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Reversible addition-fragmentation chain transfer (RAFT) polymerization is a 

valuable tool in polymer synthesis to generate polymers with control over molecular 

weights, molecular weight distributions, and polymer topology. Because of the functional 

group tolerance, amenability toward aqueous conditions, and simple reaction setups, 

RAFT has been used to make materials with biological applications. Here, we used 

RAFT polymerization to synthesize novel drug delivery vehicles using a simple method 

of chain extending homopolymers in the presence of a divinyl monomer to form well-

defined, star-shaped nanoparticles. By employing heterogeneous reaction conditions, 

reaction yields were improved and nanoparticle molecular weights were increased 

relative to nanoparticles made under homogeneous conditions.  

RAFT also finds use in the production of polymer-protein conjugates. Often, 

preformed polymers are attached to a protein after the polymerization (grafting-to). We 

used RAFT to form brush polymers with various branching densities, and attached 

these polymers to a therapeutically viable protein. The results showed unique protein 

activity for the conjugates containing polymers with intermediate branching densities. 
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Finally, RAFT polymerization can be used to generate polymer-protein 

conjugates in situ (grafting-from) using a protein modified with a chain transfer agent. 

Here, we utilized visible light-mediated RAFT polymerization to synthesize polymer-

protein conjugates, reaching nearly full monomer conversion in extremely fast reaction 

times. A range of monomers were grafted-from a protein to show the broad applicability 

of this method. Furthermore, the end group retention of the initial polymer-protein 

conjugates was demonstrated by a chain extension reaction to form block copolymer-

protein conjugates. 
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CHAPTER 1 

INTRODUCTION 

1.1 Overview 

This dissertation focuses on i) the formation of delivery vehicles for small 

molecule drugs, and ii) the conjugation of polymers to proteins, including new synthetic 

strategies, in order to improve their therapeutic efficacy. Since much of the general area 

of nanomedicine uses reversible-deactivation radical polymerization (RDRP) 

techniques, and because this dissertation research utilized reversible addition-

fragmentation chain transfer (RAFT) polymerization, a brief overview of RAFT is 

presented in this chapter, followed by a discussion of delivery vehicles and polymer-

protein conjugates. 

1.2 Reversible Addition-Fragmentation Chain Transfer Polymerization 

RAFT polymerization is a valuable tool to generate polymers with predetermined 

molecular weights (MW), narrow molecular weight distributions (MWD), and “living” 

chain ends capable of undergoing subsequent polymerizations to form block 

copolymers.1-4 Additionally, complex polymer topologies (hyperbranched, star, comb, 

etc.) are attainable by RAFT polymerization.5 Importantly, a tolerance for diverse 

functional groups and aqueous solvents, a lack of transition metal catalysts, the ability 

to use a variety of initiation methods (e.g., thermal, redox, and photoirradiation), mild 

reaction conditions, and facile reaction setup make RAFT polymerization an especially 

useful tool for the production of biologically-relevant polymers and advanced materials.6  

 

                                            
 *A portion of this chapter was adapted with permission from Polym. Chem. 2014, 5, 1566-1572. 
Copyright 2014 Royal Society of Chemistry. 

InitiatorIMPnPnSZSR+SZSR PnSZSPnR+RMPmPmSZSPn+SZSPm PnSZSPn+PnMPm+Pnktdead chains M
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Figure 1-1. Proposed mechanism for reversible addition-fragmentation chain transfer 
polymerization. 

In RAFT polymerization, polymer MW control is achieved by a series of 

degenerative chain transfer steps, as opposed to a reversible-termination mechanism 

found in atom transfer radical polymerization (ATRP)7 and nitroxide-mediated 

polymerization (NMP).8 The proposed RAFT polymerization mechanism is provided in 

Figure 1-1. Briefly, an initiator, often azo compounds such as 2,2'-azobisisobutyronitrile 

(AIBN), decomposes to generate radicals, which add to monomer as in a conventional 

free radical polymerization. However, in an ideal scenario these oligomers quickly add 

to a thiocarbonylthio chain transfer agent (CTA) to form intermediate 2. This 

intermediate can either fragment toward starting materials to reform the initiator-derived 

radical, or it can fragment constructively to form a new radical species from the 

reinitiating “R” group, 4, of the CTA. This new radical then initiates a new chain, which 
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again adds to the thiocarbonylthio group of the CTA. Upon the completion of this 

“initialization” period,9 the main equilibrium is governed by numerous degenerative 

chain transfer steps through intermediate 5, where monomer propagation occurs 

followed by fast deactivation to a dormant chain (3 or 6), affording all chains 

approximately equal opportunity for chain growth and, hence, a narrow MWD. Finally, 

as in any exogenously initiated radical polymerization, termination events lead to the 

quenching of radical species resulting in dead chains. However, because most chains 

are initiated by the CTA R group and the targeted MWs are often much lower than 

would be achieved in the absence of a CTA, the percentage of living chains in RAFT 

polymerization can be quite high and have the ability to efficiently undergo subsequent 

polymerizations. 

1.3 Polymer Delivery Vehicles in Nanomedicine 

Recent advances in nanomedicine have demonstrated exceptional promise for 

enhancing the delivery of therapeutics and diagnostics to their respective site of action. 

In particular, polymer-based nanomaterials have been formulated into delivery systems 

that reduce toxicity, increase biodistribution, and increase drug efficacy.10-12 In 1975, 

Ringsdorf suggested that the components necessary for an effective polymer drug 

delivery system are i) a hydrophilic, water-soluble polymer scaffold capable of 

increasing the solubility of small, hydrophobic drugs, ii) a drug conjugated via a 

biodegradable linker, and iii) a targeting moiety for specific delivery.13 In addition to 

these components, the polymeric scaffold should be of sufficiently high molecular 

weight to avoid clearance by the renal system. This high molecular weight not only 

prolongs the biodistribution of the conjugates but can also serve to localize therapeutics 

in cancer tissue due to the enhanced permeation and retention (EPR) effect, whereby 
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the loosely formed vasculature and poor lymphatic drainage in many cancerous tissues 

allows nanostructures to selectively penetrate and reside in diseased tissue while being 

largely excluded from healthy tissue.14,15 

Poly(ethylene glycol) (PEG) has long been the most common hydrophilic, water-

soluble polymer employed for delivery of drugs and proteins. Despite clearly 

demonstrated potential, the use of PEG can be problematic in some instances, with 

recent results indicating PEG-containing therapeutics can elicit complement activation, 

rapid clearance after repeated injections, and may suffer from peroxidation.16 Moreover, 

the inability to effectively functionalize the polyether backbone mitigates the utility of 

many PEG drug delivery systems. Due primarily to the pioneering work of Kopeček and 

colleagues, poly(N-(2-hydroxypropyl)methacrylamide) (PHPMA) is an alternative 

hydrophilic polymer that incorporates functionality via a secondary hydroxyl group and 

which has been shown to be a viable alternative to PEG in many nanomedicine 

applications.17 Like other N-substituted methacrylamides, PHPMA is hydrolytically 

stable, an important attribute for applications in vivo. PHPMA can be synthesized by a 

variety of polymerization techniques including conventional radical polymerization,18 

atom transfer radical polymerization (ATRP),19 and reversible addition-fragmentation 

chain transfer (RAFT) polymerization of N-(2-hydroxypropyl)methacrylamide (HPMA).20 

Alternatively, HPMA-based (co)polymers can be prepared by postpolymerization 

modification via aminolysis of a polymer with activated ester side chains with 1-amino-2-

propanol, the precursor of HPMA.21,22 While conventional radical polymerization of 

HPMA has been carried out over many decades, advances in controlled radical 

polymerization techniques have provided exceptional control over molecular weight and  
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Figure 1-2. Summary of nanostructures based on poly(N-(2-
hydroxypropyl)methacrylamide. 

molecular weight distribution of PHPMA and have given rise to a vast amount of new 

macromolecular architectures and HPMA-based copolymer self-assemblies 

(nanoparticles, micelles, polymersomes, etc.) (Figure 1-2).  

The following section will focus on recent advances in the use of PHPMA in 

nanomedicine. More exhaustive reviews can be found elsewhere,17,23,24 but here scope 

will be limited primarily to recent examples of polymer-drug conjugates, self-assembled 

nanoparticles, and other materials that may have a significant impact on the future of 

the field. 

1.4 PHPMA Materials in Nanomedicine 

1.4.1 Polymer-drug conjugates 

Many of the initial studies concerning the biological applicability of PHPMA 

involved the polymer being used as part of anticancer therapeutics. As compared to the 

poor site specificity of low molecular weight drugs, polymer-based anticancer 
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compounds can passively target tumor tissues by the EPR effect. By conjugating 

anticancer drugs via stimuli-responsive linkages to the polymer backbone, PHPMA can 

both target and treat tumor microenvironments.25,26 In a recent example, DNA 

intercalators were conjugated to PHPMA copolymers via pH-sensitive hydrazone 

bonds.25 It was shown that the acridine-based intercalators retained their anticancer 

activity in vivo by penetrating the cell membrane and successfully inserting into DNA. 

Enzyme-degradable amino acid linkers have also been used to conjugate anticancer 

drugs to PHPMA copolymers.26 For instance, HPMA was copolymerized with a 

methacrylamide-modified peptide by RAFT polymerization, and cyclopamine was 

conjugated by a postpolymerization reaction with a thiothiazolidine-2-thione group at the 

terminus of the peptide sequence. These polymer-drug conjugates demonstrated 

promising anticancer activity against prostate cancer stem cells. 

To either enhance targeting in cancer tissue or treat diseases at sites that do not 

benefit from the EPR effect, targeting ligands have been incorporated into many 

PHPMA-drug conjugates. For example, many cancer cells over-express certain surface 

receptors that can be selectively targeted using folic acid,27-31 sugars,32-34 or peptides.35 

For example, Stayton and coworkers synthesized a copolymer of HPMA and allyl 

methacrylate by RAFT polymerization and subsequently conjugated trimannoside 

ligands via photoinitiated, thiol-ene chemistry.32 The modified polymer successfully 

demonstrated binding activity against the mannose-specific lectin concanavalin A, 

suggesting their potential utility as glycan-targeted drug delivery systems. 

Therapeutics can also be conjugated to PHPMA copolymers via non-covalent, 

stimuli-responsive coiled-coil binding motifs.36-37 Klok et al. employed RAFT  
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Figure 1-3. Structure of coiled-coil polymer conjugates (left) and a proposed pathway for 
cellular uptake and fate (right). Reprinted with permission from ref. 38. 
Copyright 2010 American Chemical Society. 

polymerization to create a library of PHPMA copolymers containing either an E3- or K3-

peptide methacrylate comonomer.37 The complementary peptide-drug conjugate was 

then mixed with the polymer to form a coiled-coil E3/K3 heterodimer that was taken up 

by endocytosis and disassembled at acidic pH to effect intracellular drug release (Figure 

1-3).38 The novel strategy of using a supramolecular coiled-coil motif for drug 

conjugation leads to a facile and modular system that can incorporate a range of 

therapeutics, potentially allowing rapid screening for pharmaceutical studies. 

Additionally, the heterodimer peptides can facilitate intracellular delivery and serve as 

cytosolic drug delivery structures. These benefits have been exploited in the design of 

drug-free therapeutics based on CCE/CCK coiled-coil heterodimers.39,40 CCE was 

tethered to an antibody fragment (Fab) that binds to the CD20 receptor, which is over-

expressed in non-Hodgkin lymphoma. After Fab-CCE binding to the surface of CD20+ 

Raji B cells, PHPMA-CCK copolymers were introduced, and a coiled-coil heterodimer 
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formed. The cross-linking of CD20 receptors induced apoptosis of the B cells. This 

elegant strategy shows great promise for cancer therapy because of the absence of 

toxic, low molecular weight drugs prevalent in traditional cancer therapy.  

While polymer-drug conjugates should initially be large enough to allow 

prolonged blood circulation, ideally the polymer should be capable of degrading or 

disassembling after delivery of its therapeutic cargo, so that its eventual hydrodynamic 

size is below the renal excretion limits of about 3.8 nm. In this respect, the lack of 

degradability of the carbon-carbon backbone of PHPMA poses a challenge. However, 

Kopeček et al. have recently formulated a novel strategy to synthesize backbone 

degradable PHPMA through the use of a difunctional chain transfer agent in RAFT 

polymerization and subsequent chain extension by step-growth polymerization via 

copper-catalyzed azide alkyne cycloaddition or thiol-ene chemistry (Figure 1-4).41-45 By  

 

Figure 1-4. Backbone degradable PHPMA via copper-catalyzed azide alkyne 
cycloaddition of telechelic PHPMA and enzyme degradable peptide 
sequences. Reprinted with permission from ref. 44. Copyright 2011 American 
Chemical Society. 
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employing an enzymatically degradable peptide sequence in the backbone, high 

molecular weight polymers capable of increasing pharmacokinetics were readily cleared 

after drug release and subsequent backbone degradation. High molecular weight 

PHPMA-paclitaxel (PTX) conjugates demonstrated improved anti-tumor efficacy versus 

low molecular weight PHPMA-PTX and commercially available PTX-vesicle 

formulations. In addition, the high molecular weight PHPMA conjugates eventually 

showed improved clearance in vivo and lower systemic toxicity.43  

Imaging is another rapidly growing area of nanomedicine, as it provides the 

ability to monitor the biodistribution of a therapeutic delivery agent and/or observe the 

specific location of targeted disease tissue. Using appropriately labeled 

macromolecules, in vivo monitoring can be achieved by magnetic resonance imaging 

(MRI), positron emission tomography (PET), computed tomography (CT), or optical 

imaging (OI).46 Long-term monitoring of biodistribution is necessary to ascertain the in 

vivo fate of polymer delivery systems. For example, this type of information was recently 

obtained by using the long-term positron emitter, As(III), conjugated to the thiol end 

group of a RAFT-derived PHPMA.47 PHPMA copolymers were also used in OI studies 

using an IRDye contrast agent that targeted inflamed tissue.48 By attaching 

dexamethasone to the PHPMA copolymer, a combined therapeutic and diagnostic 

system, known as a “theranostic,” was synthesized. Various imaging techniques can 

also be combined, providing more precise and accurate insight into the biodistribution of 

drug delivery systems. Lammers et al. utilized fluorescence molecular tomography with 

microcomputed tomography to make a hybrid imaging platform to non-invasively 

monitor the biodistribution of PHPMA copolymers.49 MR imaging was used to monitor 
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the delivery and treatment of prostate tumors using plasmonic photothermal therapy 

facilitated by gold nanorods and PHPMA copolymers.50 Using these techniques, or a 

combination of these techniques, the in vivo fate of drug delivery systems can be 

monitored, and upon the incorporation of therapeutics, theranostic systems can be 

synthesized.  

1.4.2 Self-assembled nanoparticles 

Advances in controlled radical polymerizations have allowed access to complex 

self-assembled structures of PHPMA (co)polymers, including polymeric micelles, stars, 

and vesicles (i.e., polymersomes). These nanoassemblies can exploit the 

aforementioned EPR effect and, when other responsive comonomers are employed, 

can be engineered to respond to specific stimuli to deliver a payload.  

Small interfering RNA (siRNA) and other nucleic acid therapeutics have great 

potential in the treatment of a number of diseases. However, delivery of this genetic 

material has proven challenging due to degradation, ineffective cellular uptake, and 

inefficient endosomal escape.51 To make a more effective delivery system, negatively 

charged nucleic acid sequences can be complexed with positively charged 

nanoparticles to form polyplexes. In a recent example, methacrylamide oligolysine 

macromonomers were copolymerized with HPMA to yield comb copolymers capable of 

complexing to nucleic acids.52,53 Because the peptide side chain of the macromonomer 

was attached to the methacrylamide group via a disulfide linkage, endosomal uptake led 

to the positively charged oligolysine-gene units being released due to the elevated 

concentrations of glutathione in the cytosol as compared to the extracellular 

environment.53 Other reports of increasing transfection efficiency have relied on the  

 



 

30 

 

Figure 1-5. Self-assembly and siRNA loading of neutral polymeric micelles with a 
PHPMA corona and a pH-responsive core. Adapted with permission from ref. 
51. Copyright 2013 American Chemical Society. 

functionalization of PHPMA-based gene carriers by conjugation to either melittin, a 

membrane-penetrating peptide,52 or RGD, an integrin binding peptide.54  

To avoid the cytotoxicity common to positively charged peptides, Stayton et al. 

synthesized neutral siRNA carriers from PHPMA block copolymers.51 HPMA was 

copolymerized with pyridyl disulfide methacrylamide (PDSMA) to form a hydrophilic 

block that was extended to yield a pH-responsive block during a terpolymerization of 

propylacrylic acid, butyl methacrylate, and dimethylaminoethyl methacrylate. Thiolated 

siRNA was then conjugated via thiol exchange with the PDSMA units. The resulting 

amphiphilic block copolymers formed micelles that were successfully conjugated with 

siRNA, internalized via endocytosis, and escaped from the lysosome to deliver a model 

knock-out gene (Figure 1-5). This strategy demonstrated great potential in creating an 

efficient, non-toxic gene delivery system. 

In another approach to synthesize neutral gene delivery systems, Hennink and 

coworkers prepared a block copolymer of PEG-block-(PHPMA-co-PDSMA), where the 

HPMA repeat unit contained a dimethylaminoethanol cationic group conjugated to its 

hydroxyl via a pH-sensitive carbonate linkage.55 Plasmid DNA was condensed via 

electrostatic interactions, the micelles were crosslinked using a dithiol compound, and 

the system was “decationized” by hydrolysis of the carbonate linkages to result in 
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HPMA repeat units. Upon entering into a reducing environment such as the cytoplasm 

of a cell, the disulfide crosslinks were reduced, and the plasmid DNA was released to 

leave only the biocompatible PEG-block-PHPMA. While this system showed good 

cytotoxicity results, efficient cellular uptake and endosomal escape ligands have yet to 

be incorporated.  

Numerous examples of drug delivery systems based on polymeric micelles with 

PHPMA coronas and various hydrophobic cores have been reported.24 The examples 

below highlight some recent advances in this field. Block copolymers of PHPMA-block-

poly(L- or D-lactide) have been synthesized using RAFT polymerization and were 

capable of forming micelles that encapsulated PTX.56,57 Interestingly, it was shown that 

the stereochemistry of the lactide block affected the micelle size and cell uptake. 

Micelles were also formed from statistical copolymers of HPMA and a hydrazide-

containing comonomer that was capable of forming a pH-sensitive hydrazone bond with 

doxorubicin (DOX) and cholesterol.58 At pH 5.0, the linkage to DOX was hydrolyzed 

rapidly as compared to the very slow hydrolysis of the linkage to the cholesterol 

moieties, which resulted in micelle dissociation and subsequent clearing of the resulting 

unimer chains.  

As a few of the examples above have demonstrated, an added advantage of 

PHPMA-based systems over PEG-based materials lies in the ability to functionalize the 

hydroxyl group of the HPMA unit. This moiety provides a useful “handle” for 

incorporation of a variety of biologically useful groups (e.g., drugs, imaging agents, 

ligands, solubility modifiers). For example, reductively-responsive, core-crosslinked 

micelles were formed using PEG-block-(PHPMA-lipoic acid) copolymers in which the 
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lipoic acid was conjugated via an ester bond to the hydroxyl of HPMA to yield a 

sufficiently hydrophobic block for micellization and DOX encapsulation.59 After 

crosslinking with catalytic DTT, the resulting nanoparticles were observed to breakdown 

to release DOX in the reductive microenvironment of tumor cells.  

In a similar approach of functionalizing the hydroxyl of HPMA, Hennink and 

coworkers used HPMA modified with mono or dilactate (ML/DL) to synthesize 

thermoresponsive micelles based on PEG-block-PHPMA-DL.60 It was found that 

copolymers composed of PHPMA-ML-co-PHPMA-DL also formed thermoresponsive 

micelles.61 These early examples used conventional radical polymerization, which 

suffers from high molecular weight dispersity; however, RAFT polymerization has 

recently been utilized to form well-defined block copolymers composed of PHPMA-

block-PHPMA-DL. Biocompatible homopolymers of PHPMA resulted after hydrolysis of 

lactate groups at basic pH (Figure 1-6).62 The homopolymers were small enough to be 

cleared via the renal system; however, a possible drawback in this strategy is the 

elevated pH of 10.0 required to achieve rapid cleavage of lactate side groups and 

disassembly of the micelles. 

In addition to micelles, polymeric vesicles (i.e., polymersomes) self-assembled 

from amphiphilic PHPMA-based block copolymers have been extensively studied in 

recent years. For many systems, a hydrophobic content of approximately 60% is 

required for polymersome assembly, but in a recent report, Davis and Lowe et al. 

showed that polymersomes could be formed from amphiphilic homopolymers with a 

hydrophobic end group comprising as little as 6 wt% of the polymer.63 A RAFT agent 

containing a bis-cholesterol or bis-pyrenyl group was used to polymerize HPMA, and  
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Figure 1-6. Synthesis and thermoresponsive behavior of PHPMA-b-PHPMA-DL and 

hydrolysis of dilactate to leave biocompatabile PHPMA homopolymers. 
Adapted with permission from ref. 62. Copyright 2013 American Chemical 
Society. 

the resulting polymers formed polymersomes on the order of 150-1000 nm. Rhodamine 

B was encapsulated as a model hydrophilic drug, and the possibility of stimuli-

responsive delivery was suggested by incorporating a disulfide linker that allowed 

cleavage of the hydrophobic end group upon exposure to DTT. In this case, 

polymersome disassembly should lead to payload release.  

1.4.3 Other PHPMA structures in nanomedicine 

In addition to polyplexes, micelles, and polymersomes, there still exist a number 

of other PHPMA structures that self-assemble into therapeutically effective 

nanoaggregates. Many of these are intended to address currently unsolved problems. 

For example, the co-administration of multiple chemotherapeutic drugs can provide 

synergistic benefits that enhance tumor suppression. Ulbrich et al. devised such a 

combination therapy with the synthesis of sub-200 nm nanoparticles containing a 

biodegradable copolyester core to encapsulate docetaxel, and a DOX-conjugated 

PHPMA polymer coating.64 These core-shell nanoparticles were effective against mice 
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bearing EL-4 T cell lymphoma and had the capability of incorporating targeting ligands 

in the PHPMA shell.  

Nanoaggregates have also been formed from copolymers of PHPMA and 

poly(lauryl methacrylate) (PLMA) via the activated ester postpolymerization 

functionalization route.65,66 While both random and block copolymers formed 

nanoaggregates in solution, random copolymers consisting of 10% LMA were the most 

efficient in delivering the model drug Rhodamine 123 across a model blood brain 

barrier. This same polymer system was also radiolabeled with 18F for μPET imaging and 

monitoring of biodistribution.67 Similar nanoaggregates based on random copolymers of 

PHPMA and folate-bearing comonomers led to cellular uptake enhanced via receptor 

mediated endocytosis for targeted therapy.30 

Macromolecular stars based on HPMA have also been considered as 

nanotherapeutic agents. For example, various molecular weights of HPMA star 

polymers were investigated for their ability to passively deliver DOX.68 Semi-telechelic 

PHPMA-DOX was synthesized using radical polymerization and functionalized azo 

initiators. The linear polymer-drug conjugates were then grafted-to poly(amido amine) 

(PAMAM) dendrimers, and the resulting stars demonstrated prolonged blood circulation 

time and higher anti-tumor activity than lower molecular weight linear polymers. While 

giving positive results in vivo, a possible drawback of this method is the requirement of 

coupling two high molecular weight molecules using small molecule conjugation 

strategies that require a number of purification steps. Additionally, synthetic steps 

involving drugs should generally be limited since their high cost amplifies inefficiencies.   
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An alternative way to form PHPMA star nanoparticles was recently reported by 

Liu and coworkers.29 Using β-cyclodextrin functionalized with both azido and α-

bromopropionate ATRP initiator moieties, PHPMA stars were synthesized via the 

grafting-from method to give 14-arm stars with seven azide groups. The hydroxyl 

groups of the PHPMA side chains were then modified with both folic acid for targeting 

and DOX to give ester and carbamate linkages, followed by a copper-catalyzed azide-

alkyne cycloaddition to conjugate alkynyl DOTA-Gd complexes for MRI contrast. The 

hydrophobicity of DOX allowed self-assembly into micelle-like nanoparticles that were 

pH-responsive and shown to degrade at pH 4.0-5.0. 

Hollow nanoparticles with an aqueous core have also been synthesized for 

protein encapsulation.69,70 An amphiphilic macroRAFT agent composed of PHPMA-

block-poly(methyl methacrylate) was used as a colloidal stabilizer for inverse 

miniemulsion periphery RAFT polymerization, eliminating the need for additional 

surfactants. The shell of the nanoparticle was crosslinked by polymerization of ethylene 

glycol dimethacrylate, and the shell thickness could be tuned by altering reaction 

stoichiometry. Additionally, the use of RAFT polymerization provided the possibility of 

further modifying the nanoparticles after their formation.  

 Another route to the formation of PHPMA hollow nanoparticles was recently 

suggested by Davis and coworkers using sacrificial gold nanoparticle templates.71 

P[HPMA-block-(styrene-stat-maleic anhydride)] was synthesized and grafted onto gold 

nanoparticles exploiting the affinity of RAFT end groups to gold. The anhydride units in 

the shell of the nanoparticle were then crosslinked using a small molecule diamine. 

Finally, the gold core of the nanoparticles was removed using aqua regia (Figure 1-7). 
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This method was a modular pathway to hollow nanoparticles with control over particle 

size, crosslinking density, and core size by altering polymer molecular weight, 

stoichiometry, and gold nanoparticle size. 

 

Figure 1-7. Synthesis of hollow polymer nanoparticles using gold nanoparticle 
templates. (1) Nanoparticle assembly (2) crosslinking and (3) gold core 
removal. Reprinted with permission from ref. 71. Copyright 2010 American 
Chemical Society. 

1.5 Polymer-Protein Conjugates 

The covalent attachment of a synthetic or natural polymer to a protein has been 

studied to alter both the in vivo and in vitro properties of the protein. The first polymer-

protein conjugate was reported by Abuchowski and coworkers, who showed the 

attachment of PEG to bovine serum albumin (BSA) could alter the immunological 

properties and blood circulation times of the conjugate compared to the native 

protein.72,73 Since these initial reports, a wide variety of methods and applications have 

been investigated, and this section will provide a brief overview on the current state of 

the field with pertinent examples. 
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1.5.1 Synthetic Methods to Obtain Polymer-Protein Conjugates 

Polymer-protein conjugates are most often synthesized using a “grafting-to” 

method, where preformed polymers with functional end groups are reacted with a 

protein of interest.73,74 The diversity of functional groups on the surface of proteins 

provides a variety of synthetic strategies to immobilize the polymer. Amine residues are 

abundant in a wide range of proteins, and these are often exploited using polymers with 

electrophilic end groups such as activated esters for acylation reactions, although 

product distributions are often observed due to the high reactivity and low specificity of 

the activated ester. Aldehyde-bearing polymers have also been used to functionalize 

amine residues by reductive amination reactions using sodium cyanoborohydride.74,75 

Cysteine residues are less plentiful on the protein surface, and these can be targeted to 

provide improved site-selectivity during the conjugation reaction. Thiols are conveniently 

exploited using disulfide exchanges, Michael addition reactions, or substitution of 

dibromomaleimides.76 Figure 1-8 provides representative examples of conjugation 

strategies.  

Recent examples from our research group have used acylation reactions with 

polymers containing N-hydroxysuccinimidyl activated esters.77 The simple access to 

thiol-terminated polymers through the end-group removal of RAFT-derived polymers 

was exploited to generate polymer-protein conjugates in two consecutive Michael 

addition reactions – first between a bismaleimide linker to afford a maleimide-terminated 

polymer followed by a subsequent reaction with the available thiol in BSA.78 Our group 

also used copper-catalyzed azide-alkyne cycloaddition reactions between alkyne-

modified BSA and azide-terminated polymers to afford site-specific polymer-protein 

conjugates.79 
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Figure 1-8. (a) Schematic overview of the grafting-to method to form polymer-protein 
conjugates, where preformed polymers are reacted with the protein. (b) 
Representative examples of the conjugation chemistry used for grafting-from 
reactions targeting various amino acid residues on the protein surface. 

The grafting-to method is especially beneficial because of the ability to 

synthesize polymers under conditions that would disrupt the structure and functionality 

of the protein (e.g., in organic solvents at high temperatures). Additionally, the grafting-

to method allows the polymer to be fully characterized prior to conjugation reactions. 
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However, because of the high MW of both the protein and the polymer in these 

bimolecular processes, the concentrations of the reactive functional groups are quite 

low, which detrimentally reduces the rate of the reaction. This leads to the requirement 

of large excesses of polymer starting material, making purification tedious and difficult. 

More often, it is beneficial to use reactions containing a large bimolecular rate constant 

to afford very rapid and efficient reactions under dilute solutions;80-82 however, 

purification remains difficult. In a related challenge, the multiplicity of the targeted 

functional groups on the protein surface results in low chemoselectivity, forming 

inseparable product distributions, where either the number of polymers or the site of 

attachment varies. Finally, polymer-protein conjugates with high polymer grafting 

densities (i.e., the number of polymers per protein) or MW are often unattainable by this 

strategy because of the steric difficulty of coupling macromolecules. 

An alternative approach to the grafting-to method is the “grafting-from” method, 

where a protein is rendered an initiator or CTA to modulate a polymerization directly 

from the surface of the protein (Figure 1-9).83-86 Because each propagation step during 

the polymerization occurs with a low MW monomer, the steric encumbrance present in 

the grafting-to method is mitigated, and conjugates bearing polymers with significantly 

higher MWs and higher grafting densities are easily attainable. Of particular benefit in

 

Figure 1-9. Schematic overview of the grafting-from method to form polymer-protein 
conjugates, where a protein is modified with an initiator or chain transfer 
agent for reversible-deactivation radical polymerization. Adapted with 
permission from ref. 83. Copyright 2012 American Chemical Society. 
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the grafting-from method is the ability to completely remove unreacted monomers and 

low MW byproducts by simple purification methods (e.g., dialysis).  

The advent of RDRP techniques1,2,4,7,8,87-89 has led to a plethora of polymer-

protein conjugates via the grafting-from method, with the first reports using ATRP.90-93 

Copper-mediated RDRP methods have been most often utilized due to advances that 

allow for facile aqueous polymerizations.94-97 For example, Matyjaszewski et al. first 

demonstrated ‘activators regenerated by electron transfer’ (ARGET) ATRP to 

polymerize a PEG macromonomer from the surface of a protein. This route employed a 

slow feed of a biologically-friendly reducing agent (ascorbic acid) to allow controlled 

polymerization with copper catalyst concentrations between 100-300 ppm.95 

RAFT polymerization is more seldom utilized in grafting-from reactions for the 

generation of polymer-protein conjugates, despite the applicability of RAFT in aqueous 

solutions,98 the excellent functional group tolerance, and the lack of transition metal 

catalysts. Initial reports using RAFT polymerization to form polymer-protein conjugates 

immobilized a CTA to a protein via the CTA Z group, which resulted in chain 

propagation in solution followed by a “transfer-to” step to the protein.99,100 Soon after, 

our group first reported grafting-from polymerizations using RAFT polymerization to 

synthesize poly(N-isopropylacrylamide) (PNIPAM)-protein conjugates, where the CTA R 

group was immobilized to the protein and chain propagation occurred directly from the 

protein surface.101-103 A critical feature of RDRP methods is an ability to chain extend 

living polymers to make block copolymers, and we demonstrated consecutive grafting-

from polymerizations by chain extending the initial polymer-protein conjugate to form 

block copolymer-protein conjugates.102,103 Recently, Konkolewicz and coworkers 
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reported an interesting strategy combining the grafting-to and grafting-from methods to 

first form a protein-CTA with oligomers of acrylamide using grafting-to, followed by a 

grafting-from polymerization to produce high MW conjugates.104 Others have recently 

used similar strategies to form transiently responsive conjugates105 and to investigate 

the effect of polymer chemistry on protein activity.104,106 

1.5.2 In Vivo Applications of Polymer-Protein Conjugates 

Among the most important effects of polymer-protein conjugates is their ability to 

prolong the blood circulation lifetime of the protein in vivo. This characteristic is most 

often attributed to a decrease in the protein clearance rate by kidney filtration, which has 

a basement membrane pore size generally considered to be 3-5 nm. While a number of 

factors contribute to this slowed filtration rate, including altered protein surface charges 

and polymer compositions, the predominant cause is ascribed to the dramatic change in 

the hydrodynamic diameter of the protein after polymer conjugation. Because the 

polymer, most often PEG, adopts a random coil in aqueous solution with a much larger 

hydrodynamic diameter than globular proteins of similar MW, it has been shown that 

PEG conjugates with polymer MW ca. 10 kDa is sufficient to prevent kidney filtration. 

Furthermore, the MW of each polymer chain, rather than the total number of polymer 

modification sites, was determined to be the dominant factor to reduce clearance by 

kidney filtration.107 

Polymers have also been shown to mask protein epitope sites, resulting in a 

deceased immunological response compared to unmodified proteins. This critical 

feature mitigates the deleterious side effects often observed with biological therapeutics, 

and it aids in prolonged circulation by slowing protein clearance by components of the 

immune system. Interestingly, the polymer topology plays an important role in protecting 
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the protein from both immune recognition and proteolytic degradation.107 Branched 

PEG, where two polymers were joined by a lysine amino acid spacer and subsequently 

conjugated to the protein at this midpoint, were shown to have lower immune activation 

and proteolytic digestion compared to a conjugate containing linear PEG. The authors 

suggested an “umbrella”-like effect with branched polymers, which better masked the 

protein surface compared to linear polymers (Figure 1-10).107-109  

A number of polymer-protein conjugates are approved for clinical use, the first of 

which was Adagen® (pegademase bovine) in 1990 to treat severe combined 

immunodeficiency. Other examples include PEGASYS® (PEGylated interferon alpha-

2a) to treat chronic hepatitis C, which contains branched PEG as described above, and 

Oncaspar® (PEGylated L-aspariginase) to treat acute lymphoblastic leukemia, which 

has an in vivo half-life of 350 h compared to 4 h for the native enzyme.110 All of the 

conjugates approved for clinical use contain PEG; however, there is intensive research  

 

Figure 1-10. Schematic depicting the proposed benefits of proteins immobilized with 
linear polymers versus branched polymers. The “umbrella-like” structure of 
the branched polymers provide enhanced protection against proteolytic 
enzymes and immune components as compared to the linear polymers. 
Reprinted with permission from ref. 107. Copyright 2003 Elsevier. 
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efforts focusing on alternatives to PEG that are perhaps even more biocompatible, offer 

improved ultimate degradability, or provide improvements in retaining the protein activity 

(i.e., pharmacodynamics) while maintaining strong pharmacokinetics.111 For example, 

Davis and coworkers have recently observed slight improvements in the retention of 

protein activity of a PHPMA-protein conjugate compared to an analogous PEGylated 

protein.112 The same research group used a difunctional RAFT CTA to generate 

midfunctional PHPMA, which was coupled to BSA to form a branched PHPMA-protein 

conjugate, potentially improving protein stability in a similar manner as the branched 

PEG conjugates previously studied.113 

Among the potential drawbacks of PEGylated proteins, likely the most 

detrimental is the observed loss of conjugate activity compared to the native protein. For 

example, PEGASYS, which has greatly improved pharmacokinetics compared to the 

native protein, only maintains ca. 7% in vitro activity compared to the unmodified 

protein.107,114,115 An interesting alternative to PEGylated proteins was recently 

demonstrated by Keefe and Jiang, where they examined conjugates containing 

zwitterionic polymers based on poly(carboxybetaines) (PCB).116 The zwitterionic 

polymer conjugates provided similar thermal and chemical stability as an analogous 

PEGylated protein. However, remarkably, the conjugate containing PCB actually 

displayed increased substrate binding affinity compared to the PEGylated enzyme, and 

the activity even surpassed the native enzyme when high MW PCB was attached. The 

authors reasoned the improvement in activity compared to PEGylated proteins derived 

from the superhydrophilic nature of PCB compared to the amphiphilic PEG, which 
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served to promote the hydrophobic-hydrophobic interaction between the enzyme active 

site and substrate (Figure 1-11). 

Another important consideration for biological therapeutics is not only their 

stability toward biological factors, but also their stability during storage and 

transportation, as many proteins must be refrigerated to maintain activity. Toward this 

end, Maynard and coworkers have studied heparin-mimicking polyanionic-protein 

conjugates, which provided enhanced stability toward heat, acidic conditions, and 

proteolytic degradation while protein activity was maintained.117 The same research 

group also used trehalose polymers to stabilize a protein toward multiple lyophilization 

cycles in addition to thermal stress.118 

 

Figure 1-11. (a) Representation demonstrating the relationship between chymotrypsin 
(CT) and substrate without polymer. (b) The amphiphilic nature of PEG lowers 
enzyme-substrate affinity by inhibiting enzyme-substrate hydrophobic-
hydrophobic interactions. (c) The super-hydrophilic nature of PCB strongly 
effects the alignment of water around the protein active site, which increases 
enzyme-substrate affinity. (d) The structure of PCB can be likened to protein-
stabilizing ions found in the Hofmeister series including ammonium and 
acetate (R = methacrylate backbone). Reprinted with permission from ref. 
116. Copyright 2012 Nature Publishing Group. 



 

45 

1.5.3 In Vitro Applications of Polymer-Protein Conjugates 

Although not explicitly nanomedicine in the context described previously in this 

chapter, the attachment of stimuli-responsive polymers to proteins endows them with 

unique in vitro activity relevant to biological applications.119 Therefore, this section will 

briefly outline interesting examples of such materials. 

Thermally-responsive conjugates incorporating PNIPAM are some of the most 

studied materials in this area, with a demonstrated ability to control the catalytic activity 

of enzymes, aid in protein recovery and isolation, and form nanoscopically ordered 

surfaces and films.119 Hoffman, Stayton, and coworkers first showed that the thermally-

triggered phase transition of PNIPAM, when attached to a protein, sterically blocked the 

active site, modulating the protein activity on and off with altered temperature.120,121 

Since their initial report, others have used RDRP methods to generate PNIPAM 

conjugates with tunable activity.79,91,101,103 In addition to controlling the activity, 

temperature-responsive polymers are also useful to afford the ability to recover or purify 

a protein of interest.91,122 

Enzymes immobilized on surfaces can serve as useful biosensors for glucose 

detection or medical diagnostic assays; however, a difficult but necessary requirement 

is the three-dimensional spatial orientation of the enzyme in high densities on the 

surface. To this end, Olsen and coworkers have extensively studied the bulk self-

assembly properties of polymer-protein conjugates.123-130 The group demonstrated 

unique self-assembly behavior of PNIPAM-protein conjugates to achieve complex 

nanodomains. When films were cast using solvent conditions below the phase transition 

temperature of PNIPAM, a hexagonally packed lamellar morphology with long range 

order was formed. Interestingly, a less ordered lamellar morphology with larger domain 
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spacing was observed when films were cast above the PNIPAM phase transition 

temperature.129 Furthermore, they showed extremely diverse phase behaviors, ranging 

from disordered micellar, lamellar, to hexagonally packed cylinders, based on the 

degree of polymerization of PNIPAM and both the concentration and temperature used 

during casting and annealing.124 The same group used bulk self-assembled polymer-

protein conjugates for catalytically active thin films with enzyme activity 5-10 that of 

films cast using other methods of enzyme immobilization.128 Finally, they reported the 

 

Figure 1-12. Small-angle X-ray scattering patterns of PNIPAM-antibody conjugates with 
PNIPAM MW = 22 kDa in (a) solution and (d) bulk; or with PNIPAM MW = 68 
kDa in (b) solution and (e) bulk. Domain spacings are inlaid within each 
scattering pattern. Transmission electron microscopy images (c and f) reveal 
the lamellar morphology of each conjugate. (h) Schematic representing the 
lamellar domain of bulk self-assembled polymer-antibody conjugates. 
Reprinted with permission from ref. 131. Copyright 2017 Wiley. 
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spatially-controlled deposition of PNIPAM-antibody conjugates to make arrays 

containing long range order with tunable nanochannels for substrate transport (Figure 1-

12).131 

1.6 Summary and Future Outlook 

With increased understanding and development of new synthetic techniques, 

drug delivery systems can be further tailored to the specific needs of particular 

diseases. There is still much to be explored with respect to creating a delivery system 

that is cost-effective and efficiently translated into clinical practice. Many of the materials 

included in this chapter and others throughout the literature rely on complex multi-step 

syntheses; however, when it comes to macromolecular design, there is a certain 

elegance in simplicity,45 and the versatility of PHPMA provided by its side chain 

functionality can allow for nanoparticles composed solely of HPMA and its derivatives.  

In the area of polymer-protein conjugates, the ability of polymers to improve the 

in vivo characteristics of the protein to which they are attached is well demonstrated. 

While a majority of the literature reports and all of the clinically approved materials 

utilize PEG to affect protein pharmacokinetics, advancements in synthetic polymer 

chemistry have opened pathways toward alternatives to PEG. An important 

consideration moving forward in this field is the negative effects on protein activity 

posed by the immobilized polymer. Lower activity can often be offset by greatly 

increased pharmacokinetics in vivo; however, reduction in protein activity could be 

detrimental to in vitro applications. With continued advancements over site selectivity, 

protein engineering, and bioconjugation methods provided by chemical biology, coupled 

with expanded polymerization protocols, we expect greater control over these advanced 

materials.
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CHAPTER 2 
RESEARCH OBJECTIVE 

The purpose of this research was to investigate new synthetic methods using 

reversible addition-fragmentation chain transfer (RAFT) polymerization to generate 

biologically-relevant polymers, and study the efficacy of these materials in 

nanomedicine. RAFT polymerization is a vital tool in macromolecular design and 

engineering, and often the resultant polymers are self-assembled into advanced 

materials with complex architectures, which can be time consuming and tedious. My 

research goals were to provide new convenient synthetic approaches in the 

development of materials in the areas of polymer delivery vehicles and polymer-protein 

conjugates. I have investigated a facile strategy to obtain nanoscopically discreet and 

well-defined star-shaped particles composed of poly(N-(2-

hydroxypropyl)methacrylamide) using RAFT polymerization under dispersion reaction 

conditions. These nanoparticles were investigated as drug delivery vehicles by 

covalently immobilizing a cancer therapeutic into the core of the nanoparticles (Chapter 

3).  

RAFT polymerization is also useful to append polymers to the surfaces of 

proteins (polymer-protein conjugates). This can be performed in either a “grafting-to” 

reaction, where preformed polymers are reacted with proteins, or a “grafting-from” 

manner, where polymers are grown directly from the protein surfaces. Using a grafting-

to strategy, the effect of polymer architecture on the activity of a therapeutic protein was 

investigated. Brush-shaped polymers with various branching densities were synthesized 

by RAFT polymerization, and a series of postpolymerization modifications were utilized 

to fluorescently label the polymers and endow them with protein-reactive functionality. 
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Each polymer bearing a unique architecture was immobilized to the protein, and the 

results showed distinct in vitro activity based on the polymer architecture (Chapter 4).  

Finally, a new grafting-from strategy using photomediated RAFT polymerization 

was investigated, where polymer-protein conjugates were formed under very mild 

reaction conditions in an extremely rapid grafting-from polymerization. The conjugates 

contained polymers with controlled molecular weights and narrow molecular weight 

distributions. This technique also proved useful to polymerize monomer classes that are 

less utilized with RAFT grafting-from. Importantly, the “living” nature of these materials 

was demonstrated by chain extending the conjugate to form block copolymer-protein 

conjugates. This strategy should allow efficient access to new materials useful to control 

both the in vitro and in vivo properties of a protein (Chapter 5). 
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CHAPTER 3 
FACILE SYNTHESIS OF DRUG-CONJUGATED PHPMA CORE-CROSSLINKED 

STAR POLYMERS 

3.1 Overview 

Advances in synthetic polymerization techniques, including atom transfer radical 

polymerization (ATRP),7 nitroxide-mediated polymerization (NMP),89 and reversible 

addition-fragmentation chain transfer (RAFT) polymerization2 have led to the 

development of complex macromolecular architectures5,7,132 including micelles,89,133,134 

polymeric vesicles,2,135 and star nanoparticles,136-139 with highly diverse functions 

including drug delivery vehicles,6,11,140,141 imaging agents,7,46 emulsifiers,89,142 and 

nanoreactors.2,143,144 In particular, core-crosslinked star (CCS) polymers, in which linear 

arms emanate from a highly crosslinked core, have received increased research 

interest due to their core-shell structure and possibility for drug delivery 

applications.5,7,132,145,146  

Generally, CCS polymers are synthesized through either an “arm-first” 

method,89,133,134,147 in which preformed “living” polymers are chain extended in the 

presence of a divinyl monomer, or a “core-first” method,2,135,148 in which a multifunctional 

chain transfer agent or initiator is used in a “grafting-from” method to polymerize 

monomer. The arm-first method is most often utilized due to an ability to characterize 

arm precursor polymers and the facility with which a large number of arms can be 

incorporated into the final CCS polymer. The work of Gao and Matyjaszewski has 

demonstrated the utility of ATRP in forming CCS polymers via an arm-first approach 

                                            
 *Reprinted with permission from Polym. Chem. 2015, 6, 4258-4263. Copyright 2015 Royal Society of 
Chemistry. 
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with the production of homoarm136-139,145,149 and miktoarm6,11,140,141,150 stars with a 

variety of compositions. Potentially due to its degenerative chain-transfer mechanism, 

RAFT polymerization has been more seldom used to form well-defined CCS polymers. 

However, Boyer, Davis, and coworkers have recently demonstrated the ability to tune 

the solubility of a divinyl crosslinker compound to generate well-defined CCS polymers 

in homogeneous RAFT polymerizations.151-153 The An group has used heterogeneous 

RAFT polymerizations in ethanol/water mixtures to form homoarm and miktoarm CCS 

polymers for use as emulsifiers,142,154-156 and Whittaker and coworkers have recently 

used heterogeneous RAFT polymerization to form CCS polymers for use as 19F imaging 

agents for magnetic resonance imaging applications.157 

We are interested in studying the applicability of star polymers in drug delivery. 

Polymeric systems have long been studied to deliver therapeutics, and early work by 

Ringsdorf proposed the characteristics of an effective delivery system, including (i) 

hydrophilicity to solubilize small, hydrophobic drugs, (ii) a biodegradable linker for drug 

attachment, and (iii) a targeting moiety that directs delivery to a specific site of action.13 

In addition, the delivery system should be of sufficient size (~10-200 nm) to increase 

biodistribution by preventing renal filtration but small enough to avoid clearance by the 

reticuloendothelial system.11 This size range also allows the nanoparticles to benefit 

from the enhanced permeation and retention (EPR) effect, which describes the loosely 

formed vasculature and poor lymphatic drainage often found in cancerous tissues that 

lead to accumulation of nanoparticles within diseased tissue while largely excluding it 

from healthy tissue.14,15 
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While the majority of materials used in nanomedicine are composed of 

poly(ethylene glycol) (PEG)-based materials because of their water solubility and 

biocompatibility, poly(N-(2-hydroxypropyl)methacrylamide) (PHPMA)-based 

materials17,24,158 have shown considerable promise as well. PHPMA can potentially 

overcome some of the suggested shortcomings of PEG, including dose-dependent 

immunoresponses, rapid clearance after repeated injections, and potential 

peroxidation.16,23,159 Additionally, HPMA is readily synthesized and can be polymerized 

via a variety of methods including conventional radical polymerization,18 ATRP,19 and 

RAFT polymerization.20 Furthermore, the available hydroxyl group on HPMA can be 

exploited as a versatile handle for the incorporation of drugs, imaging agents, and 

targeting ligands.  

A number of PHPMA-based therapeutics have been synthesized; however, the 

use of star shaped PHPMA derivatives has only been investigated using a dendritic 

poly(amido amine) core with linear PHPMA attached via coupling.68,160-164 While these 

reports demonstrated useful properties for drug delivery systems, such as an extended 

blood circulation time compared to linear PHPMA and drug release at acidic conditions, 

tedious and labor-intensive purifications, including preparative gel permeation 

chromatography, were often required to isolate the macromolecular coupling products. 

Here we demonstrate, for the first time, the synthesis of PHPMA CCS polymers 

using the arm-first method to prepare well-defined, crosslinked star nanoparticles in a 

facile and efficient method. For potential drug delivery applications, we exploited the 

hydroxyl group of HPMA for attachment of methotrexate, a folic acid antagonist used in 

the treatment of a number of cancers.165-167 This novel drug-conjugated monomer was 
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then directly polymerized during CCS formation to provide drug-loaded PHPMA 

nanoparticles. Given that the drug was covalently bound, this method should provide 

enhanced stability toward premature drug release (Scheme 3-1). Finally, we show that 

the drug can be released from the monomer via enzymatic hydrolysis. 

 

Scheme 3-1. Synthesis of poly(N-(2-hydroxypropyl)methacrylamide (PHPMA) macro-
chain transfer agents (unimers), which were then chain extended in the 
presence of a methotrexate-modified HPMA monomer and a divinyl 
crosslinker to prepare drug-loaded PHPMA core-crosslinked star polymers. 

3.2 Results and Discussion 

Polymeric nanoparticles for drug delivery should ideally be narrowly dispersed in 

both their size and composition to efficiently and consistently deliver their payload. The 

uniformity of CCS polymers is affected by the molecular weight of the unimers, the 

amount of crosslinker used, and the efficiency with which the unimers are incorporated 

into the nanostructure. Our goal was to develop a strategy to well-defined PHPMA-

based star polymers that have potential utility in drug delivery. To demonstrate the 

versatility of PHPMA CCS formation by our RAFT-based strategy, a number of synthetic 

variables were investigated to tune the formation of well-defined stars, including 

[crosslinker]:[unimer] ratios, unimer molecular weight, and solvent selection.  

Linear unimers of three distinct molecular weights (MW) were prepared by RAFT 

polymerization of N-(2-hydroxypropyl)methacrylamide (HPMA) to control the MW and 

molecular weight distributions of the resulting polymers (Table 3-1 and Figure 3-1).  
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Table 3-1.  Results for the synthesis of poly(N-(2-hydroxypropyl)methacrylamide 

(PHPMA). Absolute molecular weights were determined using gel 
permeation chromatography equipped with a multi-angle light scattering 
detector 

Entry Mn (g/mol) Mw/Mn 

P1   6260 1.08 
P2   9470 1.08 
P3 17300 1.24 

 

Figure 3-1. GPC traces of PHPMA macro-chain transfer agents of varying molecular 
weights using RAFT polymerization. 

We reasoned the narrow molecular weight distribution in the unimers should aid in 

preparing stars that also had narrow size distributions. These unimers were employed in 

the arm-first synthesis of CCS polymers using ethylene glycol dimethacrylate (EGDMA) 

as the divinyl crosslinker. The efficiency of each reaction (i.e, star yield) was calculated 

by deconvolution of the gel permeation chromatography (GPC) refractive index (RI) 

chromatogram and Equation (3-1).  

star yield = Astar/(Astar + Aunimer) (3-1) 

where Astar and Aunimer are the areas of the star and unimer peaks, respectively. The 

weight-average MW (Mw) of each CCS polymer was obtained via GPC equipped with a 

multi-angle light scattering detector (MALS) using the dn/dc value for the unimer. While 
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this assumption that the scattering of the star is only due to the PHPMA arms is not 

ideal, we believe that this can be used to understand the general trends in star 

formation under varied reaction conditions. Also from the GPC-MALS data, the arm 

number, f, was calculated to give the average number of arms per star using Equation 

3-2. 

𝑓 =
𝑀𝑤,𝐶𝐶𝑆  ×  𝑊𝐹𝑎𝑟𝑚𝑠

𝑀𝑤,𝑎𝑟𝑚𝑠
 

(3-2) 

where WFarms is the weight-fraction of the arms in the star and is given by Equation 3-3. 

𝑊𝐹𝑎𝑟𝑚𝑠 =  
(𝑚𝑢𝑛𝑖𝑚𝑒𝑟 ×  𝑝𝑢𝑛𝑖𝑚𝑒𝑟)

(𝑚𝑢𝑛𝑖𝑚𝑒𝑟  ×  𝑝𝑢𝑛𝑖𝑚𝑒𝑟)  +  (𝑚𝐶𝐿  ×  𝑝𝐶𝐿)
 

(3-3) 

where munimer is the mass of the unimer, punimer is the conversion of the unimer from the 

deconvoluted GPC chromatogram, mCL is the mass of the crosslinker, and pCL is the 

conversion of the crosslinker. 

3.2.1 CCS Polymers From Varying Crosslinker Concentration 

PHPMA CCS polymers were synthesized using P1 (Table 3-1) and varying 

[crosslinker]:[unimer] ratios (15:1, 10:1, and 5:1) in N,N-dimethylacetamide (DMAc) for 

24 h (Table 3-2). The GPC chromatograms of each crude reaction showed a decrease 

in elution time, indicating the formation of higher MW CCS polymers (Figure 3-2). 

Increasing crosslinker concentration led to an increased star yield, as well as higher arm 

number, f, and higher star Mw, which is likely due to a larger core Mw and higher 

incorporation of unimers in each CCS polymer. The highest concentration of crosslinker 

([crosslinker]:[unimer] = 15:1) led to the highest star yield, but the star peak was broad 

and multimodal due to a broad molecular weight distribution. This observation may be 

attributed to star-star coupling, which could be due to a high number of crosslinking  
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Figure 3-2. CCS polymers prepared using constant unimer Mn (P1) and varying 
[crossliner]:[unimer] ratios (5:1, 10:1, 15:1, denoted as P1-5, P1-10, and P1-
15, respectively, in the legend). The star yield of each reaction is given to 
show that increasing concentration of crosslinker resulted in an increase in 
the star yield. 

moieties that can potentially lead to cross-propagation during star synthesis. On the 

other hand, using the intermediate crosslinker concentration ([crosslinker]:[unimer] = 

10:1) resulted in a narrow, monomodal star peak in the GPC chromatogram and 

moderate star yield. However, this star polymer had limited water solubility, possibly due 

Table 3-2.  Reaction conditions and molecular weight and size results during 
preparation of PHPMA core-crosslinked star polymers 

Entry aUnimer [crosslinker]:[unimer] Solvent bCCS Mw 

(kg/mol) 

cStar 
yield 
(%) 

df eDh 
(nm) 

P1-5 P1   5:1 DMAc  73.3 30   10 - 
P1-10 P1 10:1 DMAc   256 60   20 - 
P1-15 P1 15:1 DMAc 1250 70 100 - 
P2-10 
(CCS1) 

P2 10:1 DMAc   211 50   14 43 

P3-10 P3 10:1 DMAc   287 10   10 - 
CCS2 P2 10:1 EtOH/H2O   553 70   40 20 
CCS3 P2 10:1 H2O 1280 70 100 20 
CCS4 P2 f10:10:1 EtOH/H2O   124 60   10 20 
aRefer to Table 3-1 for the molecular weights of unimers P1-P3. bWeight-average molecular weight of 
core-crosslinked star polymers determined by GPC-MALS. cStar yield calculated using the 
deconvoluted GPC RI chromatograms and Equation 3-1. dArm number calculated using Equation 3-2. 
eHydrodynamic diameter from dynamic light scattering in water. Diameters are provided only for the 
samples that were purified to avoid convultion by unreacted unimers in solution. f[crosslinker]:[HPMA-
MTX]:[unimer]. 
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to the relatively short hydrophilic arms that were unable to solvate a large hydrophobic 

core. As expected, the lowest crosslinker concentration ([crosslinker]:[unimer] = 5:1) 

resulted in the lowest star yield. Considering the well-defined star peak obtained using 

the intermediate crosslinker concentration, this ratio was chosen for further studies to 

investigate conditions that provide well-defined stars that have sufficient water solubility. 

3.2.2 CCS Polymers From Varying Unimer Mn 

We hypothesized that increasing the MW of the arms would result in higher water 

solubility and provide a more efficient steric shield to prevent star-star coupling. PHPMA 

stars were synthesized with varying unimer Mn and a constant [crosslinker]:[unimer] 

ratio (10:1). The results indicated that increasing the unimer molecular weight resulted 

in a decrease in star yield (Table 3-2, Figure 3-3), which is possibly due to the difficulty 

in incorporating a large number of higher MW unimers during star growth as a result of 

the increased steric congestion around the core. Even though the star yield was higher 

with P1, the lower water solubility and concern of aggregation led us to choose P2 as 

the unimer for continued studies. The CCS polymers obtained in this system, denoted 

CCS1, were purified by fractional precipitation and were characterized by GPC-MALS, 

dynamic light scattering (DLS), and transmission electron microscopy (TEM) (Figure 3-

3). 

3.3.3 Heterogeneous CCS Polymer Synthesis  

Despite the ability to synthesize and isolate CCS polymers from homogeneous 

polymerization conditions, the long reaction times of homogeneous systems and tedious 

polymer recovery limited the utility of this method. We employed similar conditions to 

those previously reported for the synthesis of  poly(polyethylene glycol)methacrylate 
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CCS polymers by dispersion polymerization, using an EtOH/H2O solvent mixture and a 

water soluble initiator.154 Thus, PHPMA CCS polymers were prepared by dispersion  

 

Figure 3-3. (a) GPC chromatograms of crude CCS polymer reactions in DMAc with 
constant crosslinker concentration and varying unimer Mn. Star yields of each 

reaction are provided in the corresponding color of the trace. (b) GPC 
chromatograms before and after purification of CCS1 by fractional 
precipitation. (c) DLS histogram of CCS1 in pure water. (d) TEM image of 
CCS1 (0.5% uranyl acetate stain; scale bar = 100 nm).  

polymerization using P2 and a [crosslinker]:[unimer] ratio of 10:1. Well-defined stars 

(CCS2) were formed in only 4 h, as compared to the 24 h required under homogeneous 

conditions (Table 3-2, Figure 3-4a, Figure 3-5). We believe the increased rate of star 

formation is due to the limited solubility of both the EGDMA crosslinker and the growing  
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Figure 3-4. (a) GPC chromatograms as a function of reaction time during the synthesis 
of CCS2 in EtOH/H2O. (b) GPC chromatograms of CCS2 before and after 

purification by ultrafiltration. (c) DLS histogram of CCS2 in pure water. (d) 
TEM image of CCS2 (0.5% uranyl acetate stain; scale bar = 100 nm).  

core of the stars in the reaction medium, which creates a dispersion polymerization 

scenario. CCS2 was readily purified by ultrafiltration, which provided a facile and rapid 

method to remove unreacted unimers and isolate our stars compared to preparative 

GPC methods used in previous reports. The purified stars were then analyzed by GPC-

MALS, DLS, and TEM (Figure 3-4). DLS analysis indicated stars with a hydrodynamic 

diameter (Dh) of 20 nm, and TEM revealed the nanoparticles adopted a spherical 

morphology with sizes consistent with DLS data, when considering the dehydration of  
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Figure 3-5. GPC chromatograms as a function of reaction time during CCS polymer 
synthesis in DMAc. ([crosslinker]:[unimer] = 10:1; unimer = P2).  

the stars after deposition onto the TEM grid. TEM also revealed the presence of very 

small aggregates in addition to stars. Based on their size and the MW data from GPC-

MALS, it is believed these polymers are very low MW stars (e.g., two- or three-arm 

stars).  

The stars could also be efficiently prepared in pure water, in the absence of an 

organic cosolvent. Interestingly, when P2 was used as the unimer with a 

[crosslinker]:[unimer] ratio of 10:1, the resulting CCS polymers (CCS3, Table 3-2, Figure 

3-6) had approximately twice the MW and number of arms as compared to CCS2, even 

though the Z-average Dh was approximately equal for both samples. This suggests the 

size of the CCS polymers is equal, despite a large difference in the MW. We believe this 

is due to a higher packing efficiency for CCS3, possibly due to pre-assembly of the 

crosslinker in a poor solvent, increasing the efficiency with which arms are incorporated 

into the star. Since the MW of the arms is equal and a spherical morphology is observed 
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in each scenario, the arms of CCS3 are presumably more closely packed than that of 

CCS2, and the resultant stars have approximately equal size. 

 

Figure 3-6. (a) GPC chromatograms as a function of reaction time during the synthesis 
of CCS3 in pure H2O. (b) GPC chromatograms of CCS3 before and after 

purification by ultrafiltration. (c) DLS histogram of CCS3 in pure water. (d) 
TEM image of CCS3 (0.5% uranyl acetate stain; scale bar = 100 nm).  

3.3.4 Drug-Loaded PHPMA CCS Polymer Synthesis 

With efficient synthetic conditions for star formation having been determined, we 

next investigated the incorporation of an anticancer drug within the star cores. 

Methotrexate (MTX) is a therapeutic used to treat a diverse set of cancers and contains 

a carboxylic acid functional group that provides a straightforward method for conjugation 

to the hydroxyl group of HPMA (Scheme 3-2). Enzyme-catalyzed release of the drug  
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Scheme 3-2. Synthesis of HPMA-MTX. 

 

Figure 3-7. Percent of MTX released from HPMA-MTX with pig liver esterase (blue, 150 
U) and without (orange).  

from the HPMA-MTX conjugate was investigated using porcine liver esterase, an 

enzyme that readily cleaves ester bonds.168-172 After incubation with PLE (150 U/mg) for 

96 h, 30% of MTX was cleaved to yield the free drug and HPMA (Figure 3-7). We 

believe that the relatively low amount of drug release could be due to the electrophilic 

methacrylamide group, which is susceptible to Michael addition by the nucleophilic 

active site of the enzyme. However, since no release was observed over the same 

period in the absence of the enzyme, we reasoned that PLE might selectively release 

the drug from our PHPMA-based star polymers. 

HPMA-MTX was used in the formation of a star polymer (CCS4) using RAFT 

dispersion conditions, and the star was purified by ultrafiltration (Table 3-2). GPC-MALS 

and DLS were used to determine the molecular weight and size of the stars. UV-Vis 
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spectroscopy was used to confirm the incorporation of the drug in CCS4 as 20 wt% 

using a standard curve to determine the concentration of MTX in the star relative to the 

total star concentration. Because the drug was directly polymerized, the amount of drug 

in the star could be tuned by controlling the degree of polymerization of the drug-

monomer. Here, we achieved 55% conversion of the drug-monomer, based on 1H NMR 

spectroscopy, which corresponded to 40 MTX units per star. Finally, TEM analysis 

revealed a spherical morphology for the drug-containing stars (Figure 3-8). Altogether, 

these results demonstrated the drug could be directly polymerized without altering the 

integrity of the CCS polymer. Finally, enzymatic drug release for CCS4 was  

 

Figure 3-8. (a) GPC chromatogram of CCS4 before and after purification by 
ultrafiltration. (b) DLS histogram of CCS4 in pure water. (c) UV-vis spectrum 
of CCS4 showing the successful incorporation of MTX into the CCS polymer. 
(d) TEM image of CCS4 (0.5% uranyl acetate; scale bar = 100 nm).  
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investigated. In contrast to the monomer, the drug-loaded stars had significantly 

enhanced stability toward enzymatic hydrolysis, with no release observed after 48 h. 

We reasoned the stability was due to the highly crosslinked nature of the core, limiting 

access of the enzyme to the ester linkages tethering the drug to the stars.  

A convenient way to study how the core sterics affect drug release was to 

synthesize a drug-loaded PHPMA star using a degradable crosslinker, where cleavage 

of the crosslinker would result in unimers in solution, providing more facile enzymatic 

access. It is possible this strategy also improves the ultimate utility of the polymer, as 

the unimers that result from dissociation should be below the size limit for clearance via 

renal filtration. Toward this goal, a star polymer (CCS5) was synthesized using a 

disulfide-bearing crosslinker, which can be cleaved upon the addition of a reducing 

agent (Scheme 3-3, Table 3-3, Figure S9). To investigate drug release, the star was first 

reduced using tributylphosphine and purified by dialysis. PLE (150 U/mg) was then 

added, and drug release was monitored by HPLC. However, no drug release was 

observed in this system after 48 h. It is possible that even the sterics of a linear polymer 

slow the hydrolysis of the ester. Therefore, we are currently investigating alternative 

methods of drug conjugation that are more susceptible to release under specific 

conditions found in the tumor microenvironment. 

  

Scheme 3-3. Synthesis of CCS5. 
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Table 3-3. Reaction conditions and molecular weight and size results during 
preparation of CCS5 

Entry [crosslinker]:[HPMA-
MTX]:[unimer] 

CCS Mw 
(kg/mol) 

Star yield 
(%) 

f Dh (nm) MTX wt% 

CCS5 10:10:1 728 70 30 10 15 

 
Figure 3-9. (a) Crude and purified GPC chromatograms, (b) DLS histogram in pure 

water (1 mg/mL), and (c) TEM image (0.5% uranyl acetate; scale bar = 100 
nm) of CCS5.  

3.3 Summary 

In summary, well-defined PHPMA macroCTAs were synthesized by RAFT 

polymerization and were subsequently used to produce star polymers via both 

homogeneous and heterogeneous reaction conditions. We found that high 

concentrations of crosslinker during the polymerization led to only partially water-soluble 

CCS polymers, and the use of high MW unimers resulted in limited star yields in 

homogeneous reaction conditions due to the steric hindrance encountered when adding 

large unimers to a growing CCS polymer.  High star yields could be obtained in short 

reaction times by dispersion polymerization in EtOH/H2O with unimers of intermediate 

MW and intermediate [crosslinker]:[unimer] ratios.  

To study these materials for drug delivery, a chemotherapeutic agent was 

conjugated to HPMA, and the resulting monomer-drug was used during CCS polymer 

synthesis under the optimized RAFT dispersion conditions to form drug-loaded PHPMA-

based stars.  Well-defined, spherical aggregates with a high drug loading capacity were 
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confirmed. Because the drug was covalently bound within the star cores, it is expected 

that higher drug stability may be observed during in vivo circulation. The HPMA-MTX 

conjugate was observed to undergo enzyme-triggered drug release, though the 

sterically hindered environment of the drug conjugated to the PHPMA backbone limited 

release under the conditions employed. Although studies are underway to optimize the 

rate of drug release from these star polymers, we believe this report provides a strategy 

toward PHPMA-based drug delivery systems and valuable insight into the slow release 

of covalently conjugated drugs from PHPMA. 

3.4 Experimental 

3.4.1 Materials 

1-Amino-2-propanol (94%), methacryloyl chloride (97%), 4,4'-azobis(cyanovaleric 

acid) (ACVA) (98%), anhydrous methotrexate (98%), and Spectrum/Por® Float-A-

Lyzer® G2 dialysis devices with 3500 Da MWCO membranes were purchased from 

VWR and used as received. EMD Millipore Amicon® Ultra-0.5 centrifugal filter units with 

50 kDa MWCO membranes were purchased from Fisher Scientific. N,N'-

dicylcohexylcarbodiimide (DCC) (99%), 4-(dimethylamino)pyridine (DMAP) (99%), 2,2'-

azobisisbutyronitrile (AIBN), ethylene glycol dimethacrylate (EGDMA) (98%), esterase 

from porcine liver (PLE) (ammonium sulphate suspension, ≥150 U/mg protein, 28.1 mg 

protein/mL), tri-n-butylphosphine (99%), anhydrous N,N-dimethylformamide (DMF), 

N,N-dimethylacetamide (DMAc), and Dulbecco’s phosphate buffered saline (PBS) were 

purchased from Sigma Aldrich. Deuterium oxide (D2O, 99.9%), and dimethylsulfoxide-d6 

(DMSO-d6, 99.8%) were purchased from Cambridge Isotopes. AIBN was recrystallized 

from methanol, EGDMA was passed through a column of basic alumina to remove 

inhibitors, and all other chemicals were purchased with the highest available purity and 
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used as received. 4-Cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid 

(CDTPA)2 and bis(2-methacryloyl)oxyethyl disulfide (DSDMA)173 were synthesized 

according to a literature procedure.  

3.4.2 Characterization 

1H NMR spectra were recorded on a Varian Inova2 500 MHz or a Varian Mercury 

300 MHz NMR spectrometer using the residual solvent signal as reference. UV-Vis 

spectra were obtained on a Molecular Devices SpectraMax M2 multimode microplate 

reader. Analytical HPLC was performed using a gradient from 3:1 to 1:3 aq. 

trifluoroacetic acid (TFA) (0.1%):CH3CN at 35 °C at a flow rate of 1 mL/min (Hitachi Elite 

LaChrom pump, column oven, and UV-Vis detector operating at 303 nm; column: 150  

4.6 mm Phenomenex Luna 10 μm C18). Preparative HPLC was performed using 3:1 to 

1:1 aq. TFA (0.1%):CH3CN at 35 °C and a flow rate of 8 mL/min (Hitachi Elite LaChrom 

pump, column oven, and UV-Vis detector operating at 303 nm; column: 250  21.2 mm 

Phenomenex Luna 10 μm C18). High-resolution mass spectrometry to obtain accurate 

mass was obtained with an Agilent 6220 electrospray ionization time-of-flight mass 

spectrometer (ESI-TOF MS). Polymer molecular weight and molecular weight 

distributions were determined by gel permeation chromatography (GPC) in N,N-DMAc 

with 50 mM LiCl at 50 °C and a flow rate of 1.0 mL/min (Agilent isocratic pump, 

degasser, and autosampler, columns: PLgel 5 μm guard + two ViscoGel I-series G3078 

mixed bed columns: molecular weight range 0−20  103 and 0−100  104 g mol−1). 

Detection consisted of a Wyatt Optilab T-rEX refractive index detector operating at 658 

nm and a Wyatt miniDAWN Treos light scattering detector operating at 659 nm. 

Absolute molecular weights and molecular weight distributions were calculated using 
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the Wyatt ASTRA software (PHPMA dn/dc = 0.0751 mL/g). Dynamic light scattering 

(DLS) measurements were recorded on a Zetasizer Nano ZS, (Malvern Instrument Ltd., 

U.K.) equipped with a He−Ne laser beam operating at 633 nm at 25 °C. Samples were 

prepared in pure water and filtered through a 0.45 μm syringe filter prior to analysis, and 

each measurement was repeated six times to obtain the average value. Transmission 

electron microscopy (TEM) was conducted on a Hitachi H7000 microscope operating at 

100 kV. A formvar coated 200-mesh Cu grid that was freshly glow discharged (Pelco 

easiGlow™, Ted Pella, Inc.) was placed onto a drop of sample solution for 30 sec and 

wicked off with filter paper. Uranyl acetate (0.5% aqueous solution) was used as a 

negative stain.  

3.4.3 Synthesis 

N-(2-Hydroxypropyl)methacrylamide (HPMA). To a three-neck, 2 L round 

bottom flask equipped with a mechanical stirring device, thermometer, and addition 

funnel was added 1-amino-2-propanol (75 mL, 0.96 mol). The reagent was dissolved in 

dichloromethane (1 L) and cooled to -5 °C in a salt-ice bath. Methacryloyl chloride (46 

mL, 0.47 mol) was added dropwise via addition funnel. The reaction was stirred for 30 

min at 0 °C then slowly warmed to room temperature and left to stir overnight. The 

reaction was filtered to remove 1-amino-2-propanol hydrochloride, and the filtrate was 

concentrated to 500 mL and placed in a -20 °C freezer overnight to crystallize the 

product. The resultant HPMA was isolated by filtration and recrystallized from acetone 

at -20 °C (52 g, 76% yield). 1H NMR (300 MHz, D2O, ppm) : 5.72 (1H, s, CH2=C), 5.47 

(1H, t, CH2=C), 3.96 (1H, m, CH2CH(CH3)OH), 3.30 (2H, m, CH2CH(CH3)OH), 1.95 (3H, 
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s, CH2CH(CH3)OH), 1.19 (3H, d, CH2=CCH3). 13C NMR (500 MHz, D2O, ppm) : 

172.05, 139.01, 120.98, 66.20, 46.19, 19.38, 17.63. 

HPMA-Methotrexate (HPMA-MTX). A 10 mL round bottom flask with magnetic 

stir bar was flame-dried and cooled to room temperature under N2 flow. Methotrexate 

(202 mg, 0.444 mmol) was dissolved in anhydrous DMF (3 mL). DCC (110 mg, 0.54 

mmol) was added with stirring, followed by DMAP (10.9 mg, 0.0892 mmol), and HPMA 

(317 mg, 2.22 mmol). The reaction was allowed to stir for 48 h at room temperature, at 

which time the white dicylohexylurea precipitate was removed by filtration. The resulting 

clear solution was precipitated into ether, and the solids were isolated by filtration. The 

crude product was purified by preparative reverse-phase HPLC. The yellow fractions 

were collected, CH3CN was removed by rotary evaporation, and the solution was 

lyophilized to isolate a yellow powder (73 mg, 23% yield). 1H NMR (500 MHz, DMSO-d6, 

ppm) : 9.28 (1H, s), 9.08 (1H, s), 8.72 (1H, s), 8.25 (1H, d), 8.01 (1H, t), 7.75 (2H, d), 

6.82 (2H, d), 5.60 (1H, s), 5.29 (1H, t), 4.90 (3H, m), 4.36 (1H, m), 3.26 (3H, m), 3.14 

(1H, m), 2.36 (2H, m), 2.08 (1H, m), 1.92 (1H, m), 3.81 (3H, s), 1.10 (3H, d). ESI-MS 

m/z; 602.2466 [M + Na]+, calculated for C27H33N9O6, 602.2467. Analytical HPLC Rt = 4.3 

min (96%).  

Poly(HPMA) (PHPMA) (P1). HPMA (3.00 g, 20.9 mmol), CDTPA (126 mg, 0.312 

mmol), and AIBN (5 mg, 0.03 mmol) were added to a 20 mL scintillation vial equipped 

with a septum cap and magnetic stir bar ([M]:[CTA]:[I] = 67:1:0.1). The reagents were 

dissolved in DMAc (5 mL), purged with N2 for 30 min, and added to a preheated heating 

block at 70 °C. The reaction was monitored by GPC-MALS, quenched after 3.5 h by 

exposing the contents to oxygen, and the polymer was purified by precipitation into cold  
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Figure 3-10. 1H NMR spectrum and peak assignments for HPMA-MTX. (DMSO-d6, 500 
MHz). 

 

Figure 3-11. ESI-MS spectrum of HPMA-MTX. 
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Figure 3-12. Analytical HPLC chromatogram of HPMA-MTX. Rt = 4.4 min, 96%. 

diethyl ether ( 3) and vacuum dried to yield a light yellow powder (43% conversion, 

Mn,GPC = 6,260 g/mol, Mw/Mn = 1.05). 

Synthesis of P2. HPMA (15.0 g, 105 mmol), CDTPA (387 mg, 0.960 mmol), and 

AIBN (16.8 mg, 0.102 mmol) were added to a 50 mL Schlenk tube with a glass stopper 

and magnetic stir bar ([M]:[CTA]:[I] = 110:1:0.1). The reagents were dissolved in DMAc 

(30 mL), degassed with three freeze-pump-thaw cycles, backfilled with N2, and added to 

a preheated oil bath at 70 °C. The reaction was monitored by GPC-MALS, quenched 

after 4 h by exposing the contents to oxygen, and the polymer was purified by 

precipitation into cold diethyl ether ( 3) and vacuum dried to yield a light yellow powder 

(4.5 g, Mn,GPC = 9,470 g/mol, Mw/Mn = 1.05). 

Synthesis of P3. HPMA (2.20 g, 15.4 mmol), CDTPA (26.8 mg, 0.0664 mmol), 

and AIBN (1 mg, 6  10-3 mmol) were added to a 20 mL scintillation vial equipped with a 
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septum cap and magnetic stir bar ([M]:[CTA]:[I] = 230:1:0.1). The reagents were 

dissolved in DMAc (3 mL), purged with N2 for 30 min, and added to a preheated heating 

block at 70 °C. The reaction was monitored by GPC-MALS, quenched after 4 h by 

exposing the contents to oxygen, and the polymer was purified by precipitation into cold 

diethyl ether ( 3) and vacuum dried to yield a light yellow powder (1.24 g, 51% 

conversion, Mn,GPC = 17,300 g/mol, Mw/Mn = 1.24). 

3.4.4 Synthesis of PHPMA CCS Polymers  

3.4.4.1 Investigation of the effect of [crosslinker]:[unimer] ratio on star formation 
using EGDMA and a constant unimer MW 

P1 was used as the unimer while varying the [crosslinker]:[unimer] ratio (15:1; 

10:1; and 5:1). The crude GPC chromatograms were deconvoluted using a Gaussian 

function in MagicPlot Pro software, and the star yield was calculated using Equation 3-

1. The arm number, f, was calculated using Equation 3-2 and Equation 3-3. 

Synthesis of CCS with [EGDMA]:[unimer] = 15:1. P1 (100. mg, 0.0160 mmol), 

EGDMA (47.7 mg, 0.241 mmol), and AIBN (0.3 mg, 2  10-3 mmol) were added to a 20 

mL scintillation vial equipped with a septum cap and magnetic stir bar. The reagents 

were dissolved in DMAc (1 mL, [P1] = 100 mg/mL), purged with N2 for 30 min, and 

added to a preheated heating block at 70 °C. The reaction was quenched after 24 h by 

exposing the contents to oxygen and analyzed by GPC-MALS (star yield = 70%, crude 

Mw = 1250 kg/mol, f = 100). 

Synthesis of CCS with [EGDMA]:[unimer] = 10:1. P1 (100. mg, 0.0160 mmol), 

EGDMA (31.7 mg, 0.160 mmol), and AIBN (0.3 mg, 2  10-3 mmol) were added to a 20 

mL scintillation vial equipped with a septum cap and magnetic stir bar. The reagents 

were dissolved in DMAc (1 mL, [P1] = 100 mg/mL), purged with N2 for 30 min, and 
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added to a preheated heating block at 70 °C. The reaction was quenched after 24 h by 

exposing the contents to oxygen and analyzed by GPC-MALS (star yield = 60%, crude 

Mw = 256 kg/mol, f = 20). 

Synthesis of CCS with [EGDMA]:[unimer] = 5:1. P1 (100. mg, 0.0160 mmol), 

EGDMA (15.5 mg, 0.0783 mmol), and AIBN (0.3 mg, 2  10-3 mmol) were added to a 20 

mL scintillation vial equipped with a septum cap and magnetic stir bar. The reagents 

were dissolved in DMAc (1 mL, [P1] = 100 mg/mL), purged with N2 for 30 min, and 

added to a preheated heating block at 70 °C. The reaction was quenched after 24 h by 

exposing the contents to oxygen and analyzed by GPC-MALS (star yield = 30%, crude 

Mw = 73.3 kg/mol, f = 10).  

3.4.4.2 Investigation of the effect of unimer Mn on CCS formation  

The Mn of the PHPMA macroCTA was altered using P1, P2, or P3 while holding 

the [crosslinker]:[unimer] ratio constant at 10:1.  

Synthesis of CCS with P1. The star formed using P1 and a 

[crosslinker]:[unimer] ratio of 10:1 was described above, and that sample was used here 

in the comparison of varying unimer Mn. 

Synthesis of CCS with P2 (CCS1). P2 (100. mg, 0.0106 mmol), EGDMA (21.2 

mg, 0.106 mmol), and AIBN (0.2 mg, 1  10-3 mmol) were added to a 20 mL scintillation 

vial equipped with a septum cap and magnetic stir bar. The reagents were dissolved in 

DMAc (1 mL, [P2] = 100 mg/mL), purged with N2 for 30 min, and added to a preheated 

heating block at 70 °C. The reaction was quenched after 24 h by exposing the contents 

to oxygen and analyzed by GPC-MALS (star yield = 50%, crude Mw = 211 kg/mol, f = 

10). 
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Synthesis of CCS with P3. P3 (100. mg, 5.78  10-3 mmol), EGDMA (11.8 mg, 

5.95  10-2 mmol), and AIBN (0.1 mg, 6  10-4 mmol) were added to a 20 mL scintillation 

vial equipped with a septum cap and magnetic stir bar. The reagents were dissolved in 

DMAc (1 mL, [P3] = 100 mg/mL), purged with N2 for 30 min, and added to a preheated 

heating block at 70 °C. The reaction was quenched after 24 h by exposing the contents 

to oxygen and analyzed by GPC (star yield = 10%, crude Mw = 287 kg/mol, f = 10). 

3.4.4.3 Synthesis of PHPMA CCS using heterogeneous polymerizations 

Synthesis of CCS2. P2 (100. mg, 0.0106 mmol), EGDMA (20.5 mg, 0.106 

mmol), and ACVA (0.3 mg, 1  10-3 mmol) were added to a 20 mL scintillation vial 

equipped with a septum cap and magnetic stir bar. The reagents were dissolved in 

EtOH/water (1/1 v/v) (1 mL, [P2] = 100 mg/mL), purged with N2 for 30 min, and added to 

a preheated heating block at 70 °C. The reaction was quenched after 4 h by exposing 

the contents to oxygen and analyzed by GPC-MALS (star yield = 70%, crude Mw = 553 

kg/mol, f = 40). 

Synthesis of CCS3. P2 (100. mg, 0.0106 mmol), EGDMA (20.4 mg, 0.103 

mmol), and ACVA (0.3 mg, 1  10-3 mmol) were added to a 20 mL scintillation vial 

equipped with a septum cap and magnetic stir bar. The reagents were dissolved in 

water (1 mL, [P2] = 100 mg/mL), purged with N2 for 30 min, and added to a preheated 

heating block at 70 °C. The reaction was quenched after 4 h by exposing the contents 

to oxygen and analyzed by GPC (star yield = 70%, crude Mw = 1280 kg/mol, f = 100).  

Synthesis of CCS4. P2 (100. mg, 0.0106 mmol), EGDMA (20.8 mg, 0.105 

mmol), HPMA-MTX (61.4 mg, 0.106 mmol), and ACVA (0.3 mg, 1  10-3 mmol) were 

added to a 20 mL scintillation vial equipped with a septum cap and magnetic stir bar. 
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The reagents were dissolved in EtOH/water (1/1 v/v) (1 mL, [P2] = 100 mg/mL), purged 

with N2 for 30 min, and added to a preheated heating block at 70 °C. The reaction was 

quenched after 3 h by exposing the contents to oxygen and analyzed by GPC (55% 

conversion HPMA-MTX, star yield = 60%, Mw = 151 kg/mol, f = 10). 

Synthesis of CCS5. P2 (25.4 mg, 0.00268 mmol), DSDMA (8.1 mg, 0.028 

mmol), HPMA-MTX (15.3 mg, 0.0264 mmol), and ACVA (0.074 mg, 2.6  10-4 mmol) 

were added to a NMR tube equipped with a septum cap and magnetic stir bar. The 

reagents were dissolved in EtOH/water (1/1 v/v) (250 μL, [P2] = 100 mg/mL), purged 

with N2 for 15 min, and added to a preheated oil bath at 70 °C. The reaction was 

quenched after 8 h by exposing the contents to oxygen, and the products were 

analyzed by GPC (star yield = 70%, Mw = 728 kg/mol, f = 30).  

3.4.4.4 Purification of CCS polymers 

Fractional precipitation. CCS1 was purified using fractional precipitation to 

remove unimers and low molecular weight star polymers. The crude reaction mixture 

(0.5 mL) was transferred to a 1.5 mL microcentrifuge tube. Cold diethyl ether was added 

drop-wise with intermittent mixing until a turbid solution persisted. The tube was then 

centrifuged 5 min at 4,000 rpm to collect precipitated stars. The ether was removed, and 

the pellet was dissolved in DMAc (0.5 mL). The fractional precipitation was repeated 

twice more, and the purification was confirmed by GPC-MALS. 

Ultrafiltration. The PHPMA CCS polymers synthesized in aqueous media were 

purified via ultrafiltration using centrifugal filter units with a 50 kDa MWCO membrane. 

The crude reaction was washed with water (5  0.5 mL), and the purified stars were 
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dried by lyophilization to yield a faint yellow powder for CCS2 and CCS3, and a bright 

yellow-orange powder for CCS4. 

3.4.5 In vitro drug release experiments 

Drug cleavage from monomer. HPMA-MTX (1.3 mg, 2.7  10-3 mmol) was 

dissolved in DMSO (140 μL) to make a stock solution. To a microcentrifuge tube 

containing PBS (520 μL) was added the HPMA-MTX stock solution (60 μL) and PLE (40 

μL, 150 U). A control experiment was used in which the HPMA-MTX stock solution (60 

μL) was added to PBS (540 μL) in the absence of PLE. The reactions were left at room 

temperature, and aliquots (50 μL) were removed at predetermined time intervals, diluted 

with 3:1 aq. TFA (0.1%):CH3CN (100 μL), and monitored by HPLC. Released MTX was 

determined by integrating the area of the peak at Rt = 2.1 min and using a standard 

curve of MTX to determine the concentration. 

 Drug cleavage from CCS4. CCS4 (1.3 mg) was added to a microcentrifuge 

tube and dissolved in PBS (500 μL), and PLE (5 μL, 20 U) was added. A control 

experiment was used in which CCS4 (1.3 mg) was added to a microcentrifuge tube and 

dissolved in PBS (500 μL) in the absence of PLE. The reactions were left at room 

temperature, and aliquots (10 μL) were removed at predetermined time intervals, diluted 

with 3:1 aq. TFA (0.1%):CH3CN (90 μL), and monitored by HPLC. After 24 h with no 

drug release, PLE (30 μL, 120 U) was added to the reaction again, and left at room 

temperature for 24 h. However, no drug release was observed after 24 h. 

Drug cleavage from CCS5. CCS5 (5.4 mg) was added to a 4 mL vial and 

dissolved in DMF (0.5 mL), and the solution was purged with N2 for 10 min. Tri-n-

butylphosphine (0.1 mL, 0.4 mmol) was then added, and the reaction was left to stir at 
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room temperature overnight. The reaction was dialyzed against water using a 3,500 Da 

MWCO membrane, and the polymer was isolated by lyophilization. The recovered 

material (1.2 mg) was dissolved in PBS (360 μL), and PLE (40 μL, 150 U/mg) was 

added. The reaction was left at room temperature and monitored by HPLC by removing 

40 μL of the reaction and diluting with 40 μL HPLC eluent (3:1 aq. TFA (0.1%):CH3CN). 

No apparent drug release was observed after 24 h. 

 

Figure 3-13. Calibration curve of MTX using the area under the curve at Rt = 2.1 min in 
the HPLC chromatogram. 
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CHAPTER 4 
ROLE OF POLYMER ARCHITECTURE ON THE ACTIVITY OF POLYMER-PROTEIN 

CONJUGATES FOR THE TREATMENT OF ACCELERATED BONE LOSS 
DISORDERS 

4.1 Introduction 

The conjugation of synthetic polymers to proteins has provided a viable route to 

alter the solubility, activity, and blood circulation times of proteins.77,78,83,90,112,174-176 In 

particular, attaching poly(ethylene glycol) (PEG) to a protein (i.e., “PEGylation”) has 

proven effective to improve the efficacy of a number of clinically approved therapeutic 

proteins.72,107,114,177,178 This increase in therapeutic effectiveness is most often attributed 

to an increased hydrodynamic diameter of the protein after bioconjugation, thereby 

decreasing renal filtration and prolonging blood circulation time.107  

Recent advances in reversible-deactivation radical polymerization (RDRP) 

methods have provided a useful toolbox to control the molecular weights, molecular 

weight distributions, and architectures of polymers used in bioconjugations. Atom 

transfer radical polymerization (ATRP),90,94 nitroxide-mediated polymerization 

(NMP),89,179,180 and reversible addition-fragmentation chain transfer (RAFT) 

polymerization78,79,99,100,103,104,119 have all been successfully utilized to immobilize well-

defined polymers to a variety of proteins.  

Traditionally, polymer-protein bioconjugates are prepared by a “grafting-to” 

method, which uses a reactive end group on the polymer to react with a specific 

functional group on the protein, most often primary amines or thiols found in lysine or 

cysteine residues, respectively.75,78,180-182 This method provides the ability to completely 

                                            
 *Reprinted with permission from Biomacromolecules 2015, 16, 2374-2381. Copyright 2015 American 
Chemical Society. 
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characterize preformed polymers prior to reaction with a protein. The well-defined 

polymers derived from RDRP techniques have allowed end group control, either by 

postpolymerization modifications or through the use of a functionalized initiator, leading 

to well-defined bioconjugates with control over the site-specificity and multiplicity of the 

polymers.75,78,117,181-184 The versatility of RDRP techniques has also been further 

demonstrated in a rapidly growing area of bioconjugations using a “grafting-from” 

strategy, which uses a protein as a macro-initiator or macro-chain transfer agent to grow 

polymers directly from the protein.83,84,90,94,182,185 The grafting-from method provides 

some advantages compared to the grafting-to method, such as purification (e.g., 

separation of unreacted monomers versus separation of unreacted polymers) and 

control over the number of polymers per protein.  

There have been a number of studies that use polymer-peptide bioconjugates to 

treat degenerative bone diseases and elicit bone growth.186-188 In the present research, 

we investigated the effect of conjugating a variety of polymer architectures to 

osteoprotegerin (OPG), a therapeutically viable protein used in the treatment of 

osteoporosis and other degenerative bone diseases caused by increased osteoclastic 

bone resorption.189-192 OPG is a naturally occurring soluble decoy receptor involved in 

the regulation of bone resorption by binding to the receptor activator of nuclear factor 

kappa B (RANK) ligand (L), preventing RANKL from binding to its target receptor, 

RANK, on the surface of premature osteoclasts.193-196 By inhibiting the RANK/RANKL 

interaction, OPG prevents osteoclast differentiation and activation, which reduces bone 

resorption.197-202 Treatment of degenerative bone disorders with OPG has been 

promising, and a recent study indicates that OPG may also be useful in the treatment of 
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muscular dystrophy.203 However, OPG has a very short in vivo half-life, and multiple 

doses are required to achieve a therapeutic benefit. Previous studies have shown that 

conjugating OPG with PEG can improve the blood circulation time of OPG (e.g., the 

pharmacokinetics), but binding with RANKL (e.g., the pharmacodynamics) was 

reduced.204,205 Further studies suggested that changing the architecture of the polymer 

from linear to branched could provide the increased pharmacokinetics without complete 

elimination of the pharmacodynamics of the protein.206 

We sought to further investigate the effect of polymer branching density on the 

activity of a series of OPG-polymer bioconjugates. Three polymers of varying branching 

density were synthesized, including linear PEG, loosely branched PEG, and densely 

branched PEG, while holding the molecular weight of each architecture relatively 

constant. Each of the unique architectures was then conjugated to OPG via a grafting-to 

approach using the activated ester, N-hydroxysuccinimide (NHS), in the polymer end 

group. Control over the multiplicity of polymers per protein was elicited by adjusting the 

pH of the solution to preferentially target the N-terminus of the protein.78 Using a 

grafting-to method allowed complete polymer characterization and end group 

modifications prior to coupling with a valuable therapeutic protein. The OPG-PEG 

bioconjugates were analyzed by sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) to ensure successful conjugation, and the retention of 

protein activity was demonstrated using an in vitro osteoclast inhibition assay, which 

showed that each bioconjugate retained high activity against osteoclast formation. 

Finally, preliminary in vivo studies using peripheral quantitative computed tomography 
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indicated improved bone mineral density of the loosely branched bioconjugate relative 

to other OPG-polymer architectures.  

4.2 Results and Discussion 

4.2.1 Polymer Synthesis 

Linear PEG, P1, was synthesized by modifying the end group of commercially 

available monomethoxy poly(ethylene glycol) (mPEG, Mn = 5,000 g/mol) to contain an 

NHS activated ester (Scheme 1), rendering the linear polymer reactive toward amine 

residues in the protein.  

 

Scheme 4-1. Ring opening of succinic anhydride with mPEG and formation of an NHS 
ester to give P1. 

The densely branched PEG architecture, P2 (PolyPEGMA11), was synthesized 

using reversible addition-fragmentation chain transfer (RAFT) polymerization of 

poly(ethylene glycol) methyl ether methacrylate (PEGMA) (Scheme 4-2, Figure 4-1). 

Because we aimed to study the effect of varying branching density on conjugate activity, 

the MW of the polymers was held constant, targeting an Mn of 5,000 g/mol. Reports 

have suggested in vivo cytotoxicity of dithiobenzoate end groups;207 therefore, the 

RAFT group was removed by aminolysis. The resultant thiol, a useful handle for further 

functionalization,208 was exploited using Michael addition to incorporate fluorescein as a 

convenient marker for in vitro and in vivo monitoring. The end group removal and 

fluorescein conjugations were confirmed by UV-vis spectroscopy (Figure 4-2), and the 

carboxylic acid α-end group was then converted to an NHS ester for bioconjugations.  
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Scheme 4-2. (a) RAFT polymerization of PEGMA to afford a densely branched polymer, 
polyPEGMA11, followed by aminolysis to remove the RAFT group. (b) Michael 
addition using acryloyl(fluorescein). (c) Formation of NHS activated ester to 
give P2. 

 

Figure 4-1. GPC chromatogram of P2. 
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Figure 4-2. UV-vis spectra of P2 before RAFT group removal, P2-SH after RAFT group 
removal, and P2-fluorescein after Michael addition with acryloyl(fluorescein). 

The loosely branched PEG architecture, P3 (Poly(HPMA9-co-PEGMA6), was 

prepared by copolymerizing PEGMA with N-(2-hydroxypropyl)methacrylamide (HPMA) 

via RAFT polymerization (Scheme 4-3, Figure 4-3). We first studied the 

copolymerization kinetics of PEGMA and HPMA by determining the monomer reactivity 

ratios. The Finemann-Ross method was used to calculate r1 (monomer reactivity ratio 

for PEGMA) = 0.98 and r2 (monomer reactivity ratio for HPMA) = 0.52 (Appendix 1). 

These values indicate the copolymerization of the monomers is not random, with 

PEGMA being preferentially consumed during the reaction. Therefore, we altered the 

monomer feed ratio to target approximately 50% of the number of PEGMA repeat units 

as that of the densely branched polymer described above. While the polymer likely 

contains a gradient microstructure rather than a random copolymer, we believe that the 

polymer contains the lower branching density needed to study the effect of branching 

density on protein activity. The RAFT group was removed by aminolysis, fluorescein 

was conjugated through Michael addition (Figure 4-4), and the carboxylic acid end 

group was converted to an NHS ester.  
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Scheme 4-3. (a) RAFT copolymerization of PEGMA and HPMA. (b) RAFT group 
removal and Michael addition with acryloyl(fluorescein). (c) Formation of NHS 
ester to afford P3. 

 

Figure 4-3. GPC chromatogram of P3 after trithiocarbonate removal. 
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Figure 4-4. UV-vis spectra of P3 before RAFT group removal, P3-SH after RAFT group 
removal, and P3-fluorescein after Michael addition with acryloyl(fluorescein). 

4.2.2 Protein Conjugations 

OPG was modified with each of the polymer architectures using a grafting-to 

approach, in which the pH value of the reaction was controlled to increase the 

probability of selectively deprotonating the amine-terminus of the protein, while the 

primary amines of lysine residues were expected to be protonated and therefore 

rendered less nucleophilic (Scheme 4-4).209,210 Since coupling reactions of 

macromolecular reagents can be less efficient than those of small molecules; five molar 

equivalents of polymer were used for each bioconjugation. A control experiment was 

also performed, in which pure OPG in the absence of polymer was subjected to the 

same reaction and purification conditions employed during the bioconjugation reaction 

and work up. The purified OPG-PEG conjugates (OPG1, OPG2, and OPG3 for the 

linear PEG, densely branched PEG, and loosely branched PEG architectures, 

respectively) were analyzed by SDS-PAGE, which demonstrated successful polymer 

conjugation to OPG in addition to some remaining unmodified protein (Figure 4-5).  
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Scheme 4-4. OPG bioconjugation reactions for OPG1 from P1, OPG2 from P2, and 
OPG3 from P3. Structure from the PDB (3URF). 

 

Figure 4-5. SDS-PAGE analysis of OPG bioconjugates. Lane: (1) molecular weight 
marker, (2) unmodified OPG, (3) OPG1, (4) OPG3, and (5) OPG2. 

4.2.3 In Vitro Osteoclast Inhibition Assay 

The in vitro activity of each bioconjugate was measured using an osteoclast 

inhibition assay with 1,25-dihydroxyvitamin D3-stimulated mouse marrow cells and 

bioconjugate concentrations of 2, 20, and 200 ng/mL administered on days 1 and 4. 

Cells were fixed at day 6 and stained for tartrate-resistance phosphatase (TRAcP), a 

marker for osteoclast activity.211 Cells were divided into mononuclear, multinuclear (2-10 

nuclei), and giant (>10 nuclei), with each cell population representing increasingly 
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mature osteoclast cells. The osteoclast levels were counted, and the results indicated 

that while 2 ng/mL was too dilute to inhibit osteoclast growth for the unmodified OPG or 

OPG1 and OPG2, the osteoclast count was reduced for OPG3. Furthermore, a 

concentration of 20 ng/mL resulted in decreased osteoclast counts for all samples 

receiving OPG relative to the control (no OPG). At a concentration of 200 ng/mL, 

osteoclasts were completely inhibited for all of the conjugates (Figure 4-6). Importantly, 

each bioconjugate of OPG retained anti-osteoclast activity at concentrations of 20 and 

200 ng/mL. To provide evidence that the decrease in osteoclast activity is due to the 

inhibition of osteoclast maturation by the OPG-RANKL interaction and not due to 

general cytotoxicity of the bioconjugates, a cell cytotoxicity study was performed using 

cells that serve as a model for macrophages (Figure 4-7). The cells were shown to have 

near-quantitative viability at 2 and 4 days at the concentrations used in the osteoclast 

inhibition assay described above, suggesting that each bioconjugate was nontoxic and 

supporting the observation that the decrease in osteoclast maturation was indeed a 

result of OPG-RANKL binding.  

Conjugation of even a single polymer can greatly reduce the activity of many 

proteins.86,112,212-214 Thus, these results were promising, because the OPG 

bioconjugates retained their ability to prevent osteoclast formation, suggesting they may 

also decrease bone resorption in vivo. Furthermore, the loosely branched bioconjugate, 

OPG3, actually had higher in vitro activity than either OPG1 or OPG2, as indicated in a 

lower osteoclast count (Figure 4-6).  
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Figure 4-6. Osteoclast inhibition assay using 1,25-dihydroxyvitamin D3-stimulated 

mouse marrow cells. The control is the osteoclast count of untreated cells. 
Background shading indicates different OPG samples with doses on days 1 
and 4, each with three concentrations of 2, 20, and 200 ng/mL. Three cell 
types were counted – mononuclear, multinuclear, and giant – indicated by the 
different bar colors blue, orange, and green, respectively.  

 

Figure 4-7. Cell cytotoxicity assay using RAW 264.7 cells shown as the percentage of 
cell survival relative to a control, which was untreated cells. Each 
bioconjugate, indicated by background shading, was administered at 
concentrations of 20 and 200 ng/mL, and live cells were counted at 2 d (blue) 
and fixed with formaldehyde and counted at 4 d (orange). Each sample is the 
average of four replicates.  
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4.2.4 In Vivo Skeletal Effect Study 

We aimed to show that the effects of osteoclast inhibition observed in vitro could 

also be translated to in vivo effectiveness. Since OPG ultimately prevents differentiation 

and activation of osteoclasts, we reasoned that we could monitor the efficacy of our 

bioconjugates in vivo by monitoring the bone mass and bone volume in rats. A facile 

and reliable way to determine bone mass is by determining bone mineral density 

(BMD), a surrogate of bone mass, using peripheral quantitative computed tomography 

(pQCT). We tested the antiresorptive activity of each bioconjugate in vivo by measuring 

trabecular (trab) BMD, trabecular bone mineral content (trab BMC), and trabecular bone 

area (trab BA) at the distal femoral metaphyses of Sprague-Dawley rats at different 

distances from the growth plate. For this purpose, 20 cannulated rats were divided into 

five groups. One group was sacrificed at the beginning of the experiment and received 

no treatment to serve as a baseline control. The other four groups received single bolus 

intravenous injections of unmodified OPG, OPG1, OPG2, or OPG3 and were 

euthanized seven days post-treatment.  Femurs were collected postmortem and BMD 

was analyzed by pQCT at distances of 2, 4, and 6 mm proximal to the distal epiphyseal 

growth plate (Figure 4-8).  

The pQCT analyses showed increased femur trab BMD, trab BMC, and trab BA 

at the distal metaphysis of rats treated with OPG3 compared to rats from the baseline, 

unmodified OPG, OPG1, and OPG2 groups (Figure 4-9, Figure 4-10). While the linear 

and densely branched protein bioconjugates showed no increase in BMD from either 

unmodified OPG or the baseline control, we believe that the loosely branched 

bioconjugate has enhanced antiresorptive activity, consistent with the in vitro data  



 

90 

 

Figure 4-8. Bone mineral density (BMD) of OPG bioconjugates at distances of 2 (blue), 
4 (orange), and 6 (green) mm from the growth plate in the distal femur of 7 
days post-treated rats.  

 

Figure 4-9. (a) Bone mineral density, (b) bone mineral content, and (c) bone mineral 

area of OPG bioconjugates as the average from 2−6 mm from the growth 

plate. Statistical analysis was accomplished with one-way analysis of 
variance (ANOVA) followed by post-ANOVA: multiple comparison Tukey Test 
or nonparametric Kruskal−Wallis test; a = different from baseline, b = different 
from unmodified OPG, and c = different from OPG1.  
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described above. Furthermore, since even unmodified OPG had no significant bone 

effect as compared to the control, it is possible that higher concentrations or multiple 

doses of the bioconjugate would further enhance the bone growth profile. When 

combined with the nontoxic characteristics shown in the in vitro studies, these in vivo 

results indicate promise for these materials as an effective therapy in bone degenerative 

disorders. Further pharmacokinetic studies are necessary to show the enhanced blood 

circulation half-life of the bioconjugates, but the increase in BMD is an exciting 

preliminary result that gives hope to the translation from in vitro to in vivo efficacy.  

 

Figure 4-10. pQCT images of unmodified OPG and OPG3 in 7 days post-treated rats at 
a distance of 4 mm from the growth plate. Increasing BMD is shown with 
more red to yellow shading.  

4.3 Summary 

In summary, three polymers with linear, loosely branched, and densely branched 

architectures were conjugated to OPG using a grafting-to strategy. Control over the 

polymer branching density was elicited using RAFT copolymerization of a PEGMA 
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macromonomer with HPMA, a water-soluble monomer that leads to vinyl polymers with 

good biocompatibility.158 End group control allowed further functionalization to render 

the polymers reactive toward primary amines on proteins. Importantly, each 

bioconjugate was shown to be nontoxic and retained high activity toward the inhibition 

of osteoclasts. Preliminary in vivo studies further supported the nontoxic character of 

the OPG bioconjugates, and initial results suggested an increase in the bone mineral 

density of the loosely branched OPG bioconjugate. A more robust pharmacokinetics 

study is needed to unequivocally show the therapeutic benefit of OPG-polymer 

bioconjugates, but this report demonstrates the feasibility of using such a system to 

treat bone degenerative diseases. 

4.4 Experimental 

4.4.1 Materials  

1-Amino-2-propanol (Alfa Aesar, 94%), methacryloyl chloride (Alfa Aesar, 97%), 

succinic anhydride (TCI America, >95%), triethylamine (TEA, Alfa Aesar, 99%), 

hydrazine (Alfa Aesar, 98+%), tris(2-carboxyethyl)phosphineHCl (TCEP, Alfa Aesar, 

98%), methoxypoly(ethylene glycol) (mPEG, Fluka, Mn = 5,000 g/mol), 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimideHCl (EDCHCl, Sigma Aldrich, 98%), N-

hydroxysuccinimide (NHS, Sigma Aldrich, 99%), trioxane (Acros Organics, 99.5%), 

dichloromethane (BDH, 99.5%), diethyl ether (Fisher Chemicals), 1,4-dioxane (Fisher 

Chemicals, 99%), N,N-dimethylformamide (DMF, EMD, 99.8%), N,N-dimethylacetamide 

(DMAc, Sigma Aldrich, 99%), deuterium oxide (D2O, Cambridge Isotope, 99.9%), and 

chloroform-d (CDCl3, Cambridge Isotope, 99.8%) were used as received. 2,2'-

Azobisisobutronitrile (AIBN, Sigma Aldrich, 98%) was recrystallized from ethanol. 

Poly(ethylene glycol)methyl ether methacrylate (PEGMA, Sigma Aldrich, Mn = 500 
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g/mol) was passed through a column of basic alumina prior to use. 4-(Cyanopentanoic 

acid) dithiobenzoate (CDB) and 4-cyano-4-

[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CDTPA) were synthesized 

according to a previously published procedure.2 

4.4.2 Instrumentation 

1H NMR spectra were recorded on a Varian Innova2 500 MHz or a Varian 

Mercury 300 MHz NMR spectrometer using the residual solvent signal as a reference. 

Molecular weight and molecular weight distributions were determined by gel permeation 

chromatography (GPC) in dimethylacetamide (DMAc) with 50 mM LiCl at 50 °C and a 

flow rate of 1.0 mL/min (Agilent isocratic pump, degasser, and autosampler, columns: (i) 

PLgel 5 μm guard + two ViscoGel I-series G3078 mixed bed columns: molecular weight 

range 0−20  103 and 0−100  104 g/mol; or (ii) PLgel 5 μm guard + two PLgel 5 μm 

Mixed-D columns: molecular weight range 200 - 400,000 g/mol). Detection consisted of 

(i) Wyatt Optilab T-rEX refractive index detector operating at 658 nm and a Wyatt 

miniDAWN Treos light scattering detector operating at 659 nm or (ii) Wyatt OptilabDSP 

interferometric refractometer operating at 690 nm and a Wyatt DAWN EOS light 

scattering detector operating at 685 nm. Absolute molecular weights and molecular 

weight distributions were calculated using the Wyatt ASTRA software. UV-Vis 

measurements were obtained using a Varian Carey 500 Scan UV-Vis-NIR 

spectrophotometer. 

4.4.3 Synthesis 

N-(2-hydroxypropyl)methacrylamide (HPMA). To a three-neck, 2 L round 

bottom flask equipped with a mechanical stirring device, thermometer, and addition 

funnel was added 1-amino-2-propanol (75 mL, 0.96 mol). The reagent was dissolved in 



 

94 

dichloromethane (1 L) and cooled to -5 °C in a salt-ice bath. Methacryloyl chloride (46 

mL, 0.47 mol) was then added dropwise via addition funnel. The reaction was stirred for 

30 min at 0 °C then slowly warmed to room temperature and left to stir overnight. The 

reaction was filtered to remove 1-amino-2-propanol hydrochloride, and the filtrate was 

concentrated to 500 mL and placed in a -20 °C freezer overnight to crystallize the 

product. The resultant HPMA was isolated by filtration and recrystallized from acetone 

at -20 °C (52 g, 76%). 1H NMR (300 MHz, D2O) : 5.72 (1H, s, CH2=C), 5.47 (1H, t, 

CH2=C), 3.96 (1H, m, CH2CH(CH3)OH), 3.30 (2H, m, CH2CH(CH3)OH), 1.95 (3H, s, 

CH2=CCH3), 1.18 (3H, d, CH2CH(CH3)OH).  

mPEG-succinic acid (mPEG-COOH). To a 40 mL scintillation vial with septum 

cap and stir bar were added mPEG (1.93 g, 0.386 mmol), succinic anhydride (201 mg, 

2.01 mmol), and TEA (218 mg, 2.13 mmol). The reagents were dissolved in dry 

dichloromethane (10 mL) and allowed to stir at room temperature. The reaction was 

monitored by 1H NMR spectroscopy to observe the appearance of methylene protons 

adjacent to the forming ester at 4.2 ppm. The reaction was quenched at 4 h, and the 

polymer was purified by precipitation into diethyl ether (3  200 mL) (Figure 4-11).  

 

Figure 4-11. 1H NMR spectrum of mPEG-COOH (CDCl3, 500 MHz). 
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Figure 4-12. 1H NMR spectrum of mPEG-NHS (CDCl3, 500 MHz). 

mPEG-NHS ester (P1). To a 20 mL scintillation vial with septum cap and stir bar 

were added mPEG-COOH (500 mg, 0.1 mmol) and NHS (13 mg, 0.12 mmol). The 

reagents were dissolved in dry dichloromethane (5 mL) and purged with N2. EDCHCl 

(24 mg, 0.13 mmol) was dissolved in dichloromethane (2 mL) and added to the reaction 

with stirring. The reaction was allowed to stir at room temperature overnight, followed by 

precipitation into diethyl ether (500 mL). The polymer was filtered and dried under 

vacuum. The activated ester polymer was used without further purification (Figure 4-12). 

PolyPEGMA11. PEGMA (7.86 g, 15.7 mmol), CDB (223 mg, 0.798 mmol) and 

AIBN (25.6 mg, 0.156 mmol) were added to a 25 mL Schlenk flask with magnetic stir 

bar. Trioxane (142 mg) was added as an internal reference, and the reagents were 

dissolved in 1,4-dioxane (9 mL). The flask was sealed with a rubber septum, and the 

bright red solution was degassed via three freeze-pump-thaw cycles. The mixture was 

placed in an oil bath at 70 °C with stirring, and the reaction was monitored by GPC and 

quenched at 2 h. The polymer was purified by dialysis against water using a 3,500 Da 

MWCO dialysis membrane, and a dark red oil was isolated after lyophilization. The 
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sample was then dissolved in DMF, and hydrazine was used to remove the 

dithiobenzoate end group (Mn,GPC = 6,040 g/mol, Mw/Mn = 1.08).  

Fluorescein conjugation to PolyPEGMA11. PolyPEGMA11 (163 mg, 2.69  10-2 

mmol) was dissolved in DMF (3 mL) in a 20 mL scintillation vial with septum cap and 

purged with N2. TCEP (9.5 mg, 3.3  10-2 mmol) dissolved in DMF/H2O (9/1) was added 

to the reaction, followed by the addition of TEA (4.9 mg, 3.5  10-2 mmol) and 

acryloyl(fluorescein) (0.12 mg, 3.1  10-4 mmol). The reaction was left to stir at room 

temperature for 16 h, and 1-(2-hydroxyethyl)-1H-pyrrole-2,5-dione (4.9 mg, 3.5  10-2 

mmol) was added as a solution in DMF. The reaction was allowed to stir for 2 h and 

then dialyzed against water using a 3,500 Da MWCO dialysis membrane. The product 

was isolated by lyophilization (158 mg). 

NHS activation of PPEGMA-fluorescein (P2). PolyPEGMA11-fluorescein (147 

mg, 2.43  10-2 mmol) and NHS (4.1 mg, 3.6  10-2 mmol) were dissolved in dry 

dichloromethane (2 mL). The reaction was purged with N2, and EDCHCl (5.5 mg, 2.9  

10-2 mmol) was added as a solution in dichloromethane (0.5 mL). The reaction was left 

to stir overnight at room temperature. Dichloromethane was removed in vacuo, and the 

polymer was used without further purification. 

Copolymerizations of PEGMA and HPMA. RAFT copolymerizations were 

performed using CDTPA and AIBN as the CTA and initiator, respectively with [CTA]:[I] = 

5:1. The monomer feed ratios were varied according to Table S1, and the total 

monomer conversions were limited to ≤16%. The monomers, CTA, initiator, and 

trioxane were added to a 20 mL scintillation vial equipped with a magnetic stir bar and 

septum cap, dissolved in DMAc (3 M), purged with N2 for 30 min, and added to a 
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preheated reaction block at 60 °C. The monomer conversions were determined from 1H 

NMR spectroscopy by integrating the vinyl protons from each monomer relative to the 

trioxane standard. The reactivity ratios were calculated graphically using the Finemann-

Ross method, where r1 is given by the slope and r2 is given by the negative intercept of 

a plot of G vs. H (Appendix). 

Poly(HPMA9-co-PEGMA6). HPMA (1.00. g, 6.98 mmol), PEGMA (1.18 g, 2.36 

mmol), CDTPA (92.4 mg, 0.229 mmol), AIBN (8.2 mg, 0.050 mmol), and trioxane (100 

mg) as an internal standard were added to a 20 mL scintillation vial equipped with a 

septum cap and magnetic stir bar. The reagents were dissolved in DMAc (3 mL), 

purged with N2 for 30 min, and added to a preheated heating block at 60 °C. The 

reaction was quenched after 4 h by exposing the contents to oxygen, and the polymer 

was purified by dialysis against water using a 3,500 MWCO membrane and lyophilized 

to yield an amorphous solid (Mn,GPC = 7,020 g/mol, Mw/Mn = 1.07).  

Poly(HPMA9-co-PEGMA6)-fluorescein. Poly(HPMA9-co-PEGMA6) (150 mg, 2.0 

 10-2 mmol) was dissolved in DMF (3 mL) with stirring in a 20 mL scintillation vial with 

septum cap. Hydrazine (0.05 mL, 2 mmol) was added, and the reaction turned colorless 

immediately. After 30 min the mixture was placed in a 3,500 Da MWCO dialysis 

membrane and dialyzed against water followed by lyophilization to isolate the polymer. 

The end-group removed P(HPMA9-co-PEGMA6) (118 mg, 1.68  10-2 mmol) was 

dissolved in DMF (3 mL) in a 20 mL scintillation vial with septum cap and stir bar and 

purged with N2 for 30 min. TCEP (5.6 mg, 2.0  10-2 mmol) was then added as a 

solution in water (0.5 mL), followed by TEA (2.64 mg, 2.61  10-2 mmol). 

Acryloyl(fluorescein) (0.1 mg, 2  10-4 mmol) was added, and the reaction was allowed 
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to stir at room temperature for 20 h. 1-(2-Hydroxyethyl)-1H-pyrrole-2,5-dione (3.2 mg, 

2.3  10-2 mmol) in DMF (0.5 mL) was then added and stirred 2 h, and the mixture was 

dialyzed against water using a 3,500 Da MWCO dialysis membrane. The product was 

isolated by lyophilization to give a yellow solid (100 mg). 

NHS activation of Poly(HPMA9-co-PEGMA6)-fluorescein (P3). Poly(HPMA9-

co-PEGMA6)-fluorescein (89.1 mg, 1.27  10-2 mmol) and NHS (1.8 mg, 1.6  10-2 

mmol) were dissolved in dry dichloromethane (2 mL). The reaction was briefly purged 

with N2, and EDCHCl (3.0 mg, 1.6  10-2 mmol) was added as a solution in 

dichloromethane (0.5 mL). The reaction was left to stir overnight at room temperature. 

Dichloromethane was removed in vacuo, and the polymer was used without further 

purification. 

Conjugation to OPG. Two vials of recombinant human TNFRSF 11B-487 (OPG, 

1 mg protein, Creative Biomart, His-tagged, lot #265155) were warmed to room 

temperature and each was dissolved in phosphate buffer (250 μL, 100 mM, pH 7.5). 

Both solutions were combined and placed in a Millipore Amicon® Ultra-0.5 10,000 Da 

MWCO ultrafiltration unit and centrifuged at 14,000 rpm at room temperature for 10 min 

to remove interfering excipients. The protein solution was diluted with phosphate buffer 

(500 μL, 100 mM, pH 7.5) and centrifuged as before. This process was repeated three 

more times to de-salt the OPG prior to conjugation. The final OPG solution (ca. 90 μL) 

had a concentration of approximately 22 μg/mL and was stored on ice. 

Activated polymers were dissolved in phosphate buffer (100 mM, pH 7.5) at 

concentrations of 2.5 mM immediately prior to conjugation. OPG conjugations were 

carried out in 50 μL total volumes by mixing OPG stock (20 μL, 7.3 nmol), polymer stock 
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(15 μL, 37 nmol) and phosphate buffer (15 μL, 100 mM, pH 7.5). After incubating for 24 

h at room temperature, each reaction mixture was placed in a separate Millipore 

Amicon® Ultra-0.5 10,000 Da MWCO ultrafiltration unit, diluted with phosphate buffer 

(450 μL, 100 mM, pH 7.5) and centrifuged at 14,000 rpm for 10 min at room 

temperature. This washing was repeated three additional times. The final concentrated 

protein samples were stored at 4 ºC prior to biological assays. 

4.4.4 Mouse Marrow Culture  

1,25-dihydroxyvitamin D3 (1,25D3)-stimulated mouse marrow, in which 

osteoblasts and osteoclasts differentiate coordinately over a period of 6 days was 

produced as described previously.215 Femora and tibia from Swiss-Webster mice (8−20 

g) that had been killed by cervical dislocation, were dissected from adherent tissue, and 

marrow was removed by clipping both bone ends, inserting a syringe with a 25 gauge 

needle, and flushing the marrow using αMEM plus 10% fetal bovine serum (αMEM 

D10). The marrow was washed twice with αMEM D10 and then plated at a density of 1 

 106 cells/cm2 on tissue culture plates for 6 days in αMEM D10 plus 10−8 M 1,25D3. 

Cultures were fed on day 4 by replacing half the media per plate and adding fresh 

1,25D3. OPG and OPG conjugates were added on Day 1 and refreshed on Day 4. After 

6 days in culture, osteoclasts were abundant in control cultures. Cells were fixed with 

2% paraformaldehyde in citrate buffer for 20 min, permeabilized by treatment with 1% 

Triton X-100 for 10 min, washed in citrate buffer, and osteoclasts were detected by 

staining for tartrate-resistant acid phosphatase (TRAcP) activity, which is a specific 

marker for mouse osteoclasts, using the Leukocyte Acid Phosphatase (TRAP) kit from 

Sigma (St Louis, MO). Cells expressing TRAcP activity were documented as described 
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previously.215 The University of Florida Institutional Animal Care and Usage Committee 

approved this protocol. 

4.4.5 Cell Cytotoxicity Assay 

 RAW 264.7 cells were grown as described previously.216 Raw 264.7 cells 

(ATCC) were plated at a density of 1.25  104 cells per well in 24 well plates and treated 

with OPG or derivatives of OPG as indicated. Adherent cells from 3 random fields per 

well (250 μm2) were counted and then averaged for each well. Live cells were counted 

on Day 2. On Day 4 the cells were fixed with 2% formaldehyde prior to counting. No 

overt signs of toxicity, excess non-adherent cells or cell debris, were noted on either 

Day 2 or 4. 

4.4.6 Animals and Experimental Groups 

A total of 20 jugular vein-cannulated male Sprague Dawley rats aged 8-10 weeks 

arrived to the Animal Care Services, University of Florida from a commercial vendor 

(Charles River, Ltd). After arrival, rats were housed individually in ventilated cages. The 

housing room was maintained at 68-79 ºF with an average humidity of 30-70% and a 

12:12 h light:dark cycle.  All animal procedures were approved by the Institutional 

Animal Care and Use Committee at the University of Florida (Gainesville, FL). 

After a week of acclimation, rats were randomized into the following five 

experimental groups (n = 4):  

 Group of rats euthanized at the beginning of the experiment and received no 
treatment (Baseline control). 

 Group of rats that received a single bolus intravenous (IV) injection of OPG alone 
(0.4 mg/kg) diluted in phosphate buffer (pH 7.2) (Unmodified OPG).  

 Group of rats that received a single bolus IV injection of the linear PEG-OPG 
bioconjugate (0.4 mg/kg) diluted in phosphate buffer (pH 7.2) (OPG1). 
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 Group of rats that received a single bolus IV injection of the densely branched 
PEG-OPG bioconjugate (0.4 mg/kg) diluted in phosphate buffer (pH 7.2) (OPG2). 

 Group of rats that received a single bolus IV injection of the loosely branched 
PEG-OPG bioconjugate (0.4 mg/kg) diluted in phosphate buffer (pH 7.2) (OPG3). 
Only one of the four assigned rats was injected in this group due to loss of the 
bioconjugate sample during filtration. 

Rats from the baseline group and those rats after completion of the 7 day period 

were euthanized by CO2 inhalation followed by thoracotomy. Left femurs were excised 

and stripped of musculature, placed in 10% buffered formalin for 48 hours, and 

transferred to 70% ethanol. 

4.4.7 Peripheral Quantitative Computed Tomography (pQCT)  

For the pQCT analysis, left femurs from all rats were scanned using a Stratec 

XCT Research M instrument (Norland Medical Systems; Fort Atkinson, WI) with 

software version 5.40.  Scans were performed at distances of 2, 4 and 6 mm proximal to 

the distal femur epiphyseal growth plate.  At this location, corresponding to the primary 

and secondary spongiosa, is where endochondral ossification takes place and bone 

grows in length and undergoes remodeling.  Trabecular (trab) bone mineral content 

(BMC), trab bone mineral density (trab BMD) and trab bone area (trab BA) were 

determined as previously described.217 
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CHAPTER 5 
GRAFTING-FROM PROTEINS USING METAL-FREE PET-RAFT POLYMERIZATIONS 

UNDER MILD VISIBLE-LIGHT IRRADIATION 

5.1 Overview 

The covalent attachment of a polymer to a protein (i.e., polymer-protein 

conjugation) strongly affects the in vivo properties of the protein by improving its 

solubility, stability, and biodistribution.107,110,212,213 Solution properties of polymer-protein 

conjugates are manipulated in vitro by attaching stimuli-responsive polymers to control 

enzymatic activity, protein recyclability and purification, and to form self-assembled, 

catalytically active surfaces.119-121,128,185,218 These materials are most often made 

through a “grafting-to” method, where preformed polymers are attached to a protein. 

This approach is typically limited to polymers with low molecular weights because of the 

difficulty in coupling macromolecular products and purifying the resultant materials. 

However, a “grafting-from” method allows for the direct generation of conjugates 

containing high molecular weight polymers with high grafting densities and facile 

purification methods by directly growing the polymer from the protein surface.83-86  

Reversible-deactivation radical polymerization (RDRP) techniques2,4,7,8,89,179,219 

have afforded convenient pathways for the generation of polymer-protein conjugates by 

the grafting-from approach under mild conditions that preserve the structure, 

functionality, and utility of the protein. The first examples used atom transfer radical 

polymerization (ATRP).90,92,220 Moreover, copper-mediated methods for grafting-from 

proteins have been greatly expanded upon over the last few years due to advances in 

rapid aqueous polymerizations with very low catalyst loadings and moderate 

temperatures to achieve rapid polymerizations with good control over molecular weights 

(MW).94-97  
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Although less utilized than ATRP, we have pioneered grafting-from proteins 

using reversible addition-fragmentation chain transfer (RAFT) polymerization to create 

thermally-responsive poly(N-isopropylacrylamide) (PNIPAM)-protein conjugates, which 

demonstrated temperature-regulated protein activity.101-103 Importantly, these materials 

could be efficiently chain extended with a second monomer, which demonstrated high 

chain-end fidelity of the initial conjugate.102,103 In a similar strategy, Davis, Bulmus, and 

workers used a “transfer-to” method to form polymer-protein conjugates in situ, where 

the Z-group of the chain transfer agent (CTA) was immobilized to the protein and 

monomer propagation occurred on free polymer chains in solution rather than from 

chains that were directly bound to the protein surface.99,100 More recently, Chen and 

coworkers used a photoinitiated RAFT grafting-from method to form thermally-

responsive polymer-protein conjugates.221 

Recently, photomediated transformations have been heavily pursued, and many 

of these techniques have been incorporated into polymer science.222-224 These methods 

typically rely on either i) direct photon absorption by an initiator followed by an 

intramolecular process to produce radicals capable of initiating polymerization, or ii) the 

use of a photocatalyst to generate radicals in a photoredox process.222 Thiocarbonylthio 

compounds (e.g., dithiocarbamates, trithiocarbonates) have been used to mediate 

RDRP under UV irradiation using a photoinitiator-transfer-terminator (photoiniferter) 

process,225 and recent work has demonstrated an ability to use this method to prepare 

ultra-high MW polymers226 and to mediate polymerizations using a compact fluorescent 

bulb with phenothiazine catalysts.227 Additionally, blue light irradiation with either tertiary 

amine catalysts228,229 or in the absence of catalysts230 has been used to generate well-
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defined polymers. Alternatively, Boyer and coworkers have performed extensive 

investigations of photoredox RAFT polymerizations, deemed photoinduced 

electron/energy transfer-RAFT (PET-RAFT) polymerizations. The range of 

photocatalysts examined includes iridium231 and ruthenium232 complexes, porphyrins 

(e.g., chlorophyll a),233,234 and organodyes,235 and these systems haven proven to 

effectively control polymerizations in organic or aqueous solution, often in the presence 

of oxygen.236 These methods have been utilized in a variety of applications, including 

polymerization induced self-assembly (PISA)237,238 and responsive gels;239 however, 

their use in biological settings has been more seldom considered.232 

5.2 Results and Discussion 

Herein, we report a new method for rapidly grafting-from proteins via metal-free 

PET-RAFT polymerization under mild visible-light irradiation using an organo-

photocatalyst to generate well-defined polymer-protein conjugates (Scheme 5-1). The 

resultant conjugates contained polymers with high degrees of livingness, demonstrated 

by efficient chain extensions in a consecutive grafting-from manner. Importantly, we 

show this method is applicable for a variety of monomer classes and functionalities. The 

diversity in the types of monomers that can be polymerized, combined with the mild 

conditions used during polymerization, makes this a promising technique in the field of 

protein engineering with synthetic polymers. 

 

Scheme 5-1. Synthetic pathway to obtain the lysozyme-chain transfer agent and 
subsequent grafting-from polymerization using photoinduced electron/energy 
transfer-reversible addition-fragmentation chain transfer to generate polymer-
protein conjugates  
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In traditional RAFT polymerization, an external initiator is used to generate 

radical species, which leads to unavoidable and rapid termination events between 

propagating chains and low MW initiator-derived radicals, lowering the livingness of the 

resultant polymers. In the case of grafting-from polymerizations, external initiators also 

lead to a small number of initiator-derived chains that are free in solution rather than 

covalently bound to the protein, potentially contaminating the conjugate. Since many 

photomediated RAFT methods rely on initiation solely from photolysis of the C-S bond 

in the CTA, we reasoned we could exploit PET-RAFT to eliminate the presence of 

unbound polymers in solution, while simultaneously improving the end-group fidelity of 

the protein-immobilized chains. Additionally, proteins often have low solubility in 

aqueous solutions due to their high MW and the presence of hydrophobic amino acid 

residues, which makes it difficult to dissolve proteins at concentrations useful for most 

radical polymerizations. Because of these unavoidably low concentrations, 

polymerization conditions must be robust enough to allow significant monomer 

conversions in very dilute solutions to achieve high MW conjugates. Previous studies of 

grafting-from with RAFT have circumvented this challenge by increasing the initiator 

concentrations or using large monomer to CTA feed ratios to give high MW polymers at 

low conversions.  

We chose to exploit the rapid rates of polymerization of many photomediated 

RAFT methods to achieve rapid grafting-from at high monomer dilutions. Our initial 

screening reactions relied on the photochemical properties of trithiocarbonates serving 

as photoiniferters to mediate polymerization under mild visible light.230 However, we 

only observed high monomer conversions when using elevated monomer  
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Table 5-1. PET-RAFT polymerizations of DMA. 
Entrya DMA 

(equiv.) 
EY 

(mol%) 
PMDETA 
(equiv.) 

Conv. 
(%)b 

Mn,theory 
(kg/mol)c 

Mn,GPC-MALS 

(kg/mol)d 
Mw/Mn

d
 

1 500  10 1 95 46.2 75.3 1.19 
2 500    5 1 98 48.9 75.8 1.09 
3 500    2 1 93 47.9 73.8 1.01 
4 500    1 1 79 37.2 45.8 1.01 
5 500 0.1 1   5 - - - 
6 100    1 1 92     9.32 11.8 1.01 
7 100    1 0 29     3.11     4.93 1.02 
aReagents were calculated relative to the CTA; [DMA] = 0.6 M. bMonomer conversions were calculated 
using gas chromatography by integrating DMA (Rt = 5.9 min) relative to DMF (Rt = 4.5 min). cMn,theory 

(theoretical molecular weight) = ([DMA]/[CTA]  conv.  MWDMA) + MWCTA. dMn,GPC-MALS (Number-average 
MW determined by gel permeation chromatography (GPC) equipped with multi-angle light scattering 
detection (MALS)) and Mw/Mn were determined using GPC-MALS with 0.05 M LiCl in N,N-

dimethylacetamide as the eluent. The refractive index increment (dn/dc) for PDMA was determined to be 
0.0699 mL/g using offline experiments and Astra software (Wyatt). 

 

concentrations (5 M) and a more energetic UV source (max = 365 nm, 7.0 mW/cm2). 

PET-RAFT conditions using organo-photocatalysts, including eosin Y (EY),240 have 

been recently shown to mediate the polymerization of methacrylates in 

dimethylsulfoxide.235 Using a low MW trithiocarbonate CTA, we applied aqueous PET-

RAFT using EY to polymerize N,N-dimethylacrylamide (DMA), which led to very fast 

polymerization rates and polymers with narrow molecular weight distributions (MWD). 

Furthermore, we showed that varying the catalyst concentration, monomer feed ratio, 

and addition of a tertiary amine (N,N,N′,N′′,N′′-pentamethyldiethylenetriamine, PMDETA) 

could provide polymers with good agreement between theoretical and experimental 

MWs, even under very high monomer dilutions (0.1 M) (Table 5-1, Figure 5-1).  
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Figure 5-1. Pseudo-first order kinetics plots of DMA polymerizations: (a) with and 
without 1 equiv. of N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDETA). 
Conditions: [DMA] = 0.6 M; DMA:CTA:EY:PMDETA = 100:1:0.01:X with X = 1 
(blue circles) or X = 0 (orange squares); (b) with varied feed ratios of DMA 
relative to the CTA. Conditions: [DMA] = 0.6 M; DMA:CTA:EY:PMDETA = 
X:1:0.01:1 with X = 100 (blue circles) or X = 500 (orange squares); and (c) 
with varied DMA concentrations. Conditions: DMA:CTA:EY:PMDETA = 
100:1:0.01:1 with [DMA] = 0.6 M (blue circles) or 0.1 M (orange squares). (d) 
Number-average molecular weight (Mn) versus monomer conversion of DMA 
polymerizations. Conditions: [DMA] = 0.6 M; DMA:CTA:EY:PMDETA = 
X:1:0.01:1 with X = 100 (blue) or X = 500 (orange). The theoretical molecular 
weights (Mn,theory) were calculated using the following equation: Mn,theory = 

([DMA]/[CTA]  conv.  MWDMA) + MWCTA. Mn,GPC-MALS (Number-average MW 
determined by gel permeation chromatography (GPC) with multi-angle light 
scattering detection (MALS)) were determined using GPC-MALS with 0.05 M 
LiCl in N,N-dimethylacetamide as the eluent.   
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These conditions were also applied to polymerize other acrylamides, including 

the acid-functional 2-acrylamido-2-methyl-1-propane sulfonic acid (AMPS) and neutral 

N-isopropylacrylamide (NIPAM), both of which displayed similar polymerization rates as 

DMA (Table 5-2, entries 2-3). Although more sluggish, acrylates (e.g., poly(ethylene 

glycol) acrylate (PEGA) and 2-hydroxyethyl acrylate (HEA)) and a water-soluble styrenic 

(sodium styrene sulfonate (NaSS)) could also be polymerized in a controlled fashion 

using PET-RAFT with EY (Table 5-2, entries 4-6, Scheme 5-2, Figure 5-2). 

 

Scheme 5-2. PET-RAFT polymerizations of various monomers in aqueous solution 
under blue light irradiation. 

Table 5-2. PET-RAFT polymerizations using low MW CTA 
Entrya Monomer Conv. (%)b Mn,theory 

(kg/mol)c 
Mn,GPC-MALS 
(kg/mol)d 

Mw/Mn
d 

1 DMA 92     9.32 11.8 1.01 
2 AMPS 89 18.6 15.8 1.08 
3 NIPAM 85     9.36 12.5 1.01 
4 PEGA 53 26.7 33.4 1.20 
5 HEA 69     7.78     9.09 1.02 
6 NaSS 95 17.7 21.0 1.74 
aConditions: [M]:[CTA]:[EY]:[PMDETA] = 100:1:0.01:1; [M] = 0.1 M. bMonomer conversions were 
calculated using either gas chromatography or 1H NMR spectroscopy. cMn,theory (theoretical molecular 

weight) = ([M]/[CTA]  conv.  MWM) + MWCTA. dMn,GPC-MALS (Number-average MW determined by gel 
permeation chromatography (GPC) with multi-angle light scattering detection (MALS)) and Mw/Mn were 
determined using GPC-MALS with either 0.05 M LiCl in N,N-dimethylacetamide or 0.05 M aqueous 
Na2SO4/acetonitrile (80:20) as the eluent. The refractive index increment (dn/dc) of each polymer used 
for absolute MW calculations was determined using 100% mass recovery methods using Astra 
software (Wyatt).  
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Figure 5-2. Pseudo-first order kinetics plot of PET-RAFT polymerizations with various 
monomers. Conditions: M:CTA:EY:PMDETA = 100:1:0.01:1; [M] = 0.1 M. 
Monomers studied were N,N-dimethylacrylamide (DMA), 2-acrylamido-2-
methyl-1-propane sulfonic acid (AMPS), N-isopropylacrylamide (NIPAM), 
poly(ethylene glycol) acrylate (PEGA), 2-hydroxyethyl acrylate (HEA), and 
sodium styrene sulfonate (NaSS). 

For grafting-from reactions, we first synthesized a protein-CTA by the 

modification of lysozyme (LYS) with a novel CTA bearing an N-hydroxysuccinimidyl 

ester separated from the trithiocarbonate moiety by a diethylene glycol unit (Scheme 5-

3). The purified LYS-CTA was subjected to intact liquid chromatography-mass 

spectrometry (LC-MS), which revealed a weighted-average of 3.14 CTA moieties per 

LYS (Table 5-3, Figure 5-3, Figure 5-4). Trypsin digestion of the LYS-CTA followed by 

LC-MS/MS showed the CTA predominately modified lysine residues 33 and 97. 

Although not explicitly detected in this experiment due to an abundance lower than the 

threshold value for peak selection, we expect the N-terminus to be the next most likely 

site of attachment based on our reaction conditions and literature precedent.77,106,241,242 

An efficient grafting-from polymerization with LYS-CTA was achieved using 2 

mol% EY and 500 equiv. DMA relative to the CTA to reach 96% monomer conversion 

with linear pseudo-first order kinetics in only 1 h of irradiation with blue LEDs (Figure 5- 
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Table 5-3. Area under the peak of deconvoluted capillary-liquid chromatography-mass 
spectrometry chromatogram to determine the relative percentages of chain 
transfer agent (CTA) moieties per lysozyme. 

Number of CTA Moieties Area Under the Peak Percentage (%) 

0     97927      1.3 
1     22077      0.3 
2 1705100    23.0 
3 2633976    35.5 
4 2960543    39.9 

 

 

Figure 5-3. Deconvoluted chromatogram from capillary-liquid chromatography-mass 
spectrometry experiment of intact lysozyme-chain transfer agent. The number 
of chain transfer agent moieties on each lysozyme are indicated by a number 
over the peak at a given retention time. 

 
Figure 5-4. Capillary-liquid chromatography-mass spectrometry spectrum of intact 

lysozyme-chain transfer agent showing the addition of 3 chain transfer agent 
moieties. Retention time = 19.4 min. Calculated [M + 10+] 1549.6. 

  



 

111 

 

Figure 5-5. Polymerization of DMA by grafting-from CTA-modified lysozyme in the 
presence of 2 mol% eosin Y relative to the CTA. Conditions: DMA:CTA:EY = 
500:1:0.02; [DMA] = 0.6 M. (a) Pseudo-first order kinetics plot, (b) Number-
average molecular weight (Mn) versus monomer conversion for the intact 
conjugate; Mn,theory (theoretical molecular weight) was calculated using an 
average of 3 CTA moieties per protein and the following equation: Mn,theory = 
([DMA]/[CTA] × conv. × MWDMA × 3) + MWLYS, where MWLYS = 14.3 kg/mol. 
Mn,GPC-MALS (Number-average MW determined by gel permeation 
chromatography (GPC) with multi-angle light scattering detection (MALS)) 
were determined using GPC-MALS with 0.05 M LiCl in N,N-
dimethylacetamide as the eluent, (c) GPC analyses of the intact conjugate at 
increasing reaction time points (GPC-MALS was conducted in 0.05 M LiCl in 
N,N-dimethylacetamide as the eluent and the normalized refractive index (RI) 
signals were plotted versus elution time), and (d) sodium dodecyl sulfate-
polyacrylamide gel electrophoresis results for lysozyme (LYS) and conjugates 
at increasing reaction time points during the polymerization. 
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5). The MWs of the intact conjugate increased linearly with conversion and agreed well 

with theoretical values, and sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) indicated the polymer was covalently bound to the protein with a very low 

amount of unmodified protein present in solution (Figure 5-5). Reaction optimization 

using a lower DMA:CTA feed ratio (100:1), 1 mol% EY, and the addition of 1 equiv. 

PMDETA relative to the CTA led to improved MW control with linear pseudo-first order 

kinetics. SDS-PAGE effectively resolved the conjugates, which revealed each protein 

“population” grew with increased reaction time (Figure 5-6). While the GPC 

chromatogram of the intact conjugate was bimodal, which we ascribe to the distribution 

of CTA moieties attached to the protein, the GPC chromatogram of the polymer after 

cleavage from the protein indicated a monomodal and symmetrical peak, suggesting 

that each polymer was well-defined (Figure 5-6c). Importantly, polymerization of DMA in 

a mixture of unmodified LYS and low MW CTA proceeded at a similar rate and resulted 

in no conjugates based on SDS-PAGE, which indicated the absence of non-specific 

chain transfer events to protein during polymerization and suggested that each polymer 

was immobilized via the CTA moiety on lysine residues during the grafting-from 

polymerization as described above (Figure 5-7). Additionally, by cycling the light source 

on and off during the polymerization, monomer conversion and MW growth were 

observed only in the presence of light (Figure 5-8). 

Many reports of RAFT grafting-from proteins via RAFT utilize acrylamide 

monomers, possibly due to their high propagation rate constant (kp) in water, which 

allows high monomer conversion using thermal initiators at low temperatures. To 

demonstrate the feasibility of grafting-from using PET-RAFT for other monomer classes,  
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Figure 5-6. Polymerization of DMA by grafting from CTA-modified lysozyme in the 
presence of 1 mol% eosin Y and 1 equiv. of N,N,N′,N′′,N′′-
pentamethyldiethylenetriamine relative to the CTA. (a) Pseudo-first order 
kinetics plot, (b) SDS-PAGE results of unmodified lysozyme (LYS) and the 
conjugates at increasing reaction time points, and (c) GPC analyses of the 
intact conjugate and the polymers after cleavage from the protein in pH 12 
buffer (GPC-MALS was conducted in 0.05 M aqueous Na2SO4/acetonitrile 
(80:20) as the eluent, and the normalized refractive index (RI) signals were 
plotted versus elution time). (d) GPC analyses of the intact conjugate at 
increasing reaction time points (GPC-MALS was conducted in 0.05 M 
aqueous Na2SO4/acetonitrile (80:20) as the eluent and the normalized 
refractive index (RI) signals were plotted versus elution time). (e) Mn,theory 
(theoretical molecular weight) was calculated using an average of 3 CTA 
moieties per protein and the following equation: Mn,theory = ([DMA]/[CTA] × 
conv. × MWDMA × 3) + MWLYS, where MWLYS = 14.3 kg/mol. Mn,GPC-MALS 

(Number-average MW determined by GPC-MALS) were determined using 
GPC-MALS conducted in 0.05 M aqueous Na2SO4/acetonitrile (80:20) as the 
eluent. 
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Figure 5-7. Control reaction where DMA was polymerized in a mixture of unmodified 
lysozyme (LYS) and compound 1a (CTA) to demonstrate that conjugates are 
only formed in the presence of protein-bound CTA. Conditions: 
DMA:CTA:LYS:EY:PMDETA = 100:1:0.3:0.01:1; [DMA] = 0.1 M (a) Pseudo-
first order kinetics plot showing the same apparent rate of polymerization for 
polymerizations conducted with only compound 1a (blue circles, conditions: 
DMA:CTA:EY:PMDETA = 100:1:0.01:1, [DMA] = 0.1 M) and with both 
compound 1a and unmodified LYS (orange squares). (b) Sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis results of increasing reaction time 
points during the polymerization confirmed that no conjugates formed. 

 

Figure 5-8. Periodic light irradiation (i.e., on-and-off cycles) during the polymerization of 
DMA while grafting-from lysozyme. (a) Pseudo-first order kinetics plot 
showing each on-and-off cycle versus total reaction time, (b) pseudo-first 
order kinetics plot versus total light exposure time, and (c) SDS-PAGE results 
showing MW growth only in the presence of light for each on-and-off cycle. 
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we generated LYS-PHEA and LYS-PNaSS, reaching 74% and 63% monomer 

conversion, respectively, in 20 h (Figure 5-9 and Figure 5-10). Additionally, a critical 

characteristic of RDRP methods is the ability to form block copolymers due to the 

retention of end groups afforded by the mediating agents. Here, the presence of the 

trithiocarbonate end group was demonstrated by a consecutive grafting-from 

polymerization, where LYS-PDMA was chain extended with NIPAM (55% monomer 

conversion in 5 h). The GPC chromatogram of the LYS-PDMA starting material was 

bimodal due to the CTA distribution within the LYS-CTA; however, the chain extension 

showed good blocking efficiency, although a low MW shoulder was present, which could 

be attributed to residual unmodified LYS (Figure 5-11). The narrow and symmetrical 

chromatogram of the chain extended conjugate suggested that the majority of the 

polymer chains contained a trithiocarbonate end group at the conclusion of the initial 

grafting-from polymerization with DMA. 
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Figure 5-9. Polymerization of 2-hydroxyethyl acrylate (HEA) by grafting-from CTA-
modified lysozyme (LYS) in the presence of 1 mol% eosin Y and 1 equiv. of 
N,N,N′,N′′,N′′-pentamethyldiethylenetriamine relative to the CTA. Conditions: 
HEA:CTA:EY:PMDETA = 100:1:0.01:1; [HEA] = 0.1 M (a) Gel permeation 
chromatography (GPC) analysis of the quenched reaction mixture (GPC was 
conducted in 0.05 M aqueous Na2SO4/acetonitrile (80:20) as the eluent and 
the normalized refractive index (RI) signal was plotted versus elution time. (b) 
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis results for LYS 
and the initial and final reaction time points. 

 

Figure 5-10. Polymerization of sodium styrene sulfonate (NaSS) by grafting-from CTA-
modified lysozyme (LYS) in the presence of 1 mol% eosin Y and 1 equiv. of 
N,N,N′,N′′,N′′-pentamethyldiethylenetriamine relative to the CTA. Conditions: 
NaSS:CTA:EY:PMDETA = 100:1:0.01:1; [NaSS] = 0.1 M (a) Gel permeation 
chromatography (GPC) analysis of the quenched reaction mixture (GPC was 
conducted in 0.05 M aqueous Na2SO4/acetonitrile (80:20) as the eluent and 
the normalized refractive index (RI) signal was plotted versus elution time. (b) 
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis results for LYS 
and the initial and final reaction time points. 
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Figure 5-11. GPC chromatograms showing the chain extension of lysozyme-
poly(dimethylacrylamide) (LYS-PDMA) with N-isopropylacrylamide (NIPAM) 
to generate LYS-PDMA-block-poly(NIPAM) (LYS-PDMA-b-PNIPAM) (GPC-
MALS was conducted in 0.05 M LiCl in N,N-dimethylacetamide as the eluent, 
and the normalized refractive index (RI) signals were plotted versus elution 
time). 

5.3 Summary 

We have demonstrated aqueous PET-RAFT polymerizations of a range of 

monomers in water to achieve polymers with predetermined MWs and well-defined 

MWDs at high monomer conversions. This method proved effective to rapidly generate 

polymer-protein conjugates over a range of targeted MWs and monomers under mild 

visible-light irradiation. We continue to investigate the polymerization mechanism and 

effect of amines on EY-catalyzed PET-RAFT polymerizations, and these results will be 

disclosed elsewhere. Importantly, the conjugates produced using this polymerization 

method potentially possess greater purity than those previously reported, since no 

exogenous initiators are employed. We believe this technique will allow access to an 

expanded library of functional materials, such as stimuli-responsive block copolymer-

protein conjugates for in vitro use or anti-fouling polymer-protein conjugates for in vivo 

applications. 
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5.4 Experimental 

5.4.1 Materials 

All reagents were used as received unless otherwise noted. Sodium 

ethanethiolate (80%), 2-bromoisobutyric acid, and eosin Y (EY) were purchased from 

Santa Cruz Biotech. Carbon disulfide (99+%), succinic anhydride (99%), and 

triethylamine (TEA, 99%) were purchased from Alfa Aesar. Tribasic potassium 

phosphate was purchased from VWR. 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimideHCl (EDCHCl, 98%) was purchased from Combi-

Blocks. Hen egg white lysozyme (LYS, 20,000 U/mg) was purchased from MP 

Biomedicals as a lyophilized powder. N-Hydroxysuccinimide (99%), 2-(2-

aminoethoxy)ethanol (98%), N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDETA, 

98+%), bicinichoninic acid (BCA) kit, N,N-dimethylacrylamide (DMA, 99%), sodium 

styrene sulfonate (NaSS, ≥90%, technical grade), 2-hydroxyethylacrylate (HEA, 96%), 

poly(ethylene glycol) methyl ether acrylate (PEGA, Mn 480 g/mol), 2-acrylamido-2-

methyl-1-propane sulfonic acid (AMPS), and N-isopropylacrylamide (NIPAM, 97%) were 

purchased from Sigma Aldrich. DMA and PEGA were passed through basic alumina to 

remove inhibitors prior to polymerization. AMPS was recrystallized from 90 wt% acetic 

acid. HEA was purified according to a literature procedure.243 NIPAM was recrystallized 

from hexanes ( 3). Deuterium oxide (D2O, 99.9%) and chloroform-d (CDCl3, 99.9%) 

were purchased from Cambridge Isotopes. GelCode Blue protein stain and Pierce 

lane marker sample buffer containing dithiothreitol (DTT) reducing agent (5 

concentrated) were purchased from Thermo Fisher. Polymerizations were conducted 
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using a commercially available blue LED light strip (SuperbrightLEDs.com, 50 cm, 0.9 

W/ft, 16459 mcd/ft) wound inside a 400 mL beaker wrapped in aluminum foil. 

5.4.2 Instrumentation 

NMR spectroscopy. 1H NMR spectra were recorded on a Varian Inova2 500 

MHz NMR spectrometer using the residual solvent signal as a reference.  

UV-visible spectroscopy. UV-visible spectra were obtained on a Molecular 

Devices SpectraMax M2 multimode microplate reader. Measurements were conducted 

with 100 L of sample on clear 96-well polypropylene microplates (Greiner Bio-One).   

Gel permeation chromatography (GPC). Polymer molecular weight and 

molecular weight distributions were determined by GPC in N,N-dimethylacetamide 

(DMAc) with 50 mM LiCl at 50 °C at a flow rate of 1.0 mL/min (Agilent isocratic pump, 

degasser, and autosampler, columns: ViscoGel guard column + two ViscoGel I-series 

G3078 mixed bed columns: molecular weight range 0−20  103 and 0−100  104 g/mol). 

Detection consisted of a Wyatt Optilab T-rEX refractive index detector operating at 658 

nm and a Wyatt miniDAWN Treos light scattering detector operating at 659 nm. 

Absolute molecular weights and molecular weight distributions were calculated using 

ASTRA software (Wyatt).  

Aqueous GPC was conducted in 0.05 M aqueous Na2SO4/acetonitrile (80:20) at 

a flow rate of 0.5 mL/min (Viscotek GPCMax VE 2001 module; columns: TSKgel PWXL 

guard column (Tosoh) + TSKgel G4000PWXL analytical column (Tosoh; 7.8 mm  30 

cm, 10 m particle size)). Detection consisted of a Wyatt DSP refractive index detector 

operating at 690 nm and a Wyatt DAWN EOS light scattering detector operating at 690 

nm. Absolute molecular weights and molecular weight distributions were calculated 



 

120 

using ASTRA software (Wyatt). The refractive index increment (dn/dc) of each polymer 

was calculated using 100% mass recovery methods in Astra software (Wyatt). Columns 

were calibrated with narrow molecular weight distribution poly(sodium styrene sulfonate) 

standards with a range of 103 – 105 g/mol.  

Gas chromatography (GC). Monomer conversions were determined by GC 

recorded on an Agilent 6550 Series II equipped with a 30 m  0.32 mm ID Agen-Tubular 

column with a 0.25 m HP-1 (polydimethylsiloxane) stationary phase film. Detection 

consisted of a flame ionization detector (FID) operating at 250 °C. Gas flows were 

maintained at the following flow rate: hydrogen at 40 mL/min, air at 450 mL/min, and 

helium at 45 mL/min. The inlet temperature was maintained at 250 °C, and the column 

was heated according to the following profile: 70 °C initial temperature, 10 °C/min ramp 

for 5 min, 120 °C isothermal for 2 min. Chromatogram peak integrations were calculated 

using Agilent ChemStation software.  

Tangential flow filtration (TFF). TFF was used to purify the protein-chain 

transfer agent using a KrosFlo® Research IIi TFF system (Spectrum Labs) with a 

modified polyether sulfone MidiKros® filter module (10 kDa molecular weight cutoff 

(MWCO), surface area: 115 cm2) operating at a feed flow rate of 35 mL/min and feed 

pressure of 15-20 PSI, collecting a permeate volume ca. 3-10 the starting volume. 

Protein samples were then concentrated to ca. 10-15 mL, and the protein concentration 

was determined using a BCA assay.  

Capillary-liquid chromatography mass spectrometry (Cap-LC-MS). Cap-LC-

MS was performed on a Bruker Impact II Quadrupole Time-of-Flight (QTOF) mass 

spectrometer equipped with an Apollo II ion funnel ESI source (Bruker) operated in 
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positive ion mode. The LC system was an UltiMate™ 3000 RSLCnano system (Thermo 

Scientific). The mobile phase A was water containing 0.1% formic acid and the mobile 

phase B was acetonitrile with 0.1% formic acid. Each sample (5 L) was first injected 

onto the -Precolumn Cartridge (Thermo Scientific), and washed with mobile phase A. 

The injector port was switched to inject, and the sample was eluted from the trap onto 

the column. An Acclaim® PepMap™ RSLC (Thermo Scientific, 300 m  150 m, 2 m 

particle size, 100 Å pore size) was used for chromatographic separations. Proteins were 

eluted directly from the column into the LTQ system using a gradient of 2-80%B over 30 

min, with a flow rate of 5 L/min. The total run time was 60 min. The MS were acquired 

according to standard conditions in the lab. Briefly, the instrument was calibrated using 

Tune mix purchased from Agilent. The Apollo ESI source was operated with a spray 

voltage of 4.5 kV, a capillary temperature of 200 ºC, and dry gas at 4.0 L/min. A full 

scan was recorded between 150 – 3000 Da at a scan rate of 1 Hz.  

In Gel Digestion. Gels were digested with sequencing grade trypsin or 

sequencing grade chymotrypsin from Promega (Madison, WI) using manufacturer 

recommended protocols. Briefly, bands were trimmed as close as possible to minimize 

background polyacrylamide material. Gel pieces were washed in nanopure water for 5 

min ( 2). Gel pieces were washed and/or destained with 1:1 v/v methanol:50 mM 

ammonium bicarbonate for 10 min ( 2). The gel pieces were dehydrated with 1:1 v/v 

acetonitrile:50 mM ammonium bicarbonate. The gel bands were rehydrated and 

incubated with DTT solution (25 mM DTT in 100 mM ammonium bicarbonate) for 30 min 

prior to the addition of iodoacetamide solution (55 mM iodoacetamide in 100 mM 

ammonium bicarbonate). Iodoacetamide was incubated with the gel bands in the dark 
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for 30 min before being removed. The gel bands were washed again with two cycles of 

water and dehydrated with 1:1 v/v acetonitrile:50 mM ammonium bicarobonate. The 

protease was driven into the gel pieces by rehydrating them in 12 ng/ml trypsin in 0.01% 

ProteaseMAX™ Surfactant for 5 min. The gel piece was then overlaid with 40 L of 

0.01% ProteaseMAX™ Surfactant:50 mM ammonium bicarbonate and gently mixed on 

a shaker for 1 h. The digestion was stopped with addition of 0.5% trifluoroacetic acid. 

The MS analysis was immediately performed to ensure high quality tryptic peptides with 

minimal non-specific cleavage or frozen at -80 oC until samples could be analyzed. 

Nano-liquid chromatography-tandem mass spectrometry (Nano-LC-

MS/MS). Nano-LC-MS/MS was performed on a Thermo Scientific LTQ-XL mass 

spectrometer equipped with an EASY-Spray™ nanospray source (Thermo Scientific) 

operated in positive ion mode. The LC system was an EASY Nano-LC™ II (Thermo 

Scientific). The mobile phase A was water containing 0.1% formic acid and the mobile 

phase B was acetonitrile with 0.1% formic acid. Each sample (5 L) was first injected 

onto a Thermo Scientific Acclaim® PepMap™ 100 Trap Cartridge (C18 column, 75 m 

ID, 2 cm length, 3 m particle size, 100 Å pore size) and washed with mobile phase A to 

desalt and concentrate the peptides. The injector port was switched to inject, and the 

peptides were eluted from the trap onto the column. An EASY-Spray™ PepMAP column 

(Thermo Scientific) was used for chromatographic separations (C18, 75 m ID, 15 cm 

length, 3 m particle size, 100 Å pore size). The column temperature was maintained at 

35 ºC, and peptides were eluted directly from the column into the LTQ system using a 

gradient of 2-80%B over 45 min, with a flow rate of 300 nL/min. The total run time was 

60 min. The MS/MS spectra were acquired according to standard conditions established 
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in the lab. The EASY-Spray™ source was operated with a spray voltage of 1.5 kV and a 

capillary temperature of 200 ºC. The scan sequence of the mass spectrometer was 

based on the TopTen™ method; the analysis was programmed for a full scan recorded 

between 350 – 2000 Da, and a MS/MS scan to generate product ion spectra to 

determine amino acid sequence in consecutive instrument scans of the ten most 

abundant peaks in the spectrum. The AGC Target ion number was set at 30000 ions for 

full scan and 10000 ions for MSn mode. Maximum ion injection time was set at 20 ms 

for full scan and 300 ms for MSn mode. Micro scan number was set at 1 for both full 

scan and MSn scan. The CID fragmentation energy was set to 35%. Dynamic exclusion 

was enabled with a repeat count of 1 within 10 seconds, a mass list size of 200, and an 

exclusion duration of 350 seconds. The low mass width was 0.5, and the high mass 

width was 1.5. 

Sequence analysis. Sequence information from the MS/MS data was processed 

by converting the .raw files into a merged file (.mgf) using msConvert (ProteoWizard) or 

Mascot Distiller (Matrix Science). The resulting mgf files were searched using Mascot 

Daemon by Matrix Science version 2.4.0 (Boston, MA) and the database searched 

against the full SwissProt database version version 2015_10 (549,646 sequences; 

195,983,064 residues). The mass accuracy of the precursor ions was set to 1.5 Da, and 

the fragment mass accuracy was set to 0.5 Da. Considered variable modifications were 

methionine oxidation and asparagine or glutamine deamidation. Fixed modification for 

carbamidomethyl cysteine was considered. Two missed cleavages for the enzyme were 

permitted. A decoy database was searched to determine the false discovery rate (FDR) 

and peptides were filtered according to the to the FDR and proteins identified required 
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bold red peptides. Protein identifications were checked manually, and proteins with a 

Mascot significance threshold p < 0.05 with a minimum of two unique peptides from one 

protein having a -b or -y ion sequence tag of five residues or better were accepted. 

Gel electrophoresis. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) gels were cast and run using Mini-PROTEAN® systems (Bio-Rad), and 

buffers were prepared according to Laemmli.244 Samples were prepared in sample 

buffer (Pierce) and heated 10 min to denature proteins prior to running at 180 V for 45 

min to separate the proteins, which were visualized with GelCode Blue staining. 

5.4.3 Methods 

5.4.3.1 Synthesis of LYS-chain transfer agent (LYS-CTA) 

2-(((Ethylthio)carbonothioyl)thio)-2-methylpropanoic acid 1a.245 Carbon 

disulfide (4 mL, 70 mmol) was added dropwise to a stirred suspension of sodium 

ethanethiolate (1.94 g, 23.1 mmol) in acetone (150 mL) and allowed to react for 15 min. 

Tribasic potassium phosphate (4.92 g, 23.2 mmol) and 2-bromoisobutyric acid (3.51 g, 

21.0 mmol) were added, and the heterogeneous yellow reaction was allowed to stir at 

room temperature overnight. White precipitate was removed by filtration, and the yellow 

filtrate was concentrated in vacuo, dissolved in dichloromethane (DCM, 150 mL), and 

washed with HCl (1 M, 1  125 mL), water (3  125 mL), and saturated NaHCO3
 (1  

125 mL). The basic aqueous layer was acidified to pH ~1-2 with 1 M HCl and extracted 

with dichloromethane (125 mL). The organic layer was washed with brine (1  125 mL), 

dried over anhydrous MgSO4, and filtered. The product was isolated as a yellow solid 

after concentration in vacuo (3.46 g, 73% yield). 1H NMR (500 MHz, CDCl3) : 3.30 (2H, 

q, CH3CH2S), 1.73 (6H, s, SC(CH3)), 1.33 (3H, t, CH3CH2S). 
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Ethyl (1-((2-(2-hydroxyethoxy)ethyl)amino)-2-methyl-1-oxopropan-2-yl) 

carbonotrithioate 1b. Compound 1a (0.500 g, 2.23 mmol) was dissolved in DCM (40 

mL). NHS (284 mg, 2.47 mmol) and EDCHCl (471 mg, 2.45 mmol) were added, and 

the reaction was stirred at room temperature and monitored by TLC. After 2 h, 2-(2-

aminoethoxy)ethanol (2.58 mg, 2.46 mmol) was added and allowed to react at room 

temperature for 16 h. The crude product was washed with deionized water (3  50 mL) 

and brine (1  50 mL), dried over anhydrous MgSO4, and filtered. The filtrate was 

concentrated, and the crude product was further purified by column chromatography 

using ethyl acetate:hexanes (9:1) as the eluent to afford the product as a yellow oil after 

concentration in vacuo (435 mg, 63% yield). 1H NMR (500 MHz, CDCl3) : 6.86 (1H, br 

s, NH), 3.70 (2H, t, OCH2CH2OH), 3.51 (4H, m, CH2CH2OCH2CH2OH), 3.44 (2H, m, 

NHCH2CH2O), 3.30 (2H, q, CH3CH2S), 1.73 (6H, s, SC(CH3)), 1.33 (3H, t, CH3CH2S). 

6,6-Dimethyl-7,15-dioxo-4-thioxo-11,14-dioxa-3,5-dithia-8-azaoctadecan-18-

oic acid 1c. Compound 1b (430 mg, 1.38 mmol) was dissolved in DCM (10 mL). 

Succinic anhydride (153 mg, 1.53 mmol) and triethylamine (200. L, 1.44 mmol) were 

added, and the reaction was stirred at room temperature for 16 h. The crude reaction 

mixture was washed with dilute HCl (pH ~2, 2  20 mL), neutral deionized water (2  20 

mL), and brine (1  20 mL). The organic fraction was dried over anhydrous MgSO4, 

filtered, and concentrated in vacuo to afford the product as a yellow oil (413 mg, 73% 

yield). 1H NMR (500 MHz, CDCl3) : 6.88 (1H, br s, NH), 4.21 (2H, t, 

CH2CH2O(CO)CH2), 3.60 (2H, CH2CH2OCH2CH2O(CO)), 3.50 (2H, 

CH2CH2OCH2CH2O(CO)), 3.43 (2H, t, NHCH2CH2O), 3.30 (2H, q, CH3CH2S), 2.69 (4H, 

m, (CO)CH2CH2COOH), 1.73 (6H, s, SC(CH3)), 1.33 (3H, t, CH3CH2S). 
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6,6-Dimethyl-7-oxo-4-thioxo-11-oxa-3,5-dithia-8-azatridecan-13-yl (2,5-

dioxopyrrolidin-1-yl) succinate 1. Compound 1c (0.400 g, 0.972 mmol) was dissolved 

in DCM (15 mL). NHS (124 mg, 1.08 mmol) and EDCHCl (205 mg, 1.07) were added, 

and the reaction was stirred at room temperature for 16 h. The crude product was 

washed with deionized water (3  20 mL) and brine (1  20 mL), dried over anhydrous 

MgSO4, and filtered. The filtrate was concentrated in vacuo to afford the product as a 

yellow oil. 1H NMR (500 MHz, CDCl3) : 6.84 (1H, br s, NH), 4.24 (2H, t, 

CH2CH2O(CO)CH2), 3.61 (2H, CH2CH2OCH2CH2O(CO)), 3.50 (2H, 

CH2CH2OCH2CH2O(CO)), 3.42 (2H, t, NHCH2CH2O), 3.28 (2H, q, CH3CH2S), 2.97 (2H, 

t, CH2CO2CH2CH2CO2N), 2.84 (4H, s, CH2CH2 (succinimide)), 2.79 (2H, t, 

CH2CO2CH2CH2CO2N), 1.69 (6H, s, SC(CH3)), 1.32 (3H, t, CH3CH2S). 13C NMR (125 

MHz, CDCl3) : 220.03, 172.43, 170.88, 168.83, 167.63, 69.57, 68.69, 64.05, 57.10, 

39.83, 31.26, 28.67, 26.28, 25.81, 25.56, 12.82. ESI-MS calculated for C19H28N2O8S3 [M 

+ Na+] 531.09 (2.8 ppm); found 531.0915 

LYS-CTA. Lysozyme (201 mg, 14.1 mol) was dissolved in phosphate buffer 

(265 mL, 0.1 M phosphate, pH 7.5) in a 500 mL round bottom flask with gentle stirring. 

A solution of 1 (74.1 mg, 156 mol) in DMSO (14 mL) was added dropwise via addition 

funnel over 10 min, and the reaction was allowed to stir at room temperature for 3 h. 

Glycine (20 mg 0.3 mmol) was added to quench the reaction. The crude reaction 

mixture was centrifuged at 5,000 rpm for 30 min to remove excess CTA, and the pale 

yellow supernatant was further purified by TFF. Protein concentration was determined 

using a BCA assay with a bovine serum albumin standard curve, and the 

trithiocarbonate concentration was determined from a standard curve at 310 nm by UV-
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vis. The number of CTA molecules per LYS was determined by deconvolution of the 

LC-MS spectrum to give 3.14 CTA/LYS, which corroborated well with the CTA/LYS 

calculated from the concentrations of LYS and CTA (2.62). 

5.4.3.2 Photoinduced electron/energy transfer-reversible addition-fragmentation 
chain transfer (PET-RAFT) polymerization using compound 1a as the CTA. 

PDMA. DMA was polymerized by PET-RAFT using EY as a photocatalyst under 

the conditions outlined in Table S1. A general procedure is as follows (Table S1, entry 

7): DMA (87.8 mg, 0.886 mmol) and compound 1a (2.0 mg, 0.0089 mmol) were 

dissolved in water (1.264 mL) in a 10 mL Schlenk tube. PMDETA (1.7 mg, 0.0098 

mmol) as a solution in DMF (74.4 L) and EY (0.0579 mg as 57.9 L of a 1 mg/mL 

solution in water, 8.94  10-5 mmol) were added to the reaction, which was covered with 

foil and purged with argon for 30 min. The reaction was irradiated with blue LED, and 

the DMA conversion was monitored by GC using DMF as an internal standard. The 

polymerization was quenched after 1.5 h (92% DMA conversion) by turning off the light 

source and exposing the contents to air. Reaction aliquots were freeze-dried and 

dissolved in 0.05 M LiCl in DMAc for GPC analysis (Mn,theory = 9.32 kg/mol, Mn,GPC-MALS = 

11.8 kg/mol, Mw/Mn = 1.01). 

PDMA under high dilution ([DMA] = 0.1 M). DMA (89 mg, 0.90 mmol) and 

compound 1a (2.0 mg, 0.0089 mmol) were dissolved in water (8.333 mL) in a 10 mL 

Schlenk tube. PMDETA (1.5 mg, 0.0087 mmol), EY (0.0579 mg as 57.9 L of a 1 

mg/mL solution in water, 8.94  10-5 mmol), and DMF (447 L) as an internal standard 

were added to the reaction, which was covered with foil and purged with argon for 30 

min. The reaction was irradiated with blue LED, and the DMA conversion was monitored 

by GC using DMF as an internal standard. The polymerization was quenched after 5 h 
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(92% DMA conversion) by turning off the light source and exposing the contents to air. 

Reaction aliquots were freeze-dried and dissolved in 0.05 M LiCl in DMAc for GPC 

analysis (Mn,theory = 9.37 kg/mol, Mn,GPC-MALS = 14.3 kg/mol, Mw/Mn = 1.01). 

PPEGA. PEGA (424 mg, 0.884 mmol) and compound 1a (1.9 mg, 0.0089 mmol) 

were dissolved in water (8.0 mL) in a 10 mL Schlenk tube. PMDETA (1.9 mg, 0.011 

mmol) dissolved in DMF (447 L) and EY (0.0579 mg as 57.9 L of a 1 mg/mL solution 

in water, 8.94  10-5 mmol) were added to the reaction, which was covered with foil and 

purged with argon for 30 min. The reaction was irradiated with blue LED, and the PEGA 

conversion was monitored by GC using DMF as an internal standard. The 

polymerization was quenched after 7 h (53% PEGA conversion) by turning off the light 

source and exposing the contents to air. Reaction aliquots were freeze-dried and 

dissolved in 0.05 M LiCl in DMAc for GPC analysis (Mn,theory = 26.7 kg/mol, Mn,GPC-MALS = 

33.4 kg/mol, Mw/Mn = 1.20). 

PAMPS. Compound 1a (1.8 mg, 0.0080 mmol) was dissolved in DMF (447 L) 

containing PMDETA (1.3 mg, 0.0075 mmol) in a 10 mL Schlenk tube. The solution was 

diluted with phosphate buffer (8.43 mL, 0.5 M, pH 7.4), and AMPS (166 mg, 0.802 

mmol) and EY (0.0579 mg as 57.9 L of a 1 mg/mL solution in water, 8.94  10-5 mmol) 

were added. The final pH of the reaction solution was ca. 7. The tube was covered with 

foil, purged with argon for 30 min, and irradiated with blue LED. AMPS conversion was 

monitored by 1H NMR spectroscopy using DMF as an internal standard. The 

polymerization was quenched after 5 h (89% AMPS conversion) by turning off the light 

source and exposing the contents to air. Reaction aliquots were freeze-dried and 
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dissolved in 0.05 M aqueous Na2SO4/acetonitrile (80:20) for aqueous GPC analysis 

(Mn,theory = 18.6 kg/mol, Mn,GPC-MALS = 15.8 kg/mol, Mw/Mn = 1.08). 

PHEA. HEA (103 mg, 0.887 mmol) and compound 1a (2.1 mg, 0.0094 mmol) 

were dissolved in water (8.322 mL) in a 10 mL Schlenk tube. PMDETA (1.6 mg, 0.0093 

mmol) dissolved in DMF (447 L) and EY (0.0579 mg as 57.9 L of a 1 mg/mL solution 

in water, 8.94  10-5 mmol) were added to the reaction, which was covered with foil and 

purged with argon for 30 min. The reaction was irradiated with blue LED, and the HEA 

conversion was monitored by GC using DMF as an internal standard. The 

polymerization was quenched after 22 h (69% HEA conversion) by turning off the light 

source and exposing the contents to air. Reaction aliquots were freeze-dried and 

dissolved in 0.05 M LiCl in DMAc for GPC analysis (Mn,theory = 7.78 kg/mol, Mn,GPC-MALS = 

9.09 kg/mol, Mw/Mn = 1.02). 

PNaSS. NaSS (184 mg, 0.894 mmol) and compound 1a (2.0 mg, 0.0089 mmol) 

were dissolved in water (8.425 mL) in a 10 mL Schlenk tube. PMDETA (1.8 mg, 0.010 

mmol) dissolved in DMF (447 L) and EY (0.0579 mg as 57.9 L of a 1 mg/mL solution 

in water, 8.94  10-5 mmol) were added to the reaction, which was covered with foil and 

purged with argon for 30 min. The reaction was irradiated with blue LED, and the NaSS 

conversion was monitored by 1H NMR spectroscopy using DMF as an internal standard. 

The polymerization was quenched after 22 h (95% NaSS conversion) by turning off the 

light source and exposing the contents to air. Reaction aliquots were freeze-dried and 

dissolved in 0.05 M aqueous Na2SO4/acetonitrile (80:20) for aqueous GPC analysis 

(Mn,theory = 17.7 kg/mol, Mn,GPC-MALS = 21.0 kg/mol, Mw/Mn = 1.74). 



 

130 

PNIPAM. NIPAM (101 mg, 0.893 mmol) and compound 1a (2.1 mg, 0.0094 

mmol) were dissolved in water (8.425 mL) in a 10 mL Schlenk tube. PMDETA (1.7 mg, 

0.0098 mmol) dissolved in DMF (447 L) and EY (0.0579 mg as 57.9 L of a 1 mg/mL 

solution in water, 8.94  10-5 mmol) were added to the reaction, which was covered with 

foil and purged with argon for 30 min. The reaction was irradiated with blue LED, and 

the NIPAM conversion was monitored by GC using DMF as an internal standard. The 

polymerization was quenched after 6.5 h (85% NIPAM conversion) by turning off the 

light source and exposing the contents to air. Reaction aliquots were freeze-dried and 

dissolved in 0.05 M LiCl in DMAc for GPC analysis (Mn,theory = 9.36 kg/mol, Mn,GPC-MALS = 

12.5 kg/mol, Mw/Mn = 1.01). 

5.4.3.3 PET-RAFT grafting-from polymerization using LYS-CTA 

LYS-PDMA with 2 mol% EY in the absence of PMDETA. DMA (54.0 mg, 0.545 

mmol) was added to a 10 mL Schlenk tube. A solution of LYS-CTA (850 L, [CTA] = 

1.28 mM determined by UV-vis spectroscopy, 0.00109 mmol CTA functionality), EY 

(0.0141 mg as 14.1 L of a 1 mg/mL solution in water, 2.18  10-5 mmol), and DMF (45 

L) as an internal standard were added, and the reaction was purged with argon for 30 

min and irradiated with blue LED. DMA conversion was determined by GC, and the 

reaction was quenched after 1 h (96% DMA conversion) by turning off the light source 

and exposing the contents to air. Conjugate MWs were determined by DMAc GPC after 

lyophilizing 50 L of each reaction aliquot and dissolving in 0.05 M LiCl in DMAc. Intact 

conjugates were analyzed by SDS-PAGE. (Mn,theory = 110 kg/mol, Mn,GPC-MALS = 173 

kg/mol, Mw/Mn = 1.39) 
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LYS-PDMA with 1 mol% EY and 1 equiv. PMDETA. DMA (19.6 mg, 0.198 

mmol) was added to a 10 mL Schlenk tube. Solutions of LYS-CTA (2.0 mL, [CTA] = 1 

mM determined by UV-vis spectroscopy, 0.002 mmol CTA functionality), EY (0.013 mg 

as 13 L of a 1 mg/mL solution in water, 2.01  10-5 mmol), and PMDETA (0.346 mg as 

100 L of a 3.46 mg/mL solution in DMF, 0.00200 mmol) were added, and the reaction 

was purged with argon for 30 min and irradiated with blue LED. DMA conversion was 

determined by GC, and the reaction was quenched after 1.5 h (91% DMA conversion) 

by turning off the light source and exposing the contents to air. Conjugate MWs were 

determined by aqueous GPC after lyophilizing ca. 150 L of each reaction aliquot and 

dissolving in 0.05 M aqueous Na2SO4/acetonitrile (80:20). Conjugates were analyzed by 

SDS-PAGE. The crude reaction mixture was purified by dialysis using 3.5 kDa MWCO 

membranes. (Mn,theory = 40.8 kg/mol, Mn,GPC-MALS = 57.4 kg/mol, Mw/Mn = 1.24) 

LYS-PHEA. HEA (13.8 mg, 0.119 mmol) was added to a 10 mL Schlenk tube. 

Solutions of LYS-CTA (1.0 mL, [CTA] = 1 mM determined by UV-vis spectroscopy, 

0.001 mmol CTA functionality), EY (0.00648 mg as 6.48 L of a 1 mg/mL solution in 

water, 1.00  10-5 mmol), and PMDETA (0.173 mg as 100 L of a 1.73 mg/mL solution 

in DMF, 0.00100 mmol) were added, and the reaction was purged with argon for 30 min 

and irradiated with blue LED. HEA conversion was determined by GC, and the reaction 

was quenched after 18 h (74% HEA conversion) by turning off the light source and 

exposing the contents to air. Conjugate MWs were determined by aqueous GPC after 

lyophilizing ca. 150 L of each reaction aliquot and dissolving in 0.05 M aqueous 

Na2SO4/acetonitrile (80:20). Intact conjugates were analyzed by SDS-PAGE. (Mn,theory = 

44.9 kg/mol, Mn,GPC-MALS = 79.7 kg/mol, Mw/Mn = 1.31) 
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LYS-PNaSS. NaSS (21.4 mg, 0.104 mmol) was added to a 10 mL Schlenk tube. 

Solutions of LYS-CTA (1.0 mL, [CTA] = 1 mM determined by UV-vis spectroscopy, 

0.001 mmol CTA functionality), EY (0.00648 mg as 6.48 L of a 1 mg/mL solution in 

water, 1.00  10-5 mmol), and PMDETA (0.173 mg as 100 L of a 1.73 mg/mL solution 

in DMF, 0.00100 mmol) were added, and the reaction was purged with argon for 30 min 

and irradiated with blue LED. NaSS conversion was determined by 1H NMR 

spectroscopy, and the reaction was quenched after 20 h (63% NaSS conversion) by 

turning off the light source and exposing the contents to air. Conjugate MWs were 

determined by aqueous GPC after lyophilizing ca. 150 L of each reaction aliquot and 

dissolving in 0.05 M aqueous Na2SO4/acetonitrile (80:20). Intact conjugates were 

analyzed by SDS-PAGE. (Mn,theory = 55.5 kg/mol, Mn,GPC-MALS = 52.2 kg/mol, Mw/Mn = 

1.59) 

Light on/off cycle for LYS-PDMA. DMA (19.3 mg, 0.195 mmol) was added to a 

10 mL Schlenk tube. Solutions of LYS-CTA (2.0 mL, [CTA] = 1 mM determined by UV-

vis spectroscopy, 0.002 mmol CTA functionality), EY (0.013 mg as 13 L of a 1 mg/mL 

solution in water, 2.01  10-5 mmol), and PMDETA (0.346 mg as 100 L of a 3.46 

mg/mL solution in DMF, 0.00200 mmol) were added, and the reaction was purged with 

argon for 30 min and irradiated with blue LED. The light source was turned on and off in 

15 min increments for a total exposure time of 90 min. DMA conversion was determined 

by GC, and conjugate MWs were determined by SDS-PAGE.  

LYS-PDMA-block-PNIPAM. NIPAM (151 mg, 1.33 mmol) was added to a 

solution of LYS-PDMA (1.5 mL containing 0.002 CTA functionality) in a 10 mL Schlenk 

tube. EY (17.4 g as 17.4 L of a 1 mg/mL solution in water, 2.69  10-5 mmol) and 
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PMDETA (0.46 mg as 75 L of a 6.2 mg/mL solution in DMF, 0.0030 mmol) were 

added, and the reaction was purged with argon for 30 min and irradiated with blue LED. 

NIPAM conversion was determined by GC, and the reaction was quenched after 5 h 

(55% NIPAM conversion) by turning off the light source and exposing the contents to 

air. Conjugate MWs were determined by aqueous GPC after lyophilizing ca. 200 L of a 

reaction aliquot and dissolving in 0.05 M LiCl in DMAc. (Mn,theory = 150 kg/mol, Mn,GPC-

MALS = 230 kg/mol, Mw/Mn = 1.50) 

Polymerization of DMA in the presence of unmodified LYS. DMA (23.8 mg, 

0.240 mmol) and LYS (11 mg, 0.77 mol) were added to a 10 mL Schlenk tube and 

dissolved in water (1.86 mL). Solutions of compound 1a (0.538 mg as 50  L of a 10.75 

mg/mL stock solution in DMF, 0.00240 mmol), EY (0.0156 mg as 15.6 L of a 1 mg/mL 

solution in water, 2.41  10-5 mmol), and PMDETA (0.415 mg as 50 L of an 8.30 

mg/mL solution in DMF, 0.00240 mmol) were added, and the reaction was purged with 

argon for 30 min and irradiated with blue LED. DMA conversion was determined by GC, 

and the reaction was quenched after 3 h (85% DMA conversion) by turning off the light 

source and exposing the contents to air. Reaction aliquots were analyzed by SDS-

PAGE.  

Polymer cleavage from the conjugate. A lyophilized sample of LYS-PDMA 

from the crude reaction mixture was dissolved in pH 12 phosphate buffer (150 L) and 

reacted at room temperature for 24 h to hydrolyze the ester linkage in the spacer CTA. 

The reaction was analyzed by SDS-PAGE, and the remaining sample was lyophilized, 

dissolved in 0.05 M aqueous Na2SO4/acetonitrile (80:20), and analyzed by aqueous 

GPC. (Mn,theory (PDMA) = 9.12 kg/mol, Mn,GPC-MALS = 23.0 kg/mol, Mw/Mn = 1.01) 
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Figure 5-12. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis results of 
polymer cleavage from lysozyme (LYS). Conditions: pH 12 phosphate buffer, 
room temperature, 24 h.  
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CHAPTER 6 
CONCLUSIONS AND FUTURE DIRECTIONS 

The research described in this dissertation utilized RAFT polymerization to afford 

well-defined polymeric materials relevant to nanomedicine applications. Polymer 

synthesis has long been an important factor in materials for biology, and the advent of 

polymerization methods that allow control over molecular weight, molecular weight 

distribution, and polymer topology have led to a plethora of new materials. Often, the 

final material is highly complex, and it is frequently the result of tedious self-assembly 

events. The goal of this dissertation research was to utilize RAFT polymerization as a 

convenient and facile route toward materials with interesting and tunable properties 

based on the reaction strategies employed, and to demonstrate their properties in 

biological applications. 

Polymer drug delivery vehicles have been used to preferentially locate a small 

molecule therapeutic to a specific site within the body. Here, star-shaped nanoparticles 

composed of poly(N-(2-hydroxypropyl)methacrylamide) (PHPMA) were synthesized in a 

facile “arm-first” method in a heterogeneous RAFT polymerization. This strategy 

resulted in efficient formation of nanoparticles of sufficient size for nanomedicine 

applications, and their potential as delivery vehicles was investigated by incorporating a 

chemotherapeutic within the core. While release of the drug from the nanoparticle was 

limited, it demonstrated the importance of considering the chemical functionality and 

steric environment when releasing a small molecule from a macromolecular 

architecture. 

Covalent immobilization of a polymer to a protein greatly affects the in vivo and in 

vitro properties of the protein. Here, the effect of polymer architecture on the activity of a 
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protein that regulates bone homeostasis was investigated. The results showed unique 

in vitro activity against cells for a polymer-protein conjugate containing a branched 

polymer where the branching units were intermittently spaced along the backbone. This 

conjugate improved the activity of the protein as compared to conjugates containing 

either linear polymers or a more densely branched polymer. Ongoing work in this area 

includes a fundamental understanding of how the attached polymers might alter the 

tertiary structure and dynamics of the protein, thereby leading to broad changes in 

activity. This is currently being probed using computational methods to model protein 

conjugates. 

Finally, access to new materials was afforded using a grafting-from strategy to 

grow a polymer directly from the surface of a protein. Visible-light-mediated 

polymerizations offer exquisite spatiotemporal control over the polymerization, and the 

mild irradiation sources might be useful for biological materials. Here, PET-RAFT 

polymerization methods were used to grow acrylamide, acrylate, and even styrenic 

monomer classes from a protein, greatly expanding the previously attainable 

compositions attainable by RAFT grafting-from polymerizations. The ability to 

polymerize functional monomers could endow the protein with beneficial properties, 

including the ability to manipulate their solution properties with exposure to a particular 

stimulus (e.g., temperature, light).  
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APPENDIX 
REACTIVITY RATIOS FOR PEGMA AND HPMA 

Table A-1. Monomer feed ratios and copolymer composition data for the RAFT 
copolymerization of PEGMA and HPMA using 4-cyano-4-
[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid as the CTA. 

M1 
(PEMGA) 

M2 
(HPMA) 

m1 
(PEGMA) 

m2 
(HPMA) 

M = 
M1/M2 

m1/m2 
aP bG cH 

0.64 0.11 0.58 0.10 5.8 5.8 6  4.85 5.64 
0.53 0.17 0.49 0.16 3.1 3.1 4  2.34 2.43 
0.90 0.83 0.80 0.74 1.1 1.1 1.1  0.108 1.06 
0.90 2.65 0.71 2.29 0.34 0.31 0.53 -0.304 0.219 
0.27 1.48 0.25 1.42 0.18 0.18 0.33 -0.365 0.0998 
aP = (M1-m1)/(M2-m2); bG = M-M/P; cH = M2/P 

 

Figure A-1. Fineman-Ross plot for the copolymerization of PEGMA and HPMA. The 
slope provides r1 and the intercept provides –r2 

The following equations are used for the above plot. 

𝐺 = 𝐻𝑟1 − 𝑟2 

 

(A-1) 
 

𝐺 =  
𝑓1(2𝐹1 − 1)

(1 − 𝑓1)𝐹1
 𝑎𝑛𝑑 𝐻 =  

𝑓1
2(1 − 𝐹1)

(1 − 𝑓1)2𝐹1
 

(A-2) 

 
Table A-2. Monomer reactivity ratios for PEGMA and HPMA  
r1 (PEGMA) r2 (HPMA) r1r2 

0.98 0.52 0.50 
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