however this experiment showed that the pCLZ 

conjugates expereince a less of a decrease in bioactivity when compared to mPEG conjugates 

(Figure 4.4). Considering the earlier reported bioactivity of Pegvisomant and site-specific GHA-

mPEG (20 kDa), all of these conjugates show  107 to 430 fold  and 7 to 28 fold improved IC50 

values compared to Pegvisomant and GHA-mPEG (20 kDa) reported here, respectively. This 

underlines the earlier finding that site-specifically conjugating polymers does not reduce the 

bioactivity of GHA-alkyne as much. This new data further expands our knowledge regarding the 

effect of different polymers as conjugates. The IC50 values  of the mPEG conjugates, ranging in 

size from 5-20 kDa, were all higher than the IC50 values of the even larger pCLZ conjugates which 

ranged from 5-60 kDa (Figure 4.4B). In fact, the two smaller pCLZ conjugates (5 kDa and 20 

kDa) were not statistically different from each other (3.3 nM), and very close to the inhbitory 

activity of GHA-alkyne (2.7 nM). Further, the largest GHA-pCLZ conjugate (60 kDa) (11.9 nM) 

has a bioactivity far closer to that of GHA-mPEG (5 kDa) (12.1 nM) than the largest GHA-mPEG 

(20 kDa). All together, this bioactivity data clearly indicates that the site-specific conjugation of 

pCLZ does not interfere with the GHA-alkyne bioactivity as much as the addition of mPEG and 

could allow the addition of larger polymer sizes without causing as dramatic of a decrease in 

bioactivity. This can be explained by the greater decrease in alpha-helicity of the protein shown 

by circular dichorism (CD) upon conjugation with mPEG compared to pCLZ and GHA-Alkyne 

alone(Figure 4.30). Loss of alpha-helicity indicates an unfolding of the tertiary structure which 

could impair the ability of the GHA conjugates to bind to GHR. In addition, it has been reported 

that PEGylation sterically reduces binding to growth hormone receptor.24 These results imply that 

utilizing pCLZ could allow for the use of a potentially lower dose of therepeutic protein for 
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comparable efficacy.  

Evaluation of Conjugate Immunogenicity In Vivo  

The adaptive immune response can produce antibodies in response to perceived antigens 

that, in addition to the immune reaction, will remove the foreign material. The GHA-alkyne, GHA-

pCLZ, and pCLZ were all studied for their potential to trigger the immune system to produce IgG 

and IgM antibodies, two of the most abundant types of antibody isotypes accounting for 75-95% 

of all antibodies.39 Mice were challenged with intraperitoneal (i.p.) injections of GHA-alkyne, 

GHA-pCLZ, and pCLZ (2 mg/kg) at weeks 0 and 2. Enzyme-linked immunosorbent assay 

(ELISA) was used to measure IgGs and IgMs in serum specific to each potential antigen for each 

week.40 As a negative control, naive mouse serum was added to the GHA-alkyne and GHA-pCLZ 

coated microplate. None of the possible antigens, modified protein, conjugate, or polymer elicited 

any measurable IgG or IgM response as compared to the naïve controls (Figure 4.5). These results 

are as expected  as GHA-alkyne shares 182 of its 191 residues in common with hGH. GHA-alkyne 

does not instigate an immune reaction and both pCLZ alone and conjugated to GHA-alkyne are 

similarly benign with respect to the adaptive immune system. We would therefore expect that, 

without the production of antibodies in response to polymer, conjugate, or protein, the half-life in 
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circulation would not be cut short by antibody clearance mechanisms.  

 

Pharmacokinetics and Biodistribution of [18F] SFB-GHA-pCLZ 60 kDa Conjugate In Vivo  

We then studied the pharmacokinetics and biodistribution of our most promising conjugate, GHA-

pCLZ60k along with GHA B2036 and pCLZ 60 kDa as controls. GHA B2036, amino-pCLZ 60 

kDa, and GHA-pCLZ60k were radiolabeled with [18F] SFB (Figure 4.6) and injected at a 

radiochemical purity greater than 99% into mice (n=4, female, C57/BL6). Decay-corrected and 

attenuation corrected images from dynamic µPET suggest that the protein and the conjugate were 

cleared predominantly through the kidneys while the polymer was cleared through the liver. 

Compared to the conjugate, the protein alone was cleared more rapidly through the kidney post-

injection. The conjugate demonstrates a significant increase in circulation time, compared to the 

Figure 4.5 Antibody levels in mice specific to GHA-alkyne or GHA-pCLZ antigens over 3 weeks 

after i.p. injection of GHA, GHA-pCLZ, or azide-pCLZ at weeks 0 and 2 (n = 5 – 6). Levels 

measured by immune indirect ELISA for a. IgG and b. IgM specific antibody responses and 

compared to non-specific baseline antibody recognition in naïve mice 
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protein alone, by measuring the µPET signal intensity in the blood pooled inside the heart (Figure 

4.7A-B).  Despite the presence of the large polymer on the conjugate, the GHA-pCLZ60k shows 

a much lower amount of uptake in the liver than the pCLZ 60 kDa does. The higher level of µPET 

signal intensity, in the liver and the lungs, of the conjugate than that of the protein alone is probably 

due to the higher activity in the blood in these organs.  The blood half-life calculation is fit as a 

two-phase model (Graphpad Prism 9) – a rapid decrease phase followed by a slow decrease phase 

(Figure 4.35). In the slow decrease phase, the half-life  of 18F-SFB-GHA and 18F-SFB-conjugate 

is 0.36 h and 0.74 h, respectively (Figure 4.8A). To our surprise, the half-life of the conjugate is 

much shorter than anticipated, though it is statistically significant compared to the protein alone. 

This can be attributed to a few possible explanations: considering the low liver uptake of the 

conjugate, the polymer may be degrading much faster by esterases in vivo than has been studied 

in vitro, and/or the pCLZ intrinsically does not extend circulation time at a meaningful scale. While 

the degradability of polyesters is well known and widely studied,11,12 their degradation rate in vivo 

still exists as a challenging experiment due to the insoluble nature of polyesters and the lack of 

facile methods of detection, including soft ionization mass spectrometry. The zwitterionic moiety 

on our polyester makes the pCLZ readily soluble in aqueous solutions but unfortunately does not 

provide any added advantages in studying their degradation.  

Ex Vivo Degradation in Plasma 



  

117 

 

To further our understanding as to why the circulation time did not increase at a clinically 

meaningful scale, we examined the ex vivo degradability of the conjugate in mouse plasma. As a 

positive control to ensure the presence of esterases, fluorescein diacetate was mixed into plasma. 

Shortly after addition, the solution turned fluorescent, indicating that the esterases had hydrolyzed 

the fluorescein diacetate. A concentrated stock of GHA-pCLZ60k was added to plasma to a 1 

mg/mL final concentration. The vial was mixed and placed in a 37 °C incubator and shaken at 250 

rpm. Timepoints were taken at 0, 1, 2, 4, and 6 hours. Proteins were precipitated with isopropanol 

with 1% trichloroacetic acid. The supernatant was discarded while the protein pellet was dissolved 

and neutralized with ammonium bicarbonate. Timepoints were analyzed via Native PAGE 

followed by western blot. At t = 6 h, the presence of the GHA-pCLZ60k is clear(Figure 4.9). The 

absence of lower molecular weight conjugate species suggests that the polymer is intact against 

the esterases. It becomes apparent that the explanation for the shorter than anticipated extension 

Figure 4.6 [18F]SFB radiolabeling of amino-pCLZ60k, GHA B2036, and GHA-pCLZ60k 
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of in vivo circulation time is due to the nature of the polymer itself. The key difference between 

zwitterionic polymers that have been reported to extend circulation time and our pCLZ is the 

presence of a very hydrophobic polyester backbone in our model. The hydrophobic polyester 

backbone combined with the hydrophilic zwitterionic side chain could self-assemble into a 

micellar-type structure and reduce the overall hydrodynamic radii, an important property for 

circulation time extension. The presence of the polyester backbone could also interrupt the strong 

Figure 4.7 A) PET/CT images at 6 h post injection of [18F]-SFB-GHA and [18F]-SFB-GHA-

pCLZ60k  and B) %ID/cc in blood at 6 h post injection C) blood half-life analysis using two phase 

decay model 
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electrostatically induced hydration from the zwitterionic side chain and create hydrophobic 

pockets. Markedly, more hydrophobic polymers have demonstrated more destabilization of protein 

after conjugation while more hydrophilic polymers have resulted in higher protein activity.41  
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Figure 4.8 A) in vivo half lives in hours of [18F]-SFB-GHA,  [18F]-SFB-pCLZ60k, and [18F]-SFB-

GHA-pCLZ60k  and B) biodistribution over 4 h post-injection 
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4.3 Conclusion 

Altogether GHA-alkyne, GHA-pCLZ, and pCLZ were all found to not elicit measurable 

antibody production, preserved bioactivity of the GHA in vitro, and demonstrated a measureable 

increase in in vivo circulation time. Because the pCLZ polymer is degradable, the conjugation of 

polymers over 40 kDa does not clearly pose a safety or in vivo attenuation risk,42 as we expect any 

polymer not excreted as the conjugate would degrade over time. Despite this, the half-life was 

found to increase to 0.76 h compared to Pegvisomant with a half-life of 74 h. This result was 

particularly surprising as the net increase in MW with the GHA-pCLZ we studied is 60 kDa, and 

Pegvisomant has only a MW increase of ~20 kDa. We hypothesize that an explanation for this 

could be due to the hydrophobicity of the polyester backbone. PEG is an amphiphilic polymer in 

which the hydrophobic regions cause loss of bioactivity. Likewise, our pCLZs have a very 

hydrophobic backbone with a very hydrophilic side chain. To test this hypothesis, a zwitterionic 

Figure 4.9 Western blot of ex vivo degradation of GHA-pCLZ60k in mouse plasma  
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polymer with either a very hydrophilic backbone or a short traditional acrylate backbone could be 

site-selectively conjugated to GHA-alkyne.  

In this work, GHA-pCLZ conjugates were investigated for immunogenicity, activity, and 

pharmacokinetics. Antibody production in response to GHA-alkyne, pCLZ, and GHA-pCLZ was 

measured, and no notable immunogenic response was measured through ELISA. The activity of 

GHA-pCLZ at a range of polymer sizes was measured in vitro with GHA-pCLZ conjugates 

providing better bioactivity than the GHA-mPEG conjugates. Finally, mice injected with the 

largest GHA-pCLZ conjugate (60kDa) and GHA B2036 were measured by µPET/µCT over time, 

and we found that the GHA-pCLZ conjugate did increase the half-life of the GHA by 

approximately 23 min. 
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Materials 

All materials and proteins were purchased from Sigma-Aldrich, Acros, or Fisher Scientific 

and were used without purification unless noted. Anhydrous toluene was distilled from CaH2 and 

stored under argon prior to use. Anhydrous tetrahydrofuran (THF) was distilled from sodium 

benzophenone and stored under argon prior to use. Anhydrous dichloromethane (DCM) was 

distilled from CaH2 and stored under argon prior to use. Polymerizations were performed in a 

Vacuum Atmospheres Genesis stainless steel glovebox under anhydrous nitrogen atmosphere. 

Spectra/Por3® regenerated cellulose membrane (MWCO 1 or 3.5 kDa) was purchased from 

Spectrum Chemical (New Brunswick, NJ) for polymer dialysis. Allyl-caprolactone was 

synthesized as previously described and purified by distillation under reduced pressure before 

use.8,9 Bistristhiourea (3-O) was synthesized and purified according to literature precedent.8,37,43 

GHA B2036 and GHA-Alkyne were expressed and purified as previously described.25 

Spectra/Por3® regenerated cellulose membrane (MWCO 3.5 kDa or 1.0 kDa) used for polymer 

dialysis was purchased from Spectrum Chemical (New Brunswick, NJ). Amicon CentriprepTM 

tubes were purchased from Millipore. Any kD and 4-20% Mini-PROTEAN-TGX™ PAGE gels 

and SDS-PAGE protein standards (Precision Plus ProteinTM Dual Color) were purchased from 

Bio-Rad. Murine Ba/F3 cells stably expressing human GHR (Ba/F3-GHR) were obtained from 

Professor Michael Waters (University of Queensland, Australia). RPMI 1640 media with L-

glutamine and 25 mM HEPES buffer was purchased from Gibco, and recombinant hGH (rhGH) 

purchased from Dr. A.F. Parlow at the National Hormone and Peptide Program (Harbor-UCLA 

Medical Center, Torrance, CA) was resuspended at 0.5 mg/mL in 0.1 M PBS before being stored 

at -80 °C, following storage instructions. Goat anti-mouse IgG HRP conjugate and goat anti-mouse 

IgM HRP conjugate were both purchased from Abcam, reconstituted, diluted 2x with glycerol, 
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and stored at -80 °C following manufacturer’s recommendations. Rabbit anti-hGH primary 

antibody (ab155276) and goat anti-rabbit IgG H&L (AF488) (ab150077) were purchased from 

Abcam. Pierce BCA assay kit and enzyme-linked immunosorbent assay (ELISA) TMB 

development solution was purchased from ThermoFisher Scientific. DuoSet hGH ELISA kit was 

purchased from R&D Systems (catalog #DY1067). 

 

Analytical Techniques 

NMR spectra were obtained on Bruker AV 500 and Bruker AV 400 MHz spectrometers. 1H NMR 

spectra were acquired with a relaxation delay of 2 s for small molecules and 8 s for polymers. 

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

accessory. Gel permeation chromatography (GPC) was conducted as follows: The allyl polymers 

were characterized on a Shimadzu high performance liquid chromatography (HPLC) system with 

a refractive index detector RID-10A, one Polymer Laboratories PLgel guard column, and two 

Polymer Laboratories PLgel 5 μm mixed D columns. Eluent was DMF with LiBr (0.1 M) at 50 °C 

(flow rate: 0.80 mL/min). Calibration was performed by using near-monodisperse PMMA 

standards from Polymer Laboratories. Ultraviolet irradiation was carried out in a Photochemical 

Safety Reaction Cabinet from Ace Glass Incorporated at 365 nm. Fast protein liquid 

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

equipped with two daisy-chained 1 mL GE Healthcare HiTrap Q HP column. Circular dichroism 

was performed on a Chirascan V-100 equipped with a Peltier at a temperature of 25 °C. Western 

blot was imaged on Pharos FX Gel Scanner (Bio-Rad).  

Animal Usage  

All animal experiments were conducted according to protocols approved by the UCLA 
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Animal Research Committee (ARC). 

 

Methods 

Polymer synthesis 

In a nitrogen-filled glovebox, a dram vial was charged with a stir bar, 3-O, MTBD, toluene, 

and N-Boc tyramine O-hexanol. A solution of allyl-caprolactone in toluene was added to initiate 

the polymerization. Polymerization was allowed to proceed at 20 °C for pCL 2,5k and pCL 10k 

polymers. For the pCL 30k, 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 1 hr, 5 hr, and 5 hr, the polymerization was quenched with either acetic acid or 

benzoic acid in toluene for pCL 2.5k, pCL 10k, and pCL 30k, respectively. Polymers were purified 

via normal phase silica chromatography at 15% EtOAc/Hex to remove residual monomer and 50% 

EtOAc/Hex to elute polymer.  

Thiol-Ene Modification 

 In a dram vial, poly(allyl-caprolactone), dimethoxyphenylacetophenone, zwitterion 

precursor, MeOH/DCM, and a stir bar were added. The mixture was sparged with argon for 5 min 

and then exposed to 365 nm UV light for 10 min. The solution was opened to air and volatiles 

were evaporated down to an oil. Trifluoroacetic acid was added to the crude oil to cleave the t-

butyl protecting groups on the zwitterion precursor as well as the N-boc of the initiator to reveal a 

free amine. After 1 hour, the TFA was evaporated under vacuum and the crude mixture was diluted 

with 1:1 MeOH/water and dialyzed in a  1 kDa MWCO membrane against 1:1 MeOH/water, 

switching to 100% water after 24 h. The resulting solution was lyophilized to yield a white solid. 

Azide functionalization of pCLZ 
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 In a dram vial, amino-pCLZ (1 eq.), 2-azidoacetate succinimidyl ester (20 eq.), and 

triethylamine (20 eq.) were dissolved in a mixture of methanol and water. The reaction was 

allowed to proceed for 20 hours at 23 °C under vigorous stirring. Pure product was isolated by 

precipitating the mixture into 1:2 THF/diethyl ether twice.  

Conjugation of Growth Hormone Antagonist-Alkyne with pCLZ 

Conjugation was carried out according to standard copper-catalyzed azide-alkyne click 

(CuAAC) chemistry conditions.44 CuSO4 (20 mM), BTTAA (50 mM), aminoguanidine 

hydrochloride (100 mM), and sodium ascorbate were prepared as stock solutions in 100 mM 

phosphate buffer. Reactions were carried out at a final protein concentration of 1 mg/mL. In a 1.5 

mL lo-bind tube, GHA-Alkyne, pCLZ, and phosphate buffer were added. In a separate vial, CuSO4 

and BTTAA were premixed in a 1:2 ratio and then added into the reaction vial. Aminoguanidine 

hydrochloride was added to the reaction vial to a final concentration of 5 mM. Sodium ascorbate 

was added at a final concentration of 5 mM to initiate the reaction. CuAAC of pCLZ 5 kDa and 

pCLZ 20 kDa were carried out at 25 °C for 2 h with rocking. CuAAC of pCLZ 60 kDa was carried 

out using twice the concentration of CuSO4 and BTTAA at 37 °C for 2 h with rocking. 

Subsequently, the reaction mixtures were purified of small molecules via centrifugal filtration 

using a 10 kDa MWCO filter and replenishing with 10 mM phosphate buffer pH 7.4. Conjugates 

were furthur purified by FPLC on a Bio-Rad BioLogic DuoFlow chromatography system equipped 

with two daisy-chained 1 mL GE Healthcare HiTrap Q HP columns using a method of 0-1 M NaCl 

in 10 mM PB, pH 7.4, 10% glycerol. Fractions were analyzed by SDS-PAGE followed by 

coomassie or silver stain. Pure fractions were pooled together and concentrated down. Protein 

concentration was measured by BCA assay. 

Antibody immunogenicity of GHA-alkyne, GHA-pCLZ, and pCLZ in Mice 
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CD-1 mice (8 weeks, female, n = 5 – 6, Charles River Laboratories) were used to study the 

immunogenicity of GHA-alkyne, GHA-pCLZ (6.56 kDa), and pCLZ (6.56 kDa). Protein, 

conjugate, and polymer were each administered via i.p. injection (2 mg/kg in sterile saline buffer). 

Mice were challenged again 2 weeks after inoculation with the same dosage for each condition. 

Blood was collected into serum separator centrifuge tubes (SSTs) via retro-orbital bleeding at 1, 

2, and 3 weeks after administration. Blood was centrifuged at 2,000 rcf for 15 min to extract serum. 

Serum was stored at −80 ºC until ELISA could be run. Mice were sacrificed after 4 weeks and a 

final time point was collected via cardiac puncture. Blood was treated the same as prior time points. 

Antibody IgG and IgM immunogenicity ELISA  

Sterile-filtered 0.1 M PBS buffer + 0.3% n-dodecyl-β-D-maltoside was used to wash the 

wells four times between each step, making sure to remove solution by hitting the plates against 

paper towels after each wash. Antigen solutions of GHA-alkyne or GHA-pCLZ conjugate (total 

0.02 mg/mL, 100 µL/well) were plated on 96-well plates. After incubating at room temperature 

(21 °C) for 13 h, antigen was removed, the wells washed and blocked with sterile filtered 3% BSA 

in 0.1 M PBS (300 µL) for 2 h at 37 °C. After washing out the BSA blocking solution, serum from 

the mice was diluted 100, 500, 2,500, and 12,500-fold with filtered 3% BSA in 0.1 M PBS (100 

µL/well) was then incubated with the respective antigen for 2 h at 37 °C (GHA-alkyne antigen 

with GHA-alkyne exposed mice, GHA-pCLZ antigen GHA-pCLZ exposed mice, and GHA-pCLZ 

antigen with pCLZ exposed mice). After washing the wells, goat anti-mouse IgG or IgM HRP-

conjugate antibody diluted 2,000 × with filtered 1% BSA in 0.1 M PBS (100 µL/well) was 

incubated for 1 h at 37 °C. The secondary detection antibody HRP conjugate was removed and the 

wells washed. In the dark, TMB substrate solution was added (100 µL/well), and the plate was 

incubated at room temperature (21 °C). After 5 – 10 min when color had developed in positive 
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control wells, reaction was quenched by adding 2 M H2SO4 (50 µL/well) stop solution. Absorbance 

was measured at 450 nm and background was subtracted at 570 nm. Controls included ovalbumin 

(OVA) antigen with OVA exposed mouse serum (positive control), OVA antigen with naïve 

mouse serum (negative control), GHA-alkyne antigen with naïve mouse serum (negative control), 

and GHA-pCLZ antigen with naive mouse serum (negative control and check on non-specific 

binding).  

 Cell viability assay measure of GHA-pCLZ conjugate activity 

Ba/F3-GHR cells were cultured at 37 ºC and 5% CO2 in RPMI 1640 media completed with 

100 U/mL penicillin, 100 U/mL streptomycin, 1% Glutamax, 5% fetal bovine serum (FBS), and 

25 ng/mL rhGH (added fresh at least every 7 days). After thawing out, Ba/F3-GHR cells were 

cultured every 2-4 days with fresh media to stay within a cell concentration of 10,000-200,000 

cells/mL; a common splitting ratio was 1:10 to maintain appropriate concentrations of cells.  

After the cells had grown to sufficient density for the assay, cells were serum starved 

overnight for up to 16 h. To replace the serum with complete media sans 25 ng/mL rhGH, cells 

were spun down, media was removed, and cells were resuspended in the incomplete serum media 

two times. Cells were then diluted and plated at 20,000 cells/well (80 µL) in the interior wells of 

a standard, clear, 96-well plate. The outer wells were filled with media to prevent edge effects, and 

plates were incubated for 20 min at room temperature before being returned to the incubator (37 

ºC and 5% CO2) while serial dilutions of the GHA-alkyne and conjugates were made. The dilutions 

ranged from 0 to 36,000 nM depending on the antagonist, and, upon completion, they were added 

to the wells (10 µL) (n = 4 replicates per dilution). Finally, rhGH was added to the wells (10 µL) 

for a concentration of 20 ng/mL and the cells were incubated for 48 h (37 ºC and 5% CO2). Final 

cell viability after incubation with GHA-alkyne or a conjugate was measured by adding resazurin 
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sodium salt (0.5 mg/mL) to each well (5 µL), incubating for 2 h (37 ºC and 5% CO2), and taking 

fluorescence measurements (λexcite = 530 nm, λemit = 585 nm). In vitro assays were repeated at least 

two times on cells of different generations, and a representative figure of these is shown in the text. 

The half-maximal inhibitory concentration (IC50) for GHA-alkyne and each GHA conjugate was 

calculated by fitting a sigmoidal dose-response model. 

[18F] SFB radiolabeling onto GHA B2036, pCLZ 60 kDa, and GHA-pCLZ60k  

 
[18F] SFB was re-suspended in sodium borate buffer (~300 MBq in 100 µL SBB 50 µmol/L, pH 

8.0) and incubated with protein, polymer, and conjugate molecules (100–200 µg in 200 µL SBB) 

for 10 min at 40 °C. Excess prosthetic group was separated from the conjugate using Amicon 

Ultra (0.5 mL, Ultracel 10 kDa) centrifugal filters. The centrifuge tubes were spun at 8000 RPM 

for 3 min after loading the crude reaction material. The column was then rinsed by adding 0.5 

mL of PBS (pH 7.4) and spinning for an additional 3 min at 8000 RPM. The rinse procedure was 

repeated 3 times (or as many times needed until the radioactivity level remained constant on the 

filter of the column). The activity remaining on the filter was removed by adding 0.5 mL of PBS 

and pipetting it out to an Eppendorf tube. Labeling efficiency and radiochemical purity were 

analyzed using ITLC strips with saline as solvent.  [18F] SFB-GHA-B2036 and [18F] SFB-pCLZ 

60 kDa were produced at 4% radiolabeling efficiency with > 99% radiochemical purity. [18F] 

SFB-GHA-pCLZ60k was produced at 10% radiolabeling efficiency with > 99% radiochemical 

purity.  

 

Pharmacokinetics and Biodistribution studies of [18F] SFB radiolabeled GHA B2036, pCLZ 

60 kDa, and GHA-pCLZ60k  

 

Four C57BL/6 mice (15 weeks, female, from Jackson Laboratory) were anesthetized with 1.5% 



  

130 

 

vaporized isoflurane and were injected via i.v. injection (tail vein) with 18F-labeled SFB-Protein , 

18 F-labeled SFB-polymer, and 18 F-labeled SFB-conjugate of the protein and polymer (20-80 

µCi). Each group was scanned immediately after injection for a 1 h dynamic µPET followed by a 

1 min µCT scan with or without contrast agent, Exitron Nano 12000 (Miltenyi Biotec). Mice were 

imaged by µPET/µCT again at 2 h and 4 h (static µPET, 20-50 minutes) post tracer injection. All 

µPET images were acquired with an energy window of 350-650 keV, followed by 3D histographic 

analysis and reconstruction using the 3D-OSEM/MAP methods.Data was decay- and attenuation-

corrected, and scaled by initial imaging. All µCT images were acquired at 80 kVp and a 200 µm 

resolution. Amide software was used to analyze co-registered µPET/µCT images, and MIPs were 

generated.  

 

Ex Vivo Degradation of GHA-pCLZ60k in mouse plasma 

One C57BL/6 mouse used for µPET/µCT imaging experiment was sacrificed and plasma was 

collected. Plasma was stored in -80 °C until ready to use. A stock solution of fluorescein diacetate 

was prepared as 1 mg/mL of which 1 µL of stock was added to 1 µL of plasma. A bright fluorescent 

color indicated the presence of esterases in plasma, serving as a positive control. Degradation was 

studied at 37 ⁰C with shaking at 250 rpm. Timepoints were taken at 0, 1, 2, 4, and 6 h. Proteins 

were precipitated out by adding isopropanol with 1% trichloroacetic acid at a 1:10 ratio. The 

solution was vortexed and then centrifuged down at 4 °C at 13200 rpm for 5 min. The protein 

pellet was dissolved and neutralized with 100 mM ammonium bicarbonate pH 7.2, and prepared 

for Native-PAGE by adding 2x Native loading buffer. Native-PAGE (4-20% Mini-PROTEAN 

TGX) was run at 200 V for 35 min. Proteins were wet-transferred to a nitrocellulose blot at 100V 

for 1 h. Non-specific proteins were blocked in 5% milk for 2 h at 25 °C. Blot was rinsed twice in 

TBST followed by incubation in primary antibody (recombinant rabbit anti-hGH) for 18 h at 4 °C. 
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Blot was rinsed twice in TBST followed by incubation secondary antibody (goat anti-rabbit IgG 

AF488) for 2 h at 25 °C in the dark. Blot was rinsed twice in TBST and imaged. 

Statistical Analysis 

All experimental values are reported as the average ± SEM. Graph Pad Prism 7-9 

(GraphPad Software, San Diego, USA) was used for the statistical analyses. Results were 

considered significantly different if p < 0.05 (*); results are also reported with p < 0.01 (**), and 

p < 0.001 (***). Cell viability assay was analyzed with a nonlinear regression analysis also in 

GraphPad Prism 7 with data expressed as means with 95% CI and compared using Student’s t-

tests or one-way ANOVA as necessary. 

Synthesis of N-Boc Tyramine  

 

Scheme 4.1 

 
 

Adapted from previously reported protocol.45 

To a 1-neck 300 ml round bottom flask equipped with a stir bar was added tyramine (2 g, 14.6 

mmol, 1 eq.), NaHCO3 (3.7 g, 43.7 mmol, 3 eq.), Boc anhydride (4.7 g, 21.8 mmol, 1.5 eq), and 

90 ml of 2:1 MeOH:H2O solution. The solution was stirred at 22 ⁰C for 15 hours, then methanol 

was removed under vacuum and the resulting slurry was partitioned with EtOAc (100 ml). The 

aqueous layer was removed and the organic layer was washed once with 50 ml 1 M HCl solution, 

then once with 50 ml brine. Organics were dried over anhydrous magnesium sulfate, filtered, and 

dried under vacuum with 5 grams of silica gel in preparation for flash chromatography using a 8-

66% EtOAc/Hexane gradient. TLC indicated that the resulting material was mostly pure using a 
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solvent system of 2:1 Hexanes:EtOAc (Rf=0.83; 0.63; Boc2O, product). Pure fractions were 

combined and concentrated under vacuum to yield an orange oil (2.1 g, 62% yield). 

 

 

 

Figure 4.10 1H NMR of N-Boc Tyramine (CDCl3) 
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Figure 4.11 13C NMR of N-Boc Tyramine (CDCl3) 

Synthesis of 1-Tosyl-6-hexanol 

 

Scheme 4.2 

 
 

To a 250 ml 2-neck round bottom flask equipped with a stir bar was added 1,6-hexanediol (15.5 

g, 131 mmol, 5 eq.), DCM (100 mL), and triethylamine (7.3 mL, 52.5 mmol, 2 eq.). Once fully 

dissolved, tosyl chloride (5 g, 26.2 mmol, 1 eq.) was added and the reaction was stirred under 

argon for 15 hours. The reaction was monitored by TLC using a solvent system of 2:1 EtOAc:Hex 

(Rf= 0.90, 0.79, 0.49, 0.19; TsCl, double addition product, desired product, hexanediol/TEA). The 

reaction appeared to be complete as all TsCl had been consumed. The reaction mixture was then 

diluted with DCM and washed twice with 1 M HCl then once with saturated sodium bicarbonate 

solution before the organic layer was dried over anhydrous magnesium sulfate, filtered, and dried 
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under vacuum with 5 grams of silica gel for flash chromatography using a 10-100% EtOAc/Hex 

gradient. Pure fractions were combined and concentrated to yield a yellow liquid (5.7 g, 80.0% 

yield). 

 

 

 

Figure 4.121H NMR of 1-Tosyl-6-Hexanol (CDCl3) 
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Synthesis of N-Boc Tyramine O-hexanol 

 

Scheme 4.3 

 
 

 

To a 100 ml 1-neck round bottom flask equipped with a stir bar and water condenser was added 

N-boc Tyramine (1.0 g, 4.2 mmol, 1 eq.) , K2CO3 (0.5 g, 5 mmol, 1.2 eq.), and 1-Tosyl-6-hexanol 

(1.7 g, 6.3 mmol, 1.5 eq.) with 40 ml acetone. The reaction was heated to a gentle reflux (55°C) 

and stirred for 15 hours at which point the reaction was evaluated by TLC and did not proceed to 

completion (only about 50% conversion), so the temperature was increased to 75°C for an 

Figure 4.1313C NMR of 1-Tosyl-6-Hexanol (CDCl3) 
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additional 7 hours. The reaction was monitored by TLC using a solvent system of 1:1 

Hexanes:EtOAc (Rf=0.79, 0.71, 0.5, 0.39; impurity, N-Boc tyramine, Product, 1-tosyl-6-hexanol). 

Upon assessment of nearly full conversion by TLC, the reaction was cooled, filtered, and 

concentrated under vacuum with 5 grams of silica gel in preparation for flash chromatography 

using a 10-100% EtOAc/Hex gradient. Pure product was obtained as a white solid (490 mg, 35% 

yield) and cycled into glovebox.  

 

 

 

 

 

 

 

Figure 4.14 1H NMR of N-Boc Tyramine-O-hexanol (CDCl3) 



  

137 

 

 

 

 

 

 

 

 

 

 

 

Synthesis of T-butylazidoacetate 

 
Scheme 4.4 

 
 

Figure 4.15 13C NMR of N-Boc Tyramine-O-hexanol (CDCl3) 
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To a 100 ml 1-neck round bottom flask equipped with a stir bar was added sodium azide (2.4 g, 

37.2 mmol, 1.1 eq.), methanol, and t-butylbromoacetate (5.0 mL, 33.9 mmol, 1 eq.). The reaction 

was heated to reflux (75°C) and stirred for 22 hours and monitored by TLC using a solvent system 

of 9:1 Hexanes:EtOAc stained with KMnO4 (Rf=0.62; product). Conversion was also initially 

assessed after 22 hours by NMR and the reaction was determined to be complete. Solvent was 

then removed under vacuum and the resultant slurry was partitioned between EtOAc (150 ml) and 

water (50 ml). The organic layer was collected and the aqueous layer was extracted with EtOAc 

(2 x 150 ml) and the combined organics were dried over anhydrous magnesium sulphate, filtered, 

a n d  d r i e d  u n d e r  v a c u u m  t o  y i e l d  a n  o r a n g e  o i l  ( 4 . 5  g ,  8 4  %  y i e l d ) . 

 

Figure 4.16 1H NMR of T-butylazidoacetate (CDCl3) 
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Synthesis of Azidoacetic acid 

To a 40 ml scintillation vial equipped with a stir bar was added t-butylazidoacetate (4.5 g, 37.7 

mmol, 1 eq.) in minimal DCM, then an 8 ml solution of 1:1 TFA:DCM was added dropwise 

followed by 1 ml water. The reaction was stirred for 18 hours then dried under vacuum to yield an 

orange liquid (3.5 g, 91% yield). The material was used without further purification. 

 

 

Synthesis of 2-azidoacetate succinimidyl ester 

 

Adapted from previously reported protocol.46 

To a stirred solution of azidoacetic acid (3.4 g, 33.6 mmol, 1 eq.) and N-hydroxysuccinimide (3.8 

g, 33.6 mmol, 1 eq.) in 1:1 ethyl acetate:1,4-dioxane was added DCC (6.9 g, 33.6 mmol, 1 eq.) in 

Figure 4.17 13C NMR of T-butylazidoacetate (CDCl3) 
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one portion. The resulting mixture was stirred at room temperature for 17 hours. The formed urea 

byproduct was then filtered off and the filtrate concentrated under vacuum with 5 grams of silica 

gel in preparation for flash chromatography using a 10-100% EtOAc/Hex gradient. TLC solvent 

system was 2:1 Hex:EtOAc (Rf=0.5, 0.0; product, NHS). Pure fractions were combined and 

concentrated under vacuum to yield a white solid (2.9 g, 44.4% yield). 

 

 

Figure 4.18 1H NMR of 2-azidoacetate succinimidyl ester (CDCl3) 
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Synthesis of Zwitterion Precursor 

 

Scheme 4.5 

 
 

A previously reported protocol was followed.8 

Figure 4.19 13C NMR of 2-azidoacetate succinimidyl ester (CDCl3) 
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Figure 4.20 1H NMR of zwitterion precursor (MeOD) 

Figure 4.21 13C NMR of zwitterion precursor (MeOD) 
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Characterization of pCL-allylx Polymers 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.22 1H-NMR spectrum of pCL-allyl13 (CDCl3, 400 MHz). * = protons from terminal 

repeat unit on polymer 
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Figure 4.23 1H-NMR spectrum of pCL-allyl64 (CDCl3, 500 MHz). * = protons from terminal 

repeat unit on polymer 
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Characterization of pCLZ polymers 

 

 

 

 

Figure 4.24 1H-NMR spectrum of pCL-allyl324 (CDCl3, 500 MHz).  
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Figure 4.25 1H-NMR spectrum of pCLZ 5 kDa (D2O, 500 MHz).  
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Figure 4.26 1H-NMR spectrum of pCLZ 20 kDa (D2O, 500 MHz). 
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PEGylation of GHA B2036-Alkyne 

A previously reported protocol was followed.25 

 

 

 

Figure 4.27 1H-NMR spectrum of pCLZ 60 kDa (D2O, 500 MHz).  
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FPLC chromatograms of crude site-specific B2036-pCLZ conjugates 

In general, first peak corresponds to free polymer, second peak corresponds to free GHA, and the 

third peak is conjugate. Fractions were collected in 0.5 mL increments.  
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Figure 4.28 FPLC chromatograms of the purification of site-specific GHA-conjugates 

 

 

 

 

Optimization of CuAAC conditions for GHA-pCLZ60k  

 

 

SDS-PAGE of crude GHA-pCLZ60k conjugation reactions with 1:1 equivalents of GHA to 

pCLZ60k visualized with silver stain. Lane 1: protein standards; Lane 2: GHA B2036-Alkyne; 

Lane 3: magnetic stirring at 20 ⁰C for 2 h; Lane 4: 50% DMSO co-solvent at 20 ⁰C for 2 h; Lane 

5: 20% MeCN co-solvent at 20 ⁰C for 2 h; Lane 6: 2x concentration of CuSO4 and BTTAA at 20 

⁰C for 2 h; Lane 7: 37 ⁰C for 2h; 

 

 

 

Figure 4.29 CuAAC condition screening for the conjugation of GHA-alkyne to pCLZ60k 
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Figure 4.30 Circular Dichroism of GHA-Alkyne, GHA-pCLZ60k, and GHA-mPEG20k in 20 mM 

DPBS pH 7.4  

Ellipticities were normalized by conversion to molar ellipticities.  
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Immunogenicity ELISA serum dilutions  

Figure 4.31 A) IgG week 1, B) IgG week 2, C) IgG week 3, D) IgM week 1, E) IgM week 2, and 

F) IgM week for I. Naïve GHA-yne [naïve mouse serum with GHA-yne antigen], II. Naïve GHA-

pCLZ [naïve mouse serum with GHA-pCLZ antigen], III. GHA-yne GHA-yne [mouse serum 

from mice injected with GHA-yne with GHA-yne antigen], IV. GHA-pCLZ GHA-pCLZ [mouse 

serum from mice injected with GHA-pCLZ with GHA-pCLZ antigen], and V. pCLZ GHA-pCLZ 

[mouse serum from mice injected with pCLZ with GHA-pCLZ antigen]. 
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 [18F] SFB radiolabeling  

 

18F fluoride was trapped on the QMA cartridge and released into reactor 1 with a solution of 

potassium carbonate and kryptofix. This solution is evaporated and azeotropically dried using 

acetonitrile before adding the precursor and performing the fluorination reaction at 110°C for 15 

min. After the fluorination, 25 µLTMAOH in 1 mL of MeCN is added to the reactor and the 

contents are evaporated at 110°C for 4 min. An additional 2 mL of MeCN is added to the reactor 

Figure 4.32 A-C) GHA-pCLZ and D-E) GHA-alkyne used in the calculation of plasma 

concentration for the corresponding conjugate or protein at the time points at a. 0.5 h and 1 h, b. 2 

h and 4 h, c. 8 h and 24 h, d. 0.5 h,1 h, and 2 h, and e. 4 h, 8 h, and 24 h. 
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and the contents are once again evaporated at 110°C for 3 min. After the solvents have been 

removed, TSTU is added and the contents are reacted in the sealed vial at 110°C for 5 min.  

The crude product was diluted with HPLC mobile phase and transferred to the HPLC loop for 

purification. Decay-corrected yield was 40.3%. Chemical and radiochemical purity were > 95%.  

 

Pharmacokinetics of GHA-alkyne and GHA-pCLZ conjugate in mice 

CD-1 mice (8 weeks, female, n = 5 – 6, Charles River Laboratories) were used to study the 

blood clearance rate of GHA-alkyne and GHA-pCLZ (60 kDa). Protein and conjugate were each 

administered via i.v. tail injection (2 mg/kg of GHA-alkyne and 0.75 mg/kg of GHA-pCLZ in 

sterile saline buffer). Blood was collected by saphenous vein bleeding at 0.5, 2, 4, and 8 h using 

EDTA-coated pipette tips and LoBind tubes and tubes were rotated to prevent clotting. A time 

point was taken after the mice were sacrificed at 24 h, and the final time point was collected via 

cardiac puncture and the blood was treated the same as the earlier time points. After each time 

point was taken, blood was centrifuged at 2,000 rcf for 15 min to extract plasma. Plasma was 

transferred to a fresh LoBind tube (not EDTA coated) and stored at -80 ºC until the 

pharmacokinetics ELISA could be run. 

 

Biodistribution studies of [18F] SFB radiolabeled GHA B2036, pCLZ60k, and GHA-

pCLZ60k  



  

156 

 

 

0 1 2 3 4 5

0

1

2

3

5

1 0

1 5

Blood
%

ID
/c

c

18F-SFB-protein

18F-SFB-polymer

18F-SFB-conjugate

Hour

0 1 2 3 4 5

0 . 0

0 . 5

1 . 0

1 . 5

Brain

%
ID

/c
c

18F-SFB-protein

18F-SFB-polymer

18F-SFB-conjugate

Hour

0 1 2 3 4 5

0

5

1 0

1 5

2 0

2 5

3 0

Liver

%
ID

/c
c

18F-SFB-protein

18F-SFB-polymer

18F-SFB-conjugate

Hour

0 1 2 3 4 5

0

1 0

2 0

3 0

4 0

5 0

Left kidney

%
ID

/c
c

18F-SFB-protein

18F-SFB-polymer

18F-SFB-conjugate

Hour

0 1 2 3 4 5

0

1 0

2 0

3 0

4 0

5 0

Right kidney

%
ID

/c
c

18F-SFB-protein

18F-SFB-polymer

18F-SFB-conjugate

Hour

0 1 2 3 4 5

0

1 0 0

2 0 0

3 0 0

4 0 0

Bladder

%
ID

/c
c

18F-SFB-protein

18F-SFB-polymer

18F-SFB-conjugate

Hour

0 1 2 3 4 5

0 . 0

0 . 2

0 . 4

0 . 6

0 . 8

1 . 0

Muscle
%

ID
/c

c

18F-SFB-protein

18F-SFB-polymer

18F-SFB-conjugate

Hour

0 1 2 3 4 5

0

5

1 0

Left lung

%
ID

/c
c

18F-SFB-protein

18F-SFB-polymer

18F-SFB-conjugate

Hour

0 1 2 3 4 5

0

5

1 0

Right lung

%
ID

/c
c

18F-SFB-protein

18F-SFB-polymer

18F-SFB-conjugate

Hour

0 1 2 3 4 5

0

1

2

3

4

5

Spleen

%
ID

/c
c

18F-SFB-protein

18F-SFB-polymer

18F-SFB-conjugate

Hour

0 1 2 3 4 5

0

2

4

6

Intestine

%
ID

/c
c

18F-SFB-protein

18F-SFB-polymer

18F-SFB-conjugate

Hour

0 1 2 3 4 5

0

5

1 0

1 5

2 0

Gallbladder

%
ID

/c
c

18F-SFB-protein

18F-SFB-polymer

18F-SFB-conjugate

Hour

Figure 4.33 Biodistribution organized by %ID/cc over time in each specific organ 
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Standard and Contrast CT images of mouse liver with of [18F] SFB-GHA B2036 

 

Individual Regression Curves for Two-phase Decay Model for Blood Half-life  

Standard CT PET/Standard CT Contrast CT PET/Contrast CT 

18F-SFB-protein 

A B 

Figure 4.34 Signal intensity inside the liver A. without and B. with liver/speen specific CT 

contrast agent (ExiTron 12000) depicting high intensity signal from within the gallbladder 
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Pharmacokinetics of GHA-pCLZ 60 kDa Conjugate In Vivo via ELISA 

 

Plasma collected as part of the pharmacokinetic study of GHA-alkyne and GHA-pCLZ 

was analyzed by hGH DuoSet ELISA. To accommodate the many time points and dilutions, the 

samples were split up over five different 96-well plates with space dedicated to the necessary 

standard curve on each plate. The same sterile filtered 0.1 M PBS buffer + 0.05% Tween-20 was 

used to wash the wells four times between each step, making sure to remove solution by hitting 

the plates against paper towels after each wash. First, hGH capture antibody was diluted 180 fold 

with 0.1 M PBS (2 µg/mL) and added to each well (100 µL) and incubated at room temperature 
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Figure 4.35 Individual regression curves for two-phase decay model for blood half-life for 18F-SFB-protein, 

18F-SFB-polymer, and 18F-SFB-conjugate 
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(21 °C) for 18 h. Afterwards, capture antibody was removed, the wells washed, and finally cells 

were blocked with sterile filtered 3% BSA in 0.1 M PBS (300 µL) for 1 h at room temperature. 

After washing out the BSA blocking solution, standards of GHA-alkyne or GHA-pCLZ conjugate 

(60 kDa) were plated on 96-well plates (100 µL/well) at nine concentrations (8,000, 4,000, 2,000, 

1,000, 500, 250, 125, 62.5, 31.25, 15.625, and 0 pg/mL). The collected plasma was diluted 20, 

200, 2,000, and 20,000 fold before being plated (100 µL/well) and incubating both the plasma and 

standards at room temperature (21 °C) for 18 h, samples were removed, the wells washed and 

blocked with sterile filtered 3% BSA in 0.1 M PBS (300 µL) for 1 h at room temperature. The 

hGH detection antibody was diluted 360x with sterile filtered 1% BSA in 0.1 M PBS (100 ng/mL), 

and, after washing out the BSA blocking solution, the detection antibody was added (100 µL/well). 

The plates were then incubated at room temperature for 2 h. After washing the wells, streptavidin-

HRP conjugate was diluted 200× with filtered 1% BSA in 0.1 M PBS and, in the dark, added to 

the wells (100 µL/well) before incubating the plates in the dark for 20 min at room temperature. 

Still in the near-complete dark, the HRP conjugate was washed from the wells and TMB substrate 

solution was added (100 µL/well) and the wells were allowed to develop for approximately 30 

min. When color had developed appropriately according to the standard curve wells, the reaction 

was quenched by adding 2 M H2SO4 (50 µL/well). The absorbance was measured at 450 nm and 

background at 570 nm.  

GHA levels in mice over 24 h after i.v. injection of GHA-yne or GHA-pCLZ (60 kDa) (n 

= 5 – 6). GHA levels were measured by sandwich ELISA compared to GHA-yne or GHA-pCLZ 

(60 kDa) standard curves. 

Plasmsa levels in mice injected with GHA-pCLZ (60 kDa) and GHA-yne were measured 

by ELISA over time to measure the half-life of the GHA-yne and conjugate. For these 
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measurements, mice were injected by i.v. with GHA-yne (2 mg/kg) or the largest size of GHA-

pCLZ (60 kDa) (0.75 mg/kg), concentration of conjugate reduced from the planed 2 mg/kg due to 

insufficient materials. Subsequently time points were taken at 0.5, 2, 4, and 8 h were taken by 

saphenous vein collection and a final time point at 24 h was taken post-mortem. Plasma from each 

time point was diluted four times, requiring samples be split up over 3 and 2 plates for GHA-pCLZ 

(60 kDa) and GHA-yne, respectively. For each plate, the corresponding GHA-pCLZ or GHA-yne 

standard was used to make a standard curve.  

Due to limitations in how quickly the first time point (0.5 h) could be taken after 

administration, the measurements of GHA-yne are best used as a baseline for the conjugate as the 

literature reports a half-life for hGH of 15-30 min.1, 7-8, 13 The half-life of GHA-pCLZ (60 kDa) 

was calculated to be 2.28 ± 0.5 h, and clearly has extended the circulation time in vivo as compared 

to the GHA-yne. This increase in half-life resulted in measureable levels of GHA in blood 

circulation as far out as 8 h, although nowhere near as long as the half-life of Pegvisomant (~74 

h). 
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5.1 Introduction 

 

Protein therapeutics show their benefits of efficiency and specificity due to their low off-

target effect as modern therapeutical medicines.1 However, owing to issues such as fast clearance 

in vivo, and poor stability during cold-chain transport, biological activities of proteins are 

compromised as therapeutics.2 Polymer-protein conjugation has been one effective way to address 

the aforementioned limitations through covalently attaching polymer chains with proteins.3,4 

Amongst various conjugation systems, polyethylene glycol (PEG) is the most widely used 

polymers for this purpose. The hydrophilicity and low immunogenicity of PEG offered great 

opportunities for them to be applied in physiological conditions.5 Meanwhile, the conjugation of 

polymers onto a protein increases their overall sizes and provides shielding to prevent proteins 

from aggregation and degradation.6 Numerous work based on PEGylation have shown advantages 

on enhanced stability in vitro and improved circulation time in vivo of PEGylated conjugates. 

However, despite constructing various polymeric architectures with branched or grafted PEG,7,8 a 

lack of tunable molecular features of polymer structures to explore their impact on protein 

activities remains. In addition, alternative polymers to PEG as conjugates in therapeutic treatments 

have become a topic of interest owing to the more recently reported immunogenicity of PEG.9–11  

Various systems beyond PEGylation with linear PEG have been explored to elucidate their 

impact of polymer structures on the protein activities and stability in the format of polymer-protein 

conjugates.12 For instance, Maynard and coworkers generated a series of various glycopolymers 

to conjugate to proteins, and proved the polymers stabiliized proteins under different environment 

stresses (e.g. freeze-thaw process,13 heat,14,15 mechanical agitation,16 etc). Jiang and coworkers 

applied a zwitterionic polymer to conjugate with proteins that showed similar improvement of 

protein stability as PEGylated proteins. These zwitterionic protein-polymer conjugates 
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demonstrated significantly enhanced binding affinity, compared to PEGylated proteins, due to the 

hydrophobic interactions between zwitterionic polymers and proteins. 17 These different systems 

played important roles of understanding the relationship between polymer structures and protein 

behaviors. Nevertheless, due to the disperse nature of synthetic polymers used in these works, a 

systematic evaluation would be difficult to achieve.  

Synthesis of a uniform conjugation system with structurally complex polymers has been 

attempted by alternative methodologies and various synthetic polymers. Stemmer and coworkers 

designed a plasmid expression system to directly encode a sequence-defined polypeptide attached 

at the C-terminus of a protein drug and was shown successfully  increase half-life.18 Despite this 

success, the attached polymers were restricted to a polypeptide. Recently, Johnson and coworkers 

applied a series of discrete polymers synthesized via an iterative exponential growth strategy to 

conjugate with insulin. Due to the existence of various molecular features of conjugated IEG 

polymers (i.e. stereochemistry and backbone rigidity), the evaluations of insulin activities in vivo 

revealed that the different combinations of polymers with alternative features resulted in a 

significant difference in the response time of diabetic mice to administrate their blood glucose 

level. This system has shown great potential in terms of exploring the structure-activity 

relationship of polymer-protein conjugates; however, it remained to be a heterogenous mixture for 

the final conjugates due to the existence of regioisomers using strain-promoted azide-alkyne 

cycloaddition (SPAAC) reactions.19  

In this work, we constructed a fully uniform platform of polymer-protein conjugates with 

more diverse structural features of conjugated polymers compared to the previously reported work. 

Human growth hormone receptor antagonists are a class of recombinantly engineered protein 

therapeutics designed to block human growth hormone signaling which has been investigated for 
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use against diseases such as acromegaly and certain cancers. Recently, Maynard and coworkers 

reported a new construct of the growth hormone antagonist (GHA) B2036-Alkyne through the use 

of genetic code expansion.20 Tyrosine at position 35 was substituted with the unnatural amino acid 

propargyl tyrosine to enable an alkyne handle to facilitate azide-alkyne cycloadditions.21 

Additionally, the incorporation of trehalose into the side chains of polymers has stabilized proteins 

by preventing aggregation, reducing crystallization, and serving as chaperones.22–24 Leveraging 

allyl-IEG+ systems that the Johnson lab reported before,25,26 in collaboration with the Johnson 

group, we synthesized various IEG octamers with allyl groups on the side chains for further 

trehalose functionalizations using thiol-ene reactions. Furthermore, through a copper-catalyzed 

azide-alkyne cycloaddition (CuAAC), we achieved a site-specific modification of these IEG 

polymers onto a genetically site-specific modified GHA with one determined structure of the final 

conjugates. Using these conjugates, we can evaluate the impact of stereochemistry, rigidity, and 

side-chain functionalities of conjugated polymers on the delivered proteins regarding to their 

biological activities and stability in vitro. We believe that this could broader understanding of 

lengths and stereochemistry of polymers in protein conjugation systems in order to gain  full 

control over their biological performances.  
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Figure 5.1. Representative protein delivery systems and their distinctive characteristics. A) 

Conventional PEGylation of proteins leads to a heterogeneous mixture of conjugates with limited 

control over their structures. B) In this work, we fully eliminated the heterogeneity problem 

meanwhile offered more molecular features for studying the structure-property relationship in 

polymer-protein conjugates.  

 

5.2 Results and discussion 

Preparation of IEG macromolecule library for conjugation.  

In order to create a library of discrete macromolecules with diverse molecular features, we 

first applied the previously reported IEG systems to synthesize two series of discrete polymers: 

one flexible system with 5 atoms between each triazole repeating unit (5A-IEG) and one relatively 

rigid version with 2 atoms (2A-IEG).25–28 Starting from allyl-IEG+ systems, we first ran thiol-ene 

reactions to modify the side chains with trehalose, followed by an azidation reaction to anchor a 

reactive, azide group, on the end for further conjugation reaction (Fig. 5.2a-b). Therefore, we 
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introduced two IEG macromolecules with trehalose-modified side chains with defined chemical 

composition sequence, and stereochemistry.  

MALDI-TOF data confirmed the molecular weight of the synthesized polymers (Fig. 5.2c-

d). For N3-5A-S-Tre, an exact molecular weight plus one potassium ion was observed on MALDI-

TOF, which correlated to the MW of the synthesized macromolecule (Fig. 5.2c). For N3-2A-S-

Tre, the major peak aligned with its exact molecular weight plus one potassium ion. Another small 

peak that appeared to the left of the desirable molecular weight correlated to the cleavage of one 

ester from the side chain of the final product (Fig. 5.2c). Furthermore, purification of these two 

trehalose-modified polymers on FPLC further revealed their relative size. Due to the lower 

flexibility of the backbone of N3-2A-S-Tre, it showed a shorter elution time on the FPLC, which 

indicated a larger hydrodynamic volume compared to N3-5A-S-Tre (Fig. 5.2d). After purification 

on FPLC, pure fraction peaks were collected for conjugation.   

Beside these newly made discrete polymers with defined amounts of trehalose side chains, 

we also utilized the same six IEG macromolecules with different backbone rigidity and 

stereochemistries as previously reported with insulin as comparison. Therefore, in order to fully 

study the impact of various molecular features on protein activity, we created a library of 8 azide-

terminated water-soluble IEG octamers for examinations: N3-5A-R-OH, N3-5A-S-OH, N3-5A-

Alt-OH, N3-2A-R-OH, N3-2A-S-OH, N3-2A-Alt-OH, N3-5A-S-Tre, and N3-2A-S-Tre (Scheme 

5.1).  
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Figure 5.2 Structures and characterizations of N3-S-IEG-Tre polymers. A. Chemical structure 

of trehalose-modified 5A-IEG octamer, N3-5A-S-Tre; B. Chemical structure of trehalose-

modified 2A-IEG octamer, N3-2A-S-Tre; C. Overlapped MALDI-TOF of trehalose-modified 

octamer: 1) N3-5A-S-Tre (blue trace): observed m/z at 4624.6 [M + K]+ ; calcd m/z =  4624.1 [M 

+ K] + ; 2) N3-2A-S-Tre (red trace): observed m/z at 4678.9 [M + K]+ ; calcd m/z = 4678.0 [M + 

K] +; D. Overlapped purification traces of trehalose-modified octamer on FPLC at 280 nm: 1) N3-

5A-S-Tre (blue trace): elution peak was around  column volume; 2) N3-2A-S-Tre (red trace): 

elution peak was around  column volume. 

 

Conjugation and characterizations of GHA-alkyne with azide-terminated IEG polymers  

In order to prepare our conjugates, the GHA B2036-Alkyne variant was expressed and 

purified as previously reported.20,21 Subsequently, the conjugates were prepared through CuAAC 

between various azide-terminated IEG polymers and GHA-Alkyne (Fig. 5.3a). SDS-PAGE was 

first used to identify and collect pure conjugate fractions after purification of reaction mixtures 

using fast protein liquid chromatography. After combining pure fractions based on gel 

electrophoresis, LC-MS was further used to assess purity of the conjugates and showed desirable 

products as we designed. Q-TOF of the final conjugates revealed the MW of final conjugates (Fig. 

5.3b-c). All products showed the MW of various synthesized GHA conjugates; whereas, the Q-

TOF peaks of 2A-S-Tre-GHA showed extra peaks that correlated to the cleavage of ester side 

chains that was observed in previous MALDI-TOF characterization as well. The concentration of 

various conjugates was measured by bicinchoninic acid assay (BCA) and stored in the -80 °C 

freezer for later biological assay. 
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Figure 5.3. Conjugations and characterizations of various GHA conjugates. A) schematic 

figure of final conjugate library, including 5A-R-GHA, 5A-S-GHA, 5A-Alt-GHA, 2A-R-GHA, 

2A-S-GHA, 2A-Alt-GHA, 5A-S-Tre-GHA, and 2A-S-Tre-GHA; B) LC/Q-TOF of 5A-IEG-

GHA: 5A-IEG-GHA with hydroxyl groups as side chains: observed 23553.34 m/z at  [M + K]+ ; 

calcd 23539.43 m/z =  [M + K] +; 5A-IEG-GHA with trehalose as side chains (N3-5A-S-Tre): 
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observed 26697.67 m/z at  [M + K]+ ; calcd 26703.1m/z =  [M + K] + ; C) LC/Q-TOF of 2A-

IEG-GHA: 2A-IEG-GHA with hydroxyl groups as side chains: observed 23313.65 m/z at  [M + 

K]+ ; calcd 23299.22 m/z =  [M + K] +; 2A-IEG-GHA with trehalose as side chains (N3-2A-S-

Tre): observed 26732.82 m/z at  [M + K]+ ; calcd 26757.0 m/z =  [M + K] +. 

 

In vitro protein activity study of discrete GHA conjugates 

Cell viability was assessed using Ba/F3-GHR cells. Serial dilutions of each conjugate, 

ranging from 0 to 900 nM, were made and plated to serum starved cells. Following the subsequent 

addition of GH solution, the cells were incubated at 37 °C with 5% CO2 for 48 h. To visualize the 

cell viability, a solution of resazurin sodium salt was added and further incubated for 2 h.  

In Fig. 5.4a, the half maximal inhibitory concentrations of each conjugate are reported with 

confidence intervals. Within the 5A-GHA conjugates, the IC50 values reflect the inverse 

relationship between bioactivity and conjugate size. The 5A-S-Tre-GHA conjugate exhibits the 

highest IC50 value followed by the 5A-R-GHA, 5A-S-GHA, and 5A-Alt-GHA. One-way 

ANOVA with Tukey’s post hoc analysis showed that only GHA and 5A-Alt-GHA show statistical 

significance (p < 0.05). Fig. 5.4b demonstrates the same trend with the 2A-GHA conjugates under 

the current conditions. One-way ANOVA with Tukey’s post hoc analysis showed that 2A-Alt-

GHA and 5A-S-Tre-GHA statistically differ from GHA (p < 0.05).  
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 Figure 5.4. Cell viability studies of all GHA conjugates. A) IC50 of 5A-IEG-GHA 

conjugates; B) IC50 of 2A-IEG-GHA conjugates. 

 

Table 5.1 IC50 values of all GHA conjugates with 95% confidence intervals 

 

HPLC Stability of Conjugates 

Upon confirming the activity of the conjugates, the stability of the conjugates in DPBS at 

37 ⁰C was measured. Owing to the known stabilization properties of trehalose, we were interested 

in comparing the stability of the unconjugated protein and the trehalose-modified conjugates. 

Following literature precedent,29 GHA-Alkyne, GHA B2036, 5A-STre-GHA, and 2A-STre-GHA 

were prepared as 25 ug/mL in 20 mM DPBS pH 7.4 with a detectable amount of vanillin as an 

internal standard. Timepoints were taken at days 0, 13, 20, 27, 35, 42, 56, 70, and 84 and analyzed 

via HPLC. For conjugates 5A-STre-GHA and 2A-STre-GHA (Fig. 5.5c,d) , day 20 to 27 appear 

to be the time period at which instability becomes visible by peak shape. Conjugate elutes at 11.8 

min and comparing chromatograms from day 20 and day 27, new peaks arise at 10.4 and 11.4 min. 

From day 35, a shoulder on the tail end of the conjugate appears at 12.0 min and continues to 
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increase in size as the days progress. For unmodified proteins GHA-Alkyne and GHA B2036 (Fig. 

5.5a,b), the peak shape is well retained until day 56 when a shoulder appears on the tail end of the  

protein peak at 12.1 min. Similarly to the two conjugates studied, the two unmodified proteins also 

developed a new peak at 11.4 min at day 27. The appearance of new peaks is, however, 

inconclusive in determining conjugate instability because the internal standard, vanillin, at 5.9 min 

used to compare the AUC changes begins to show peak shape changes as well(Fig. 5.5F). At day 

56, the peak shape of the internal standard changed to include a shoulder at the tail end of the peak 

at 6.2 min. From day 56 to day 84, the AUC shifts from the original compound peak at 5.9 to the 

shoulder peak at 6.2 min. Though the peak shape of the two conjugates begins to broaden and 

exhibit shoulder peaks approximately three weeks before the shoulder develops on the two 

unmodified protein peaks, GHA B2036 and GHA-Alkyne, the stability of the conjugates is 

inconclusive because of the instability of the internal standard.  

 To analyze the effect of the trehalose more closely, 5A-S-GHA and 2A-S-GHA were also 

studied for stability under the same conditions above. The 5A-S-GHA sample ended up being too 

low in concentration and could not be studied due to shortage of material. Looking at the 2A-S-

GHA (Fig. 5.5e) chromatograms, the changes in the chromatogram and peak shape align with that 

of the 2A-S-Tre-GHA sample. A new peak appears at 11.4 min at day 27 and a shoulder appears 

on the tail end of the conjugate at day 35. No stabilizing effect from the trehalose modified 

macromolecule was thus observed.  This could be because the oligomers were too small to stabilize 

the protein or that the protein is not stabilized by trehalose itself as the latter was never tested.  

Future stability studies could be improved with a large abundance of conjugates and proteins, 

addition of internal standard directly before analysis of each timepoint, and careful analysis via 

mass spectrometry. 
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Figure 5.5. HPLC stability of GHA and conjugates over 84 days A. GHA-Alkyne B. GHA B2036 

C. 2A-STre-GHA. D. 5A-STre-GHA. E. 2A-S-GHA. F. Vanillin (Internal Standard). Proteins and 

conjugates were incubated as 25 ug/mL in 20 mM DPBS pH 7.4 at 37 ⁰C with a detectable amount of 

vanillin as an internal standard. Timepoints were taken at days 0, 13, 20, 27, 35, 42, 56, 70, and 84 and 

analyzed via HPLC. 
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X-Ray Crystallography 

Leveraging new methodologies in elucidating structures of macromolecules, we set out to 

image the first uniform protein-polymer conjugate using micro electron diffraction (microED). 

This was done in collaboration with the BiopacificMIP. With the services of the Institute for 

Genomics and Proteomics X-ray and Electromagnetic Structure Determination core, a wide 

number of crystallization conditions were screened. In order to narrow down conditions, the 

crystallization was attempted with the GHA-Alkyne protein alone. The following commercial 

plates were set up: JCSG+, MPDs, PEG, ProPlexEco, Structure Screen, Wizard, Midas Plus, and 

Figure 5.6. Crystals of GHA-Alkyne from PEG commercial plate. Light microscope images of 

A. well A10 and B. well A11. Fluorescent microscope images of C. well A10 and D. well A11 
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Index. As a starting point, protein was prepared as 10 mg/mL in 20 mM Tris buffer pH 7.2. No 

promising candidates were observed. Thus, protein concentration was increased to 15 mg/mL in 

order to favor the supersaturation state for crystal formation.  

Upon increasing the protein concentration, the PEG commercial plate yielded crude 

crystals by the eighth day. Specifically, wells A10 and A11 had large crystals that could be seen 

via light microscope (Fig. 5.6a,b). In order to confirm that these structures were protein crystals, 

the wells were examined under an ultraviolet microscope (Fig.5.6.c,d) and the structures were 

positively identified to be protein. Protein crystals with UV active residues such as tryptophan and 

tyrosine will fluoresce and this approach is a quick way to confirm that the crystals are protein 

rather than salt or aggregates.  The conditions for wells A10 and A11 are 20 w/v % PEG3350 with 

0.2 M sodium iodide and 20 w/v% PEG3350 with 0.2 M potassium iodide, respectively.  

Crystals from wells A10 and A11 were isolated and stored in a cryotank until ready to 

characterize. Initial x-ray diffraction using an in-house FRE+ x-ray diffractometer resulted in low 

Figure 5.7. Images of GHA-Alkyne Crystal. A. Microscope images of the crystal used for data 

collection B. Diffraction images with rings indicating resolution 
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resolution data that could not be used for structure elucidation. Remaining crystals (Fig. 5.7a) were 

sent to Argonne National Laboratory to be analyzed using the Advanced Photon Source 

synchrotron. Diffraction data (Fig. 5.7b) was analyzed by Dr. Michael Sawaya and transformed 

into an electron density map (Fig. 5.8). Data collection statistics are reported in Table 5.2. Despite 

the stronger beamline, the data obtained could only account for 91.1% of the protein structure. 

Higher quality crystals are necessary to obtain the complete structure. 

 

Table 5.2 Data collection statistics of diffracted GHA-Alkyne crystal 

*Numbers in parentheses report statistics in highest resolution shell.  
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At this point, the protein crystallization was attempted again. Using the conditions from 

wells A10 and A11 from the PEG commercial plate, two optimization plates were created. 

Potassium iodide and sodium iodide was varied across the row from 0.15 M to 0.26 M and 

PEG3350 was varied across the column from 10 % to 25 %. Two different attempts at setting up 

these custom trays did not yield any crystals. The PEG commercial plate was set up once again 

but unfortunately did not produce crystals. Since the other commercial plates previously did not 

show any promising conditions, a published crystallization condition based on GHA B2036 was 

set up. GHA-Alkyne differs by one residue compared to GHA B2036 in that Y35 is modified to 

pgIY35. Following the irreproducibility of these protein crystals, the project was concluded.  

 

5.3 Conclusion 

Figure 5.8. Image of best refined model from Arg19 to pgIY35 with electron density map 



186 

 

In this work, we further expanded the structural parameters of polymers with diverse side-

chain functionalities to study the structure-property relationship of polymer-protein conjugates. 

With this platform in hand, it offered us a system with full control over the dispersity, 

stereochemistry, rigidity, and side-chain functionalities of the IEG polymers and precise design of 

the final polymer-protein conjugates. We believe that it could lead to a precision design and 

optimization of properties of final protein therapeutics.  

 

5.4 Appendix D 

Materials 

All reagents were purchased from commercial suppliers and used without further 

purification unless stated otherwise. Five-atom iterative exponential growth (5AIEG) octamer 

precursor 5A-R-Allyl-8mer, 5A-S-Allyl-8mer, and 5A-Alt-(S,R)-Allyl-8mer were prepared 

according to literature procedures using glycidal propargyl ether (GPE) monomers by Wencong 

Wang. 2A-R-OPe, 2A-S-OPe, and 2A-Alt-(S,R)-OPe were synthesized following literature 

procedures starting from stereopure epichlorohydrin by Wencong Wang. N3-5A-R-OH, N3-5A-

S-OH, N3-5A-Alt-OH, N3-2A-R-OH, N3-2A-S-OH, and N3-2A-Alt-OH were prepared by 

Wencong Wang according to previous work. Thiolated trehalose was prepared according to 

previous work.30 Growth hormone antagonist – alkyne (GHA-Alkyne) was expressed according 

to previous work.31 Mouse Ba/F3 cells stably expressing human GHR (Ba/F3-GHR) were 

obtained from Professor Michael Waters (University of Queensland, Australia).   

Analytical Techniques 

Nuclear magnetic resonance (NMR) spectra were recorded on Bruker AVANCE III-400 

spectrometers, and Bruker Avance Neo-600 with working frequencies of 400 (1H) and 100 (13C) 
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MHz, and 600 (1H) and 125 (13C) MHz, respectively. Chemical shifts are reported in ppm relative 

to the signals corresponding to the residual non-deuterated solvents: CDCl3: δH = 7.26 ppm and δC 

= 77.16 ppm, MeOD: δH = 3.31 ppm and δC = 49.30 ppm; D2O: δH = 4.79 ppm.  

Fast protein liquid chromatography (FPLC) analyses were performed on a BioRad NGC Quest10 

Plus system with a BioRad ENrich SEC 70 column at a flow rate of 1 mL/min, which utilizes 1× 

PBS buffer as mobile phases. Column chromatography was carried out on silica gel 60F (EMD 

Millipore, 0.040–0.063 mm) or on aluminum oxide (Sigma-Aldrich, activated, neutral, Brockmann 

Activity I). Liquid chromatography mass spectrometry (LC/MS) was performed on an Agilent 

1260 Infinity LC system equipped with a Zorbax SB-C18 rapid resolution HT column using a 

binary solvent system (acetonitrile and water with 0.1% trifluoroacetic acid).  Matrix-assisted laser 

desorption/ionization-time of flight (MALDI-TOF) mass spectra were measured on a Bruker 

model MicroFlex instrument using α-cyano-4-hydroxycinnamic acid as the matrix.  

Size exclusion chromatography (SEC) analyses were performed on an Agilent 1260 Infinity setup 

with two Agilent PL1110-6500 columns in tandem and a 0.025 M LiBr DMF mobile phase run at 

60 °C. The differential refractive index (dRI) of each compound was monitored using a Wyatt 

Optilab T-rEX detector. Gel permeation chromatography (GPC) analyses were carried out on an 

Agilent 1260 Infinity system with dual Agilent PL1110-6500 columns using a chloroform mobile 

phase at a flow rate of 1 mL/min.  

SDS-PAGE was performed using Bio-Rad Any kD Mini-PROTEAN-TGX gels, and gels 

were stained with silver for visualization. SDS-PAGE protein standards were obtained from Bio-

Rad (Precision Plus Protein Prestained Standards). Semi-preparatory high performance liquid 

chromatography was performed on an Agilent 1290 Infinity II LC system equipped with a 

Zorbax SB-C18 semi-preparatory column using a binary solvent system (acetonitrile and water 
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with 0.1% trifluoroacetic acid). High resolution mass spectra of protein and protein-polymer 

conjugates were acquired using an Agilent 6530 Q-TOF LC/MS equipped with 1260 Infinity LC. 

Conjugates were purified on a Bio-Rad BioLogic DuoFlow fast protein liquid chromatography 

(FPLC) system equipped with a GE Healthcare Life Sciences Q HP (1 mL) column. Protein 

concentrations were determined using the Pierce BCA Protein Assay kit from Thermo Fisher and 

read on a Molecular Devices SpectraMax iD3 Multi-Mode Microplate Reader. 

Experimental 

1) Synthesis of Trehalose modified IEG octamers 

 

a1: DMPA (640 mg, 5.2 mmol), Tre-SH (3.2 g, 4.4 mL, 31.4 mmol), and 5A-S-Allyl-8mer (200 

mL) were mixed together in DMF and degassed under nitrogen. Then the reaction was left stirring 

in a UV reactor with a wavelength of 365 nm for 30 minutes. Crude NMR was taken before 

working up the reaction to ensure that all allyl groups on the side chain of IEG octamers were fully 

reacted. After completion of the reaction, Amicon® Ultra-4 3 kDa centrifugal tubes were used to 

exchange the solvent from DMF to PBS before loading on to fast protein liquid chromatography 

 

 

Scheme 5.1. Synthesis of a1 from 5A-S-Allyl-8mer.  
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(FPLC). Through purification on SEC-70 column, pure product was obtained in PBS buffer. Water 

was then removed via lyophilization and product was obtained as a white solid (5.6 g, 17.2 mmol, 

82% yield). 1H NMR (600 MHz, CDCl3, ppm) δH 5.85 (ddt, J = 16.7, 10.3, 6.4 Hz, 1H), 5.07 (m, 

2H), 4.33 (dd, J = 11.5, 4.0 Hz, 1H), 4.17 (dd, J = 11.2 Hz, 1H), 3.75 (qd, J = 6.8, 4.0 Hz, 1H), 

2.56 (t, J = 6.7 Hz, 2H), 2.50 (t, J = 5.6 Hz, 2H), 2.43 (p, J = 7.5 Hz, 2H), 1.00 (t, J = 7.9 Hz, 9H), 

0.61 (q, J = 7.9 Hz, 6H). 

 

 

a2:  Sodium azide (640 mg, 5.2 mmol) was added into a1 (640 mg, 5.2 mmol) dissolved in DMSO 

(5.2 mL). The reaction was left stirring at 40 °C overnight. After the completion of reaction, 

Amicon® Ultra-4 3 kDa centrifugal tubes were used to wash out the unreacted salt and exchange 

the solvent from DMSO to water before usage. After lyophilization, product was obtained as white 

powder (5.6 g, 17.2 mmol, 82% yield). 1H NMR (600 MHz, D2O, ppm) δH 5.85 (ddt, J = 16.7, 

10.3, 6.4 Hz, 1H), 5.07 (m, 2H), 4.33 (dd, J = 11.5, 4.0 Hz, 1H), 4.17 (dd, J = 11.2 Hz, 1H), 3.75 

(qd, J = 6.8, 4.0 Hz, 1H), 2.56 (t, J = 6.7 Hz, 2H), 2.50 (t, J = 5.6 Hz, 2H), 2.43 (p, J = 7.5 Hz, 

2H), 1.00 (t, J = 7.9 Hz, 9H), 0.61 (q, J = 7.9 Hz, 6H). 

 
Scheme 5.2. Synthesis of a2 from a1.  
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b1: DMPA (640 mg, 5.2 mmol), Tre-SH (3.2 g, 4.4 mL, 31.4 mmol), and 2A-S-OPe (640 mg, 5.2 

mmol) were mixed together in DMF (200 mL) and degassed under nitrogen. Then the reaction was 

left stirring in a UV reactor with a wavelength of 365 nm for 30 minutes. Crude NMR was taken 

before working up the reaction to ensure that all allyl groups on the side chain of IEG octamers 

were fully reacted. After completion of the reaction, Amicon® Ultra-4 3 kDa centrifugal tubes 

were used to exchange the solvent from DMF to PBS before loading on to fast protein liquid 

chromatography (FPLC). Through purification on SEC-70 column, pure product was obtained in 

PBS buffer. Water was then removed via lyophilization, and product was obtained as a white solid 

(5.6 g, 17.2 mmol, 82% yield). 1H NMR (600 MHz, CDCl3, ppm) δH 5.85 (ddt, J = 16.7, 10.3, 6.4 

Hz, 1H), 5.07 (m, 2H), 4.33 (dd, J = 11.5, 4.0 Hz, 1H), 4.17 (dd, J = 11.2 Hz, 1H), 3.75 (qd, J = 

6.8, 4.0 Hz, 1H), 2.56 (t, J = 6.7 Hz, 2H), 2.50 (t, J = 5.6 Hz, 2H), 2.43 (p, J = 7.5 Hz, 2H), 1.00 

(t, J = 7.9 Hz, 9H), 0.61 (q, J = 7.9 Hz, 6H). 

 

 

 

Scheme 5.3. Synthesis of b1 from 2A-S-OPe.  
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b2:  Sodium azide (640 mg, 5.2 mmol) was added into b1 (640 mg, 5.2 mmol) dissolved in DMSO 

(5.2 mL). The reaction was left stirring at 40 °C overnight. After the completion of reaction, 

Amicon® Ultra-4 3 kDa centrifugal tubes were used to wash out the unreacted salt and exchange 

the solvent from DMSO to water before usage. After lyophilization, product was obtained as white 

powder (5.6 g, 17.2 mmol, 82% yield). 1H NMR (600 MHz, D2O, ppm) δH 5.85 (ddt, J = 16.7, 

10.3, 6.4 Hz, 1H), 5.07 (m, 2H), 4.33 (dd, J = 11.5, 4.0 Hz, 1H), 4.17 (dd, J = 11.2 Hz, 1H), 3.75 

(qd, J = 6.8, 4.0 Hz, 1H), 2.56 (t, J = 6.7 Hz, 2H), 2.50 (t, J = 5.6 Hz, 2H), 2.43 (p, J = 7.5 Hz, 

2H), 1.00 (t, J = 7.9 Hz, 9H), 0.61 (q, J = 7.9 Hz, 6H). 

GHA-IEG MM Conjugation 

Conjugation of IEG macromolecules to GHA-Alkyne was carried out under standard 

copper-catalyzed click reaction conditions. BTTAA (50 mM), CuSO4 (20 mM), aminoguanidine 

HCl (100 mM), and sodium ascorbate (100 mM) were prepared as stock solutions. To a Lo-bind 

tube, GHA-Alkyne (1 mg, 45 nmol), IEG macromolecule (2 mg, 452 nmol), and enough 100 mM 

phosphate buffer to reach a final volume of 1 mL were pipetted. BTTAA (20 uL, 1 mmol) and 

 

 

Scheme 5.4. Synthesis of b2 from b1.  
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CuSO4 (10 uL, 0.2 mmol) were pre-mixed and then added to the reaction vial followed by 

aminoguanidine HCl (50 uL, 5 mmol). Finally, to initiate the reaction, freshly prepared sodium 

ascorbate (50 uL, 5 mmol) was added. The reaction was allowed to rock at 20 ⁰C for 2 hours.  

GHA-IEG Purification 

Crude conjugate solutions were purified of unreacted small molecules via centrifugal 

filtration using a 10 kDa molecule weight cut off filter. Next, crude conjugate solutions were 

purified via FPLC. Using a 1 mL GE Healthcare HiTrap Q HP column, the conjugates were 

purified using a 0-0.5 M NaCl in 10 mM phosphate buffer, pH 7.4, 10% glycerol gradient. 

Unreacted IEG macromolecule was eluted in the first five minutes with 0 M NaCl. After 

confirming the elution of unreacted IEG macromolecule, the salt concentration was slowly raised. 

The conjugate eluted next, followed by the unreacted GHA-alkyne. Due to the small molecular 

weight of the macromolecules, high conversions of 90-95% were achieved. Fractions were 

analyzed via SDS-PAGE followed by silver stain. The fractions containing conjugate were pooled 

together.  
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Figure 5.8 a. Representative FPLC chromatogram of GHA-IEG conjugate purification with %B 

denoting amount of buffer B (0.5 M NaCl). B. SDS-PAGE of all conjugates visualized with 

Coomassie. Lane 1: Ladder, Lane 2: GHA-Alkyne, Lane 3: 5A-R-GHA, Lane 4: 5A-S-GHA, Lane 

5: 5A-Alt-GHA, Lane 6: 5A-STre-GHA, Lane 7: 2A-R-GHA, Lane 8: 2A-S-GHA, Lane 9: 2A-

Alt-GHA, Lane 10: 2A-STre-GHA.  

HPLC Stability of Proteins and Conjugates 

 Proteins and conjugates were prepared at 25 ug/mL in 20 mM DPBS pH 7.4 at a total 

volume ranging from 1.5 to 2 mL depending on availability of sample. The samples were place in 

5 mL lo-bind tubes and placed in a water bath at 37 ⁰C. At each timepoint, 80 uL of sample was 

pipetted out and filtered through a 0.2 um PTFE syringe filter prior to injecting on the HPLC. A 
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Zorbax 300 SB-C3 column with a gradient method of 5-95% acetonitrile in water + 0.1% 

trifluoroacetic acid over 17 minutes was used. Peaks were analyzed at 280 nm.  

Crystallographic Structure Determination. 

A beamline 24-ID-C of the Advanced Photon Source located at Argonne National 

Laboratory was used. Crystals were cooled to a temperature of 100 K. Diffraction data were 

indexed, integrated, scaled, and merged using the programs XDS and XSCALE (Kabsch, 2010). 

Data collection statistics are reported in Table 1.  Initial phases were obtained by molecular 

replacement with the program Phaser (McCoy et al. 2007) using a complex of human growth 

hormone with its soluble binding protein (PDB ID 1hwg) as a search model. Refinement was 

performed using the programs Phenix (Liebschner, 2019) abd Refmac (Murshudov et al., 2011). 

Model building was performed using the graphics program Coot (Emsley et al., 2010). Structure 

illustrations were created using PyMOL (Schrödinger, LLC). All crystallographic structure 

determination was done by Michael Sawaya. 
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