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Protein-polymer hybrid nanomaterials, designed for the targeted delivery of 

therapeutic anti-cancer  agents,  are  at the  forefront  of research  in biotechnology,  

nanotechnology,  and  cancer  therapy. Conventional chemotherapeutics exhibit non-specific 

toxicity due to broad biodistribution;  therefore developing nano-sized drug delivery vehicles 

for the targeted delivery of chemotherapeutics to tumors and cancer cells is important. 

Nanoparticles (ranging from 10-100 nanometers in size) accumulate in solid tumors and 

can be functionalized i n  order to encapsulate t h e r a p e u t i c s  a n d  target cancer  

ce l l s . Herein, the development of two classes of protein-polymer nanomaterials is described. 
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 Vaults are naturally occurring protein-cages measuring 42 x 42 x 75 nm in dimension 

with a hollow internal cavity. Vaults are non-immunogenic, readily expressed, and can be 

engineered. We have developed stimuli responsive vault-polymer conjugates. A protein reactive 

thermo-responsive poly(N-isopropylacrylamide) was prepared via reversible addition-

fragmentation chain transfer (RAFT) polymerization and conjugated to the vault, resulting in a 

thermo-responsive vault nanoparticle (Chapter 2). Dual responsive vault nanoparticles have also 

been developed via conjugation of a pH- and thermo-responsive polymer, poly(N-

isopropylacrylamide-co-acrylic acid), prepared by RAFT polymerization (Chapter 3). 

 The design of nanoparticles was further explored by conjugating proteins to disulfide 

cross-linked poly(poly(ethylene glycol) methyl ether methacrylate) (pPEGMA) nanogels. Thiol-

reactive nanogels were conjugated to thiol-enriched proteins via a simple disulfide exchange 

reaction (Chapter 4).  

Additionally, the development of new methods for protein-polymer conjugation is 

described. Ring opening metathesis polymerization (ROMP) was used for the preparation of 

protein-reactive unsaturated poly(ethylene glycol) (PEG) analogs (Chapter 5). These 

unsaturated PEG analogs were conjugated to proteins. Due to olefins present in the polymer 

backbone, the polymer can be degraded from the conjugated protein by exposure to Grubbs type 

metathesis catalysts. Furthermore, a ROMP grafting from approach has also been developed, 

whereby the protein streptavidin (SAv) was functionalized with a biotinylated ruthenium 

metathesis catalyst. The SAv macrocatalyst was then used in the ROMP of a tetraethylene glycol 

modified norbornene monomer to yield a well defined protein-polymer conjugate (Chapter 6).  

Lastly, the preparation of a telechelic, protein-reactive polymer by RAFT polymerization 

is described (Chapter 7). A Boc-protected aminooxy RAFT chain transfer agent (CTA) was 
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synthesized and utilized in the polymerization of poly(ethylene glycol) methyl ether acrylate 

(PEGA). The resulting aminooxy functionalized pPEGA was then functionalized post-

polymerization to install cysteine-reactive vinyl sulfone functionality on the polymer.    
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1.1. General Introduction to the Dissertation 

Conjugation of proteins to synthetic polymers provides materials with enhanced physical 

characteristics that still retain the function of the native protein.1-4 Thus, protein-polymer 

conjugates offer a diverse class of biomaterials of considerable interest for applications in 

biotechnology, nanotechnology, and drug delivery. Compared to native proteins, protein-

polymer conjugates exhibit improved solubility, stability, and pharmacokinetic properties. 

Currently, protein-polymer conjugates are employed as therapeutics for the treatment of various 

diseases, including hepatitis C and cancer.5  

The study of protein-polymer conjugation began with the first reports of the covalent 

conjugation of poly(ethylene glycol) (PEG) to proteins by Abuchowski and co-workers in 

1977.6,7 In their seminal publication, Abuchowski and co-workers showed that PEG-bovine 

serum albumin (BSA) conjugates exhibit longer in vivo circulation lifetimes as well as reduced 

immunogenicity than native BSA when injected into rabbits.6 PEGylation has since been applied 

to the development of protein therapeutics, including 10 protein-PEG conjugates, which that are 

approved for use by the US FDA.5 Longer circulation lifetimes and improved in vivo stability 

directly translate to a better quality for patients who require frequent administration of such 

protein drugs.  

Polymer conjugation to proteins can result in materials with drastically altered physical 

properties compared to the native protein. An example of this is protein-“smart” polymer 

conjugates.8-10 “Smart” polymers are polymers that respond to external stimuli such as 

temperature,11-30 pH,31-34 and magnetic field.8-10 Conjugation of stimuli responsive “smart” 

polymers to proteins, results in active protein materials that respond to stimuli in the same 

manner as the conjugated polymer.  Pioneering work by Hoffman and coworkers has utilized 
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thermo-responsive poly(N-isopropylacrylamide) (pNIPAAm) for the development of thermo-

responsive protein-polymer conjugates, which undergoes a reversible phase-change at elevated 

temperatures and becomes insoluble in aqueous environments.35,36  

In general, there are three approaches to preparing protein-polymer conjugates: grafting 

to, grafting from, and grafting through.1-4 The most commonly utilized conjugation strategy is 

grafting to. This entails the covalent conjugation of a pre-formed polymer to a protein. Although 

grafting to is the predominant method used for the formation of protein-polymer conjugates, this 

strategy has several major drawbacks. When grafting to, it is often necessary to use excess molar 

equivalents of polymer compared to protein, which is not only inefficient but makes the 

purification of the resulting protein-polymer conjugate challenging. Modern biomacromolecule 

purification techniques are optimized for the purification of large biomacromolecules from small 

molecules. Such techniques include: size exclusion chromatography, gel filtration 

chromatography, dialysis, and ultra-centrifugation. To take advantage of these techniques, 

grafting from methods have been developed. Grafting from polymers is a strategy whereby a 

polymerization-initiating moiety is installed onto a protein, which is then used to initiate a 

polymerization, effectively growing a polymer chain from the protein. Purification of the large 

protein-polymer conjugates can then be achieved through the use of the previously mentioned 

techniques. The least frequently pursued conjugation strategy is grafting through. This strategy 

entails the installation of a polymerizable unit onto the protein, which can then be incorporated 

into a polymer. Overall, this strategy results in a polymer containing pendent protein units.  
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1.2. Controlled Radical Polymerization for Protein-Polymer Conjugation 

To produce homogeneous protein-polymer conjugates, polymers with narrow molecular 

weight distributions and controlled molecular weights are essential. Controlled radical 

polymerization (CRP) techniques such as atom transfer radical polymerization (ATRP)37-40 and 

reversible addition-fragmentation chain transfer (RAFT) polymerization41-44 provide access to 

well-defined macromolecular architectures. ATRP and RAFT accommodate a diverse range of 

vinyl monomers, including functionalized styrenes, acrylates, methacrylates and 

acrylamides.37,39,41,42  

CRP techniques, such as ATRP and RAFT, are well suited to the preparation of protein-

reactive telechelic and semi-telechelic polymers. Protein-reactive end-groups have been 

incorporated at the chain ends of polymers by using modified ATRP organohalide initiators45-47 

and RAFT chain transfer agents (CTA).48,49 Post-polymerization modification of end groups is 

also an effective way to prepare reactive polymers. ATRP polymer organohalide end-groups can 

be displaced with strong nucleophiles, such as azides.50,51 The RAFT thiocarbonylthio end-group 

can be reduced to reveal a free-thiol, which can be utilized for a variety of efficient thiol-ene 

reactions or disulfide forming reactions.52-59 Typical protein-reactive end-groups include 

activated esters, Michael acceptors, and protein-ligands, such as biotin.54,55 Chemoselective end-

groups reactive towards cysteine residue thiols, such as vinyl sulfone (at pH 7),53,59 maleimide (at 

pH 7),12,19,54,55,58 and pyridyl disulfide provide site-specific polymer conjugation.46,48 Site-

selective conjugation of polymers to proteins is important in order to retain bioactivity, as 

polymer conjugation in close proximity to the protein active site can diminish protein activity.60 

ATRP and RAFT techniques have been used extensively for grafting from proteins. Our group 

and others have developed grafting from methods via ATRP, whereby ATRP-initiating 
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organohalides have been installed onto proteins and utilized for the polymerization of vinyl 

monomers.61-65 Similarly, RAFT polymerization has been utilized in the polymerization from 

proteins by covalent modification with RAFT CTAs, followed by subsequent polymerization of 

vinyl monomers.12,66,67 

 

1.3. Therapeutic Nanoparticles  

The development of therapeutic nanoparticles is of particular importance to the fields of 

drug delivery and cancer research. Due to their size, nanoparticles ranging from 70-200 nm in 

diameter can circulate in vivo with minimal renal clearance (>5.5 nm), liver uptake (<700 nm), 

and spleen uptake (>300 nm).68 Furthermore, nanoparticles can passively accumulate in tumors 

due to the porous nature of tumor vasculature.69 Accumulation in tumors due to poorly formed 

tumor vasculature is known as the enhanced permeation and retention (EPR) effect.69 

Furthermore, nanoparticles can be engineered to accommodate therapeutic payloads as well as 

target specific cell types. Many powerful chemotherapeutic agents exhibit poor aqueous 

solubility as well as non-specific biodistributions,70,71 which can cause negative side effects. 

Incorporating such therapeutic molecules into nanoparticles can overcome these solubility and 

distribution limitations, drastically improving the quality of life for patients requiring such 

therapeutics. Small molecule targeting ligands such as folate, and targeting proteins, such as 

antibodies, have been applied towards the development of therapeutic nanoparticles.72  

Synthetic polymers have been used as building blocks for the development of functional 

nanoparticles. The use of synthetic polymers allows for the development of nanoparticles with 

reactive functionalities, desirable physical properties, and predictable architectures. Such 

nanoparticles include micelles,73-75 polymersomes,76 cross-linked micelles,74,77-79 and nanogels.80-
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91 Furthermore, synthetic polymer based nanoparticles can be designed to respond to their 

environment. For example, nanoparticles have been engineered to release therapeutic payloads in 

the oxidative and acidic environments, which are inherent to diseased cells.  

Nano-sized protein cages can be modified with the addition polymers, to yield complex 

nanostructure architectures, which are inaccessible, by synthetic methods alone. There are many 

examples of polymer modification of virus capsids and ferritin, which are both large protein 

cages found in nature.92-108 Such polymer modified protein-cage based nanoparticles could offer 

more precise therapeutic than purely synthetic nanoparticles.  

 

1.4. Aim and Structure of the Dissertation 

The work described in this dissertation details the preparation and application of synthetic 

polymers, protein-polymer conjugates, and protein-polymer nanomaterials for therapeutic 

applications. The central theme of this dissertation is the development of reactive polymers for 

conjugation to proteins.  RAFT polymerization techniques were utilized extensively in Chapters 

2-5. New methods involving ring-opening metathesis polymerization (ROMP) were also 

explored, and this is described in Chapters 6 & 7. 

In Chapter 2, the use of RAFT polymerization for the development of protein-reactive 

telechelic polymers containing aminooxy functionality is discussed. A  Boc-protected aminooxy 

dithiobenzoate CTA was prepared and employed in the RAFT polymerization of 

poly(poly(ethylene glycol) methyl ether acrylate) (pPEGA). Post-polymerization reduction of the 

dithiobenzoate polymer end-group to reveal a free thiol, followed by an in situ Michael addition 

to vinyl sulfone yielded a α-Boc-aminooxy, ω-vinyl sulfone pPEGA.  
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Chapters 3 & 4 detail the modification of vault nanoparticles with stimuli-responsive 

polymers prepared via RAFT polymerization. Ubiquitous amongst eukaryotes, vaults are the 

largest known ribonucleoprotein particles, which measure approximately 45 x 45 x 75 nm in 

dimension.109-113 These particles are composed of 78-80 copies of the major vault protein (MVP), 

which are assembled into a hollow barrel-like structure with protruding caps. The internal cavity 

of the vault measures 5 x 107 Å3, and can accommodate hundreds of proteins in the interior.114 

Vaults are stable115 (to pH and temperature changes, surfactants, organic solvents), non-

immunogenic particles that are readily expressed116 and modified.117-119 For these reasons, we 

have pursued the vault as a platform for the development stimuli-responsive protein-polymer 

nanoparticles.  In Chapter 3, the development of thermally-responsive vault-pNIPAAm 

conjugates is discussed. The vault-pNIPAAm conjugate was shown to undergo a thermally 

triggered reversible aggregation. Chapter 4 details the modification of vaults with multiple 

stimuli-responsive poly(N-isopropylacrylamide-co-acrylic acid) p(NIPAAm-co-AA). These 

vault-p(NIPAAm-co-AA) conjugates undergo a reversible thermally-triggered aggregation in 

slightly acidic conditions (pH 5-6) while remaining stable at neutral pH.  

In Chapter 5, the preparation of protein-decorated polymeric nanogels is discussed. 

Polymeric nanogels, composed of poly(poly(ethylene glycol) methyl ether methacrylate-co--

pyridyl disulfide methacrylate) p(PEGMA-co-PDSMA), were prepared and modified at the 

nanogel surface with the model protein BSA.  Conjugation occurred via disulfide exchange of 

thiol-enriched BSA with existing pyridyl disulfide moieties on the p(PEGMA-co-PDSMA) 

nanogel.    

CRP techniques, such as ATRP and RAFT, have been used extensively for the 

development of protein-polymer materials. To date, however, there have only been several 
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reports of the use of ROMP or ROMP derived polymers for the preparation of protein-polymer 

conjugates.120,121 Chapters 6 & 7, describe the development of ROMP based methods for 

protein-polymer conjugation.  

In Chapter 6, the preparation and application of protein-reactive unsaturated PEG 

analogs is discussed. The unsaturated PEG analogs were prepared via ROMP of a previously 

reported unsaturated crown-ether analog.122,123 Amine-reactive aldehyde functionality was 

introduced onto the polymer end-group, by terminating the polymerization with vinylene 

carbonate.124 These unsaturated PEG analogs were readily conjugated to T4 lysozyme (Lyz). The 

resulting conjugates could be chemoselectively degraded by incubation with a Grubbs’ type 

catalyst. 

Chapter 7 discusses the development of ROMP based grafting from protein-polymer 

conjugation methods. A streptavidin (SAv) macro-catalyst was prepared via the introduction of a 

biotinylated Grubbs’ catalyst. The SAv macro-catalyst was subsequently utilized to initiate 

ROMP of a tetra(ethylene glycol) modified norbornene monomer resulting in a well-defined 

SAv-polymer conjugate.  

The work described in Chapters 3 & 5 has been published.24,125 
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2.1. Introduction  

Naturally derived protein cages, such as virus capsids and ferritin, serve as excellent 

templates for functional biohybrid materials with precise architectures that are unattainable by 

purely synthetic processes.1-5 Such materials have been developed for applications in the fields of 

nanotechnology,4,6 biotechnology,5,7 electronic materials,8 catalysis,9 and drug delivery.10-13 The 

regular arrangement of protein sub-units within protein cage structures allows for synthetic 

modification of specific regions and surfaces of the protein cage, such as the exterior shell or 

interior cavity. The conjugation of synthetic polymers to viruses, such as adenovirus, cowpea 

mosaic virus, tobacco mosaic virus, and others has been investigated.14-17 For example, 

poly(ethylene glycol) has been attached to adenovirus and cowpea mosaic virus, and its 

conjugation has been shown to decrease immunogenicity of the particles.14,16 Recently, Douglas 

and coworkers have polymerized 2-aminoethyl methacrylate from the interior of P22 capsids 

creating a particle capable of encapsulating magnetic resonance imaging (MRI) contrast agents.18 

Although there are several examples of polymer conjugation to protein cages, to our knowledge 

there are no examples of stimuli-responsive smart polymers conjugated to protein cages. Yet 

such materials can reversibly alter the physical characteristics of the nanobiomaterial by an 

externally controlled trigger.  

Smart polymers are responsive to external stimuli such as heat, pH, magnetic field, etc.,19 

and the analysis of the micro- and nano-assembly transitions have been undertaken.20 Poly(N-

isopropylacrylamide) (pNIPAAm) is a well-known temperature responsive polymer that 

undergoes a reversible phase transition and becomes insoluble in water above the lower critical 

solution temperature (LCST).19 We and others have previously reported the preparation of 

protein-pNIPAAm conjugates, which exhibit the pNIPAAm phase behavior while retaining the 
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bioactivity of the protein.21-28 Conjugation of pNIPAAm results in altered properties upon 

exposure to heat. For example, ligand binding sites can be closed, proteins can be reversibly 

aggregated, and the polymer can be used to purify biomolecules by mild precipitation.21-28 In this 

paper, we report that the thermally-responsive polymer can be added to vault nanocapsules 

without disrupting the structure of the capsule.  

 First reported in 1986 by Rome and Kedersha, vaults are highly conserved 

ribonucleoprotein complexes found in high concentrations in almost all eukaryotic cells.30-32 

These massive particles weigh approximately 13 MDa and have a unique structure composed of 

a barrel waist and protruding caps at both ends (Scheme 2.1).33 In recent years, high-resolution 

crystal structures have confirmed low resolution cryo-EM structures.34 Naturally occurring vaults 

are comprised of several highly conserved proteins, with one protein, the 104 kDa major vault 

protein (MVP), accounting for over 70% of the vault mass. The MVP provides the basis for the 

vault structure, with 78 MVPs aligned from C- to N-terminus from the cap of the vault to the 

waist, with all of the N-termini facing towards the interior. Vaults are dynamic; although the 

MVPs are non-covalently associated, they have a kinetic off rate such that they can dynamically 

open and close to accommodate small molecules which slip into the inner cavity or large proteins 

or other macromolecules which bind to their interior.29 Vaults are also highly stable in vivo and 

in vitro to a variety of biological and physical stresses.35  

Expression of MVP in insect cells results in the spontaneous assembly of non-native 

vault structures that measure 45 x 45 x 75 nm and are composed of ~78 copies of MVP.36 

Although the natural biological function of vaults is unknown, recombinant vaults can be 

engineered for a variety of applications.37 For example, the N-terminus of MVP can be modified 



 28 

to contain a cysteine-rich (4 cysteine residues) 12 amino acid peptide sequence to form CP-

MVP. Vaults assembled from this fusion protein have increased particle stability.37 Cell-specific 

targeting vaults have also been engineered by incorporating IgG binding peptides into 

recombinant MVPs for attachment of targeting antibodies.38 While in nature vaults contain 

multiple copies of two large proteins (VPARP and TEP1) and one or more small RNAs 

(vRNAs), recombinant vaults have a hollow interior with an approximate volume of 5 x 107 Å3, 

which is large enough to accommodate hundreds of proteins and many more small 

molecules.29,33,39-41 For example, gold nanoparticles were packaged and conducting polymers 

were non-covalently incorporated into the vault interior.40,41 A number of proteins have been 

packaged into the vault, taking advantage of a binding site on MVP which faces the internal 

vault lumen. This site recognizes the vault protein VPARP through a protein domain at the 

VPARP C-terminus, which is referred to as INT for MVP interaction domain.37 INT fusion 

proteins bind with high affinity to the vault lumen, but they are slowly released. This strategy has 

been used to package antigens into vaults so that the vault can be used as an adjuvant and to 

package a chemokine to activate the immune system.42-44 Herein we report the feasibility of 

preparing smart vault nanoparticle conjugates by the synthesis of a vault-poly(N-

isopropylacrylamide) conjugate (Scheme 2.1). The synthesis and characterization of responsive 

properties are described.  
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Scheme 2.1. Preparation of thermo-responsive vault-pNIPAAm conjugates. The vault image was 

adapted from cryoEM reconstructions of recombinant vaults. Cryo-EM reconstruction of the 

vault by P. Stewart, Case Western Reserve University, Department of Pharmacology.29  
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2.2. Results and Discussion 

2.2.1. Polymer Synthesis 

Our approach to developing thermo-responsive vault nanoparticles is based upon the 

conjugation of thiol-reactive pNIPAAm to cysteine-rich CP-MVP vaults. We and others have 

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

polymerization.45,46 RAFT is suitable for this application because it results in polymers with 

narrow molecular weight distributions.47,48 Well-defined polymers are particularly important for 

this study because they exhibit sharp LCSTs. We chose to use a pyridyl-disulfide pNIPAAm in 

order to achieve reversible conjugation to the vault. We also introduced a dansyl group as a 

fluorophore at the other end group for ease of visualization.  

The polymer was prepared as follows (Scheme 2.2). First, a dansyl-modified CTA was 

prepared by coupling N-(2-aminoethyl)-5-(dimethylamino) naphthalene-1-sulfonamide with 2-

(((ethylthio)carbonothioyl)thio)propanoic acid. The product was obtained in 64% yield. This 

CTA was then utilized in the RAFT polymerization of NIPAAm with AIBN in DMF at 80 ºC. 

The polymerization was stopped after 1 h at 81% monomer conversion by 1H NMR 

spectroscopy. Polymer 1 was obtained after extensive dialysis against MeOH. The number-

average molecular weight (Mn) was determined by 1H NMR to be 12.4 kDa and the 

polydispersity index (PDI) by GPC was 1.02. The trithiocarbonate end-group of polymer 1 was 

transformed into a cysteine reactive pyridyl-disulfide via aminolysis of the trithiocarbonate to the 

free thiol with ethanolamine, followed by an in situ disulfide exchange with Aldrithiol®. After 

dialysis of the reaction mixture against MeOH, the α-dansyl ω-pyridyl disulfide pNIPAAm, 

polymer 2, was obtained. Molecular weight analysis indicated that the polymer had not coupled 

during the end group transformation because the Mn and PDI (12.4 kDa and 1.03, respectively) 
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were the same as before the reaction. By comparing the integration of the peaks corresponding to 

the pyridyl disulfide to the dansyl group in the 1H NMR spectrum, the conversion of the disulfide 

exchange was determined to be 81%.  

 

Scheme 2.2. Synthesis of thiol-reactive pNIPAAm polymer for conjugation to the CP-MVP 

vault.  

 

 

2.2.2. Vault Conjugation 

Polymer 2 was conjugated to CP-MVP vault by incubating the CP-MVP vault at a ratio 

of 100:1 polymer:CP-MVP vault (Scheme 2.3). The resulting conjugate was analyzed by SDS-

PAGE and compared to unmodified CP-MVP vault. Under non-reducing conditions there is a 

clear shift to higher molecular weight compared to the ~100 kDa CP-MVP vault (Figure 2.1.a., 

lanes 5 versus 4), and under reducing conditions, SDS-PAGE stained with Coomassie blue 

showed no difference in molecular weight as expected because of the reversibility of the 

disulfide bond of the polymer connection (Figure 2.1.a., lanes 2 and 3). Visualization of the gel 

with ultra-violet light confirmed conjugation; the dansyl fluorophore of the polymer appeared at 
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the same position (Figure 2.1b, lane 3) as the protein in the Coomassie stained gel (Figure 2.1a, 

lane 3). The results demonstrate that the conjugate with the CP-MVP vault was prepared and that 

the conjugation was reversible.  

 

Scheme 2.3. Synthesis of CP-MVP vault-pNIPAAm conjugates. 

 

 

 

Figure 2.1. SDS-PAGE of CP-MVP vault and conjugate visualized by a) Coomassie blue 

staining (Lane 1: protein marker; Lane 2: CP-MVP vault reducing conditions; Lane 3: Conjugate 

reducing conditions; Lane 4: CP-MVP vault non-reducing conditions; Lane 5: Conjugate non-

reducing conditions) and b) UV-Vis excitation (Lane 1: protein marker; Lane 2: CP-MVP vault 

under non-reducing conditions; Lane 3: Conjugate under non-reducing conditions). 
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2.2.3. Thermo-Responsive Properties of Vault-pNIPAAm Conjugates 

 

 

Figure 2.2. UV-Vis turbidity study of a) polymer 2 and b) CP-MVP-vault-polymer 2 conjugate. 

LCST is 10% of the maximum absorbance. 

 

The thermo-responsive properties of the conjugate were studied by UV-Vis turbidity 

measurements. From UV-Vis turbidity studies (Figure 2.2), the LCST of polymer 2 was 
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determined to be 30.5 ºC. The phase transition was sharp, as expected for a narrow molecular 

weight distribution polymer. The hydrophobic dansyl group lowered the LCST from the typical 

value of 32 ºC. Once the polymer was conjugated to the hydrophilic CP-MVP vault, the LCST 

was increased by the proximity of the hydrophilic protein to 35.9 ºC. The phase transition was 

broad, potentially due to a distribution of number of polymers and attachment sites. The vault 

itself had no LCST as expected (see experimental section, Figure 2.11); no visible aggregation of 

the vault structure was observed up to at least 50 ºC, indicating that the phase transition for the 

conjugate was due to the polymer. The results together confirmed that the polymer is covalently 

attached to the protein and that the polymer confers thermal responsiveness to the vault.  

Dynamic light scattering (DLS) studies at different temperatures were performed to 

investigate the size of the conjugate (Figure 2.3). At 25 ºC, the conjugate closely resembled the 

unmodified CP-MVP vault (49.7 nm ± 2.2 nm, versus 48.69 nm ± 0.44 nm, respectively). 

However, upon heating above the LCST of the polymer to 40 ºC the conjugate aggregated into 

micron-sized particles, while the size of the unmodified CP-MVP vault at that temperature did 

not change (53.98 nm ± 5.0). Upon cooling, the observed aggregates disappeared and the 

conjugate returned to approximately its original size (58.76 nm ± 1.5 nm), thereby demonstrating 

that the aggregation was reversible.  
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Figure 2.3. a) DLS analysis of conjugate at 25 ºC, 40 ºC, and heat cycled (25 ºC to 40 ºC to 25 

ºC) conjugate cooled to 25 ºC. b) DLS analysis of unmodified CP-MVP vaults at 25 ºC, 40 ºC, 

and heat cycled (25 ºC to 40 ºC to 25 ºC). 
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Figure 2.4. Negative stain TEM of unmodified CP-MVP vaults at a) 35 ºC and b) 45 ºC; 

Polymer 2-CP-MVP vault conjugates at c) 35 ºC, d) 45 ºC (lower right is blow up of 4d), e) after 

cooling back down to 4 ºC.   
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This result was further investigated by electron microscopy. EM images of the conjugate 

and unmodified CP-MVP vault at 35 ºC showed intact vault structures (Figure 2.4. a, c, 

respectively). This indicated that modification of CP-MVP vaults with polymer 2 did not alter 

the vault structure. However, when the samples were heated above the LCST to 45 ºC, the 

conjugate appeared aggregated, yet with intact vault structures still recognizable within the 

aggregates (Figure 2.4.d), while the unmodified CP-MVP vault structures were unchanged 

(Figure 2.4.b). Again, when the conjugate was cooled back down to 4 ºC, the vault structures 

were no longer aggregated and looked the same as before heating (Figure 2.4.e).  

 The data together demonstrate that conjugation of the pNIPAAm does not interfere with 

or disrupt vault structure. Yet, the polymer once attached allows for reversible aggregation of 

vaults without destroying their structure. This result is interesting because it implies that cargo 

could be potentially loaded within the vault, while the polymer could be used to precipitate the 

vaults at a site of interest. It is well known that pNIPAAm can form aggregates at tumors while 

remaining soluble in other tissue due to the differential in temperatures between the cancerous 

and normal tissues.49,50 An aggregating vault conjugate would potentially undergo similar 

selectivity, yet at the same time allow for protein or drug delivery from the vault nanocapsules. 

Drug loading and delivery within the vault is possible and has been demonstrated with vaults 

engineered to contain lipids.39  

It is not known if the pNIPAAm is attached to the cysteine-rich region at the N-terminus 

in the interior or to free cysteines at the exterior.   Upon examination of the crystal structure of 

the rat MVP,33 there are six cysteines on the exterior of the vault, however but only all but one 

appear to be inaccessible on the surface accessible.   Cysteine 356 may be exposed or at least 

partially exposed.   CP-MVP is engineered to contain an additional four cysteines near the N-
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terminus of the protein, which is in the interior of the vault. Due to the dynamic nature of the CP-

MVP vaults, polymer should be able to enter the structure to react. Thus, the polymer is likely 

attached to both the exterior and interior. It also may be possible that polymer in the interior 

could thread out and participate in aggregation of the vaults. Our initial attempts to investigate 

the location(s) of the chains were to associate gold nanoparticles with polymers that had biotin 

groups instead of a dansyl (see the experimental section for polymer synthesis and conjugation). 

However, the location of the polymer was unclear. Cysteine mutagenesis experiments may 

provide the desired information. Nevertheless, it is clear from the results that attachment of the 

polymer to the vault does not disrupt the structure, as full vault structures were observed. We 

have also demonstrated the synthesis of conjugates with pNIPAAm that contain a fluorophore. 

This implies that other end groups could be prepared, and multifunctional vaults could be made 

with this strategy. Vaults are stable, non-immunogenic, readily engineered and expressed, 

making them a versatile platform for the development of sophisticated hybrid nanomaterials. 

Thus, we envision that the thermally-responsive vaults described herein are an interesting and 

versatile nanoplatform for drug delivery and other applications.  
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2.3. Experimental  

2.3.1. Materials  

Chemicals were purchased from Sigma-Aldrich, Fisher Scientific, and Acros. AIBN was 

recrystallized twice from acetone. NIPAAm was recrystallized twice from hexanes. 2-

(((Ethylthio)carbonothioyl)thio)propanoic acid was synthesized according to a literature 

procedure.51 N-(2-aminoethyl)-5-(dimethylamino) naphthalene-1-sulfonamide was synthesized 

according to a literature procedure.52 Biotinylated CTA 2 was prepared following literature 

procedure.22 Rat CP-MVP was expressed from a baculovirus system in Sf9 insect cells, which do 

not contain endogenous vaults according to our literature procedure.37 

2.3.2. Analytical Techniques 

NMR spectra were obtained on Bruker 500 MHz ARX, 500 MHz DRX, and 600 MHZ DRX 

spectrometers. Proton NMR spectra were acquired with a relaxation delay of 2 sec for small 

molecules. Proton NMR spectra were acquired with a relaxation delay of 30 sec for all polymers. 

Mass spectra were obtained on a Waters LCT Premier with ACQUITY LC and autosampler. 

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

accessory. UV-Vis spectra were obtained on a Biomate 5 Thermo Spectronic UV-Vis 

spectrometer and a Hewlett-Packard HP8453 diode-array UV-Vis spectrophotometer with Peltier 

temperature control spectrometer with quartz cells. GPC was conducted on a Shimadzu HPLC 

system equipped with a refractive index detector RID-10A, one Polymer Laboratories PLgel 

guard column, and two Polymer Laboratories PLgel 5 µm mixed D columns. LiBr (0.1 M) in 

DMF at 40 °C was used as an eluent (flow rate: 0.80 mL/min). Calibration was performed using 

near-monodisperse PMMA standards from Polymer Laboratories. DLS was performed on a 
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Malvern Zetasizer Nano-S. SDS-PAGE was performed using Bio-Rad Any kD Mini-

PROTEAN-TGX gels.  

2.3.3. Methods 

Scheme 2.4. Synthesis of the dansyl-trithiocarbonate CTA 

 

 

 

Synthesis of dansyl-trithiocarbonate CTA: N-(2-aminoethyl)-5-(dimethylamino) naphthalene-

1-sulfonamide (dansyl amine) (0.62 g, 2.95 mmol) was dissolved in dry methylene chloride (80 

mL) in a flame dried flask with a stirring bar and cooled to 0 ºC. N-(3-dimethylaminopropyl)-N’-

ethylcarbodiimide (EDC) hydrochloride (0.46 g, 2.96 mmol) and 4-(dimethylamino)pyridine 

(DMAP) (0.04 g, 0.33 mmol) were added to the solution containing the dansyl amine and stirred 

for 1 h at 0 ºC. 2-(((Ethylthio)carbonothioyl)thio)propanoic acid (0.43, 1.47 mmol) was 

dissolved in 20 mL dry methylene chloride and added drop wise to the solution containing the 

dansyl amine, EDC, and DMAP. This solution was allowed to warm to room temperature and 

stirred for 12 h. Then the solution was washed 2 x 100 mL H2O and 2 x 100 mL saturated 

NaHCO3 solution. The organic layer was dried with MgSO4, filtered, and solvent was removed 

in vacuo. The crude product was purified via silica gel chromatography using a 2:1 hexanes:ethyl 

acetate eluent. The resulting CTA was obtained in 64% yield. 1H NMR (600 MHz, CDCl3) δ: 

8.54 (d, 8.53 Hz, 1H), 8.26 (d, 8.81 Hz, 1H), 8.21 (d, 5.87 Hz, 1H), 7.57 (t, 8.32 Hz, 1H), 7.51 (t, 
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7.83 Hz, 1H), 7.18 (d, 7.39 Hz, 1H), 6.65 (m, 1H), 5.51 (t, 6.11 Hz, 1H), 4.52 (q, 7.17 Hz, 1H), 

4.11 (q, 7.17 Hz, 1H), 3.39-3.72 (m, 2H), 3.24-3.17 (m 1H), 3.06-2.96 (m, 2H), 2.88 (s, 6H), 

1.45 (d, 6.99 Hz, 3H), 1.34 (t, 7.64 Hz, 3H). 13C NMR (500 MHz, CDCl3) δ: 223.64, 171.40, 

152.08, 134.48, 130.65, 129.93, 129.63, 129.51, 128.65, 123.22, 118.66, 115.37, 48.16, 45.44, 

42.90, 39.69, 31.88, 16.32, 12.90. IR: 3282, 2931, 2868, 2831, 2788, 2254, 1654, 1612, 1587, 

1573, 1527, 1452, 1406, 1372, 1354, 1312, 1264, 1231, 1201, 1160, 1141, 1076, 1028, 943, 907, 

876, 814, 787, 682 cm-1. HRMS (ESI) calculated for C20H27N3O3S4 [M + H]+ 486.1013, found 

486.1003.  
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Figure 2.5. 1H NMR (600 MHz, CDCl3) of the dansyl-trithiocarbonate CTA. 

 

Figure 2.6. 13C NMR (500 MHz, CDCl3) of the dansyl-trithiocarbonate CTA.  
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Polymerization of NIPAAm in the presence of dansyl CTA to afford α-dansyl pNIPAAm: 

The dansyl CTA (46 mg, 0.095 mmol), NIPAAm (1.4 g, 12.0 mmol), and AIBN (1.6 mg, 0.0097 

mmol) were added to a Schlenk tube containing a stirring bar, and DMF (1.9 mL) was added to 

dissolve the solids. Freeze-pump-thaw cycles were repeated five times and the reaction was 

performed at 70 ºC in an oil bath. The reaction was stopped after 1 h at 81% monomer 

conversion by cooling with liquid nitrogen and exposing the reaction to atmosphere. Polymer 1 

was purified by dialyzing against MeOH (MWCO 3,500 g/mol) giving the α -dansyl pNIPAAm. 

1H NMR (600 MHz, MeOD) δ: 8.55 (d), 8.36-8.28 (m), 8.24-8.15 (m), 8.12-7.35 (NH, 

pNIPAAM), 7.26 (d), 4.60 (s), 4.13-3.77 (bs), 3.43-3.23 (m), 2.86 (s), 2.25-1.80 (CH, 

pNIPAAm), 1.78-1.45 (CH2, pNIPAAm), 1.26-0.93 (NCH3, pNIPAAm). Mn by 1H NMR was 

12,400 g/mol (targeted 12,000 g/mol). Mn(GPC) was 14,200 g/mol and the PDI was 1.02. 
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Figure 2.7. 1H NMR (600 MHz, MeOD) of polymer 1.  
 
 

 

Figure 2.8. GPC chromatogram of polymer 1, normalized and analyzed by comparison with 

monodisperse PMMA standards. 
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In situ aminolysis and disulfide exchange of dansyl pNIPAAm with Aldrithiol® to form 

polymer 2: Polymer 1 (70 mg, 0.005 mmol) was added to a Schlenk tube equipped with a 

stirring bar and dissolved in MeOH (0.7 mL). In a second Schlenk tube equipped with a stirring 

bar, ethanolamine (14 µg, 0.230 µmol) was added. In a third Schlenk tube equipped with a 

stirring bar, Aldrithiol® (75 mg, 0.340 mmol) was dissolved in MeOH (0.7 mL). All three 

Schlenk tubes were subjected to five freeze-pump-thaw cycles. The contents of the first Schlenk 

tube, containing a-dansyl pNIPAAm and MeOH, were then transferred into the second Schlenk 

tube, containing ethanolamine, using a syringe. The second Schlenk tube was then immersed in 

an oil bath at 45 ºC and the solution was allowed to stir. After 30 min, the second Schlenk tube 

was removed from the oil bath and the contents, dansyl pNIPAAm, MeOH, and ethanolamine, 

were transferred to the third Schlenk tube, containing Aldrithiol and MeOH, via syringe. The 

third Schlenk tube containing dansyl pNIPAAm, ethanolamine, Aldrithiol® and MeOH was 

stirred at 20 ºC for 12 h. The product was purified by dialyzing against MeOH (MWCO 3,500 

g/mol) giving polymer 2. End-group conversion of the trithiocarbonate to a pyridyl disulfide was 

81% by 1H-NMR. 1H NMR (600 MHz, MeOD) δ: 8.55 (d, Ar CH), 8.40-8.27 (m, Ar CH), 8.24-

8.14 (NH, pNIPAAm), 7.26 (Ar CH), 7.22-7.15 (Ar CH), 3.95 (CH3, pNIPAAm), 3.45-3.20 

(CH2CH2), 2.87 (NCH3), 2.34-1.76 (CH, pNIPAAm), 1.76-1.46 (CH2, pNIPAAM), 1.26-1.20 

(NCH3, pNIPAAm). Mn (1H NMR) = 12,400 g/mol; Mn (GPC) = 14,200 g/mol; PDI = 1.03.  
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Figure 2.9. 1H NMR (600 MHz, MeOD) of polymer 2. 
 

 

Figure 2.10. GPC chromatogram of polymer 2, normalized and analyzed by comparison with 

monodisperse PMMA standards. 
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pNIPAAm conjugation to CP-MVP: A pH 6.5 20 mM 2-(N-morpholino) ethanesulfonic acid) 

(MES) buffer was degassed with argon gas for 30 min. CP-MVP (0.50 mg, 0.05 µmol) in 250 µL 

buffer was treated with triscarboxylethylphosphine (TCEP) resin for 2 h at 4 ºC, then filtered 

through a 0.22 µm syringe filter. Polymer 2 (6.20 mg, 5.00 µmol) was dissolved in 250 µL of 

buffer. The filtered CP-MVP solution was added to the solution containing polymer 2. The 

reaction was allowed to stand at 4 ºC for 24 h before purification by ultrafiltration (MWCO 

100,000 g/mol) to give the conjugate. 

 

LCST determination: A solution of the polymer, conjugate, or unmodified CP-Vault-

pNIPAAm conjugate at a concentration of 1 mg mL-1 in pH 6.5 20 mM MES was placed in a 100 

µL quartz cuvette. The cuvette was placed in a Hewlett-Packard HP8453 diode-array UV-Vis 

spectrophotometer with Peltier temperature control. The following temperature program was 

used: temperature was elevated at 0.5 ºC min-1 and held for 30 s prior to measuring the 

absorbance at 600 nm. The LCST was determined at 10% of the maximum absorbance. The 

LCST was reported as the average of three experiments. 
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Figure 2.11. UV-Vis turbidity study of unmodified CP-MVP vaults. No LCST observed. 

 

DLS size determination: A solution of CP-Vault-pNIPAAm conjugate at a concentration of 1 

mg mL-1 in pH 6.5, 20 mM MES was placed in a 40 µL disposable cuvette. The cuvette was 

placed in a Malvern Zetasizer Nano-S. The temperature was allowed to equilibrate for three 

minutes before beginning the DLS measurement. This process was repeated three times, and 

sizes are reported as an average of three measurements.  

 

Preparation of the TEM sample: A 40 µL aliquot of a 0.2 µg µL-1 solution of CP-Vault-

pNIPAAm conjugate was warmed to a set temperature (35 ºC or 45 ºC or heated to 45 ºC then 

cooled to 4 ºC) and incubated for 7 min. 20 µL of each solution was then pipetted onto the 

surface of a heating block at the set temperature. A carbon-coated EM grid was floated up-side 

down on the sample to allow the conjugate to adsorb to the grid surface. After 7 min, the grid 

was removed from the sample and blotted on filter paper to remove excess liquid. The grid was 

then floated up-side down in 500 µL of a 1% uranyl acetate solution at the set temperatures. 
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After 7 min, the grid was removed from the uranyl acetate solution and blotted on filter paper. 

TEM was conducted on a JEOL JEM1200-EX transmission electron microscope. Images were 

taken using a Gatan BioScan 600W 1 x 1K digital camera and Digital Micrograph acquisition 

software.  

Scheme 2.5. Synthesis of Biotinylated pNIPAAm polymer 3. 

 

Polymerization of NIPAAm in the presence of CTA 2 to afford biotin-pNIPAAm (polymer 3): 

Biotinylated CTA (46.1 mg, 0.880 mmol), AIBN (1.45 mg, 0.0883 mmol), and NIPAAm (0.996 

g, 8.80 mmol) were loaded into a Schlenk tube. DMF (1.76 mL) was added to give a 50 mM 

solution of CTA 2, and then the flask was subjected to four freeze-pump-thaw cycles under 

argon. Immersion of the Schlenk tube into a 70 °C oil bath initiated the polymerization. After 2.5 

h (70.0 % conversion) the reaction flask was removed from the oil bath and opened to the 

atmosphere to give crude poly3. The polymer was purified by dialysis against 1/1 EtOAc/MeOH 

(MWCO 2,000 Da). Polymer conversions were calculated from the 1H NMR spectra by 

averaging of the integrations of the vinylic proton peaks of NIPAAm and the peak at 3.89 ppm 

(NCH(CH3)2 of pNIPAAm and NIPAAm in MeOD). 1H NMR (500 MHz, D2O) δ: 8.11-7.46 

(NH), 4.61-4.59, 4.42-4.40 (CH), 4.30-4.20 (CH), 3.89 (CHMe2), 3.4-3.26, 3.19 (CH), 3.00-2.88 

(CH), 2.78-2.76 (CH), 2.27-2.25, 2.12-2.00 (CHC=O), 1.70-1.45 (CH2), 1.33-1.32, 1.14 (CH3). 

Mn(1H NMR) = 16,000 g/mol. Mn (GPC) = 14,920 g/mol. PDI (GPC) = 1.09.  
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Figure 2.12. 1H NMR (500 MHz, D2O) of poly 3. 

 

Scheme 2.6. Aminolysis and in situ disulfide exchange with Aldrithiol® of polymer 3 to yield 

polymer 4. 

 

 

Aminolysis and in situ conjugation of polymer 3 with Aldrithiol® to afford Biotin-pNIPAAm-

Pyridyl Disulfide (polymer 4): poly3 (0.111 g, 0.069 mmol) and Aldrithiol® (0.761 g, 3.36 

mmol) were dissolved in MeOH (3.45 mL) in Schlenk tube 1. 2-Aminoethanol (0.021 mg, 0.344 

mmol) was dissolved in MeOH (3.45 mL) in Schlenk tube 2. Both tubes were subjected to three 

freeze-pump-thaw cycles under argon. The contents of tube 2 were added to tube 1, and stirred 

for 12 h at 25 ºC. The polymer was purified by dialysis against 1/1 EtOAc/MeOH (MWCO 

2,000 Da). End group retention was determined via 1H-NMR, by comparing the integration of 
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the peaks at 8.41 ppm, which correspond the ω-pyridine group to the peaks at 4.53 and 4.33 ppm, 

which correspond to the α-biotin end group. Mn (1H NMR) = 16000 g/mol. Mn (0.1 M LiBr DMF 

GPC): 15,179. PDI = 1.10. 

 

Figure 2.13. 1H NMR (500 MHz, D2O) of polymer 4. 

 

Typical Conjugation of polymer 4 to CP-MVP: A solution of CP-MVP (350 µg, 3.65 µmol) in 

20mM MES pH 6.5 buffer (170 µL) was added to a solution of poly3 (5.25 mg, 0.328 mmol) in 

20 mM MES pH 6.5 buffer (180 µL) to bring the final concentration of protein in solution to 1 

mg/ml. This solution was allowed to stand at 4 ºC for 24 h. The pNIPAAm-CP-MVP conjugate 

was purified by centrifuge filtration (MWCO 50000 Da). Conjugates were analyzed by SDS-

PAGE under reducing and non-reducing conditions. 
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Figure 2.14. SDS PAGE Lane 1: Protein Marker; Lane 2: CP-MVP (reducing); Lane 3: CP-

MVP-poly4 conjugate (reducing 5 µg); Lane 4: CP-MVP-poly4 conjugate (reducing, 2 µg); Lane 

5: CP-MVP; Lane 6: CP-MVP-poly4 conjugate.  
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2.4. Conclusions 

 Novel biohybrid nanoparticles have been synthesized through covalent conjugation of 

pNIPAAm to recombinant CP-MVP vaults. Pyridyl disulfide pNIPAAm with a dansyl group at 

the other end group were conjugated to CP-MVP vaults via reaction with free cysteines. The 

resulting conjugates were thermally-responsive. UV-Vis turbidity measurements showed that the 

conjugates had an LCST of 35.9 ºC. DLS studies demonstrated that upon heating, aggregates 

formed, which were reversible with upon cooling. This result was confirmed by EM studies, 

whereby reversible aggregation of polymer-modified vaults was observed, while the vault 

nanocapsules remained intact regardless of the temperature. We envision that these smart vault 

conjugates may be used for drug delivery applications in conjunction with previously reported 

vault based hydrophobic drug delivery methods and hyperthermia therapy, which is an in vivo 

localized heating technique,39,53,54 to build up depots of therapeutic drugs in tumors for a 

sustained release of drugs to tumor cells and other interesting medical and biotechnology 

applications.  
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3.1. Introduction 

The development of stimuli-responsive nanoparticles is at the forefront of research in the 

diagnosis and treatment of tumors.1-5 There have been numerous reports of nanoparticles 

engineered to respond to external stimuli such as temperature,6-8 pH,9-11 light,12 magnetic 

field,13,14 and reducing conditions.15,16 Furthermore, therapeutic nanoparticles have been 

developed that respond to two or more of these stimuli.17-24  In one example, Li and coworkers 

reported the development of doxorubicin loaded polymer nanoparticles and polymersomes, 

composed of a block copolymer containing segments of poly(ethylene oxide) and poly(trans-N-

(2-ethoxy-1,3-dioxan-5-yl) acrylamide), which assemble at physiological temperatures and 

disassemble in acidic conditions.23 Such acid-sensitive nanoparticles may be useful for 

applications in intracellular drug delivery due to acidic conditions found in endosomes and 

lysosomes. To date, all of the previously reported multiply stimuli responsive nanoparticles have 

been prepared by synthetic means, through the use of synthetic polymers and inorganic 

materials.  

Naturally occurring protein cages, such as virus capsids, ferritin, and vault nanocapsules, 

can serve as scaffold for complex hybrid protein-polymer nanoparticles. Protein cages offer 

precise architectures, which can be genetically engineered and synthetically modified.25-29 We, 

and others, have developed functionalized protein cages by modification with synthetic 

polymers.28-38 For example, Xi and coworkers have modified ferritin with cell-binding RGD 

peptides and demonstrated the encapsulation of doxorubicin within these ferritin nanoparticles. 

Furthermore, these nanoparticles were shown to inhibit tumor growth in mouse models.39 We 

have previously reported the preparation of vault-poly(N-isopropylacrylamide)  (pNIPAAm) 

conjugates, which were shown to undergo a reversible thermally triggered aggregation at 35.9 
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°C.38 Vault nanoparticles, first reported by Rome and coworkers in 1986, are stable non-

immunogenic protein cages weighing 13 MDa and measuring 45 x 45 x 75 nm in dimension with 

a hollow interior measuring 5 x 107 Å3.40-44 Vaults are non-immunogenic, and are present in  

most eukaryotes, including humans.41 Vaults are currently being pursued as templates for the 

development of drug delivery vehicles, have been engineered to target specific cell types and 

have been modified to encapsulate hydrophobic drugs.45,46 Herein, we report the development of 

dual pH- and temperature-responsive vault nanoparticles (Figure 3.1). These multiply responsive 

vault nanoparticles have been prepared through the conjugation of poly(N-isopropylacrylamide-

co-acrylic acid) (pNIPAAm-co-AA) to human CP-H-MVP vaults.  

 

Figure 3.1. pH- and temperature-responsive vault-pNIPAAm-co-AA conjugates. The vault 

image was adapted from cryoEM reconstructions of recombinant vaults.   
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3.2. Results and Discussion 

3.2.1. Polymer Synthesis 

 Temperature and pH responsive pNIPAAm-co-AA has been previously reported.47,48,49 

Compared to pNIPAAm, which has an LCST of approximately 32 °C, pNIPAAm-co-AA 

undergoes much higher LCST transitions in basic conditions and much lower LCST transitions 

in acidic conditions. This is due to the presence of the AA monomer units, which are 

deprotonated in basic and neutral conditions making the copolymer more soluble in water. In 

acidic conditions the AA monomer units are protonated, which makes the copolymer more 

hydrophobic. Our approach to developing a pH and temperature responsive vault nanoparticle is 

based on the conjugation of pNIPAAm-co-AA to human CP-H-MVP vaults. RAFT 

polymerization was used for the preparation of these polymers due to the precise level of control 

over polymer molecular weight and narrow molecular weight distribution afforded by this 

technique.50 

 A cysteine reactive pNIPAAm-co-AA was prepared via RAFT copolymerization of 

NIPAAm and AA in the presence of a pyridyl disulfide trithiocarbonate CTA 1 with AIBN 

(NIPAAm:AA:CTA:AIBN, 124:6:1:0.1) in DMF at 80 °C (Scheme 3.1). The polymerization 

was stopped after 1 h at 78% NIPAAm conversion and 88% AA conversion by 1H NMR 

spectroscopy. The crude polymerization mixture was purified by extensive dialysis against 

MeOH to yield polymer 1. The number-average molecular weight (Mn) was determined by 1H 

NMR to be 14.1 kDa and the polydispersity index (PDI) by GPC was 1.21. The overall monomer 

composition of polymer 1 is approximately 97.7:5.3 NIPAAm:AA.  
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Scheme 3.1. RAFT copolymerization of NIPAAm and AA to yield polymer 1 

 

 

In previous studies, we found the RAFT trithiocarbonate end-group to non-specifically 

react to thiols present on CP-MVP vaults. The trithiocarbonate end-group of polymer 1 was 

therefore transformed into a non-reactive isobutylnitrile group by radical exchange with AIBN 

(Scheme 3.2).51 After extensive dialysis against MeOH, polymer 2 was obtained. Complete 

removal of the trithiocarbonate end-group was determined by the disappearance of the 305 nm 

trithiocarbonate absorption by UV-Vis. GPC analysis of polymer 2 revealed a PDI of 1.25. End-

group analysis by 1H-NMR revealed a Mn(NMR) of 14.1 kDa. Radical exchange with AIBN did 

not significantly alter the polymer Mn and PDI.  

 

Scheme 3.2. End-group modification of polymer 1 by radical exchange with AIBN to yield 

polymer 2. 

 

 

3.2.2. Polymer Turbidity Studies  

The pH and temperature dependent thermal aggregation of polymer 2 was evaluated by 

UV-Vis turbidity studies at pH 5.0, 6.0, and 7.0 (50 mM PB) (Figure 3.2). At pH 5.0 the LCST 
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was determined to be 31.9 °C. At pH 6.0 the LCST was determined to be 44.0 °C. At pH 7.0 

there was no measureable LCST below 60 °C. As expected, the LCST of polymer 2 increased as 

the pH level was increased.  

 

 

Figure 3.2. UV-Vis turbidity experiments of polymer 2 in 50 mM PB at: (A) pH 5; (B) pH 6; 

(C) pH 7. 
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3.2.3. Vault pNIPAAm-co-AA Conjugation 

Polymer 2 was conjugated to CP-H-MVP by incubation with CP-H-MVP Vaults at a 

ratio of 100 : 1 polymer : CP-H-MVP to yield conjugate 1 (Scheme 3.3). The conjugate was 

analyzed by SDS-PAGE, to observe a shift in molecular weight of the CP-H-MVP-pNIPAAm-

co-AA conjugates as compared to unmodified CP-H-MVP. Conjugation is apparent in the SDS-

PAGE (Figure 3.3). Under non-reducing conditions, SDS-PAGE stained with Coomassie blue 

shows a shift to a higher molecular weight of the conjugate (Figure 3.3, Lane 5) when compared 

to the CP-H-MVP (~100 kDa) (Figure 3.3, Lane 4). The non-reduced conjugate appears (Figure 

3.3, Lane 5) appears much fainter than the CP-H-MVP (Figure 3.3, Lane 4), which is a discreet 

band. This is because the conjugate is band is spread out due to multiple conjugations per protein 

This data shows that conjugation was highly efficient, as there is no free CP-H-MVP protein 

visible in the SDS-PAGE. Under reducing conditions with dithiothreitol (DTT), SDS-PAGE 

stained with Coomassie blue shows no difference in molecular weight of the conjugate compared 

to the unmodified CP-H-MVP due to the disulfide bond between the polymer and CP-H-MVP of 

the conjugate being reduced by DTT (Figure 3.3, Lane 3). The exact polymer conjugation sites 

on the vault structure are unknown. However, due to the presence of free cysteine residues on the 

vault interior and exterior, we expect that there is polymer conjugated on both the vault interior 

and exterior. We have previously conducted a number of experiments to determine precise 

conjugation sites, but these attempts were unsuccessful.38    
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Scheme 3.3. Conjugation of Polymer 2 to CP-H-MVP 

 

 

 

 

 

Figure 3.3. SDS-PAGE of CP-H-MVP vault and conjugate visualized by coomassie blue 

staining (Lane 1: protein marker; Lane 2: CP-H-MVP vault reducing conditions; Lane 3: 

conjugate reducing conditions; Lane 4: CP-H-MVP vault non-reducing conditions; Lane 5: 

conjugate non-reducing conditions)  
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3.2.4. pH- and Temperature Responsiveness of Vault-pNIPAAm-co-AA Conjugate 

 
The pH and temperature responsive properties of the pNIPAAm-co-AA vault conjugates 

have been investigated by UV-Vis turbidity measurements at pH 6 and 7 (Figure 3.4). Below pH 

6.0, vaults have been observed to be unstable. At pH 7.0 the conjugate did not display LCST 

behavior (Figure 3.4.C). However, at pH 6.0 the conjugate aggregated upon heating and was 

determined to have an LCST of 41.8 °C (Figure 3.4.D). At higher temperatures (>45 °C) at pH 

6.0, the conjugate precipitated from solution to form macroscopic aggregates, this caused 

imprecise measurement of absorbance at 600 nm at high temperatures.  Unmodified CP-H-MVP 

vaults did not exhibit LCST behavior at pH 7.0 or 6.0 (Figure 3.4. A-B).  Table 3.1 shows the 

LCSTs of polymer 1, conjugate 2, and CP-H-MVP vaults at pH 5, pH 6, and pH 7.  
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Figure 3.4. UV-Vis turbidity experiments of the CP-H-MVP vault at: (A) pH 7.0 and (B) pH 6.0 

and of the pNIPAAm-co-AA-CP-H-MVP vault conjugate at (C) pH 7.0 and (D) pH 6.0. 

 

 LCST (pH 7) LCST (pH 6) LCST (pH 7) 
Polymer 2 31.9 44.0 °C None Observed 

Conjugate 1 N/A 41.8 °C None Observed 
CP-H-MVP Vault N/A None Observed None Observed 

 

Table 3.1. Calculated LCSTs for polymer 2, conjugate 1,and CP-H-MVP vaults  at varying pH 

levels. 

 

The pH and temperature dependent aggregation of the pNIPAAm-co-AA vault 

conjugates has been investigated by dynamic light scattering (DLS) (Figure 3.5). At pH 7.0, the 
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conjugate remains the same diameter at 25 (39.7 ± 13.7 nm) and 45 °C (40.4 ± 12.7 nm) (Figure 

3.5.B). However, when the conjugate is at pH 6.0 there is a shift in conjugate size from 41.3 ± 

11.6 nm at 25 °C to large aggregates (~300 nm) at 45 °C (Figure 3.5.B). The aggregation is 

reversible, and the conjugate returns to 39.3 ± 13.0 nm when cooled to 25 °C (Figure 3.5.B). At 

both pH 6.0 and 7.0 there was almost no change in the unmodified vault size when the 

temperature was elevated from 25 to 45 °C (Figure 3.5.A). Together, the UV-Vis turbidity 

studies, as well as the DLS size measurements indicate that the polymer is conjugated to the CP-

H-MVP vaults and that pH- and temperature-responsiveness is due to the conjugated polymer. 

Unmodified CP-H-MVP vaults remain intact and in solution when heated up to 60 °C, 

suggesting that the pH- and temperature-responsiveness of the conjugate is solely due to the 

conjugated polymer. 
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Figure 3.5. DLS measurements of: (A.) CP-H-MVP vaults; (B.) pNIPAAm-co-AA vault 

conjugates.  
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 To determine the reversibility of the aggregation and the integrity of the vault structure 

through the pH and temperature dependent aggregation, CP-H-MVP vaults and the pNIPAAm-

co-AA conjugates were visualized by electron microscopy before and after heating above 45 °C, 

which is above the LCST of the conjugate at pH 6.0  (Figure 3.6). At pH 6.0 the vault conjugate 

was found to remain intact throughout the thermally triggered aggregation process. At pH 6.5, 

The CP-H-MVP vaults, as well as the conjugate, were not damaged by heating. Furthermore, the 

conjugates were able to withstand three heating cycles without damaging the vault structure 

(Figure 3.6.H-I).  
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Figure 3.6. Negative stain TEM of (A.) CP-H-MVP vaults, pH 6.5 (in reaction buffer), 4 °C; 

(B.) Conjugate 1 pH 7.0; 4 °C (C.) Conjugate 1 pH 6.0, 4 °C; (D.) CP-H-MVP vaults heat cycled 

once (4 to 45 to 4 °C); (E.) Conjugate 1 pH 7.0 heat cycled once (4 to 45 to 4 °C); (F.) Conjugate 

pH 6.0 heat cycled once (4 to 45 to 4 °C); (G.) CP-H-MVP vaults heat cycled three times; (H.) 

Conjugate pH 7.0 heat cycled three times; (I.) Conjugate pH 6.0 heat cycled three times. 
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 Together this data demonstrates the development of a dual pH- and temperature-

responsive vault nanoparticle. These dual-responsive vault-pNIPAAm-co-AA conjugates are an 

improvement to our previously reported vault-pNIPAAm conjugates, which were shown to have 

an LCST of 35.9 °C. Furthermore, pNIPAAm-co-AA can be tuned to specific LCST values by 

the incorporation of more or less AA monomer units to the polymer.49 This suggests that we will 

be able to tune the LCSTs of future vault-pNIPAAm-co-AA conjugates for applications such as 

intracellular drug delivery, where endosome and lysosome pH levels are known to be 5-6 and 4-

5, respectively.52 Furthermore, this technology may be applicable to solid tumor delivery as some 

tumors are known to have pH levels as low as 5.7.53 

As previously demonstrated with the vault-pNIPAAm conjugates, conjugation of 

pNIPAAm-co-AA does not interfere with the vault structure, which is important for potential 

future applications of this pH- and temperature-responsive vault conjugate. The Rome group, has 

previously packaged hydrophobic molecules, chemotherapeutics, proteins, and inorganic 

nanoparticles into the vault interior.46 These vault loading techniques should be compatible with 

polymer conjugation to the vault, resulting in multiple-responsive loaded vault conjugates  
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3.3. Experimental 

3.3.1. Materials 

Chemicals were purchased from Sigma-Aldrich, Fisher Scientific, and Acros. AIBN was 

recrystallized twice from acetone. NIPAAm was recrystallized twice from hexanes. The pyridyl 

disulfide trithiocarbonate CTA 1 was prepared according to previous literature.54 Human CP-H-

MVP vault was prepared and provided by George Buchman (C-PERL). 

 

3.3.2. Analytical Techniques 

NMR spectra were obtained on Bruker 500 MHz DRX spectrometer. Proton NMR spectra were 

acquired with a relaxation delay of 30 sec for all polymers. UV-Vis spectra were obtained on a 

Biomate 5 Thermo Spectronic UV-Vis spectrometer and a Hewlett-Packard HP8453 diode-array 

UV-Vis spectrophotometer with Peltier temperature control spectrometer with quartz cells. Gel 

Permeatinon Chromatography (GPC) was conducted on a Shimadzu HPLC system equipped 

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

two Polymer Laboratories PLgel 5 µm mixed D columns. LiBr (0.1 M) in DMF at 40 °C was 

used as an eluent (flow rate: 0.80 mL/min). Calibration was performed using near-monodisperse 

PMMA standards from Polymer Laboratories. SDS-PAGE was performed using Bio-Rad Any 

kD Mini-PROTEAN-TGX gels. TEM was conducted on a JEOL JEM1200-EX transmission 

electron microscope. Images were taken using a Gatan BioScan 600W 1x1K digital camera and 

Digital Micrograph acquisition software.   
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3.3.3. Methods 

 

 

Copolymerization of NIPAAm and AA in the presence of pyridyl disulfide CTA to afford 

α-pyridyl disulfide pNIPAAm-co-AA (polymer 1): The pyridyl disulfide CTA 1 (45 mg, 0.11 

mmol), NIPAAm (1.6 g, 14.1 mmol), AA (47 µL, 0.62 mmol), and AIBN (1.9 mg, 0.011 mmol), 

were added to a Schlenk tube containing a magnetic stir bar. DMF (2.28 mL) was added to 

dissolve the solids. Freeze-pump-thaw cycles were repeated four times and the reaction was 

performed at 80 ºC in an oil bath. The reaction was stopped after 1 h at 78% NIPAAm 

conversion and 88% AA conversion by cooling with liquid nitrogen and exposing the reaction to 

atmosphere. Polymer 1 was purified by dialyzing against MeOH (MWCO 3,500 g/mol). 1H 

NMR (500 MHz, MeOD) δ: 8.39 (m, Py), 8.18-7.25 (NH, pNIPAAm), 7.214 (m, Py), 7.26 (m) 

4.27 (m), 4.12-3.73 (CH, pNIPAAm), 3.06 (s), 2.35-1.80 (CH2, pNIPAAM), 1.79-1.45 (CH2, 

pNIPAAm), 1.25-0.92 (NCH3, pNIPAAm). The signals corresponding to AA are unidentifiable 

by 1H NMR of the purified polymer. The incorporation of AA was calculated from the % 

conversion of the AA in the crude 1NMR of the polymer at 1 h. Mn by 1H NMR was 14,100 

g/mol (targeted 12,000 g/mol). Mn(GPC) was 14,200 g/mol and the PDI was 1.21. 
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Figure 3.6. 1H NMR (500 MHz, MeOD) of polymer 1. 
 

 

Figure 3.7. GPC chromatogram of polymer 1, normalized and analyzed by comparison with 

monodisperse PMMA standards. 
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Trithiocarbonate endgroup removal by radical exchange with AIBN to yield polymer 2: 

Polymer 1 (112 mg, 0.008 mmol) and AIBN (26.3 mg, 0.160 mmol) were added to a Schlenk 

tube containing a magnetic stir bar with DMF (1.56 mL). Freeze-pump-thaw cycles were 

repeated three times, and polymerization was then initiated by submerging the Schlenk tube in an 

oil bath at 80 °C. Polymer 2 was obtained after dialyzing the crude reaction mixture against 

MeOH (MWCO 3,500 g/mol). Complete removal of the trithiocarbonate end group was observed 

by monitoring the UV-Vis abosorption at 305 nm. 1H NMR (500 MHz, MeOD) δ: 8.39 (m, Py), 

8.19-7.26 (NH, pNIPAAm), 7.23 (m, Py), 7.26 (d), 4.28 (m), 4.10-3.76 (CH, pNIPAAm), 3.06 

(s), 2.48-1.79 (CH2, pNIPAAM), 1.79-1.44 (CH2, pNIPAAm), 1.32-0.92 (NCH3, pNIPAAm). 

The signals corresponding to AA are unidentifiable by 1H NMR.  Mn by 1H NMR was 14,100 

g/mol (targeted 12,000 g/mol). Mn(GPC) was 14,200 g/mol and the PDI was 1.25. 
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Figure 3.8. 1H NMR (500 MHz, MeOD) of polymer 2. 

 

Figure 3.9. GPC chromatogram of polymer 2, normalized and analyzed by comparison with 

monodisperse PMMA standards. 
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pNIPAAm-co-AA conjugation to CP-H-MVP: A pH 6.5 20 mM 2-(N-morpholino) 

ethanesulfonic acid) (MES) buffer was degassed by bubbling argon gas through the buffer for 30 

min. CP-H-MVP (0.50 mg, 0.05µmol) in 250 µL buffer was treated with 

triscarboxylethylphosphine (TCEP) resin for 2 h at 4 ºC, then filtered through a 0.22 µm syringe 

filter. Polymer 2 (6.20 mg, 5.00 µmol) was dissolved in 250 µL of buffer. The filtered CP-H-

MVP solution was added to the solution containing polymer 2. The reaction was incubated at 4 

ºC for 24 h before purification by ultrafiltration (MWCO 100,000 g/mol) to give the conjugate. 

 

LCST determination: A solution of polymer 2, conjugate, or unmodified vault at a 

concentration of 1.0 mg mL-1 in pH 5.0, 6.0, or 7.0 20 mM MES was placed in a 100 µL quartz 

cuvette.  The cuvette was placed in a Hewlett-Packard HP8453 diode-array UV-Vis 

spectrophotometer with Peltier temperature control. The following temperature program was 

used: temperature was elevated at 0.5 ºC min-1 and held for 30 s prior to measuring the 

absorbance at 600 nm. The LCST was determined at 10% of the maximum absorbance.  

Preparation of the TEM sample: A 40 µL aliquot of a 0.2 µg µL-1 solution of CP-H-MVP-

Vault-pNIPAAm conjugate in either pH 6.0 or 7.0 (50 mM PB) was warmed to 45 ºC incubated 

for 7 min then cooled to 4 °C. 20 µL of the solution was then pipetted onto an aluminum surface 

cooled to 4 °C. A carbon-coated EM grid was floated up-side down on the sample to allow the 

conjugate to adsorb to the grid surface. After 7 min, the grid was removed from the sample and 

blotted on filter paper to remove excess liquid. The grid was then floated up-side down in 500 µL 

of a 1% uranyl acetate solution at the 4 °C. After 7 min, the grid was removed from the uranyl 

acetate solution and blotted on filter paper. TEM was then conducted on a JEOL JEM1200-EX 

transmission electron microscope.  



 82 

3.4. Conclusions 

 Dual pH- and temperature- responsive vault nanoparticles have been prepared through 

the conjugation of pNIPAAm-co-AA to CP-H-MVP vaults. This conjugate was shown to 

undergo a thermally triggered reversible aggregation at 41.8 °C  in pH 6 buffer, while remaining 

stable in solution at pH 7. The dual-responsive properties of this conjugate are a significant 

improvement on our previously reported vault-pNIPAAm conjugate, which are only responsive 

to changes in temperature.38 Furthermore, the pNIPAAm-co-AA conjugates exhibit sharper 

phase transitions than the vault-pNIPAAm conjugates. We believe that these vault-pNIPAAm-

co-AA conjugates, in combination with reported vault loading strategies, may be useful for 

intracellular drug delivery and solid tumor drug delivery. 
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Chapter 4 

Synthesis of Nanogel-Protein Conjugates‡ 
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4.1. Introduction  

The development of therapeutic encapsulated nanomaterials is critical for the delivery of 

therapeutic agents.1,2 “Smart” or stimuli-responsive materials have been synthesized which 

encapsulate lipophilic small molecules and release them in response to external triggers for 

various applications.3 Furthermore, incorporation of multiple molecules into a single carrier is of 

great interest in areas such as theranostics and combinatorial therapy.4,5 Conjugation of synthetic 

polymers to therapeutic proteins has significant advantages over unmodified counterparts, 

because the resulting nanomaterials often exhibit improved therapeutic activity.6 

Due to their size, physical properties, and high degree of functionality, polymeric 

nanogels are ideal materials for drug delivery.7-10 Synthesis of nanogels and similar polymeric 

nanomaterials has been achieved by a variety of methods including micromolding techniques,11 

emulsion methods,12,13 dispersion polymerizations,14,15 and crosslinking of polymeric starting 

materials.16-19 Thayumanavan and co-workers have previously reported polymeric nanogels, 

which demonstrated excellent stability and encapsulation capabilities.20-23 These nanogels can be 

assembled in aqueous solution by a simple self-crosslinking reaction from random copolymer 

precursors in which the template structure contains a hydrophilic monomer, poly(ethylene 

glycol) methyl ether methacrylate (PEGMA), and a hydrophobic monomer, pyridyl disulfide 

methacrylate (PDSMA), that is also used as the cross-linker. This self-crosslinking strategy 

avoids the harsh conditions of microemulsion polymerization that would be incompatible for 

encapsulation of sensitive therapeutic peptides. Manipulation of the polymeric structure affords 

control over encapsulation of hydrophilic/hydrophobic molecules as well as ligand incorporation.  

This system provides for well defined nanogels with sizes ranging from 10 to 200 nm, such that 
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nanogels could be designed to take advantage of the enhanced permeation and retention (EPR) 

effect.24 These nanogels have been shown to successfully encapsulate lipophilic small molecules 

such as 1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (DiI), a lipophilic 

carbocyanide dye, and doxorubicin. The gels were also easily surface-modified by thiol-

containing ligands such as cysteine-modified folic acid.20-23 Thayumanavan and co-workers have 

also reported a drug delivery system based on this nanogel technology that concurrently 

encapsulates lipophilic small molecules within the interior of a nanoassembly and complexes 

negatively charged proteins at the positively charged nanogel surface.23 Although this non-

covalent electrostatic interaction is a simple way to modify hydrogels, it is less robust and 

therefore may not be suitable for some applications. Covalent conjugation of proteins to the 

nanogel surface is an alternative to physical adsorption. By covalently conjugating proteins to the 

nanogel surface, the proteins will remain bound to the nanogel in complex biological 

environments such as blood for longer periods of time than if the protein and nanogel were 

bound by electrostatic interactions.  

A wide variety of materials have been conjugated to proteins such as small molecules, 

polymers, and nanoparticles.25-27 Protein PEGylation, pioneered by Abuchowski and co-

workers,28,29 has proven to effectively stabilize proteins in vivo,30 and this strategy is currently 

used in several protein-based therapeutics.31 Controlled radical polymerization techniques (CRP) 

have been employed for the preparation of protein-polymer conjugates due to its tolerance of 

various monomer types, control of molecular weight distributions, and the ease of introducing 

protein reactive end-group functionality.27,32,33 End-groups such as amine-reactive aldehydes34  

as well as cysteine-reactive maleimides35,36 and pyridyl disulfides37,38 are typically used in the 
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formation of protein-polymer conjugates. Proteins can be conjugated to polymeric nanomaterials 

such as polymersomes39 and micelles.40 For example, Lu and co-workers have conjugated BSA 

to the exterior of self-assembled glycopolymer micelles.40  

The disulfide cross-linked pPEGMA nanogel system, developed by Thayumanavan and 

co-workers, is a simple and effective platform for the construction of multi-functional drug 

delivery vehicles. In collaboration with the Thayumanavan group, we have developed the 

methodology for the covalent conjugation of proteins to nanogels. Herein we report the 

conjugation of bovine serum albumin (BSA) to the surface of DiI encapsulated nanogels. 
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4.2. Results and Discussion 

4.2.1. Disulfide Cross-linked Nanogel Formation 

Nanogels were prepared by the Thayumanavan research group, according to previously 

reported literature procedures (Figure 4.1).8 The nanogel random copolymer precursor contained 

29% PEGMA and 71% PDSMA. PDSMA serves as a cross-linker for the nanogel formation and 

as a reactive handle on the surface of the nanogel, and also increases the hydrophobicity of the 

nanogel interior.  

 

Figure 4.1. Nanogel formation and polymeric precursors. 

 

4.2.2. Conjugation and Purification of BSA to Nanogels 

 We used BSA as a model protein to demonstrate the conjugation of proteins to the DiI 

loaded nanogels (NG-DiI). BSA is a 66.5 kDa protein which contains a surface exposed free 

cysteine residue (Cys34). The conjugation was expected to proceed through a simple thiol-

disulfide exchange reaction between the free cysteine of BSA and the PDS moieties present on 

the nanogel surface. Although the BSA Cys 34 has been successfully used for polymer 

conjugation,37 direct conjugation to the nanogel surface was not successful. We believe this is 
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due to the size of the nanogels, which are much larger and have a bulkier structure than the linear 

and comb type polymers previously conjugated to BSA.  

 

Scheme 4.1. (a) addition of free thiols to BSA, (b) NG-DiI-BSA conjugate formation.  

 

To overcome this obstacle, extended thiol groups were introduced to BSA by 

modification with the well-known thiolating agent SATP (Scheme 4.1.a). The resulting thiolated-

BSA contained three additional thiol groups ([BSA]:[Thiol] = [1]:[4]). Nanogel conjugation was 

then conducted by incubating the thiolated-BSA with the nanogels in a ratio of [NG-DiI]:[BSA] 

= [1]:[2] in a pH 7.5 50mM phosphate buffer (Scheme 4.2.b). The crude conjugation mixture 

was then purified and analyzed by size exclusion chromatography (SEC) (Figure 4.2). In SEC, 

larger macromolecules elute from the column faster than smaller macromolecules. Unreacted 

BSA and NG-DiI have retention times of 60 and 55 minutes, respectively. Conjugation is evident 

due to the appearance of the NG-DiI-BSA conjugate peak at a retention time of ~46 min. A high 

molecular weight aggregate, with a retention time ~30 min, was also observed; this aggregate 

was also present in the unmodified nanogels. Fractions containing this aggregate were not 

collected with the purified nanogel conjugates. 
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Figure 4.2. Normalized SEC chromatogram of the nanogel conjugation mixture.  

 

4.2.3. Analysis of Nanogel-BSA Conjugate Size by Dynamic Light Scattering 

Next, differences in size between NG-DiI, BSA and the NG-DiI-BSA conjugates were 

measured by dynamic light scattering (DLS). The hydrodynamic diameter of the NG-DiI was 

measured to be 14 nm, and the thiolated-BSA was measured to be 8 nm. The purified NG-DiI-

BSA conjugates were found to have a hydrodynamic radius of 25.5 nm, which indicates protein 

conjugation to the NG-DiI nanogels (Figure 4.3). 
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Figure 4.3. DLS size measurements of thiolated-BSA (8 nm, red trace), NG-DiI (14 nm, black 

trace), and NG-DiI-BSA conjugates (25.5 nm, blue trace). 

4.2.4. Analysis of Nanogel-BSA Conjugate Agarose Gel Electrophoresis 

 

Conjugation of thiolated-BSA to the DiI-NG nanogels was analyzed by agarose gel 

electrophoresis (Figure 4.4). In order to visualize the co-localization of the DiI-NG and the 

thiolated-BSA, the thiolated-BSA was labeled with an AlexaFluor 488 (AF488) fluorophore and 

conjugated to the DiI as described earlier. The unmodified NG-DiI (Figure 4.4, lane 1) appears 

red and at the top of the gel. The thiolated-AF488-BSA appears as a green band at the bottom of 

the gel (Figure 4.4, lane 4). Conjugation is evident by the shift in the band corresponding to the 

NG-DiI-AF488-BSA conjugate towards the cathode (Figure 4.4, lane 2). Furthermore, the band 

appears orange as a result of the co-localization of the red DiI and green AF488 fluorophores 

present on the nanogels and protein, respectively.  
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Figure 4.4. Agarose electrophoresis gel of unmodified NG-DiI, NG-DiI-AF-488 BSA conjugate, 

crude NG-DiI-AF488-BSA, and AF488-BSA visualized on a fluorescent gel imager (lane 1 = 

NG-DiI; lane 2 = NG-DiI-BSA conjugate; lane 3 = crude NG-DiI-BSA; lane 4 = AF488-BSA). 

4.2.5. Analysis of Nanogel-BSA Conjugate by SDS-PAGE 

The NG-DiI-AF488 conjugates were also analyzed by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) and visualized on a fluorescence gel imager. 

Free BSA (Figure 4.5, lanes 1 and 4) can be seen as a green band and free NG-DiI as a red band 

(Figure 4.5, lanes 2 and 5). When the DiI-NG nanogel and the AF488-BSA are conjugated, the 

color is observed as yellow under non-reducing conditions (Figure 4.5, lane 6), demonstrating 

co-localization of the two fluorophores. Once the samples are subjected to reducing conditions 

release of the protein is evidenced by the appearance of green color again (Figure 4.5, lane 3) 

and disappearance of the red color from the release of DiI dye upon dissolution of the nanogel. 

Interesting, the band for the unconjugated nanogel (Figure 4.5, lane 2) did show the red 

fluorescence of the DiI under reducing conditions; however, the intensity was decreased. This 

indicated that the unmodified nanogel cleaved to some extent, but did not completely degrade 

during the short exposure time to DTT. It may be that the presence of the protein facilitates 

reduction of the nanogel because of its hydrophilic nature or that residual pyridyl disulfides on 
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the unmodified gels cause reoxidation of the material. This is interesting because it suggests that 

nanogel degradation may be tunable depending on what is conjugated to the outer surface.  

 

 

 

Figure 4.5. SDS-PAGE visualized on a fluorescence gel imager (Lane 1: BSA reducing 

conditions; Lane 2: NG-DiI reducing conditions; Lane 3: NG-DiI-BSA conjugate reducing 

conditions; Lane 4: BSA non-reducing conditions; Lane 5: NG-DiI non- reducing conditions; 

Lane 6: NG-DiI-BSA conjugate non-reducing conditions).  

 
Together, this data demonstrates that proteins can be successfully conjugated to nanogels 

loaded with hydrophobic molecules. Development of such nanogel-protein conjugates provides a 

tool for the incorporation of imaging agents and therapeutic proteins for theranostic or 

combinatorial therapy applications. The use of nanocarriers for theranostics provides the 

opportunity for image-guided therapy. This ability to monitor treatment in real time enhances the 

probability of providing a more accurate disease treatment by allowing physicians to detect and 

treat simultaneously. In addition to this, combination of several therapeutics in a single carrier, 

especially if incorporation of therapeutics with different characteristics is facilitated, may 
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enhance the effectiveness of the therapy by providing a synergistic therapeutic effect. 

Importantly the data show that proteins can be attached to these nanogels, suggesting that 

targeting proteins or antibodies may be conjugated to the nanogels to increase effectiveness of 

therapeutic treatments. Investigation into some of these applications is currently underway. 
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4.3 Experimental  

4.3.1 Materials  

The nanogels were provided by the Thayumanavan research group (UMass Amherst) according 

to previous literature.21 Bovine serum albumin (BSA), UltraPure Agarose and buffer materials 

were purchased from commercial sources (Fischer, Sigma-Aldrich or Invitrogen) and were used 

as received. Pre-cast Any-kD Mini-PROTEAN-TGX gels and 10x Tris/Glycine/SDS buffer 

solution for SDS-PAGE studies were purchased from Bio-Rad. All buffers for protein 

conjugations were degassed by bubbling with argon for 30 min, and filtered through a 0.22 

micron filter. N-Succinimidyl-S-acetylthiopropionate (SATP) was synthesized according to 

previous literature.41  

 

4.3.2 Analytical Techniques 

Dynamic light scattering (DLS) measurements were performed using a Malvern Nanozetasizer. 

UV-Visible spectroscopy was conducted on Thermo Scientific NanoDrop 2000 and Biomate 5 

spectrophotometers. Fast protein liquid chromatography (FPLC) with SEC columns was 

performed on a Bio-Rad BioLogic DuoFlow chromatography system equipped with a GE 

Healthcare Life Sciences Superose 6 10/300 column. A 50 mM sodium phosphate (pH 7.5) 

buffer containing 15 mM NaCl at 4 °C was used as the solvent (flow rate: 0.3 mL/min). 

Fluorescent gel images were obtained on a Bio-Rad FX Pro Plus Fluorimager/PhosphorImager.  
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4.3.3 Methods 

Preparation of Thiolated-AlexaFluor 488-BSA: Thiol enriched AlexaFluor 488 labeled BSA 

was prepared by modifying a literature procedure.42 BSA (5 mg) was dissolved in 0.5 mL of 50 

mM sodium phosphate (pH 7.5) containing 1 mM ethylenediaminetetraacetic acid (EDTA). 

Then, 5 µL of SATP in DMF (16 mg/mL) was added to the BSA solution, and the mixture was 

incubated for 1 h at 20 °C. To the BSA solution, 1.75 mL of the EDTA in 50 mM sodium 

phosphate pH 7.5 buffer was added, followed by 250 µL of AlexaFluor 488 carboxylic acid 

succinimidyl ester in DMF (2 mg/mL). This solution was incubated for 1 h at 20 °C. The SATP 

and AlexaFluor 488 modified BSA was then purified by ultrafiltration (Amicon Ultra, 30 kDa 

MWCO). After purification, SATP-AlexaFluor 488-BSA was diluted in 50 mM sodium 

phosphate buffer (pH 7.5) containing 1 mM EDTA up to a total volume of 0.5 mL and 10 

mg/mL concentration. To deprotect the acetylated thiols, 50 µL of a solution containing 0.5 M 

hydroxyl amine hydrochloride in 50 mM sodium phosphate buffer (pH 7.5) containing 25 mM 

EDTA was then added to the SATP-AlexaFluor 488-BSA solution and incubated for 2 hours at 

20 °C. Following deprotection with hydroxylamine, the thiolated-AlexaFluor 488-BSA was 

purified by FPLC and concentrated to a final concentration of 2 mg/mL by ultrafiltration. 

Ellman’s assay was used to determine the extent of the thiol-modification (BSA: free thiol; 

1:4.1). UV-Vis spectroscopy was used to determine the extent of AlexaFluor 488 labeling of 

BSA (BSA: AlexaFluor 488; 1:1.7).   
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Conjugation of Thiolated-AlexaFluor 488-BSA to DiI Nanogels: A solution of 6% cross-

linked, 2 wt% DiI encapsulated nanogels (0.50 mg) in 250 µL 50 mM sodium phosphate (pH 

7.5) with 1 mM EDTA was added to a 250 µL solution of thiolated-AlexaFluor 488-BSA (1 mg) 

in the same buffer. The solution was then agitated for 24 hours at 4 °C on a thermo-shaker (TSZ 

Scientific). The resulting conjugates were purified by SEC. 
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4.4. Conclusions 

 We have demonstrated the versatility of this disulfide cross-linked polymeric nanogel 

system to encapsulate lipophilic small molecules on the interior and conjugate proteins at the 

nanogel exterior. BSA was modified with a thiol linker, and was readily conjugated to the 

nanogels via disulfide exchange reactions with pyridyl disulfide moieties at the nanogel exterior. 

The results suggest that this nanogel system is a simple and effective platform for development 

of sophisticated drug delivery systems. This work provides the groundwork for successful 

application of therapeutic proteins and antibodies to the nanogels, which would be important for 

selective targeting of the nanogels.  
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Glycol) Analogs by Ring Opening Metathesis 

Polymerization 
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5.1. Introduction 

Covalent conjugation of poly(ethylene glycol) (PEG) to proteins, or protein PEGylation, 

is known to increase stability, solubility, and in vivo circulation lifetimes of proteins.1,2 This 

strategy has been employed in the development of PEGylated protein therapeutics, which display 

superior pharmacokinetic properties compared to unmodified proteins. Currently there are 10 

such PEGylated protein therapeutics approved for use in the United States.3  

The activity of PEGylated proteins is highly dependent on the conjugation site. 

Conjugation of linear PEG and other synthetic polymers, such as poly(oligo PEG) and poly(N-

isopropylacrylamide), near the protein active site can greatly diminish protein activity. In one 

example, Greenwald and coworkers reported the complete loss of enzymatic activity after the 

conjugation of a single PEG to lysozyme.4 In another example, Haddleton and coworkers 

reported the conjugation of poly(oligo PEG) to lysozyme, which resulted in the complete loss of 

lysozyme activity.5 This apparent drawback to PEGylation and polymer conjugation can be used 

to modulate protein activity. For example, Roberts and Harris have reported the preparation of 

hydrolytically degradable ester-containing PEG-lysozyme conjugates that exhibited no 

bioactivity until the conjugated PEG polymers were cleaved by degradation of the ester group.6 

The authors proposed that this technology could be applied to therapeutic proteins.  

Another class of polymers that have been employed to modulate protein activity are 

stimuli-responsive polymers. Hoffman, Stayton, and others have employed thermo-responsive 

polymers such as poly(N-isopropylacrylamide) (pNIPAAm) to effectively control protein 

bioactivity. Such protein-pNIPAAm conjugates become inactive at elevated temperatures due to 

the thermally induced aggregation of the protein-pNIPAAm conjugates. Other thermo-responsive 

smart polymers have been employed, such as poly(oligo(ethylene glycol)) copolymers used by 
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Lutz and coworkers for the modification of trypsin.7 In 2013, Liu and coworkers reported the 

modulation of glucose oxidase (GOx) activity by the conjugation of poly(oligo PEG)s through 

disulfide bonds.8 Conjugation of the polymers greatly diminished GOx activity, and enzyme 

activity recovered upon cleavage of the polymers with dithiothreitol (DTT).8  Liu and coworkers 

noted that loss of enzyme activity of the reduced conjugate may be attributed to denaturation of 

the protein by DTT.8 To date, all of the examples of modulating protein activity through polymer 

conjugation rely on polymer cleavage to return activity to the conjugated protein. There are no 

examples of degrading the polymer backbone to reestablish protein activity. 

To our knowledge, reversibly inactivatable protein-enzyme conjugates that respond to 

bio-orthogonal chemoselective triggers such as transition metal catalysts have not been reported. 

Transition metal catalysts including ruthenium-based Grubbs’ type olefin metathesis catalysts 

have been successfully employed for metathesis in aqueous conditions as well as for the 

synthetic modification of proteins. There are many reports, from the Grubbs groups as well as 

others, of the development of water-soluble ruthenium metathesis catalysts; however, none of 

these catalysts are currently commercially available.9-14 Olefin metathesis has also been 

conducted in the presence of proteins. Davis and coworkers have demonstrated the utility of the 

commercially available Hoveyda-Grubbs 2nd generation catalyst (Hoveyda-Grubbs II) for cross-

metathesis on proteins functionalized with allylic sulfides. This reaction allowed for cross 

metathesis with a number of terminal olefin-containing partners, including sugars, lipids, and 

PEG.15-19 In another example, Ward and coworkers developed artificial metalloenzymes by 

incorporating a Hoveyda-Grubbs catalyst onto streptavidin. The artificial metalloenzyme was 

shown to be highly efficient for ring closing metathesis on small molecules.20,21  
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ROMP is a well established method for the development of bioactive polymers. Kiessling 

and coworkers have reported the ROMP derived glycopolymers, which were capable of binding 

proteins.22-30 In an early example a sulfated neoglycopolymer was prepared via ROMP, which 

was capable of binding P-selectin.23 In another example ROMP was used for the preparation of 

glycopolymers capable of binding the lectin Concanavalin A.22  

There are only several examples of the development of ROMP polymers for protein 

polymer conjugation.31 Kane and coworkers, reported the preparation of ROMP polymers 

containing multiple pendant 2-chloromethylester functionality, which is reactive towards free 

thiols on cysteine residues at pH 8.0 through a displacement reaction of the chloride.31 Reaction 

of this cysteine reactive polymer resulted in protein multimers.31 In another example, Sleiman 

and coworkers reported the preparation of block co-polymers with biotin-end-group 

functionality, capable of binding the protein SAv. Biotin functionality was installed by 

terminating the ROMP reaction with biotin functionalized vinyl ethers. In aqueous conditions, 

the biotin-functionalized block co-polymers assembled into micelles, which could be crosslinked 

via the addition of SAv tetramers. To our knowledge, there are no examples of end-

functionalized ROMP polymers for the preparation of covalent protein-polymer conjugates. 

Grubbs, Marsella, and Maynard have previously reported the ring opening metathesis 

polymerization (ROMP) of unsaturated crown ether analogs, producing water-soluble 

unsaturated PEG analogs (Scheme 5.1).32,33 Polymers ranging from 10 to 200 kDa could be 

prepared in good yield. Investigations into the cytotoxicity of this polymer with human dermal 

fibroblasts (HDF) showed the polymer to be non-toxic up to 0.1 mg/mL.34 Furthermore, treating 

dilute solutions of this polymer with LiCl and Grubbs 1st generation catalyst (Grubbs I) resulted 

in a back-biting reaction which yielded the original unsaturated crown ether monomer.  
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Scheme 5.1.  (A.) Lithium templated ring closing metathesis of diallyl triethylene glycol to yield 

an unsaturated crown ether analog, (B.) ROMP of the unsaturated crown ether to yield an 

unsaturated PEG analog, (C.) Depolymerization of the unsaturated PEG analog.32,33 

 

 

 

 

We have expanded on this work by preparing protein reactive unsaturated PEG analogs, 

via ROMP, for conjugation to proteins. Alkenes present in the polymer backbone can be cleaved 

by reaction with ruthenium metathesis catalysts in aqueous conditions to yield degraded 

conjugates. We are currently investigating depolymerization of the polymer from the conjugate, 

as a method to modulate protein activity. 
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5.2. Results and Discussion 

5.2.1. Polymer Synthesis 

Aldehyde functionalized PEGs are commonly used for conjugation to surface exposed 

amines on proteins. Polymers 1-7 were prepared by ROMP of the unsaturated crown ether 

monomer 1 (Scheme 5.2), which was prepared according to literature procedure.32,33 Aldehyde 

ω-end-group functionality was installed by terminating the ROMP reaction with vinylene 

carbonate, as previously reported by Kilbinger and coworkers.35 The polymerizations were 

carried out under argon atmosphere at 20 °C with a ratio of [Grubbs I]:[monomer 1] = [1]:[35-

175]. After 4 h, the polymerization was terminated by the addition of an excess of vinylene 

carbonate (>100 eq). The crude polymer was then purified by precipitation from cold 

diethylether. The resulting polymers were analyzed by 1H NMR and gel permeation 

chromatography (GPC) to determine the molecular weight (Mn) and polydispersity index (PDI). 

A total of seven polymers were prepared with varying degrees of polymerization (DP). Polymer 

PDIs were high (PDI >1.4), which was expected for the polymerization of unstrained monomer 

1. Table 5.1, lists the polymers prepared with degree of polymerization (DP), Mn, and PDI. 

 

Scheme 5.2. ROMP of unsaturated crown ether 1, to produce polymers 1-7. 
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 DP (NMR) Mn (NMR) (kDa) PDI (GPC) 

Polymer 1 198 40.0 2.88 

Polymer 2 175 35.4 1.54 

Polymer 3 119 24.1 1.97 

Polymer 4 101 20.4 1.39 

Polymer 5 60 12.2 1.61 

Polymer 6 56 11.5 1.89 

Polymer 7 35 7 3.51 

 

Table 5.1. Characterization data (DP, Mn, and PDI) for polymers 1-7. 

 

5.2.2. Polymer Degradation in Aqueous Conditions 

We have studied the depolymerization of polymer 3 in aqueous conditions. In a typical 

depolymerization, polymer 3 (3 mg/ml) was dissolved in a phosphate buffer containing 20% t-

BuOH, 100 mM MgCl2, 100 mM LiCl and 5 mM of Grubbs III (dichloro[1,3-bis(2,4,6-

trimethylphenyl)-2-imidazolidinylidene](benzylidene)bis(3-bromopyridine)ruthenium(II)) 

(Scheme 5.2). The reaction was also conducted without LiCl. After incubating the solution for 18 

h at 20 °C, the reaction was stopped via the addition of ethyl vinyl ether. The solvent and volatile 

components were removed by rotary evaporation, followed by lyophilization. The crude reaction 

mixture was then dissolved in DMF and analyzed by GPC (Figure 5.1) Comparison of the GPC 
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chromatograms of the polymer and depolymerized products shows major degradation of the 

polymer when exposed to Grubbs type catalysts in aqueous solution. In organic solvent, lithium 

ions are necessary for depolymerization of similar unsaturated PEG polymers. However, lithium 

ions are not necessary for the depolymerization of the conjugated polymer. 

 

Scheme 5.3. Aqueous depolymerization of polymer 3. 
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Figure 5.1. GPC chromatograms of (a.) polymer 3 (b.) polymer 3 degraded in the presence of 

LiCl and (c.) polymer 3 degraded without LiCl. 

 

5.2.3. Polymer Cytotoxicity 

 Cytotoxicity of the unsaturated PEG analog polymer 3 and the degraded polymer were 

evaluated through a LIVE/DEAD viability/cytotoxicity assay using human dermal fibroblasts 

(HDFs) (Figure 5.2). We found that the polymer is non-toxic up to concentrations of 1 mg/mL. 

The degraded polymer shows no toxicity to HDFs at 0.5 mg/mL, however the degraded polymer 

shows slight toxicity at concentrations of 1 mg/mL, with cell viabilities of approximately 90%. 

Fresh polymer samples were used for these toxicity studies. In previous toxicity studies by 

Grubbs and Maynard these unsaturated PEG polymers were toxic at 1 mg/mL, this toxicity may 

have been due to degradation of the polymer after long-term storage.     
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Figure 5.2. Live/Dead viability/cytotoxicity assay of the unsaturated PEG polymer 3 and the 

degradation products of polymer 3 on HDF cells.  
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5.2.4. Conjugation to Lysozyme 

Scheme 5.4. Conjugation of polymer 2 to Lysozyme by reductive amination.  

 

The ω-aldehyde unsaturated PEG polymer 5 was conjugated to lysozyme (Lyz) via 

reductive amination (Scheme 5.4). Lyz and polymer 5 were incubated in a pH 6.0 100 mM 

phosphate buffer (PB) at 25 °C using a ratio [lysozyme]:[polymer 5] = 1:50. After 30 min, 

sodium cyanoborohydride was added to a final concentration of 20 mM in the reaction solution. 

The conjugation mixture was allowed to incubate for 48 h at 25 °C, before purification by 

ultracentrifugation. As previously observed by Haddleton and coworkers,5 long reaction times 

were necessary to achieve full conjugation of the polymer to the protein. The resulting Lyz-

polymer 5 conjugate was analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) (Figure 5.3). Conjugation was evident by a high molecular weight smeared band 

(Figure 5.3, lane 3), which corresponded to a higher molecular weight than the unmodified Lyz 

(Figure 5.3, lane 2) The conjugate was also be purified and analyzed via size exclusion 

chromatography (SEC) (Figure 5.4). The increased size of the conjugate was also apparent by 
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SEC, due to the decreased retention time of the conjugate compared to unmodified Lyz. Based 

on the SDS-PAGE and SEC results, it is apparent that the lysozyme has been highly conjugated.  

 

 

Figure 5.3. SDS-PAGE of Lyz and Lyz-polymer 5 conjugate (lane 1: protein marker; lane 2: 

Lyz; lane 3: Lyz-polymer 5 conjugate).  

 

 

Figure 5.4. SEC chromatogram of Lyz  (black trace) and Lyz-polymer 5 conjugate (red trace). 
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5.2.5. Depolymerization of Lysozyme Conjugates 

Following successful conjugation, depolymerization of the Lyz conjugates with Grubbs 

3rd generation catalyst was studied (Scheme 5.5.). Optimal results were obtained using freshly 

conjugated material with MgCl2 as an additive and tert-butyl alcohol as a cosolvent. MgCl2 is 

often used as an additive in aqueous metathesis because it is a weak Lewis-acid,36 which inhibits 

the formation of metathesis inactive catalyst-heteroatom chelates.36 Tert-butyl alcohol has 

previously been used as a cosolvent to solubilize the ruthenium metathesis catalysts. The Lyz-

polymer 1 conjugate was incubated with 5 mM Grubbs III in buffer solution containing 100 mM 

MgCl2 and 20% tert-butyl alcohol. The solution was allowed to incubate at 25 °C for 12 h, after 

which the catalyst could be removed by pelleting via centrifugation. The depolymerized 

conjugate was analyzed by SDS-PAGE (Figure 5.5). Depolymerization is evident by the 

decrease in the weight of the depolymerized conjugate (Figure 5.5, lane 4) compared to the 

conjugate (Figure 5.5, lane 3). Reproducing depolymerization with different conjugate samples 

has been difficult, fresh samples of polymer and conjugate yielded ideal results. This could be 

due to isomerization of the polymer backbone from allyl ether to vinyl ether, Ruthenium 

metathesis catalysts react with vinyl ethers to form metathesis inactive complexes.  
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Scheme 5.5. Depolymerization of Lyz-polymer 1 conjugate.  

 

 

 

 

 

Figure 5.5. SDS-PAGE of Lyz, Lyz-polymer 1 conjugate, and depolymerized Lyz-polymer 1 

conjugate (lane 1: protein marker; lane 2: Lyz; lane 3: Lyz-polymer 1 conjugate; depolymerized 

Lyz-polymer 1 conjugate). 
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5.2.6. Bovine Serum Albumin Conjugations and Depolymerizations 

 

Scheme 5.6. Conjugation of polymer 2 to BSA via reductive amination.  

 

  

Polymer 5 was conjugated to BSA via reductive amination (Scheme 5.6). BSA and 20 

molar equivalents of polymer 5 were incubated in a pH 6.0 100 mM PB for 30 min. After 30 

min, Sodium cyanoborohydride was then added to achieve a final concentration of 20 mM. The 

conjugation was incubated for 48 h at 25 °C followed by purification by ultracentrifugation or 

SEC. SDS-PAGE shows the conjugate (Figure 5.6, lane 3) shifted to a higher molecular weight 

than the unmodified protein (Figure 5.6, lane 2). BSA is known to oliomerize, these high 

molecular weight oligomers can be seen on the SDS-PAGE (Figure 5.6, lane 2). Analysis of the 

SEC chromatogram shows the conjugates shifted to a lower retention time than unmodified BSA, 

indicating that the conjugates are larger in size (Figure 5.7). In the SEC chromatogram of BSA, 

the BSA can be seen eluting from the column at 23 min and the dimer peak can be seen at 20 

OOOO

n-1
OOOON

H
x

O O O O
On+

BSA NaCNBH3, pH 6.0 PB
25 °C, 48 h

polymer 5



 125 

min. The conjugate peak is shifted to 19 min and is clearly larger than the BSA dimer. The 

number of conjugated polymers to BSA is unknown. 

 

Scheme 5.7. Depolymerization of the BSA-polymer 5 conjugate. 

 

Hoveyda-Grubbs type catalysts have been utilized successfully in aqueous environments 

and are known to perform well on sterically hindered substrates.20,21,36 Following successful 

conjugation, the polymer of the BSA conjugate was depolymerized with Hoveyda-Grubbs II 

catalyst (Scheme 5.7).  The BSA-polymer 5 conjugate was incubated with 2 mM Hoveyda-

Grubbs II in buffer solution containing 190 mM MgCl2 and 30% tert-butyl alcohol. The solution 

was allowed to incubate at 35 °C for 3 h followed by purification by ultracentrifugation. 

Depolymerization was analyzed by SDS-PAGE (Figure 5.6). The depolymerized conjugate 

(Figure 5.6, lane 4) shifted to a lower molecular weight compared to the conjugate (Figure 5.6, 

lane 3). Unlike the depolymerization of the Lyz conjugates, the depolymerized BSA conjugate 

appeared as a faint smeared band on the SDS-PAGE that is lower in molecular weight that the 

original conjugate. This is most likely due to incomplete depolymerization and the presence of 

low molecular weight unsaturated PEG oligomers retained on BSA. 
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Figure 5.6. SDS-PAGE of BSA, BSA-polymer 5 conjugate, and depolymerized BSA-polymer 

5 conjugate (lane 1: protein marker; lane 2: BSA; lane 3: BSA-polymer 5 conjugate; lane 4: 

depolymerized BSA-polymer 5 conjugate). 

 

 

 

Figure 5.7. SEC chromatogram of BSA (black trace) and BSA-polymer 5 conjugate (red trace).  
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This data together shows that ROMP derived polymers can be applied to the preparation 

of covalent protein-polymer conjugates. Aldehyde-functionalized unsaturated PEG analogs were 

readily prepared via ROMP and conjugated to free-amines present on Lyz and BSA by reductive 

amination. Reductive amination is a non-specific conjugation technique. It is clear that a high 

degree of conjugation to Lyz and BSA has been achieved through this route, but the exact 

number of conjugations per protein has been difficult to quantify. To quantify the extent of 

conjugation, matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass 

spectrometry has been attempted to determine molecular weight of the conjugate, however this 

was unsuccessful. Site-specific conjugation methods may be necessary to determine exact 

number of conjugations per protein.   

Depolymerization of the unsaturated PEG polymer backbone can be accomplished 

through the use of Grubbs III and Hoveyda-Grubbs II catalysts with the use of an organic co-

solvent. Depolymerization can be achieved on the polymer alone and with the protein-polymer 

conjugate. Activity of the depolymerized conjugates has been studied, but the results so far are 

inconclusive. Due to the hydrophobic nature of the catalysts, they may be noncovalently 

interacting with hydrophobic domains of BSA and Lyz altering protein structure or occupying 

binding sites. Although ruthenium metathesis catalysts have been used in the presence of 

proteins, there are no examples of active proteins that have been exposed to ruthenium 

metathesis catalysts. Work is currently underway to remove residual catalyst from proteins and 

to determine enzymatic activity of the depolymerized Lyz and BSA unsaturated PEG conjugates. 

If enzymatic activity can be restored after depolymerization this technology may be applicable to 

modulating protein activity by sterically inactivating a protein with unsaturated PEGs followed 

by reactivation by depolymerization. This strategy may be beneficial for biotechnology 
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applications where it is important to control enzymatic activity, such as enzyme catalysis and 

point-of-care diagnostics. Due to the use of ruthenium catalysts, this 

conjugation/depolymerization technology is not amenable to in vivo applications.          
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5.3. Experimental 

5.3.1. Materials 

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

received unless otherwise noted. The proteins BSA and Lyz were obtained from Sigma-Aldrich 

and used as received. CH2Cl2 over CaH2 and stored under argon. THF was distilled over 

sodium/benzophenone and stored under argon.  Unsaturated crown ether 1 was prepared 

according to a modified literature procedure.33   

5.3.2. Analytical Techniques 

NMR spectra were obtained on a Bruker 600 MHZ ARX spectrometer. Proton NMR spectra 

were acquired with a relaxation delay of 2 sec for small molecules and 30 sec for all polymers. 

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

accessory. GPC was conducted on a Shimadzu HPLC system equipped with a refractive index 

detector RID-10A, one Polymer Laboratories PLgel guard column, and two Polymer 

Laboratories PLgel 5 µm mixed D columns. LiBr (0.1 M) in dimethylformamide (DMF) at 40 °C 

was used as an eluent (flow rate: 0.60 mL/min). Calibration was performed using near-

monodisperse PMMA standards from Polymer Laboratories. SDS-PAGE was performed using 

Bio-Rad Any kD Mini-PROTEAN-TGX gels. SDS-PAGE protein standards were obtained from 

Bio-Rad (Precision Plus Protein Pre-stained Standards). For SDS-PAGE analysis, approximately 

5 µg of protein was loaded into each lane. Fast protein liquid chromatography (FPLC) was 

performed on a Bio-Rad BioLogic DuoFlow chromatography system equipped with a GE 

Healthcare Life Sciences Superdex 75 10/300 column. For BSA and BSA conjugates, a 25 mM 

sodium phosphate (pH 8.0) buffer containing 400 mM NaCl at 4 °C was used as the solvent 
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(flow rate: 0.5 mL/min). For Lyz and Lyz conjugates, a 200 mM sodium phosphate (pH 7.0) 

buffer containing 300 mM NaCl or a 25 mM sodium phosphate (pH 8.0) buffer containing 400 

mM NaCl  at 4 °C was used as the solvent (flow rate: 0.5 mL/min). 

5.3.3. Methods 

A typical ROMP of unsaturated crown ether monomer 1 to yield polymer 5: The 

unsaturated crown ether 1 (278.0 mg, 1.37 mmol) was added to a Schlenk tube containing a 

magnetic stir bar. The Schlenk tube was subjected to high vacuum for 15 minutes and then 

refilled with argon gas. Grubbs I (45.1 mg, 0.05 mmol) was added to a second Schlenk tube 

containing a magnetic stir bar. Dry DCM (0.60 mL) was added to dissolve the solid catalyst and 

the Schlenk tube was subjected to four freeze-pump-thaw cycles. The polymerization was 

initiated by transferring the catalyst solution into the Schlenk tube containing monomer 1 via 

syringe. The reaction was stirred for 4 h at 20 °C under argon. After 4 h, the polymerization was 

terminated by the addition of vinylene carbonate (0.50 mL) and allowed to stir for 45 min, 

followed by the addition of ethyl vinyl ether (0.50 mL) and then allowed to stir for 30 min. 

Solvent and volatiles were then removed by high vacuum. The crude reaction mixture was then 

dissolved in a minimal amount of MeOH and precipitated from diethyl ether 5 times to yield 

polymer 5. 1H NMR (600 MHz, MeOD) δ: 9.79 (s, Aldehyde), 7.37 (m, Ar), 7.30 (t, Ar), 6.60 (d, 

CH), 6.29 (m, CH), 5.60-5.75 (m, E-alkene), 5.74-5.65 (m, Z-alkene), 5.27 (d), 5.17 (m), 4.17-

3.94 (m, OCH2), 3.76-3.52 (m, OCH2). Mn by 1H NMR = 12,200 g/mol (targeted 20,100 g/mol). 

Mn(GPC) = 14,200 g/mol, and PDI = 1.61. 
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Figure 5.8. 1H NMR (600 MHz, CDCl3) of polymer 5. 

 

Figure 5.9. GPC chromatogram of polymer 5, normalized and analyzed by comparison with 

monodisperse PMMA standards. 
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Aqueous depolymerization of Polymer 2: Polymer 2 (3.0 mg, 0.12 µmol) was weighed into a 

2 mL vial and dissolved in pH 8.0 50 mM PB containing 100 mM MgCl2 (0.80 mL). A 50 mM 

stock solution of Grubbs III was prepared in tert-butyl alcohol and 0.20 mL of the catalyst 

solution was added to the polymer solution. The total concentration of catalyst in the reaction 

was 5 mM. A magnetic stir bar was added and the reaction was sealed under argon. The reaction 

was stirred for 20 h at 20 °C. After 20 h, the reaction was stopped with the addition of ethyl vinyl 

ether (0.10 mL) and stirred for 30 min. The ethyl vinyl ether was removed by rotary evaporation, 

and the crude reaction was lyophilized to remove water. After the water was removed, the 

remaining solids and oils were redissolved in DMF and analyzed by GPC.  

 

A typical conjugation of Polymer 5 to Lyz: Lyz (1.0 mg, 0.07 µmol) was dissolved in pH 6.0 

100 mM PB. Polymer 5 (42.3 mg, 3.47 µmol) was dissolved in pH 6.0 100 mM PB (0.40 mL). 

The polymer solution was then added to the Lyz solution and agitated on a temperature 

controlled thermoshaker at 1250 rpm for 1 h at 25 °C. A 200 mM stock solution of sodium 

cyanoborohydride was prepared in pH 6.0 100 mM PB, 0.10 mL of the sodium 

cyanoborohydride solution was added to the solution containing Lyz and the polymer. The 

reaction was agitated at 1250 rpm for 48 h at 25 °C. The crude reaction was then purified by 

ultrafiltration (MWCO 10,000 g/mol) or by FPLC, to obtain the conjugate. 

 

A typical conjugation of Polymer 5 to BSA: BSA (1.0 mg, 0.02 µmol) was dissolved in pH 6.0 

100 mM PB. Polymer 5 (3.70 mg, 0.30 µmol) was dissolved in pH 6.0 100 mM PB (0.40 mL). 

The polymer solution was then added to the BSA solution and agitated on a temperature 

controlled thermoshaker at 1250 rpm for 1 h at 25 °C. A 200 mM stock solution of sodium 
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cyanoborohydride was prepared in pH 6.0 100 mM PB, 0.10 mL of the sodium 

cyanoborohydride solution was added to the solution containing BSA and the polymer. The 

reaction was agitated at 1250 rpm for 48 h at 25 °C. The crude reaction was then purified by 

ultrafiltration (MWCO 30,000 g/mol) or by FPLC, to obtain the conjugate.  

 

A typical depolymerization of Lyz-polymer 1 conjugate: An equal volume of a 200 mM 

MgCl2 solution adjusted to pH 8.0 (50 µL) was added to a solution of Lyz-polymer 1 (50 µL) 

conjugate containing 1 mg/mL Lyz. A 25 mM stock solution of Grubbs III degassed tert-butyl 

alcohol was prepared fresh. Stock solution (25 µL) was added to bring the total concentration of 

catalyst to 5 mM and the total volume percent of tert-butyl alcohol to 30%. The reaction mixture 

was then incubated for 12 h at 25 °C. After 12 h, any precipitate in the solution was pelleted by 

centrifugation and discarded. The crude mixture was then analyzed by SDS-PAGE.  

 

A typical depolymerization of BSA-polymer 5 conjugate: Magnesium chloride hexahydrate 

(0.90 mg, 4.44 µmol) was dissolved in a 20 µL of a 1 µg/µL solution of the BSA-polymer 2 

conjugate in pH 8.0 100 mM PB (concentration based on amount of protein). A stock solution of 

Hoveyda-Grubbs II in degassed tert-butyl alcohol was prepared with a catalyst concentration of 

5.0 mM. Catalyst stock solution (13.3 µL) was added to bring the final concentration of catalyst 

to 2 mM and the total volume of tert-butyl alcohol to 30%. The reaction mixture was incubated 

at 35 °C for 2 h. SDS-PAGE was conducted on the crude reaction mixture. 

 

Polymer cytotoxicity studies: Cytotoxicity of the unsaturated PEG and degraded products 

toward human dermal fibroblasts (HDFs, Promocell GmbH) was evaluated using a LIVE/DEAD 
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viability/cytotoxicity assay (Invitrogen). HDF cells were cultured in fibroblast growth medium 

containing 2% fetal calf serum (FCS), 1 ng/mL basic fibroblast growth factor, 5 µg/mL insulin, 

and 1% penicillin-streptomycin. The cells were seeded in 48-well plates at a density of 6 x 103 

cells per well and incubated at 37 °C and 5% CO2. After 24 h, the culture media was replaced 

with 200 µL of the working medium containing the polymers at concentrations of 0.1, 0.5 and 1 

mg/mL. After incubation for 24 h, the cells were gently washed with pre-warmed Dulbecco’s 

phosphate buffered saline (D-PBS), and stained with the LIVE/DEAD reagent (2 µM calcein 

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

Axiovert 200 microscope with an AxioCam MRm camera and FluoArc mercury lamp. The 

number of live and dead cells were counted, and percent cell viability was calculated by dividing 

the number of live cells by the total number of cells. Percent viability was determined using the 

formula 100 x (number of live cells / total number of cells). All experiments were conducted in 

quadruplicate. Each experimental set was normalized to a control of blank medium. 
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5.4. Conclusions 

We have prepared a series of unsaturated PEG analogs with protein-reactive aldehyde ω-

end-group functionality and demonstrated conjugation to Lyz and BSA. These polymers as well 

as the polymers on the protein conjugates can be depolymerized in the presence of ruthenium 

metathesis catalysts in aqueous conditions. We are currently investigating the modulation of 

enzymatic activity through conjugation and depolymerization of these conjugates. Due to the 

necessity for ruthenium catalysts for depolymerization, this technology is not applicable for 

therapeutic applications. However, we envision that such materials would be valuable for use in 

a variety of biotechnology applications such as enzymatic catalysis, biosensing applications, and 

point-of-care diagnostics. 

 

 

 

  



 136 

5.5. References 

1. Abuchowski, A.; McCoy, J. R.; Palczuk, N. C.; Vanes, T.; Davis, F. F. Effect of Covalent 

Attachment of Polyethylene-Glycol on Immunogenicity and Circulating Life of Bovine 

Liver Catalase. J. Biol. Chem. 1977, 252, 3582-3586. 

2. Abuchowski, A.; Vanes, T.; Palczuk, N. C.; Davis, F. F. Alteration of Immunological 

Properties of Bovine Serum-Albumin by Covalent Attachment of Polyethylene-Glycol. J. 

Biol. Chem. 1977, 252, 3578-3581. 

3. Alconcel, S. N. S.; Baas, A. S.; Maynard, H. D. Fda-Approved Poly(Ethylene Glycol)-

Protein Conjugate Drugs. Polym. Chem. 2011, 2, 1442-1448. 

4. Greenwald, R. B.; Yang, K.; Zhao, H.; Conover, C. D.; Lee, S.; Filpula, D. Controlled 

Release of Proteins from Their Poly(Ethylene Glycol) Conjugates:   Drug Delivery 

Systems Employing 1,6-Elimination. Bioconjugate Chem. 2003, 14, 395-403. 

5. Tao, L.; Mantovani, G.; Lecolley, F.; Haddleton, D. M. Alpha-Aldehyde Terminally 

Functional Methacrylic Polymers from Living Radical Polymerization: Application in 

Protein Conjugation "Pegylation". J. Am. Chem. Soc. 2004, 126, 13220-13221. 

6. Roberts, M. J.; Harris, J. M. Attachment of Degradable Poly(Ethylene Glycol) to Proteins 

Has the Potential to Increase Therapeutic Efficacy. J. Pharm. Sci. 1998, 87, 1440-1445. 

7. Zarafshani, Z.; Obata, T.; Lutz, J.-F. o. Smart Pegylation of Trypsin. Biomacromolecules 

2010, 11, 2130-2135. 

8. Liu, H. H.; Zhang, J. Z.; Luo, X.; Kong, N.; Cui, L.; Liu, J. Q. Preparation of 

Biodegradable and Thermoresponsive Enzyme-Polymer Conjugates with Controllable 

Bioactivity Via Raft Polymerization. Eur. Polym. J. 2013, 49, 2949-2960. 



 137 

9. Gallivan, J. P.; Jordan, J. P.; Grubbs, R. H. A Neutral, Water-Soluble Olefin Metathesis 

Catalyst Based on an N-Heterocyclic Carbene Ligand. Tetrahedron Lett. 2005, 46, 2577-

2580. 

10. Hong, S. H.; Grubbs, R. H. Highly Active Water-Soluble Olefin Metathesis Catalyst. J. 

Am. Chem. Soc. 2006, 128, 3508-3509. 

11. Lynn, D. M.; Mohr, B.; Grubbs, R. H. Living Ring-Opening Metathesis Polymerization 

in Water. J. Am. Chem. Soc. 1998, 120, 1627-1628. 

12. Lynn, D. M.; Mohr, B.; Grubbs, R. H.; Henling, L. M.; Day, M. W. Water-Soluble 

Ruthenium Alkylidenes: Synthesis, Characterization, and Application to Olefin 

Metathesis in Protic Solvents. J. Am. Chem. Soc. 2000, 122, 6601-6609. 

13. Mohr, B.; Lynn, D. M.; Grubbs, R. H. Synthesis of Water-Soluble, Aliphatic Phosphines 

and Their Application to Well-Defined Ruthenium Olefin Metathesis Catalysts. 

Organometallics 1996, 15, 4317-4325. 

14. Quemener, D.; Heroguez, V.; Gnanou, Y. Design of Peo-Based Ruthenium Carbene for 

Aqueous Metathesis Polymerization. Synthesis by the "Macromonomer Method" and 

Application in the Miniemulsion Metathesis Polymerization of Norbornene. J. Polym. 

Sci. Pol. Chem. 2006, 44, 2784-2793. 

15. Chalker, J. M.; Lin, Y. A.; Boutureira, O.; Davis, B. G. Enabling Olefin Metathesis on 

Proteins: Chemical Methods for Installation of S-Allyl Cysteine. Chem. Comm. 2009, 

3714-3716. 

16. Lin, Y. A.; Chalker, J. M.; Davis, B. G. Olefin Cross-Metathesis on Proteins: 

Investigation of Allylic Chalcogen Effects and Guiding Principles in Metathesis Partner 

Selection. J. Am. Chem. Soc. 2010, 132, 16805-16811. 



 138 

17. Li, M.; De, P.; Gondi, S. R.; Sumerlin, B. S. Responsive Polymer-Protein Bioconjugates 

Prepared by Raft Polymerization and Copper-Catalyzed Azide-Alkyne Click Chemistry. 

Macromol. Rapid Commun. 2008, 29, 1172-1176. 

18. Li, M.; De, P.; Li, H. M.; Sumerlin, B. S. Conjugation of Raft-Generated Polymers to 

Proteins by Two Consecutive Thiol-Ene Reactions. Polym. Chem. 2010, 1, 854-859. 

19. Lin, Y. Y. A.; Chalker, J. M.; Davis, B. G. Olefin Metathesis for Site-Selective Protein 

Modification. ChemBioChem 2009, 10, 959-969. 

20. Lo, C.; Ringenberg, M. R.; Gnandt, D.; Wilson, Y.; Ward, T. R. Artificial 

Metalloenzymes for Olefin Metathesis Based on the Biotin-(Strept)Avidin Technology. 

Chem. Commun. 2011, 47, 12065-12067. 

21. Kajetanowicz, A.; Chatterjee, A.; Reuter, R.; Ward, T. R. Biotinylated Metathesis 

Catalysts: Synthesis and Performance in Ring Closing Metathesis. Catal. Lett. 2014, 144, 

373-379. 

22. Marsella, M. J.; Maynard, H. D.; Grubbs, R. H. Template-Directed Ring-Closing 

Metathesis: Synthesis and Polymerization of Unsaturated Crown Ether Analogs. Angew. 

Chem.-Int. Edit. Engl. 1997, 36, 1101-1103. 

23. Maynard, H. D.; Grubbs, R. H. Synthesis of Functionalized Polyethers by Ring-Opening 

Metathesis Polymerization of Unsaturated Crown Ethers. Macromolecules 1999, 32, 

6917-6924. 

24. Maynard, H. D., New materials for biological applications prepared by olefin metathesis 

reactions. PhD Disseratation, California Institute of Technology, Pasadena, CA, 2000. 



 139 

25. Hilf, S.; Grubbs, R. H.; Kilbinger, A. F. M. End Capping Ring-Opening Olefin 

Metathesis Polymerization Polymers with Vinyl Lactones. Journal of the American 

Chemical Society 2008, 130, 11040-11048. 

  



 140 

 

 

Chapter 6 

Grafting From Proteins via Ring Opening 

Metathesis Polymerization 
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6.1. Introduction 

Conjugation of synthetic polymers to proteins results in materials with enhanced physical 

properties while retaining the activity of the native protein.1-4 The simplest and most widely used 

technique for the preparation of protein-polymer conjugates is the so called grafting to.1-4 This 

strategy involves the synthesis of a protein-reactive polymer, which is then conjugated to a 

protein. This method often requires the use of a large excess of polymer to overcome low 

concentrations of protein and the steric difficulties of reacting proteins and polymers. 

Furthermore, modern biomolecule purification techniques, such as gel filtration, dialysis, and 

ultracentrifugation, are optimized for the removal of small molecules from large 

biomacromolecules. Purification of conjugates from unreacted polymer and protein, all of which 

are high molecular weight macromolecules, is often a challenging process.  

Grafting from techniques have been developed whereby polymer chains are grown 

directly from functionalized proteins. This approach to protein-polymer conjugation is more 

amenable to common protein purification techniques. Grafting from proteins has been achieved 

through the use of controlled radical polymerization (CRP) techniques, such as atom transfer 

radical polymerization (ATRP)5-9 and reversible addition-fragmentation chain transfer (RAFT) 

polymerization.10-12 In the first example of grafting from proteins via ATRP, our group reported 

the preparation of a biotinylated ATRP initiator, which was then bound to a streptavidin tetramer 

to form a SAv ATRP macro-initiator.5 The SAv macro-initiator was then used in the 

polymerization of N-isopropylacrylamide (NIPAAm) and poly(ethylene glycol) methyl ether 

methacrylate (PEGMA) to yield well-defined protein-polymer conjugates.5  

Ring opening metathesis polymerization (ROMP) is the polymerization of cyclic olefins 

through the use of transition metal catalysts.13,14 Unlike CRPs, ROMP can be a true living 
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polymerization, devoid of chain transfer and termination events. Strained cyclic monomers, such 

as norbornenes, are necessary for a living ROMP.14 ROMP as well as other olefin metathesis 

reactions, such as ring closing metathesis (RCM), cross metathesis (CM), and acyclic diene 

metathesis (ADMET), are commonly catalyzed by commercially available Grubbs type 

ruthenium catalysts.13 These versatile catalysts are highly selective towards alkene/alkynyl 

substrates and are tolerant of a broad range of functional groups, water, and air.13  

Aqueous metathesis is often limited by catalyst solubility. To overcome these solubility 

issues, surfactants and emulsions have been utilized.15-28 Solubilizing ligands have been 

incorporated onto ruthenium metathesis catalysts, including charged ligands as well as water-

soluble poly(ethylene glycol) based polymeric ligands, however none of these catalysts are 

commercially available.29-35  

Due to the selectivity for alkene/alkynyl substrates ruthenium catalyzed olefin metathesis 

has been investigated for use in the selective modification of biomolecules, such as proteins, in 

aqueous conditions. Davis and coworkers reported the use of Hoveyda-Grubbs 2nd generation 

catalyst for the selective modification of allyl sulfides on proteins by CM using a mixed aqueous 

and organic solvent system.36-39 There have been several reports of highly active protein-bound 

ruthenium macro-catalysts. In one example, Ward and coworkers have demonstrated the 

development of artificial metalloenzymes by binding biotin-modified Hoveyda-Grubbs catalysts 

to the protein SAv for RCM of small molecules in aqueous media.40,41  

To date there are only several reports of the use of ROMP polymers for the preparation of 

protein-polymer conjugates via a grafting to approach,42,43 and to our knowledge there are no 

examples of grafting from proteins by ROMP. Herein we report the first example of grafting 

from a protein via ROMP. Our approach to grafting from the protein SAv via ROMP is based on 
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the development of a SAv macro-catalyst prepared from SAv and a biotinylated Grubbs catalyst. 

Biotin has a strong affinity for the tetramer SAv, with a dissociation constant of Kd = 10-15 M.
44 

A biotinylated Grubbs 2nd generation catalyst (Grubbs II) analog was bound to SAv, and the 

resulting macro-catalyst was utilized in the ROMP of a tetraethyleneglycol modified norbornene 

monomer.  
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6.2. Results and Discussion 

6.2.1 Small Molecule Synthesis 

Scheme 6.1. (a.) Synthesis of vinylbenzyl-TEG 1 (b.) Synthesis of vinylbenzyl-TEG-biotin 2. 

 

 

 

Our approach to the development of a SAv macro-catalyst for ROMP began with the 

preparation of a biotinylated styrene containing a tetra(ethylene glycol) (TEG) spacer between 

the Biotin and styrene. This was accomplished through a simple two-step synthesis. First, 

vinylbenzyl-TEG, 1, was prepared by reaction of vinylbenzylchloride with TEG in the presence 

of NaOH in 49% yield (Scheme 6.1.a). Next, vinylbenzyl-TEG-biotin, 2, was prepared through 

carbodiimide coupling of 1 with biotin in 40% yield (Scheme 6.1.b). 
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6.2.2. Biotinylated-TEG-Styrene Ligand Exchange 

Scheme 6.2. Benzylidene exchange of Grubbs II and 2, to yield the biotin-functionalized catalyst 

3. 

 

 

A biotin-functionalized ruthenium metathesis catalyst was prepared by ligand exchange 

of the Grubbs II benzylidene ligand with styrenyl-TEG-biotin, 2, by modifying a procedure 

reported by Lamaty and coworkers (Scheme 6.2).45 A 1:1 ratio Grubbs II and 2 were dissolved in 
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signal at 17.74 ppm was observed (for spectra see section 6.3.3, Figure 6.7). The solvent and 

styrene by-product were then removed under high vacuum to obtain the biotin-functionalized 

catalyst 3, which was then dissolved in tert-butyl alcohol and used without further purification.    

  

+ Ru

PCy3

NN

Cl
MesMes

CD2Cl2
23 °C, 19 hCl

Ru

NNMes Mes
Cl

PCy3

Cl
OO

O

S

NHHN
HH

O

OO

O

S

NHHN
HH

O

4 4
2 3



 146 

6.2.3. Polymerization from SAv 

Scheme 6.3. Conjugation of biotinylated catalyst 3 to SAv, followed by in situ polymerization of 

monomer 4.  
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monomer 4, which was then sealed under argon and agitated at 30 °C. After 12 h, the reaction 

was stopped via the addition of triethylene glycol vinyl ether. 

 A grafting from polymerization was evident by sodium dodecyl sulfate polyacrylamide 

gel electrophoresis (SDS-PAGE) analysis. The resulting SAv-polymer conjugate (Figure 6.1, 

lane 4) was shifted to a higher molecular weight than the macro-catalyst (Figure 6.1, Lane 3), 

which was shifted to a slightly higher molecular weight compared to unmodified SAv (Figure 

6.1, Lane 2). Denaturation of the conjugate (Figure 6.1, lane 7) with concentrated urea resulted in 

free SAv monomer, which runs at the same molecular weight as denatured macrocatalyst (Figure 

6.1, lane 6), and the denatured unmodified SAv monomer (Figure 6.1, lane 5).  

 

Figure 6.1. SDS-PAGE of SAv, SAv macro-catalyst, and SAv-polymer conjugate under non-

denaturing and denaturing conditions visualized by Coomassie blue staining (lane 1: protein 

marker; lane 2: SAv; lane 3: SAv macro-catalyst; lane 4: SAv-polymer conjugate; lane 5: SAv 

(denatured); lane 6: SAv macro-catalyst (denatured); lane 7: SAv-polymer conjugate 

(denatured)). 

The increase in molecular weight was also observed by size exclusion chromatography 

(SEC) (Figure 6.2), where the conjugate had a lower retention time than the macrocatalyst and 

the unmodified SAv. By both SDS-PAGE and SEC analysis, high molecular weight impurities 
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were present in the macrocatalyst and the conjugate. The high molecular weight impurities are 

likely SAv multimers, which formed due to the CM product of 2.  

 

 

Figure 6.2. Normalized SEC chromatograms of SAv (red trace), SAv macro-catalyst (green 

trace), and SAv-polymer conjugate (blue trace). 

 

 The poly(norbornenyl TEG) was isolated from the conjugate by precipitation of the 

conjugate in deuterated acetonitrile. Isolated polymer was analyzed by 1H NMR and gel 

permeation chromatography (GPC). By NMR, polymer formation is evident due to the cis/trans 

alkene polymer backbone peaks (5.1-5.5 ppm) present in the 1H NMR spectrum. Furthermore, a 

molecular weight can be calculated by end-group analysis of the polymer, by comparing the 

integrations for the aromatic end-group (7.54 and 7.35 ppm) to the polymer backbone peaks (5.1-

5.5 ppm) a molecular weight of 38.2 kDa was calculated for the isolated polymer. GPC analysis 

of the polymer showed a polydispersity index (PDI) of 1.40. 

 To date, the use of metathesis catalysts in the presence of proteins and for the synthetic 

modification of proteins has been limited to CM and RCM.37,38,40,41 This data together suggests 
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that the conjugation of a biotinylated Grubbs catalyst to SAv, followed by the in situ 

polymerization of a water-soluble TEG functionalized norbornene results in well-defined 

protein-polymer conjugates. This is the first example of grafting from via ROMP, and only the 

second example of ROMP in the presence of proteins. This technique opens grafting from 

techniques to a wider variety of monomers than is currently available for CRP-based grafting 

from methods. Grafting from SAv is the first advancement in ROMP from proteins, however for 

this technique to be applicable to most proteins covalent methods must be developed. Ruthenium 

metathesis catalysts are known to degrade in the presence of alcohols and in aqueous 

environments.46 Covalent grafting from via ROMP requires functionalized metathesis catalysts 

that can be covalently conjugated to proteins quickly and efficiently in order for polymerization 

to occur before catalyst degradation. Investigation of covalent ROMP grafting from techniques is 

under way.     
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6.3. Experimental 

6.3.1. Materials 

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

received unless otherwise noted. SAv (~1.5 biotin binding sites by HABA assay) was purchased 

from Prof. T. Ward (University of Basel). CH2Cl2 was distilled after stirring with CaH2 and 

stored under argon. THF was distilled over sodium/benzophenone and stored under argon. 

Endo/exo mixture of (1S,2R,4S)-2-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)ethyl 

bicyclo[2.2.1]hept-5-ene-2-carboxylate (4) was prepared according to a previously reported 

protocol.47  

   

6.3.2. Analytical Techniques 

NMR spectra were obtained on Bruker 600 or 500 MHZ AV spectrometers. Proton NMR spectra 

were acquired with a relaxation delay of 2 sec for small molecules.  Proton NMR spectra were 

acquired with a relaxation delay of 30 sec for all polymers. Infrared absorption spectra were 

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

obtained on Thermo Fisher Scientific Exactive Plus with IonSense ID-CUBE DART source. 

GPC was conducted on a Shimadzu HPLC system equipped with a refractive index detector 

RID-10A, one Polymer Laboratories PLgel guard column, and two Polymer Laboratories PLgel 

5 µm mixed D columns. LiBr (0.1 M) in N,N-dimethylformamide (DMF) at 40 °C was used as 

an eluent (flow rate: 0.80 mL/min). Calibration was performed using near-monodisperse PMMA 

standards from Polymer Laboratories.  Aqueous SEC was conducted on a Shimadzu HPLC 

system equipped with a UV-Vis detector, one Phenomenex SecurityGuard guard filter, and one 
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Phenomenex BioSep-SEC-S 2000 column. A pH 7.0 200 mM sodium phosphate buffer 

containing 300 mM NaCl at 20 °C was used as the eluent (flow rate: 1.0 mL/min). SDS-PAGE 

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

standards were obtained from Bio-Rad (Precision Plus Protein Prestained Standards). For SDS-

PAGE analysis, approximately 5 µg of protein was loaded into each lane.  

 

6.3.3. Methods 

Synthesis of styrenyl tetraethyleneglycol 1. NaOH (0.31 g, 7.7 mmol) and water (0.14 mL) 

were added to a round bottom flask equipped with a magnetic stir bar and a reflux condenser. 

TEG (33.6 g, 173.0 mmol) was added to the reaction vessel and the mixture was heated to 70 °C 

and allowed to stir until all of the solids were dissolved. Vinyl benzylchloride (1 g, 6.4 mmol) 

was then slowly added to the TEG/NaOH solution and allowed to stir under reflux. After 17 h, 

water (100 mL) was added to the reaction and the reaction was extracted with diethyl ether (3 x 

100 mL). The diethyl ether layers were combined and dried with MgSO4, and then concentrated 

by rotary evaporation. The crude reaction was then purified by silica gel chromatography using 

diethyl ether as the eluent. Fractions containing the product were combined and concentrated by 

rotary evaporation followed by high vacuum to yield 1 as a light yellow liquid in (1.17 g, 49% 

yield). 1H NMR (600 MHz, CDCl3) δ: 7.38 (d, J = 7.9 Hz, 2H), 7.30 (d, J = 7.9 Hz, 2H), 6.70 

(dd, J = 17.0, 10.5 Hz, 1H), 5.74 (d, J = 17.6 Hz, 1H), 5.23 (d, J = 10.7 Hz, 1H), 4.55 (s, 2H), 

3.73-3.57 (m, 16H). 13C NMR (500 MHz, CDCl3) δ: 137.82, 136.97, 136.54, 127.98, 126.21, 

113.7693, 72.95, 70.64, 70.61, 70.58, 70.55, 69.99, 61.58. HRMS expected (observed) [MH+]: 

311.185 (311.184). IR (neat): 3434, 2921, 2853, 1743, 1457, 1376, 1348, 1259, 1240, 1097, 

1064, 935, 886, 827 cm-1. 
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Figure 6.3. 1H NMR (600 MHz, CDCl3) of 1.  

 

Figure 6.4. 13C NMR (500 MHz, CDCl3) of 1.  
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Synthesis of styrenyl-TEG-biotin 2. Biotin (213 mg, 0.87 mmol) and 1 (405 mg, 1.30 mmol) 

were added to a flame dried round bottom flask equipped with a magnetic stir bar and dissolved 

in DMF (35 mL). The reaction vessel was then cooled to 0 °C. N-(3-Dimethylaminopropyl)-N′

-ethylcarbodiimide hydrochloride (EDC) (500 mg, 2.61 mmol) and then 4-

(Dimethylamino)pyridine (DMAP) (32 mg, 0.26 mmol) were added to the reaction vessel. The 

reaction was then allowed to stir under argon and warm to 23 °C. After 44 h, the solvent was 

removed by heating the reaction to 45 °C under high vacuum. The crude reaction was purified by 

silica gel chromatography, diethyl ether was used as the eluent until all of the unreacted starting 

material 1 was eluted from the column, the eluent was then switched to 9:1 EtOAc:MeOH to 

obtain 2 as a viscous yellow oil (187 mg, 40% yield). %).  1H NMR (600 MHz, CDCl3) δ: 7.38 

(d, J = 7.7 Hz, 2H), 7.30 (d, J = 7.7, 2H), 6.71 (m, 1H), 5.76 (m, 2H), 5.21 (m, 2H), 4.55 (s, 2H), 

4.48 (m, 1H), 4.29 (m, 1H), 4.21 (m, 2H), 3.70-3.58 (m, 16H), 3.13 (m, 1H), 2.89 (m, 1H), 2.72 

(m, 1H), 1.67 (m, 4H), 1.44 (m, 2H). 13C NMR (500 MHz, CDCl3) δ: 173.68, 163.53, 137.86, 

136.98, 136.53, 128.02, 126.21, 113.89, 72.95, 70.64, 70.57, 70.52, 69.98, 69.42, 69.39, 69.16, 

64.44, 61.96, 61.56, 60.14, 55.45, 40.51, 33.76, 28.29, 28.21, 24.71. HRMS expected (observed) 

[MH+]: 537.263 (537.261). IR (neat): 3242, 2912, 2864, 1729, 1698, 1629, 1512, 1457, 1349, 

1251, 1096, 992, 855, 827 cm-1. 
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Figure 6.5. 1H NMR (600 MHz, CDCl3) of 2. 

 

Figure 6.6. 13C NMR (500 MHz, CDCl3) of 2. 
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Benzylidne ligand exchange on Grubbs 2nd generation catalyst to yield catalyst 3. Styrenyl-

TEG-biotin 2 (2.7 mg, 5.03 µmol) was weighed into a 2 mL vial and a magnetic stir bar was 

added. In a separate vial, Grubbs 2nd generation catalyst (4.7, 5.34 µmol) was dissolved in 

degassed CD2Cl2 (314 µL). The catalyst solution was transferred to the vial containing compound 

2, the vial was sealed under argon and allowed to stir at 23 °C. After 19 h, an additional 350 uL 

of CD2Cl2 was added and the extent of the reaction was analyzed by 1H NMR. The solvent was 

then removed in vacuo and tert-butyl alcohol (167 uL) was added to the biotinylated Grubbs 

catalyst 3 (32 mM catalyst concentration). The solution was used without further purification. 1H 

NMR (600 MHz, CD2Cl2) δ: 19.1 (Grubbs II Benzylidene), 17.7 (Biotinylated-Grubbs II 

Benzylidene), 4.2-3.7 (NHC -NCH2CH2N-). 

 

Figure 6.7. 1H NMR (600 MHz, CD2Cl2) overlays of (a.) Grubbs 2nd gen. catalyst and (b.) 

biotinylated catalyst 3.  
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Typical conjugation of SAv to catalyst 3 and in situ ROMP of norbornenyl-TEG 4. SAv (5 

mg, 0.08 µmol) was weighed into a 1.5 mL centrifuge tube and dissolved with 200 µL of a pH 

8.0 100 mM PB containing 100 mM MgCl2. 50 µL of the catalyst in tert-butyl alcohol was 

added. The reaction solution was sealed under argon and incubated for 5 min. The catalyst/SAv 

solution was then transferred to a 1.5 mL centrifuge tube containing the norbornene-TEG 

monomer 4 (12.0 mg, 38.17 µmol). The reaction vessel was sealed under argon, and incubated 

for 12 h on a temperature controlled shaker at 30 °C and shaking at 1250 rpm. After 12 h, 

ethylene glycol vinyl ether (50 µL) was added, and reaction buffer was added to a total protein 

concentration of 1 mg/mL. 

 

Denaturation of SAv conjugate for SDS PAGE. 10 µL of the crude polymerization mixture 

was added to 90 µL of saturated urea solution in a 1.5 mL centrifuge tube and heated to 80 °C for 

1 h on a dry bath. 

 

Denaturation of SAv Conjugate for NMR and GPC. 100 µL of the crude reaction solution 

was added to 900 µL of deuterated acetonitrile and vortexed. A solid precipitate was observed. 

The supernatant was then analyzed by 1H NMR followed by GPC.  
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Figure 6.8. 1H NMR (600 MHz, CD3CN) of the isolated ROMP polymer.  

 

Figure 6.9. GPC chromatogram of isolated ROMP polymer, normalized and analyzed by 

comparison with monodisperse PMMA standards. 
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6.4. Conclusions 

We have successfully demonstrated the direct polymerization of a TEG modified 

norbornenyl monomer from a SAv macro-catalyst by ROMP in aqueous media. To our 

knowledge, this is the first example of the use of ROMP for grafting from proteins. Grubbs II 

was modified with a biotin-functionalized benzylidene ligand. The biotinylated Grubbs catalyst 

was then bound to SAv. The resulting SAv macro-catalyst was then used to initiate ROMP of a 

norbornenyl monomer. Polymerization resulted in a well-defined conjugate. This work expands 

the utility of ruthenium catalyzed olefin metathesis chemistry to ROMP in complex protein 

solutions, and widens the current monomer scope available for grafting from proteins. Currently 

the development of methods for the ROMP from proteins resulting in covalent protein-polymer 

conjugates is under way. 
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Chapter 7 

Progress Towards Protein-Heterodimers via 

Oxime Bond Formation 
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7.1. Introduction 

In nature, many proteins exhibit biological activity only when multimerized, where there 

are two or more proteins interacting to form a complex.1 As a result, covalently linking proteins 

could lead to higher activities,2 since the entropic barrier to multimerization would be prepaid. 

Forming covalently linked protein dimers with synthetic polymer tethers should result in protein 

dimers that are stabilized by the synthetic polymer tether and are also biologically active. 

 

 

Figure 7.1. Proposed route to protein dimers through oxime bond formation. 

 

 Telechelic polymers have previously been applied towards the preparation of protein-

dimers and higher ordered conjugates,3-7 however these approaches are limited to the preparation 

of homo-dimers or by the sequential conjugation of proteins to polymer chain ends. We propose 

a new approach to prepare protein dimers (Figure 7.1) that should allow for a large diversity in 



 167 

protein dimer synthesis.  In particular, polymers with a vinyl sulfone at one end and either an 

aldehyde or an o-hydroxylamine at the other end were prepared by reversible addition-

fragmentation chain transfer (RAFT) polymerization.  RAFT is well suited to the preparation of 

protein-reactive polymers.8,9 Functionality can be installed onto RAFT polymers through the use 

of functionalized RAFT CTAs,10,11 as well as by post-polymerization modification of the RAFT 

thiocarbonyl endgroup.3,4,12-17 We have previously developed methodology whereby RAFT 

thiocarbonyl polymer endgroups are rapidly and quantitatively transformed into cysteine 

reactive, Michael accepting, vinyl sulfone endgroups.12,14 This allows for mild, site-specific 

conjugation of polymers to free cysteine residues.  The vinyl sulfone will react with any 

biomolecule containing a free cysteine and the dimers will be assembled utilizing oxime 

chemistry. Oxime bond formation was chosen because it is chemoselective in the presence of 

proteins and because of the mild, aqueous conditions in which the oxime bond condensation 

occurs.18,19 Herein, the preparation of a telechelic oxime and vinyl sulfone functionalized 

polymer for applications towards the development of  protein dimers is discussed.   
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7.2. Results and Discussion 

7.2.1. CTA Synthesis 

Synthesis of a Boc-aminooxy dithiobenzoate RAFT CTA was accomplished through a 

four-step synthesis (Scheme 7.1). N-Boc-hydroxylamine (1) was prepared by reaction of 

hydroxyl amine hydrochloride with di-tert-butyl dicarbonate in 95% yield. Tert-butyl 2-

hydroxyethoxycarbamate (2) was prepared by the displacement of bromide of 2-bromoethanol 

with N-Boc-hydroxylamine in the presence of 1,8-diazabicycloundec-7-ene (DBU) in 77% yield. 

N-Boc-aminooxyethyl 2-bromopropanoate (3) was obtained by reaction of 2 with 

bromopropionyl bromide in poor yield, 42%. Compound 3 was then reacted with a 

dithiobenzoate, formed by the reaction of a phenyl magnesium bromide Grignard reagent with 

carbon disulfide, to produce CTA 4 in 87% yield. 

 

 

 

Scheme 7.1. Synthesis of a Boc-aminooxy functionalized dithiobenzoate CTA. 
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7.2.2. RAFT of PEGA  

PEGA was polymerized in the presence of 4 in DMF at 70 ºC using a [0.1]:[1]][30] ratio 

of [AIBN]:[4]:[PEGA] (Scheme 7.2). The polymerization was stopped at 7.6 h at 70% 

conversion. Time point samples for kinetics analysis were collected at 0 h and approximately 

every hour after the polymerization was initiated. Poly1 was obtained after extensive dialysis in 

1:1 MeOH:EtOAc.  

 

 

Scheme 7.2. RAFT polymerization of PEGA in the presence of CTA 4 to yield Poly1. 

 

 Analysis of Poly1 by DMF gel permeation chromatography (GPC) calibrated with near 

monodisperse poly(methyl methacrylate) (PMMA) standards revealed a number average 

molecular weight (Mn)  of 11.9 kDa and a polydispersity index (PDI) of 1.11. Because non-

authentic standards were used, the Mn  of Poly1 obtained by GPC is likely inaccurate. 1H NMR 

analysis of Poly1 determined the Mn to be 24.3 kDa. As expected, a linear evolution of 

molecular weight versus monomer conversion was observed suggesting a controlled 

polymerization (Figure 7.2). 
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Figure 7.2. RAFT polymerization kinetics of the polymerization of pPEGA in the presence of 

CTA 4.  

7.2.3. RAFT Polymer Endgroup Modification 

The ω-dithiobenzoate end-group of Poly1 was readily converted into a cysteine-reactive 

vinyl sulfone endgroup via aminolysis with N-butylamine followed by in situ reaction with 

divinyl sulfone (Scheme 7.3).14 α-Boc-protected aminooxy, ω-vinyl sulfone Poly2 was obtained 

after extensive dialysis against 1:1 MeOH:EtOAc. 1H NMR analysis of Poly2 confirmed the 

presence of vinyl sulfone. Comparison of the 1H NMR spectrum of Poly1 (Figure 7.3.A) to that 

of Poly2 (Figure 7.3.B), showed the loss of the aromatic peaks corresponding to the 

dithiobenzoate endgroup of Poly1 at 9.0, 7.7, 7.5 ppm and the appearance of the vinyl sulfone 

endgroup at 6.8, 6.3, and 6.2 ppm.   
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Scheme 7.3. End-group modification of Poly1 by aminolysis followed by an in situ Michael 

addition to vinyl sulfone to yield Poly2. 
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Figure 7.3. (a.) 1H NMR  of Poly1 (benzoate end-group expanded at top left). (b.) 1H NMR of 

Poly2 (vinyl sulfone end-group expanded at top left). 

 

a. 

b. 
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7.3. Experimental 

 

7.3.1. Materials 

Chemicals were purchased from Sigma-Aldrich, Fisher Scientific, Acros, and EMD and used as 

received unless otherwise specified. AIBN was recrystallized twice from acetone. CH2Cl2 was 

distilled after stirring with CaH2 and stored under argon. THF was distilled over 

sodium/benzophenone and stored under argon.  

 

7.3.2. Analytical Techniques 

NMR spectra were obtained on Bruker Avance 300 MHz AV, 500 MHz ARX, 500 MHz DRX, 

and 600 MHZ DRX spectrometers. Proton NMR spectra were acquired with a relaxation delay of 

2 sec for small molecules and a relaxation delay of 30 sec for all polymers. UV-Vis spectra were 

obtained on a Biomate 5 Thermo Spectronic UV-Vis spectrometer and a Hewlett-Packard 

HP8453 diode-array UV-Vis spectrophotometer with Peltier temperature control spectrometer 

with quartz cells. Mass spectra were obtained by GC-MS on an Agilent 6890-5975 GC-MS with 

Autosampler and by MALDI-TOF spectrometry on an Applied Biosystems Voyager-DE STR 

and operated in linear mode with an external calibration. Infrared absorption spectra were 

recorded using a PerkinElmer FT-IR equipped with an ATR accessory. TLC plates were pre-

coated with Grace Davisil 60Å 40-63 µm and were developed in the indicated solvent systems. 

Grace Davisil 60Å 40-63 µm silica gel was used for column chromatography. GPC was 

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

Polymer Laboratories PLgel guard column, and two Polymer Laboratories PLgel 5 µm mixed D 
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columns. LiBr (0.1 M) in DMF at 40 °C was used as an eluent (flow rate: 0.80 mL/min). 

Calibration was performed using near-monodisperse PMMA standards from Polymer 

Laboratories.  
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7.3.3. Methods 

 

 

 

Synthesis of N-Boc-hydroxylamine (1): Synthesis of 1 was adapted from previous literature.20 

Hydroxylamine hydrochloride (6.00 g, 86.3 mmol) was dissolved in H2O (60 mL). The 

temperature was then reduced to 0 ºC, and KHCO3 (17.3 g, 172.79 mmol) was added slowly. A 

separate solution of di-tert-butyl dicarbonate (7.53 g, 34.5 mmol) in THF (60 mL) was prepared, 

and then added dropwise to the hydroxylamine solution and stirred for 23 h. Then solvent was 

removed in vacuo, and the remaining aqueous solution was washed with 3 x 30 mL DCM. The 

organic layers were combined and dried with MgSO4, filtered, and solvent was removed in 

vacuo. 1 was obtained in 95 % yield (4.38 g). 1H NMR (600 MHz, CDCl3) δ: 7.00 (s, 1H), 6.48 

(s, 1H), 1.49 (s, 9H). 

O N
H

O
OH
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Figure 7.4. 1H NMR (600 MHz, CDCl3) Boc-hydroxyl amine (1). 

 

 

 

 

Synthesis of tert-butyl 2-hydroxyethoxycarbamate (2): Synthesis of 2 was adapted from previous 

literature.21 N-Boc-hydroxylamine (3.26 g, 24.4 mmol) and 2-bromoethanol were dissolved in 

dry DCM (30 mL). DBU (1.49 g, 9.79 mmol) was then added drop wise and stirred for 72 h. 20 

mL DCM was then added, and the solution was washed with 3 x 40 mL H2O. The organic layer 

was dried with MgSO4, filtered, and solvent was removed in vacuo. The crude product was 

purified via silica gel chromatography using a 2/1 hexanes/EtOAc eluent. 2 was obtained in 77 % 

yield (1.08 g). 1H NMR (500 MHz, CDCl3) δ: 7.36 (s, 1H), 3.89 (m, 3H), 3.73 (m, 2H), 1.49 (s, 

O N
H

O
O OH
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9H). 13C NMR (500 MHz, CDCl3) δ: 158.66, 82.59, 78.16, 59.61, 28.28. IR: 3299, 2977, 2933, 

1704, 1482, 1454, 1392, 1367, 1277, 1251, 1162, 1116, 1071, 1049, 1016, 904, 871, 838, 771 

cm-1. HRMS calcd for [M + Na] C7H15NNaO4 200.0899, found 200.0907.   

  



 178 

 

 

Figure 7.5. 1H NMR (500 MHz, CDCl3) of tert-butyl 2-hydroxyethoxycarbamate (2). 

 

Figure 7.6. 13C NMR (500 MHz, CDCl3) of tert-butyl 2-hydroxyethoxycarbamate (2). 
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Synthesis of N-Boc-aminooxyethyl 2-bromopropanoate (3): tert-Butyl 2-

hydroxyethoxycarbamate (0.410 g, 2.31 mmol) and Et3N (0.257 g, 2.54 mmol) were dissolved in 

dry DCM (20 mL). The temperature was then reduced to 0 ºC and 2-bromopropionyl bromide 

(0.749 g, 3.47 mmol) was added drop wise and stirred for 1 h. 20 mL DCM was then added and 

the solution was washed with 3 x 30 mL saturated sodium bicarbonate solution. The organic 

layer was dried with MgSO4, filtered, and solvent was removed in vacuo. The crude product was 

purified via silica gel chromatography using a 3/1 hexanes/EtOAc eluent. 3 was obtained as a 

pale yellow oil in 42 % yield (0.290 g). 1H NMR (500 MHz, CDCl3) δ: 7.40 (s, 1H), 4.48-4.31 

(m, 3h), 4.04 (t, J = 5.0 Hz, 2H), 1.81 (d, J = 7.0 Hz, 3H), 1.45 (s, 9H). 13C NMR (500 MHz, 

CDCl3) δ: 170.68, 156.84, 82.23, 74.01, 63.18, 40.11, 28.28, 21.86. IR: 3305, 2978, 2932, 1734, 

1447, 1393, 1367, 1335, 1247, 1223, 1158, 1110, 1069, 1006, 913, 849, 770, 674 cm -1. HRMS 

calcd for [M + Na] C10H18BrNNaO5 334.0266, found 334.0272.   
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Figure 7.7. 1H NMR (500 MHz, CDCl3) of N-Boc-aminooxyethyl 2-bromopropanoate (3). 

 

Figure 7.8. 13C NMR (500 MHz, CDCl3) of N-Boc-aminooxyethyl 2-bromopropanoate (3). 
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Synthesis of N-Boc-aminooxyethyl 2-((phenylcarbonothioyl)thio)propanoate chain transfer agent 

(4): Bromobenzene (0.615 g, 3.92 mmol) and magnesium (0.100 g, 4.11 mmol) were dissolved 

in dry THF (10.0 mL).  I2 (6.0 mg, 0.024 mmol) was added and the contents were stirred at 25 °C 

for 1.5 h.  The temperature was then reduced to -78 °C and carbon disulfide (0.314 g, 4.12 

mmol) was added drop wise and stirred for 1.5 h. The mixture was then brought to 23 °C, 4 mL 

of the solution was added drop wise to 2-(((tert-butoxycarbonyl)amino)oxy)ethyl 2-

bromopropanoate (3) and stirred for 20 h. 30 mL DCM was then added, and washed with 3 x 30 

mL of H2O. The organic layer was dried with MgSO4, filtered, and the solvent was removed in 

vacuo. The crude product was purified via silica gel chromatography using a 3/1 hexane/EtOAc 

eluent. 4 was obtained as red oil in 87.0 % yield (0.378 g). 1H NMR (500 MHz, CDCl3) δ: 7.99 

(m, 2H), 7.54 (m, 1H), 7.39 (m, 2H), 7.34 (s, 1H), 4.78 (q, J = 7.35), 4.44 (m, 4H), 4.05 (m, 2H), 

1.70 (d, J = 7.35, 3H), 1.47 (s, 9H).13C NMR (500 MHz, CDCl3) δ: 226.15, 171.71, 156.85, 

144.60, 132.88, 128.71, 127.14, 82.07, 74.25, 63.05, 48.72, 28.40, 16.67. IR: 3303, 2977, 2934, 

1732, 1590, 1475, 1445, 1392, 1367, 1243, 1158, 1107, 1078, 1043, 1026, 998, 919, 875, 761, 

685 cm-1. HRMS calcd for [M + Na] C17H23NNaO5S2 408.4880, found 408.0908.   
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Figure 7.9. 1H NMR (500 MHz, CDCl3) of CTA 4. 

 

 

Figure 7.10. 13C NMR (500 MHz, CDCl3) of CTA 4. 
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Typical polymerization of PEGA in the presence of 4: 1 (50.6 mg, 0.131 mmol), AIBN (2.16 mg, 

0.0132 mmol), and PEGA (1.79 g, 3.94 mmol) were loaded into a Schlenk tube. DMF (3.30 mL) 

was added to give a 25 mM solution of 1, and then the flask was subjected to three freeze-pump-

thaw cycles. Immersion of the Schlenk tube into a 70 °C oil bath initiated the polymerization. 

After 7.6 h (70.0 % conversion) the reaction flask was removed from the oil bath and opened to 

the atmosphere to give crude poly1. The polymer was purified by dialysis against 1/1 

EtOAc/MeOH (MWCO 2,000 Da). Polymer conversions were calculated from the 1H NMR 

spectra by averaging the integrations of the vinylic proton peaks of PEGA and the peak at 4.26 

ppm (COOCH2) of pPEGA and PEGA in CD3CN. The molecular weight was calculated by 

averaging the integrations of three different peaks corresponding to the PEGA: 4.41-3.91 ppm 

(COOCH2), 3.78-3.38 ppm (ethylene glycol units) and 3.36-3.19 ppm (OCH3), and comparing 

them to the aromatic protons of the polymer. 1H NMR (500 MHz, CD3CN) δ: 8.32 (NH); 7.99 

(o-CH); 7.65 (p-CH); 7.49 (m-CH); 4.41-3.91 (COOCH2); 3.78-3.37; 3.36-3.19 (OCH3); 2.72-

2.54; 2.51-2.23; 2.21-2.06; 2.00-1.34; 1.12.Mn g/mol (1H NMR): 24,300. Mn g/mol (0.1 M LiBr 

DMF GPC): 11,900. PDI: 1.11.  
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Figure 7.11. 1H NMR (500 MHz, CDCl3) of Poly1. 

 

Figure 7.12. GPC chromatogram of Poly1, normalized and analyzed by comparison with 

monodisperse PMMA standards. 
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Typical aminolysis and in situ conjugation of poly1 with divinyl sulfone to afford PEGA-DVS 

(poly2): Poly1 (50.0 mg, 0.021 mmol) was dissolved in THF (0.210 mL) in Schlenk tube 1. n-

Butylamine (0.008 mL, 0.840 mmol) was placed in Schlenk tube 2. Divinyl sulfone (0.021 mL, 

0.227 mmol) was dissolved in a 0.1 M pH 8.6 phosphate buffer containing 10 mM TCEP, and 

10mM EDTA (0.210 mL) in Schlenk tube 3. All three tubes were subjected to three freeze-

pump-thaw cycles under argon. The contents of tube 1 were added to tube 2 and stirred for 30 

minutes. With the disappearance of the red color of the polymer and the contents of tube 3 were 

added to tube 2. The solution was stirred for 8 h at 23 °C, followed by dialysis in 1/1 

EtOAc/MeOH to afford poly2 (MWCO 2000 Da). End group retention was determined by 

comparing the integrations of the peak at 4.14 ppm corresponding to the ester protons of the end 

group to the integrations of the vinyl sulfone at 6.80, 6.34, and 6.25 ppm.  1H NMR (300 MHz, 

CD3CN) δ: 6.36 (geminal-CH); 6.30 (cis-CH); 6.25 (trans-CH); 6.22 (NH); 4.40-3.80 

(COOCH2); 3.94 (CH); 3.77 (CH); 3.75-3.35 (OCH2CH2O), 3.35-3.2 (OCH3), 2.5-2.25, 1.9-1.3. 

Mn g/mol (1H NMR): 5,800.  Mn g/mol (0.1 M LiBr DMF GPC): 7,600. PDI: 1.11. 
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Figure 7.13. 1H NMR (500 MHz, CDCl3) of Poly2. 

 

Figure 7.14. GPC chromatogram of Poly2, normalized and analyzed by comparison with 

monodisperse PMMA standards. 
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7.4. Conclusions 

A novel Boc-protected aminooxy dithiobenzoate CTA was synthesized in moderate yield. 

Polymerization of PEGA in the presence of this CTA resulted in a well defined pPEGA. Post 

polymerization aminolysis followed by in situ conjugation to divinyl sulfone quantitatively 

yielded a α-Boc-aminooxy, ω-vinyl sulfone cysteine-reactive polymer. Conjugation of this 

polymer to proteins, as well as Boc-deprotection and subsequent oxime bond formation with 

aldehyde terminated polymers was explored (data not shown), however we were unable to 

efficiently gain access to protein dimers using this system.  
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