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REGULATING STIMULUS RESPONSES OF FUNCTIONAL MATERIALS 

Hamilton Lee, PhD 

The University of Texas at Dallas, 2019 

ABSTRACT 

Supervising Professor:  Jeremiah J. Gassensmith 

Functional materials are materials that are responsive to external stimuli. They appear in natural 

and synthetic forms and are crucial to the operation of many physical, chemical, and biological 

systems. An improved understanding and ability to regulate the stimulus responses of functional 

materials would unleash many insights on the development of novel functional materials and the 

optimization and application of existing ones. Materials responding to changes in pH and redox 

conditions are of particular interest to clinical applications owing to the ubiquity with which pH 

and redox regulation is found in biological systems. We report the development of a pH-responsive 

virus-like particle (VLP) to better understand the mechanisms behind cellular uptake. The uptake 

of this pH-responsive VLP by certain cell lines is inhibited by the presence of terminal carboxylic 

acid moieties attached onto the surface of the VLP. Exposure of the VLP to acidic conditions 

causes hydrolysis of a linker between the carboxylic acid moieties and the VLP, releasing the 

carboxylic acid moieties and allowing uptake of the VLP by cells. We also report the development 

of aminoxyl-based ORCAs for MRI that are able to resist reduction by ascorbate. These ORCAs 

rely on a macrocycle to encage the aminoxyl radical, shielding the radical from reduction by 

ascorbate while still allowing the H2O exchange necessary for contrast enhancement. The 
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optimization of these aminoxyl-based ORCAs may someday lead to ORCA designs that can 

replace gadolinium and other metal-based contrast agents that currently find mainstream clinical 

usage. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Introduction to Regulating Stimulus Responses of Functional Materials 

Functional materials describe a class of materials possessing one or more properties (e.g., size, 

morphology, charge, color, fluorescence, etc.) that are responsive to external stimuli (e.g., thermal, 

mechanical, photic, pH, etc.).1-5 These materials are the foundation of many applications that 

require predictable and tractable changes in properties.6-7 Sensors,5, 8 artificial muscles,9-10 drug 

delivery systems,10-12 and data storage8 systems are prominent examples of industrially and 

commercially relevant applications that rely on functional materials to perform their primary 

duties. Due to their universal appeal, massive efforts have been, are being, and will continue to be 

directed at the development of novel functional materials. 

 

Of the myriad functional materials that currently exist or are known, many have the desired 

functionality for an intended application, but are not utilized due to the lack of control of the 

stimulus response of the material or the incompatibility of the material with its intended 

environment.5, 10 The regulation or optimization of the stimulus responses of these materials would 

establish their viability not only for their intended applications, but many emergent applications 

and environments. In addition, the knowledge gained from regulating the stimulus responses 

would benefit the development of novel materials with similar functionalities. 

  

Many efforts to regulate a wide array of stimulus responses across an even wider range of 

materials have been made. An attempt to sufficiently discuss all of these efforts is beyond the 
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scope of this dissertation. As such, the discussions in this dissertation will be limited to specific 

examples of pH- and redox-responsive materials. 

 

1.2 pH-Responsive Materials 

Currently, external stimuli can be differentiated by three main classes—physical, chemical, and 

biological.5 Physical stimuli describe the most fundamental interactions between matter and 

include temperature, motion, light, and magnetism. Chemical stimuli describe changes in the 

elemental composition of a sample of matter and include pH, ionic strength, oxidation state, and 

intermolecular interactions. Biological stimuli describe combinations of higher-order physical and 

chemical stimuli as applied to living systems and include receptor-specific complexation, changes 

in protein and nucleic acid structures, and ion gradients. Of stimuli mentioned above, materials 

featuring pH-responsive functionality are of particular interest due to the role of pH in many 

biological systems.3 

 

 

Figure 1.1. Examples of pH-responsive functional groups. 

 

pH is defined as the negative base 10 logarithm of the hydrogen ion activity (often 

generalized to hydrogen ion concentration) in aqueous solutions and is used as a measure of 

acidity. It is one among many chemical properties that determine the organization and function of 
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biological systems. The significance of pH is well understood across many biological systems from 

bacterial flagella13 to acid-based digestion14 to blood buffering.15-16 The ubiquity of pH regulated 

systems in biological contexts means that functional materials able to effectively respond to pH 

stimuli hold great potential for therapeutics with applications ranging from cancer treatment to 

diabetes. However, two major issues currently limit4 both the variety and therapeutic applications 

of pH-responsive functional materials: (i) the specific mechanisms and pathways behind how pH 

is regulated is limited in many systems and (ii) the design of pH-responsive functional materials 

is difficult due to fundamental drug design issues of potency, selectivity, and stability. Issue (i) is 

of particular importance in the design of pH-responsive functional materials because although the 

significance of pH in many biological systems is well understood, detailed knowledge about the 

regulation of pH in both the target system and the surrounding connected systems is required 

before the design of functional materials can even begin. Changes in pH in one part of an organism 

can potentially cause wide-reaching pH changes across other parts of the organism. Isolating the 

pathways that regulate pH in the target system of an organism are therefore required to understand 

where, when, and how functional materials should interact with the target system to achieve the 

desired outcome in the organism without causing unintended effects. Unfortunately, achieving this 

comprehensive understanding of pH regulation is difficult since many biological systems within 

organisms are closely connected and interdependent.12 Nevertheless, significant progress has been 

made in understanding local pH regulation in several mammalian cell systems. One notable 

example is the significance and regulation of pH in tumor microenvironments. It has long been 

known that some tumor microenvironments are acidic, but only relatively recently have the 

mechanisms behind the acidic conditions and the reasons for why tumors would support such 
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conditions been elucidated.17-20 Upon realizing the metabolic processes that result in acidic tumor 

environments and the role acidic conditions play in the sustenance and recruitment of certain 

tumors, many groups have designed functional materials that rely on pH-responsiveness to target 

or disrupt certain pathways that support tumor growth.21-25 Although no specific material has 

provided either comprehensive understanding or treatment of cancer, the underlying designs 

behind these pH-responsive materials show promise in advancing cancer therapeutics. 

 

Another area in which the significance and regulation of pH is becoming increasingly 

understood is wound healing. Similar to the case with tumor microenvironments, wounds can 

become acidic during the healing process and the mechanisms and reasons for such changes in pH 

are being investigated.26-28 While pH-responsive materials that focus on wound healing are not 

common relative to materials that focus on cancer therapeutics, they can still be useful in 

improving understanding of the mechanisms behind how cells traffic food, drug, or waste particles. 

Understanding and modulating cellular uptake would provide tools needed to design materials for 

the treatment of both cancer and wounds. 

 

1.3 Redox-Responsive Materials 

Reduction-oxidation, or redox, reactions involve the transfer of electrons such that a chemical 

species gains electrons (reduction) while another loses electrons (oxidation). Redox reactions are 

similar to pH in that both perform significant roles across many biological systems. Aerobic 

respiration,29-31 nitrogen fixation,32 and photosynthesis33-34 are only a few examples of biological 

processes of which redox reactions are critical components. As in the case with pH, the ubiquity 
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of redox reactions in biological contexts provides many opportunities to utilize redox-responsive 

functional materials for therapeutic applications. Many small molecule prodrugs already rely on 

redox stimuli for activation and the development of redox-responsive materials for chemotherapy 

has exploded these past few years. Although much work has been focused on the use of redox-

responsive materials for drug design and drug delivery, medical imaging, specifically the 

development of organic radical contrast agents (ORCAs) for magnetic resonance imaging (MRI), 

is one area in which redox-responsive materials could contribute immensely to. 

 

 

Figure 1.2. Examples of redox-responsive functional groups. 

 

 

1.3.1 Organic Radical Contrast Agents (ORCAs) 

ORCAs have gained attention as potential replacements for metal-based contrast agents. ORCAs 

would offer reduced toxicity and increased tunability relative to their metal-based counterparts.35 

ORCAs featuring aminoxyl radicals are among the most well studied ORCAs due to their stability 

under ambient conditions, compatibility with existing clinical imaging equipment, and 

biocompatibility. Aminoxyl radicals specifically refer to molecules containing the R2N-O· 

functional group, with the single unpaired electron conferring paramagnetism on molecules 

containing aminoxyl functionality.36 Like other radicals, aminoxyl radicals can be highly reactive. 
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However, many stable aminoxyl radicals like TEMPO or PROXYL feature bulky substituents on 

the nitrogen atom along with the absence of α-hydrogen atoms.36 The bulky substituents sterically 

hinder the aminoxyl radical from dimerization and reduces its reactivity with other molecules. The 

absence of α-hydrogen atoms eliminates the possibility of reactions involving hydrogen 

abstraction. Aminoxyl radicals have been used for several decades as spin labels and spin traps,37-

38 but only relatively recently have they been investigated as serious candidates for the 

development of ORCAs. 

 

 

Figure 1.3. The oxidized and reduced forms of aminoxyl radicals. 

 

As previously mentioned, the stability and low propensity of aminoxyl radicals to trigger 

toxic side effects are extremely desirable properties, but two major issues have prevented 

aminoxyl-based ORCAs from being utilized for mainstream clinical applications. One major issue 

stems from the single unpaired electron of the aminoxyl group. Relative to many contrast agents 

(with more unpaired electrons) currently used in clinical settings, the aminoxyl moiety provides 

weaker contrast.39-40 This issue has been investigated extensively and a common solution has been 

to graft multiple aminoxyl moieties onto a scaffold in order to increase the local concentration of 

aminoxyl radicals.41-44 Scaffolds have included polymers, “hard” nanoparticles such as those based 

on silica, and more recently, virus-like particles (VLPs). This strategy of increasing the local 
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concentration of aminoxyl radicals has so far proven to be effective under some clinically relevant 

conditions and continues to be pursued as an option to enhance the contrast of aminoxyl-based 

ORCAs. 

 

The other issue concerns the redox susceptibility of aminoxyl radicals. While aminoxyl 

radicals, especially sterically hindered examples like TEMPO or PROXYL, are far more stable 

under ambient conditions than many other radical compounds, they are not inert. Physiologically 

relevant reducing agents like ascorbate can still react with the aminoxyl moiety via a one-electron, 

one-proton transfer, thereby converting the aminoxyl radical into a hydroxylamine.36, 45-46 

Hydroxylamines no longer possess any unpaired electrons and are essentially a diamagnetic 

species, meaning that they do not function as effective MRI contrast agents. Since ascorbate and 

other reducing agents are normally present in blood, existing aminoxyl-based ORCAs are only 

effective as contrast agents for a few minutes before they are reduced to MRI-silent diamagnetic 

species. This rapid rate of reduction presents a problem for clinical applications because typical 

clinical MRI experiments occur over a longer timeframe.47 Efforts to mitigate the reduction of 

aminoxyl radicals have largely focused on further increasing the bulk of the substituents on the 

nitrogen atom and/or incorporating many aminoxyl radicals into polymeric or macromolecular 

systems in such a way that the resulting structure shields the aminoxyl radicals from reducing 

agents.41-44, 47-49 While these efforts have made progress in extending the lifetime of aminoxyl 

radicals in the presence of reducing agents, persistent aminoxyl-based ORCAs that possess 

circulation lifetimes suitable for clinical applications have yet to be seen. 
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1.4 Virus-Like Particles and Viral Nanoparticles 

Among the available scaffolds upon which functional nanoparticles can be built, virus-like 

particles (VLPs) and viral nanoparticles (VNPs) have recently gained attention in the fields of 

biotechnology and biomedicine.50-59 VLPs are macromolecular structures composed of self-

assembled protein subunits and/or nucleic acid strands. VNPs are similar to VLPs in that they are 

also self-assembled macromolecular structures composed of protein and/or nucleic acid but differ 

in that they are based on whole viruses instead of recombinant or mutant non-replicating 

assemblies. Since many VNPs relevant to human clinical applications are plant-based and unable 

to replicate in mammals, VNPs will be considered functionally identical to VLPs and labeled as 

such for the purposes of this discussion. Relative to silica, polymeric, or metallic nanoparticles, 

VLPs offer the advantages of being monodisperse, highly functionalizable, and biodegradable.50-

59 Relative to many other proteins that serve as the basis for functional materials, VLPs are resilient 

against heat and organic solvents. The unique features of VLPs make them an attractive option for 

the fabrication of clinically relevant functional materials.4 This dissertation will discuss the use of 

two VLPs, Qβ and tobacco mosaic virus (TMV), for the fabrication of pH-responsive and redox-

responsive materials, respectively. 
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Figure 1.4. Crystallographically obtained structures of common VLPs Qβ, MS2, Cowpea 

Mosaic Virus (CPMV), Cowpea Chlorotic Mosaic Virus (CCMV), and Tobacco Mosaic Virus 

(TMV). TMV is not illustrated to scale. Reproduced from Chen, Z.; Li, N.; Li, S.; 

Dharmarwardana, M.; Schlimme, A.; Gassensmith. J. J. WIREs Nanomed. Nanobiotechnol. 

2016, 8, 512–534. with permission from John Wiley and Sons. 

 

Qβ is a 28 nm icosahedral recombinant VLP based on bacteriophage Qβ. It is composed of 

180 identical coat protein subunits are self-assembled around ssRNA and are linked to each other 

via the C74 and C80 residues of each coat protein.50, 60 Each 14.1 kDa protein subunit contains six 

solvent exposed residues for functionalization. Two of these residues are the previously mentioned 

cysteine residues that feature functionalizable thiols (when reduced) while the other four residues 

are the N-terminus A1, K2, K13, and K46.50, 60 The latter four residues feature primary amines for 

functionalization. The ease in functionalizing the solvent exposed residues of QB has been 
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demonstrated on many occasions and stems in part from the wide array of mild and orthogonal 

reactions that these functional handles allow. The high thermal and organic solvent stability of the 

Qβ capsid also contribute to its ease of functionalization. The functionalizability and resiliency of 

Qβ explain its emergence as a versatile workhorse in VLP technology for the design of functional 

materials.11 

 

TMV was the first virus to be discovered and is one of the most widely studied plant viruses 

in plant pathology. TMV is a 300 × 18 nm hollow, rod-shaped virus composed of 2130 identical 

coat protein subunits self-assembled around ssRNA.61-63 Each 17.5 kDa protein subunit contains 

three solvent exposed residues (E97, E106, and Y139) available for functionalization.64-67 When 

the coat proteins are assembled in the native TMV rod morphology, the glutamate residues line 

the surface of the interior pore (4 nm diameter) while the tyrosine residues line the exterior surface 

of the TMV rod.63, 65 The facile synthetic modification opportunities these solvent exposed 

residues offer, along with the ability to tolerate wide ranges of temperatures, organic solvents, and 

pH values, have allowed TMV to also rise in prominence as a versatile platform in VLP technology 

for the design of functional materials. 
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1.5 Summary 

Functional materials encompass a vast array of materials and their respective responses to various 

external stimuli. Proper regulation of these stimulus responses is essential in establishing the 

viability of these materials for their intended applications along with emergent applications and 

environments. In the context of biological systems, improved understanding of how to regulate 

pH- and redox-responsive systems will advance greatly not only the design of therapeutics directly 

relevant to these stimuli, but therapeutics in general. The emphasis on pH- and redox-responsive 

systems is owing to the significance and ubiquity of these two stimuli in the proper function of 

biological systems. If effectively designed and utilized, pH- and redox-responsive materials can 

detect the state of and/or alter a multitude of key biochemical pathways. 

 

The current chapter, Chapter 1, of this dissertation introduces the concept of functional 

materials and broadly, the regulation of their stimulus responses. Regulation of the two external 

stimuli of focus in this dissertation, pH and redox, are also briefly introduced. Finally, VLPs, which 

are the platforms upon which the pH- and redox-responsive materials discussed in this dissertation 

are built, are introduced. Chapter 2 will focus on the design and utilization of pH-responsive 

materials to enhance the understanding and regulation of cellular uptake. Chapters 3 and 4 concern 

the design of redox-responsive materials for use as MRI contrast agents. The final chapter, Chapter 

5, will discuss the future directions and final thoughts on the sum of the work covered in this 

dissertation and its impact on the role of functional materials in society. 

 

 



 

12 

CHAPTER 2 

REGULATING THE UPTAKE OF VIRAL NANOPARTICLES IN MACROPHAGE 

AND CANCER CELLS VIA A PH SWITCH(1) 
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2.1 Introduction 

Nanoparticles have played a key role in various fields of biomedical research in the last few 

decades for a wide array of applications.68-72 While the amount of research in this area has been 

significant, the specific mechanisms behind the cellular uptake of nanoparticles and the particular 

parameters required to modulate uptake are still not fully understood.73-75 It has been widely 

demonstrated73-74, 76-82 that factors, including the size, shape, charge, and hydrophobicity of 

nanoparticles, significantly affect the uptake of nanoparticles by cells. Specifically, the surface 

charge of nanoparticles has been considered a critical factor for applications involving imaging 

and drug delivery.74  

 

The surface charge of nanoparticles has been shown to affect nanoparticle uptake by cells 

largely, but not solely, through nonspecific electrostatic interactions between the charged moieties 

on the nanoparticle and phospholipid head groups or protein domains on the membrane of the 

cell.76, 78, 83-84 The implication of this view is that nanoparticles with positive surface charges are 

more favored for uptake by cells, while nanoparticles with negative surface charges are less 

favored for uptake. This fact has been exploited elegantly by a number of researchers to alter cell 

uptake in a variety of mammalian cell types.78, 84-89 Although different cell lines react to surface 

charges of nanoparticles in varying degrees, the previous statement generally holds true across cell 

types with the exception of phagocytes. Macrophages have been shown to favor the uptake of 

negatively charged nanoparticles to that of positively charged particles.90-91 This observation has 

been explained by fact that macrophages are known to phagocytose negatively charged cells, such 

as bacteria, and are thus expected to favor the uptake of negatively charged particles.92 
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Consequently, reports on controlling the uptake of nanoparticles in macrophages are rare and 

would be of considerable value for researchers. Macrophages are a type of phagocytic cell that is 

responsible for clearing foreign materials from the body by shunting them into the organs of the 

mononuclear phagocyte system, like the liver and kidneys for excretion. Consequently, this 

recognition and disposal system can potentially reduce the circulatory half-life of nanotherapeutics 

preventing them from reaching their targets. On the other hand, selective stimulation of the 

immune system in the context of vaccine development, wound treatment, or targeting infections 

by controlling when and where the innate immune system is active would be of significant 

therapeutic interest for researchers in areas from wound treatment to cancer immunotherapy. 

 

Modulating the uptake ability of nanoparticles by switching the surface charge from 

negative to positive has been an approach to controlling their uptake until a specific stimulus is 

triggered.85-86, 93 This charge inversion strategy holds potential for increasing the safety and 

efficacy of existing payload delivery systems by increasing the selectivity of nanoparticle uptake 

by the intended cells. We set out to utilize this strategy using the virus-like particle (VLP) Qβ as a 

scaffold for which charged small molecules could be conjugated to reversibly modify cell uptake 

properties in macrophage models. Our charge inversion strategy relies on acidic environments as 

a trigger, but we are not pursuing the use of this system in tumor microenvironments, which are 

not sufficiently acidic. Instead, we are focusing on tissue injuries, where the extracellular pH can 

be as low as 4.26-28 

In this article, we highlight our investigations regarding the uptake of our Qβ conjugates 

by RAW 264.7 macrophages and HeLa cells. We show that we can reversibly alter the uptake 
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properties relative to unfunctionalized Qβ when the terminal moiety is hexanoic acid. We also 

demonstrate that the hydrazone linker in our hydrazone-based Qβ conjugates hydrolyze when 

incubated in acidic conditions, allowing for the pH-mediated cell uptake of those conjugates. Our 

findings suggest that when the size and shape of Qβ nanoparticles are controlled for, the 

conjugation of a negatively charged terminal hexanoic acid moiety onto the surface of Qβ 

significantly affects its uptake characteristics by both macrophages and cancer cells. 

 

2.2 Results and Discussion 

VLPs offer the advantages of being monodisperse, highly functionalizable, and biodegradable 

when compared to silica, polymeric, or metallic nanoparticles.50-51, 53-56, 94 VLPs are self-assembled 

macromolecular structures composed of tens to thousands of individual protein subunits.57 The 

particular VLP utilized in this article is bacteriophage Qβ, a 28 nm icosahedral protein nanoparticle 

with a capsid composed of 180 identical coat proteins. These coat proteins self-assemble around 

ssRNA and are linked together via disulfide bonds between the Cys74 and Cys80 residues of each 

coat protein. Each 14.1 kDa coat protein is composed of 132 amino acids, with four of these 

residues, the N-terminus Ala1, Lys2, Lys13, and Lys46, being solvent exposed and featuring 

primary amines available for functionalization (Figure 2.1).50, 60 The ease of synthetic 

modification and its resilience against heat and solvent have allowed Qβ to emerged as a workhorse 

in VLP nanotechnology as a promising candidate in vaccine and immunotherapeutic applications, 

making it an excellent model for our study.11, 50, 58-59 
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Figure 2.1. (A) Structure of Qβa and (B) Synthesis of Both Conjugates Qβ-6X and Qβ-Trimb. 
aRed spheres correspond to primary amines. 

bBlue icosahedron represents Qβ. 

 

The exposed primary amines were utilized for the conjugation of terminal carboxylate 

moieties to provide a negative charge to the surface of Qβ. To keep our analysis simple, we started 

with a hexanoic acid derivative. To that end, 6-(prop-2-yn-1-yloxy)hexanoic acid (6X) was 

conjugated to the solvent exposed lysine residues on the surface of Qβ. We also prepared a trimesic 
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acid (Trim) derivative under the assumption that two negative charges should be more effective 

than one, and both syntheses are illustrated in Figure 2.1B. These two conjugates were 

characterized by MALDI-TOF mass spectrometry, transmission electron microscopy (TEM), and 

dynamic light scattering (DLS) and were found to have retained the characteristic morphology of 

the underlying VLP (Figure 2.2). MALDI-TOF revealed that an average of two modifications per 

coat protein occurred with both derivatives. Native agarose gel electrophoresis showed a clear 

band shift of the conjugates toward the positive electrode despite being modestly larger, suggesting 

that the overall charge of the VLP had become more negative for both conjugates. 

 

We prepared conjugates using Qβ internally loaded with green fluorescent protein (Qβ(GFP)) 

to provide a fluorescent tag95 for imaging studies. Both conjugates were incubated in the presence 

of animal serum with HeLa and RAW 264.7 macrophage cells. To our surprise, the conjugates 

behaved quite differently. According to flow cytometry analysis, shown in Figure 2.3, the cellular 

uptake of Qβ(GFP)-6X was inhibited while the uptake of Qβ(GFP)-Trim was not, despite trimesic acid 

having an additional negative charge. To our knowledge, hexanoic acid does not have a specific 

receptor that mediates the uptake of nanoparticles by cells, though a review of the literature96 done 

after our experiment suggested that derivatives of benzoic acid, which we believe our conjugate 

most closely resembles, do. 
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Figure 2.2. (A) TEM image of Qβ-6X. (B) Native agarose gel electrophoresis of Qβ, Qβ-6X, 

and Qβ-Trim. The greater mobility toward the positive electrode (bottom) suggests an increase in 

negative charge. (C) Dynamic light scattering data of Qβ-6X. (D) MALDI-TOF mass spectra of 

Qβ and Qβ-6X showing observed masses. ESI-TOF mass spectrum of Qβ-Trim showing one, 

two, and three functionalized residues per coat protein. 
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Figure 2.3. Representative histogram from flow cytometry studies corresponding to RAW 264.7 

macrophages incubated with their respective Qβ(GFP) samples at 40 μM. All cells were incubated 

with the Qβ conjugates for 4 h at 37 °C. 

 

With these results in hand, we next sought to introduce a stimuli responsive switch between 

the capsid and the hexanoic acid moiety. This would accomplish two objectives: (1) it would 

demonstrate that the linkage between the hexanoic acid and the VLP is amenable to modification 

without altering the structure–property relationship, and (2) it would provide a proof-of-principle 

example of using “charge flipping” to alter uptake behavior. To that end, we designed a hydrazone 

linkage, which is cleavable under the acidic pH typically found in the skin or in wounds, where 

immune activation by a vaccine adjuvant would likely be most efficacious.26-28 Hydrazones have 

been frequently used for their ability to hydrolyze in mildly acidic conditions and, in particular, 

for cargo release from nanoparticles inside endosomes.50, 97-99 These pH ranges are compatible 

with the Qβ VLP.100 In addition, the resulting terminal hydrazine moiety, after the cleavage of the 

hydrazone bond, should form a cationic hydrazinium ion following protonation in water. 

 

We thus created two hydrazone analogues of hexanoic acid to test their efficacy as a pH-

mediated switch. Conjugation of the hydrazone switch is shown in Figure 2.4. We varied the 
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hydrazone linker length by using both 1-chloropropan-2-one and 1-chloropentanone. Briefly, an 

NHS-ester containing hydrazone and azide functionalities was attached to 6X in situ via a copper 

catalyzed azide–alkyne cycloaddition (CuAAC). A solution of Qβ was added and after completion 

of the reaction, the resulting conjugate was purified via centrifuge filtration. As shown in Figures 

2.5A,C and A19, the resulting conjugates maintain their spherical morphology. 

 

 

Figure 2.4. Synthesis of Qβ-Z Conjugatesa. 
aThe use of 1-chloropropan-2-one (X = 1) as a starting material results in Qβ-ZX. The use of 5-

chloropentan-2-one (X = 3) results in Qβ-ZX2. 

 

The electrophoretic mobility of proteins can be used to approximate their relative surface 

charge given that their size and morphologies are similar. The effect of the terminal carboxylic 

acid moieties on the surface charge of the Qβ conjugates was evaluated via native agarose gel 

electrophoresis. A representative gel comparing the electrophoretic mobility of unfunctionalized 

Qβ to Qβ conjugates, including both the hexanoic acid-terminated hydrazone (ZX) as well as the 
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hydrolyzed version of the same (ZX-Hyd), is shown in Figure 2.5B. Unsurprisingly, all the 

anionic conjugates show greater electrophoretic mobility than the unfunctionalized Qβ sample. To 

test the efficacy of the hydrazone switch, the Qβ-Z conjugates were incubated in MES buffer (0.1 

M, pH 5.0) for 48 h. The electrophoretic mobilities of the Qβ-ZX-Hyd conjugates were reduced 

relative to the Qβ-Z conjugates that had not undergone incubation in acidic conditions. It is not 

clear why the putatively protonated hydrolyzed hydrazine conjugates did not retreat to 

approximately the same position as the unfunctionalized Qβ. ESI-TOF data (Figure A16) show 

the predicted mass of the hydrolyzed product. 

 

 

 

Figure 2.5. (A) TEM micrograph of the Qβ(GFP)-ZX conjugate. (B) Native agarose gel 

electrophoresis showing Qβ, Qβ conjugates, and the hydrolyzed product Qβ-ZX-Hyd. (C) DLS 

measurement of the Qβ(GFP)-ZX conjugate showing a uniform size distribution. The 

measurements were taken in KP buffer (0.1 M, pH 7.4, 25 °C) at concentrations of ∼1 mg/mL. 
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The kinetics of the hydrazone hydrolysis were investigated using fluorescence 

spectroscopy, since the Qβ conjugates may hold potential for therapeutic applications involving 

the delivery of payloads to specific targets. Although hydrazones reliably hydrolyze in mildly 

acidic conditions, the local chemical environment may affect the rate of hydrolysis. Qβ-ZFITC 

(Figure 2.6A), a Qβ conjugate containing a terminal FITC moiety and a hydrazone linker, was 

synthesized for this study. 

 

 

Figure 2.6. (A) Qβ-ZFITC was used for the kinetics studies. (B) Release profiles of FITC from 

Qβ-ZFITC at pH 7.4 (KP buffer, 0.1 M, 25 °C), pH 6.0 (MES buffer, 0.1 M, 25 °C), and pH 5.0 

(MES buffer, 0.1 M, 25 °C). 

 

The fluorescence of FITC (λEx = 450 nm; λEm = 520 nm) and other fluorescein derivatives 

are known to self-quench at high local concentrations101-102 while conjugated to the capsid. As the 

hydrolysis proceeds, releasing FITC into the solution, the increase in fluorescence can be 

monitored over time. We tracked the release of FITC from the VLP into solutions at a pH of 7.4, 
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6.0, and 5.0. The maximum fluorescence was seen after 24 h at pH 5.0, while very small increases 

in fluorescence were observed over the same time period for the conjugates incubated at pH 7.4 

and 6.0 (Figure 2.6B). When the fluorescence values were fit to a pseudo-first-order reaction 

model, the half-lives of hydrazone hydrolysis at pH 7.4, 6.0, and 5.0 were 21.3, 9.6, and 6.4 h, 

respectively. The observed kinetics results are consistent with the expected hydrolysis properties 

of the hydrazone linker. While these half-lives are likely too long for therapeutic use, we have 

confirmed the chemistry works. The question of the extent of hydrolysis is still pending, but it is 

obvious that hydrolysis is occurring by the change in fluorescence, the identification of the 

predicted mass by MALDI-TOF, and the difference in electrophoretic mobility. 

 

Finally, we turned to in vitro studies to determine the efficacy of our strategy. Flow 

cytometry and fluorescence microscopy were used to evaluate the cell uptake efficiency of the Qβ 

conjugates. Phagocytic cells have been shown to favor the uptake of negatively charged 

nanoparticles, so their use in probing the uptake characteristics of the different Qβ conjugates could 

advance the understanding of the mechanisms behind the uptake selectivity of phagocytic cells. 

RAW 264.7 macrophages and HeLa cells were incubated in cell media containing 10% serum with 

their respective Qβ conjugates for 4 h. The concentrations of the Qβ conjugates ranged from 10 to 

50 μM relative to the coat protein. A comparison of the cell uptake efficiency by flow cytometry 

of the Qβ-ZX conjugate and its hydrolyzed form, Qβ-ZX-Hyd, is shown in Figure 2.7A,B. When 

both cell lines were incubated with the Qβ conjugates at 10 μM, no significant changes in the 

fluorescence intensities of the cells were observed, even for the unfunctionalized Qβ(GFP) positive 

control. This result suggests that the concentration of Qβ conjugates used for incubation were too 
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low for the detection of fluorescence. When both cell lines were incubated with the Qβ conjugates 

at 50 μM, significant differences in the fluorescence intensities of cell populations were observed. 

The RAW 264.7 macrophages incubated with 50 μM Qβ-ZX-Hyd displayed a noticeable increase 

in fluorescence intensity, while the macrophages incubated with 50 μM Qβ-ZX did not. This 

suggests that the macrophages have internalized the positively charged Qβ-ZX-Hyd conjugate. We 

wanted to see if these results were specific to the macrophages, so we tested them on HeLa cells, 

which were incubated with Qβ conjugates at 50 μM. Although HeLa cells incubated with 50 μM 

Qβ-ZX-Hyd displayed a clear increase in fluorescence intensity while the cells incubated with 50 

μM Qβ-ZX did not, the magnitude of the increase in fluorescence intensity is far lower than what 

is observed for the RAW 264.7 macrophages. This is expected because macrophages are 

commonly known to internalize a wide array of foreign materials due to their role as phagocytes.74, 

76, 78, 103-104 These results are further illustrated in Figure 2.7C,D by fluorescence imaging, showing 

the internalization of the Qβ-ZX-Hyd conjugates yet zero internal fluorescence of Qβ-ZX. We 

repeated these tests on the Qβ-ZX2 conjugate, which has a longer linker between the VLP and the 

hexanoic acid (see Figure 2.4), and found the same results from flow cytometry. This result also 

corroborates our hypothesis that the linker between the VLP and the hexanoic acid moiety can be 

altered without changing the structure–function properties. We anticipate that other linker designs, 

for instance, ones that are cleavable by enzymatic activity or light, are likely also able to be 

tolerated and, as such, expand on the generalizability of this approach. 
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Figure 2.7. Representative histograms from flow cytometry studies corresponding to (A) RAW 

264.7 macrophages and (B) HeLa cells incubated with their respective Qβ samples. 

Epifluorescence microscope images of (C) RAW 264.7 macrophages and (D) HeLa cells 

incubated with their respective Qβ samples (50 μM). Blue: DAPI; red: WGA-AlexaFluor 555; 

and green: GFP. Scale bar represents 50 μm. All cells were incubated with the QΒ conjugates for 

4 h at 37 °C. 
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2.3 Conclusions 

We have shown that conjugating terminal hexanoic acid moieties onto the surface of VLP Qβ 

inhibits the uptake of the conjugate by RAW 264.7 macrophages and HeLa cells. Installing 

hydrazone linkers between the surface of Qβ and the terminal alkyl carboxylate moieties results in 

a pH-responsive conjugate that, in acidic conditions, can release the terminal hexanoic acid moiety 

and allow for the uptake of the Qβ nanoparticle. Importantly, the installation of the “pH switch” 

did not change the structure–function properties of the hexanoic acid linker. Collectively, these 

findings are a helpful reminder that, even when the size and shape of nanoparticles are controlled 

for, charge alone does not always account for its uptake characteristics by both macrophages and 

HeLa cells. In addition, these findings highlight the need for further studies to advance the 

understanding of the requirements necessary to design effective nanoparticle-based systems for 

the delivery of payloads into cells. 

 

 

Materials, instrumentation, experimental methods, and supporting information can be found in 

Appendix A. 
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CHAPTER 3 

ENHANCING THE SURVIVABILITY OF AMINOXYL ORCAS VIA SHIELDING 

WITH CUCURBIT[8]URIL 

3.1 Introduction 

Of the many spatially resolved biomedical imaging techniques available, magnetic resonance 

imaging (MRI) is of particular importance in modern medicine owing to its non-invasive nature, 

potential for high spatial resolution, tissue penetration, and lack of non-ionizing radiation.35 MRI 

relies on detecting the energy released over time by water protons returning to magnetic 

equilibrium after a radio frequency (RF) pulse has been applied. The process of protons returning 

to magnetic equilibrium is referred to as relaxation. Differences in the chemical environment of 

water molecules (e.g., water in one type of tissue versus water in another type of tissue) affect the 

relaxation time of water protons. These differences in relaxation time are used to map the 

boundaries of different types of tissue and construct a visually interpretable image of the body. 

Since water intrinsically possesses low sensitivity to magnetic fields, contrast agents are usually 

required to increase the contrast between different features in the final image. Contrast agents 

increase MR contrast by interacting with the dipole moments of nearby water molecules such that 

the relaxation times of water protons are reduced.105-107 The majority of modern MRI contrast 

agents are based on gadolinium (Gd), or more specifically, Gd3+ complexes. This is due to the 

excellent paramagnetic properties and high stability of Gd in conditions relevant for MRI.39-40, 108 

Although Gd has performed109-111 remarkably in clinical settings (MRI contrast can be enhanced 

by several orders of magnitude), concerns about its toxicity,112-116 especially for patients with 
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impaired renal functionality, have catalyzed efforts to design alternatives to Gd and other metal-

based MRI contrast agents. 

 

While several types of metal-free contrast agents have been investigated,117-124 organic 

radical contrast agents (ORCAs) based on paramagnetic aminoxyl moieties, show significant 

promise in eventually becoming the primary compounds for which MRI contrast agents are based. 

Aminoxyl ORCAs are distinguished by their compatibility with existing MRI techniques, enabling 

facile implementation in current clinical settings. Aminoxyl ORCAs also display low cytotoxicity 

and high biodegradability, reducing the potential for side effects.47-48 However, two major issues 

prevent aminoxyl-based ORCAs from replacing traditional contrast agents based on Gd: (i) their 

single unpaired electron provides weaker contrast compared to the seven unpaired electrons of Gd 

and (ii) they are reduced rapidly to MRI-silent hydroxylamines in physiological conditions by 

compounds including ascorbate, saccharides, and cysteine-rich proteins.47 Issue (i) has been 

addressed by many groups and a common motif among ORCA designs attempting to increase the 

MRI contrast of aminoxyl-based molecules is the chaining together of multiple aminoxyl-

containing molecules to polymer systems, resulting in high local concentrations of aminoxyl 

moieties. Chaining together aminoxyl radicals in this fashion increases the relaxivity (relaxation 

rate as a function of concentration) of the ORCA by utilizing not only local concentration effects, 

but also molecular motion. The increased size and mass and decreased rotation and diffusion rates 

of the ORCA means that the number of aligned water molecules that interact with an aminoxyl 

moiety at any given time is increased. Our group has demonstrated an alternative approach that 

relies on the conjugation of aminoxyl-containing molecules to proteins derived from the tobacco 
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mosaic virus (TMV), which self-assemble into highly anisotropic rigid nanorods.125 The resulting 

conjugate was shown to have relaxivity values an order of magnitude higher than the free aminoxyl 

radical. The observed enhancement of relaxivity is attributed not only to increased local 

concentrations of aminoxyl moieties, but the reduced tumbling of the nanorod in solution.126-139 

Issue (ii) has also been widely addressed with strategies primarily focused on mitigating reduction 

by: (1) installing sterically hindered moieties around the aminoxyl radical and (2) incorporating 

many aminoxyl-containing molecules into polymeric or other macromolecular systems with 

resulting conformations that shield the aminoxyl radical.49 While these strategies have managed to 

reduce the reduction rate of aminoxyl radicals, circulation lifetimes still fall short of requirements 

for clinical viability. We have pursued the strategy of using a kinetically trapped macrocycle to 

sterically shield aminoxyl radicals from reduction. Several studies have shown140-144 that the 

macrocycle cucurbit[8]uril (CB[8]) can encage the aminoxyl radical TEMPO, leaving enough 

room for exchange of water, which is critical for MRI contrast, but preventing the entry of 

physiologically relevant reducing agents like ascorbate. By conjugating a TEMPO derivative onto 

the exterior surface of TMV, CB[8] can be bound to the TEMPO moiety via hydrophobic and ion-

dipole interactions to form a pseudorotaxane. 

 

In the following sections of this chapter, we highlight our investigations regarding the 

enhancement of the survivability of our aminoxyl ORCA via shielding with CB[8]. We 

demonstrate the fabrication of an ORCA that is essentially a pseudorotaxane using a VLP template. 

This pseudorotaxane is composed of CB[8] molecules bound to TEMPO moieties that have been 

conjugated onto the exterior surface of TMV. We also show that the pseudorotaxane architecture 
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of our ORCA is effective at shielding the aminoxyl radical from reduction by ascorbate while still 

allowing for the exchange of water. This selective shielding results in a substantial increase of the 

lifetime of our ORCA in the presence of ascorbate. Our observations suggest that the shielding of 

aminoxyl radicals with macrocycles is a promising strategy to utilize in the pursuit of a persistent 

ORCA viable for clinical applications. 

 

3.2 Results and Discussion 

Many types of nanomaterials have been investigated for their potential as platforms for aminoxyl-

based MRI contrast agents. Relative to silica, synthetic polymer, or metallic nanoparticles, virus-

like particles (VLPs) offer the advantages of monodispersity, high functionalizability, and high 

biodegradability.50-51, 53-56, 94 VLPs are self-assembled macromolecular structures composed of tens 

to thousands of individual protein subunits. The particular VLP utilized in this article is tobacco 

mosaic virus (TMV), a 300 × 18 nm rod-shaped plant virus with a protein capsid composed of 

2130 identical coat proteins (Figure 3.1).61-63 These coat proteins self-assemble around ssRNA. 

Each 17.5 kDa coat protein is composed of 158 amino acids, with three of these residues, E97, 

E106, and Y139, being solvent exposed and available for functionalization.64-67 The TMV rod 

contains a 4 nm pore along its axis of symmetry and is essentially the interior surface of TMV.63, 

65 The glutamic acid residues line this interior surface and are electronically inaccessible to the 

exterior surface.65-67 The tyrosine residues line the exterior surface of TMV. The ease of synthetic 

modification and its resilience under a wide range of temperatures, solvents, and pH values have 

allowed TMV to function as a versatile platform in VLP technology for applications involving 

biomedicine and stimulus-responsive materials. 
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Figure 3.1. (A) Structure of TMV highlighting the solvent exposed amino acid residues of a 

single coat protein. (B) Installation of alkyne functionality on Y139 via diazonium coupling 

followed by the conjugation of 6-HCl via CuAAC. 

 

The exposed tyrosine residues on the exterior surface of TMV were utilized for the 

conjugation of aminoxyl moieties owing to their greater access to bulk water relative to the interior 

glutamic acid residues. We designed a derivative of the aminoxyl radical TEMPO, deemed 6, 

(Figure 3.2) featuring an ammonium (upon protonation of the amine) for enhanced binding of 

cucurbit[8]uril (CB[8]). Various derivatives of TEMPO have been shown140-144 to bind CB[8] and 

the installation of the amine in 6 was predicted to offer enhanced binding through an extra ion-

dipole interaction. Prior to the conjugation of 6-HCl to TMV, the binding of 6-HCl to CB[8] was 

probed via isothermal titration calorimetry (ITC) (Figure 3.3). The Kd value for the CB[8]⸧6 

complex was determined to be 1.5 ± 0.1 × 10-8 M, meaning that a reasonable fraction of a 6 and 

CB[8] mixture would exist as a complex under concentrations relevant for MRI contrast agents. 
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Figure 3.2. Synthesis of 6. 
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Figure 3.3. ITC data for 6 at 25 °C in 10 mM sodium phosphate (pH 7.0). 6 (250 μM) was 

titrated into a solution of CB[8] (50 μM). The top portion of the figure is a plot of power versus 

time. The bottom portion of the figure are integrated enthalpy values versus the molar ratio of 

6:CB[8]. The Kd value for the CB[8]⸧6 complex was determined to be 1.5 ± 0.1 × 10-8 M. These 

data were fit to a sequential binding model using Origin 8.0 software. 
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Compound 6 was attached to TMV-Aky (Figure 3.1) via a copper-catalyzed azide-alkyne 

cycloaddition (CuAAC), yielding TMV-6. The conjugates TMV-Aky and TMV-6 were confirmed 

and characterized (Figure 3.4) via transmission electron microscropy (TEM), electron spray 

ionization mass spectroscopy (ESI-MS), and size exclusion chromatography (SEC). ESI-MS 

confirmed quantitative conversions of the TMV coat proteins while TEM and SEC confirmed that 

the size and morphology of the TMV rods were effectively unaltered. Finally, the paramagnetism 

of the TMV-6 conjugate was confirmed (Figure 3.4) via EPR spectroscopy. A triplet centered at 

a g-value of 2.007 and corresponding to 14N (I = 1; A ~ 45 MHz) was observed for both the 6 small 

molecule and the TMV-6 conjugate. The spectrum of 6 contains sharp peaks and isotropic g/A 

values that are characteristic of the rotational averaging found in small molecules. The spectrum 

of TMV-6 contains broad peaks, anisotropic g/A values, and a lower S/N ratio relative to the 

spectrum of 6. These differences between the spectra are attributed to the reduction of rotational 

and translational mobility upon attachment of 6 to the TMV rod. The high density of aminoxyl 

radicals on the surface of TMV can also allow for dipole spin exchange, which also results in peak 

broadening. 
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Figure 3.4. Characterization of TMV after bioconjugation reactions. (A) TEM image of TMV-6. 

(B) Bioconjugation of the TEMPO radical to TMV was confirmed via ESI-MS. The peak at 

17534 m/Z corresponds to native TMV. The peak at 17662 m/Z corresponds to TMV-Aky. The 

peak at 17958 m/Z corresponds to TMV-6. The spectrum corresponding to TMV-6 confirms 

complete conversion of TMV-Aky to TMV-6. (C) The integrity of the TMV rods after 

modification was confirmed by SEC. The single peak in the chromatograms (@260 nm) of the 

modified TMV samples demonstrates that the bioconjugation reactions did not compromise the 

morphology of the TMV rods. (D) X-band EPR spectra of 6 and TMV-6. The samples were 

prepared in capillary tubes to minimize interactions between high dielectric aqueous solvent and 

the electric field of the incident microwave radiation. 

  

Since the properties of small molecules can change upon conjugation to proteins, we 

investigated the binding of CB[8] to TMV-6 following the confirmation of the TMV-6 conjugate. 

Since the solutions of TMV-6 at concentrations required for ITC characterization were subject to 

viscosity and adhesion issues, a fluorescence titration was used instead to determine a dissociation 

constant. In this case, neither TMV-6 nor CB[8] contain fluorophores, so a competitive binding 

strategy incorporating a fluorophore was implemented. Acridine-3,6-diamine, or Proflavin (PF), 

is an acridine derivative that is fluorescent as a free molecule in aqueous solutions, but its 

fluorescence becomes quenched145-146 upon binding inside the cavity of CB[8]. PF has been 
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reported145 to bind CB[8] in a mostly 1:1 ratio with a Kd value of 5.3 × 10-8 M in aqueous solutions. 

These binding properties allow PF to feature as an appropriate fluorophore in a competitive 

binding fluorescence titration, assuming that 6 binds CB[8] with a similar motif and affinity even 

after conjugation to TMV. 

 

A fluorescence titration featuring increasing concentrations of TMV-6 (0-20 μM in terms 

of TEMPO moieties) titrated into solutions with a constant concentration of the CB[8]⸧PF (0.2 

μM) complex was performed. The fluorescence of PF was induced with an excitation wavelength 

of 400 nm and measured at an emission wavelength of 510 nm. Upon the addition of increasing 

concentrations of TMV-6, the observed fluorescence of PF increased (Figure 3.5). This result is 

consistent with the fraction of PF in the solution bound to CB[8] decreasing due to the replacement 

of PF with TEMPO moieties. Since the fluorescence of the free PF molecules are no longer 

quenched by CB[8], observed fluorescence of PF will increase. Since no other significant 

interactions between TMV, 6, CB[8], and PF were observed (Figure B1) and assuming the 

conservation of mass, the relationship and equilibria of the titration components can be described 

by the following equation: 

 

[CB[8]∙PF]+[6]⇌[CB[8]]+[PF]+[6]⇌[CB[8]⸧6]+[PF]  (Eq. 1) 
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Therefore, the two dissociation constants, Ka for the complex consisting of CB[8] and PF and Kb 

for the complex consisting of CB[8] and 6 can be represented by the following equations: 

 

Ka=
[CB[8]][PF]

[CB[8]·PF]
 (Eq. 2) 

 

Kb=
[CB[8]][6]

[CB[8]⸧6]
 (Eq. 3) 

 

Equations 1-3 can then be combined to form the following cubic equation: 

 

[CB[8]]
3
+a∙[CB[8]]

2
+b∙[CB[8]]+c=0 (Eq. 4) 

 

where 

 

a=Ka+Kb+[PF]
0
+[6]

0
-[CB[8]]

0
 (Eq. 5) 

 

b=Kb([PF]0-[CB[8]]
0
)+Ka([6]0-[CB[8]]

0
)+KaKb (Eq. 6) 

 

c=-KaKb[CB[8]]
0
 (Eq. 7) 

 

and [PF]0, [6]0, and [CB[8]]0 denote the total concentration of each respective compound. The 

change in the observed fluorescence intensity can be directly linked to the binding constants Ka 
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and Kb by solving Equation 4 for the real root. The relationship between the observed fluorescence 

intensities and the binding constants are described by the equation: 

 

F=FMin+(FMax-FMin)∙
2∙√(a2-3b)∙ cos

θ

3
-a

3Ka+[2∙√(a2-3b)∙ cos
θ

3
-a]

 (Eq. 8) 

 

where 

 

θ= cos-1 -2a3+9ab-27c

2∙√(a2-3b)
3

 (Eq. 9) 

 

and F, FMin, and FMax denote the observed fluorescence intensity at any given point in the titration, 

the minimum observed fluorescence intensity during the titration, and the maximum observed 

fluorescence intensity during the titration, respectively. Upon fitting Equation 8 to the observed 

fluorescence intensities, the Kd value for the CB[8]⸧TMV-6 complex was determined to be 3.8 ± 

0.5 × 10-7 M. The reasons for the decreased binding affinity of the CB[8]⸧TMV-6 complex relative 

to the CB[8]⸧6 complex is not yet fully known, but several possible factors may explain this 

observation. One possible factor is the decreased access of CB[8] to conjugated TEMPO moieties 

owing to the fact that CB[8] can only approach conjugated TEMPO moieties from one direction 

versus the two directions of free TEMPO moieties. Another possibility is the presence of non-

specific binding interactions between the exterior of CB[8] and the surfaces of TMV. A third 

possible factor is that CB[8] molecules can be temporarily trapped within the pore of TMV, 
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limiting their access to TEMPO moieties. Despite the binding affinity of the CB[8]⸧TMV-6 

complex being lower than that of the CB[8]⸧6 complex, it is still high enough to be relevant for 

the purposes of the ORCA design. Taken as a whole, the fluorescence titration experiments suggest 

that CB[8] molecules can bind to the TEMPO moieties conjugated onto the exterior surface of 

TMV to form a pseudorotaxane. 

 

 

Figure 3.5. Fluorescence titration data for TMV-6. TMV-6 (0-20 μM in terms of TEMPO) was 

titrated into solutions of CB[8]⸧PF (0.2 μM). The Kd value for the CB[8]⸧TMV-6 complex was 

determined to be 3.8 ± 0.5 × 10-7 M. 

  

After establishing that CB[8] can effectively bind to TMV-6 to form a pseudorotaxane, the 

relaxation behavior of the TEMPO moieties were characterized to determine the suitability of the 

pseudorotaxane as an ORCA, provided that the reduction of aminoxyl radicals does not occur. 

Relaxation behavior is dependent on several factors, with magnetic field strength and solvent 

exchange being major examples. Similar to metal-based contrast agents, aminoxyl radicals 

typically bind to at least one water molecule. The inner sphere of water molecules that interact 
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with the aminoxyl radicals provide major contributions to the overall proton relaxation behavior 

while the outer sphere water molecules provide only minor contributions. While maintaining a 

constant magnetic field strength of 1 T, longitudinal (T1) and transverse (T2) relaxation values 

were obtained for varying concentrations of TMV-6 in the presence and absence of CB[8] (Figure 

3.6). Relaxivity values (r1 and r2) were derived from a linear fit of the inverse relaxation data 

(Table 3.1). When compared to the small molecule TEMPO control, the TMV-6 conjugate 

exhibits higher r1 and r2 relaxivity values. This trend is observed for the comparison between 

TMV-6 in the presence of CB[8] and TEMPO-NH2 in the presence of CB[8]. These observations 

are expected and explained by the limited molecular motion provided by the attachment of 

TEMPO moieties to TMV. Upon the addition of CB[8], a reduction in r1 and r2 relaxivity values 

is observed for both TMV-6 and TEMPO-NH2. This reduction in relaxivity values concurs with 

the understanding that the binding of CB[8] to a TEMPO moiety reduces solvent exchange by 

limiting the access of the aminoxyl radical by water molecules. The relaxivity values obtained by 

our experiments—which correlate with contrast strength—demonstrate that our pseudorotaxane 

can provide the contrast required to function as an ORCA. And although our pseudorotaxane 

provides inferior contrast compared to existing Gd-based contrast agents,134 it is still far superior 

to small molecule aminoxyl radicals. 
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Figure 3.6. Plots of (A) 1/T1 (s
-1) and (B) 1/T2 (s

-1) versus [TEMPO] (mM) for TMV-6 and 

TEMPO-NH2 in the absence and presence of CB[8] at 43 MHz in KP buffer (0.1 M, pH 7.4) @ 

310 K. 

 

Table 3.1. Comparison of relaxivity values between contrast agents. 

Contrast 

Agent (CA) 

CA per 

Particle 

r1 per CA 

(mM-1·s-1) 

r2 per CA 

(mM-1·s-1) 

r1 per 

Particle 

(mM-1·s-1) 

r2 per 

Particle 

(mM-1·s-1) 

r2/ r1 Field (T) 

TMV-6 ~2130 2.8 ± 0.1 10.3 ± 0.1 ~5964 ~21939 3.7 1 

TMV-6+CB[8] ~2130 1.9 ± 0.1 3.1 ± 0.1 ~4047 ~6603 1.6 1 

TEMPO-NH2 1 0.6 ± 0.1 2.0 ± 0.1 0.6 ± 0.1 2.0 ± 0.1 3.3 1 

TEMPO-

NH2+CB[8] 

1 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 1 1 

Gd-DOTA134 1 3.0 5.0 3.0 5.0 1.7 1.5 
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Having characterized the NMR relaxation properties of the pseudorotaxane and 

establishing its ability to function as an ORCA, we sought to investigate the shielding performance 

of the pseudorotaxane architecture. The rapid reduction of aminoxyl radicals to hydroxylamines 

in the presence of physiologically relevant reducing agents is well known. Ascorbate is one 

example of these reducing agents and is commonly utilized for reduction experiments due to its 

ubiquity in the human body and its extensively studied redox properties. Upon the addition of a 

sodium ascorbate (10 equivalents per TEMPO moiety) solution in KP buffer (0.1 M, pH 7.4) to 

solutions of TMV-6 in the presence and absence of CB[8] (10 equivalents per TEMPO moiety), 

EPR spectra of the TMV conjugates were collected over 2 h (Figure 3.7). EPR intensities were 

fitted under pseudo-first-order conditions. The pseudo-first-order rate constant for the reduction of 

TEMPO, k’, was determined to be 2.0 ± 0.1 × 10-5 s-1 for TMV-6 in the presence of CB[8] and 16 

± 0.1 × 10-4 s-1 for TMV-6 in the absence of CB[8]. The rate of reduction of the pseudorotaxane is 

far lower than that of not only the unshielded TMV-6, but all aminoxyl-based ORCAs we currently 

know of. The substantial decrease in the reduction rate of TEMPO suggests strongly that the CB[8] 

in the pseudorotaxane architecture effectively shields the aminoxyl radical from ascorbate. 
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Figure 3.7. EPR spectra for the reduction of TMV-6 (2.6 mg/mL) with sodium ascorbate (10 

equivalents per TEMPO moiety) in the (A) presence (10 equivalents per TEMPO moiety) and 

(B) absence of CB[8]. Data were collected at 10 min intervals over 2 h. 
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3.3 Conclusions 

We have demonstrated the enhancement of the survivability of aminoxyl radicals in the presence 

of ascorbate via shielding with CB[8]. The attachment of TEMPO derivatives onto the exterior 

surface of TMV results in a conjugate that provides enhanced T1 and T2 relaxation properties 

relative to small molecule aminoxyl radicals. The addition of CB[8] to the TMV conjugate forms 

a pseudorotaxane ORCA where the TEMPO moieties are encaged by CB[8]. The CB[8] can 

sterically shield the aminoxyl radical from reduction by ascorbate while still allowing for the 

exchange of water. Although the CB[8] also reduces the contrast strength of the ORCA compared 

to its unshielded form, the contrast strength is still higher than that of small molecule aminoxyl 

radicals. Most importantly, the ORCA can survive for greatly extended periods of time compared 

to all other aminoxyl-based ORCAs we currently know of. Our results show that aminoxyl-based 

ORCAs still have plenty of room for improvement. They also show that utilizing macrocycles for 

the steric shielding of aminoxyl radicals is a highly promising strategy for extending the lifetime 

of aminoxyl-based ORCAs to clinically viable values. 

 

 

Materials, instrumentation, experimental methods, and supporting information can be found in 

Appendix B. 
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CHAPTER 4  

PERSISTENT AMINOXYL ORCAS UTILIZING A ROTAXANE ARCHITECTURE 

FOR SHIELDING 

4.1 Introduction 

The previous chapter explained the clinical significance of magnetic resonance imaging (MRI), 

the importance of gadolinium (Gd) in MRI contrast agents, and the need for metal-free contrast 

agents. The difficulties in designing clinically viable versions of such contrast agents were also 

discussed. To summarize, organic radical contrast agents (ORCAs) based on paramagnetic 

aminoxyl moieties, show significant promise in eventually replacing Gd-based contrast agents. 

However, two major issues prevent aminoxyl-based ORCAs from replacing traditional contrast 

agents based on Gd: (i) their single unpaired electron provides weaker contrast compared to the 

seven unpaired electrons of Gd and (ii) they are easily reduced to MRI-silent hydroxylamines in 

physiological conditions by compounds including ascorbate, saccharides, and cysteine-rich 

proteins. In an attempt to address these issues, we designed an ORCA composed of the following: 

(i) TEMPO derivatives conjugated to the exterior surface of tobacco mosaic virus (TMV) and (ii) 

the macrocycle cucurbit[8]uril (CB[8]), which encaged the TEMPO moieties to form a 

pseudorotaxane. The ORCA provided enhanced relaxivity values relative to small molecule 

aminoxyl radicals and the pseudorotaxane architecture proved to be extremely effective at 

shielding the aminoxyl radical from reduction by ascorbate. Kinetics experiments measuring the 

reduction rate of our ORCA in the presence of ascorbate demonstrated that this shielding and 

enhanced survivability of aminoxyl radicals resulted in lifetimes that were clinically viable. 
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While the ORCA described above appears to successfully address the issues plaguing the 

design of clinically viable aminoxyl-based ORCAs, one glaring issue eliminates the possibility of 

that ORCA from becoming clinically viable: the ORCA utilizes a pseudorotaxane architecture for 

shielding. By definition, pseudorotaxanes are not mechanically interlocked molecular 

architectures.147-148 This means that CB[8] can slide off the TEMPO moiety, resulting in a situation 

where CB[8], the TMV-TEMPO conjugate, and the complex between CB[8] and TMV-TEMPO 

are in equilibrium with each other. Unless CB[8] constantly exists in the body at a concentration 

such that all TEMPO moieties are bound to CB[8], the pseudorotaxane will quickly dissociate, 

leaving behind an unshielded ORCA. One solution to this issue is to utilize a true rotaxane to shield 

the aminoxyl radical. An aminoxyl-based ORCA utilizing a true rotaxane for shielding is a 

mechanically interlocked molecular architecture, and the relevant macrocycle would not be able 

to dissociate from the aminoxyl radical without breaking covalent bonds. We have decided to 

pursue the strategy of utilizing a rotaxane architecture in hopes of creating a persistent ORCA 

based on aminoxyl radicals. 

 

The following sections of this chapter will describe our efforts to design and fabricate an 

aminoxyl ORCA utilizing a rotaxane architecture to shield the aminoxyl radical. The 

characterization plans following the synthesis of the rotaxane ORCA will also be discussed. 
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4.2 Results and Discussion 

The design of our rotaxane ORCA consists of a thread that contains the aminoxyl radical, a 

macrocycle to encage the aminoxyl radical, and stoppers that prevent dissociation of the 

macrocycle from the thread. The aminoxyl radical TEMPO utilized in the previous chapter was 

considered for use in the thread of the rotaxane, but was not chosen. This is because of the difficulty 

in establishing a synthetic route that would allow the installation of the functionality required to 

complete the thread such that CB[8] could still bind to the TEMPO moiety. Examination of other 

stable aminoxyl radicals that were available revealed that PROXYL, a pyrrolidine version of 

TEMPO, was small enough to be encaged by CB[8] while still fulfilling the other requirements of 

the thread (Figure 4.1). Having chosen PROXYL as the base aminoxyl radical for the thread and 

CB[8] as the macrocycle, it was determined that the presence of cationic ammonium moieties on 

both sides of the PROXYL moiety would be beneficial in directing CB[8] around the thread during 

the assembly of the rotaxane. The ends of the thread required functionality that would allow for 

the installation of the stopper molecules. The azide functionality was chosen for this purpose owing 

to the versatility and reliability of the copper-catalyzed azide-alkyne cycloaddition (CuAAC) 

reaction. The thread also needed to be long enough such that steric occlusion would not prevent 

the installation of the stopper molecules. Finally, the stopper molecules would need to be large and 

rigid such that they prevent the possibility of CB[8] sliding past them without breaking covalent 

bonds. A derivative of the fluorescent dye Texas Red (TXR) was chosen owing to its ability to 

fulfill the requirements as a stopper molecule and its alkyne functionality, not its spectroscopic 

properties. 
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Figure 4.1. Synthesis of PXR. 

 

Analysis of the available PROXYL derivatives led to the construction of the synthesis route 

shown in Figure 4.2 and characterization of the products along each step of the synthesis can be 

found in Appendix C. Synthesis of the final PROXYL thread has not been completed at the time 

of this writing. A major issue encountered while working towards the synthesis of 7 was the 

difficulty in obtaining high yields of 5 and 6. Access of the carbonyl moieties introduced in 4 was 

much more difficult than originally anticipated. The geometry of the five-membered ring of 

PROXYL combined with the fact that the carbonyl groups are adjacent to each other resulted in a 

highly sterically hindered system. Different reaction conditions are still being investigated to 

optimize the synthesis of 5 and 6. 
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Figure 4.2. Synthesis of 7. 

  

Upon the synthesis and isolation of PXR, its paramagnetic properties and effectiveness as 

an ORCA will need to be characterized. The paramagnetic properties of PXR will be characterized 

by obtaining its EPR spectrum. If distinctive the peak patterns of aminoxyl radicals at 334 mT are 

observed, then the paramagnetic activity of PXR can be confirmed. NMR relaxation experiments 

will be used to characterize the T1 and T2 relaxation properties, the resulting relaxivity values of 

PXR, and the ability of PXR to function as a contrast agent. If PXR is found to be able to function 

as a contrast agent, a solution of sodium ascorbate (10 equivalents per PROXYL moiety) solution 

in KP buffer (0.1 M, pH 7.4) will be added to a solution of PXR and its EPR spectra will be 

collected over 2 h. The EPR intensities will be fitted under pseudo-first-order conditions to 

determine the pseudo-first-order rate constant for the reduction of PROXYL, k’. The results of the 

reduction kinetics experiments will determine if the rotaxane architecture is effective at shielding 

aminoxyl radicals and if PXR can function as a persistent aminoxyl ORCA. 
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4.3 Conclusions 

Although the rotaxane PXR has not yet been obtained, progress is being made towards its 

synthesis. Characterization of PXR to determine its suitability as a persistent aminoxyl ORCA will 

follow its isolation. 

 

 

Materials, instrumentation, experimental methods, and supporting information can be found in 

Appendix C. 
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CHAPTER 5 

SUMMARY OF FINDINGS AND FUTURE DIRECTIONS  

 

5.1 SUMMARY OF FINDINGS 

Functional materials are essential to modern life as we know it. Countless applications rely on 

functional materials to respond to the many external stimuli that stem from the mere existence of 

this world. To study all the currently known functional materials and the regulation of their 

stimulus responses in this lifetime would be impossible. However, I am fortunate enough to have 

been able to contribute to humanity’s struggle to better understand and improve the world around 

us. My findings thus far have been distilled into this dissertation. The work discussed in this 

dissertation is focused on understanding, designing, and regulating pH- and redox-responsive 

materials. Chapter 2 of this dissertation discussed the development of a pH-responsive VLP that 

was able be internalized by certain cell lines only when exposure to acidic conditions had released 

the moieties present on the surface of the VLP that were inhibiting its uptake. Chapters 3 and 4 of 

this dissertation discussed the development of aminoxyl-based ORCAs for MRI that resisted 

reduction by ascorbate. Experimental results obtained during the course of developing these pH- 

and redox-responsive materials revealed that although none of the developed materials are ready 

for their intended applications, new understanding had been gained that could spur the progress of 

their respective fields. 
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5.2 FUTURE DIRECTIONS 

While the ultimate goal of both the pH- and redox-responsive materials covered in Chapters 2-4 

of this dissertation involve clinical applications, there is a long way to go before this goal is 

achieved. Whether this goal is eventually achieved or not, there is still much to learn about the pH- 

and redox-responsive materials that have been discussed in the previous chapters. Concerning the 

pH-responsive VLP from Chapter 2, there are many other linker designs that could be built 

between the surface of Qβ and the terminal carboxylate moieties and investigating the effects of 

these different linkers would provide a more comprehensive understanding of the mechanisms 

behind cell uptake. Attaching the existing linkers and terminal carboxylate moieties on different 

scaffolds would also elucidate whether the observations described in Chapter 2 only apply to 

nanoparticles using VLPs, or even specifically Qβ as a scaffold. Concerning the aminoxyl-based 

ORCAs from Chapters 3 and 4, the use of different aminoxyl radicals or macrocycles in the 

construction of a rotaxane-based shielding system would be worth investigating. The use of 

different rotaxane components would allow the tuning of synthetic feasibility, immune response, 

relaxivity, organ targeting, and many more important factors that are considered when designing 

ORCAs in general.  
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APPENDIX A 

 

SUPPORTING INFORMATION FOR CHAPTER 2 

 

 

MATERIALS 

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO), ThermoFisher 

Scientific (Pittsburgh, PA), Alfa Aesar (Ward Hill, MA), or TCI America (Portland, OR) 

and used without further purification. 

 

INSTRUMENTATION 

1H and 13C NMR spectra were obtained using a 600 MHz Bruker Avance NMR 

spectrometer with residual solvent peaks as a reference for all NMR spectra. MALDI-TOF 

MS were acquired using a Shimadzu AXIMA Confidence MALDI-TOF MS. ESI-MS 

were acquired using a Waters M-class UPLC with a RP C4 BEH column for separation 

and a Waters Synapt G2-Si for detection. Dynamic light scattering (DLS) was 

conducted using a Malvern Zetasizer Nano ZS molecular size analyzer. Transmission 

electron microscopy (TEM) was conducted using a JEOL JEM-1400Plus transmission 

electron microscope. Fluorescence data were obtained using a Horiba Fluorolog-3 

steady state spectrofluorometer with a Horiba iHR320 imaging spectrometer. 

Epifluorescence microscopy was performed using a Life Technologies EVOS FL Auto 

Epifluorescence microscope. Flow cytometry was performed using a BD LSRFortessa™ 

flow cytometer. 
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SYNTHESIS 

Synthesis of 6-Azidohexanoic acid 

6-Bromohexanoic acid (5.0 g, 25.6 mmol), and NaN3 (4.998 g, 76.9 mmol) were stirred in DMF 

(20 mL) at 85 °C overnight. Upon cooling the reaction to RT, DCM (40 mL) was added to the 

reaction mixture and stirred. The reaction mixture was then washed with aqueous HCl (0.1 M, 

3×20 mL) and dried with MgSO4. The organic fraction was isolated and the solvent was removed 

under reduced pressure to yield the product as a clear pale yellow oil. 1H NMR (600 MHz, CDCl3) 

δ ppm 1.43 (quint, J = 7.2 Hz, 2 H) 1.61 (quint, J = 7.2 Hz, 2 H) 1.67 (t, J = 7.2 Hz, 2H) 2.37 

(quint, J = 7.2 Hz, 2H) 3.27 (t, J = 6.4 Hz, 2 H). 

 

 

Figure A1. 1H NMR spectrum of 6-azidohexanoic acid. 
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Synthesis of 2,5-Dioxopyrrolidin-1-yl 6-azidohexanoate 

6-Azidohexanoic acid (2.0 g, 12.7 mmol), N-hydroxysuccinimide (NHS) (4.395 g, 38.2 mmol), 

and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) (5.929 g, 38.2 mmol) were dissolved 

in DMF (15 mL) and stirred at RT, 48 h. DMF was then removed under reduced pressure. The 

remaining residue was dissolved in ethyl acetate (EtOAc) (25 mL). The organic layer was washed 

with H2O (3×40 mL), saturated brine (3×40 mL), and dried with MgSO4. The solvent was removed 

under reduced pressure to yield the crude product. The crude product was further purified via 

column chromatography (silica gel) with Hexanes:EtOAc (100:0-0:100). The fractions 

corresponding to the product were combined and the solvent was removed under reduced pressure 

to yield the product as a clear pale yellow oil. 1H NMR (600 MHz, CDCl3) δ ppm 1.49 (quint, J = 

6.8 Hz, 2 H) 1.63 (quint, J = 7.1 Hz, 2 H) 1.77 (t, J = 7.0 Hz, 2 H) 2.61 (quint, J = 7.1 Hz, 2 H) 

2.82 (s, 4 H) 3.28 (t, J = 6.4 Hz, 2 H). 
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Figure A2. 1H NMR spectrum of 2,5-dioxopyrrolidin-1-yl 6-azidohexanoate. 

 

Synthesis of 6-(Prop-2-yn-1-yloxy)hexanoic acid 

6-Bromohexanoic acid (2.0 g, 10.3 mmol), propargyl alcohol (11.492 g, 205 mmol), and KOH 

(1.725 g, 16.4 mmol) were mixed and stirred at 65 °C, 48 h. Upon cooling the reaction to RT, 

propargyl alcohol was removed under reduced pressure. Aqueous HCl (6 M, 40 mL) was added to 

the remaining residue and mixed. The reaction product was then extracted with DCM (3×20 mL) 

and the solvent removed under reduced pressure to yield the product as a clear pale yellow oil. 1H 

NMR (600 MHz, CDCl3) δ ppm 1.46 (quint, J = 7.8 Hz, 2 H) 1.65 (quint, J = 7.8 Hz, 2 H) 1.70 

(quint, J = 7.8 Hz, 2 H) 2.40 (t, J = 7.2 Hz, 2 H) 2.45 (d, J = 2.4 Hz, 1 H) 3.56 (t, J = 6.4 Hz, 2 H) 

4.17 (d, J = 1.9 Hz, 2 H). 
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Figure A3. 1H NMR spectrum of 6-(prop-2-yn-1-yloxy)hexanoic acid. 

 

Synthesis of Tris(2,5-dioxopyrrolidin-1-yl) benzene-1,3,5-tricarboxylate 

Trimesic acid (0.5 g, 4.759 mmol), NHS (1.642 g, 14.277 mmol), and EDC (2.216 g, 14.277 mmol) 

were stirred in DMF (10 mL) at RT overnight. The solvent was removed under reduced pressure 

to yield a thick golden residue. The residue was dissolved in acetone (15 mL). The resulting 

solution was added to an aqueous solution of HCl (1 M, 200 mL). A white solid precipitated out 

of the solution. The solid was filtered, washed with H2O (50 mL), and hot 2-propanol (50 mL). 

The resulting white solid was dried under high vacuum at RT overnight. 1H NMR (600 MHz, 

CDCl3) δ ppm 2.94 (s, 12 H) 9.14 (s, 3 H). 
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Figure A4. 1H NMR spectrum of tris(2,5-dioxopyrrolidin-1-yl) benzene-1,3,5-tricarboxylate. 

 

Synthesis of 6-Hydrazinonicotinic acid 

6-Chloronicotinic acid (2.0 g, 12.7 mmol) was dissolved in hydrazine hydrate (12.2 g, 190.5 mmol, 

11.8 mL) and stirred at 100 °C, 5 h. HCl (2 mL) was added to the reaction mixture to quench the 

reaction. The solvent was removed under reduced pressure. The remaining residue was dissolved 

in H2O (50 mL). HCl was added until the mixture reached pH 5. The precipitate was isolated via 

vacuum filtration and the feed was washed with cold 2-propanol. The feed was left to dry until a 

pale yellow solid remained. 1H NMR (600 MHz, DMSO) δ ppm 6.70 (d, J = 8.5 Hz,1 H) 7.85 (d, 

J = 8.8 Hz, 1 H) 8.28 (s, 1 H) 8.52 (s, 1 H). 
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Figure A5. 1H NMR spectrum of 6-hydrazinonicotinic acid. 

 

Synthesis of 1-Azidopropan-2-one 

Chloroacetone (2.0 g, 21.6 mmol), and NaN3 (4.216 g, 64.8 mmol) were stirred in acetone (50 mL) 

at RT, 24 h. The reaction mixture was then filtered and the filtrate was isolated. The feed was 

washed with acetone and the filtrate from the wash was isolated. The filtrate fractions were 

combined and the solvent was removed under reduced pressure. The resulting oil was diluted with 

diethyl ether (50 mL) and washed with H2O (2×15 mL). The organic fraction was isolated and 

dried with MgSO4. The solvent was removed under reduced pressure to obtain the product as a 

clear pale yellow liquid. 1H NMR (600 MHz, CDCl3) δ ppm 2.18 (s, 3 H) 3.94 (s, 2 H). 

 



 

60 

 

Figure A6. 1H NMR spectrum of 1-azidopropan-2-one. 

 

Synthesis of 2,5-Dioxopyrrolodin-1-yl 6-(2-(1-azidopropan-2-ylidene)hydrazinyl)nicotinate 

6-Hydrazinylnicotinic acid HCl (0.5 g, 2.6 mmol), 1-azidopropan-2-one (4 g, 68.9 mmol), and 

TEA (0.25 g, 2.5 mmol) were dissolved in dry DMF (10 mL). Potassium carbonate (0.729 g, 5.3 

mmol) was added and the mixture was stirred at RT overnight. NHS (0.910 g, 7.9 mmol) and EDC 

(1.228 g, 7.9 mmol) were dissolved in the reaction mixture and the mixture was stirred at RT 

overnight. Some of the solvent was removed under reduced pressure. CHCl3 (30 mL) was added 

and the reaction mixture was washed with H2O (3×25 mL). The aqueous layer was extracted with 

CHCl3 (2×25 mL) and the organic layers were combined. The organic layer was washed with H2O 

(3×20 mL), saturated brine (3×20 mL), and dried with MgSO4. The solvent was removed under 

reduced pressure to yield the crude product. The crude product was further purified via column 

chromatography (silica gel) with DCM:MeOH (100:0-90:10). The fractions corresponding to the 
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product were combined and the solvent was removed under reduced pressure. The resulting 

product was redissolved in DCM (30 mL), washed with saturated brine (3×20 mL), and dried with 

MgSO4. The solvent was removed under reduced pressure to yield the product as a brown solid. 

1H NMR (600 MHz, DMSO) δ ppm 2.02 (s, 3 H) 2.88 (s, 4 H) 4.07 (s, 2 H) 7.26 (d, J = 8.8 Hz, 1 

H) 8.20 (d, J = 8.9 Hz, 1 H) 8.82 (s, 1 H) 10.72 (s, 1 H). 13C NMR (150 MHz, DMSO) δ ppm 

14.85, 25.51, 55.25, 106.32, 110.97, 139.15, 148.33, 151.50, 160.87, 161.13, 170.48. 

 

 

Figure A7. 1H NMR spectrum of 2,5-dioxopyrrolodin-1-yl 6-(2-(1-azidopropan-2-

ylidene)hydrazinyl)nicotinate. 
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Figure A8. 13C NMR spectrum of 2,5-dioxopyrrolodin-1-yl 6-(2-(1-azidopropan-2-

ylidene)hydrazinyl)nicotinate. 

 

Synthesis of 5-Azidopentan-2-one 

5-Chloropentan-2-one (4.0 g, 33.2 mmol), and NaN3 (6.469 g, 99.5 mmol) were stirred in DMF 

(50 mL) at 60 °C, 24 h. Upon cooling the reaction to RT, H2O (20 mL) and EtOAc (40 mL) were 

added to the reaction mixture and stirred. The organic fraction was isolated and dried with MgSO4. 

The solvent was removed under reduced pressure to yield a black liquid. 1H NMR (600 MHz, 

CDCl3) δ ppm 1.82 (quint, J = 6.7 Hz, 2 H) 2.12 (s, 3 H) 2.51 (t, J = 7.0 Hz, 2 H) 3.28 (t, J = 6.5 

Hz, 2 H). 
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Figure A9. 1H NMR spectrum of 5-azidopentan-2-one. 

 

Synthesis of 2,5-Dioxopyrrolodin-1-yl 6-(2-(5-azidopentan-2-ylidene)hydrazinyl)nicotinate 

6-Hydrazinylnicotinic acid HCl (0.5 g, 2.6 mmol), 5-azidopentan-2-one (4 g, 31.5 mmol), and 

triethylamine (TEA) (0.25 g, 2.5 mmol) were dissolved in dry (need not be anhydrous) DMF (10 

mL). Potassium carbonate (0.729 g, 5.3 mmol) was added and the mixture was stirred at RT 

overnight. NHS (0.910 g, 7.9 mmol) and EDC (1.228 g, 7.9 mmol) were dissolved in the reaction 

mixture and the mixture was stirred at RT overnight. Some of the solvent was removed under 

reduced pressure. CHCl3 (30 mL) was added and the reaction mixture was washed with H2O (3×25 

mL). The aqueous layer was extracted with CHCl3 (2×25 mL) and the organic layers were 

combined. The organic layer was washed with H2O (3×20 mL), saturated brine (3×20 mL), and 

dried with MgSO4. The solvent was removed under reduced pressure to yield the crude product. 

The crude product was further purified via column chromatography (silica gel) with DCM:MeOH 



 

64 

(100:0-90:10). The fractions corresponding to the product were combined and the solvent was 

removed under reduced pressure. The resulting product was redissolved in DCM (30 mL), washed 

with saturated brine (3×20 mL), and dried with MgSO4. The solvent was removed under reduced 

pressure to yield the product as a thick brown liquid. 1H NMR (600 MHz, DMSO) δ ppm 1.83 

(quint, J = 6.7 Hz, 2 H) 1.99 (s, 3 H) 2.36 (t, J = 6.7 Hz, 2 H) 2.89 (s, 4 H) 3.39 (t, J = 5.3 Hz, 2 H) 

7.18 (d, J = 8.9 Hz, 1 H) 8.13 (d, J = 8.7 Hz, 1 H) 8.78 (s, 1 H). 13C NMR (150 MHz, DMSO) δ 

ppm 16.38, 25.26, 35.41, 50.36, 54.86, 106.16, 110.26, 138.82, 151.63, 153.58, 160.96, 161.23, 

170.50, 172.75. 

 

 

Figure A10. 1H NMR spectrum of 2,5-dioxopyrrolodin-1-yl 6-(2-(5-azidopentan-2-

ylidene)hydrazinyl)nicotinate. 
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Figure A11. 13C NMR spectrum of 2,5-dioxopyrrolodin-1-yl 6-(2-(5-azidopentan-2-

ylidene)hydrazinyl)nicotinate. 

 

PROTOCOL FOR EXPRESSION OF Qβ 

Plasmids containing the vectors for the expression of Qβ were donated by Dr. M.G. Finn of the 

Georgia Institute of Technology. A starter culture (5 mL) of E. coli BL21 cells containing the 

plasmid for Qβ expression was amplified to 1 L of SOB media (100 μg/mL kanamycin) at 310 K 

until the OD600 reached 0.9-1.0. Isopropyl β-D-1-thiogalactopyranoside (IPTG) (1 mM final 

concentration) was then added to the media to induce the expression of Qβ. Qβ expression was 

carried out at 37 °C overnight. The cells were centrifuged using a Thermo Sorvall Lynx 4000 

centrifuge and ThermoFisher Fiberlite F10-4×1000 LEX rotor (19,510 ×g, 4 °C, 1 h). The resulting 

pellet was resuspended in KP buffer (0.1 M, 50 mL, pH 7.4) and the cells were lysed using a cell 

homogenizer. The lysate was centrifuged using a Thermo Sorvall Lynx 4000 centrifuge and 
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ThermoFisher Fiberlite F10-4×1000 LEX rotor (19,510 ×g, 4 °C, 1 h). The resulting supernatant 

was collected and ammonium sulfate (2 M final concentration) was added. The resulting 

suspension was shaken (4 °C, >1 h) and centrifuged using a Thermo Sorvall Lynx 4000 centrifuge 

and ThermoFisher Fiberlite F10-4×1000 LEX rotor (19,510 ×g, 4 °C, 1 h). The resulting pellet 

was resuspended in KP buffer (0.1 M, 10 mL, pH 7.4), and a solution of 1:1 chloroform:n-butanol 

(10 mL) was added. The resulting suspension was centrifuged using a Thermo Sorvall Lynx 4000 

centrifuge and ThermoFisher Fiberlite F10-4×1000 LEX rotor (19,510 ×g, 4 °C, 30 min). The 

aqueous later was collected and purified via a sucrose gradient (10-40%) using a ThermoFisher 

Sorvall wX+ Ultra Series centrifuge and a Beckman Coulter SW 28 Ti rotor (73,078 ×g, 4 °C, 16 

h). The resulting band containing Qβ particles was observed by shining white light from the bottom 

of the tube and collected. The suspension was centrifuged using a ThermoFisher Sorvall wX+ 

Ultra Series centrifuge and a Beckman Coulter Type 70 Ti rotor (504,000 ×g, 4 °C, 3 h). The 

resulting pellet was collected and resuspended in the desired buffer. 

 

BIOCONJUGATION OF Qβ 

Synthesis of Qβ-6X 

2,5-Dioxopyrrolidin-1-yl 6-azidohexanoate (5.4 mg, 21.2 μmol) was dissolved in DMSO (1 mL). 

Cold (4 °C) KP buffer (0.1 M, 3 mL, pH 7.4) was added to the resulting solution of 2,5-

dioxopyrrolidin-1-yl 6-azidohexanoate and mixed well. 6-(Prop-2-yn-1-yloxy)hexanoic acid (7.2 

mg, 42.5 μmol) was added to the resulting solution and mixed well. An aqueous solution of copper 

sulfate pentahydrate (0.1 M, 10 μL) was added to the resulting solution and mixed well. An 

aqueous solution of sodium ascorbate (0.2 M, 10 μL) was added to the resulting solution and mixed 
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well. A cold (4 °C) solution of Qβ (5 mg/mL, 1 mL, 2 nmol) KP buffer (0.1 M, pH 7.4) was added 

to the solution and mixed well. The reaction was left to proceed at RT for 24 h. The resulting 

product was purified via either size exclusion chromatography using a GE Healthcare PD-10 

Desalting Column or centrifuge filtration using an EMD Millipore Amicon Ultra Centrifugal Filter 

Unit (4,303 ×g). 

 

Synthesis of Qβ-Trim 

Tris(2,5-dioxopyrrolidin-1-yl) benzene-1,3,5-tricarboxylate (10.65 mg, 21.2 μmol) was dissolved 

in DMSO (1 mL). Cold (4 °C) KP buffer (0.1 M, 3 mL, pH 7.4) was added to the resulting solution 

of tris(2,5-dioxopyrrolidin-1-yl) benzene-1,3,5-tricarboxylate and mixed well. A cold (4 °C) 

solution of Qβ (5 mg/mL, 1 mL, 2 nmol) KP buffer (0.1 M, pH 7.4) was added to the solution and 

mixed well. The reaction was left to proceed at RT for 24 h. The resulting product was purified 

via either size exclusion chromatography using a GE Healthcare PD-10 Desalting Column or 

centrifuge filtration using an EMD Millipore Amicon Ultra Centrifugal Filter Unit (4,303 ×g). 

 

Synthesis of Qβ-ZX 

2,5-Dioxopyrrolodin-1-yl 6-(2-(1-azidopropan-2-ylidene)hydrazinyl)nicotinate (4.7 mg, 14.2 

μmol) was dissolved in DMSO (1 mL). Cold (4 °C) KP buffer (0.1 M, 3 mL, pH 7.4) was added 

to the resulting solution of 2,5-dioxopyrrolodin-1-yl 6-(2-(1-azidopropan-2-

ylidene)hydrazinyl)nicotinate and mixed well. 6-(Prop-2-yn-1-yloxy)hexanoic acid (4.8 mg, 28.4 

μmol) was added to the resulting solution and mixed well. An aqueous solution of copper sulfate 

pentahydrate (0.1 M, 10 μL) was added to the resulting solution and mixed well. An aqueous 
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solution of sodium ascorbate (0.2 M, 10 μL) was added to the resulting solution and mixed well. 

A cold (4 °C) solution of Qβ (5 mg/mL, 1 mL, 2 nmol) KP buffer (0.1 M, pH 7.4) was added to 

the solution and mixed well. The reaction was left to proceed at RT for 24 h. The resulting product 

was purified via either size exclusion chromatography using a GE Healthcare PD-10 Desalting 

Column or centrifuge filtration using an EMD Millipore Amicon Ultra Centrifugal Filter Unit 

(4,303 ×g). 

 

Synthesis of Qβ-ZX2 

2,5-Dioxopyrrolodin-1-yl 6-(2-(5-azidopentan-2-ylidene)hydrazinyl)nicotinate (5.1 mg, 14.2 

μmol) was dissolved in DMSO (1 mL). Cold (4 °C) KP buffer (0.1 M, 3 mL, pH 7.4) was added 

to the resulting solution of 2,5-dioxopyrrolodin-1-yl 6-(2-(5-azidopentan-2-

ylidene)hydrazinyl)nicotinate and mixed well. 6-(Prop-2-yn-1-yloxy)hexanoic acid (4.8 mg, 28.4 

μmol) was added to the resulting solution and mixed well. An aqueous solution of copper sulfate 

pentahydrate (0.1 M, 10 μL) was added to the resulting solution and mixed well. An aqueous 

solution of sodium ascorbate (0.2 M, 10 μL) was added to the resulting solution and mixed well. 

A cold (4 °C) solution of Qβ (5 mg/mL, 1 mL, 2 nmol) KP buffer (0.1 M, pH 7.4) was added to 

the solution and mixed well. The reaction was left to proceed at RT for 24 h. The resulting product 

was purified via either size exclusion chromatography using a GE Healthcare PD-10 Desalting 

Column or centrifuge filtration using an EMD Millipore Amicon Ultra Centrifugal Filter Unit 

(4,303 ×g). 
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MALDI-TOF MS 

 

Figure A12. MALDI-TOF MS spectrum of native Qβ coat protein. Theoretical mass indicated 

by the dotted red line. 
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Figure A13. MALDI-TOF MS spectrum of Qβ-6X coat protein. Theoretical mass indicated by 

the dotted red line. 
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Figure A14. MALDI-TOF MS spectrum of Qβ-ZX coat protein. Theoretical mass indicated by 

the dotted red line. 
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Figure A15. MALDI-TOF MS spectrum of Qβ-ZX2 coat protein. Theoretical mass indicated by 

the dotted red line. 
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ESI-TOF MS 

 

Figure A16. ESI-TOF MS spectrum of Qβ-ZX-Hyd coat protein. Theoretical mass is quoted in 

brackets for unmodified coat protein (Ø), coat protein with one (β), and two (γ) functionalized 

residues. 
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Figure A17. ESI-TOF MS spectrum of Qβ-ZX2-Hyd coat protein. Theoretical mass is quoted in 

brackets for unmodified coat protein (Ø), coat protein with one (β), and two (γ) functionalized 

residues. 
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Figure A18. ESI-TOF MS spectrum of Qβ-Trim coat protein. Theoretical mass is quoted in 

brackets for coat protein with one (β), two (γ), and three (δ) functionalized residues. No peaks 

corresponding to Qβ-Trim coat proteins where the NHS moieties of trimesic acid are still 

attached were observed. Peaks with labels outlined in red do not correspond to any known 

conjugates or fragments, including conjugates in which the unused NHS moieties are still 

attached. 

 

TRANSMISSION ELECTRON MICROSCOPY 

Transmission electron micrographs were taken on a JEOL JEM-1400+ transmission electron 

microscope at 120 kV with a Gatan 4k × 4k CCD camera. 5 µL of the ~0.1 mg/mL desalted sample 

was placed on a 300 mesh Formvar/carbon-coated copper grid (Electron Microscopy Sciences, 

Hatfield, PA, USA), allowed to stand for 30 seconds, and wicked off with Whatman #1 filter paper. 

5 µL of 2% uranyl acetate (SPI Supplies, West Chester, PA, USA) was placed on the grid, allowed 

to stand for 30 seconds, wicked off as before, and the grid allowed to dry completely in air. 



 

76 

 

Figure A19. TEM images of A) Native Qβ, B) Qβ-6X, C) Qβ-ZX, D) Qβ-ZX-Hyd, E) Qβ-ZX2, 

F) Qβ-ZX2-Hyd. 
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DYNAMIC LIGHT SCATTERING 

 

Figure A20. DLS data of A) Native Qβ, B) Qβ-6X, C) Qβ-ZX, D) Qβ-ZX-Hyd, E) Qβ-ZX2, F) 

Qβ-ZX2-Hyd, G) Qβ-Trim. 
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NATIVE AGAROSE GEL ELECTROPHORESIS 

 

Figure A21. Native agarose gel electrophoresis of Qβ, Qβ-ZX2, and Qβ-ZX2-Hyd. 

 

CELL CULTURES 

RAW 264.7 macrophage and HeLa cell lines were cultured in Dulbecco’s Modified Eagle’s 

Medium (DMEM) (Sigma-Aldrich, with 4500 mg/L glucose, L-glutamine, sodium pyruvate, and 

sodium bicarbonate) culture media supplemented with 10% FB Essence (VWR Life Sciences 

Seradigm) and 1% Pen-Strep (Sigma-Aldrich), and the cultured cells were maintained in a 37 °C 

incubator with 5% CO2. Approximately 1.0×105 cells were seeded on glass coverslips in a 24-well 

cell culture plate and were incubated for at least 24 hours prior to incubation with Qβ conjugates. 
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EPIFLUORESCENCE MICROSCOPY 

RAW 264.7 macrophages and HeLa cells were treated with various concentrations (10, 30 or 50 

μM) of native Qβ, Qβ(GFP), and Qβ conjugates and incubated at 37 °C for 4 hours. Cells were then 

washed 3× with PBS (1×, pH 7.4) (Sigma-Aldrich) and fixed with 4% paraformaldehyde in PBS. 

The cells were again washed 3× with PBS and stained with 300 nM DAPI and 100 nM Wheat 

Germ Agglutinin, Alexa Fluor® 555 Conjugate (Thermo-Fisher Scientific), washing 3× with PBS 

in between. The coverslips were mounted on glass slides and imaged on a Life Technologies EVOS 

FL Auto Epifluorescence microscope with a 60× objective. (LED Cubes: DAPI, RFP and GFP). 

 

 

Figure A22. Epifluorescence microscope images of A) RAW 264.7 macrophages and B) HeLa 

cells incubated with their respective Qβ samples (50 μM). Blue: DAPI, Red: WGA-AlexaFluor 

555, and Green: GFP. Scale bar represents 50 μm. 
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FLOW CYTOMETRY 

For each cell line, approximately 1.0×105 cells were harvested and resuspended in 500 μL PBS 

(1×, pH 7.4) per sample. 10,000-50,000 (SSC-W vs. SSC-A)-gated events per sample were 

collected using a BD LSRFortessa™ flow cytometer. GFP fluorescence was detected using a 488 

nm laser for excitation and emission was measured with 515/20 nm band-pass filter. Raw data 

were processed and analyzed using FlowJo® software. Histogram overlays were normalized to 

mode to compare samples that vary in number of recorded events. A fluorescence intensity value 

of 1.0×103 was set as a threshold for a significant increase in signal. 

 

 

Figure A23. Representative histograms from flow cytometry studies corresponding to A) RAW 

264.7 macrophages and B) HeLa cells incubated with PBS buffer and Qβ(GFP). All cells were 

incubated with their respective samples for 4 h at 37 °C. 
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Figure A24. Representative histograms from flow cytometry studies corresponding to A) RAW 

264.7 macrophages and B) HeLa cells incubated with their respective Qβ samples. All cells were 

incubated with the Qβ conjugates for 4 h at 37 °C. 
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APPENDIX B 

 

SUPPORTING INFORMATION FOR CHAPTER 3 

 

 

MATERIALS 

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO), ThermoFisher 

Scientific (Pittsburgh, PA), Alfa Aesar (Ward Hill, MA), TCI America (Portland, OR), VWR 

International (Radnor, PA), and used without further purification. 

 

INSTRUMENTATION 

1H and 13C NMR spectra were obtained using a 600 MHz Bruker Avance NMR spectrometer with 

residual solvent peaks as a reference for all NMR spectra. ESI-MS were acquired using a Waters 

M-class UPLC with a RP C4 BEH column for separation and a Waters Synapt G2-Si for detection. 

Size exclusion chromatography (SEC) was conducted using an Agilent 1100 HPLC with a 

Phenomenex PolySep-GFC-P Linear 300 × 7.8 mm column. Isothermal titration calorimetry (ITC) 

was conducted using a Malvern Microcal iTC200. Transmission electron microscopy (TEM) was 

conducted using a JEOL JEM-1400Plus transmission electron microscope. Fluorescence data were 

obtained using a BioTek Synergy H4 Hybrid microplate reader. EPR spectroscopy was performed 

using a Bruker EMX ER041XG X-band spectrometer with a Bruker ER 4119HS resonator. NMR 

relaxometry experiments were performed with a 43 MHz Magritek Spinsolve NMR operating with 

a magnetic field strength of 1 T. 
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SYNTHESIS 

Synthesis of Imidazole-1-sulfonyl azide hydrogen sulfate 

NaN3 (10 g, 154 mmol) was stirred in dry EtOAc (150 mL) at 0 °C, 0.5 h. Sulfuryl chloride (20.7g, 

12.4 mL, 153 mmol) was added dropwise while stirring was maintained. The resulting mixture 

was stirred at RT, 24 h. The reaction mixture was cooled to 0 °C in an ice bath. Imidazole (20 g, 

294 mmol) was slowly added over 5 min. The resulting mixture was stirred at 0 °C, 5 h. A saturated 

NaHCO3 solution (aq.) (300 mL) was added to the reaction mixture. The organic fraction was 

isolated, washed with H2O (3×100 mL) and dried with MgSO4. The organic fraction was filtered 

and the filtrate was collected. The resulting solution was cooled to 0 °C in an ice bath while stirring 

was maintained. H2SO4 (18 M, 8.4 mL, 151 mmol) was added dropwise over 5 min while vigorous 

stirring was maintained. The resulting solution was stirred vigorously at RT until colorless or white 

precipitate was formed. The reaction mixture was filtered and the feed was washed with EtOAc (0 

°C). The feed was collected and solvent was removed under reduced pressure to yield the product 

as a white solid. 
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Figure B1. 1H NMR spectrum of imidazole-1-sulfonyl azide hydrogen sulfate. 

 

 

Figure B2. 13C NMR spectrum of imidazole-1-sulfonyl azide hydrogen sulfate. 
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Synthesis of 6-Azidohexanoic acid (2) 

Compound 1 (5.0 g, 25.6 mmol), and NaN3 (4.998 g, 76.9 mmol) were stirred in DMF (20 mL) at 

85 °C overnight. Upon cooling the reaction to RT, DCM (40 mL) was added to the reaction mixture 

and stirred. The reaction mixture was then washed with aqueous HCl (0.1 M, 3×20 mL) and dried 

with MgSO4. The organic fraction was isolated and the solvent was removed under reduced 

pressure to yield the product as a clear pale yellow oil. 1H NMR (600 MHz, CDCl3) δ ppm 1.43 

(quint, J = 7.2 Hz, 2 H) 1.61 (quint, J = 7.2 Hz, 2 H) 1.67 (t, J = 7.2 Hz, 2H) 2.37 (quint, J = 7.2 

Hz, 2H) 3.27 (t, J = 6.4 Hz, 2 H). 

 

 

Figure B3. 1H NMR spectrum of 2. 

 

Synthesis of 2,5-Dioxopyrrolidin-1-yl 6-azidohexanoate (3) 

Compound 2 (2.0 g, 12.7 mmol), N-hydroxysuccinimide (NHS) (4.395 g, 38.2 mmol), and 1-ethyl-

3-(3-dimethylaminopropyl)carbodiimide (EDC) (5.929 g, 38.2 mmol) were dissolved in DMF (15 
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mL) and stirred at RT, 48 h. DMF was then removed under reduced pressure. The remaining 

residue was dissolved in ethyl acetate (EtOAc) (25 mL). The organic layer was washed with H2O 

(3×40 mL), saturated brine (3×40 mL), and dried with MgSO4. The solvent was removed under 

reduced pressure to yield the crude product. The crude product was further purified via column 

chromatography (silica gel) with Hexanes:EtOAc (100:0-0:100). The fractions corresponding to 

the product were combined and the solvent was removed under reduced pressure to yield the 

product as a clear pale yellow oil. 1H NMR (600 MHz, CDCl3) δ ppm 1.49 (quint, J = 6.8 Hz, 2 

H) 1.63 (quint, J = 7.1 Hz, 2 H) 1.77 (t, J = 7.0 Hz, 2 H) 2.61 (quint, J = 7.1 Hz, 2 H) 2.82 (s, 4 H) 

3.28 (t, J = 6.4 Hz, 2 H). 

 

 

Figure B4. 1H NMR spectrum of 3. 
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Synthesis of 6-Azido-N-(1-oxyl-2,2,6,6-tetramethylpiperidin-4-yl)hexanamide (4) 

4-Amino-2,2,6,6-tetramethylpiperidine-1-oxyl (2.0 g, 11.7 mmol), 3 (5.94 g, 23.3 mmol), and 

TEA (1.18 g, 11.7 mmol) were dissolved in dry (need not be anhydrous) DMF (25 mL). Potassium 

carbonate (1.61 g, 11.7 mmol) was added and the mixture was stirred at RT, OVN. DCM (50 mL) 

and H2O (20 mL) were added and the reaction mixture was washed with H2O (3×50 mL). The 

aqueous fraction was extracted with DCM (2×25 mL) and the organic fractions were combined. 

The organic fraction was washed with H2O (3×50 mL) and dried with MgSO4. The solvent was 

removed under reduced pressure. The crude product was further purified via column 

chromatography (silica) with DCM:MeOH (100:0 - 90:10). The solvent was removed under 

reduced pressure to yield the product as a red liquid. 

 

 

Figure B5. 1H NMR spectrum of 4. 
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Figure B6. 13C NMR spectrum of 4. 

 

Synthesis of 4-((6-Aminohexyl)amino)-2,2,6,6-tetramethylpiperidin-1-oxyl (5) 

6-Azido-N-(1-oxyl-2,2,6,6-tetramethylpiperidin-4-yl)hexanamide (2.0 g, 6.4 mmol) was 

dissolved in Et2O (100 mL) and LiAlH4 (2.45 g, 64 mmol) was slowly added portionwise to the 

reaction solution. The reaction mixture was stirred at RT, OVN. The reaction mixture was cooled 

to 4 °C in an ice bath. H2O (1.22 mL), followed by an aqueous NaOH solution (15% w/v, 1.22 

mL), followed by H2O (3.66 mL) were slowly added to the reaction mixture under stirring. Stirring 

was continued for 15 min. The reaction mixture was dried with MgSO4 and stirred for 15 min. The 

resulting mixture was filtered and the feed was washed with Et2O (100 mL). The organic fractions 

were combined. The solvent was removed under reduced pressure. The crude product was further 

purified via column chromatography (alumina) with DCM:MeOH (100:0 - 90:10). The solvent 

was removed under reduced pressure to yield the product as a light orange liquid. 
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Synthesis of 4-((6-Azidohexyl)amino)-2,2,6,6-tetramethylpiperidin-1-oxyl (6) 

4-((6-Aminohexyl)amino)-2,2,6,6-tetramethylpiperidin-1-oxyl (2.0 g, 7.4 mmol) was dissolved in 

MeOH (50 mL) and the reaction solution was cooled to 4 °C in an ice bath. 1H-Imidazole-1-

sulfonyl azide hydrogen sulfate (2.21 g, 8.1 mmol), CuSO4 · 5H2O (0.02 g, 0.074 mmol), and 

K2CO3 (2.04 g, 14.8 mmol) were added and the reaction mixture was stirred at RT, OVN. The 

solvent was removed under reduced pressure. H2O (25 mL) was added to the remaining residue 

and the resulting mixture was filtered. The feed was washed with H2O (25 mL) and EtOAc (25 

mL). The filtrate was collected and H2O (25 mL) was added. The organic fraction was collected. 

The aqueous fraction was extracted w/ EtOAc (2×25 mL) and the organic fractions were combined. 

The combined organic fraction was washed with NaHCO3 (aq.) (4% w/v, 2×30 mL), and saturated 

brine (2×30 mL). The organic fraction was collected and dried with MgSO4. The solvent was 

removed under reduced pressure to yield the crude product. The crude product was further purified 

via column chromatography (alumina) with DCM:MeOH (100:0 - 90:10). The solvent was 

removed under reduced pressure to yield the product as a red liquid. 
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Figure B7. 1H NMR spectrum of 6. 

 

 

Figure B8. 13C NMR spectrum of 6. 
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PROTOCOL FOR EXPRESSION OF TMV 

TMV particles were isolated from Nicotiana benthamiana plants. Tobacco plants were grown, 

infected with a solution of TMV from  a stock source, collected (~10 d after infection), and stored 

at -80 °C until needed. The leaves (~100 g) were blended with cold (4 °C) extraction buffer (KP 

buffer (0.1 M, 1000 mL, pH 7.4) with 2-mercaptoethanol (0.2% (v/v))), followed by thorough 

grinding with a mortar and pestle. The mixture was filtered through cheesecloth to remove the 

plant solids, and the filtrate centrifuged at 11,000 ×g (4 °C, 20 min). The supernatant was filtered 

through cheesecloth again, and an equal volume of 1:1 chloroform/1-butanol mixture was added 

and stirred (4 °C, 30 min). The mixture was centrifuged at 4500 ×g for 10 min. The aqueous phase 

was collected, followed by the addition of NaCl (final concentration of 0.2 M), PEG 8000 (8% 

(w/w)), and Triton X-100 surfactant (1% (w/w)). The mixture was stirred on ice for 30 min and 

stored (4 °C, 1 h). The solution was centrifuged at 22,000 ×g (4 °C, 15 min). The supernatant was 

discarded, and the pellet resuspended in KP buffer (0.1 M, pH 7.4) (4 °C, OVN). The supernatant 

was carefully layered on a 40% (w/v) sucrose gradient in KP buffer (0.01 M, pH 7.4) (with at least 

one freeze-thaw cycle) in ultracentrifuge tubes and centrifuged in a swing bucket rotor for 2 h at 

96,000 ×g. The light-scattering region was collected and centrifuged at 360,562 ×g for 1.5 h. The 

supernatant was discarded, and the pellet resuspended in KP buffer (0.01 M, pH 7.4) (4 °C, OVN). 

The solution was portioned equally into microcentrifuge tubes and centrifuged at 15,513 ×g for 15 

min. The supernatant was collected as the final TMV solution. UV-Vis measurements were taken 

at 260 nm (RNA) and 280 nm (protein). A ratio of A260/A280 around 1.23 indicates intact TMV. 

Using the Beer-Lambert Law with ε = 3 the concentration of the solution was determined. 
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BIOCONJUGATION OF TMV 

Synthesis of TMV-Aky 

Solutions of 3-ethynylaniline in acetonitrile (0.68 M, 75 μL) and NaNO2 (aq.) (3.0 M, 25 μL) were 

added to a cold (4 °C) solution of p-toluenesulfonic acid (0.3 M, 400 μL) and mixed well. The 

resulting solution was mixed in light-free conditions (4 °C, 1 h) to form the diazonium salt. A 

solution of TMV (20 mg/mL, 100 μL, 0.1 μmol) was diluted in borate buffer (0.1 M, pH 8.8, 862 

μL) and the resulting solution was chilled to 4 °C. The diazonium salt solution (70 eq per coat 

protein of TMV, 76 μL) was added to the solution of TMV and the resulting solution was mixed 

in light-free conditions (4 °C, 45 min). The resulting product was purified via either size exclusion 

chromatography using a GE Healthcare PD-10 Desalting Column or centrifuge filtration using an 

EMD Millipore Amicon Ultra Centrifugal Filter Unit (4,303 ×g). 

 

Synthesis of TMV-6 

Compound 6 (1.7 mg, 5.7 μmol) was dissolved in DMSO (1 mL). Cold (4 °C) KP buffer (0.1 M, 

3 mL, pH 7.4) was added to the resulting solution and mixed well. A cold (4 °C) solution of TMV-

Aky (20 mg/mL, 100 μL, 0.1 μmol) in KP buffer (0.1 M, pH 7.4) was added to the resulting 

solution and mixed well. An aqueous solution of copper sulfate pentahydrate (0.1 M, 10 μL) was 

added to the resulting solution and mixed well. An aqueous solution of sodium ascorbate (0.2 M, 

10 μL) was added to the resulting solution and mixed well. The reaction was left to proceed at RT 

for 24 h. The resulting product was purified via either size exclusion chromatography using a GE 

Healthcare PD-10 Desalting Column or centrifuge filtration using an EMD Millipore Amicon 

Ultra Centrifugal Filter Unit (4,303 ×g). 
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FLUORESCENCE TITRATIONS 

Fluorescence titrations of TMV-6 into CB[8]⸧PF were performed using Greiner 384-well, black, 

flat-bottomed plates. Solutions of TMV-6 were prepared by serial dilutions of a stock solution of 

TMV-6 (200 μM in terms of TEMPO) in sodium phosphate buffer (0.01 M, pH 7.0). TMV-

6+CB[8]⸧PF solutions were prepared by mixing the appropriate TMV-6 (20 μL) solution with the 

solution of CB[8]⸧PF (0.6 μM, 10 μL). This resulted in solutions with final TMV-6 concentrations 

from 0-20 μM and a final CB[8]⸧PF concentration of 0.2 μM. The solutions were mixed by 

pipetting before reading the fluorescence intensities on the plate reader (top reading mode; 400 nm 

excitation, 10 nm bandwidth; 510 nm emission, 20 nm bandwidth). Z-depth and gain were 

optimized on the first scan and then exact values were used in subsequent scans. For the titrations 

of native TMV (nTMV) into CB[8]⸧PF, all methods and parameters were identical to the titrations 

of TMV-6 into CB[8]⸧PF, except for the use of nTMV instead of TMV-6. For the titrations of 

TMV-6 into PF, all methods and parameters were identical to the titrations of TMV-6 into 

CB[8]⸧PF, except for the use of PF instead of CB[8]⸧PF. 
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Figure B9. Fluorescence titration data for nTMV and CB[8]⸧PF. nTMV (0-20 μM in terms of 

TMV coat protein) was titrated into solutions of CB[8]⸧PF (0.2 μM). 

 

 

Figure B10. Fluorescence titration data for TMV-6 and PF. TMV-6 (0-20 μM in terms of 

TEMPO) was titrated into solutions of PF (0.2 μM). 
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EPR SPECTROSCOPY 

All EPR measurements were obtained using the following instrumental conditions: 

-Microwave Power: 4.54 mW 

-Microwave Frequency: 9.38 GHz 

-Modulation Frequency: 100 kHz 

-Modulation Amplitude: 0.4 mT (4 G) 

-Temperature: 298 K 

-Center Field: 334 mT (3340 G) 

-Sweep Range: 8 mT (80 G) 

 

Samples were prepared by filling a double-ended glass capillary tube (1 mm internal diameter) 

with the appropriate solution, sealing the capillary tube with laboratory film, and then placing the 

capillary tube in a quartz EPR tube (4 mm internal diameter). 
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APPENDIX C 

 

SUPPORTING INFORMATION FOR CHAPTER 4 

 

 

MATERIALS 

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO), ThermoFisher 

Scientific (Pittsburgh, PA), Alfa Aesar (Ward Hill, MA), TCI America (Portland, OR), VWR 

International (Radnor, PA), and used without further purification. 

 

INSTRUMENTATION 

1H and 13C NMR spectra were obtained using a 600 MHz Bruker Avance NMR spectrometer with 

residual solvent peaks as a reference for all NMR spectra. ESI-MS were acquired using a Waters 

M-class UPLC with a RP C4 BEH column for separation and a Waters Synapt G2-Si for detection. 

Size exclusion chromatography (SEC) was conducted using an Agilent 1100 HPLC with a 

Phenomenex PolySep-GFC-P Linear 300 × 7.8 mm column. Isothermal titration calorimetry (ITC) 

was conducted using a Malvern Microcal iTC200. Transmission electron microscopy (TEM) was 

conducted using a JEOL JEM-1400Plus transmission electron microscope. Fluorescence data were 

obtained using a BioTek Synergy H4 Hybrid microplate reader. EPR spectroscopy was performed 

using a Bruker EMX ER041XG X-band spectrometer with a Bruker ER 4119HS resonator. NMR 

relaxometry experiments were performed with a 43 MHz Magritek Spinsolve NMR operating with 

a magnetic field strength of 1 T. 
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SYNTHESIS 

Synthesis of 1-Oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrole-3-carbonitrile (2) 

Compound 1 (2.0 g, 10.9 mmol) and pyridine (1.73 g, 21.8 mmol) were added to THF (20 mL) 

and stirred at 0 °C. TFAA (10 mL) was added slowly added dropwise over 30 min and the reaction 

mixture was stirred at RT, OVN. The reaction mixture was filtered and the filtrate was collected. 

The filtrate was diluted with DCM (20 mL), washed with H2O (2×10 mL), saturated brine (2×10 

mL), and dried with MgSO4. The solvent was removed under reduced pressure to yield the product 

as an orange solid. 

 

 

Figure C1. 1H NMR spectrum of 2. 
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Figure C2. 13C NMR spectrum of 2. 

 

Synthesis of (3R,4R)-1-Oxyl-2,2,5,5-tetramethylpyrrolidine-3,4-dicarbonitrile (3) 

Compound 2 (2.0 g, 12.1 mmol), NaCN (3.0 g, 60.5 mmol), and NH4Cl (3.2 g, 60.5 mmol) were 

dissolved in a 75:25 solution of IPA:H2O (100 mL) and stirred at 80 °C, OVN. Upon cooling, the 

reaction mixture was saturated with NaCl and extracted with Et2O (5×100 mL). The solvent was 

removed under reduced pressure. The crude product was further purified via column 

chromatography (silica) with Hexanes:EtOAc (100:0 - 75:25). The fractions corresponding to the 

product were combined and the solvent was removed under reduced pressure to yield the product 

as an orange solid. 
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Figure C3. 1H NMR spectrum of 3. 

 

 

Figure C4. 13C NMR spectrum of 3. 
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Synthesis of (3R,4R)-1-Oxyl-2,2,5,5-tetramethylpyrrolidine-3,4-dicarboxylic acid (4) 

Compound 3 (2.0 g, 10.4 mmol) was stirred in NaOH (aq.) (2 M, 150 mL) at 90 °C, 96 h. The 

reaction vessel was kept open, and water was added to the reaction solution as needed. Upon 

cooling the reaction to RT, the reaction mixture was washed with Et2O (2×100 mL). The organic 

fractions were combined and discarded. HCl was added until the reaction mixture reached pH 1. 

The reaction mixture was extracted with Et2O (5×100 mL). The organic fractions were combined 

and dried with MgSO4. The solvent was removed under reduced pressure to yield the product as a 

pale yellow solid. 

 

 

Figure C5. 1H NMR spectrum of 4. 
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Synthesis of (3R,4R)-N3,N4-Bis(6-azidohexyl)-1-oxyl-2,2,5,5-tetramethylpyrrolidine-3,4-

dicarboxamide (5) 

Compound 4 (2 g, 8.7 mmol), 6-azidohexan-1-amine  (2.47 g, 17.4 mmol), TEA (1.84 g, 18.2 

mmol), HOBt (2.46 g, 18.2 mmol), and DCC (3.76 g, 18.2 mmol) were dissolved in DCM (100 

mL) at 0 °C. The resulting solution was stirred at RT, OVN. The solvent was removed under 

reduced pressure. EtOAC (100 mL) was added to the remaining residue. The reaction mixture was 

filtered and the filtrate was collected. The filtrate was washed with citric acid (aq.) (4% w/v, 2×30 

mL), NaHCO3 (aq.) (4% w/v, 2×30 mL), and saturated brine (4% w/v, 2×30 mL). The organic 

fraction was collected and dried with MgSO4. The solvent was removed under pressure to yield 

the crude product. The crude product was further purified via column chromatography (silica gel) 

with DCM:MeOH (100:0 – 90:10). The solvent was removed under pressure to yield the product 

as a pale yellow liquid. 

 

 

Figure C6. 1H NMR spectrum of 5. 



 

102 

 

 

Figure C7. 13C NMR spectrum of 5.
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