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Degradable polymeric materials such as hydrogels are extensively utilized as delivery 

vehicles due to their biocompatibility and tunable properties. Encapsulating therapeutic agents 

inside hydrogels stabilizes the cargo by preventing degradation, extending circulation time, and 

also allows for targeted release and delivery. Due to their small size and tunable properties, nano-

scale hydrogels, or nanogels, are frequently utilized to deliver therapeutics to areas difficult to 

reach, such as tumors and the cytoplasm, through traditional means. To control hydro- and nanogel 

function, degradable cross-links can be installed, allowing for cargo release in response to specific 

stimuli, such as hydrolysis or reduction. This dissertation offers three degradable strategies that 
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can be applied to synthesize hydrogels and nanogels for the stabilization and release of therapeutic 

cargo.  

In the first example, mixed imine cross-linking chemistry was applied to synthesize 

poly(ethylene glycol) (PEG)-based hydrogels with tunable degradability to encapsulate and deliver 

cells (Chapter 2). Time to degradation of the gels could be controlled from 24 hours to more than 

7 days by varying the hydrazone structure and the ratio of hydrazone and oxime cross-links.  

Encapsulated cells exhibited high viability up to at least 7 days, suggesting this system may be 

useful for cell delivery applications. 

In the second example, disulfide cross-links were utilized to form redox-responsive 

nanogels comprised of trehalose copolymers (Chapter 3). The synthesis of a methacrylate 

trehalose monomer (TrMA) was optimized, improving the overall yield from 14% to 42%. TrMA 

was subsequently copolymerized with pyridyl disulfide ethyl methacrylate (PDSMA) using free 

radical polymerization conditions to form copolymers with two monomer ratios (1:1 and 2:1) 

which were cross-linked with 1 kDa PEG-dithiol via disulfide exchange to form uniform nanogels 

approximately 9 nm in diameter. The addition of a cross-linker eliminated the need to add reducing 

agent to facilitate cross-linking and nanogel formation, making this approach ideal for the 

encapsulation of sensitive therapeutic agents. 

Next, PDSMA-co-TrMA nanogels were utilized to encapsulate, stabilize, and release 

glucagon, an unstable peptide hormone used to treat hypoglycemia (Chapter 4). The amines on 

glucagon were modified with thiol groups while retaining their positive charges for reversible 

conjugation and cross-linking. Glucagon-nanogel conjugates were synthesized with >80% 

conjugation yield, and the reversible disulfide linkage between peptide and polymer allowed for 

efficient cargo release under mild reducing conditions. The nanogels stabilized glucagon against 
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aggregation in solution up to five days as well as solubilized the peptide at neutral pH. In vitro 

bioactivity of the modified peptide was found to be comparable to native glucagon, suggesting this 

may be a promising formulation strategy for further in vivo study. 

Finally, a series of dual-enzyme responsive peptides was synthesized by masking the ε-

amine of lysine with protease substrates (Chapter 5). After unmasking the amine by enzymatic 

cleavage, a second enzyme was able to cleave at the C terminus of lysine, which was monitored 

colorimetrically. Three different dual-enzyme responsive peptides were prepared, (AcAAF)K-

pNA, (AcFG)K-pNA, and (AcDEVD)K-pNA, for chymotrypsin, papain, and caspase 3 sensitivity, 

respectively, followed by trypsin sensitivity after cleavage by the first enzyme. This modular 

peptide design could be useful for selective drug delivery, studies on dual enzyme activity, as well 

as for diagnostic enzyme screening.  
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1.1 Overview of Hydrogels for Therapeutics Delivery 

Hydrogels are three-dimensional polymeric networks that are physically or 

chemically cross-linked and are capable of absorbing large amounts of water. The 

polymeric networks used to create hydrogels can be formed from either natural or synthetic 

materials.1 Naturally derived hydrogels, such as those made from collagen or chitosan, 

have been used for numerous applications in tissue engineering.2 These materials have 

shown promise but do not enable fine tuning of properties, have batch-to-batch variability, 

and can elicit a host-immune response.2 Synthetically derived hydrogels are typically more 

tunable and do not exhibit the variability that is traditionally associated with natural 

materials.3 Wichterle and Lim reported the first example of synthetically derived hydrogels 

in 1960 wherein cross-linked glycolmethacrylate was proposed for biological use.4 Since 

then, synthetically derived hydrogels have been used for many biomedical applications, 

including drug delivery systems, scaffolds to act as structural supports for cell culture and 

tissue engineering, and to encapsulate and deliver cells. 

Synthetic hydrogels can be prepared by polymerizing and cross-linking monomers 

via a chain-growth mechanism, by cross-linking multi-functional polymers with mutual 

reactivity via a step-growth mechanism, or by a combination of the two.5 Chain-growth 

gelation typically requires radicals to initiate the polymerization. In order to prepare 

hydrogels via a biocompatible radical based chain-growth mechanism, photo-initiators are 

often used, which circumvents the need to use elevated temperatures to initiate 

polymerization and gelation; however, the radicals needed to initiate the polymerizations 

can still elicit a cytotoxic response.6 Additionally, unless full monomer conversion is 
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achieved, unreacted monomers may induce an inflammatory or immune response when 

applied in vivo.7 On the other hand, step-growth gelation conditions are typically milder, 

often requiring no additional reagents, and result in gels that are more ordered than those 

prepared through chain-growth.5, 8-9 For both gelation mechanisms, gel characteristics can 

be controlled by changing polymer size, concentration, or cross-linker stoichiometry. 

However, many monomers used in step-growth gelation are available that are nontoxic and 

can be used to further functionalize the gel with proteins or targeting ligands.10 

Hydrogels in biomedicine often need to be degradable to allow for cargo release 

and prevent bioaccumulation. Therefore hydrogels and their degradation products must be 

biocompatible, nontoxic, and non-immunogenic.11 Moreover, the degradation products 

should either be metabolized into harmless byproducts or cleared efficiently via renal 

filtration.12 A variety of biocompatible polymers have been utilized to create synthetic 

hydrogels, including poly(hydroxymethylacrylate) (pHEMA), poly(N-

isopropylacrylamide) (pNIPAAm), poly(vinyl alcohol) (PVA), and poly(ethylene glycol) 

(PEG).13-14 PEG is one of the most common polymers used to create synthetic hydrogels 

for biomedical applications due to its biocompatibility, amphiphilicity, ease of 

functionalization, and commercial availability,15-16 making it an ideal choice to create 

hydrogels for therapeutic delivery applications.  

Hydrogels are frequently used as delivery systems, particularly to deliver sensitive 

therapeutic cargo. Many therapeutic agents suffer from enzymatic degradation upon 

administration, rapid clearance in vivo, and nonspecific uptake, ultimately resulting in 

reduced efficacy, high costs, and off-target effects. Packaging therapeutics into hydrogels 
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can mitigate these issues.17  For example, systemic delivery of vascular endothelial growth 

factor (VEGF), which is used to promote angiogenesis, can lead to plaque formation and 

tumor growth as a result of off targets effects.18 Researchers have shown that when VEGF 

was encapsulated inside alginate hydrogel delivery vehicles and implanted into femoral 

artery ligation sites in mice, it was able to promote favorable angiogenesis in while 

mitigating unfavorable side effects.19-20 While an initial burst release of the growth factor 

was observed, release eventually slowed to a constant rate for up to three weeks in rat 

models, leading to improved vascularization in the animals. Additionally, Hubbell and 

coworkers developed PEG-based hydrogels for protein delivery applications via step-

growth mechanism through a Michael-type addition of PEG-dithiol or dithiothreitol (DTT) 

to PEG-acrylates.21-22 They further expanded their work to create protein-PEG hydrogels 

containing cell adhesion and enzymatically degradable peptides using PEG-divinylsulfone 

as cross-linker, demonstrating the versatility of PEG-based hydrogels as delivery systems 

and extracellular matrix (ECM) mimics.10, 23  

Another common use of synthetic hydrogels is to promote cellular function, 

adhesion, and proliferation when used as a cell culture support. Since cells do not typically 

adhere to polymeric systems, hydrogels are often functionalized with peptides and 

biomolecules to effectively mimic the ECM and facilitate cell adhesion.24 The tripeptide 

Arg-Gly-Asp (RGD) is most commonly used to install cell adhesive properties due to its 

recognition by fibronectin, which mediates adhesion of cells to the ECM.25 RGD has been 

used extensively to functionalize PEG hydrogels, and has shown to improve cell adhesion 

and migration.26-28 Other strategies to create cell adhesive surfaces include incorporating 
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ECM proteins29 or peptide fragments2, 30-32 in the hydrogel. Moreover, growth factors can 

also be encapsulated inside hydrogels to aid in cell migration, interaction, and 

proliferation.2, 33-35  

For these applications, the physical properties of hydrogels must be carefully 

controlled. For example, it has been shown that gel swelling is directly controlled through 

cross-linking density and polymer size. Specifically, increasing the size of the polymer 

repeat unit between cross-links reduces cross-linking density, improving the swelling 

behavior of the gel.36 Varying the cross-linking chemistry also allows for control over 

hydrogel properties. The efficiency of the ligation strategy must also be taken into account 

as reactions that do not go to completion can form loosely or inconsistently cross-linked 

gels.37 Herein, different types of cross-linking strategies will be discussed with a focus on 

how the selection of cross-linking strategy relates to the hydrogel function. 

1. 1. 1. Click Chemistry for Hydrogel Cross-Linking 

The types of chemistries used in the cross-linking of polymers to form hydrogels 

are important to the function of the gel. Reactions should be biocompatible and high 

yielding in order to create materials with uniform and predictable properties. Therefore, 

hydrogels prepared using click chemistry have become popular due to the ease with which 

these reactions can be carried out (Table 1.1). The term ‘click chemistry’ was coined by 

Sharpless in 2001 to describe reactions that are specific yet wide in scope, high yielding, 

simple to perform, and can be carried out in benign and/or easy to remove solvents.38 
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Table 1.1. Commonly used click reactions to form hydrogels. 

Copper Catalyzed Alkyne-Azide Cycloaddition (CuAAC): 

  
 

Strain Promoted Azide-Alkyne Cycloaddition (SPAAC): 

 
 

 
Diels-Alder: 

 

 

 
Thiol-Ene: 

 
 

 
 
 

The most common click reaction is the copper catalyzed 1,3-dipolar cycloaddition 

between an alkyne and an azide (CuAAC), which has been used extensively to create 

hydrogel networks. For example, the Hawker group cross-linked linear alkyne-

functionalized PEG with tetraazide-functionalized tetraethylene glycol to create well-

defined PEG hydrogels.8 They observed that their click hydrogels exhibited superior 

physical properties, such as increased tensile stress and strain, when compared to 

photochemically cross-linked hydrogels, likely due to the controlled nature and high 

efficiency of the CuAAC cross-linking. They additionally noted that unreacted azide or 

alkyne groups could be used for further functionalization of the hydrogel. CuAAC cross-
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linking has also been utilized to create biodegradable PEG hydrogels for cell delivery 

applications by incorporating azide-functionalized RGD peptides into the gel to promote 

cell adhesion and proliferation. 39 While high cell viability and proliferation were observed, 

it is important to note that cells were only seeded on top of hydrogel surfaces and were not 

encapsulated inside the hydrogel matrix. This may be due to the cytotoxic copper catalyst 

that is required for CuAAC reactions, making this cross-linking approach incompatible 

with most biological applications.40 

As an alternative to CuAAC, the Bertozzi group has developed copper free, strain-

promoted alkyne-azide cycloadditions (SPAAC).41 They found that cyclooctynes were able 

to react efficiently with azides in the absence of catalyst as a result of ring strain. The 

addition of electron withdrawing substituents, such as fluorine, can further accelerate the 

reaction.42 Because SPAAC exhibits the same orthogonality as CuAAC without the 

associated cytotoxicity, it has rapidly grown in popularity and is frequently used for 

biomedical applications including hydrogel cross-linking. To create biodegradable 

hydrogels via SPAAC, the Anseth group cross-linked multi-arm azide-functionalized PEG 

with a difluorinated cyclooctyne enzyme-sensitive peptide cross-linker.43 Additionally, the 

peptide cross-linker was modified with alkenes to allow for site-specific and orthogonal 

photopatterning via thiol-ene, and fluorescein was photopatterned onto the gel using a 

collagenase-sensitive linker. Fluorescent signal was observed upon enzymatic cleavage of 

the linker, whereas fluorophore quenching was observed in the absence of collagenase, 

indicating no fluorophore was cleaved.43 The physical properties of this gel system can be 

tuned by changing polymer size and cross-linker ratio.44 The Anseth group expanded their 
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work further by incorporating o-nitrobenzyl ether groups into their peptide cross-linkers 

that cleave upon exposure to UV light.43 Using this approach, RGD peptides were 

incorporated into the gel to promote adhesion of encapsulated cells. Upon UV irradiation, 

cell detachment was observed, indicating that the RGD had cleaved from the polymer 

matrix.  Similarly, Becker and coworkers reported the synthesis of SPAAC cross-linked 

PEG hydrogels using a 4-dibenzocyclooctyne functionalized PEG cross-linker for cell 

culture applications and showed that encapsulated mesenchymal stem cells retained up to 

89% viability after 24 hours.45 More recently, degradable PEG-based hydrogels cross-

linked via SPAAC were shown to have tunable properties with good cytocompatibility.46 

Ester linkages were incorporated into the polymer backbone, and it was found that time to 

degradation could be varied from 1 to 35 days by changing polymer composition. 

Diels-Alder reactions have also been employed to create biocompatible hydrogels. 

Anseth and Bowman reported a mixed hydrogel system consisting of thiol and maleimide-

functionalized PEG cross-linked via Michael addition. Excess maleimide-PEG was 

functionalized with peptides containing furan moieties via reversible Diels-Alder reactions 

to study peptide release in response to temperature increase.47 Moreover, they covalently 

bound dexamethasone (dex) into their hydrogel using Diels-Alder chemistry.48 Since 

Diels-Alder reactants and products exist in equilibrium, time-dependent release of dex was 

observed, which was utilized to induce osteogenic differentiation of encapsulated human 

mesenchymal stem cells. Kirchhof et al. have cross-linked maleimide and furan 

functionalized multi-arm PEGs to form degradable hydrogels useful for protein and 

antibody delivery applications.49-51 The gelation rate, physical properties, and time to 
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degradation were controlled by changing polymer content, branching, and size.  They 

additionally observed that, depending on the conditions, either a reverse Diels-Alder or 

base catalyzed ring-opening hydrolysis of cross-linked maleimides was responsible for gel 

degradation.52 

Thiol-ene is one of the most commonly utilized click chemistries to form 

hydrogels.53 This is due to the high reaction rate and efficiency of the reaction under 

physiological conditions, as well as the ease with which alkenes and thiols can be installed 

into hydrogel systems. Additionally, thiol-ene cross-linking occurs via a radical 

mechanism that can be initiated thermally, photochemically, or via oxidation-reduction,54 

but, unlike other radically initiated reactions, thiol-ene reactions do not require oxygen-

free environments to reach quantitative conversion.55 For biomedical applications, 

photochemical initiation is preferred because this offers control over where, when, and how 

fast gelation occurs, and low doses of UV light are not damaging to biological cargo such 

as cells and proteins.56 To demonstrate the usefulness of thiol-ene chemistry to create 

hydrogels for protein delivery, Anseth and coworkers encapsulated various proteins in 

enzyme sensitive hydrogels by cross-linking 4-arm PEG functionalized with norbornene 

groups with a human neutrophil elastase (HNE) sensitive peptide containing cysteine 

residues at the N- and C- termini.57 Degradation rates were controlled by changing enzyme 

and peptide concentrations as well as the peptide cross-linker structure.  In the presence of 

HNE, protein release with high retention of activity was observed, whereas in the absence 

of HNE no protein release occurred. Degradability has also been incorporated into thiol-

ene cross-linked gels by installing hydrolytically sensitive esters58 as well as 
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photodegradable linkages.59 Thiol-ene cross-linking has also been used to create hydrogels 

for cell culture applications.60 Biochemical cues can be photopatterned into the gel and 

changing polymer concentration can create scaffolds that mimic a range of soft tissue 

environments.61 

1. 1. 2. Degradable Cross-Linking Strategies for Hydrogels 

For biomedical applications, degradability is often incorporated into hydrogels for 

delivery applications to create dynamic scaffolds, and prevent bioaccumulation. A variety 

of different methods can be used to install degradability (Table 1.2). 

 

Table 1.2. Examples of degradable hydrogel cross-linking strategies. 

Hydrolytically Degradable: 

Hydrazones 
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Enzymatically Degradable: 
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under physiological conditions. Anseth and coworkers have reported the design and 

synthesis of hydrazone cross-linked PEG hydrogels for cell culture, wherein the structure 

of the aldehyde group was studied as a way to control the physical properties of their gels.62-

64 Hydrazone chemistry has also been utilized by Patenaude et al. to create hydrogels by 

cross-linking pNIPAAm and carbohydrate polymers. Hydrazide groups were installed by 

copolymerizing NIPAAm with acrylic acid and functionalizing the side chains with adipic 

acid dihydrazide. Aldehyde groups were installed by oxidizing polysaccharides using 

sodium periodate. They demonstrated that hydrazones were the weakest points in their 

hydrogels, indicating that degradation would most likely occur at those bonds.65-67 The 

effect of hydrazone structure on stability has also been studied. Varghese and coworkers 

have found that resonance stabilized hydrazones, such as those derived from 

carbodihydrazide, are more stable and less susceptible to degradation compared to 

hydrazones without resonance stabilization, such as those made from adipodihydrazide.68 

Aromatic hydrazones are considered even more stable, and Deng and coworkers created 

poly(ethylene oxide) (PEO) based hydrazone hydrogels by cross-linking aromatic 

hydrazide and aldehyde groups. They observed that gel degradation did not occur until pH 

4, and their gels exhibited self-healing behavior but at a much slower rate (15 hours) than 

aliphatic hydrazone cross-linked gels.69 It has also been reported that, in addition to acidic 

conditions, cells are also able to degrade and even prevent the formation of hydrazone 

bonds in hyaluronic acid and alginate-based hydrogels, which could be useful for creating 

cell delivery constructs where such degradation may be desired.70 
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Analogous to hydrazone bonds, oximes form from the reaction of aminooxy groups 

with aldehydes or ketones. Maynard and coworkers reported the use of oxime cross-linking 

to form PEG-based hydrogels to create stable and biocompatible scaffolds for cell culture.71 

To form the hydrogels, 8-arm PEG functionalized with aminooxy groups was cross-linked 

with glutaraldehyde, a small molecule di-aldehyde, in the presence of RGD. Cells cultured 

on top of these gels were able to spread out and exhibited high viability, although 

encapsulated cells were alive but retained rounded morphology, most likely due to the non-

degradable environment of the hydrogel. It has also been shown by Christman and 

coworkers that 4-arm PEG-aminooxy could be cross-linked with ketone-functionalized 4-

arm PEG to form injectable hydrogels for catheter delivery.72 While not reversible under 

physiological conditions, oximes are reversible at acidic pH, and Mukherjee et al. have 

shown that oxime hydrogels can exhibit sol-gel transitions and self-healing behavior upon 

the addition of trifluoroacetic acid.73 Additionally, the Becker group reported multi-

functional oxime cross-linked hydrogels with dangling azide and alkene groups to pattern 

peptides into the gel via click chemistry.74 

Enzyme degradation sites are commonly incorporated into hydrogels to form 

biodegradable materials responsive to specific stimuli. This is commonly achieved through 

the installation of short peptides that act as cleavage sites for certain proteases. Such 

biodegradable hydrogels can either be used for delivery applications or as dynamic ECM 

mimics where proteases excreted by cells are able to degrade their surroundings. The 

enzymatic cleavage site should be chosen carefully depending on the application. For 

example, hydrogels used as ECM mimics can contain degradation sites for specific 



	

	

13 

enzymes secreted by cells during migration, including matrix metalloproteinases (MMPs) 

and plasmin.33, 75 These enzymes are of particular importance due to their ability to break 

down structural proteins and allow cells to move and spread out in their environment. To 

demonstrate the potential for using PEG hydrogels as ECM mimics, Hubbell and West 

utilized two peptides, Ala-Pro-Gly-Leu and Val-Arg-Asn, to install MMP I and plasmin 

sensitivity, respectively, and observed that hydrogels degraded in the presence of enzyme 

but were stable indefinitely to passive hydrolysis.76 The addition of cell adhesive peptides 

resulted in biocompatible hydrogels that supported cell proliferation and migration.27 

Another example of the tunability of enzymatic degradation for specific applications was 

carried out by the West group where the incorporation of cathepsin K-sensitive peptides 

into PEG hydrogels allowed degradation in response to bone resorption after bone graft 

procedures.77 Moreover, protease sensitive hydrogels have been created for potential drug 

delivery applications by cross-linking 4- and 8-arm PEG-alkyne with an azide-

functionalized plasmin and trypsin substrate D-Ala-Phe-Lys.78 Hydrogel degradation was 

measured through swelling studies, and the authors found that only trypsin was able to 

degrade the gels. The larger size of plasmin could prevent it from accessing the hydrogel 

and modification of the peptide substrate with azide groups could prevent interactions with 

the active site of plasmin, potentially explaining the lack of degradation by plasmin. 

1.2 Overview of Nanogels for Therapeutics Delivery 

Nanogels are defined as three-dimensional, physically or chemically cross-linked 

polymeric networks less than one micron in diameter.79-80 Main fabrication strategies 
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include self-assembly, polymerization, polymer cross-linking, and template-assisted 

fabrication where cross-linking can occur intermolecularly or intramolecularly.81-82 Similar 

to hydrogels, nanogels used for biomedical applications should be biocompatible with 

tunable physical and chemical properties. While hydrogels are often used as effective 

delivery vehicles, nanogels are gaining popularity because of their small size, which allows 

for either active or passive targeting of specific sites, including cells or tumors via the 

enhanced permeability and retention (EPR) effect.83 Sunamoto and Akiyoshi first 

described nanogels in 1993 when they observed particle formation after physical cross-

linking of cholesterol-functionalized polysaccharides84, although the term was not 

officially coined until 1999 by Kabanov and coworkers.85  

Nanogels are commonly used for the delivery of therapeutics, such as proteins, 

where cargo can be retained inside the nanogel either covalently or noncovalently or by 

attachment to the nanogel surface.81, 86 Therapeutic proteins are increasingly used for 

clinical applications, though their full potential has not yet been realized due to their 

instability. Proteins have limited shelf lives and, upon administration, are degraded or 

cleared rapidly from the body, limiting their efficacy.87  One strategy to overcome these 

problems is the covalent attachment, or conjugation, of polymers to proteins, which has 

been shown to improve pharmacokinetic properties.16 Abuchowski and co-workers first 

reported the conjugation of PEG to a protein, also known as PEGylation, in 1977 and 

demonstrated that PEG-protein conjugates exhibit lower immunogenicity as well as 

increased circulation times in vivo.88-89 PEGylation creates a steric shield around the protein 
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and increases the biomolecule’s diameter, therefore reducing clearance from the blood and 

lowering the required dosage amount and frequency.16 

One drawback to protein conjugation is the loss of activity that can occur, which 

can be circumvented by encapsulating proteins non-covalently or reversibly into polymeric 

nanogels.90-91 Two main strategies have been developed to encapsulate biomacromolecules 

inside nanogels. Proteins can either be encapsulated during nanogel formation92 or after 

nanogel formation by diffusion into the nanogel.93 The first method typically results in 

even distribution of biomolecule cargo and encapsulation efficiency can be tuned by 

controlling the extent of cross-linking. The second method allows for nanogel formation 

without the presence of the cargo, which could potentially affect physical characteristics 

of the nanogels, but diffusion limitations may result in reduced encapsulation. Shea and 

coworkers reported the synthesis of polymeric nanoparticles consisting of acrylic acid and 

N-tert-butylacrylamide copolymers for the encapsulation of lysozyme.94 They found that 

positively charged and hydrophobic lysozyme interacted favorably with their particles due 

to the charge-based interactions between enzyme and acrylic acid groups and the 

hydrophobic interactions between enzyme and their polymer. They were able to selectively 

encapsulate the protein by raising the temperature above the lower critical solution 

temperature (LCST) of the polymers comprising the nanoparticles. Cooling the solution 

below the LCST caused lysozyme to be released, restoring enzyme activity. After three 

LCST cycles, 79% of lysozyme activity was retained. Alternatively, Averick et al. prepared 

protein-nanogel hybrids via activator generated by electron transfer atom transfer radical 

polymerization (AGET ATRP) by using genetically modified green fluorescent protein 
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(GFP) functionalized with an ATRP initiator.95 They found that the protein retained its 

tertiary structure and fluorescent properties during polymerization and simultaneous 

nanogel formation, but no fluorescence was observed in the nanogels when wild type GFP, 

lacking the initiator functionality, was encapsulated non-covalently, indicating that it was 

not retained and that covalent attachment may be required for high encapsulation 

efficiency. 

Incorporating degradable characteristics into nanogels allows for selective cargo 

release in response to specific stimuli, such as pH changes or reducing conditions. 

Additionally, nano-sized materials, upon administration in vivo, are known to accumulate 

in the liver and spleen.96 Incorporating degradable units allows the nanogels to be broken 

into smaller units that can be cleared from the body more easily. Commonly utilized 

strategies to create biodegradable nanogels will be discussed below. 

1. 2. 1. Degradable Nanogel Cross-linking Strategies 

To allow for cargo release, degradable units are often incorporated into nanogels 

either in the polymer backbone97-99 or at the cross-linking site100, though the latter approach 

is more versatile since a broader range of functional groups can be incorporated without 

having to withstand polymerization and purification conditions. Additionally, physical 

properties can easily be controlled by varying the cross-linking extent and chemistry, and 

multi-stimuli responsive gels can be created by incorporating multiple orthogonal cross-

linking chemistries in the same system. Degradable nanogels can be categorized by their 

degradation mechanism, which can occur through hydrolysis, reduction, enzymatic 

cleavage, or photolysis (Table 1.3).101-102 
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Table 1.3 Examples of degradable nanogel cross-linking strategies. 
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A common degradation mechanism is through the hydrolysis of pH labile cross-

linkers due to the acidic environment of endosomes and some tumors.83 For example, the 

Fréchet group has used cross-linkers containing pH labile acetal units to create 

hydrolytically degradable nanogels for the delivery of protein-based vaccines. Inversion 

emulsion polymerizations were used to encapsulate ovalbumin for delivery to the mildly 

acidic environment of the phagosomes of antigen presenting cells, allowing for 80% release 
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within 5 hours at pH 5.0, but only 10% release at pH 7.4.103 The addition of a cationic 

cross-linker to their degradable particles increased antigen presentation even further.104-105 

They expanded their work by encapsulating plasmid DNA for vaccine development and 

demonstrated that their particles increased immunostimulatory activity and protected DNA 

against enzymatic degradation.106 Haag and coworkers have also utilized acetal cross-

linking to create biodegradable nanogels for the delivery of biomolecules.107 Benzacetal 

bonds were introduced to cross-link polyglycerol nanogels that degraded at acidic pH but 

remained stable at neutral pH. Encapsulation of lysozyme and asparaginase was reported 

to be 100% with full retention of activity. 

An alternative approach to creating pH sensitive biodegradable nanogels is the 

incorporation of hydrazone bonds, resulting from the reaction of an aldehyde or ketone 

with a hydrazine or hydrazide moiety. The Fulton group synthesized 

poly(vinylbenzaldehyde) (PVBA) polymers that were cross-linked via bis-hydrazide cross-

linkers to create single chain nanoparticles. Gel permeation chromatography (GPC) was 

utilized to characterize these nanogels and demonstrate that intramolecular cross-linking 

had occurred, as evidenced by a decrease in Mn and Mw.108  Additionally, they reported the 

formation of single chain nanoparticles from oligoethyleneglycol and p-(2-

methacryloxyethoxy)benzaldehyde polymers exhibiting LCST behavior.109-110 Hydrazone 

bonds have also been used to reversibly anchor cargo, such as doxorubicin, into nanogels 

for selective delivery to the acidic environment of certain tumor tissues.111 

Similar to hydrazones, imine bonds have also been utilized for the formation of 

degradable nanogels. The Fulton group has formed imine cross-linked nanogels by mixing 
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aldehyde- and amine-functionalized styrene and methacrylate polymers, and they found 

that the nanogels undergo structural reorganization in the presence of small molecule 

amines that disrupt the imine cross-links via trans-imination.112 Tan et al. utilized aldehyde-

functionalized PEG to cross-link urokinase via imine formation with the lysine side chains 

to create protein-polymer nanogels. They observed that their nanogels degraded within 

three hours at pH 5.0 but were stable at pH 7.4. Additionally, the encapsulated protein 

exhibited improved stability against proteinases, and protein activity could be controlled 

by changing the molecular weight of the PEG cross-linker.113 

Biodegradability can also be introduced into nanogels via redox-responsive 

disulfide bonds. Unlike hydrolytically degradable linkages, disulfides allow for more 

selective delivery, making them an attractive choice for therapeutic delivery vehicles. Since 

these cross-links degrade only in reducing environments, such as the inside of cells where 

millimolar levels of the natural reducing agent glutathione (GSH) are present, disulfides 

are often incorporated when intracellular delivery is desired.114 Additionally GSH levels 

are elevated in many types of tumors, making redox-responsive delivery vehicles useful 

for anti-cancer therapy applications.115 Matyjaszewski and coworkers have utilized ATRP 

of water-soluble monomers and a disulfide-functionalized dimethacrylate cross-linker in 

an inverse miniemulsion to synthesize nanogels with narrow molecular weight 

distributions that degrade into individual polymer chains upon addition of reducing 

agents.116 Matyjaszewski and coworkers continued their work to demonstrate 

biocompatibility of their nanogels and degradability in the presence of GSH. Additionally, 

hydroxyl-functionalized nanogels were prepared by introducing 2-hydroxyethyl acrylate 
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during nanogel formation for subsequent modification with biotin and formation of avidin-

nanogel conjugates.117  

Redox-responsive nanogels have also been developed by the Thayumanavan group 

from polymers prepared by reversible addition-fragmentation chain transfer (RAFT) 

polymerization of pyridyl disulfide ethylmethacrylate (PDSMA) and various co-

monomers, such as N-hydroxysuccinimide methacrylate118 and polyethyleneglycol 

methacrylate (PEGMA).119 To create nanogels, PDSMA-co-PEGMA, which exhibited 

LCST behavior, was cross-linked via disulfide exchange in the presence of stoichiometric 

reducing agent. UV-vis spectroscopy was utilized to monitor the cross-linking reaction by 

measuring the absorbance of the reaction byproduct, pyridinethione, over time. To 

demonstrate that the interior of the resulting nanogels is hydrophobic, the researchers chose 

to encapsulate a hydrophobic dye, Nile Red, which exhibits a higher emission intensity 

when in a hydrophobic environment. They found that upon degradation, a decrease in the 

spectral emission intensity of Nile red was detected, signifying the dye was successfully 

released from the nanogel.  Additionally, the exterior of the nanogels was functionalized 

with small molecule thiols, including a modified cell-penetrating peptide, Tat-SH. 

Confocal microscopy was utilized to show that Tat-functionalized nanogels were 

internalized by cells much more readily than the control nanogels without Tat peptide.119 

Thayumanavan and coworkers continued their work to show that these nanogels can be 

used to deliver doxorubicin to cells since the disulfide cross-links are reduced upon 

internalization, and they controlled the release rate from the nanogels by varying monomer 

ratio and cross-linking density.120-121 In collaboration with the Maynard group, they 
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synthesized protein-nanogel conjugates by conjugating the same nanogel system, PDSMA-

co-PEGMA, to thiolated bovine serum albumin.122 The nanogel conjugates were 

characterized using dynamic light scattering (DLS) and gel electrophoresis. An increase in 

size was observed when comparing nanogel conjugates unfunctionalized nanogels, 

indicating the conjugation was successful. Further, Thayumanavan and coworkers 

demonstrated that their nanogels can be used to encapsulate and deliver caspase 3 with 

retention of activity.123 

Nanogels with sensitivity to multiple stimuli have been developed to increase target 

specificity and control.  For example, nanogels containing both disulfide and hydrazone 

cross-links have been developed for combined redox and pH responsiveness.124 

Polyacrylamide polymers containing benzaldehyde and pyridyl disulfide side chains were 

cross-linked with polymers containing pyridyl disulfide and amine side chains. Through 

the addition of reducing agent, disulfide exchanged occurred, whereas at pH 8 imine 

formation occurred. It was shown that both acidic and reducing environments are required 

for cargo release due to the high cross-linking density between both functionalities. The 

Boyer and Davis groups reported the synthesis of nanogels cross-linked with pH sensitive 

ketal groups to encapsulate small molecule cargo via redox-responsive disulfide 

linkages.125 Hydrolysis of the ketal cross-linker was observed within 24 hours at pH 5. To 

test the dual stimuli responsiveness, both Nile Red and FITC dyes were loaded into the 

nanogels via disulfide bond formation. Addition of dithiothreitol (DTT) did not result in 

Nile Red release due to the hydrophobic nature of the dye. FITC, which is more hydrophilic 

and therefore can be released into aqueous environments more easily, did release under the 
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same conditions, indicating that the disulfide bonds had been cleaved while the nanogel 

remained intact. 

Photodegradable nanogels have been developed in order to allow for user-

controlled degradation in a spatiotemporally defined manner. The ortho-nitrobenzyl group 

is commonly used for biomedical applications because of its cytocompatibility, lack of 

cross-reactivity with biomolecules both before and after degradation, and absorbance at 

longer wavelengths.126 A methoxy-nitrobenzyl ether derivative has been utilized as a cross-

linker to synthesize photodegradable nanogels for on-demand release of proteins.127 The 

cross-linker was copolymerized with hydroxyethyl acrylate in the presence of alkaline 

phosphatase to create protein-laden nanogels with 50% loading efficiency. A size increase 

from 50 to 200 nm was observed upon encapsulation, and enzyme activity of the 

encapsulated protein was regained after degradation of the nanogels by exposure to UV 

light. O-nitrobenzyl groups have also been utilized to cross-link poly(2-

hydroxyethylmethacrylate-co-methacrylic acid) into nanogels with pH-dependent swelling 

behavior.128 This behavior was used to encapsulate positively charged myoglobin using 

electrostatic interactions with the negatively charged methacrylic acid groups. Irradiation 

of the gels with UV light triggered rapid release of the cargo within minutes whereas 

release from the swollen gels at neutral pH took over 24 hours. 

In order to install selective degradability, enzyme sensitive nanogels have been 

developed by incorporating peptides or polysaccharides as cross-linking agents. Landfester 

and coworkers reported nanogels formed from poly(styrene-co-acrylic acid) cross-linked 

with a trypsin and pepsin cleavable peptide, Gly-Phe-Phe.129 They utilized fluorescence 
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resonance energy transfer (FRET) to monitor enzymatic degradation of the gels and found 

that the majority of the particles were cleaved within one hour. This work was expanded 

using polystyrene-peptide triblock polymers to form nanoparticles sensitive to trypsin and 

pepsin for potential anti-cancer drug delivery applications since these enzymes are 

overexpressed in early stages of prostate cancer.130 Other examples of enzymatically 

degradable nanogels include dextran methacrylate based nanogels degraded by 

dextranases131 and phosphoester based nanogels degraded by phosphatases.132-133 

1. 3. Summary 

The properties and functions of biomaterials can be tuned for various applications 

by selecting appropriate cross-linking strategies. To this end, the dissertation will describe 

various approaches to create reversibly cross-linked biomaterials. In Chapter 2, the 

combination of hydrazone and oxime cross-links to form selectively degradable hydrogels 

will be discussed. In Chapters 3 and 4, redox-responsive cross-links utilized to create 

nanogels for protein encapsulation, stabilization, and release are described. Additionally, 

Chapter 5 will cover the design and synthesis of dual-enzyme responsive peptides that can 

be used as degradable cross-linkers or conjugation handles. Overall, selective degradability 

was incorporated into biomaterials through the use of reversible cross-links, and the 

potential to use these materials for cell and therapeutics delivery was successfully 

demonstrated. 
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2. 1.  Introduction 

Hydrogels are a common scaffold for tissue engineering due to their 

biocompatibility and tunable mechanical properties.1,2 Scaffolds are commonly prepared 

from synthetic materials as they allow for more precise control over gel properties and 

circumvent the problems associated with natural materials such as immune response and 

batch-to-batch variability.3 Many types of hydrogels have been designed to mimic the 

extracellular matrix (ECM), which provides a complex environment for cells.4-8 The ECM 

contains various biofactors that serve as cellular cues and is comprised of glycans and 

fibrous proteins that provide dynamic structural support.9,10 Controlling gel stiffness, 

elasticity and degradability are therefore important factors in designing synthetic dynamic 

scaffolds. Cell spreading and mobility, as observed in the ECM, can be achieved in 

synthetic scaffolds by incorporating integrin-binding peptide sequences, such as RGD, and 

incorporating hydrolytically degradable cross-links into the hydrogel.3,11 Many current 

hydrogel systems provide cells with a rigid environment that may not allow for cell 

migration and proper interaction with cellular and biophysical cues.12 By introducing 

reversible cross-links that allow for self-healing and selective degradation, synthetic 

hydrogels can become more dynamic in order to more closely resemble the complex 

structure of the ECM.  

Click chemistry is one of the most widely used methods to easily and rapidly form 

hydrogels. While numerous click chemistries have been applied to hydrogel formation such 

as Michael addition, focusing on biocompatible reactions that occur readily at 

physiological conditions eliminates risks such as cell toxicity and undesirable side 
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products.13-15 Oxime and hydrazone formation are two examples of reversible, 

biocompatible click reactions. Both reactions are ideal for tissue engineering applications 

since they occur readily at physiological pH and produce water as the only byproduct.  

It has been shown by our group and others that oxime bonds form stable, 

biocompatible hydrogels in vitro.16,17 We have previously demonstrated that oxime 

chemistry can be successfully employed to create stable, bioactive hydrogels using 8-arm 

aminooxy poly(ethylene glycol) (PEG) and glutaraldehyde. Oxime bond formation was pH 

dependent, which therefore allowed for control of the time to hydrogel formation by 

adjusting pH. While oximes are reported to degrade via hydrolysis at decreased pH values, 

this degradation does not occur readily at pH values compatible with cell culture. 

Degradability could be incorporated through the use of enzyme-sensitive peptide cross-

linkers or polymers, although this can add synthetic complexities, or through the 

introduction of less stable imine cross-links, such as hydrazone bonds.18,19 Imine cross-

linked hydrogels are known to exhibit stimuli-responsive and self-healing properties due 

to bond reversibility,20,21 which make them ideal systems for  a number of potential clinical 

applications, such as drug delivery and tissue engineering.22-25  

Anseth and coworkers recently reported rapid formation of PEG-based hydrogels 

via hydrazone bonds for cell culture.12,26,27 Hydrazone chemistry has also been applied to 

other hydrogel systems, such as poly(N-isopropylacrylamide) hydrogels. Patenaude and 

coworkers determined that hydrazone cross-links were the weakest points in these gels, 

indicating that this is where degradation would occur most readily.28-30 The reversibility of 
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hydrazone bonds in hydrogels has also been probed by Deng and coworkers, who 

functionalized poly(ethylene oxide) with a hydrazide group to form hydrazone hydrogels. 

They observed that gelation can be reversed below pH 4.31 In different systems, it has been 

reported that cells are able to degrade, and even prevent formation of hydrazone-linked 

hyaluronic acid and alginate-based hydrogels.32  

 

 

Figure 2.1. Hydrogels can be formed through the incorporation of two types of imine 

cross-links: hydrazones and oximes. 

 
Oxime and hydrazone bonds form from the reaction between carbonyl groups and 

an aminooxy or hydrazide group, respectively,33,34 and we hypothesized that the mutual 

reactivity towards carbonyl groups allows these reactions to be used concomitantly to tune 

degradability in hydrogels.   In this paper, we describe a PEG-based hydrogel system that 

combines oxime and hydrazone chemistries to form hydrogels with tunable degradability 

and mechanical properties (Figure 2.1). PEG was strategically used as the polymer scaffold 

due to its biocompatibility and ease of functionalization.35 PEG was functionalized to 

contain two different hydrazide groups, adipohydrazide and carbodihydrazide, capable of 
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reacting with aldehyde-functionalized PEG in order to generate hydrazone hydrogels with 

different degradation rates. Because of the potential of hydrazone bonds to reverse, we 

chose to use an aldehyde functionalized PEG instead of glutaraldehyde, which is known to 

be cytotoxic at low millimolar concentrations.36 In addition, PEG was modified with an 

aminooxy group to incorporate oxime chemistry into the hydrogel to further control gel 

degradation rates for in vitro applications.  

2. 2.  Results and Discussion 

Both the aldehyde and amine containing components necessary for imine hydrogel 

formation were prepared from 8-arm PEG (MW 20,000 Da).  Two different hydrazide 

polymers were synthesized via EDC-coupling of 8-arm PEG-COOH with either 

adipohydrazide and carbodihydrazide.29 These reactions yielded PEG-adipohydrazide 

(PEG-ADH) and PEG-carbodihydrazide (PEG-CDH) with 99% and 80% end group 

conversion, respectively (Figures 2.9-2.10).  The 8-arm PEG-aldehyde (PEG-CHO), was 

made via a Williamson ether synthesis using 8-arm PEG-OH and 2-bromo-1,1-

diethoxyethane to yield a protected aldehyde with average end group conversion of 90% 

in 50% yield (Figure 2.11). The acetal was cleaved by stirring the polymer solution in pH 

2 phosphate buffer at 60°C for 18 hours in 60% yield with 85% end group conversion 

(Figure 2.12).37 The stability of PEG-acetal allowed for prolonged storage of the polymer 

prior deprotection to PEG-aldehyde.  Several direct oxidations were attempted as 

alternative synthesis routes, including PCC and Moffatt oxidation. These approaches 

resulted in low conversion rates and resulting aldehydes were more difficult to store. 
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Aminooxy-functionalized PEG (PEG-AO) was prepared via a Mitsunobu reaction with N-

hydroxyphthalimide, followed by reaction with hydrazine to yield PEG-AO with 94% end-

group conversion in 58% overall isolated yield (Figures 2.13- 2.14).16  

 

Figure 2.2. PEG-CHO can react with PEG-ADH and PEG-CDH to form degradable 

hydrogels via reversible hydrazone cross-links and can also react with PEG-AO to form 

non-reversible oxime bonds to stabilize the hydrazone gels. 

 

We planned to form hydrogels by mixing equal parts hydrazide and/or aminooxy-

functionalized PEG in phosphate buffer to form a hydrogel with hydrazone and/or oxime 

cross-links (Figure 2.2). Because we had previously explored hydrogels formed by oxime 

chemistry,16 initial experiments focused on the hydrazide only gels.  Hydrogels consisting 

of PEG-ADH and PEG-CHO components (1:1 ratio) were studied to determine the optimal 

pH and wt.%. We carried out hydrazone gel formation experiments at increasing pH levels 
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to determine effects on gelation time. Gel components (5.0 wt.% PEG-ADH and PEG-

CHO) were mixed together in phosphate buffer ranging from pH 5-7, and it was observed 

that all gels formed within five minutes. Since oxime formation slows down significantly 

around pH 7.0,16 we chose to continue our experiments with phosphate buffer pH 5.5 to 

allow for efficient oxime and hydrazone bond formation.38 We tested several different 

polymer concentrations and chose 3.5 wt.% and 5 wt.% PEG, which had optimal gelation 

rates and physical properties. At these concentrations, gels formed within 60 seconds at pH 

5.5, which allowed for easy pipetting of gel solutions. Rheological characterization of 

PEG-ADH gels revealed that decreasing the total polymer concentration or changing the 

ratio of hydrazide to aldehyde groups lowers the storage modulus (Figure 2.16). 

To confirm that the hydrogels formed through hydrazone bonds and not as a result 

of electrostatic interactions, we performed a model study to analyze bond formation by 

NMR. Adipohydrazide and propionaldehyde were mixed in water, and the resulting 

product was analyzed by 1H and 13C NMR to monitor hydrazone bond formation (Figure 

2.17). Propionaldehyde, which has the same structure as the end group of PEG-CHO, can 

react with adipohydrazide without cross-linking, allowing for straightforward monitoring 

of bond formation. The appearance of the hydrazone peaks between 7.43-7.28 ppm (1H 

NMR) and 151.4-148.1 ppm (13C NMR) indicated hydrazone bond formation. The 

mechanism is expected to be the same for the PEG-based hydrogel system. 

An advantage of utilizing hydrazone chemistry is that the bonds are reversible and 

can break, then re-form again.39 To test this in our system, two different hydrogels 

containing different colored dyes were first physically cut in half, and the halves of the two 
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gels were swapped and placed together. Within ten minutes the dangling hydrazide and 

aldehyde groups reacted to re-form a single, uniform gel (Figure 2.3). After the gel re-

formed, the blue dye took on a green color, indicating the two dyes were able to come into 

contact and mix throughout the gel, further indicating the two gel halves re-formed into 

one gel. A higher concentration of yellow dye than blue dye was added to the initial gel 

solutions in order to create a vivid color, which most likely accounts for the observed color 

change from blue to a teal in the re-healed gels. Since hydrazone bonds are the weakest 

link in the gel, it is expected that these bonds are broken most easily upon physical cutting, 

and this provides evidence that the bonds can re-form.39 It should be noted that gels 

containing oxime bonds did not show the same re-healing, likely because these bonds are 

not readily reversible.  

 

Figure 2.3. 5.0 wt.% PEG hydrazone hydrogels (40 µL, approximately 1 cm in diameter 

and 1 mm in height) dyed with food coloring shown during self-healing. PEG-ADH 

hydrogels formed within one minute (A) and were cut in half (B). The opposite halve were 

placed next to each other (C), and after ten minutes, bonds re-formed (D). After fifteen 

minutes, the two pieces formed one complete gel that can readily be handled (E).  
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  Next, hydrogel swelling in various conditions (e.g. buffer, culture medium) was 

investigated to analyze the differences between PEG-ADH and PEG-CDH gels (Figure 

2.4). Both PEG-ADH and PEG-CDH containing gels were stable up to at least six days in 

pH 5.5 phosphate buffer, indicating that both hydrogels had reached equilibrium and did 

not swell further in aqueous conditions. In DMEM lacking fetal bovine serum (DMEM (-) 

FBS), PEG-ADH gels exhibited a significant increase in swelling and fully degraded after 

five days. However, in DMEM with 10% FBS, PEG-ADH based gels swelled rapidly over 

two days before dissolving completely (Figure 2.4A). Enzymes present in fetal bovine 

serum or amines from proteins or peptides could be responsible for the degradation 

observed for PEG-ADH gels. PEG-CDH based gels, on the other hand, remained intact 

and exhibited minimal swelling whether in buffer, DMEM (-) FBS, or (+) FBS, indicative 

of greater bond stability (Figure 2.4). This is expected since it has been shown that 

changing the structure of the dihydrazide group used as a cross-linker can affect hydrazone 

bond stability by increasing resonance stabilization by shortening the carbon chain between 

hydrazide groups.40  
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Figure 2.4. Swelling of 5.0 wt.% PEG-ADH (A) and 5.0 wt.% PEG-CDH (B) based 

hydrogels. 40 µL gels were placed in respective solutions, and PEG-ADH gels degraded 

after five days in DMEM (-) FBS and after two days in DMEM (+) FBS. PEG-CDH gels 

retained constant masses throughout the experiment for all conditions, including cell 

conditioned DMEM.  

 

 To further analyze the difference in time of degradation of our PEG-ADH and PEG-

CDH hydrogels, an NMR study was designed to determine the extent to which the two 

different hydrazone bonds can be reversed in the presence of a nucleophile (Figure 2.5). 

CDH and ADH hydrazones were formed by reacting each hydrazide group with one 

equivalent of propionaldehyde. Hydroxylamine was chosen as the nucleophile in this case 

to match our mixed hydrazone/oxime gel system. After the addition of hydroxylamine to 

CDH hydrazone, approximately 60% of hydrazone bonds were replaced by oxime bonds 

after 30 minutes (Figure 2.5A), which can be seen by the appearance of two new imine 
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peaks at 7.37 and 6.70 ppm corresponding to propionaldehyde oxime (E and Z),41 and a 

decrease in peak height corresponding to the hydrazone proton. In comparison, 90% of 

hydrazone bonds were replaced upon the addition of hydroxylamine to ADH hydrazone 

(Figure 2.5B) after 30 minutes. In this case, the hydrazone protons at 7.42 and 7.28 ppm 

are replaced almost entirely by oxime protons at 7.35 and 6.69 ppm. The same ratios of 

hydrazone to oxime remained constant up to at least 12 hours for both CDH and ADH 

compounds, suggesting equilibrium is reached. CDH hydrazone was displaced to a lesser 

extent by hydroxylamine than ADH hydrazone, further indicating that CDH hydrazone 

bonds are more stable than ADH hydrazones and can help explain why PEG-ADH gels 

may have degraded in the presence of DMEM, due to amines or other nucleophilic 

compounds, whereas PEG-CDH gels remained stable. 

 

Figure 2.5. 1H NMR of CDH hydrazone (A) after adding one equivalent of hydroxylamine 

per hydrazone bond (B), and 1H NMR of ADH hydrazone (C) after adding one equivalent 

hydroxylamine per hydrazone bond (D). 

 

A C 

B D 
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Next, the stability of the gels was tested in the presence of mouse mesenchymal 

stem cells (mMSCs).  To anchor cells inside the gel, a commonly used integrin-binding 

peptide sequence, arginine-glycine-aspartic acid (RGD), was synthesized using standard 

fmoc solid phase synthesis (Figure 2.18).42-44 We chose to incorporate a synthetic peptide 

instead of a natural material, such as collagen, to retain a simple and fully synthetic system. 

A hydroxylamine, (Boc-aminooxy) acetic acid, was incorporated into the peptide sequence 

(AO-RGD) at the N-terminus to allow for coupling to PEG-CHO via stable oxime bonds. 

Covalent attachment of the peptide to PEG-CHO was assessed using rheology to analyze 

the difference in storage modulus of PEG-CDH gels containing 0, 0.1, or 1 mM AO-RGD 

(Figure 2.6), which are well within the RGD concentration range (25 µM – 3.5 mM) 

reported to support cell spreading in PEG-based hydrogels.45-48 For gels containing 1.0 mM 

RGD, the ratio of aldehyde functional groups to AO-RGD is 9.96:1. Indeed, it was 

observed that gels prepared with AO-RGD exhibited lower storage moduli than gels 

containing no RGD, indicating cross-linking sites of PEG-CHO were taken up by the 

peptide. We chose to continue with gels containing no more than 1 mM RGD to ensure 

PEG-CHO would retain enough free aldehyde groups to cross-link after reacting with the 

peptide and that the resulting hydrogels would be stiff enough to handle.  To ensure oxime 

bond formation between AO-RGD (0.5 mM) and PEG-CHO, the peptide and polymer were 

incubated at 37 °C for 3 hours prior to use in cell encapsulation studies. Gels (5 µL total 

volume) were prepared by mixing PEG components and cells together in sterile pH 5.5 

phosphate buffer. The resulting gels were then placed in 100 µL media in a 96-well plate 

and incubated at 37 °C. The wells were inspected via light microscope daily. Upon 
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degradation, gels were no longer observed in the wells and previously encapsulated cells 

were found spread on the bottom of the well. PEG-ADH gels were observed to degrade 

more rapidly than without cells, within 24 hours, whether 3,500 or 5,000 cells/µL initial 

cells were added. Interestingly, PEG-CDH gels, which were stable in DMEM in the 

absence of cells, degraded between 4-5 days at 5,000 cells/µL density, which led us to 

hypothesize that cells may play a role in the degradation process (Figure 2.20A-B). 

To further understand the degradation mechanism, PEG-CDH gels were incubated 

in cell (mMSC) conditioned DMEM without cells; in this case, the gels were completely 

stable up to at least 6 days (Figure 2.4B). We believe there are several possible explanations 

for the observed increased degradation rate in the presence of cells, including that the cells 

mechanically break the hydrazone bonds or that the mesh size of the gels is altered in the 

presence of the cells, allowing for more rapid hydrolysis.  Because cell-secreted enzyme 

concentrations are much lower in solution than at the cell-substrate interface,49 we cannot 

entirely rule out that secreted proteins or other molecules do not cause degradation from 

this experiment, especially since it has been reported that enzymes released from the cells 

can affect hydrazone bond stability.50 
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Figure 2.6. Rheological characterization of hydrazone and oxime hydrogels. Storage 

modulus can be controlled by changing total polymer concentration and amounts of 

hydrazone and oxime cross-links. Data is displayed as the average and standard deviation 

of three independent hydrogels for each condition.  

 

In order to tune the degradation rate of our hydrazone gels further, we incorporated 

oxime chemistry since these bonds do not reverse even when cells are present.16 Because 

PEG-ADH gels degraded so quickly, the rest of the experiments were conducted with the 

more stable PEG-CDH partner only.  Gel solutions containing 3:1:4, 2:2:4, and 1:3:4 parts 

PEG-CDH: PEG-AO: PEG-CHO were mixed and rapidly formed 3.5 wt.% overall PEG 

hydrogels. When the same solutions were mixed without PEG-CDH (so the gel solutions 

contained 1:4, 2:4 and 3:4 parts PEG-AO: PEG-CHO) only the 3:4 gel solution resulted in 

a gel. This indicates that PEG-CDH is participating in cross-linking in the mixed gels. 

Rheology was used to assess the stiffness of the mixed gels at 3.5 wt.% and 5 wt.% PEG 

gels (Figure 2.6). For each condition, the combined amount of PEG-AO and PEG-CDH 
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was equal to the total amount of PEG-CHO, and gels containing only hydrazone bonds, 

only oxime bonds, or a 1:1 mixture of hydrazone and oxime bonds were formed. All 5 

wt.% PEG gels exhibited higher storage moduli than the 3.5 wt.% gels, corresponding to 

the increase in number of cross-links with increasing polymer concentration.  

To explore the stabilizing effects of increasing amounts of oxime cross-links in the 

presence of cells, gels containing 100:0, 75:25, 50:50 and 0:100 hydrazone: oxime bonds 

were prepared, placed in wells containing media, and examined under a light microscope 

daily (Figure 2.20). While we had observed that 100:0 hydrazone: oxime gels degrade fully 

within 5 days, leaving cells at the bottom of the well, 75:25 hydrazone: oxime gels 

remained intact at day 6 although a change in gel structure is apparent (Figure 2.20D). The 

gel edges were no longer as defined as they were on day 1, and cells are starting to be 

released from the gel, allowing them to spread on the well surface (Figure 2.20C-D). Gels 

containing 50:50 and 0:100 hydrazone: oxime bonds did not show any degradation and 

cells remained encapsulated (Figure 2.20E-H). 

To study the viability and spreading of cells in the presence of cells, mMSCs were 

encapsulated in gels containing PEG-CDH and PEG-AO at various ratios. Hydrogels for 

cell encapsulation studies were formed by adding mMSCs (in DMEM (+) FBS) to the PEG-

CHO/AO-RGD (0.1 mM RGD) solution before the addition of PEG-CDH and/or PEG-AO 

to result in 3.5 and 5 wt.% PEG gels. Live/dead staining of encapsulated cells at days 1 and 

7 showed high viability (> 90%) of cells in all gel conditions, indicating that the imine 

hydrogels at all ratios are biocompatible with cells (Figure 2.7).  Cytotoxicity studies of 

individual PEG components were also carried out to ensure the polymers are not damaging 
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to the cells upon gel degradation (Figure 2.15). All polymers (PEG-AO, PEG-CHO, PEG-

CDH, and PEG-ADH) were non-cytotoxic to mMSCs up to at least 10 mg/mL, which 

corresponds to twice the amount of each PEG used per gel in the cell studies.  

 

Figure 2.7. Live/dead staining of encapsulated mMSCs. 100:0 hydrazone: oxime gels 

showed good viability at day 1 (A) but degraded before imaging at day 7. 75:25 hydrazone: 

oxime gels at day 1 (C) and day 7 (D); 50:50 gels at day 1 (E) and day 7 (F); 25:75 gels at 



	

	

51 

day 1 (G) and day 7 (H); 0:100 gels at day 1 (I) and day 7 (J). Scale bar = 100 µm.  Cell 

viability of all gel conditions at day 1 and day 7 (B) represented as % live cells per gel (y 

axis). 

 
Further, the morphology of encapsulated cells in the presence of AO-RGD was 

investigated. Gels containing 0.1 mM AO-RGD were stained using DAPI/Phalloidin for f-

actin after fixing with paraformaldehyde at day 5 (Figure 2.24). mMSCs exhibited rounded 

morphologies at all hydrazone: oxime ratios, although 100:0 hydrazone: oxime gels were 

not imaged due to degradation (Figure 2.8A-C). The experiment was repeated using human 

dermal fibroblasts (HDFs), and again, cells were round with little spreading (Figure 2.24 

D-F). In order to image 100:0 hydrazone: oxime gels before degradation, the experiment 

was repeated and gels were fixed and stained at day 2 (Figure 2.8). This time, AO-RGD 

concentration was increased to 0.5 mM to determine if increasing RGD affects cell 

spreading in our gel system. Gels containing 1 mM RGD were also examined (Figure 2.25). 

Cells maintained similar, rounded morphologies for all tested RGD concentrations. This 

finding is in contrast to a similar hydrazone cross-linked PEG hydrogel system, but the use 

of 4-arm PEG instead of 8-arm PEG and hydrazine instead of hydrazide end groups 

introduce several differences that make cell morphologies in the two systems difficult to 

compare.27  
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Figure 2.8. DAPI/Phalloidin staining for cell spreading at day 2. mMSCs were 

encapsulated in 5 wt.% 100:0 hydrazone: oxime (A), 75:25 hydrazone: oxime (B), 50:50 

hydrazone: oxime (C), and 0:100 hydrazone: oxime (D) gels containing 0.5 mM AO-RGD. 

Scale bars = 50 µm for both 10x and 40x magnification. 

 
 With the versatility and tunable design of our imine hydrogels it can be envisioned 

that the amine component or aldehyde component could be additionally altered to further 

change the time to degradation in these types of gels.  For example, glyoxylamide type 

carbonyl moieties should degrade more quickly than aldehyde and various hydrazones 

could be utilized.  These gels could then be used in situations where cells or other agents 

need to be selectively released or, because of the self-healing properties, a mixture of both. 

In addition, this system could be potentially used not only to encapsulate and deliver cells, 

but could be used to deliver growth factors or other therapeutic agents. This could be 

accomplished through simple encapsulation inside the gel or by covalent attachment to the 
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cross-linked PEG network. Due to the possibility of incorporating such biological 

compounds and the wide range in stiffness of the hydrogels from 1000-3500 Pa, our current 

system could potentially be used for vascular or endothelial engineering applications.51 

Since we have shown that increasing the amount of PEG per gel significantly increases gel 

stiffness, our gel system could be tuned to match the conditions of a wide variety of stiffer 

tissues, such as muscle, while retaining the ability to tune degradability of the system as 

needed. 

2. 3.  Conclusions 

In this report, a PEG-based imine hydrogel platform that combines the 

biocompatibility and stability of oxime bonds with the reversibility of hydrazone bonds to 

create hydrogels with tunable degradation is reported. The ease with which PEG can be 

functionalized allows for further modification of these gels through modification of 

hydrazide groups and incorporation of hydroxylamine groups. It was demonstrated that by 

combining oxime and hydrazone chemistries, the stability of hydrogels could be tuned from 

less than 24 hours to greater than 7 days. High cell viability in the presence of a covalently 

bound RGD peptide was observed. The ability to tune the mechanical properties and 

degradation of these hydrogels as well as to encapsulate cells will allow for this system to 

be used for research and clinical applications, such as for cell delivery and tissue 

engineering.  

 

2. 4.  Experimental 
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2. 4. 1 Materials and Analytical Techniques 

8-arm PEG-OH and 8-arm PEG-COOH were purchased from JenKem Technologies. All 

other chemicals were purchased from Sigma Aldrich. 1H NMR and 13C NMR spectroscopy 

were performed on an Avance DRX 400 MHz or 500 MHz instrument. ESI mass spectra 

were obtained using a Waters Acquity Premier XE LC-MS. 

2. 4. 2 Methods 

Synthesis of PEG-Adipohydrazide 

8-arm PEG-COOH (400 mg, 0.02 mmol) was dissolved in a minimal amount of pH 5.5 

phosphate buffer in a one-neck round bottom flask. Adipohydrazide (1045 mg, 6 mmol) 

was separately dissolved in a minimal amount of pH 5.5 phosphate buffer before it was 

added to the PEG-COOH solution. While stirring, EDC (621 mg, 4 mmol) was added to 

the reaction before adjusting the pH to 4.75 using aqueous HCl. The reaction was stirred 

18 hours before neutralizing with aqueous NaOH and dialyzing against water/MeOH for 

three days. Lyophilization yielded the final, pure PEG-hydrazide product as a white powder 

(371 mg, 93% yield, 99% conversion). 1H NMR (400 MHz, D2O) δ 4.16-4.11 (s, 2H, 

OCH2CO), 3.88-3.79 (m, 227H, PEG protons), 2.39-2.21 (t, 4H, NHCOCH2CH2), 1.63-

1.49 (t, 4H, COCH2CH2CH2) ppm. 
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Figure 2.9. 1H NMR spectrum of PEG-adipohydrazide in D2O. 

 
Synthesis of PEG-Carbohydrazide 

8-arm PEG-COOH (200 mg, 0.01 mmol) was dissolved in pH 5.5 phosphate buffer (10-15 

mL) in a one-neck round bottom flask. Carbohydrazide (270 mg, 3 mmol) was separately 

dissolved in a minimal amount of pH 5.5 phosphate buffer before it was added to the PEG-

COOH solution. While stirring, EDC (310 mg, 2 mmol) was added to the reaction before 

adjusting the pH to 4.75 using aqueous HCl. The reaction was stirred 18 hours before 

neutralizing with aqueous NaOH and dialyzing against water/MeOH for three days. 

Lyophilization yielded the final, pure PEG-hydrazide product as a white powder (188 mg, 
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94% yield, 80% conversion). 1H NMR (400 MHz, D2O) δ 4.16-4.11 (s, 2H, OCH2CO), 

3.80-3.77 (m, 227H, PEG protons) ppm. 

 

Figure 2.10. 1H NMR spectrum of PEG-CDH taken in D2O. 

 

Synthesis of PEG-Acetal  

8-arm poly(ethylene glycol) (PEG-OH) (5000 mg, 0.25 mmol) was dissolved in toluene 

(25 mL) in a two-neck round bottom flask equipped with a Dean Stark trap. After refluxing 

for twelve hours, the reaction was cooled to 24 °C and NaOH (6733 mg, 120 mmol) and 

2-bromo-1,1-diethoxyethane (4600 µL, 30 mmol) were added under argon. The reaction 
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was refluxed under argon at 130 °C for 48 hours before neutralizing with concentrated HCl. 

The product was extracted with methylene chloride followed by precipitation into diethyl 

ether to yield PEG-acetal as a white solid (2010 mg, 41% yield, 96% conversion). 1HNMR 

(400 MHz, CDCl3) δ 4.14-4.12 (t, 1H, CH2CHO2), 3.83-3.76 (q, 4H, OCH2CH3), 3.75-

3.43 (m, 227H, PEG protons), 1.39-1.18 (t, 6H, CH2CH3) ppm. 

 

Figure 2.11. 1H NMR spectrum of PEG-acetal in CDCl3. 

 

Synthesis of PEG-Aldehyde 

Previously synthesized PEG-acetal (122 mg, 0.006 mmol) was dissolved in pH 2 phosphate 

buffer in a one-neck round bottom flask and stirred at 50 °C for five hours. The polymer 
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was extracted with methylene chloride after neutralizing with 15% NaHCO3. Precipitation 

into ether yielded the desired PEG-aldehyde as a white solid (38.2 mg, 33% yield, 85% 

conversion). 1H NMR (400 MHz, CDCl3) δ 9.76-9.72 (s, 1H, CHO), 4.31-4.22 (s, 2H, 

CH2CHO)3.75-3.61 (m, 227H, PEG protons) ppm. 

 

Figure 2.12. 1H NMR spectrum of PEG-aldehyde in CDCl3. 

 

Synthesis of PEG-Hydroxyphthalimide 

8-arm PEG-OH (500 mg, 0.025 mmol) was dissolved in anhydrous dichloromethane (10 

mL) in a two-neck round bottom flask under argon. N-hydroxyphthalimide (65.25 mg, 0.40 

mmol) and triphenylphosphine (104.92 mg, 0.40 mmol) were added to the solution. The 
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reaction was cooled to 0 °C before adding diisopropyl azodicarboxylate (70.88 µL, 0.36 

mmol) dropwise. The reaction was warmed to 23 °C and stirred for 18 hours under argon. 

The resulting PEG-hydroxyphthalimide was purified by precipitating in ether three times 

to yield the desired product as a white-yellow solid (276 mg, 55% yield, 94% conversion). 

1H NMR (500 MHz, CDCl3) δ 7.82-7.80 (m, 2H, aromatic Hs, CCHCH), 7.74 (m, 2H, 

aromatic Hs, CCHCH), 4.37-4.34 (t, 2H, OCH2CH2ON) 3.86-3.34 (m, 227H, PEG 

protons) ppm. 

 

Figure 2.13. 1H NMR spectrum of PEG-hydroxyphthalimide in CDCl3. 

 

Synthesis of PEG-Aminooxy 
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PEG-hydroxyphthalimide (276 mg, 0.014 mmol) was dissolved in dichloromethane (1 mL) 

to which hydrazine hydrate (31.4 µL, 0.52 mmol) was added. The reaction was allowed to 

stir at 23 °C for three hours. The reaction was filtered through glass wool to remove the 

white precipitate that formed. The organic solvent was removed under vacuum to yield the 

desired product as a white solid (265 mg, 96% yield, 94% conversion). 1HNMR (500 MHz, 

CDCl3) δ 3.90-3.43 (m, 227H, PEG protons) ppm. 

 

Figure 2.14. 1H NMR spectrum of PEG-aminooxy in CDCl3.  

 
Hydrogel Formation 
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Equal parts PEG-CHO and PEG-hydrazide/PEG-AO were combined in phosphate buffer 

for a total polymer concentration of 3.5 or 5.0 wt.%. The polymer solution was vortexed 

before being pipetted onto a hydrophobic glass slide with 1 mm spacers and sandwiched 

using a second hydrophobic glass slide. Hydrophobic glass slides were prepared by coating 

glass slides with a silanization reagent for glass (Sigmacote®) by dipping clean glass slides 

into the reagent solution for 5-10 minutes. Glass slides were then heated in an oven for 24 

hours to allow hydrophobic coating to set before rinsing slides with water.   

Rheological Characterization 

40 µL gels containing ratios of PEG-CDH/PEG-ADH, PEG-AO and PEG-CHO were made 

by adding pH 5.5 phosphate buffer and 20 wt.% PEG-CDH/PEG-ADH/PEG-AO solutions 

and mixing thoroughly. Then 20 wt.% PEG-CHO was added and the solution was mixed 

for ten seconds. Gel solutions were sandwiched between two hydrophobic glass slides 

separated by 1 mm spacers. The newly formed gels were added to buffer or media 10 

minutes after gelation. Gels were swollen for 18 hours and liquid was refreshed once before 

taking measurements. Each gel condition was made and tested in triplicate. The gels were 

measured on a plate-to-plate Anton Paar rheometer (Physica MCR 301, Anton Paar, 

Ashland, VA) using an 8 mm plate with an angular frequency range of 0.1 to 10 s-1 under 

a constant strain of 1% at 37°C. 

Swelling Studies 

Gels were swollen in water for three days before measuring the mass of the swollen 

hydrogels (ms). The water was refreshed four times before the measurements were taken. 
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The gels were lyophilized to remove water and weighed again to determine the dry mass 

(md). Gels were made in triplicate for each condition. The degree of swelling was 

calculated using 𝑞 = 1 +	𝜌'(
)*

)+×-*
− /

-*
) where 𝜌'  is the density of the polymer solution 

(1.04 g/mL) and 𝜌1 is the density of the solution, in this case water (1.00 g/mL).  

Degradation Studies 

5 wt.% gels were swollen in phosphate buffer (pH 5.6) or Dulbecco’s modified eagle’s 

medium (DMEM) with or without fetal bovine serum (FBS) or mMSC conditioned 

DMEM. Buffer and medium were replaced daily during the course of the experiments. 

Gels were weighed daily over the course of six days. Gels for each condition were prepared 

in triplicate. Gels containing PEG-ADH degraded in complete DMEM before the six days 

were over and could therefore not be measured for the full extent of the experiment.  

mMSC Encapsulation 

AO-RGD (0.1, 0.5 or 1 mM final concentration) and PEG-CHO were dissolved in 

phosphate buffer. The two solutions were mixed together at the calculated ratios and 

allowed to react at 37 °C for 3 hours prior to setting up cell experiments. mMSCs in 

complete DMEM (3,500 or 5,000 cells/µL final concentration) were added to the AO-

RGD/PEG-CHO solution and vortexed gently. The final components of the gel solution (5 

total wt.% PEG-CDH and/or PEG-AO) were added to the AO-RGD/PEG-CHO/cell 

solution. 5 µL gels were pipetted onto a hydrophobic glass slide with 1 mm spacers and 

sandwiched using a second hydrophobic slide. The gels were incubated at 37 °C for 15 

minutes to allow for gelation. The gels were then added into the wells of a 96-well plate 

containing 200 µL complete DMEM.  
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Cell Viability and Spreading 

mMSC viability was studied with a LIVE/DEAD® viability/cytotoxicity kit (Molecular 

Probes, Eugene, OR). Briefly, 1 µL of ethidium homodimer-1 and 0.25 µL of calcein AM 

from the kit were diluted with 500 µL DMEM to make the staining solution. Each gel was 

stained with 150 µL of staining solution for 30 min at 37 °C in the dark before imaging. To 

better analyze cell spreading, gels were fixed for 5 min at RT using 4% PFA, rinsed with 

PBS, treated with 0.1% triton-X for 10 min and stained for 90 min in the dark with DAPI 

for cell nuclei (1:500 dilution from 5 mg/mL stock, Invitrogen, Grand Island, NY) 

and Alexa Fluor 488-phalloidin (1:200 dilution, Invitrogen, Grand Island, NY)) in 1% 

sterile filtered bovine serum albumin solution. The samples were then washed with 0.05% 

tween-20. For cell viability, an inverted Observer Z1 Zeiss fluorescent microscope was 

used to visualize samples. To better visualize the distribution throughout the hydrogel, 

multiple z-stacks 1.9–2.3 µm thick were taken for each image, deconvolved to minimize 

background, and presented as orthogonal projections.  For cell spreading, a Nikon C2 

confocal microscope was utilized to visualize samples. For 20X images, z-stacks 160 µm 

thick were imaged at 1.8 µm intervals. For 40X images, z-stacks 110 µm thick were imaged 

at 1 µm intervals with a water immersion lens. All confocal images were presented as 

maximum intensity projections.  

Cells 

Mouse mesenchymal stem cells (mMSCs) and human dermal fibroblasts (HDFs) were 

cultured in Dulbecco’s modified Eagle’s medium (DMEM) with added 10% fetal bovine 
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serum (FBS) and 1% penicillin/ streptomycin at 37 °C with 5% CO2. Standard procedures 

were followed for cell culture. 

Cell Viability Assay 

The cell compatibility of the PEG components of the hydrogels to mMSCs and HDFs was 

evaluated using a LIVE/DEAD viability/cytotoxicity assay (Invitrogen). A control 

containing no PEG was also prepared. Cells were cultured as described above. The cells 

were seeded in 96-well plates (BD Falcon) at a density of 1000 cells per well. After 24 

hours, culture media was replaced with 100 µL media containing PEG (PEG-AO, PEG-

CHO, PEG-CDH, and PEG-ADH) concentrations of 5 and 10 mg/mL and the cells were 

incubated for 24 hours. Cells were then washed with pre-warmed Dulbecco’s phosphate 

buffered saline (D-PBS) and stained with LIVE/DEAD reagents (2 µM calcein AM and 4 

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

Axiovert 200 microscope. The number of live (green) and dead (red) cells were counted, 

and % cell viability was calculated by dividing the number of live cells by the total number 

of live and dead cells. All experiments were performed a total of six times. The data is 

presented by normalizing each set to the control containing no additive.  
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Figure 2.15. Cytotoxicity assays of PEGs with mMSCs with p > 0.05 for all conditions 

relative to the control. Experiments were repeated six times, and the results are represented 

as the average with standard deviation relative to the control with no PEG added. 

 

 

Figure 2.16. Rheological measurements of PEG-ADH based gels. 5.0 wt.% gels have a 

higher storage modulus than the more dilute 3.5 wt.% gels. Changing the ratio of aldehyde 

to hydrazide (r value) also decreases the storage modulus.  

 



	

	

66 

NMR Model Study 

Adipohydrazide (20 mg, 0.115 mmol) was dissolved in H2O (1 mL) in a vial with a stir 

bar. To this, propionaldehyde (18 µL, 0.253 mmol) was added. The reagents were mixed 

at 23°C for 1 hour. As a result of the reaction, a white solid precipitated out of solution. 

Water was removed by lyophilization before re-dissolving the formed product in deuterated 

DMSO for NMR analysis. 1H NMR (400 MHz, DMSO-d6) δ 10.85-10.73 (s, 2H, NHCO), 

7.43-7.28 (t, 2H, CHNNH), 2.46-2.41 (m, 4H, OCCH2CH2), 2.19-2.12 (t, 2H, CH2CH3) 

1.53-1.44 (t, 4H, CH2CH2CH2CH2), 0.99-0.94 (t, 6H, CH3CH2) ppm; 13C NMR (500 MHz, 

DMSO-d6) δ 174.2, 168.5, 151.4, 148.1, 34.4, 32.0, 25.7, 25.3, 24.4, 11.0 ppm. 

Note: both syn and anti peaks are observed. 
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Figure 2.17. 1H NMR (A) and 13C NMR (B) of ADH-hydrazone in DMSO-d6.  

 
Synthesis of Aminooxy-RGD Peptide (Aminooxy-GRGDSL-OH): 

The aminooxy-GRGDSL integrin-binding peptide (AO-RGD) was synthesized using 

standard fmoc solid-phase peptide synthesis with a pre-loaded leucine 2-chlorotrityl resin 

(0.49 mmol/g substitution). (Boc-aminooxy) acetic acid was added to the N-terminus of 

the peptide via HBTU coupling. The peptide was cleaved from the resin using 95:2.5:2.5 

TFA: TIPS: H2O, which simultaneously deprotected the side chains, at 23 °C for two hours. 

The resin was rinsed with TFA and the solution reduced in volume before precipitation in 

cold diethyl ether. The sample was then purified using a preparative reverse-phase HPLC 
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equipped with a C18 column. A linear gradient from 95:5 to 5:95 of water: acetonitrile 

(containing 0.1% of trifluoroacetic acid) at 10 mL/min was used for optimal separation. 

The desired product was contained in the main peak, which eluted at 15 minutes. ESI-MS 

was used to verify the molecular mass (Figure 2.18).  Mass of the peptide [M+H]=677.2692 

Da, calculated [M+H]=677.31 Da. 

 

Figure 2.18. ESI-MS Spectrum of purified aminooxy-GRGDSL-OH. 
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Figure 2.19. Rheological characterization of 3.5 wt.% PEG-CDH based hydrogels 

containing 1, 0.1, and 0 mM RGD. Statistical difference (p < 0.05) observed between 1-

0.1 and 1-0 mM RGD containing gels. 
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Figure 2.20. Light microscope images of 5.0 wt.% hydrazone (PEG-CDH) and mixed 

hydrazone/oxime gels containing mMSCs (5,000 cells/µL, 0.5 mM AO-RGD). Wells 

containing 100:0 hydrazone: oxime gels were imaged at day 1 (A) and day 6 (B) even 

though gels had degraded on day 5. Wells containing 75:25 hydrazone: oxime at day 1 (C) 

and day 6 (D), 50:50 hydrazone: oxime at day 1 (E) and day 6 (F), 0:100 hydrazone: oxime 

at day 1 (G) and day 6 (H) were also imaged. Scale bar = 100 µm. 
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Monitoring of Hydrazone Displacement by Oxime by NMR 

CDH Hydrazone: 

Carbohydrazide (6.5 mg, 0.07 mmol) was dissolved in D2O (1 mL) in a vial with a stir bar. 

To this, propionaldehyde (21 µL, 0.14 mmol) was added. The reagents were mixed at 23°C 

for 30 minutes. As a result of the reaction, a white solid precipitated out of solution. Then, 

hydroxylamine HCl (10 mg, 0.14 mmol) was added to the vial and stirred for 30 minutes. 

Upon addition, the white solid dissolved almost immediately to give a clear colorless 

solution. Extent of hydrazone bond displacement was calculated by dividing sum of oxime 

proton integration by total imine proton integration. 

ADH Hydrazone: 

Adipohydrazide (12.5 mg, 0.07 mmol) was dissolved in D2O (1 mL) in a vial with a stir 

bar. To this, propionaldehyde (21 µL, 0.14 mmol) was added. The reagents were mixed at 

23°C for 30 minutes. As a result of the reaction, a white solid precipitated out of solution. 

Then, hydroxylamine HCl (10 mg, 0.14 mmol) was added to the vial and stirred for 30 

minutes. Upon addition, the white solid dissolved almost immediately to give a clear 

colorless solution. Extent of hydrazone bond displacement was calculated by dividing sum 

of oxime proton integration by total imine proton integration. 
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Figure 2.21. 1H NMR of CDH hydrazone in MeOD.  
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Figure 2.22. 1H NMR of reaction of CDH hydrazone with hydroxylamine in D2O.  
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Figure 2.23.  1H NMR of reaction of ADH hydrazone with hydroxylamine in D2O. 
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Figure 2.24. DAPI/Phalloidin staining for cell spreading at day 5. mMSCs were 

encapsulated in 5.0 wt.% 100:0 hydrazone: oxime (not shown due to gel degradation), 

75:25 hydrazone: oxime (A), 50:50 hydrazone: oxime (B), and 0:100 hydrazone: oxime 

(C) gels containing 0.1 mM AO-RGD. Experiments were repeated using HDFs, 

encapsulated in 100:0 hydrazone: oxime (not shown due to gel degradation), 75:25 

hydrazone: oxime (D), 50:50 hydrazone: oxime (E), and 0:100 hydrazone: oxime (F) gels 

also containing 0.1 mM AO-RGD. 40x magnification is shown for all images. Scale bar = 

50 µm. 
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Figure 2.25. Light microscope images of 5 wt.% hydrazone (PEG-CDH) gels containing 

mMSCs (5,000 cells/µL) with (A) 0.1 mM AO-RGD and (B) 1 mM RGD on day 1 after 

encapsulation. Scale bar = 100 µm. 
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Chapter 3 

Synthesis of Redox-Responsive Trehalose 

Glycopolymer Nanogels 
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3.1 Introduction 

Systemic delivery of therapeutic agents can lead to off target effects.1 Therefore, 

there is a need to incorporate stimuli responsive characteristics into materials that allow for 

the selective release and delivery of therapeutic agents.2 Because of their tunable size, 

physical properties, and high degree of functionality, nanogels are commonly used for such 

applications.1, 3-4 Nanogels can be prepared through a number of different approaches, 

including emulsion,5 polymerization,6-7 and cross-linking of polymeric materials.8-9  Cargo 

can be encapsulated either covalently or non-covalently, though covalent incorporation, or 

conjugation, can improve pharmacokinetic properties and therapeutic benefits.10  

To act as an effective therapeutic delivery vehicle, nanogels should be 

biocompatible, contain tunable physical properties, and release their cargo in response to 

specific stimuli. Many examples of degradable nanogels have been reported, particularly 

ones that degrade in reducing environments which allow for intracellular delivery.5 The 

Thayumanavan group has reported the synthesis of nanogels through self-cross-linking of 

random pyridyl disulfide ethyl methacrylate (PDSMA) poly(ethylene glycol) methacrylate 

(PEGMA) copolymers in the presence of substoichiometric amounts of a reducing agent.10 

They utilized the lower critical solution temperature (LCST) behavior of their polymers to 

create temperature responsive nanogels to non-covalently encapsulate hydrophobic 

compounds. No release was observed unless a reducing agent was added to break the 

nanogel cross-links. They additionally demonstrated that their particles were 

biocompatible and readily taken up by cells.11-12 Thayumanavan and coworkers further 

expanded on their work to demonstrate that their mild nanogel formation is compatible 
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with covalent encapsulation of therapeutic proteins, such as caspase 3, with retention of 

activity.13 Recently, the group utilized a new strategy in which an amine reactive disulfide 

was incorporated into their copolymer instead of PDS groups. This allowed for efficient 

conjugation and nanogel formation in one step without the need to add reducing agent.14 

In collaboration with the Thayumanavan group, we have previously reported the 

biocompatible synthesis of nanogel-protein conjugates which were used to covalently 

attach thiolated bovine serum albumin (BSA) to PDSMA-co-PEGMA nanogels through 

disulfide bonds.15 Using disulfide cross-links, nanogels could be degraded in the presence 

of dithiothreitol (DTT), releasing intact BSA.  

A similar cross-linking strategy has been utilized by the Davis and Bulmus groups. 

PDSMA homopolymers prepared via RAFT were used to form water-insoluble scaffolds. 

After functionalizing the polymers with the tripeptide glutathione (GSH), a shift in 

solubility was observed.16 Block copolymers containing PDSMA were also prepared by 

polymerizing with N-(2-hydroxypropyl)methacrylamide (HMPA) and PEG to form drug17 

and protein-functionalized nanoparticles,18 respectively.  

Glycopolymers or nanocarriers that contain carbohydrates either in the backbone 

or side chains have also been utilized to form nanoparticles and nanogels to further stabilize 

sensitive cargo, as well as to tune solubility and improve targeting.19-21 Additionally, 

glycopolymers have been employed to create stimuli responsive particles. The Stenzel 

group has reported the synthesis of disulfide cross-linked glycopolymer nanocapsules for 

the encapsulation of the anticancer drug gemcitabine, leading to a two-fold increase in drug 

efficacy.22 Moreover, they developed a block copolymer system containing sugar side 
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chains, wherein the nanoparticle morphology could be tuned based on sugar content.23-24 

The Reineke group has reported the synthesis of nanoparticles that stabilize pDNA in the 

presence of serum. Their particles were prepared from polymers containing trehalose, a 

natural non-reducing disaccharide formed by α,α-1,1-linked glucose units,25 in the 

backbone.26 Trehalose-functionalized polymers have also been utilized to create serum 

stable micelles27 and cationic nanocomplexes.28 Due to the biocompatibility of 

glycopolymers, they have also been prepared for in vivo therapeutics delivery.29 

Additionally, we have previously shown that polymers containing side chains 

functionalized with trehalose were able to stabilize proteins to a variety of environmental 

stressors, including heat and electron beam irradiation, as conjugates and excipients.30-35  

Trehalose glycopolymers can also be used to form bulk hydrogels to protect proteins 

against heat,36 which inspired us to design degradable nanogels containing trehalose for 

protein stabilization and delivery applications. Degradability was installed by 

incorporation of redox-responsive disulfide cross-links. Herein, we present the design and 

synthesis of trehalose glycopolymer nanogels for potential use to stabilize and deliver 

proteins. The synthesis and characterization of monomers, copolymers, and resulting 

redox-responsive trehalose nanogels will be described.  

3. 2. Results and Discussion 

3. 2. 1. Monomer and Polymer Synthesis 

In order to create redox-responsive nanogels, copolymers containing pyridyl 

disulfide and trehalose side chains were prepared for cross-linking via disulfide exchange. 
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PDSMA was synthesized following a previously reported procedure (Scheme 3.1A).37 We 

initially used a styrenyl ether functionalized trehalose monomer because of its established 

protein stabilizing properties.30-31, 35-36 However, after copolymerizing with PDSMA, we 

obtained polymers with inconsistent monomer incorporation. Therefore, we chose to utilize 

a methacrylate-functionalized trehalose monomer (TrMA) that we had synthesized 

previously, although our previously reported synthetic route required multiple protecting 

groups and was low yielding.31 To simplify the synthesis, we reacted trehalose with 

methacrylic anhydride in the presence of triethylamine and found that this gave the desired 

monomer as a mix of regioisomers with the C6 isomer as the predominant product (Scheme 

3.1B). We screened several ratios of trehalose to methacrylic anhydride and found that a 

five-fold excess of trehalose gave the highest yield of TrMA after HPLC purification 

(Table 3.2). A 10-60% methanol gradient was used to purify the monomers by HPLC, and 

we found that we could recover unreacted trehalose for resubjection (Figure 3.9). The 

overall yield of all regioisomers was 63% and the yield of C6 was 42%, an improvement 

over the previously reported overall yield of 14%. To ensure that the correct regioisomer 

was isolated, 1D and 2D NMR analysis was carried out (Figure 3.10-Figure 3.12). We also 

compared the NMR spectrum of purified C6 TrMA to TrMA synthesized using our 

previous synthetic route and found that they matched, suggesting our assignment was 

correct (Figure 3.13). 
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Scheme 3.1. Syntheses of PDSMA (A) and TrMA (B) monomers. The copolymer 

containing PDS and trehalose side chains, PDSMA-co-TrMA, was synthesized using free 

radical polymerization conditions (C).  

 
Free radical polymerization (FRP) conditions were utilized to synthesize PDSMA-

co-TrMA polymers at two different ratios, 1:1 and 1:3 PDSMA to TrMA (Scheme 3.1c). 

We chose to use methacrylates for both monomers in an attempt to match their reactivities. 

We found that the feed ratio matched the monomer incorporation fairly well, as determined 

by NMR, obtaining 1:0.8 (PDSMA1-co-TrMA0.8) and 1:1.7 PDSMA to TrMA (PDSMA1-
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co-TrMA1.7) incorporation, respectively (Figure 3.1, Figures 3.14- 3.15). These monomer 

feed ratios were chosen to create nanogels with trehalose content for protein stabilization 

applications, yet with enough PDSMA content to allow for efficient cross-linking and 

uniform nanogel formation.  

 

 
Figure 3.1. 1H NMR spectra of PDSMA1-co-TrMA0.8 (A) and PDSMA1-co-TrMA1.7 (B) 

acquired in DMSO-d6. 

 
The resulting polymers were characterized using gel permeation chromatography 

(GPC) with dimethylformamide (DMF) + 0.1 M LiBr as the eluent with near-monodisperse 
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poly(methylmethacrylate) (PMMA) standards and using size exclusion chromatography 

(SEC) with 0.03 M NaNO3 + 20 mM phosphate buffer pH 7 + 20% acetonitrile with near-

monodisperse PEG standards (Table 3.1). Interestingly, two different trends in Mn were 

observed when comparing the results.  When using PEG standards, a significant size 

increase was observed when comparing PDSMA1-co-TrMA1.7 to PDSMA1-co-TrMA0.8, 

which could be explained by the increased hydrophilicity of the polymer. The opposite 

trend was observed when comparing our polymers to more hydrophobic PMMA standards 

wherein an increase in trehalose content resulted in a decrease in Mn values. While PMMA 

and PDSMA-co-TrMA contain the same methacrylate backbone, hydrophilic trehalose 

groups on PDSMA-co-TrMA alter the solubility and properties compared to PMMA, 

especially when in an organic solvent. Because no standards exist that match the properties 

of these polymers, a more accurate polymer size could not be determined. The broad 

dispersities of the resulting polymers were typical of trehalose glycopolymers synthesized 

by FRP.31 We attempted to use reversible addition-fragmentation chain-transfer (RAFT) 

polymerization with a variety of chain transfer agents (CTAs) to obtain polymers with 

lower dispersity (Đ), though these attempts were unsuccessful.  

 

Table 3.1. GPC characterization of PDSMA-co-TrMA polymers.  

Polymer 
Feed 

(PDSMA: 
TrMA) 

Polymer 
(PDSMA: 

TrMA) 

Targeted 
Size (Da) 

Mn (Da) Đ 
Yield 
(%) 

PDSMA1-
co-

TrMA0.8 

1:1 1:0.8 10,000 
4,900* 
2,700** 

2.90* 
1.18** 

60 
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PDSMA1-
co-

TrMA1.7 

1:3 1:1.7 10,000 
9,700* 
1,600** 

2.38* 
1.02** 

70 

* Values obtained using a PEG standard. ** Values obtained using a PMMA standard. 
 

3. 2. 2. Nanogel Synthesis and Characterization 

Initially, nanogel formation was attempted using the conditions described by the 

Thayumanavan group wherein substoichiometric amounts of reducing agent were used to 

facilitate cross-linking.10 However, TEM images of polymer plus TCEP indicated no 

nanogels had formed, and no change in morphology was observed when compared to 

polymer only (Figure 3.16). We hypothesized that the lack of cross-linking was caused by 

the steric bulk of the trehalose side chains. To circumvent this issue, we introduced 1,000 

Da PEG-dithiol as a cross-linker (Figure 3.2a). Resulting PDSMA1-co-TrMA0.8 nanogels 

were characterized using dynamic light scattering (DLS) and transmission electron 

microscopy (TEM), and we observed fairly uniform particles approximately 9 nm in 

diameter (Figure 3.2b-c). Four different PEG-dithiol cross-linker amounts were 

investigated: 12.5, 25, 37.5, and 50 mol%, corresponding to 25, 50, 75, and 100% cross-

linking if quantitative conversion were achieved. We were surprised to find that changing 

the amount of PEG-dithiol cross-linker did not appear to have an effect on overall nanogel 

size.  We hypothesized that this was due to trehalose’s large hydrodynamic radius38 that 

may prevent nanogels from being contracted smaller than the observed sizes. We did, 

however, observe that we could change nanogel size by changing overall polymer 

concentration. The abovementioned nanogels were formed at a PDSMA1-co-TrMA0.8 

concentration of 2 mg/mL. At a PDSMA1-co-TrMA0.8 concentration of 10 mg/mL, 
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nanogels closer to 50 nm in diameter were obtained. These nanogels were more disperse, 

as evidenced by TEM imaging, which can be explained by the higher polymer 

concentration causing nanogels to cross-link with each other in solution, leading to larger 

aggregates (Figure 3.17).  

Switching from self-cross-linking to the use of a cross-linker could have several 

advantages. Cross-linkers of different sizes and structures could be added to tune nanogel 

properties further. Moreover, because we eliminated the need to add reducing agent in 

order to form nanogels, we anticipated that this strategy would be useful for the 

encapsulation of sensitive peptides and proteins that might lose activity in a reducing 

environment.   

 
Figure 3.2. PDSMA1-co-TrMA0.8 nanogels were formed using PEG-dithiol as a cross-

linker (A) and characterized using DLS (B) and TEM (C).  
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3. 2. 3. Protein Encapsulation  

We chose to non-covalently encapsulate two model proteins, lysozyme (lyz) and 

BSA, by adding the proteins during the nanogel formation step. We chose these two 

proteins because they have different sizes and properties. Lyz is a 14.3 kDa protein39 with 

an isoelectric point of 11.3540 whereas BSA is much larger at 66.5 kDa41 with an isoelectric 

point of 4.7.42 It is known that these proteins form aggregates in the presence of reducing 

agents,43 and we hypothesized that our reducing agent free process might retain a higher 

degree of protein activity.  Both proteins have free cysteines that could be used for 

conjugation, although we have previously shown that the addition of a thiolating linker is 

needed for efficient conjugation of PDSMA-co-PEGMA nanogels to BSA,15 likely due to 

the increased steric bulk of the nanoparticles compared to linear polymers. After mixing 

the polymer and protein solutions for three hours using either 5 or 10 weight equivalents 

of PDSMA1-co-TrMA1.7 in the presence of PEG-dithiol cross-linker, no protein 

encapsulation was observed by SDS-PAGE (Figure 3.3). While these conditions were far 

from optimized, we chose a relatively short mixing time because therapeutic proteins are 

often unstable in solution44 and longer encapsulation times may result in loss of protein 

activity. It may be worthwhile to explore the effect of cross-linking density and polymer 

size on encapsulation efficiency. The cross-linking density and resulting mesh size of our 

system were limited by the bulky trehalose side chains, which may have increased the mesh 

size and allowed proteins to easily slip out of the nanogels, although larger polymers may 

be able to encapsulate cargo more efficiently. However, we were more interested in 
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pursuing a covalent encapsulation strategy to improve overall protein retention since it is 

known that non-covalent encapsulation of proteins inside nanogels is usually lower 

yielding than covalent encapsulation.15 Therefore, we chose to focus on developing a 

reversible covalent conjugation strategy that would allow us to use a therapeutic protein as 

the cross-linker. This will be described in Chapter 4.  

 
Figure 3.3. SDS PAGE of Lyz and BSA encapsulation attempt using PDSMA-co-TrMA 

nanogels cross-linked with PEG-dithiol. Lane 1: protein ladder; lane 2: lyz; lane 3: 

PDSMA-co-TrMA (3 wt. eq. PDSMA1-co-TrMA0.8) nanogels + Lyz; lane 4: PDSMA-co-

TrMA (4 wt. eq. PDSMA1-co-TrMA1.7) nanogels + Lyz; lane 5: BSA; lane 6: PDSMA-co-

TrMA (4 wt. eq. PDSMA1-co-TrMA1.7) nanogels + BSA.  Non-reducing conditions. 

 
 In order to ensure our polymers and nanogels were biocompatible for potential in 

vitro and in vivo applications, cytotoxicity was assessed using LIVE/DEAD assay. It was 

found that PDSMA1-co-TrMA1.7 was non-cytotoxic to human dermal fibroblasts (HDFs) 
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up to 2.5 mg/mL (Figure 3.4A). It is important to note that at this concentration, the cells 

exhibited a rounded morphology, indicating they may not be healthy, and at 5 mg/mL 

polymer, no live cells were observed (Figure 3.18). However, at 1 mg/mL, normal cell 

morphology was observed. Nanogels were tested up to 1 mg/mL and high cell viability was 

observed (Figure 3.4B), indicating that these particles would be compatible with further 

biological applications. 

 
Figure 3.4. Cytotoxicity studies of PDSMA1-co-TrMA1.7 (A) and nanogels (B) with HDFs. 

 

3. 3. Conclusions 

 We optimized the synthesis of a methacrylate-functionalized trehalose monomer 

(TrMA) and copolymerized it with PDSMA to create PDSMA-co-TrMA using FRP 

conditions. While self-cross-linking of the polymers was not observed under reducing 

conditions, we were able to form uniform nanogels through the addition of a PEG cross-

linker, which circumvented the need to add reducing agent to form nanogels. Non-covalent 

encapsulation of two model proteins, lysozyme and bovine serum albumin, was 

investigated. Neither protein was retained inside the nanogels suggesting that covalent 
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encapsulation may be required. Further, cytotoxicity experiments indicated that our 

polymers and nanogels are non-cytotoxic up to 1 mg/mL and may be compatible for future 

in vitro and in vivo applications.  

 

3. 4. Experimental 

3. 4. 1. Materials and Analytical Techniques 

Chemicals were purchased from Sigma Aldrich or Fisher Scientific without further 

purification unless mentioned otherwise. Azobis(isobutyronitrile) (AIBN) was 

recrystallized from acetone before use. Trehalose (Healthy Essential Management 

Corporation, Houston TX) was azeotropically dried from ethanol and kept under vacuum 

until use. 1H NMR and 13C NMR spectroscopy were performed on an Avance DRX 400 

MHz or 500 MHz instrument. GPC was carried out on a Shimadzu HPLC system equipped 

with a refractive index (RI) detection RID-10A, a Polymer Laboratories PLgel guard 

column, and two Polymer Laboratories PLgel 5 µm mixed D columns. DMF + 0.1 M LiBr 

at 50 °C was used as the eluent at a flow rate of 0.8 mL/min. Calibration was performed 

using near-monodisperse PMMA standards from Polymer Laboratories. SEC was 

conducted on a Shimadzu HPLC system with a RI detection RID-10A, a Tosoh TSKGel 

guard column, and a Tosoh TSKGel G4000PW column. 0.3 m NaNO3 + 20 mM phosphate 

buffer pH 7 + 20% acetonitrile was used as the eluent at a flow rate of 0.7 mL/min. 

Calibration was carried out using near mono-disperse PEG standards from Polymer 

Laboratories. DLS measurements were carried out using a Malvern Zetasizer Nano. 
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3. 4. 2. Methods 

Synthesis of Pyridyl Disulfide Alcohol (PDSOH)37  

Aldrithiol-2 (1.25 g, 5.65 mmol) was dissolved in methanol (15 mL). Then, acetic acid (2.5 

mL) was added to the solution drop wise. A pale, clear yellow solution resulted.  

β-mercaptoethanol (300 µL, 4.3 mmol) was dissolved in methanol (10 mL) and added to 

the stirring reaction drop wise. The reaction was stirred for 18 hours at room temperature 

(19 °C). Solvent volume was reduced via rotary evaporator. Then, methylene chloride was 

added before extracting twice with sat. NaHCO3 and once with water. The methylene 

chloride layer was washed with sat. NaCl before drying over MgSO4. The crude product 

was purified using column chromatography (2:3 hexanes: ethyl acetate). The product had 

an Rf value of 0.5 by TLC with these solvents and was obtained in 72% yield. NMR (400 

MHz, CDCl3) δ 8.46-8.41 (m, 1H, CHN), 7.57-7.50 (m, 1H, CHCHCN), 7.40-7.36 (dt, 1H, 

CHCHCN), 7.12-7.07 (m, 1H, CHCHN), 5.83-5.50 (broad s, 1H, OH), 3.80-3.72 (2H, t, 

CH2OH), 2.94-2.86 (2H, t, CH2S) ppm; 13C NMR (400 MHz, CDCl3) δ 159.2, 149.8, 

136.9, 121.9, 121.5, 58.4, 42.7 ppm. 
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Figure 3.5. 1H NMR spectrum of PDSOH in CDCl3. 
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Figure 3.6. 13C NMR spectrum of PDSOH in CDCl3. 

 
Synthesis of Pyridyl Disulfide Ethyl Methacrylate (PDSMA)37  

PDSOH (500 mg, 2.67 mmol) was dissolved in anhydrous methylene chloride (9 mL) and 

transferred to an oven dried flask under argon. Triethylamine (1119 µL, 8.02 mmol) was 

then added to the flask. The reaction was cooled to 0 °C using an ice bath before adding 

methacryloyl chloride (784 µL, 8.02 mmol) drop wise over 5 minutes. The reaction was 

stirred for 18 hours, letting it warm to room temperature (21 °C). A color change from 

cloudy beige to dark brown was observed. The solution was transferred to a separatory 

funnel. The organic layer was washed with 1M HCl, 1M NaOH, and sat. NH4Cl. The 

organic layer was then dried over MgSO4 before reduce volume via rotary evaporator. The 
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crude product was purified via column chromatography (9:1 hexanes: ethyl acetate). The 

product had an Rf of 0.2 by TLC with these solvents and was obtained in 72% yield.  NMR 

(400 MHz, CDCl3) δ 8.47-8.43 (m, 1H, CHN), 7.70-7.65 (m, 1H, CHCHCHN), 7.64-7.58 

(m, 1H, CHCN), 7.11-7.05 (m, 1H, CHCHN), 6.13-6.09 (m, 1H, CHHC), 5.58-5.55 (m, 

1H, CHHC), 4.42-4.35 (t, 2H, CH2O, J = 6.3 Hz), 3.10-3.05 (t, 2H, CH2CH2O, J = 6.3 

Hz), 1.94-1.90 (3H, s, CH3) ppm; 13C NMR (400 MHz, CDCl3) δ 167.0, 159.8, 149.8, 

137.1, 136.0, 126.0, 120.9, 119.8, 62.4, 37.5, 18.31 ppm. 

 
 

 
Figure 3.7. 1H NMR spectrum of PDSMA in CDCl3. 
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Figure 3.8. 13C NMR spectrum of PDSMA in CDCl3. 

 
Synthesis of Methacrylate Trehalose Monomer (TrMA)  

Trehalose was added to 10 mL of anhydrous dimethylsulfoxide (DMSO) under argon and 

stirred 10-15 minutes to dissolve. Triethylamine was added to the stirring solution before 

adding methacrylic anhydride dropwise. The solution was stirred for 17 h at 21 °C during 

which time it turned a faint clear yellow color. To purify, the reaction solution was added 

to ice cold 8:2 hexanes/DCM (200 mL) and stirred for 5-10 minutes. The organic layer was 

decanted, leaving a sticky solid on the bottom of the flask, which was re-dissolved in 

deionized water (20 mL). The remaining organic solvent was removed via rotary 

evaporator prior to HPLC purification (C18 column, 20 ml/min flow, 10-60% MeOH, 20 

min run). The product (C6 regioisomer), which had a retention time of 14 minutes, was 
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collected and lyophilized to yield a white, fluffy solid. NMR (500 MHz, D2O) δ 6.06-6.01 

(s, 1H, CHHCCH3), 5.65-5.61 (s, 1H, CHHCCH3), 5.08-5.06 (d, 1H, OCHO J = 4 Hz), 

5.05-5.02 (d, 1H, J = 4 Hz, OCHO), 4.41-4.36 (m, 1H, trehalose protons), 4.28-4.22 (m, 

1H, trehalose protons), 3.99-3.94 (m, 1H, trehalose protons), 3.78-3.60 (m, 5H, trehalose 

protons), 3.59-3.48 (m, 2H, trehalose protons), 3.46-3.39 (m, 1H, trehalose protons), 3.36 

(t, 1H, J = 9.3Hz, trehalose protons), 1.84-1.80 (s, 3H, CH3) ppm; 13C NMR (500 MHz, 

DMSO-d6) δ 166.9, 136.5, 126.3, 93.7, 93.6, 73.3, 73.1, 72.1, 72.0, 70.7, 70.5, 70.1, 64.3, 

61.2, 18.4 ppm.  

 

Table 3.2. Reagent amounts for TrMA syntheses. 

Condition Eq. Trehalose Eq. TEA Eq. Methacrylic Anh. % Overall yield (% C6) 
1:1 1 15 1 <5 (<1) 
2:1 2 15 1 25 (16) 
5:1 5 15 1 63 (42) 
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Figure 3.9. HPLC traces of TrMA at 1:1 (A), 2:1 (B), and 5:1 (C) trehalose to methacrylic 

anhydride. Unreacted trehalose elutes first, at 4 min, followed by the other TrMA 

regioisomers between 7 and 10 min. C6 TrMA regioisomer elutes at 14 min, as indicated 

by an asterisk.  
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Figure 3.10. 1H NMR spectrum of TrMA (C6) in D2O. 
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Figure 3.11. 13C NMR Spectrum of TrMA (C6) in DMSO-d6. 
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Figure 3.12. HSQC NMR spectrum of TrMA in DMSO-d6. 
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Figure 3.13. 1H NMR spectra of C6 regioisomer of TrMA prepared from previously 

reported method (A) and method described in this manuscript (B) in D2O.  

 
Polymerization of TrMA and PDSMA  

For 1:1 PDSMA:TrMA (C6 regioisomer) feed ratio, TrMA (65 mg, 0.16 mmol), PDSMA 

(40.4 mg, 0.16 mmol), and AIBN (0.65, 0.004 mmol) were dissolved in DMF (0.60 mL) 

to give a [TrMA]: [PDSMA]: [initiator] ratio of 40: 40: 1. For 1 PDSMA: 3 TrMA (C6 

regioisomer) feed ratio, TrMA (60 mg, 0.15 mmol), PDSMA (12.4 mg, 0.05 mmol), and 

AIBN (0.4 mg, 0.002 mmol) were dissolved in DMF (0.46 mL) to give a [TrMA]: 

[PDSMA]: [initiator] ratio of 20: 60: 1. The solutions were degassed by freeze-pump-

thawing five times before initiating polymerization at 70 °C in an oil bath. The 

polymerizations were stopped after 5 and 6 hours, respectively, by exposing the solutions 

to air. The resulting polymers were purified by precipitating once into ethyl acetate and 
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dialyzing against water using 3.5 kDa MWCO tubing for two days. The polymers were 

obtained in 60% and 70% yield after lyophilization, respectively. Monomer incorporation 

was calculated to be 0.8 to 1 and 1.7 to 1 by comparing the integration of the PDS protons 

(8.55-8.35 pm, 1H) to the CH3 protons (1.40-0.45 ppm) of the backbone by 1H NMR. 

Analysis of polymers by GPC is tabulated in Table 3.1. 

PDSMA-co-TrMA NMR (400 MHz, DMSO-d6) δ 8.55-8.35 (CHN), 7.90-7.63 (aromatic), 

7.28-7.14 (aromatic), 5.30-4.50 (trehalose OHs), 4.50-2.70 (CH2CH2O, CH2CH2O, 

CH2CHO, CHOH), 2.30-1.40 (CH2 polymer backbone), 1.40-0.45 (CH3, polymer 

backbone) ppm. 
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Figure 3.14. 1H NMR spectrum of PDSMA1-co-TrMA0.8 (1:1 feed ratio) acquired in 

DMSO-d6. 
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Figure 3.15. 1H NMR spectrum of PDSMA1-co-TrMA1.7 (1:3 feed ratio) acquired in 

DMSO-d6. 

 
Representative Nanogel Formation with PEG-dithiol   

PDSMA1-co-TrMA0.8 (1 mg) was dissolved in 300 µL pH 7.4 PBS. A solution of 1 kDa 

PEG-dithiol (0.37 mg) was prepared separately in 10 mM HCl (200 µL). The two solutions 

were transferred to a glass vial equipped with a stir bar and mixed at 1000 rpm for 3 hours. 

The resulting nanogel solution was purified using 10 kDa MWCO centriprep filters.  
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TEM Imaging:  

TEM images were acquired on a FEI T12 instrument using formvar/carbon coated grids 

(200 mesh, Cu, Ted Pella). Grids were glow discharged for 15 seconds. 2.5 µL of sample 

were placed on the grid and allowed to adhere for 5 minutes. After, the grids were washed 

3x with 1 drop of water, followed by staining with uranyl acetate.  

 

 
Figure 3.16. TEM Images of PDSMA1-co-TrMA0.8 only (A) and of PDSMA1-co-TrMA0.8 

(+) TCEP. 
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Figure 3.17. TEM image of PDSMA-co-TrMA nanogels formed at 10 mg/ml PDSMA1-

co-TrMA0.8 using PEG-dithiol as the cross-linker. 

 

Protein Encapsulation  

For lyz encapsulation: 

PDSMA1-co-TrMA0.8 (0.13 mg) or PDSMA1-co-TrMA1.7 (0.19 mg) was dissolved in pH 

7.4 PBS (50 µL). Lysozyme (0.05 mg) was separately dissolved in pH 7.4 PBS (10 µL). A 

1 kDa PEG-dithiol solution was also prepared by dissolving the polymer (0.02 mg) in PBS 

(50 µL). PDSMA-co-TrMA and 100 µL 10 mM HCl were transferred to a glass vial 

equipped with a stir bar. The solution was stirred at 1000 rpm and then lyz and PEG 

solutions were transferred to the vial. The solution was stirred for 3 hours before SDS 

PAGE (180V, 45 min) analysis of the crude nanogel solutions. 

For BSA encapsulation:  

PDSMA1-co-TrMA1.7 (0.19 mg) was dissolved in pH 7.4 PBS (50 µL). BSA (0.05 mg) was 

separately dissolved in PBS (10 µL). A 1 kDa PEG-dithiol solution was also prepared by 

dissolving the polymer (0.02 mg) in PBS (50 µL). PDSMA-co-TrMA and 100 µL 10 mM 
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HCl were transferred to a glass vial equipped with a stir bar. The solution was stirred at 

1000 rpm and then BSA and PEG solutions were transferred to the vial. The solution was 

stirred for 3 hours before SDS PAGE (180V, 45 min) analysis of the crude nanogel 

solutions. 

 

Cytotoxicity Studies 

The cell compatibility of the polymer and nanogel components to HDFs was evaluated 

using a LIVE/DEAD viability/cytotoxicity assay (Invitrogen). A control containing no 

polymer or nanogel was also prepared. Cells were cultured using fibroblast basal medium 

supplemented with a low serum growth kit (ATCC) at 37 °C with 5% CO2. The cells were 

seeded in 96-well plates (BD Falcon) at a density of 1000 cells per well. After 24 hours, 

culture media was replaced with 100 µL media containing PDSMA-co-TrMA or PEG 

cross-linked nanogels and the cells were incubated for 24 hours. Cells were then washed 

with pre-warmed Dulbecco’s phosphate buffered saline (D-PBS) and stained with 

LIVE/DEAD reagents (2 µM calcein AM and 4 µM ethidium homodimer-1). Fluorescent 

images of each well were captured on an Axiovert 200 microscope. The number of live 

(green) and dead (red) cells were counted, and % cell viability was calculated by dividing 

the number of live cells by the total number of live and dead cells. All experiments were 

performed a total of three times. The data is presented by normalizing each set to the control 

containing no additive.  
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Figure 3.18. Characteristic fluorescence microscopy images of HDFs incubated with 1.0 

(A), 2.5 (B) and 5.0 (C) mg/mL PDSMA1-co-TrMA1.7 using LIVE/DEAD staining. 

 

 
Figure 3.19. Characteristic fluorescence microscopy images of HDFs incubated with 0.5 

(A) and 1.0 (B) mg/mL PDSMA1-co-TrMA1.7 nanogels cross-linked with PEG-dithiol 

using LIVE/DEAD staining. 
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Chapter 4 

Trehalose Glycopolymer Nanogels for the 

Stabilization and Release of a Peptide Hormone 
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4.1  Introduction 

Glucagon is a peptide hormone that interacts with glucagon receptors in the liver to 

trigger the conversion of glycogen into glucose, raising blood glucose levels.1 It is 

commonly used to raise blood sugar in hypoglycemic patients2 and to treat bradycardia 

resulting from beta-blocker overdose; however, high cost, limited availability, and 

instability currently thwart its clinical potential.3 The clinical limitations of glucagon arise 

from two different reasons. First, the isoelectric point of glucagon is near seven, making it 

insoluble at neutral pH.4 Therefore, glucagon is typically dissolved in dilute HCl when 

administered to patients, which can cause discomfort. Second, any unused solution must 

be discarded immediately due to glucagon’s instability.5 In solution, glucagon begins 

aggregating within hours, mainly through side chain deamidation,6-7 forming amyloid 

fibers that are cytotoxic and severely limit its clinical usefulness.8-9 In addition to instability 

in solution, peptides can also be susceptible to degradation in the solid state.10 Therefore, 

there is a great need to create stable glucagon formulations.  

Several approaches have been developed to stabilize glucagon in solution. One 

strategy developed by DiMarchi and coworkers involved chemically modifying glucagon 

to change its isoelectric point, resulting in a more soluble analog at physiological pH.4, 11 

Additionally, the same group developed glucagon prodrugs with increased stability that 

convert to active glucagon at slightly basic pH.12 A second strategy to prevent glucagon 

aggregation involves the covalent attachment of poly(ethylene glycol) (PEG), known as 

PEGylation, to glucagon, which has been shown to improve glucagon stability to 

lyophilization cycles as well as resistance to adsorption onto surfaces.13-14 Further, 
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Anderson and coworkers showed that supramolecular PEGylation could stabilize glucagon 

against aggregation in solution.15 It is important to note that none of these reports mentions 

whether or not the conjugates retain bioactivity. Since glucagon interacts with its receptor 

on the cell surface,16 irreversibly attached conjugates may not be active because the steric 

shield of the polymer could prevent interactions between the small peptide ligand and 

receptor. Therefore, any conjugation strategy should include a responsive and reversible 

linkage between peptide and polymer to allow for glucagon release once at the site of 

interest. A final strategy to stabilize glucagon is through the addition of excipients, such as 

sugars, to the formulation. It has been shown that glucagon can be stabilized by lactose, 

trehalose, cyclodextrins, and hydroxyethyl starch.5, 17 It was noted that trehalose was 

particularly effective at stabilizing glucagon’s secondary structure via hydrogen bonding.17 

Trehalose is a commonly used excipient for many pharmaceutical formulations due 

to its stabilizing properties.18-19 Consisting of two alpha-linked glucose units, it is a non-

reducing sugar commonly accumulated in large amounts by organisms with tolerance to 

desiccation, known as anhydrobiotes.20 The addition of trehalose to living cells, such a 

Saccharomyces cerevisiae21 and primary human fibroblasts,22 has also been shown to 

confer desiccation tolerance. As an excipient, trehalose acts as a chemical chaperone and 

can reduce aggregation and adsorption of proteins because of its ability to stabilize 

biological structures.23-25 The protection by trehalose against additional environmental 

stressors, including freezing26-27, heating,28 and oxidation29 has also been reported. To date, 

three main hypotheses on the mechanism of trehalose stabilization have been proposed: 

vitrification, water replacement, and water entrapment.30 These hypotheses suggest that 
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protein movement is restricted by glassy sugars,31 that the hydrogen bonding capabilities 

of trehalose could potentially displace water and stabilize protein structure,31 and that 

trehalose is able to trap water near the protein surface, stabilizing protein structure,32-33 

respectively, all protecting proteins from damage. Current research suggests that 

potentially trehalose stabilization occurs due to a combination of the above three 

hypotheses.31 

Our group and others have shown that trehalose is able to more effectively stabilize 

proteins and other biomacromolecules to environmental stressors as a polymer. We have 

prepared trehalose glycopolymers with various hydrophobic backbones containing 

trehalose side chains and have shown that when used as either excipients or conjugates, the 

glycopolymers can stabilize proteins to heat stress, lyophilization, and electron beam 

irradiation.34-38 Moreover, conjugation to insulin has shown to improve the circulation time 

in vivo. 39 Trehalose glycopolymers have also been utilized as hydrogels, allowing for 

protein stabilization as well as controlled release,40-41 and to form serum stable 

nanocomplexes to stabilize nucleic acids.42-44  

Herein, we report the use of trehalose glycopolymer nanogels to encapsulate, stabilize, 

and release glucagon. We chose to use copolymers containing trehalose and pyridyl 

disulfide (PDS) side chains to form redox-responsive nanogels via disulfide exchange in 

order to encapsulate glucagon. This design is based a similar nanogel system that we 

reported on in collaboration with the Thayumanavan group.45 Because glucagon is 

administered via injection, we envision cargo release from our nanogels could occur either 

in the blood stream or upon arrival at the liver, both of which contain millimolar levels of 



	

	

121 

glutathione (GSH).46-47 In order to maximize encapsulation efficiency, glucagon was 

modified with two thiol groups, allowing us to use the therapeutic payload as the cross-

linker, eliminating the need to add any additional reagents. The synthesis and 

characterization of modified glucagon and resulting nanogels, as well as stabilization and 

release will be described below. 

4.2  Results and Discussion 

4. 2. 1. Glucagon Modification 

Trehalose copolymers were synthesized using methacrylate functionalized 

trehalose (TrMA) and pyridyl disulfide ethyl methacrylate (PDSMA) using free radical 

polymerization conditions as described in Chapter 3. Polymers containing 1:1 and 1:2 

ratios of PDS and trehalose side chains were prepared, called PDSMA1-co-TrMA0.8 and 

PDSMA1-co-TrMA1.7, respectively. We first explored non-covalent encapsulation of cargo 

using our PDSMA-co-TrMA nanogels and found that the resulting encapsulation 

efficiency was quite low (see Chapter 3), prompting us to covalently conjugate glucagon 

to our polymeric nanogels. For this application, the ideal encapsulation strategy would 

allow for glucagon to remain attached to the nanogels through covalent yet reversible 

attachment until release is triggered by an external stimulus, such as GSH. Since native 

glucagon does not contain any cysteines, thiol groups needed to be installed through 

modification of amino acid side chains. It has previously been shown that preservation of 

the positive charge at lysine 12 is essential for binding and glucagon activity, yet there is 

some tolerance for structural modification, as changing this residue to arginine retained up 
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to 50% activity in vivo.48 Additionally, modification of the N terminal histidine either by 

acetylation or methylation has minimal effect on glucagon efficacy.48 Therefore, we were 

interested in using a modification strategy that would retain the positive charges of amines 

while simultaneously installing thiol groups at these sites that might tolerate minor 

modification. Because glucagon has two amine groups in its structure, at the N terminus 

and lysine 12, we aimed to modify both in order to use the peptide as a cross-linker.  

Initially, glucagon was modified with 2-iminothiolane (2-IT), resulting in the 

formation of an amidine group linked to a thiol (Scheme 4.1A). While thiolation attempts 

were successful, we observed the formation of a cyclic non-thiol byproduct via LCMS that 

has also been reported in the literature (Figure 4.10).49 Because this byproduct forms after 

thiolation, we attempted to trap the thiol prior to cyclization using both PDS and PDSMA-

co-TrMA, which was monitored using Ellman’s assay (Figure 4.11). After mixing 

glucagon and 2-IT, an initial increase in absorbance was observed that suggested thiolation 

was occurring, while a decrease in signal after addition of PDS or polymer indicated the 

thiols were being consumed. While this approach was successful, exact reaction conditions, 

such as concentration and extent of modification, were difficult to control.  

Switching to dimethyl-3,3’-dithio-bis(propionimidate) (DTBP) as the thiolating 

reagent allowed for efficient modification of glucagon under mild conditions without 

noticeable side reactions (Scheme 4.1B).50-51 While DTBP is less commonly used than 2-

IT, it has been found to be biocompatible52 and has previously been used to create pluronic-

horse radish peroxidase conjugates for enhanced cellular delivery.53 Moreover, DTBP is a 

dimeric disulfide that can be used as a built in protecting group when the reagent is used in 
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excess. Glucagon thiolation with DTBP was monitored using Ellman’s assay and LCMS. 

Because TCEP is added after modification to reduce disulfides, the wash solutions after 

reduction were also analyzed by Ellman’s assay (Figure 4.12). The lack of absorbance 

increase for the wash solution indicated the modification of glucagon with DTBP and 

subsequent reduction were successful. Via LCMS, we were able to monitor the 

disappearance of glucagon (m/z = 1161, z = 3) and the appearance of two new peaks, m/z 

= 1191 and 1219 (z = 3), corresponding to singly and doubly modified glucagon, 

respectively, after modification with DTBP and reduction with TCEP (Figure 4.13). We 

anticipated that the mixture of products would allow us to link glucagon to our polymers 

both as a cross-linker and conjugate by mixing PDSMA-co-TrMA with thiolated glucagon 

at acidic pH (Figure 4.1).  

 
Scheme 4.1. Thiolation with 2-IT (A) and DTBP (B). 
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Figure 4.1. General glucagon nanogel formation and release (A) and representative 

structure of glucagon cross-linked PDSMA-co-TrMA (B). 
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4. 2. 2. Nanogel Synthesis and Characterization 

 
Figure 4.2. Glucagon conjugation to PDSMA1-co-TrMA0.8 was monitored via HPLC at 

280 nm (A) and SDS-PAGE (B). Lane 1: protein ladder; lane 2: thiolated glucagon; lane 

3: PDSMA1-co-TrMA0.8; lane 4: crude nanogel; lane 5: purified nanogel; lane 6: nanogel 

from lane 5 reduced with TCEP (10 mg/mL).  

 
Conjugation of glucagon to PDSMA1-co-TrMA0.8 was initially monitored using 

HPLC (Figure 4.2A). Polymer and thiolated glucagon were analyzed separately before 

mixing the two components and taking measurements at one and two hour time points. 

After one hour, a significant decrease in the glucagon peak intensity was observed as well 

as a narrowing of the polymer peak, suggesting peptide and polymer were reacting. 

Narrowing of the polymer peak indicated that cross-linking may have occurred, contracting 

the overall polymer structure. After two hours, the glucagon peak was almost completely 

consumed. Moreover, an increase in polymer peak height was also observed, suggesting 

the successful conjugation of glucagon to PDSMA-co-TrMA. To confirm glucagon 
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conjugation to our polymer, we utilized SDS-PAGE to analyze the individual components 

and resulting glucagon-nanogel conjugate (Figure 4.2B). Lane 2 contained only thiolated 

glucagon which appeared below the 10 kDa band after staining with Coomassie; this shift 

makes sense since the molecular mass is 3.7 kDa (doubly thiolated). Lane 3 contained 

PDSMA-co-TrMA and could be seen as a very faint high molecular weight smear. 

Glucagon and polymer were mixed together for two hours before running SDS-PAGE 

analysis, as shown in lane 4. The appearance of an intense high molecular weight band was 

observed as well as a decrease in glucagon band intensity, suggesting the peptide 

successfully reacted with the polymer. After purification, as shown in lane 5, only the high 

molecular weight band corresponding to nanogel remained. The purified glucagon-nanogel 

conjugate was then subjected to reducing conditions (10 mg/mL TCEP), as shown in lane 

6. Upon reduction of the disulfide cross-links, glucagon was released, as indicated by the 

reappearance of an approximately 3.7 kDa band and the disappearance of the nanogel band.  
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Figure 4.3. TEM images of glucagon nanogels formed at 2 mg/mL PDSMA1-co-TrMA0.8 

(A) and 0.65 mg/mL PDSMA1-co-TrMA0.8 (B).  

 
After confirming that thiolated glucagon could be used to assemble and cross-link 

PDSMA1-co-TrMA0.8 nanogels, the effect of polymer concentration on nanogel 

morphology was assessed. We found that using 2 mg/mL PDSMA-co-TrMA to form 

nanogels resulted in fairly disperse nanogels ranging from 10-100 nm in diameter by 

transmission electron microscopy (TEM) (Figure 4.3A). When PDSMA-co-TrMA 

concentration was decreased to 1.0-0.5 mg/mL, a decrease in particle size and dispersity 

was observed (Figure 4.3B). Particles observed via TEM corresponded well to dynamic 

light scattering (DLS) results, which indicated that nanogels were approximately 9 nm in 

diameter (Figure 4.4-Figure 4.5). We hypothesized that at higher concentrations, thiolated 

glucagon could be able to interact with multiple polymers, potentially even linking several 

smaller nanogels together, accounting for the observed aggregates and dispersity. 
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Concentrations lower than 0.5 mg/mL were low yielding and therefore not investigated 

further.  

 

 
Figure 4.4. DLS data of glucagon and PDSMA1-co-TrMA0.8 nanogels at acidic and neutral 

pH.  

 
 

 
Figure 4.5. Volume (A) and number (B) DLS measurements of glucagon nanogels formed 

with PDSMA1-co-TrMA1.7 at 0 and 5 days in solution.   
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Additionally, the effect of cross-linking density and trehalose content on glucagon 

encapsulation was investigated using two PDSMA-co-TrMA polymers, PDSMA1-co-

TrMA0.8 and PDSMA1-co-TrMA1.7, containing different ratios of PDSMA and TrMA.  

Two different ratios of polymer to glucagon were also explored when forming nanogels: 

5:1 and 10:1 with respect to thiol groups. A 5:1 thiol ratio of PDSMA1-co-TrMA0.8 to 

glucagon would contain approximately equal amounts by weight of polymer and peptide, 

indicating high load capacity of the gels. On average, nanogels were obtained in 60-70% 

yield after purification. Nanogel conjugation was quantified by comparing the amount of 

remaining glucagon in the crude nanogel solutions to a thiolated glucagon control (Table 

4.1). Interestingly, it was found that using 5:1 thiol ratio of polymer to glucagon resulted 

in higher yielding conjugations than nanogels prepared at a 10:1 thiol ratio. Moreover, after 

examining nanogels by TEM, 5:1 nanogels were more uniform and well defined than 10:1 

nanogels (Figure 4.14). This could be because large excess of polymer could effectively 

cap thiol groups on glucagon with a single chain, resulting in uncross-linked glucagon 

conjugates instead of nanogels. It was also observed that nanogels formed using PDSMA1-

co-TrMA0.8 retained more glucagon than PDSMA1-co-TrMA1.7, most likely due to the 

higher density of PDS groups capable of conjugating to glucagon. At 10:1 PDSMA1-co-

TrMA1.7 to glucagon, only a few irregular nanogels were observed by TEM, and the 

conjugation yield could not be calculated because no defined nanogel band was obtained 

by SDS PAGE (Table 4.1). Therefore, we chose to use nanogels prepared at the 5:1 ratio 

for the majority of subsequent experiments. 
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4. 2. 3. Nanogel Solubility 

 We were interested in studying the solubilizing effect of our glucagon nanogel 

conjugates because glucagon is not soluble at neutral pH, making administration to patients 

challenging.4 Using DLS, the particle sizes of unencapsulated glucagon and glucagon 

nanogels were measured at neutral and acidic pH (Figure 4.4). As expected, analysis of 

glucagon solubilized in 10 mM HCl showed small particles approximately 2-3 nm in 

diameter. When glucagon was neutralized however, a dramatic shift to 2000-3000 nm 

particles was observed, which was additionally confirmed visually as glucagon precipitated 

out of solution. Glucagon nanogels, on the other hand, did not change in size in either acidic 

or neutral pH. Under both conditions, approximately 9 nm particles were observed, 

indicating that encapsulated glucagon does not aggregate or precipitate out of solution with 

pH change, which was also confirmed visually as the solution remained homogeneous and 

clear.  

4. 2. 4. Nanogel Stability 

 One of the main challenges preventing broader clinical application of glucagon is 

its instability. Upon dissolution, fibrillation, which is associated with cytotoxicity and loss 

of activity, is observed within hours.54 Therefore, when assessing glucagon stability, extent 

of fibrillation is frequently used as an indirect measure of retention of activity.13 The 

stabilizing effect of PDSMA-co-TrMA nanogels on glucagon was investigated using TEM 

imaging (Figure 4.6). Nanogel solutions were prepared using PDSMA1-co-TrMA0.8, 

imaged, reduced, and then imaged at 0 (just after reduction) and 24 hours. Immediately 

after reduction with TCEP, no nanogels, fibrils, or aggregates were observed (Figure 4.6B). 



	

	

131 

This indicates that while encapsulated, glucagon does not aggregate, suggesting the 

nanogels are able to stabilize the peptide cargo. After letting the reduced solution sit at 22 

°C for 24 hours, fibrils and aggregates were clearly observed (Figure 4.6C). This indicates 

that glucagon was successfully released under reducing conditions and begins to aggregate 

when no longer bound inside the nanogels. The experiment was repeated over a longer time 

period switching to the higher trehalose content polymer to maximize stabilization, 

reducing and imaging nanogel solutions after two days in solution and re-imaging after 

three additional days (Figure 4.15). These results were similar to the first experiment, 

which perhaps may be even more significant, since no glucagon aggregates were observed 

when imaged directly after release from aged nanogels after the nanogels were kept two 

days in solution. After re-imaging the released nanogel solution at day 5, fibril formation 

was observed. Since we typically observed glucagon fibrillation within less than 24 hours, 

this indicated to us that the nanogels were able to stabilize glucagon up to at least two days.  

 

 
Figure 4.6. TEM images of PDSMA1-co-TrMA0.8 glucagon nanogels in solution (A), 

immediately after reduction (B), and 24h after reduction (C). 
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To further assess stability, PDSMA1-co-TrMA1.7 NGs were examined by DLS after 

five days in solution, and no significant shift in size was observed compared to fresh NGs, 

again indicating that they remained stable for the duration of the experiment (Figure 4.5). 

However, TEM imaging of aged PDSMA1-co-TrMA1.7 nanogels indicated that several 

small aggregates had started to form that were not indicated by the DLS data (Figure 4.7). 

While these aggregates looked different compared to the fibrils imaged in previous 

experiments, it is known that glucagon goes through several different stages of fibrillation, 

and this type of structure has been reported previously.54 It is important to note that the 

extent of fibrillation is drastically slowed compared to unencapsulated glucagon which is 

completely fibrillated within 24 hours. The NGs used for this experiment contained 

approximately 1:1 (PDSMA1-co-TrMA0.8) or 2:1 (PDSMA1-co-TrMA1.7) polymer to 

glucagon by weight, so higher polymer concentration or molecular weight might be able 

to slow aggregation more effectively by acting as an even larger steric shield.   

 
Figure 4.7. TEM images of PDSMA1-co-TrMA1.7 glucagon nanogels on day 0 (A) and day 

5 (B). In addition to nanogels, small glucagon aggregates were observed in solution after 

5 days (C).  
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 Long-term PDSMA1-co-TrMA1.7 NG stability was also assessed using native 

PAGE to ensure glucagon was not released over time through hydrolysis (Figure 4.8). We 

also compared native and thiolated glucagon (lanes 1-2) and observed no shift in the bands, 

indicating the two compounds run comparably on the gel. No differences were observed 

when comparing fresh nanogels and nanogels aged in pH 7.4 PBS for five days (lanes 4-

5), and the lack of a glucagon band indicated nonspecific release was not occurring. After 

addition of reducing agent, a single band corresponding to glucagon was obtained (lane 7), 

comparable to the result observed via SDS-PAGE, indicating successful nanogel 

degradation and glucagon release. 

 

 
Figure 4.8. Native PAGE of glucagon and nanogels. Lane 1: glucagon; lane 2: thiolated 

glucagon; lane 3: PDSMA1-co-TrMA1.7; lane 4: glucagon- PDSMA1-co-TrMA1.7 nanogel; 

lane 5: glucagon- PDSMA1-co-TrMA1.7 nanogel aged 5 days; lane 6: glucagon- PDSMA1-
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co-TrMA1.7 nanogel after lyophilization; lane 7: glucagon- PDSMA1-co-TrMA1.7 nanogel 

from lane 5 reduced with TCEP (10 mg/mL).  

 
 We also subjected our nanogel solutions to a lyophilization cycle, and by native 

PAGE no glucagon release after reconstitution in buffer was observed (Figure 4.8, lane 6). 

However, TEM imaging revealed the formation of micron-sized aggregates, indicating the 

nanogels were not stable (Figure 4.16). While trehalose polymers have been used 

previously to create particles stable to lyophilization,42 the high loading of our nanogels 

may limit the polymer’s stabilizing effects to lyophilization. Also, as discussed previously, 

optimization with larger polymers or different polymer to glucagon ratios may yield more 

promising results for lyophilization. Additionally, glucagon is currently commercially 

available as a lyophilized powder that must be reconstituted before administration and is 

considered more stable to lyophilization than when in solution.55  Therefore, most research 

efforts are focusing on developing liquid stable glucagon formulations.  

4. 2. 5. Bioactivity Studies 

 In vitro glucagon activity studies were carried out to assess the extent of bioactivity 

of thiolated glucagon compared to native glucagon (Figure 4.9). A commercially available 

assay kit containing hematopoietic rat cells expressing human glucagon receptor on the 

cell surface was utilized for these experiments. Using a four-parameter logistic fit, we 

obtained an EC50 value of 113 ± 1 nM (R2 = 0.99) for native glucagon and a value of 126 

± 10 nM (R2 = 0.98) for thiolated glucagon (Figure 4.9A-B). While this value for glucagon 

is approximately ten-fold higher than what has been reported previously using a different 
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assay,56 license restrictions on the assay kit prevented us from passaging the cells and 

required us to assay the thawed cells, which retained rounded morphologies for the duration 

of the experiment, indicating they may not be healthy. However, it is important to note that 

the values for both unmodified and modified peptides are not statistically different (p > 

0.05), suggesting that the thiolated compound retains bioactivity.  

 

 
Figure 4.9. Dose response curves of glucagon (A) and thiolated glucagon (B) using Chem-

1 cells expressing human glucagon receptor. A signal in response to PDSMA1-co-TrMA1.7 

glucagon nanogels was also measured (C). Calculated EC50 values of 113 ± 1 nM (R2 = 

0.99) and 126 ± 10 nM (R2 = 0.98) for native glucagon and thiolated glucagon, respectively, 

were obtained. 

 

Additionally, glucagon nanogels also produced a positive response, suggesting the 

peptide is able to interact with its receptor even when covalently bound to polymer (Figure 

4.9C). While it is possible that the nanogels were taken up by cells and cleaved by GSH 

present inside the cell,57 the released glucagon would need to be expelled from the cells in 

order to act on its extracellular receptor.58 Because the signal response was observed within 
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seconds of compound addition, and endo- and exocytosis of nanoparticles has been 

reported to occur within minutes or hours,59 we believe the signal we observed was elicited 

by the intact glucagon nanogels. Further, as mentioned previously, thiolation of glucagon 

resulted in a mixture of singly and doubly modified peptide and we anticipate that singly 

thiolated glucagon could be covalently conjugated to the outside of the nanogel, allowing 

for interaction with the receptor. After reduction of glucagon nanogels with 10 mM DTT, 

a stronger signal was observed, corresponding to release of glucagon from the interior of 

the nanogel, further strengthening our hypothesis. These results demonstrated that we 

successfully synthesized a bioactive glucagon analog with reactive functional handles for 

easy conjugation and stabilization. Further studies will be undertaken by the Maynard lab 

to examine the effect of polymer size and number of conjugation sites on glucagon stability 

and efficacy, as well as in vivo bioactivity characterization. 

 

4. 3. Conclusions 

We described the use of a modified glucagon to assemble and cross-link PDSMA-

co-TrMA polymers into nanogels without the need for any additional reagents or cross-

linkers. Uniform nanogels approximately 9 nm in diameter were obtained with conjugation 

efficiency greater than 80%. Moreover, glucagon nanogel conjugates exhibited superior 

stability in solution to aggregation compared to unencapsulated glucagon with the 

additional benefit of being soluble at both acidic and neutral pH. Glucagon release was 

observed under mild reducing conditions, suggesting that this encapsulation strategy may 
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be a useful delivery vehicle. In addition to presenting a stabilizing nanogel system, we also 

synthesized a novel modified glucagon compound with a reactive functional handle. The 

bioactivity of this modified glucagon compound was found to be comparable to native 

glucagon, suggesting it may be a promising candidate for further in vivo study.  

Additionally, the glucagon within the nanogel was also found to retain bioactivity when 

conjugated and upon release.   

 

4. 4. Experimental 

4. 4. 1. Materials and Analytical Techniques 

All reagents were purchased from Sigma Aldrich or Fisher Scientific and used without 

further purification unless specified. Glucagon was purchased from ChemPep. Glucagon 

characterization was carried out on an Agilent 1100/1200 HPLC system equipped with a 

G1312A binary pump, a G1314A autosampler, and a G1314A VWD. Mass spectra were 

recorded using an Agilent 6130 LC/MS system equipped with an ESI source. Stationary 

phase and gradient profiles are noted below. DLS measurements were carried out using a 

Malvern Zetasizer Nano. 

4. 4. 2. Methods 

Thiolation of Glucagon with Traut’s Reagent  

Glucagon (1 mg) was solubilized in 1:1 ACN/50 mM HCl (200 µL). 2-IT was dissolved in 

pH 9 PBS immediately before use (0.08 mg/50 µL). Glucagon solution (100 µL) and 2-IT 
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solution (50 µL) plus an additional 300 µL pH 9 PBS were mixed in a 0.5 mL lo-bind tube 

for 90 min before analyzing sample via LCMS. 

 

Figure 4.10. ESI-MS of glucagon thiolated with Traut's reagent. m/z = 1161.5 corresponds 

to glucagon and m/z = 1189.8 corresponds to the byproduct of singly thiolated glucagon (z 

= 3). 

 

Trapping Thiolated Glucagon with PDS and PDSMA-co-TrMA  

 
Figure 4.11. Ellman's assay results of glucagon thiolated with 2-IT trapped with PDS or 

PDSMA-co-TrMA. 
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Thiolation of Glucagon with DTBP 

Glucagon (3 mg) was dissolved in 1 mL 0.1 M NaOH. Separately, DTBP (5 mg) was 

dissolved in 0.5 ml pH 9 100 mM borate buffer and added to the glucagon solution. The 

solution was mixed for five minutes before adding additional DTBP (2 mg) in 0.2 mL 

borate buffer. The same addition was repeated two minutes later. After mixing for 40 

minutes, DTBP (1 mg) in 0.1 mL borate buffer was added to the solution. Cloudiness 

developed in the solution over time, but the addition of 0.1 M NaOH caused the solution 

to return to clear. DTBP-modified glucagon was purified using 3kDa MWCO centriprep 

filters, centrifuged at 12,000 rpm for 20 minute cycles. To reduce the disulfides, 10 mM 

TCEP was added to the solution and mixed for 10-15 minutes before continuing centriprep 

cycles until TCEP was completely removed. 

 

Ellman’s Assay  

5,5'-dithiobis-(2-nitrobenzoic acid (DTNB) (0.5 mg) was dissolved in pH 7.9 PBS + 1 mM 

EDTA (1 mL). To each well of a polystyrene 96 well plate, 250 µL pH 7.9 PBS + 1 mM 

EDTA, 10 µL DTNB solution were added followed by 25 µL sample solution. After letting 

the color develop, absorbance measurements were performed at 405 nm on ELX800 

Universal Microplate Reader. Results were reported as the average and standard deviation 

of three independent repeats. 
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Figure 4.12. Ellman's assay results of thiolated glucagon and wash solution. 

 

HPLC Method 

An Eclipse XDB-C18 (4.6 x 150 mm, 5 µm) column was utilized to analyze glucagon 

thiolation using a gradient of 10-100% H2O + 0.1% TFA/ACN + 0.1% TFA over 13 

minutes. Glucagon and modified glucagon eluted at approximately 8.3 minutes. 
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Figure 4.13. LC trace after TCEP reduction of glucagon thiolated with DTBP (peak at 8.3 

min) (A) and ESI-MS data of thiolated glucagon after TCEP reduction (B).  m/z = 1191.2 

corresponds to singly thiolated glucagon and m/z = 1219.6 corresponds to doubly thiolated 

glucagon (z = 3). 

 

Representative Nanogel Formation with Thiolated Glucagon  

Thiolated glucagon (0.1 mg, approximately 1:1 singly to doubly thiolated peptide), 

lyophilized from 10 mM HCl, was dissolved in deionized water (100 µL). Separately, 

PDSMA1-co-TrMA0.8 (0.13 mg) or PDSMA1-co-TrMA1.7 (0.21 mg) was dissolved in 100 

µL pH 7.4 PBS. The polymer solution along with additional 100 µL 10 mM HCl were 
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transferred to a glass vial equipped with a stir bar. The solution was stirred at 1000 rpm, at 

which point the glucagon solution was added in dropwise. After stirring for 2 hours, crude 

nanogels were purified using 30 kDa MWCO centriprep filters by centrifuging at 12,000 

rpm for 20 min for three cycles. In between, the solution was replenished with 10 mM HCl 

then PBS. 

 
Gel Electrophoresis 

SDS-PAGE: 

Samples were loaded using 2X Laemmli sample buffer and run on Mini-Protean TGX, Any 

kD gels (Bio-Rad) at 180V for 25-30 minutes using Tris/Glycine/SDS buffer (Bio-Rad). 

Gels were stained with Coomassie.  

Native-PAGE: 

Samples were loaded using native sample buffer (Bio-Rad) and run on Mini-Protean TGX, 

4-20% gels (Bio-Rad) at 180V for 90 minutes using Tris/Glycine buffer (Bio-Rad). Gels 

were stained with Coomassie.  

 

Estimating Conjugation Yield 

Conjugation yields were calculated using ImageJ software to compare glucagon band 

intensity before and after conjugation.  
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Table 4.1. Conjugation yields of nanogels made from PDSMA1-co-TrMA0.8 and PDSMA1-

co-TrMA1.7 at two different ratios.  

Polymer Polymer to Glucagon (w.r.t. thiols) Conjugation Yield (%) 

PDSMA1-co-TrMA0.8 5 84 

PDSMA1-co-TrMA0.8 10 76 

PDSMA1-co-TrMA1.7 5 77 

PDSMA1-co-TrMA1.7 10 N/A 

 

TEM Imaging 

TEM images were acquired on a FEI T12 instrument using formvar/carbon coated grids 

(200 mesh, Cu, Ted Pella). Grids were glow discharged for 15 seconds. 2.5 µL of sample 

were placed on the grid and allowed to adhere for 5 minutes. After, the grids were washed 

3x with 1 drop of water, followed by staining with uranyl acetate.  
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Figure 4.14. TEM images of nanogels formed using 5:1 (A) and 10:1 (B) PDSMA1-co-

TrMA0.8 and 5:1 (C) and 10:1 PDSMA1-co-TrMA1.7 to thiolated glucagon. Scale bars = 

200 nm. 
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Figure 4.15. TEM images of fresh PDSMA1-co-TrMA1.7 glucagon nanogels in solution 

(A), aged (2 days) nanogels imaged immediately after TCEP reduction (B), and three days 

after reduction (C). 

 

 
Figure 4.16. TEM images of PDSMA1-co-TrMA1.7 glucagon nanogels in solution (A). 

However, after lyophilization and reconstitution a mixture of nanogels (B) and micron 

sized aggregates was observed after lyophilization (C). 

 

Glucagon Activity Assay:  

A commercial assay kit containing Chem-1 cells expressing the human glucagon receptor 

was purchased from Eurofins (HTS112RTA) and used in conjunction with Fluo-8 dye kit 
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from AAT Bioquest (36314). Cells were plated according to manufacturer’s protocol for 

96 well plate assay (2 vials of cells/96 well plate). After 24 hours, media was removed 

from the wells and replaced with 100 µL dye solution, which was prepared according to 

manufacturer’s instructions. Plates were incubated in the dark at 37 °C for 30 min and at 

22 °C (room temperature) for an additional 30 minutes. Glucagon compounds were 

prepared in 0.05 M AcOH, then diluted 1:10 into Hank’s Buffered Saline Solution (HBSS) 

without calcium, magnesium, or phenol red, supplemented with 1% dimethylsulfoxide and 

10% v/v phosphate buffered saline. The thiolated glucagon sample used for these studies 

contained approximately 1:1 singly to doubly thiolated peptide as characterized by LC-

MS. Imaging was carried out on a FlexStation II plate reader from Molecular Devices using 

the following conditions:  

Ex/Em: 490/525 nm 

Pipet height: 50 µL 

Pipet rate: 3 (78 µL/sec) 

Volume added: 10 µL at t = 20 s  

No mixing 

Assay duration: 80 s 

A blank correction was applied to the data by subtracting the first data point from all 

subsequent data points. All data were expressed as the % maximum for each condition 

tested. A four-parameter logistic fit was applied to the results to obtain EC50 values. The 

mean and errors of two to three independent repeats were used for calculations.  
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Chapter 5 

Design of Modular Dual-Enzyme Responsive 

Peptides‡ 
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5. 1. Introduction 

Due to their high selectivity and specificity, enzyme responsive systems are 

commonly used for diagnostic and drug delivery applications.1-2 Though many single 

enzyme-responsive systems show promise in specific targeting, response to more than one 

enzyme allows for greater target selectivity and indirect enzyme detection, and provides 

information about cellular environments.3-7 For example, caspase-sensitive reporters, 

which respond to peroxide production or to cancer-related matrix metalloproteinases, have 

been designed to detect cell injury8 as well as to monitor reactivation of the apoptotic 

pathway after anti-cancer therapy delivery, respectively.3, 9 Small molecule and protein-

based probes have also been designed to monitor enzyme cascades, though these often 

require very specific enzymes, limiting their modularity.10-11 

Enzyme responsive systems can also enable selective biodegradation of materials 

for biomedical applications. By incorporating multiple enzyme cleavage sites, materials 

will only degrade and release drugs at specific locations in vivo. Many of these systems are 

responsive to the serine protease trypsin due to its widespread presence throughout the 

body, including in the digestive tract, and its association with various cancers.12-16 For 

example, trypsin-sensitive sequences have been grafted into enhanced green fluorescent 

protein to monitor trypsinogen activation in pancreatic cancer cells.17 Additionally, trypsin 

responsive sequences have been incorporated into abuse-deterrent opioid formulations, 

which allow drug release only in the digestive tract of patients.18 However, degradation of 

such formulations could be better controlled if sequences that required digestion by 

multiple enzymes were installed.   To this end, we have designed a dual enzyme-responsive 
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peptide system that requires sequential digestion by two enzymes for cargo release from 

the C-terminus. In this system, the peptide is first cleaved by an enzyme that unmasks the 

recognition site for a second enzyme allowing for digestion and release of a colorimetric 

compound (Scheme 5.1).  

 
Scheme 5.1. Dual enzyme responsive systems were designed with a protease substrate 

coupled to the ε-amino group of lysine. When the protease substrate is cleaved off by one 

of three model enzymes, the lysine is unmasked, allowing for subsequent trypsin digestion. 

Upon digestion, a colorimetric compound, nitroaniline, is released. The release of 

nitroaniline does not occur if only one enzyme is present. 

 

5. 2. Results and Discussion 

Trypsin is a serine protease that cleaves the C-terminus of positively charged amino 

acids such as lysine19 but does not cleave if the ε-amine of lysine is acetylated, or masked.20 

Previously, trypsin has been used to indirectly measure histone deacetylase (HDAC) 

activity by monitoring trypsin digestion of lysine after deacetylation by HDAC.5, 21 We 
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designed our system to be dual enzyme-responsive by modifying the ε-amine of lysine with 

substrates for four different proteases: chymotrypsin, papain, and caspases 3 and 8 (Figure 

5.1). We chose these substrates to demonstrate that lysine modification can be used to 

analyze the activity of a broad range of enzymes.  

 
Figure 5.1. Structures of dual-enzyme responsive peptides. Structures of 

chymotrypsin/trypsin sensitive peptide (AcAAF)K-pNA (A), papain/trypsin sensitive 

peptide (AcFG)K-pNA (B), caspase 8/trypsin sensitive peptide (AcIEPD)K-pNA (C), and 

caspase 3/trypsin sensitive peptide (AcDEVD)K-pNA (D). 

 

Enzyme substrates chosen for chymotrypsin, papain, and caspases 3 and 8 were 

AcAAF, AcFG, AcDEVD, and AcIEPD, respectively.  Peptides were synthesized using 

standard Fmoc solid phase chemistry.22 Initially, the side chain of N2-acetyl-L-lysine was 

modified with various protease substrates on resin before coupling the peptide to p-

nitroaniline (pNA) in solution phase after cleavage from the resin (Scheme 5.2).23 This 

approach proved to be challenging to purify on a larger scale due to the large excess of 

reagents required to drive the reaction to completion. Therefore, a more modular solution 
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phase approach was subsequently used in which protease substrates were coupled to a 

lysine nitroanilide using solution phase conditions (Scheme 2). Peptide identity and purity 

were confirmed by LC-MS. The synthesized peptides were also analyzed using UV-vis 

spectroscopy, and the resulting spectra were compared to pNA (Figure 5.14). The 

absorbance maxima of the peptides occurred near 310 nm, and no peaks were observed 

around 405 nm, the wavelength used to monitor pNA release. Trypsin and chymotrypsin 

were chosen as initial model enzymes because they each require only a single amino acid 

for recognition and cleavage. The peptide sequence chosen for chymotrypsin/trypsin 

detection, (Ac-AAF)K-pNA, was designed with phenylalanine at the ε-amine of lysine 

nitroanilide to install chymotrypsin sensitivity since chymotrypsin recognizes and cleaves 

at the C-terminal side of bulky, aromatic amino acids.24 

To test the enzyme responsiveness of (AcAAF)K-pNA, the peptide was first 

incubated with both chymotrypsin and trypsin, and the absorbance at 405 nm, 

corresponding to pNA release, was monitored over time. A standard curve was then used 

to convert absorbance values to pNA concentration (Figure 5.15). A significant absorbance 

increase was observed, suggesting that both enzymes are required for complete substrate 

cleavage. Incubation of 50 µM (AcAAF)K-pNA with the enzymes showed an 

absorbance/concentration increase that leveled out at 0.039±0.003 AU after five hours. A 

two-fold absorbance increase to 0.070±0.002 AU was observed for 100 µM substrate, and 

a four-fold absorbance increase to 0.147±0.002 AU was observed for 200 µM substrate, 

indicating that release of pNA is substrate concentration dependent as expected (Figure 

5.2). When 100 µM peptide was incubated with only chymotrypsin, no change in 
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absorbance was observed. However, a minimal absorbance increase (0.016±0.002 AU) was 

observed when 100 µM peptide was incubated with trypsin only. This minimal absorbance 

increase can be explained: it is known that commercial trypsin contains residual 

chymotrypsin activity, and thus the second enzyme is present at a low concentration.25 

Further, our other dual enzyme substrates (vide infra) did not show any absorbance increase 

when incubated with trypsin alone since they do not contain any chymotrypsin sensitive 

residues adjacent to lysine, further suggesting residual chymotrypsin activity is the source 

of the observed slight absorbance increase.   

 
Figure 5.2. (Ac-AAF)K-pNA digestion with trypsin and chymotrypsin resulted in an 

absorbance increase, corresponding to pNA release. Digestion with trypsin or 

chymotrypsin only did not result in a significant absorbance increase. Absorbance 

measurements were taken for first 60 minutes and at the five-hour mark to confirm 

absorbance values had reached their maxima. Average and standard deviation of three 

repeats are shown. 
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The second substrate, (AcFG)K-pNA, was incubated with papain and trypsin. 

Papain, a cysteine protease, cleaves the C terminal side one amino acid after an aromatic 

residue.26 In the presence of papain and trypsin, pNA release from the substrate was 

observed to be substrate dependent, similar to what we had observed for (AcAAF)K-pNA 

digestion (Figure 5.3). Again, no absorbance/pNA concentration increase was observed 

when the substrate was incubated with each enzyme separately. It is interesting to note that 

papain digestion of basic amino acids, such as lysine, has been reported; however, cleavage 

rates are drastically lower than those observed for Phe-Gly, which is evidenced by the lack 

of absorbance increase when papain only was added to the substrate (Figure 5.3).27-28   

 

Figure 5.3. Papain and trypsin digestion of (AcFG)K-pNA at varying substrate 

concentrations released pNA, resulting in proportional absorbance increases. Incubating 

the substrate with papain or trypsin only resulted in no absorbance increase. Average and 

standard deviation of three repeats are shown. 
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To demonstrate the versatility of the design, two other dual-enzyme responsive 

peptides, (AcDEVD)K-pNA and (AcIEPD)K-pNA, were synthesized by modifying lysine 

with substrates of two clinically relevant enzymes: caspases 3 and 8, respectively.29 

Caspases 3 and 8 are key proteases in apoptotic pathways that are down regulated in certain 

cancer cells,30-31 and caspase 3 is found at elevated levels after myocardial infarctions.32 

Caspase activity assays are commonly used to monitor delivery of anti-cancer agents since 

activation of the apoptotic pathway can indicate successful cancer treatment.33  

Initial experiments with (AcIEPD)K-pNA revealed little to no absorbance increase 

in the presence of caspase 8 and trypsin (Figure 5.16). To ensure the enzyme itself was still 

active, the activity was confirmed using commercially available single enzyme substrates 

AcIEPD-pNA and AcDEVD-pNA (Figure 5.17), which cleaved as expected.  These results 

led us to hypothesize that caspase 8 is not able to efficiently digest our substrate because 

peptide amide bonds are much less labile than the acyl-nitroanilide in commercial 

substrates. Further, caspases are sensitive to the structure of the amino acid in the P1’ 

position which is adjacent to the substrate cleavage site, and the presence of an ε-amide as 

P1’ may negatively affect enzyme digestion.34 Notably, Kcat/Km values for caspase 8 are 

reduced approximately 50 times on average when compared to caspase 3, prompting us to 

design a dual enzyme substrate sensitive to caspase 3 and trypsin.34 
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Figure 5.4. Digestion of (AcDEVD)K-pNA with trypsin and caspase 3 results in p-

nitroaniline release. No release is observed when only trypsin or caspase 3 is used or when 

the caspase 3 recognition sequence was scrambled. Average and standard deviation of four 

repeats are shown. 

 

Enzyme sensitivity of (AcDEVD)K-pNA was assessed after incubating 125 µM of 

substrate first with caspase-3 then with trypsin, which resulted in an absorbance increase 

of 0.1±0.006 AU over 60 minutes (Figure 5.4). This indicated that caspase 3 was able to 

digest the substrate in contrast to our findings for caspase 8. In the presence of trypsin or 

caspase 3 only, no absorbance increase was observed as expected. A scrambled version of 

the caspase 3 substrate, (AcDVED)K-pNA was also synthesized, for which no enzyme 

digestion was anticipated. As hypothesized, no pNA release occurred when (AcDVED)K-

pNA was incubated with trypsin and caspase 3 (Figure 5.4). Because of the difference in 

caspase 8 cleavage rates of (AcIEPD)K-pNA and AcIEPD-pNA, we wanted to compare 
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caspase 3 digestion of (AcDEVD)K-pNA to its commercial substrate, AcDEVD-pNA. We 

found that pNA release from our substrate corresponded to 83% of the release from the 

commercial substrate, indicating both substrates are digested efficiently by caspase 3 and 

that our peptide system may be useful for enzyme activity screening assays (Figure 5.18).  

Additionally, these dual-enzyme responsive probes can be used to indirectly 

measure cleavage rates of peptide bonds, which are difficult to detect through single 

enzyme assays because these typically require an easily detectable analyte to be released 

instead of an amino acid. A proof-of-concept kinetics experiment using (AcFG)K-pNA 

was carried out to determine kinetic parameters of papain.  Kcat values for papain hydrolysis 

of comparable substrates range from 1.3 (AcPheGly-pNA) to 5.4 (AcPheGly-OMe) s-1, and 

Kcat of trypsin hydrolysis of a lysine nitroanilide is 44 s-1.26, 35 Therefore, we anticipated 

papain being the rate limiting enzyme, meaning that the rate of pNA release is dependent 

on papain activity and not trypsin.26, 35 Initially, various concentrations of substrate were 

incubated with both enzymes and the resulting pNA release was monitored via UV-vis. 

Non-linear regression of substrate concentration versus absorbance increase was carried 

out to determine Km (Table 5.1, Entry 1). However, adding enzymes both at once can give 

lower cleavage rates for the substrate since the enzymes can digest each other in a 

competitive reaction.   

Thus, the experiment was repeated, this time incubating (AcFG)K-pNA first with 

papain, then adding trypsin at predetermined time points. The resulting Km was lower than 

the first experiment whereas Kcat/Km increased twofold (Table 5.1, Entry 2). We reasoned 

that this approach gave a more accurate result since it allowed digestion by the first enzyme 
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to occur without interference by the second. Our determined values fall between the values 

for two similar papain substrates, indicating the hydrolysis rate of (AcFG)K-pNA lies 

between that of comparable nitroanilides and methyl esters. Similar trends have been 

observed by others, leading us to believe this strategy may be a useful tool for indirect 

enzyme kinetic analysis.36 Alternatively, the cleavage rate of each dual-enzyme substrate 

could be monitored using additional characterization methods, such as LC-MS. This would 

allow for the monitoring of each enzyme digestion step individually.  

 

Table 5.1. Kinetic parameters of Phe-Gly substrates. 

Substrate Enzyme Km (µM) Kcat/Km (M-1s-1) 

(AcFG)K-pNA Papain + Trypsin 256±29 6.5±0.5x103 

(AcFG)K-pNA Papain then Trypsin 127±48 1.4±0.5x104 

AcFG-pNA26 Papain 880±100 1.5±0.2x103 

AcFG-OMe26 Papain 32±1 1.7±0.15x105 

 

Due to the modular design of the dual-enzyme responsive peptides, a wide range of 

protease substrates could be coupled to the lysine side chain. This could be useful for multi-

enzyme screening applications as well as for creating selectively degradable materials for 

drug delivery. For instance, our system allows for the indirect determination of amide 

hydrolysis kinetics which are not possible with traditional single enzyme assay substrates. 

While we have not yet explored using other proteases in place of trypsin, doing so would 

broaden the scope of our system even further.  Our data also show that the cleavage rates 
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of each enzyme must be taken into account when designing further dual enzyme responsive 

peptides in this manner, providing important information for successful design.  

5. 3.  Conclusions 

In summary, we have designed and synthesized a series of multi-enzyme responsive 

peptides by modifying the ε-amine of lysine with substrates of three different proteases: 

chymotrypsin, papain, and caspase 3. It was shown that dual protease activity is required 

for nitroaniline release to occur. Due to the modular design, we envision that these peptides 

could be used for selective drug delivery, for fundamental studies on dual enzyme activity, 

as well as for diagnostic enzyme screening.  

5. 4.  Experimental 

5. 4. 1. Materials and Analytical Techniques 

Fmoc-protected amino acids were purchased from Chem Impex. Chymotrypsin (64.8 

units/mg) was purchased from Sigma Aldrich. Trypsin (225 units/mg), papain (30.3 

units/mg), and caspases 3 (100 units/µL) and 8 (0.2 mg/mL) were purchased from Fisher 

Scientific. All other chemicals were purchased from Sigma Aldrich. 1H NMR and 13C 

NMR spectra were obtained on an Avance DRX 400 MHz instrument. ESI mass spectra 

were obtained using a Waters Acquity LCT Premier XE. Assay measurements were carried 

out on a Bio-Tek ELx 800 Microplate Reader.  

5. 4. 2. Methods 

Synthesis and Characterization of Peptides 
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Scheme 5.2. Synthesis of nitroanilide peptides using method 1. 

 

Peptide Synthesis: Initial Method 

Peptides were synthesized using standard fmoc solid-phase chemistry with a 2-chlorotrityl 

chloride resin (0.4 mmol/g substitution).  N-termini were acetylated prior to cleavage from 

the resin using 50 eq. acetic anhydride and diisopropylethylamine (DIEA) in 

dimethylformamide (DMF) for 30 min. Peptides were cleaved from the resin using 

95:2.5:2.5 trifluoroacetic acid (TFA)/triisopropylsilane (TIPS)/H2O. For peptides 

containing t-butyl protecting groups, 0.5% TFA in dichloromethane (DCM) was used to 

cleave from the resin, thereby keeping any protecting groups intact. Peptides were modified 

with p-nitroaniline using a previously reported procedure.23 Peptides were purified by 

preparative reverse-phase HPLC equipped with a C18 column using a linear gradient from 

95:5 to 5:95 H2O/acetonitrile with 0.1% TFA at a flow rate of 20 mL/min.  ESI-MS was 

used to confirm the molecular masses of the desired products. 

Peptide Synthesis: Modular Method 
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Scheme 5.3. Synthesis of (S)-2-acetomido-6-amino-N-(4-nitrophenyl)hexanamide. 

Synthesis of (S)-2-acetamido-6-amino-N-(4-nitrophenyl)hexanamide 

Lys(Boc)-pNA 1 (2.0g, 5.46 mmol) was dissolved in dichloromethane (10 mL). 

Triethylamine (3.4 mL, 24.6 mmol) was added before cooling the solution to 0 °C using 

an ice bath. Acetic anhydride (2.3 mL, 24.6 mmol) was added drop wise and the reaction 

stirred for 3 hours. During the reaction, a precipitate formed, and a beige color developed. 

Dichloromethane was removed under vacuum, and solids were re-dissolved in ethyl acetate 

(~20 mL) before washing with 2x NaHCO3, 2x sat. NH4Cl, and 1x brine. The organic layer 

was dried over MgSO4 before reducing volume under vacuum. Product was re-crystallized 

two times from ethyl acetate to yield a beige solid 2 (1.6g, 72%). Calc. [M+1]: 409.2009 

Da; Obs. [M+1]: 409.2072 Da.1H NMR of 2 (400 MHz, (CD3)2SO) δ 10.68-10.55 (s, 1H), 

8.25-8.10 (m, 3H), 7.88-7.77 (dt, 2H, J = 10.2, 2.5 Hz), 6.78-6.65 (t, 1H, J = 5.5 Hz), 4.38-

4.23 (m, 1H), 2.92-2.77 (q, 2H, J = 6.4 Hz), 1.87-1.78 (s, 3H), 1.71-1.48 (m, 2H), 1.39-

1.16 (m, 13H) ppm.  13C NMR of 2 (400 MHz, (CD3)2SO) δ 172.6, 170.0, 156.0, 145.6, 

142.7, 125.4, 119.4, 77.7, 54.2, 31.9, 29.7, 28.7, 23.3, 22.8 ppm. Carbon 10 not observed 

due to solvent overlap. 2 was dissolved in 1:1 TFA/DCM (4 mL) and stirred for 1 hour 

before removing solvent under vacuum to give A as a beige solid in quantitative yield. 

Calc. [M+1]: 309.1485 Da; Obs. [M+1]: 309.1616 Da. 1H NMR of A (400 MHz, 
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(CD3)2SO) δ 10.72-10.63 (s, 1H), 8.29-8.15 (m, 3H), 7.88-7.78 (dt, 2H, J = 10.2, 2.5 Hz), 

7.78-7.61 (broad s, 3H), 4.42-4.26 (m, 1H), 2.84-2.66 (m, 2H), 1.90-1.78 (s, 3H), 1.75-1.17 

(m, 6H) ppm.  13C NMR of A (400 MHz, (CD3)2SO) δ 174.4, 170.1, 159.0, 158.7, 145.6, 

142.8, 125.4, 119.4, 54.1, 31.6, 27.1, 23.0, 22.8 ppm. Carbon 8 not observed due to solvent 

overlap.  

 

 
Figure 5.5. 1H NMR spectrum of t-butyl (S)-(5-acetamido-6-((4-nitrophenyl)amino)-6-

oxohexyl)carbamate (2) in (CD3)2SO. 
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Figure 5.6. 13C NMR spectrum of t-butyl (S)-(5-acetamido-6-((4-nitrophenyl)amino)-6-

oxohexyl)carbamate (2) in (CD3)2SO. 
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Figure 5.7. 1H NMR spectrum of (S)-2-acetamido-6-amino-N-(4-nitrophenyl)hexanamide 

(A) as the TFA salt in (CD3)2SO. 
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Figure 5.8. 13C NMR spectrum of (S)-2-acetamido-6-amino-N-(4-nitrophenyl)hexanamide 

(A) as the TFA salt in (CD3)2SO. 

 

Protease substrates (Ac-FG, Ac-DEVD, Ac-DVED, Ac-IEPD) were synthesized using 

standard fmoc solid-phase chemistry with 2-chlorotrityl chloride resin (0.4 or 1.2 mmol/g 

substitution). 0.1M HOBt in 20% 4-methylpiperidine in DMF was used for Fmoc 

deprotection to reduce aspartimide formation.37 N-termini were acetylated prior to cleavage 

from resin using 50 eq. acetic anhydride and DIEA in DMF for 30 min. Peptides were 

cleaved from the resin using 0.5% TFA in DCM. Reverse coupling to A was carried out in 

DMF using 3 eq. HBTU and 6 eq. DIEA. Nitroanilide peptides were purified either by 

dissolving in ethyl acetate and washing with saturated NaHCO3, NH4Cl, and brine, or by 
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preparative reverse-phase HPLC equipped with a C18 column using a linear gradient from 

95:5 to 5:95 H2O/acetonitrile with 0.1% TFA at a flow rate of 20 mL/min.  ESI-MS was 

used to confirm the molecular masses of the desired products. 

 

Synthesis of Protease Substrates 

 (AcAAF)K-pNA: 

 

Figure 5.9. Structure of (AcAAF)K-pNA. 

Calc. [M+TFA]: 752.2873 Da; Obs. [M+TFA]: 752.3518 Da 

Analytical HPLC conditions:  

0-0.5 min: 10% ACN with 0.1% TFA  

0.5-12.5 min: 10-100% ACN with 0.1% TFA 

12.5-15 min: 100% ACN with 0.1% TFA 

Peptide eluted at 8.3 min. 

HPLC purity: 71.2%  
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Figure 5.10. Structure of (AcFG)K-pNA. 

 

Calc. [M+Na]: 577.2381 Da; Obs. [M+Na]: 577.2471 Da 

Analytical HPLC conditions:  

0-0.5 min: 10% ACN with 0.1% TFA  

0.5-12.5 min: 10-100% ACN with 0.1% TFA 

12.5-15 min: 100% ACN with 0.1% TFA 

Peptide eluted at 8.3 min. 

HPLC Purity: 96.7% 

 (AcDEVD)K-pNA: 

 

Figure 5.11. Structure of (AcDEVD)K-pNA. 

 

Calc. [M-H]: 807.3240 Da; Obs. [M-H]: 807.3092 Da 

Analytical HPLC conditions:  

0-0.5 min: 10% ACN with 0.1% TFA  
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0.5-12.5 min: 10-100% ACN with 0.1% TFA 

12.5-15 min: 100% ACN with 0.1% TFA  

Peptide eluted at 7.0 min.  

HPLC Purity: 84.7% 

 

(AcDVED)K-pNA: 

 

Figure 5.12. Structure of (AcDVED)K-pNA. 

 

Calc. [M-H]: 807.3240 Da; Obs. [M-H]: 807.3287 Da 

Analytical HPLC conditions:  

0-0.5 min: 10% ACN with 0.1% TFA  

0.5-12.5 min: 10-100% ACN with 0.1% TFA 

12.5-15 min: 100% ACN with 0.1% TFA 

Peptide eluted at 7.0 min.  

HPLC Purity: 99.2% 
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Figure 5.13. Structure of (AcIEPD)K-pNA. 

 

Calc. [M-H]: 803.3654 Da; Obs. [M-H]: 803.3658 Da 

Analytical HPLC conditions:  

0-0.5 min: 10% ACN with 0.1% TFA  

0.5-12.5 min: 10-100% ACN with 0.1% TFA 

12.5-15 min: 100% ACN with 0.1% TFA 

Peptide eluted at 7.6 min. 

Purity by HPLC: 96.2% 
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Figure 5.14. UV absorption spectra of dual-enzyme responsive peptides before digestion 

and of the colorimetric compound p-nitroaniline that is released after enzyme digestion of 

the peptides. 

 

Assays 

Trypsin + Chymotrypsin Assay 

Stock solutions of enzymes were prepared by dissolving trypsin (60 mg/mL) in 1 mM HCl 

and chymotrypsin (60 mg/mL) in pH 7.4 0.035M HEPES + 0.1M NaCl. The peptide 

substrate, (Ac-AAF)K-pNA, was dissolved in DMSO to make a 1 mM stock solution. To 

wells in a 96-well plate, 87.5 µL pH 7.4 0.035M HEPES + 0.1M NaCl and 2.5 µL peptide 

substrate were added. Absorbance was measured using a plate reader at 405 nm. Then, 5 

µL trypsin and 5 µL chymotrypsin were added to the wells, and absorbance was measured 

at pre-determined time points. Absorbance values were subtracted from initial reading of 
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only buffer and peptide.   When testing only one enzyme, 5 µL buffer were added to keep 

total volume per well at 100 µL. All conditions were measured in triplicate. 

Papain + Trypsin Assay 

Papain was reconstituted in deionized water at a concentration of 1 mg/mL. A stock 

solution of trypsin was prepared by dissolving the enzyme (10 mg/mL) in 1 mM HCl. The 

peptide substrate, (AcFG)K-pNA was dissolved in DMSO to make a 5 mM solution. 

Separately, 3M NaCl and 20 mM EDTA + 50 mM cysteine (pH 6.2) solutions were 

prepared with deionized water. In a 96-well plate, 5 µL substrate were mixed with 45 µL 

NaCl and 40 µL EDTA + cysteine solutions. Absorbance was measured at 405 nm to serve 

as a blank. Then, 5 µL of both enzyme solutions were added, and absorbance measurements 

were taken at pre-determined time points. All conditions were prepared and measured in 

quadruplicate.  

Papain + Trypsin Kinetics 

Absorbance measurements were carried out using Tecan M1000 plate reader. Km, Kcat, and 

Vmax were determined by measuring the absorbance generated by pNA release from 

enzymatic cleavage of 31.25-1000 µM (AcFG)K-pNA using previously described assay 

conditions. For trypsin time points, (AcFG)K-pNA was incubated with papain for 5, 15, 

and 30 minutes before adding trypsin. Absorbance values were plotted against time for the 

first fifteen minutes after trypsin addition, during which the slope remained constant, and 

analyzed using non-linear regression. Absorbance values were recorded against a blank 

(buffer + substrate). All experiments carried out in triplicate. 

Caspase 3/8 + Trypsin Assay 
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Caspase 3 was taken directly from stock solution containing 1000U/µL. A stock solution 

of trypsin was prepared by dissolving the enzyme (5 mg/mL) in 1 mM HCl. The peptide 

substrates were dissolved in DMSO to make 10 mM solutions. These were then diluted to 

2.5 mM with pH 7.5 0.1 M HEPES containing 10 mM DTT, 2 mM EDTA, and 10% v/v 

glycerol. In a 96-well plate, 84 µL of buffer and 5 µL peptide were mixed together before 

measuring the absorbance at 405 nm to serve as a blank. 1 µL caspase-3 was added, and 

the plate was incubated at 23°C for 12-24 hours and absorbance was measured again. Then, 

5 µL trypsin were added to the well and absorbance measurements were taken at pre-

determined time points. All conditions prepared and measured in triplicate. The same 

protocol was used for caspase 8 assays, adjusting peptide substrate concentration as 

needed. 
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Figure 5.15. Standard curve of trypsin digestion of A. Each measurement was carried out 

in triplicate, and a linear trend line was generated from average absorbance values plotted 

against concentration. 
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Figure 5.16. 500 µM (AcDEVD)K-pNA and (AcIEPD)K-pNA was incubated with 

caspase 8 for 24 hours before adding trypsin, which did not result in a significant 

absorbance increase. Average and standard deviation of three repeats are shown. 

 

 
Figure 5.17. Incubating caspase 8 with commercially available AcDEVD-pNA and 

AcIEPD-pNA resulted in a significant absorbance increase over time. Average and 

standard deviation of three repeats are shown. 
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Figure 5.18. Caspase 3 digestion of commercial Ac-DEVD-pNA. Each measurement was 

carried out in triplicate, and a linear trend line was generated from average absorbance 

values plotted against concentration. 

  



	

	

180 

5. 5. References 

‡ Chapter 5 has been published as: Boehnke, N.; Maynard, H. D. Peptide Science, 2017, 

DOI: 10.1002/bip.23035 

 

1. Rautio, J.; Kumpulainen, H.; Heimbach, T.; Oliyai, R.; Oh, D.; Jarvinen, T.; 

Savolainen, J. Nat. Rev. Drug Discov. 2008, 7, 255-270. 

2. Hu, J. M.; Zhang, G. Q.; Liu, S. Y. Chem. Soc. Rev. 2012, 41, 5933-5949. 

3. Tian, X.; Baek, K. H.; Shin, I. Chem. Sci. 2013, 4, 947-956. 

4. Tucking, K. S.; Grutzner, V.; Unger, R. E.; Schonherr, H. Macromol. Rapid 

Commun. 2015, 36, 1248-1254. 

5. Wegener, D.; Wirsching, F.; Riester, D.; Schwienhorst, A. Chem. Biol. 2003, 10, 

61-68. 

6. Huang, R.; Wang, X. J.; Wang, D. L.; Liu, F.; Mei, B.; Tang, A. M.; Jiang, J.; Liang, 

G. L. Anal. Chem. 2013, 85, 6203-6207. 

7. Kimura, Y.; Komatsu, T.; Yanagi, K.; Hanaoka, K.; Ueno, T.; Terai, T.; Kojima, 

H.; Okabe, T.; Nagano, T.; Urano, Y. Angew. Chem. Int. Ed. Engl. 2017, 56, 153-157. 

8. Van de Bittner, G. C.; Bertozzi, C. R.; Chang, C. J. J. Am. Chem. Soc. 2013, 135, 

1783-1795. 

9. Li, S. Y.; Liu, L. H.; Cheng, H.; Li, B.; Qiu, W. X.; Zhang, X. Z. Chem. Commun. 

2015, 51, 14520-14523. 



	

	

181 

10. Mulder, M. P. C.; Witting, K.; Berlin, I.; Pruneda, J. N.; Wu, K. P.; Chang, J. G.; 

Merkx, R.; Bialas, J.; Groettrup, M.; Vertegaal, A. C. O.; Schulman, B. A.; Komander, D.; 

Neefjes, J.; El Oualid, F.; Ovaa, H. Nat. Chem. Biol. 2016, 12, 523-533. 

11. Peters, R. J. R. W.; Marguet, M.; Marais, S.; Fraaije, M. W.; van Hest, J. C. M.; 

Lecommandoux, S. Angew. Chem. Int. Ed. 2014, 53, 146-150. 

12. Ohta, T.; Terada, T.; Nagakawa, T.; Tajima, H.; Itoh, H.; Fonseca, L.; Miyazaki, I. 

Br. J. Cancer 1994, 69, 152-156. 

13. Vilen, S. T.; Suojanen, J.; Salas, F.; Risteli, J.; Ylipalosaari, M.; Itkonen, O.; 

Koistinen, H.; Baumann, M.; Stenman, U. H.; Sorsa, T.; Salo, T.; Nyberg, P. Cancer Invest. 

2012, 30, 583-592. 

14. Koivunen, E.; Itkonen, O.; Halila, H.; Stenman, U. H. Cancer Res. 1990, 50, 2375-

2378. 

15. Radhakrishnan, K.; Tripathy, J.; Gnanadhas, D. P.; Chakravortty, D.; Raichur, A. 

M. RSC Adv. 2014, 4, 45961-45968. 

16. van Dijk, M.; Nollet, M. L.; Weijers, P.; Dechesne, A. C.; van Nostrum, C. F.; 

Hennink, W. E.; Rijkers, D. T. S.; Liskamp, R. M. J. Biomacromolecules 2008, 9, 2834-

2843. 

17. Chen, N.; Zou, J.; Wang, S. M.; Ye, Y. M.; Huang, Y.; Gadda, G.; Yang, J. J. 

Biochemistry 2009, 48, 3519-3526. 

18. Moorman-Li, R.; Motycka, C. A.; Inge, L. D.; Congdon, J. M.; Hobson, S.; 

Pokropski, B. P & T 2012, 37, 412-418. 

19. Olsen, J. V.; Ong, S. E.; Mann, M. Mol. Cell. Proteomics 2004, 3, 608-614. 



	

	

182 

20. Zee, B. M.; Garcia, B. A. Essays Biochem. 2012, 52, 147-163. 

21. Roessler, C.; Tuting, C.; Meleshin, M.; Steegborn, C.; Schutkowski, M. J. Med. 

Chem. 2015, 58, 7217-7223. 

22. Merrifield, R. B. J. Am. Chem. Soc. 1963, 85, 2149-2154. 

23. Gorske, B. C.; Bastian, B. L.; Geske, G. D.; Blackwell, H. E. J. Am. Chem. Soc. 

2007, 129, 8928-8929. 

24. Appel, W. Clin. Biochem. 1986, 19, 317-322. 

25. Groleau, P. E.; Gauthier, S. F.; Pouliot, Y. Int. Dairy J. 2003, 13, 887-895. 

26. Lowe, G.; Yuthavong, Y. Biochem. J. 1971, 124, 107-115. 

27. Tesser, G. I.; Gruber, M.; Nivard, R. J. F. Biochim. Biophys. Acta 1964, 89, 303-

308. 

28. Mackenzie, N. E.; Malthouse, J. P. G.; Scott, A. I. Biochem. J. 1985, 226, 601-606. 

29. Stennicke, H. R.; Salvesan, G. S. J. Biol. Chem. 1997, 272, 25719-25723. 

30. Devarajan, E.; Sahin, A. A.; Chen, J. S.; Krishnamurthy, R. R.; Aggarwal, N.; Brun, 

A. M.; Sapino, A.; Zhang, F.; Sharma, D.; Yang, X. H.; Tora, A. D.; Mehta, K. Oncogene 

2002, 21, 8843-8851. 

31. Fulda, S. Cancer Lett. 2009, 281, 128-133. 

32. Agosto, M.; Azrin, M.; Singh, K.; Jaffe, A. S.; Liang, B. T. J. Am. Coll. Cardiol. 

2011, 57, 220-221. 

33. Olsson, M.; Zhivotovsky, B. Cell Death Differ. 2011, 18, 1441-9. 

34. Stennicke, H. R.; Renatus, M.; Meldal, M.; Salvesen, G. S. Biochem. J. 2000, 350, 

563-568. 



	

	

183 

35. Briand, L.; Chobert, J. M.; Tauzin, J.; Declerck, N.; Leonil, J.; Molle, D.; Tran, V.; 

Haertle, T. Protein Eng. 1997, 10, 551-560. 

36. Smith, E. L.; Parker, M. J. J. Biol. Chem. 1958, 233, 1387-1391. 

37. Lauer, J. L.; Fields, C. G.; Fields, G. B. Lett. Pept. Sci. 1994, 1, 197-205. 

 
 




