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ABSTRACT 
 
 
 Supervising Professor:  Jeremiah J. Gassensmith 
 
 
 
 
Nanoparticle based therapeutics have been proved to improve therapeutic efficacy and reduce the 

off-target toxicity. However, poor monodispersity and long term bioaccumulation toxicity have 

been the obstacles for the biomedical applications. Viruses-like particles (VLPs) have emerged 

as promising natural nanoparticles, which are monodisperse, non-infectious and biodegradable. 

Each VLP is usually composed of hundreds of identical subunits, leading to a highly ordered 

quaternary structure and repetitive particle surface. These unique characteristics allow VLP to be 

chemically functionalized precisely and periodically. The proteinaceous viral capsids are a robust 

platform, and solvent exposed amino acids such as lysine, cysteine and tyrosine can be 

orthogonally modified with variety of bioconjugation techniques. Bacteriophage Qβ is one of the 

well-studied VLPs, which is 28 nm in diameter and composed of 180 identical coat proteins. In 

my study, Qβ was used as a robust platform for conjugation-induced fluorescent labelling for the 

application of in vitro cell tracking and developing a photocaged carrier for stimuli-responsive 

drug release. 
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CHAPTER 1 

VIRUS-LIKE PARTICLES: NEW GENERATION 
 

NANOPARTICLES FOR NANOMEDICINE 
 
 

1.1 Abstract 

Nanoparticle based therapeutics forms by incorporating therapeutic entities during the process of 

nanoparticle assembly, or directly loading them into a pre-made nanoparticle or conjugating 

them on the surface. Numerous of pre-clinical studies has shown that nanoparticle based 

therapeutics can enhance drug efficacy, while simultaneously reduce off-target toxicity. 

However, a number of problems including broad polydispersity and long term toxicity from 

bioaccumation have become a concern. In contrast to synthetic nanoparticles, biopolymers—

especially virus-like particles (VLPs)—present a promising alternative owing to their 

monodispersity and chemical regularity, which allows them to be functionalized periodically and 

precisely by bioconjugation reactions. In this chapter, we review the origin, formation, and self-

assembly of VLPs along with the interior cargo loading strategies. We then review the 

conjugation strategies for surface modifications. Some parts of this chapters will be elaborated 

upon in details in the subsequent chapters. 

Introduction 

Nanomedicine is a newly emerged area studying the medical applications of nanotechonology.1,2 

The technology based on nano-sized materials, especially nanoparticles, has changed the 

foundation of biomedical research including diagnosis, therapeutics and disease prevention.3-6 

Conventional medicine has faced challenges such as non-specific targeting and high organ 
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toxicity. Nanoparticles are excellent carriers for molecular and macromolecular active agents, 

which are usually incorporated within, encapsulated inside, or attached onto the nanoparticles. 

Nanoparticle carriers can solubilize hydrophobic drugs and reduce the off-target effect of some 

toxic drugs that have been taken off the market. Nanoparticles have played important roles in 

nanomedicine and there have been around 20,000 articles published since 2017 just on this topic. 

Among the variety of composition of nanoparticles, virus-like particles (VLPs) have evolved to 

be widely accepted over the last 30 years as proteinaceous nanoparticles for drug delivery, gene 

therapy, and especially vaccination.8,9 VLPs are non-infectious proteinaceous nanoparticles that 

are recombinantly self-assembled from viral capsid proteins. The VLP capsids possess well 

defined structure, which are usually composed of hundreds of subunits and show muti-valency. 

Solvent exposed amino residues on each subunit are available to be functionalized by many types 

of bioconjugation reactions, which make VLPs a promising platform as drug carriers and 

imaging agents. The most promising application of VLPs is that they have been considered as 

safe and effective candidates for prophylactic and therapeutic vaccines. Besides the structural 

characteristics, VLPs also inherit the antigenicity of their cognate viruses. Alternatively, foreign 

epitope antigen sequences can be genetically inserted, fused, or chemically conjugated into coat 

proteins, resulting in chimeric VLPs showing multivalent display of foreign immunogenicity. In 

this chapter, production, characteristic, and applications of VLPs will be reviewed  
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1.2 Parental virus vs Virus-like particle (infectious vs non-infectious) 

In terms of structure, VLPs are very similar to their parental virus, but they are nonpathogenic 

and can not replicate as their viral genome has been removed.10 Epitopes presenting on the 

surface of VLPs can still be recognized by antigen presenting cells, which may trigger an 

immune response through similar pathways as the parental pathogen. This makes VLPs an 

excellent candidate as the platform to construct new vaccines, since there is no virulence that is 

also possible for attenuated viral vaccines. 

The first naturally existing VLP was discovered in the 1960s11 from free viral capsids of 

Hepatitis B Virus without their nucleic acid. In 1968, Bayer et al. found that the antigenic sites 

presented on the surface of hepatic B virus VLP can trigger the host’s immune response.12 Since 

this study, studies to understand the relationship of VLP and the host’s immune system were 

started. In the 1990s, with the progress of biotechnology, Schiller et al. have successfully 

expressed L1 capsid proteins of papillomavirus virons that were able to assemble into an empty 

capsid-like structure (VLP) having a similar immunogenicity as the infectious virus.13 In 

following studies, the L1 major capsid protein was expressed with vaccinia virus vector14 and 

within E.coli.15 These studies have shown how HPV major capsid proteins can be expressed and 

purified in vitro and the further understanding of particle assembly.  

Besides HPV, nowadays many viral capsid proteins can be recombinantly expressed and self-

assembled into viral capsids within host cells (such as E.coli and yeast) at a large scale 

routinely.16,17 For instance, bacteriophage Qβ18 and MS2.19 In addition, several plant viruses such 

as chlorotic mottle virus (CCMV),20 cowpea mosaic virus (CPMV)19 and tobacco mosaic virus 

(TMV) are also commonly studied (Figure 1.1).  
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Figure 1.1. Crystallographic structures of commonly studied VLPs.21 Reprinted with permission 
from Ref 21. Copyright © 2015, John Wiley and Sons 

 
1.4 Viral nanoparticle structure (self-assembly) 

Viral nanoparticles have been in elegant exist at the interface of living organism and non-living 

proteinaceous biological machines. Besides their biological activity illustrated above, they are 

excellent building blocks for material design and fabrication. The direction of studies of VLPs 

have turned to use them as a versatile model for a variety of biomedical applications, besides 

preventative and therapeutic vaccination as it was discovered and primarily considered. The viral 

capsid proteins are self-assembled into monodisperse protein nanoparticles with discrete size and 
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shape, highly-ordered symmetry and multivalency, which closely resembles their parental 

viruses. In particular, benefiting from their highly ordered and repetitive structure, researchers 

have utilized it to disassemble and reassemble into functional materials, construct targeted 

Figure 1.2. Schematic illustration of encapsulation of therapeutic and imaging agents inside 
MS2 VLP. 90 MS2 coat protein dimers were self-assembled around different cargos.7 

Reprinted with permission from Ref 7. Copyright © 2011, American Chemical Society 
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delivery systems,7 and catalysis reactions in a nano-sized confined space.22 Viral capsids 

intrinsically protect and shield their encapsulated genomic materials and transport them to their 

host cells. Benefiting from their natural function, viral capsids can potentially be used as delivery 

vehicles to load and transport therapeutic agents.7,8,17,23,24 Synthetic nanoparticles, including 

inorganic and polymeric nanoparticles, micelles and liposomes can vary largely in diameter and 

volume, which lose the fine control of the inner payload. The monodispersed VLPs can be 

produced in large scale with the same size and shape, allowing a precise control of cargo loading 

and formulation.25 

Researchers have taken advantage of viral capsids’ self-assembly process, introducing unnatural 

amino acids,26 foreign small molecules18,27 and proteins28 to make chimeric protein subunits 

along with the native coat protein to create hybrid VLP, which allows it to incorporate the 

desired properties that the native capsids don’t possess. Some viral capsids have the innate 

property to undergo self-assembly and disassembly under different RNA payloads and 

environmental factors (pH and ionic strength). Brome mosaic virus (BMV) coat protein 

assembles into two distinct capsid forms (180 subunits form and 120 subunits form) depending 

on the encapsulated RNA and assembly conditions.29 CCMV is another great example, utilizing 

the capsid self-assembly process to encapsulate a payload. It is composed of 180 identical coat 

proteins, which self-assemble around RNA and form a 28 nm icosahedral viral capsid. The 

positively charged interior surface interacts with the RNA to stabilize the overall capsid. Wild-

type CCMV are stable at low ionic strength (~ 0.1 M) and at the pH ranging from 3 to 6. The 

capsids disassembled into coat protein dimers and RNA when the ionic strength was raised (~ 1 

M) and pH above 7. CCMV dimers can be reassembled at low pH (pH 5). This reverse 
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disassembly and reassembly process makes CCMV a potential protein carrier. It is reported that 

CCMV dimers can reassemble into two different kinds of particle hybrids with diameters of 22 

nm and 27 nm, by incubating with anionic poly(styrene sulfonate)30,31 or nucleic acid32 with 

different molecular weight. Similarly, Qβ and MS2 can also encapsulate polymer,33 nucleic 

acid,34 enzymes33 and imaging agents7 during the reassembly process (Figure 1.2). 

1.5 Surface chemistry on viral nanoparticles (Bioconjugation Chemistry) 

VLP surfaces are genetically programed to be repetitive and each coat protein possesses many 

kinds of solvent exposed amino acid residues at both exterior and interior surfaces. These 

residues can feasibly be functionalized through bioconjugation reactions that covalently link 

synthetic molecules to a biomolecule. From a chemist’s point of view, compared to genetic 

engineering, bioconjugation reactions can introduce biomolecules of interest with more diverse 

functionalities in a relatively straightforward fashion. Molecules of interest can be pre-

synthesized and characterized before attaching to the surface of VLPs. 

1.5.1 Traditional Bioconjugation Strategies 

 

Figure 1.3. Traditional bioconjugation strategies used for functionalization of virus particles: 
acylation of amino groups with NHS ester; alkylation of thiol groups with maleimide or 
iodoacetamide; activation of carboxylic acid groups and coupling with amines. 
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VLPs are more stable towards variations of pH, high temperature, and solvent composition than 

many proteins, thereby they are considered to be a robust platform for bioconjugation reaction 

development. Traditional bioconjugation reactions to functionalized VLPs include acylation of 

amino groups of lysine and N-terminus with N-hydroxysuccinimide ester (NHS ester) or 

isothiocyanate, alkylation of sulfhydryl group of cysteine with maleimide and coupling activated 

carboxylic acid of glutamic acid with amines. Those chemical reactions are commonly used, 

however, they lack chemoselectivity, which one could precisely control which lysine to target 

instead of other primary amino groups presenting on the VLP surface. CPMV was the first VLP 

studied for a building block and platform for organic chemical modification. 60 copies of dye 

molecules can be labeled per CPMV VLP, which makes them an analogue to very large 

dendrimer. Wang et al. proved that by selecting appropriate reacting molecules, one can 

orthogonally target certain amino acid residues at the interior or exterior surface, which allows 

dual-functionalized  particles using different molecules.35  

1.5.2 Orthogonal bioconjugation reaction: Copper (I)-catalyzed azid-alkyne cycloadditon 
(CuAAC) 

In order to explore high selectivity of reactions on the VLP, the Finn group has developed the 

use of copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) to functionalize CPMV in the 

early 2000s.36 CuAAC reaction has a narrow distribution of reactivity and is inert to biological 

molecules and in biological systems. In addition, they have proved that this reaction proceeds at 

a fast rate that is comparable to the thiol-maleimide reaction, making it an efficient and reliable 

chemical conjugation method for VLPs. This reaction then is widely used in the conjugating of 
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synthetic molecules to biological molecules. A further study was reported by the same group in 

2007 to investigate the effect of ligand, buffer and substances to the reaction.37  

In 2009, the Finn group reported38 the optimization of CuAAC reaction for bioconjugation, and 

concluded several key suggestions for researchers. A) sodium ascorbate is a preferred reducing 

agent; B) Cu concentration should be between 50 µM to 100 µM; C) at least five equivalent of 

THPTA versus Cu should be used; D) aminoguanidine should be used to suppress the by-

products from ascorbate oxidation, which could modify protein. E) reaction pH should be in the 

range of 6.5-8.0; F) Ascorbate cannot be mixed with the Cu solution without the ligand; G) 

alkyne solution concentration should be less than 5 mM; H) free thiols are strong inhibitors of 

this reaction when it is more than two equivalents in related to Cu.  

Figure 1.4. Modification of viral capsids using CuAAC reaction. Azide functional groups are 
installed through attaching NHS ester or maleimide linker, followed by coupling with alkyne-
functionalized molecules in the presence of Cu(I) complexed with ligands 1. (Note: Alkynes 
can also be attached through linkers, and then coupled with azides.) 
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This reaction provides a new way to orthogonally functionalize the surface of VLPs. To 

functionalize viral capsids using CuAAC, azides or alkynes can be introduced through traditional 

bioconjugation strategies, such as NHS ester-amine or maleimide-thiol reactions (Figure 1.4). 

The selectivity of those reactions is still determined by the traditional conjugation strategies, and 

it also highly depends on the type of capsids. Yet, the following cycloaddition step proceeds very 

fast and highly selectively. Wang et al. has noted36 that tris(triazoly)amine ligand (Figure 1.4, 

structure 1) can be used to stabilize the Cu(I) oxidation state in water by inhibiting Cu(II)-

catalyzed oxidation coupling side reactions of alkynes. Besides accelerating the cycloaddition 

reaction, this ligand protects proteins from harmful copper species that induce protein 

aggregation and degradation. As a result, this reaction can be used very well in a biological 

environment. Due to the success of this reaction, it has been routinely used as the conjugation 

strategy for a variety of viral particles, such as TMV39, CPMV40-42 and Qβ.43,44 

1.6 Bioconjugation across the quaternary structure of Qβ 

Bioconjugation reactions can chemically manipulate biomolecules, especially VLPs of our 

interest. Bringing biology and chemical synthesis together, conjugation of various functional 

molecules on the viral scaffold brings diverse new properties. The development of more novel 

bioconjugation strategies that can fill the demands of aqueous environment compatibility, 

chemoselectivity and fast rate is very much needed. 

1.6.1 Disulfides @ VLP 

Some of the very robust viruses possess disulfide bonds, which covalently crosslink their 

subunits all over the capsid. The presence of disulfide bonds on viral capsids can increase their 
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thermal stability and protect them from thermal denaturation. Peabody et al. has tested the effect 

of disulfides on the thermal stability by using PP7, which is a highly thermal stable Pseudomonas 

RNA phage. PP7 was found to be very robust and only starts to denature at about 90 °C. Once its 

disulfides were reduced by 1,4-dithiothreitol (DTT), the denaturation temperature dropped to 60 

°C.45 Viruses containing disulfides include bacteriophage Qβ, Hepatitis B, Hepatitis C, 

Polyomavirus and HIV. 

Disulfides can be commonly found on the surface of VLPs, however, there isn’t much attention 

to utilizing disulfides as functional sites for chemical modification. This provides great 

opportunities for researchers to explore new bioconjugaiton strategies to orthogonally 

functionalize the capsid along with other reactions.  

Maleimide-thiol reaction is considered the most rapid and reliable reaction that can functionalize 

VLPs, and it is one of the most frequently used bioconjugation methods as illustrated above. 

However, instead of attaching a foreign molecule to one thiol (usually from cysteine residue), 

crosslinking a pair of adjacent thiols from the reduction product of disulfide bonds is quite 

challenging. A novel bioconjugation reaction would require the molecule to crosslink the 

subunits over the quaternary structure of the viral capsid, which could potentially disrupt the 

entire capsid and cause it to lose its biological activity. We have been interested in conjugation 

reactions across the disulfide bonds on VLPs, which can introduce new functionalities without 

comprising their innate thermal stability. 
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1.6.2 Alkylation of cysteine 

Compared to lysines, cysteines have a natural abundance as low as 2.26%, and most of them 

present as disulfide bonds. Cysteines are highly nucleophilic but not charged, so the protein 

surface charge will not change if neutral molecules are attaching to it.  

 

Figure 1.5. Structure of cysteine (1) and cysteine (2). 
 

Alkylation reaction of cysteine can proceed via SN2 nucleophilic substitution or conjugate 

addition. Nucleophilic substitution can proceed with a broad range of eletrophiles such as 

iodoacetamides, which can be functionalized to carry desired tags46 (Figure 1.6 a). This reaction 

is widely used in sample preparation for proteomics. However, the slow reaction rate limits its 

application. Using an excess amount of reagent can raise the reaction rate, but will also increase 

the possibility of unspecific side reactions towards other amino acid residues. In terms of high 

reaction rate, conjugation addition with maleimides can proceed much faster, and have extreme 

cysteine selectivity without any side reaction. N-substituted maleimides are the most frequently 

used reagents, which allows them to attach functional groups to the nitrogen in the maleimide 

ring (Figure 1.6 b). However, maleimides react irreversibly with thiols and cannot be cleaved in 

the following steps. The reversibility would be crucial for potential drug delivery applications 

that can delivery the payload into cytoplasm of a cell with a high concentration of glutathione.  
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Figure 1.6. Scheme of alkylation reaction on cysteine with iodoacetamide (a) and maleimide (b). 
 

1.6.3 The development of dibromomaleimide-disulfide chemistry 

Baker et al. first reported bromomaleimide compounds, which is a new class of molecules that 

can selectively and reversibly modify cysteine47 (Figure 1.7). Bromomaleimides have 

incorporated a bromine as a leaving group on the maleimide double bond, which could undergo 

an addition-elimination sequence when reacting with cysteine and result in a thiomaleimide as 

the product. Compared to the saturated succinimide product from the thiol-maleimide addition, 

the double bond is retained in the thiomaleimide product. The thiomaleimide is still reactive, 

which could participate in the subsequent step. In terms of reversible modification, another 

nucleophile could be added to the carbon connecting thiomaleimide and cleave the cysteine. The 

same group 
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has also been reported to exploit this reaction on protein.48 The only thiol group was introduced 

on a Grb2 adaptor protein through single point mutantation. The presence of cysteine in the 

protein was confirmed by reaction with Ellman’s reagent followed by LCMS. The protein then 

was treated with N-Methylbromomaleimide and LCMS showed a successful conjugation of the 

maleimide and cysteine. No reaction with Ellman’s reagent was found by LCMS, which was 

clear evidence that the cysteine was no longer available and had already reacted with the 

bromomaleimide (Figure 1.8). Adduct 2 was further treated with 100 equivalents of TCEP, 85% 

of protein 1 was retained showing that this conjugation method is reversible. In another 

experiment, adduct 2 can be further treated with one equivalent of glutathione, leading to a 95% 

conversion yield. Two functional groups can be conjugated onto the protein of interest in two 

steps. 

The same group has also employed dibromomaleimide compound to modify cysteine using the 

same protein sample. Dibromomaleimide behaved in a similar way as bromomaleimide when 

reacting with cysteine on protein. However, instead of 100 equivalents of TCEP, 100 equivalents 

of 2-mercaptethanol or glutathione can cleave the adduct 4 and convert back to protein 1 (Figure 

1.9). 
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Figure 1.7. Scheme of the reaction of bromomaleimide with cysteine, followed by the reverse 
step by nucleophilic attack. 
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Researchers have also investigated the dibromomalemide-disulfide reaction to synergistically 

crosslink two thiol groups that come from a pair of reduced disulfide bonds (Figure 1.10). They 

have been utilized as a 14-amino acid peptide bearing a disulfide bridge, which reduced by 1 

equivalent of TCEP followed by an addition of 1.1 equivalents of dibromomaleimide. Complete 

conversion was achieved and confirmed by LCMS. Complete reversion back to reduced peptide 

can be achieved by treating with 100 equivalents of 2-mercaptoethanol. In another example, 

dibromomaleimide-fluorescein was synthesized from dibromomaleic anhydride and fluorescein 

amine, followed by conjugating on the disulfide on peptide, which lead to fluorescently labelled 

Figure 1.8. Reversible modification of Grb2 adaptor protein using bromomaleimide.48 

Reprinted with permission from Ref 48. Copyright © 2010, American Chemical Society 

Figure 1.9. Reversible modification of Grb2 adaptor protein using dibromomaleimide.48 
Reprinted with permission from Ref 48. Copyright © 2010, American Chemical Society 



 

16 

peptide. Polymer functionalized dibromomaleimide has also been efficiently conjugated on the 

peptide containing a single disulfide. 49 Caddick and Backer et al. reported50,51 post hydrolysis of 

the thiol-dibromomaleimide adduct to maleamic acid, which make it a permanent modification in 

the presence of excess amount of thiols. The post hydrolysis step can increase the serum stability 

of the conjugates.  

The O’Reilly group has utilized this reaction to rebridge the reduced disulfide bond of salmon 

calcitonin. 52,53 and reported that a conjugation-induced fluorophore was actually generated as 

the thiol-maleimide bonds formed. Different from post fluorescent modification on peptide and 

Figure 1.10. Fluorescent labeling the disulfide bonds on Somatostatin peptide.48 Reprinted with 
permission from Ref 48. Copyright © 2010, American Chemical Society 
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proteins, this reaction can achieve polymers conjugation and fluorescent labeling on 

biomolecules simultaneously. 

1.6.4 Re-bridging disulfides on bacteriophage Qβ: dibromomaleimide-disulfide chemistry 

Benefitting from the success of the previous research, our lab has exploited this 

dibromomaleimide-disulfide chemistry to functionalize bacteriophage Qβ VLP, which is a 

recombinantly expressed 28 nm icosahedral viral capsid. The most commonly used reaction sites 

on Qβ are lysines, though we have recently communicated53,54 the successful conjugation of 

dibromomaleimide compounds to the reduced disulfides along the pores of Qβ via this 

dibromomaleimide-disulfide reaction (Figure 1.11). We have investigated the reducing and 

rebridging conditions across the quaternary structure of Qβ, which is much more complicated 
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than on the simple protein monomers or peptides. The reaction proceeded with good yields, 

notably important, the thermal stability of the particles was retained. Meanwhile, this reaction 

generates conjugation-induced fluorescence, which can be used as cell tracker after uptake by 

macrophages. Details of this work will be illustrated in the following Chapter 2. 

1.6.5 Re-bridging disulfides on bacteriophage Qβ: Thiol-yne chemistry (metal free “click 
reaction”) 

We are also interested in developing alternative conjugation strategies to functionalize the 

disulfide bonds on Qβ. The thiol-yne coupling (TYC) reaction requires a radical initiation 

process between an alkyne and two free sulfur atoms, and becomes more popular as a metal-free 

click reaction using disulfides (Figure 1.12). Most importantly, this reaction was shown to work 

very well in aqueous conditions for protein labeling using a water soluble initiator, and the 

protein structure was not damaged by UV irradiation.24 It was shown that there is no change of 

Qβ structure in the presence of photoinitiator dimethoxy-2-phenylacetophenone (DPAP) under 

365 nm UV irradiation for 2 h. An alkyne functionalized FITC was synthesized and conjugated 

on the reduced disulfides on Qβ for 2 h. The successful conjugation was confirmed by native 

agarose gel electrophoresis and SDS-PAGE.   

 

Figure 1.12. Thiol−Yne Coupling (TYC) to rebridge the reduced disulfide bonds and attach 
payload on peptide or protein. 24 Reprinted with permission from Ref 24. Copyright © 2016, 
American Chemical Society 



 

19 

1.7 References  

(1) Chen, G.; Roy, I.; Yang, C.; Prasad, P. N. Chem. Rev. 2016, 116, 2826-2885. 

(2) Moghimi, S. M.; Hunter, A. C.; Murray, J. C. FASEB J. 2005, 19, 311-330. 

(3) Schwarz, B.; Uchida, M.; Douglas, T. Adv. Virus. Res. 2017, 97, 1-60. 

(4) Nicolas, J.; Mura, S.; Brambilla, D.; Mackiewicz, N.; Couvreur, P. Chem. Soc. Rev. 2013, 
42, 1147-1235. 

(5) Pelegri-O'Day, E. M.; Lin, E. W.; Maynard, H. D. J. Am. Chem. Soc. 2014, 136, 14323-
14332. 

(6) Karimi, M.; Zangabad, P. S.; Mehdizadeh, F.; Malekzad, H.; Ghasemi, A.; Bahrami, S.; 
Zare, H.; Moghoofei, M.; Hekmatmanesh, A.; Hamblin, M. R. Nanoscale 2017, 9, 1356-
1392. 

(7)  Ashley, C. E.; Carnes, E. C.; Phillips, G. K.; Durfee, P. N.; Buley, M. D.; Lino, C. A.; 
Padilla, D. P.; Phillips, B.; Carter, M. B.; Willman, C. L.; Brinker, C. J.; Caldeira, J. C.; 
Chackerian, B.; Wharton, W.; Peabody, D. S. ACS Nano 2011, 5, 5729-5745. 

(8) Rohovie, M. J.; Nagasawa, M.; Swartz, J. R. Bioeng. Transl. Med. 2017, 2, 43-57. 
 
(9) Yan, D.; Wei, Y. Q.; Guo, H. C.; Sun, S. Q. Appl. Microbiol. Biotechnol. 2015, 99, 

10415-10432. 
 
(10) Rynda-Apple, A.; Patterson, D. P.; Douglas, T. Nanomedicine 2014, 9, 1857-1868. 
 
(11) Blumberg, B. S.; Alter, H. J.; Visnich, S. JAMA 1965, 191, 101-106.  
 
(12) Bayer, M. E.; Blumberg, B. S.; Werner, B. Nature 1968, 218, 1057-1059. 
 
(13) Kirnbauer, R.; Booy, F.; Cheng, N.; Lowy, D. R.; Schiller, J. T. Proc. Natl. Acad. Sci. 

USA 1992, 89, 12180-12184. 
 
(14) Hagensee, M. E.; Yaegashi, N.; Galloway, D. A. J. Virol. 1992, 67, 315-322. 

(15) Li, M.; Cripe, T. P.; Estes, P. A.; Lyon, M. K.; Rose, R. C.; Garcea, R. L. J. Virol. 1996, 
71, 2988-2995. 

(16) Bajaj, S.; Banerjee, M. Virology 2016, 496, 106-115. 

(17) Zeltins, A. Mol. Biotechnol. 2013, 53, 92–107. 



 

20 

(18) Brown, S. D.; Fiedler, J. D.; Finn, M. G. Biochemistry 2009, 48, 11155-11157. 

(19) Kammen, A. V. Virology 1967, 31, 633-642. 

(20) Zhao, X.; Fox, J. M.; Olson, N. H.; Baker, T. S.; Young, M. J. Virology 1995, 207, 486-
494. 

(21) Chen, Z.; Li, N.; Li, S.; Dharmarwardana, M.; Schlimme, A.; Gassensmith, J. J. WIREs 
Nanomed. Nanobiotechnol. 2016, 8, 512–534. 

(22) Schoonen, L.; Maassen, S.; Nolte, R. J. M.; van Hest, J. C. M. Biomacromolecules 2017, 
18, 3492-3497. 

(23) Tagliamonte, M.; Tornesello, M. L.; Buonaguro, F. M.; Buonaguro, L. Curr. HIV Res. 
2017, 205-219. 

(24) Griebenow, N.; Dilmac, A. M.; Greven, S.; Brase, S. Bioconjugate Chem. 2016, 27, 911-
917. 

(25) Hovlid, M. L.; Lau, J. L.; Breitenkamp, K.; Higginson, C. J.; Laufer, B.; Manchester, M.; 
Finn, M. G. ACS Nano 2014, 8, 8003-8014. 

(26) Strable, E.; Prasuhn, D. E.; Udit, A. K.; Brown, S.; Link, A. J.; Ngo, J. T.; Lander, G.; 
Quispe, J.; Potter, C. S.; Carragher, B.; Tirrell, D. A.; Finn, M. G. Bioconjugate Chem. 
2008, 19, 866-875. 

(27) Pokorski, J. K.; Hovlid, M. L.; Finn, M. G. Chembiochem 2011, 12, 2441-2447. 

(28) Rhee, J. K.; Hovlid, M.; Fiedler, J. D.; Brown, S. D.; Manzenrieder, F.; Kitagishi, H.; 
Nycholat, C.; Paulson, J. C.; Finn, M. G. Biomacromolecules 2011, 12, 3977-3981. 

(29) Krol, M. A.; Olson, N. H.; Tate, J.; Johnson, J. E.; Baker, T. S.; Ahlquist, P. Proc. Natl. 
Acad. Sci. USA 1999, 96, 13650-13655. 

(30) Hu, Y.; Zandi, R.; Anavitarte, A.; Knobler, C. M.; Gelbart, W. M. Biophys J 2008, 94, 
1428-1436. 

(31) Minten, I. J.; Ma, Y.; Hempenius, M. A.; Vancso, G. J.; Nolte, R. J.; Cornelissen, J. J. 
Org. Biomol. Chem. 2009, 7, 4685-4688. 

(32) Cadena-Nava, R. D.; Comas-Garcia, M.; Garmann, R. F.; Rao, A. L.; Knobler, C. M.; 
Gelbart, W. M. J. Virol. 2012, 86, 3318-3326. 

(33) Glasgow, J. E.; Capehart, S. L.; Francis, M. B.; Tullman-Ercek, D. ACS Nano 2012, 6, 
8658-8664. 



 

21 

(34) Fang, P. Y.; Gomez Ramos, L. M.; Holguin, S. Y.; Hsiao, C.; Bowman, J. C.; Yang, H. 
W.; Williams, L. D. Nucleic Acids Res. 2017, 45, 3519-3527. 

(35) Wang, Q.; Lin, T. W.; Tang, L.; Johnson, J. E.; Finn, M. G. Angew. Chem. Int. Ed. 2002, 
41, 459-462. 

(36) Wang, Q.; Chan, T. R.; Hilgraf, R.; Fokin, V. V.; Sharpless, K. B.; Finn, M. G. J. Am. 
Chem. Soc. 2003, 125, 3192-3193. 

(37) Rodionov, V. O.; Presolski, S. I.; D ́ıaz, D. D.; Fokin, V. V.; Finn, M. G. J. Am. Chem. 
Soc. 2007, 129, 12705-12712. 

(38) Hong, V.; Presolski, S. I.; Ma, C.; Finn, M. G. Angew. Chem. Int. Ed. 2009, 48, 9879-
9883. 

(39) Bruckman, M. A.; Kaur, G.; Lee, L. A.; Xie, F.; Sepulveda, J.; Breitenkamp, R.; Zhang, 
X.; Joralemon, M.; Russell, T. P.; Emrick, T.; Wang, Q. Chembiochem 2008, 9, 519-523. 

(40) Gupta, S. S.; Kuzelka, J.; Singh, P.; Lewis, W. G.; Manchester, M.; Finn, M. G. 
Bioconjugate Chem. 2005, 16, 1572−1579. 

(41) Meunier, S.; Strable, E.; Finn, M. G. Chem. Biol. 2004, 11, 319-326. 

(42) Sen Gupta, S.; Raja, K. S.; Kaltgrad, E.; Strable, E.; Finn, M. G. Chem. Commun. 2005, 
4315-4317. 

(43) Prasuhn, D. E. Jr.; Yeh, R. M.; Obenaus, A.; Manchester, M.; Finn, M. G. Chem. 
Commun. 2007, 1269-1271. 

(44) Steinmetz, N. F.; Hong, V.; Spoerke, E. D.; Lu, P.; Breitenkamp, K.; Finn, M. G.; 
Manchester, M. J. Am. Chem. Soc. 2009, 131, 17093–17095. 

(45) Caldeira, J. C.; Peabody, D. S. J Nanobiotechnology 2007, 5, 10. 

(46) Tyagarajan, K.; Pretzer, E.; Wiktorowicz, J. E. Electrophoresis 2003, 24, 2348-2358. 

(47) Tedaldi, L. M.; Smith, M. E.; Nathani, R. I.; Baker, J. R. Chem. Commun. 2009, 6583-
6585. 

(48) Smith, M. E. B.; Schumacher, F. F.; Ryan, C. P.; Tedaldi, L. M.; Papaioannou, D.; 
Waksman, G.; Caddick, S.; Baker, J. R. J. Am. Chem. Soc. 2010, 132, 1960-1965. 
https://pubs.acs.org/doi/abs/10.1021%2Fja908610s. 

(49) Jones, M. W.; Strickland, R. A.; Schumacher, F. F.; Caddick, S.; Baker, J. R.; Gibson, M. 
I.; Haddleton, D. M. J. Am. Chem. Soc. 2012, 134, 1847-1852. 



 

22 

(50) Ryan, C. P.; Smith, M. E.; Schumacher, F. F.; Grohmann, D.; Papaioannou, D.; 
Waksman, G.; Werner, F.; Baker, J. R.; Caddick, S. Chem. Commun. 2011, 47, 5452-
5454. 

(51) Morais, M.; Nunes, J. P. M.; Karu, K.; Forte, N.; Benni, I.; Smith, M. E. B.; Caddick, S.; 
Chudasama, V.; Baker, J. R. Org. Biomol. Chem. 2017, 15, 2947-2952. 

(52) Robin, M. P.; Wilson, P.; Mabire, A. B.; Kiviaho, J. K.; Raymond, J. E.; Haddleton, D. 
M.; O'Reilly, R. K. J. Am. Chem. Soc. 2013, 135, 2875-2878. 

(53) Robin, M. P.; O'Reilly, R. K. Chem. Sci. 2014, 5, 2717. 

(54) Chen, Z.; Li, N.; Chen, L.; Lee, J.; Gassensmith, J. J. Small 2016, 12, 4563-4571. 

 



 
 
 

23 

CHAPTER 2 

FLUORESCENT FUNCTIONALIZATION ACROSS QUATERNARY STRUCTURE  

IN A VIRUS-LIKE PARTICLE1 

 
 
 
 
 
 

Authors - Zhuo Chen, Stefanie D. Boyd, Jenifer S. Calvo, Kyle W. Murray, Galo L. Mejia, 

Candace E. Benjamin, Raymond P. Welch, Duane D. Winkler, Gabriele Meloni, Sheena D’Arcy 

and Jeremiah J. Gassensmith 

 
 

The Department of Chemistry and Biochemistry, BE26 

 
 

The University of Texas at Dallas 

 
 

800 West Campbell Road 

 
  

Richardson, Texas 75080-3021 

 

  

                                                
 1Reprinted with permission from Chen, Z.; Boyd, S. D.; Calvo, J. S.; Murray, K. W.; Mejia, G. L.; Benjamin, C. E.; 

Welch, R. P.; Winkler, D. D.; Meloni, G.; D’Arcy, S.; Gassensmith, J. J. Bioconjugate Chem. 2017, 28, 2277-
2283. Copyright (2017) American Chemical Society. 



 
 
 

24 

2.1 Abstract 

Proteinaceous nanomaterials and, in particular, virus-like particles (VLPs) have emerged as 

robust and uniform platforms that are seeing wider use in biomedical research. However, there 

are a limited number of bioconjugation reactions for functionalizing the capsids and very few of 

those involve functionalization across the supramolecular quaternary structure of protein 

assemblies. In this work, we exploit the recently described dibromomaleimide moiety as part of a 

bioconjugation strategy on VLP Qβ to break and re-bridge the exposed and structurally 

important disulfides in good yields. Not only was the stability of the quaternary structure 

retained after the reaction, the newly functionalized particles became brightly fluorescent and 

could be tracked in vitro using a commercially available filter set. Consequently, we show that 

this highly efficient bioconjugation reaction not only introduces a new functional handle 

“between” the disulfides of VLPs, without compromising their thermal stability, but it can be 

used to create a fluorescent probe. 

2.2 Introduction 

Over the preceding two decades, nanoparticles have taken a prominent position in biomedical 

research1-5 and among the various compositions of nanoparticles, virus-like particles (VLPs)—

the non-infectious proteinaceous derivatives of viruses—stand out as being both highly 

functionalizable and biodegradable6-11 since they will be eliminated by the reticuloendothelial 

system and cleared from the body.12 VLPs are self-assembled macromolecular structures 

comprising anywhere from several dozen to thousands of individual protein subunits.13 This 

higher order quaternary structure has been exploited both chemically14-18 and genetically19-20 to 

create new materials like drug carriers,7, 21-23 bright fluorescent probes,24-28 long T1 MRI contrast 
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agents,29-33 PET radiotracers34 and platforms for vaccine development.35-37 Bacteriophage Qβ, 

which is a 28 nm icosahedral protein nanoparticle, is one such VLP that has been widely 

investigated as a template for nanomedicine.29-30, 38 The capsid self-assembles around RNA from 

180 identical coat proteins, in which two monomers are tightly interlocked through hydrophobic 

interactions. These 90 dimers are linked together by disulfides between Cys74 and Cys80 and 

self-assembled into icosahedral particles. The individual 14.2 kDa coat proteins are composed of 

132 amino acids, of which four solvent exposed primary amines on the exterior surface have 

been used as reaction sites to install fluorescent labels,15 contrast agents,31-32 therapeutic drugs,18 

and polymer initiators.15, 39 While additional functionalities can be programmed via site-selective 

mutagenesis, there is an articulated40 need to develop additional and orthogonal reaction methods 

that functionalize VLPs for new technologies in targeted drug delivery and imaging applications. 

One exploitable functional group is disulfide bridges, which are surprisingly common in viral 

capsids.41 For instance, Coliphage (group III and IV), Pseudomonas phage P77, Hepatitis B, C 

and HIV possess disulfide functional groups located on their surfaces.42 An issue with utilizing 

disulfides as functional handles, however, is that reduction of the disulfide bond to free cysteines 

usually decreases the thermal stability of the tertiary structure of the folded protein monomer.43 

In some of the aforementioned VLPs, the disulfides are involved in stabilizing the larger 

supramolecular—quaternary—structure as well by offering a covalent link between the 

individual monomers, strengthening the overall superstructure of the virus.43-44 Indeed, such is 

the case in Qβ, which possesses 180 solvent exposed disulfide groups lining each pore 



 

26 

 

Figure 2.1. Crystallographic structure of Qβ VLP. (PDB ID: 1QBE) Cysteine residues (Cys 74 and 
Cys 80 shown in red) are located along the pores. These cysteines form disulfide bridges that link 
five monomers (top insert) or six monomers (bottom insert) to create a total of 32 pore structures 
on the capsid. 
 
connecting either five or six protein monomers in a daisy-chain fashion (Figure 2.1). Recently, 

dibromomaleimide (DB) derivatives have emerged as a means of functionalizing disulfides by 

reacting specifically with two free thiols obtained from the reduction of a single disulfide to form 

a two-carbon bridge. This reaction has been used to re-bridge reduced disulfides on small 

peptides45 and proteins46-47 and we recently communicated a strategy employing DB conjugates 

to attach polymers to improve the solubility of photolytically activated Doxorubicin-Qβ 

conjugate.18 In this article, we expand upon this reaction and show that cationic, anionic, 

polymeric, and neutral small molecule DB derivatives attach to the capsids in good yields while 



 

27 

retaining the thermal stability afforded by the original disulfide bond. In addition, we also show 

that alkyl-substituted DB functional groups become fluorescent following displacement of the 

bromides by the capsid thiol groups and this reaction produces a fluorescent probe with 

incredibly fast kinetics. This single moiety permits introduction of bespoke functionality and 

provides a turn-on response following reaction with disulfides yielding a fluorescent probe 

suitable for imaging in vitro. 

2.3 Results and Discussion 

The preparation of DB derivatives is synthetically straightforward and achieved via the 

condensation of dibromomaleic anhydride with a primary amine possessing the desired 

functional group. To test the scope of the DB conjugation to Qβ, a series of DB derivatives 

(Figure 2.2) was prepared as detailed in the Supporting Information. 

The pentameric and hexameric subunits of the VLP Qβ (Figure 2.1) are linked by disulfides, all 

of which are solvent exposed. Upon addition of five equivalents of tris(2-

carboxyethyl)phosphine (TCEP) at room temperature (RT) for one hour, all 180 disulfides are 

reduced to the corresponding 360 free thiol functional groups. This reduction, confirmed using 

non-reducing sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE, Figure 2.3 

A) shows that, following the addition of five equivalents of TCEP, the higher order oligomers are 

mostly gone—an observation consistent with literature reports.18 Two notable features of the gel 

bear explanation: (1) a strongly associated dimer persists following reduction and denaturation. 
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This dimer is non-covalently associated and difficult to eliminate—an observation that has been 

reported elsewhere.44, 48-49 (2) Visible in the control lane containing zero TCEP, are some lower 

order oligomers of the pore structures, and protein monomer can be seen. Size exclusion 

chromatography by FPLC (Figure 2.3 B) shows a single peak corresponding to pure capsid, 

Figure 2.2. Qβ reduction and DB compounds. The DB compound reacts with the thiol 
function in the reduced Qβ to form the corresponding Qβ-maleimide conjugates. 
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indicating that these lower order oligomers are not impurities left over following expression, 

rather they suggest incomplete post-translational disulfide oxidation. We were able to partially 

confirm this with Ellman’s assay, a colorimetric assay used to quantify free thiol groups on 

proteins, which showed that about 10% of the disulfides on the as-expressed VLP are actually 

already reduced and present as free thiol groups. We were able to further confirm this when the 

as-expressed capsid was treated with a 7 mM solution of hydrogen peroxide, which elevated the 

oxidized disulfides from 88.2% to 98.2% (Figure 2.16). Complete reduction—such that all 180 

disulfides are free thiols—does not change the apparent size of the capsid as shown by FPLC in 

Figure 2.3 B, and it remains stable in buffer for many hours (Figure 2.18). 

Because the phosphine-based reducing agent TCEP is insufficiently reactive against the 

dibromomaleimide groups, the reduction and addition of the DB conjugates can occur in a single 

Figure 2.3. A) Non-reducing SDS-PAGE shows the extent of reduction with different 
equivalents of TCEP. It shows that after incubating Qβ with five equivalents of TCEP at RT 
for one hour, all of the higher order structures are reduced. Dimers present in the gel are formed 
by hydrophobic interactions, not disulfide bonds. B) FPLC traces of Qβ (11.6 mL) and reduced 
Qβ (11.7 mL). 



 

30 

pot. After a one-hour incubation with TCEP, 20 equivalents of the desired DB compound are 

added directly to the Qβ solution. The reaction is then allowed to proceed overnight, followed by 

purification using centrifugal filter (COMW = 10 kDa, centrifuged at 4300 rpm at 4 °C with the 

exchange of buffer three times to remove small molecules). TCEP is used as a reducing agent 

because traditional thiol-based reducing agents reverse the reaction via a thiol addition–

elimination mechanism. This observation begged the question if cysteine rich substrates in 

plasma might undo any conjugates in vitro. A report by Nunes et al.50 found that, while the 

maleimide conjugates could be removed in serum, hydrolysis of the maleimides to their 

corresponding maleamic acids prevented this. We tested the stability of the conjugates in serum 

using Qβ-Alkyne with a FITC dye attached via click reaction and were pleased to see that, after 

incubation of the conjugates at pH 8.2 for 24 hours, we were able to approximate the literature 

results on our VLP with significantly less transfer of the hydrolyzed functional group in serum 

after incubating for 24 hours at 37 ºC (procedure is detailed in the SI section Serum Stability 

Studies). 

Apart from Qβ-Azobenzene, reaction yields were inferred by measuring the remaining free thiols 

using Ellman’s assay immediately following workup. Since the Qβ-Azobenzene absorbs at 500 

nm, which overlaps with the colored Ellman’s assay product 2-nitro-5-thiobenzoic acid (TNB), 

the yield of this reaction had to be determined by densitometry. The yields are typically good, 

with approximately 117–152 of the 180 disulfides being functionalized following our reaction 

procedure (Table 2.1).51 We suspect the different yields are due to the nature of the functional 

groups, such as solubility in aqueous solution, and steric hindrance around the pore.44, 48-49 

Importantly, electrophoretic analysis, discussed in detail below, show that the reaction principally 
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reforms the higher order oligomers (Figures 2.4A and 2.4B). In particular, we see the substantial 

reformation of the hexameric and pentameric subunits. This is significant, as intuitively one 

would expect entropy to disfavor the reformation of these higher-order oligomers favoring 

instead a rebridging of both cysteines on a single protein to yield monomers. We tentatively 

suggest that this observation is attributed to a considerable amount of preorganization within the 

monomer, which facilitates a cross-linking back to the hexameric and pentameric subunits. 

 
Table 2.1. DB compounds rebridge disulfides on Qβ 
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While dibromomaleimides have very little fluorescence, thiolated alkyl maleimides have been 

known to be fluorescent52 and have recently been shown to be excellent small fluorophores in 

polymers.53-54 This work inspired us to determine if the fluorescence was bright enough to serve 

a dual role as a functional handle as well as a small molecule fluorophore. To that end, we 

conducted a photophysical evaluation of the reaction products and have plotted the excitation 

and emission spectra in Figure 2.5. Most of the conjugates were quite fluorescent in 0.1 M 

potassium phosphate buffer (pH 7.0) and all show an excitation λmax near 400 nm and an 

emission λmax between 538 nm and 548 nm. We could also clearly see the fluorescence when the 

conjugates were characterized by non-reducing SDS-PAGE (Figure 2.4A). We found this 

Figure 2.4. A) Non-reducing SDS-PAGE of Qβ, reduced Qβ (rQβ) and Qβ-maleimide 
conjugates. B) Native agarose gel of Qβ-maleimide conjugates. Both A) and B) are visualized 
by UV (top)  and Coomassie Brilliant Blue (CBB) (bottom). C) TEM micrograph of Qβ-
Alkyne conjugate. D) DLS histogram of native Qβ, rQβ and Qβ-maleimide conjugates in 0.1 
M potassium phosphate buffer (pH 7.0). 
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reaction to be very robust regardless of the functionalities and it produces stable conjugates yet 

photophysical performance was highly dependent on the functional group. 

Non-reducing SDS-PAGE reveals that hexamers and pentamers were reformed along with their 

lower-order subunits. As shown in Figure 2.4 A, the bands are typically fluorescent under UV, 

and their position colocalizes with Coomassie Brilliant Blue (CBB) stain. The particle integrity 

was confirmed by native agarose gel electrophoresis (Figure 2.4 B), morphology was confirmed 

by transmission electron microscopy (TEM) and dynamic light scattering (DLS) showed no 

change in particle diameter (Figure 2.4 C and Figure 2.4 D). To confirm that the 

functionalization did not alter thermal stability, we conducted temperature-dependent circular 

dichroism (CD) experiments. Unfunctionalized and mostly oxidized (~90%) Qβ has a 

temperature of denaturation (Tm) of 87.0 °C, and the fully reduced Qβ (rQβ) (Tm = 61.2 °C) 

shows attenuated thermal stability following disulfide bond reduction. As expected, after the 

Figure 2.5. A) Excitation and B) emission spectra of Qβ-maleimide conjugates in 0.1 M 
potassium phosphate buffer (pH 7.0). The spectra are labeled thusly (1) Qβ-M, (2) Qβ-PEG, 
(3) Qβ-Biotin, (4) Qβ-N3, (5) Qβ-Alkyne, (6) Qβ-MA, (7) Qβ, (8) Qβ-Azobenzene. Excitation 
and emission maxima are around 400 nm and 540 nm, respectively. C) Photograph of the 
reaction mixture of Qβ-PEG under 365 nm UV lamp illumination. 
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disulfides were rebridged by DB compounds, the Tm returned to—or exceeded—the original VLP 

Qβ value (Figure 2.15). 

When visualized by a 365 nm UV light, it is clear that the reaction proceeds extremely quickly as 

the mixture immediately fluoresces yellow after reduced Qβ is added to the DB solutions (Figure 

2.5 C, video). To quantify such quick kinetics, we turned to stopped-flow analysis, which 

revealed double exponential kinetics, which we ascribe to the two consecutive sulfur additions. 

The rates of the reaction were determined to have pseudo-first order rate constants of 1.04 and 

0.42 s-1 corresponding to half-lives of 670 and 1650 ms for each of the two bromine 

displacements by sulfur in the reaction, respectively (Figure 2.8).  

Photophysical evaluation of the products yielded some interesting observations as well. Our 

initial efforts to quantify the yield of the reaction by fluorescence, using a water soluble small 

molecule derived from Boc-protected cysteine and DB-PEG (Boc-Cys-PEG) as a standard, failed 

to give meaningful information. After investigation, we found the fluorescence intensity of the 

fluorophores, when attached to Qβ, are 48 times brighter than this small molecule standard we 

synthesized at the same relative concentration of fluorophore in the same media (Figure 2.11). 

Brightness is the product of quantum yield and extinction coefficient, and it is the parameter that 

we need to compare to explain the discrepancy. The quantum yield (ΦF) of the standard Boc-

Cys-PEG in water was found to be quite low at 1.36% and with an extinction coefficient of 260.6 

L mol-1 cm-1. On the other hand, on a per chromophore basis, the extinction coefficient when 

attached to the capsid was found to be 2337.1 L mol-1 cm-1 corresponding to a nine-fold 

increase. Indeed, it is quite likely that the ΦF of the individual chromophores likewise increases. 

This is interesting and confirms similar reports of thiol-maleimide end groups on polymers 
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which were also 2–10 times brighter than the small molecular precursors.54 While the excitation 

and emission wavelengths of the conjugates are in appropriate for in vitro work, they perfectly 

match with the commercially available filter set GFP-uv (ex: 405 nm, em: 500–540 nm) 

suggesting that they may serve as in vitro probes as well as a bespoke functional handle. 

Different from pre-synthesized fluorophores that are attached by bioconjugation reactions, the 

fluorescence of the probe we described here is generated as the bioconjugation reaction occurs. 

We qualitatively assessed the performance of two of the conjugates in cellular uptake studies 

Figure 2.6. Confocal microscopy images of Qβ-maleimide conjugates in mouse Raw-264.7 cells: 
Qβ-Biotin and Qβ-PEG. Top images: merged fluorescent channels; bottom images: bright field 
images. Color code: blue: NucRedä Live 647 ReadyProbes Reagent; yellow: Qβ-maleimide 
particles. 
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with frequently used functional groups (Qβ-Biotin and Qβ-PEG) and imaged the living cells by 

confocal laser microscopy. Chemically functionalized VLPs have shown differential uptake by 

macrophages,55 which have implications in their use in targeting cells within the cancer 

microenvironment. Colocalization results in Figure 2.6 shows yellow fluorescence from the 

conjugates within mouse Raw-264.7 macrophages after incubating the particles for four hours, 

successfully demonstrating that the maleimide conjugates can be tracked during cell uptake. An 

important caveat being that the fluorescent conjugates, once inside the cell, may transfer to 

cysteine rich substrates in late endosomes and lysosomes—likely concurrently with protolysis of 

the VLP. While this may or may limit their utility for certain applications, it could also be very 

useful for addressing the nature of the reducing environment and trafficking of digested 

substrates out of the late endosomes and lysosomes—an active area of research.56-58 It may also 

be valuable in monitoring reduction-sensitive drug or biological macromolecule release within 

the reducing endosomal environment—an area of research we are presently pursuing with this 

technology.59-60 

2.4 Materials and Methods 

2.4.1 General 

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

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

concentration was measured by Lowry assay using Pierce™ Modified Lowry Protein Assay Kit 

(Thermal Fisher Scientific, Waltham, MA). 1H NMR and 13C spectra were taken using Bruker 

Ascend™ 500 NMR Spectrometers (Bruker, Billerica, MA). Fluorescence spectra were acquired 

using a Horiba Fluorolog fluorimeter (Horiba, Kyoto, Japan) or Tecan Spark 20M plate reader 
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(Tecan, Zürich, Switzerland). UV-Vis spectra were taken using a UV-1601PC UV-Vis-NIR 

Spectrophotometer (Shimadzu, Kyoto, Japan), Tecan Spark 20M plate reader or Biotek Synergy 

H4 hybrid reader (Biotek, Winooski, VT). Size exclusion chromatography was performed on 

ӒKTA Pure fitted with a Superose™ 6 Increase 10/300 GL column (GE Healthcare Life 

Science, Pittsburgh, PA) (0.5 mL/min in 0.1 M potassium phosphate buffer pH 7.0). Dynamic 

light scattering data was measured by a Zetasizer Nano series (Malvern Instruments, Malvern, 

United Kingdom). Circular dichroism was measured by circular dichroism spectrometer AVIV 

Model 202 (AVIV Biomedical, Lakewood, NJ). Fluorescence images were images using 

Olympus FV3000 confocal laser scanning microscope (Olympus, Tokyo, Japan). 

Mass spectra were acquired using a UPLC/ESI-Q-TOF M-Class coupled to Synapt G2-Si 

(Waters Corporation, Milford, MA). An automated syringe injected sample into an Acquity BEH 

C4 1.7 µM, 2.1 x 50 mm column at 80 °C and 100 µL/min. The mobile phase consisted of 0.1% 

formic acid in water (Buffer A) or acetonitrile (Buffer B). Samples were resolved using a 4-

minute isocratic gradient from 60% B to 90% B. Spectra were obtained in resolution and positive 

ion modes using 2.8 kV capillary and 30 V cone voltages. Desolvation temperature was set to 

175 °C and source temperature to 80 °C. Cone gas flow was set to 0 L/h and desolvation gas 

flow to 600 L/h. Data were acquired from 100–2000 m/z at 0.4 s scan time. Data were corrected 

using Lock-Spray™ reference standard of 100 fmol/µL [Glu1]-fibrinopeptide B ([M+2H]2+ = 

785.8426) infused at 5 µL/min. Data were centroided using MassLynx™ (V4.1) via Automatic 

Peak Detection. 

2.4.2 Synthesis of dibromomaleimide compounds 

Synthesis of DBA 
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Methyl 3,4-dibromo-2,5-dioxo-2,5-dihydro-1H-pyrrole-1-carboxylate (2): Compound 2 was 

synthesized following a modified published procedure.61 3,4-dibromomaleimide (1.0 g, 3.9 

mmol) and N-methylmorpholine (0.43 ml, 3.9 mmol) were dissolved in 35 mL of THF, followed 

by addition of methylchloroformate (0.30 ml, 3.9 mmol). The reaction was stirred at room 

temperature (RT) for 20 min. After stirring, 40 mL of dichloromethane (DCM) was added and 

the organic phase was washed with water, dried over anhydrous MgSO4, filtered, and solvent 

was evaporated under reduced pressure to yield a pink solid. Yield: (1.140 g, 94%) 1H NMR 
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(500 MHz, CDCl3) δ ppm 4.01(s, 3 H); 13C NMR (126 MHz, CDCl3) δ ppm 159.29, 146.98, 

131.48, 54.86. 

 

 

tert-butyl N-(2-aminoethyl)carbamate (3): (Boc)2O (5.000 g, 22.91 mmol) was dissolved in 10 

mL DCM and ethylenediamine (30.63 ml, 458.2 mmol) was dissolved in a separate 50 mL 

solution of DCM. The (Boc)2O solution was added by addition funnel to a 0 °C solution of 

ethylenediamine, over the course of 4 h. After addition, the mixture was stirred for an additional 

2 h at RT. Saturated aqueous NaCl was added and the organic phase was separated and 

concentrated under reduced pressure. The residue was again dissolved in a suspension of 20 mL 

diethyl ether and 20 mL saturated aqueous NaCl to create a biphasic solution. The mixture was 

acidified to a pH of 5.00 using a 4 M solution of HCl. The di-protected ethylenediamine was 

extracted in diethyl ether and discarded. The pH of the aqueous phase was again adjusted to 

10.50 with a 2 M solution of NaOH, and extracted with ethyl acetate. The organic phase was 

dried over anhydrous MgSO4, filtered, and solvent was evaporated under reduced pressure to 

yield the product as a pale yellow oil (2.240 g, 60.10%).  1H NMR (500 MHz, DMSO-D6) δ ppm 

1.38 (s, 9 H) 2.53 (t, J=7.5 Hz, 2 H) 2.91 (q, J=6.2 Hz, 2 H); 13C NMR (126 MHz, DMSO-D6) δ 

ppm 28.21, 41.58, 43.64, 77.33, 155.65. 
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tert-butyl N-[2-(3,4-dibromo-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-y)ethyl]carbamate (4): 

Compound 4 was synthesized using a revised procedure.61 Compound 2 (1.050 g, 3.360 mmol) 

and N-tert-butyloxycarbonyl-ethylenediamine 3 (0.5400 g, 3.360 mmol) were dissolved in 

separate 10 mL solutions of DCM. The amine solution containing 3 was slowly added by 

addition funnel into the solution containing compound 2. The mixture was stirred for 2 h. After 

the reaction, the mixture was washed first using saturated aqueous NH4Cl followed by saturated 

aqueous NaCl. The organic phase was dried over anhydrous MgSO4, filtered, and the solvent 

was evaporated under reduced pressure. The residue was further purified by silica 

chromatography (gradient 0-1% MeOH in DCM) to yield a white solid. (0.3400 g, 25.35%) 1H 

NMR (500 MHz, CDCl3) δ ppm 1.33 (s, 9 H) 3.29 (q, J=6.7 Hz, 2 H) 3.68 (dd, J=10, 5 Hz, 2 H). 

13C NMR (126 MHz, CDCl3) δ ppm 28.28, 39.07, 40.03, 79.83, 129.47, 156.06, 164.06. 

 

2-(3,4-dibromo-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethan-1-aminium trifluoroacetate (5): 

Compound 4 (1.000 g, 2.500 mmol) was dissolved into 20 mL of  a mixture of 

DCM/trifluoroacetic acid (TFA) (1:1), and allowed to stir at RT for 1 h. Solvent was evaporated 

under reduced pressure to yield white crystals (0.9031 g, 81.26%). 1H NMR (500 MHz, D2O) δ 
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ppm 3.27 (t, J=5 Hz,2 H) 3.96 (t, J=5 Hz, 2 H); 13C NMR (126 MHz, D2O) δ ppm 36.65, 38.13, 

117.48, 129.54, 163.11, 165.69. HRMS: Mass calculated for [M+H]+ 296.8874, observed 

296.8864. 

Synthesis of DB-Anhydride 

 

dibromo-2,5-dihydrofuran-2,5-dione (6): Compound 6 was synthesized by using a revised 

published procedure.62 Maleic anhydride (1.500 g, 15.30 mmol), AlCl3 (28.00 mg, 0.2123 mmol) 

and Br2 (1.570 mL, 30.48 mmol) were added to a sealed stainless steel pressure vessel lined with 

PTFE and heated at 160 °C for 20 h in an oven. The reaction mixture was allowed to cool to RT, 

dissolved in 25 mL of ethyl acetate and filtered. The solid was washed by ethyl acetate (3 × 25 

mL). The filtrate was combined and concentrated under reduced pressure to yield a pale yellow 

solid. (3.697 g, 94.40%).  13C NMR (126 MHz, CDCl3-d) δ ppm 158.52, 131.37. 

Synthesis of DB-Biotin 

 

 

N-(2-{2-[2-(3,4-dibromo-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethoxy]ethoxy}thyl)-5-{2-

oxo-hexahydro-1H-thieno[3,4-d]imidazolidin-4-yl}pentanamide (8): Compound 8 was 

O
Br

Br

O

O

O

O

O

Br2, AlCl3

160 °C, 20 h

6

HN NH

S

O

O

H
N O O NH3

O

O
F

F F
O

O

O
Br

Br

AcOH, 2 h

N
HHN

S

O

O

H
NOONBr

Br

O

O
7 8

6



 

42 

synthesized by using a published procedure.63 Compound 7 (0.7050 g, 1.443 mmol) and 

compound 6 (0.4516 g, 1.443 mmol) were added to a 70 mL solution of AcOH and heated at 170 

°C for 3 h. Following heating, solvent was removed azeotropically under reduced pressure with 

toluene and the crude was purified by silica chromatography (gradient 0-10% MeOH in DCM) to 

yield a yellow solid. (0.5330 g, 60.30%).  1H NMR (500 MHz, CD3OD-d4) δ ppm 1.71 (pent, 

J=7.50, 2 H) 1.81-2.05 (m, 4 H) 2.50 (t, J=7.50 Hz, 2 H) 2.98 (d, J=15.00 Hz, 1 H) 3.20 (dd, 

J=10.00 Hz, 5.00 Hz, 1 H) 3.48 (q, J=6.67 Hz, 2 H) 3.57 (s, 1 H) 3.77 (t, J=5Hz, 2 H) 3.79-3.85 

(m, 2 H) 3.85-3.90 (m, 2 H) 3.94 (t, J=7.5 Hz, 2 H) 4.06 (t, J=7.5 Hz, 2 H) 4.58 (dd, J=5 Hz, 1 H) 

4.77 (dd, J= 5 Hz, 1 H). 13C NMR (126 MHz, CD3OD-d4) δ ppm 174.75, 164.71, 164.07, 129.03, 

69.83, 69.75, 69.26, 67.21, 61.99, 60.25, 55.64, 39.71, 38.94, 38.62, 35.40, 28.39, 28.13, 25.48. 

HRMS: Mass calculated for [M+H]+ 625.0331, observed 625.0215. 

Synthesis of DB-PEG 1K 

 

DB-PEG (9): To a solution of compound 2 (0.1328 g, 0.4244 mmol) in 50 mL of DCM, 

methoxypolyethylene glycol amine 1000 (0.5092 g, 0.5092 mmol) was added, and the reaction 

mixture was stirred overnight. The solvent was removed under reduced pressure and purified 

using silica chromatography (gradient 0-30% MeOH in DCM) to yield a yellow oil. (0.3700 g, 

63.86%) 1H NMR (500 MHz, CDCl3) δ ppm 3.31 (s, 3 H) 3.47-3.49 (t, J=5.00, 2H) 3.50 - 3.62 
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(m, 88 H) 3.75 (t, J=5.00, 2H) 13C NMR (126 MHz, CDCl3) δ ppm 38.94, 52.19, 59.05, 67.54, 

70.08, 70.58, 71.94, 129.43, 163.81. HRMS: Mass calculated for [M+H]+ 1236.4376, observed 

1236.4414. 

Synthesis of DB-Azide 

 

2-Azidoethanamine (10): 2-Bromoethylamine hydrobromide (1.000 g, 4.881 mmol) was added 

to a solution of sodium azide (0.9500 g, 14.61 mmol) in 5 mL of water. The solution was heated 

to 80 °C, and stirred for 24 hours before cooled to 0 °C. 5 mL of ethyl acetate and KOH (1.500 g, 

26.73 mmol) pellet were added. The organic phase was dried over anhydrous MgSO4, filtered 

and solvent was evaporated under reduced pressure to yield a brown liquid (0.5011 g, 40.56%). 

1H NMR (500 MHz, CDCl3) δ ppm 1.64 (br. s, 2 H) 2.80 (t, J=5.00 Hz, 2 H) 3.30 (t, J=5.00 Hz, 

2 H). 13C NMR (126 MHz, CDCl3) δ ppm 41.20, 54.50. 

1-(2-azidoethyl)-3,4-dibromo-1H-pyrrole-2,5-dione (11): 2-Azidoethanamine 10 (0.1320 g, 

1.5338 mmol) was added in a stirring solution of DB-ester 2 (0.4000 g, 1.2784 mmol) in 12 mL 

of DCM. The reaction was stirred overnight and diluted with 12 mL of DCM, followed by 

washing with 1 M sodium acetate buffer (pH 5.00), and 20 mL of water. The organic phase was 

dried over anhydrous MgSO4, filtered and solvent was evaporated under reduced pressure. The 

crude product was further purified by silica chromatography with 100% DCM to yield white 

solid (0.2174 g, 52.50%). 1H NMR (500 MHz, DMSO-d6) δ ppm 3.58 (t, J=7.50 Hz, 2 H) 3.73 (t, 

Br NH3Br
NaN3 N3 NH2
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J=5.00 Hz, 2 H). 13C NMR (126 MHz, DMSO-d6) δ ppm 38.74, 48.86, 129.80, 164.54. HRMS: 

Mass calculated for [M+H]+ 322.8729, observed 322.8771. 

Synthesis of DB Azobenzene Sulfonate 

 

DB-Azobenzene sulfonate (12): Compound 6 (0.3000 g, 1.1726 mmol) and 4-

aminoazobenzene-4’-sulfonic acid sodium salt (0.2924 g, 0.9770 mmol) was dissolved in 6 mL 

of DMF, followed stirred at RT overnight. DMF was evaporated under reduced pressure, and the 

residue was re-suspended in 10 mL of acetic acid. The reaction mixture was refluxed at 140 °C 

for 3 hours. Acetic acid was evaporated under reduced pressure, and the residue was re-

suspended in water, the resulting precipitate was filtered to yield a dark red solid (0.1449 g, 

27.62%). 1H NMR (500 MHz, DMSO-d6) δ ppm 7.62 (d, J=10, 2 H) 7.82 (d, J=10, 2 H) 7.89 (d, 

J=5.00, 2 H) 8.04 (d, J=10.00, 2 H). 13C NMR (126 MHz, DMSO-d6) δ ppm 122.77, 123.59, 

127.26, 128.11, 130.29, 134.39, 151.49, 151.70, 152.00, 163.64. HRMS: Mass calculated for 

[M+H]+ 513.8708, observed 513.8699. 

 

 

 

Synthesis of DB-Alkyne 
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3,4-dibromo-1-(prop-2-yn-1-yl)-2,5-dihydro-1H-pyrrole-2,5-dione (13): Compound 13 was 

synthesized using a published procedure.61 To a solution of compound 2 (0.1000 g, 0.3196 

mmol) in 4 mL of DCM, propargylamine (0.0250 mL, 0.3813 mmol) was added. The reaction 

was stirred for 20 min, diluted with 10 mL of EtOAc and washed with sat. NH4Cl (× 2) and 

water (× 2). The organic phase was dried over anhydrous MgSO4, filtered and solvent was 

evaporated under reduced pressure. 1H NMR (500 MHz, CDCl3) δ ppm 2.21 (t, J=2.50 Hz, 1 H) 

4.21 (d, J=2.50 Hz, 2 H). 13C NMR (126 MHz, CDCl3) δ ppm 28.60, 72.60, 76.07, 129.80, 

162.64. HRMS: Mass calculated for [M+H]+. 291.8609, observed 291.8604. 

2.4.3 Protocol for Expression of Qβ 

The expression and purification of Qβ VLPs was done by using a published procedure, which is 

reproduced here in brief.64 The plasmids were gifts from Prof. M.G. Finn of the Georgia Institute 

of Technology. In a 10 mL of starter culture of E. coli BL21 cells with the plasmid were 

amplified to 500 mL of SOB media (100 µg/mL kanamycin) at 37 °C until the OD600 was 0.9-

1.0. To that, 1 mM (final concentration) of isopropyl β-D-1-thiogalactopyranoside (IPTG) was 

added to induce the expression at 37 °C overnight. Cells were harvested by centrifuging using a 

Fiberlite F10 rotor at 10,500 rpm (19,510 ×g) for one hour at 4 °C, followed by re-suspending 

into 70 mL of 0.1 M potassium phosphate buffer (pH 7.00). Cells were lysed by in a cell 
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homogenizer and the lysate was centrifuged in a Fiberlite F10 rotor at 10,500 rpm (19,510 ×g) 

for one hour at 4 °C. The pellet was discarded and ammonium sulfate was added into the 

supernatant to produce a final concentration of 2 M and allowed to incubate with rotation for at 

least 1 h at 4 °C. The suspension was centrifuged using Fiberlite F10 rotor at 10,500 rpm (19,510 

×g) for one hour at 4 °C. The pellet was re-suspended in 10 mL of 0.1 potassium phosphate 

buffer (pH 7.00), and an equal volume solution of n-butanol and chloroform (1:1) was added. 

The solution was vortexed and pelleted by centrifuge in a Fiberlite F10 rotor at 10,500 rpm 

(19,510 ×g) for 30 min at 4 °C. The top aqueous layer was carefully recovered and further 

purified by 10-40% sucrose gradient in a SW-28 rotor at 23,500 rpm (73,078 ×g) for 16 hours at 

4 °C. The band containing Qβ particles was visualized by white light—typically from the flash 

of a cell phone—from the bottom of the tube and extracted using a long needle. This extract was 

pelleted using a Ti-70 rotor at 60,000 rpm (264,902 ×g) for 2.5 hours. The pellet was re-

suspended into the desired buffer. 

2.4.4 General methods for conjugation DB compounds on Qβ 

Qβ solution was prepared in 0.1 M potassium phosphate buffer (pH 7.00) and the disulfide bonds 

were reduced by incubation with tris(2-carboxyethyl)phosphine (TCEP) (5 eq per disulfide) at 

RT for one hour (each Qβ has 180 disulfide bonds). A fresh TCEP solution (100×) in water was 

prepared, and added to the Qβ solution to make the final equivalency of five fold. The solution 

was incubated at RT for one hour in a closed Eppendorf tube before adding to the 

dibromomaleimide compounds. The reduction was confirmed by non-reducing SDS-PAGE and 

FPLC. 20 eq of DB compound were dissolved in 10 mM sodium phosphate solution (pH 5.00) 

with 10% DMF, followed by addition of reduced Qβ (1 mg/mL) (See supporting video showing 
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emergence of fluorescence after addition). The reaction was purified by Sephadex column (PD-

10 Desalting Columns, GE Healthcare) or centrifuge filter (4300 rpm, 20 minutes ×3, turbo 15 

centrifugal concentrator, 10,000 MWCO, Sartorius Biotech Inc.). The reaction was characterized 

by non-reducing SDS-PAGE, native agarose gel, and fluorescence microscopy. 

2.4.5 Determination of Conjugation Yield 

Ellman’s Assay 

To prepare Ellman’s reagent solution, 4 mg of Ellman’s reagent was added into 1 mL of reagent 

buffer (0.1 M sodium phosphate buffer, pH 8.00 with 1 mM EDTA). 125 µL of Ellman’s reagent 

was added into 6.25 mL of reagent buffer to make a working solution. 25 µL of Qβ sample (1 

mg/mL ~ 7 mg/mL) or cysteine standards (0 mM, 0.25 mM, 0.5 mM, 0.75 mM, 1.0 mM, 1.25 

mM, 1.5 mM) was added into 255 µL of Ellman’s working solution, followed by incubation at 

RT for 15 min before reading the absorbance at 500 nm. A standard curve was plotted (Figure 

2.7). The unfunctionalized cysteine concentrations of Qβ DB conjugates were obtained from the 

standard curve. The reaction yield was calculated using: 

𝑌𝑖𝑒𝑙𝑑% = 1 −
𝑐,
𝑐-

∗ 100% 

𝑐,: cysteine concentration of Qβ DB conjugates  

𝑐-: cysteine concentration of Qβ before reaction  
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Figure 2.7. Ellman’s assay standard curve by using cysteine. The concentrations of the cysteine 
standards are 1.5 mM, 1.25 mM, 1.0 mM, 0.75 mM, 0.5 mM, 0.25 mM and 0 mM in Ellman’s 
assay reagent buffer (0.1 M sodium phosphate buffer, pH 8.0 with 1 mM EDTA). 
 

2.4.6 Reaction Kinetics 

The reaction kinetics was studied by monitoring changes in fluorescence intensity using stopped-

flow spectrometry. Equal volumes of 2 mg/mL of reduced Qβ in 10 mM sodium phosphate 

solution (pH 5.0) with 100 eq of DB-Biotin in 20% DMF were injected simultaneously. The 

fluorescence intensity was monitored for 30 s collected on a SX-20 spectrometer (Applied 

Photophysics) using an excitation wavelength = 400 nm, excitation bandpass = 9.3 nm, and 

emission collected using a filter with cut-off of 515 nm (Figure 2.8 A). The reaction was done in 

three trials and each trial was performed in triplicate. Kinetic data was analyzed using the 

ProKIV Global Analysis Software (Applied Photophysics) using the following sequential first-

order reaction model as the assumed reaction model: 
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In which: 

 

− 𝐴 = 𝐴 1𝑒2345	

− 𝐵 =
𝑘,	 𝐴 1

𝑘- − 𝑘,
(𝑒2345 − 𝑒2395)	

− 𝐶 = 𝐴 1	(1 −
1

𝑘- − 𝑘,
(𝑘-𝑒2345 − 𝑘,𝑒2395)	

 

Where B and C are fluorescent species. 

 

 

Figure 2.8. Reaction kinetics: fluorescence (Ex: 400 nm) was monitored after injection of reduced 
Qβ and DB-Biotin (100eq) simultaneously for 30 seconds.  A) averaged kinetic trace and 
corresponded fitted data. B) Concentration profiles for species A (dibromomaleimide compound), 
B (singly displaced DB compound attached to one protein and C (doubly displaced maleimide 
attached to two proteins). See scheme 1 for details. C) Proposed reaction scheme. 

A B Ck1 k2
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Table 2.2. Rate constants and fitting errors 

 Rate constant (s-1) Error (s-1) 

k1 1.0397 ± 0.0030561 

k2 0.42093 ± 0.0011926 

 

The result of the fitting is consistent with the proposed model, in which two consecutive pseudo 

first-order (A è B) and first-order (B è C) reactions take place (Table 2.2) We propose that the 

reaction starts with an inter-molecular step corresponding to the reaction of the first bromine on 

the DB compounds with one free thiol from the reduced disulfides on Qβ, followed by a second 

displacement of bromine react with the other thiol from the same pair of the reduced disulfide. 

The data do not readily allow determination of which step is the slower step (Figure 2.8). The 

event that generates fluorescence occurs extremely fast and the half-life for both of the steps are 

calculated by using the half-life for first order reactions (<= 1.?
3

). 
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2.4.7 Photophysical study 

2.4.7.1 Quantum Yield Calculation: 

Boc-Cys-Maleimide-PEG 

 

Boc-Cys-DB-PEG (14): DB-PEG (0.1035 g, 0.0910 mmol) and sodium acetate (0.1500 g, 1.829 

mmol) were dissolved in 4 mL of methanol, followed by addition of N-(tert-Butoxycarbonyl)-L-

cysteine methyl ester (0.4281 g, 1.820 mmol) to the reaction mixture. The reaction was stirring at 

RT overnight. The product was precipitated in diethyl ether/hexane (1:1) to yield a yellow solid 

(0.1025 g, 72.85%). 1H NMR (500 MHz, MeOD-d4) δ ppm 1.48 (s, 18 H) 3.23 (s, 3 H) 3.69 (m, 

90 H) 3.77 (s, 6 H) 13C NMR (126 MHz, MeOD-d4) δ ppm 27.31, 32.91, 39.75, 51.55, 52.94, 

57.78, 69.77, 71.36, 79.48, 156.42, 171.69. HRMS: Mass calculated for [M+2H]2+. 773.8834, 

observed 773.9150. 

Quantum yield of Boc-Cys-DB-PEG was measured by using acridine yellow as a standard and 

calculating using the following equation: 

𝛷A = 	𝛷BC 	
𝐺𝑟𝑎𝑑A
𝐺𝑟𝑎𝑑BC

𝜂A
𝜂BC

-
 

𝛷A,𝛷BC: Quantum yield of sample and standard respectively 

Gradx ,GradST: Gradient from the plot of integrated fluorescence intensity vs absorbance 

ηx, ηST: Refractive index of the solvent 
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The quantum yield of acridine yellow is 0.57 in methanol when excited at 420 nm,65 and we used 

this value to determine its quantum yield in water to be 0.36 (Figure 2.9). 

 

Figure 2.9. Calculations of quantum yield of acridine yellow in water. 

 

 

Using acridine yellow as the standard, we calculated the quantum yield of Boc-Cys-DB-PEG in 

water as 1.36% (Figure 2.10). We then prepared a series of dilutions of the Boc-Cys-DB-PEG 

Figure 2.10. Quantum yield calculation of Boc-Cys-DB-PEG. 
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standards and the resulting standard curve was plotted by fluorescence intensity at λmax = 515 nm 

vs concentration. The fluorescence spectrum of Qβ-PEG (0.190 mM) was acquired and the 

intensity at λmax = 543 nm was found to be 48.5 times higher than the standard at the same 

concentration (Figure 2.11). 

 

Figure 2.11. Fluorescence spectrum of a series of Boc-Cys-DB-PEG standards and Qβ-PEG with 
approximately 0.190 mM malemide. 

 

Figure 2.12. Plot integrated fluorescence intensity of Qβ-PEG in water (ex: 420 nm) vs absorbance. 
By using acridine yellow, the quantum yield of Qβ-PEG would be 6.01% if the whole of the Qβ-
PEG is considered a single fluorophore. 
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2.4.8 Physical Properties of Conjugates 

2.4.8.1 Thermal Stability of Qβ conjugates 

 
The thermal stability of VLPs were analyzed by circular dichroism using a previously published 

protocol.66 Thermal stability of unmodified Qβ, reduced Qβ, and Qβ conjugates were measured 

by continuous heating at a temperature step of 2 °C in the range of 25 °C to 105 °C, and the 

ellipticity was recorded at 218 nm. Samples were prepared at concentrations between 0.1 and 0.2 

mg/mL in potassium phosphate buffer (pH 7.00). Figure 2.13A shows a representative example 

of CD spectra of the native state (black) and unfolded state (red) after heating of Qb-N3.  

Likewise, in Figure 2.13B, the temperature induced unfolding process was measured by 

monitoring ellipticity loss process at 218 nm. In all cases, the melting temperature (Tm) was 

Figure 2.13. Circular dichroism spectra of Qb-N3. A) CD spectra of Qb-N3 at 25 °C (black)	 
and the CD spectra after unfolding experiment followed by cooling down to 25 °C before 
measurement. B) The unfolding experiment was done by monitoring the CD signal at 218 
nm when continuously heating from 25 °C to 105 °C. The melting temperature (Tm) which 
is the transition temperature was calculated after fitted with Boltzmann fit. 
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determined to be 84.7 °C by fitting the data using Boltzmann fit. The same measurement was 

done for Qβ-PEG. The melting temperature (Tm) was determined to be 85.6 °C (Figure 2.14). 

 

Figure 2.15. Melting temperatures of Qβ-maleimide conjugates. 1: native Qβ, 2: reduced Qβ (rQβ), 
3: Qβ-DB, 4: Qβ-DBA, 5: Qβ-DB N3, 6: Qβ-DB Biotin, 7: Qβ-DB Azobenzene Sulfonate, 8: Qβ-
DB Alkyne, 9: Qβ-PEG. 

Figure 2.14. Circular dichroism spectra of Qb-PEG. A) CD spectra of Qb-PEG at 25 °C 
(black)	and the CD spectra after unfolding experiment followed by cooling down to 25 °C 
before measurement. B) The unfolding experiment was done by monitoring the CD signal at 
218 nm when continuously heating from 25 °C to 105 °C. The melting temperature (Tm) which 
is the transition temperature was calculated after fitted with Boltzmann fit. 
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2.4.9 Capsid Re-oxidation 

To oxidize the capsid, 0.5 mg/mL of Qβ in 0.1 M sodium phosphate buffer (pH 7.00) was 

incubated with 7 mM of hydrogen peroxide at RT for one hour. The reaction was purified by 

ultra-centrifugal filter, and analyzed using SDS-PAGE (Figure 2.16). The percentage of disulfide 

was determined using by Ellman’s assay and as-expressed Qβ is shown to have 88.15% of the 

cysteines bound as disulfides. After the oxidation by hydrogen peroxide, the percentage of 

cysteines bound as disulfides increased to 98.16%, as determined by Ellman’s assay. 

 

Figure 2.16. SDS-PAGE of Qβ incubated with 0 mM and 7 mM of hydrogen peroxide at RT for 
one hour. 
 

2.4.10 Click Reaction on Qβ-N3 

In order to examine the integrity of the azide groups after conjugation to Qβ, a copper catalyzed 

azide-alkyne cycloaddition (CuAAC) click reaction was performed to the azide terminated Qβ-

N3. To 1.0 mg/mL Qβ-N3 (final concentration) in potassium phosphate buffer (0.1 M, pH 7.00), 

20 equivalents of fluorescein-alkyne was added to the reaction. 15 µL of Pre-mixed solution of 

CuSO4 (5 µL, 20 mM) with THPTA (10 µL, 50 mM), aminoguanidine hydrochloride (50 µL, 
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100 mM) and sodium ascorbate (50 µL, 100 mM) were added in the reaction. The reaction was 

mixed on rotisserie for three hours at RT, followed by purification through size-exclusion 

column (Bio-Gelâ P-30, BIO-RAD). Click reaction yield was characterized by UV-vis using 

fluorescein-alkyne standard curve (Figure 2.17). Only about 24 moieties of fluorescein were 

labeled per Qβ, which is much lower than 117 of DB-azide. This suggests some—though not 

all—of the Qβ-N3 was converted to Qβ-MA possibly by the Staudinger reaction. 

 

Figure 2.17. FITC-alkyne standard curve. 

2.4.11 Reduced Qβ Stability in Buffer 

TCEP aqueous solution (100×) was added to 2.0 mg/mL of Qβ to make a final equivalency of 

five at room temperature. Samples were analyzed on size-exclusion chromatography column 

(TSKgelÒG3000SWxl, TOSOH BIOSCIENCE, PA, USA) at flow rate of 0.5 mg/mL using 100 
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mM Na2PO4 (0.005% NaN3 at pH 7.2) at the time points of 0h, 1h, 2h, 3h, 4h, 5h and 6h (Figure 

2.18). 

 

Figure 2.18. SEC trace of reduced Qβ at 0 to 6 hour. 

2.4.12 Confocal Fluroescence Microscopy Studies 

2.0 ´ 104 Raw 264.7 cells were seeded on 35 mm glass bottom petri dish (MatTek) in DMEM 

(Sigma-Aldrich, supplemented with 10% FBS, 4500 mg/L glucose and 1% Pen-Strep) cell 

culture media, and incubated at 37 °C, 5% CO2 for 24 hours. 200 nM of Qβ VLPs were prepared 

in FBS-free cell media and incubated with cells at 37 °C, 5% CO2 for 4 hours. Cells were 

washed with FBS-free cell media three times, DPBS three times, followed by nucleus staining 

(NucRedä Live 647, Thermo Fisher Scientific) at 37 °C for 30 min. Cells were then washed 
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with DPBS two times before imaging in media. All the samples were imaged using Olympus 

FV3000 confocal laser scanning microscope. Filter setting: GFP-uv (laser: 405 nm, filter: 500 

nm to 540 nm) (Qb-maleimide conjugates), Cy5 (nucleus). Images were processed using ImageJ 

(Figure 2.19). 

 

Figure 2.19 Confocal microscopy images of Raw 264.7 macrophage with Qβ samples (Qβ, Qβ-
Biotin, Qβ-PEG) and cell without VLPs as control. First row: GFP-uv channel; second row: Cy5 
channel; third row: merged fluorescent channels; fourth row: bright field. Color code: yellow (Qβ-
maleimide conjugates), blue (nucleus). 
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2.4.13 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) was performed on a JEOL JEM-1400plus transmission 

electron microscope (JEOL USA, Peabody, MA, USA). Samples were prepared by incubating 5 

µL of the sample solution on a 300 mesh formvar-coated copper grid (Electron Microscopy 

Sciences, Hatfield, PA, USA) for 30 seconds, wicking excess liquid away with Whatman (#1) 

filter paper, incubating for another 30 seconds with 5 µL of 2% uranyl acetate (SPI Supplies, 

West Chester, PA, USA), wicking off the liquid again, and letting the grid dry in air. Images 

were taken with an accelerating voltage of 120 kV (see TEM micrographs in appendix). 

2.4.14 Serum Stability Study 

A major stability issue reported elsewhere67 pertains to the maleimide conjugates undergoing 

retro-conjugate additions with serum proteins resulting in cargo transfer from the intended 

protein to human serum albumin when incubated in human blood serum. In our case, we used 

FBS as the serum source, in which bovine serum albumin (BSA) is the major protein. It was 

shown in the same report that hydrolysis of the maleimide ring to maleamic acid will inhibit this 

transfer serum because the resulting maleamic acid is not reactive towards thiols. In order to test 

the stability of our Qβ-maleimide conjugates, we synthesized a FITC labeled Qβ and its 

hydrolysis product. 

2.4.14.1 Conjugation of FITC on Qβ-Alkyne 

Qβ-Alkyne-FITC (Qβ-AF) was synthesized by attaching FITC-N3 on Qβ-Alkyne. To 1.0 mg/mL 

Qβ-Alkyne (final concentration) in potassium phosphate buffer (0.1 M, pH 7.00), 10 equivalents  
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of FITC-N3 was added to the reaction. 15 µL of pre-mixed solution of CuSO4 (5 µL, 20 mM) 

with THPTA (10 µL, 50 mM), aminoguanidine hydrochloride (50 µL, 100 mM) and sodium 

ascorbate (50 µL, 100 mM) were added in the reaction. The reaction was mixed on rotisserie for 

three hours at RT, followed by purification through size-exclusion column (Bio-Gelâ P-30, BIO-

RAD). Sample was characterized by Non-reducing SDS-PAGE (Figure 2.20). The labeling 

efficiency was calculated to be 18.72 % by UV-vis and Bradford Assay (Figure 2.21). The 

concentration of FITC was determined by Beer’s Law using extinction coefficient of 75,000 L 

mol-1 cm-1 at 492nm. The protein concentration was measured by Bradford Assay. Hydrolysis of 

Qβ-AF was performed by incubating Qβ-AF in Borate Buffer Saline (BBS) (pH 8.2) for 24 

hours followed by concentrated using centrifugal filter (COMW=10 kDa). 
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Figure 2.20. Non-reducing SDS-PAGE of Qβ, Qβ-Alkyne and Qβ-AF under UV (left) and 
coomassie blue staining (right) 

 

Figure 2.21. UV-Vis spectra of Qβ-AF after purification. 



 

63 

2.4.14.2 Serum Stability 

Qβ-Alkyne-FITC (Qβ-AF) was diluted in 50% Fetal Bovine Serum (in DPBS) to a final 

concentration of 0.5 mg/mL. Sample was split into four aliquots for 0 h, 6 h, 12 h, 24 h 

incubation 37 °C in a CO2 incubator. All samples were analyzed on size-exclusion 

chromatography (SEC) (TSKgelÒG3000SWxl, TOSOH BIOSCIENCE, PA, USA) at a flow rate 

of 0.5 mL/min using 100 mM Na2PO4 buffer (0.005% NaN3 at pH 7.2) as mobile phase. Each 

sample was separating on SEC for 60 min. To visualize the peak, we monitored the trace under 

490 nm, which is the absorbance maxima of Qβ-AF. We firstly ran a 50% FBS and BSA 

standard on SEC under both 280 nm and 490 nm, which showed that BSA in 50 % FBS elutes 

around 16.8 min at 0.5 mL/min (Figure 2.22). Qβ VLP elutes 10.6 min at the same flow rate, 

(Figure 2.23) which means the column should resolve the VLP and BSA in a mixture, so that the 

transfer can be visualized by using SEC method.  

 

 

Figure 2.22. SEC trace of fetal bovine serum (left) and bovine serum albumin in buffer (right). 
BSA is the largest peak in both traces. 
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Figure 2.23. SEC trace of unfunctionalized Qβ in DPBS. 

Qβ-AF before and after hydrolysis were both incubated in 50% FBS (the protocol in reference 7 

used 50% human serum) at 37 °C in a CO2 incubator, 0 h, 6 h, 12 h and 24 h time points were 

taken for analysis using SEC (Figure 2.24, left). The first peak eluted around 11 min which is the 

peak of Qβ-AF, while the second peak eluted around 16 min is BSA. Compared to 0 h, the 

intensity of VLP peak decreased as the BSA peak increased after 24 h. This indicates that some 

FITC has transferred from Qβ-AF to BSA over the 24 hour period. We also conducted the same 

experiment to check the stability of the hydrolyzed Qβ-AF (Figure 2.24, right). We integrated the 

BSA peak over the 24 hours SEC trace for both unhydrolyzed and hydrolyzed Qβ-AF samples 

performed in triplicate and plotted them in Figure 2.25. We can quantitatively see that the 

intensity of the chromophore transferred to BSA decreased on average 1.8-fold following 

hydrolysis. 
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Figure 2.24. Typical SEC trace of Qβ-AF sample before hydrolysis (left) shows a 3× increase in 
peak area for BSA. Qβ-AF sample after hydrolysis (right) shows a 1.3× increase in area. In this 
run, we find that there is a 2.3× more transfer in the unhydrolyzed version. 

 

Figure 2.25. Integrated BSA peak area calculated from the SEC trace of the samples at 0h, 6h, 12h 
and 24h time points. The average difference between hydrolyzed and unhydrolyzed samples 
appear to be closer to 1.8× with a significant increase in measurement error toward 24 hours. 
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The stability of as-conjugated turn-on yellow fluorophore was also check by incubating of 0.1 

mg/mL Qβ-Alkyne in different pH buffer, sodium acetate buffer (pH 5.0), DPBS (pH 7.4) and 

BBS (pH 8.2). The relative stability of the yellow fluorophore was tested by time-dependent 

fluorescence spectroscopy (Figure 2.26) and the order is: pH 5.0> pH7.4 > pH 8.3 (This make 

sense since at higher pH, the maleimide ring will tend to be hydrolyzed to maleamic acid and lost 

the fluorescence) (Figure 2.27). Fundamentally, the loss of fluorescence as a result of hydrolysis 

did not inhibit monitoring cell uptake by confocal microscopy. 

Figure 2.26. Emission spectrum of 0.1 mg/mL Qβ-Alkyne in sodium acetate buffer (pH 5.0), DPBS 
(pH 7.4) and BBS (pH 8.2). Excitation wavelength: 400 nm. 

 

Figure 2.27. Full time dependent spectra in pH 8.2 showing loss of fluorescence after 15 hours. 
We conclude that 24 hours is more than enough to ensure full hydrolysis. 
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3.1 Abstract 

Proteinatious nanoparticles are emerging as promising materials in biomedical research owing to 

their many unique properties and our interest focuses on integrating environmental responsivity 

into these systems. In this work, we investigate the use of a VLP derived from bacteriophage Qβ 

as a photocaged drug delivery system. Ideally, a photocaged nanoparticle platform should be 

harmless and inert without activation by light yet, upon photoirradiation, should cause cell death. 

We initially installed approximately 530 photo-cleavable doxorubicin complexs onto the surface 

of Qβ by CuAAC reaction for photocaging therapy; however, we found aggregation and 

precipitation to cause cell death at higher concentrations. In order to improve solution stability, 

we thus made use of thiol-dibromomaleimide chemistry as a way to orthogonally modify the 

VLP and, in so doing, have shown a new and robust means of incorporating dual functionalities 

by means of the disulfides on Qβ whilst increasing the stability and solubility of the drug-loaded 

VLPs. As a result, the dual functionalied VLPs with PEG and photocaged doxorubicin showed 

not only negligible cytotoxicity before photo activation, but also highly controllable photo 

release and cell killing power. 

3.2 Introduction 

Nanotechnology based on virus like particles (VLPs) is an emerging interdisciplinary field 

connecting chemistry, biology, and material science around non-infectious viral analogues. The 

growing interest in VLPs is owed to their nanometer size, monodispersity, polyvalency, 

biocompatibility, and the ability to functionalize their surfaces by both chemical and genetic 

modification with atomistic precision. These features have made VLPs a promising platform for 

biomedical research and they are clearly emerging1-3 as enticing tools in the biomedical arena in 
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both therapeutic4 and diagnostic5-7 roles. As the recombinantly expressed and non-infectious 

structural analogue of a virus, VLPs are still imbued with their native viral resilience against 

environmental attack8-13 yet as nanometer sized macromolecular ensembles, their size, shape, and 

chemical addressability have allowed them to serve as multivalent scaffolds14-17 for the attachment 

of densely packed MRI contrast agents,18-20 fluorescent dyes,21-24 and therapeutics.25-27 

Appropriately functionalized, VLPs show passive tumor accumulation28 by the enhanced 

permeability and retention effect29, 30 yet still have clinically useful and tunable31 circulation half-

lives—a quality notoriously difficult to imbue into metallic or inorganic nanoparticles.  

A key area of our interest is integrating these protein based nanoparticles with chemically 

switchable27, 32-34 systems — that is, using environmental stimuli to control the release of material 

from their surfaces — a developing area that has seen the emergence of protein35 and peptide36,37 

based smart systems. While early studies have focused on using controlled degradation of 

polymers graphed to or inside VLPs to afford drug release, we chose to focus instead on integrating 

small molecule photocaged38-40 therapeutics—that is, therapeutics that are biologically inert unless 

photolytically cleaved from the surface of the VLP. The benefit of this approach is that it would 

allow clinicians to activate a drug site-specifically using either laser or fiber optic phototherapy,41 

thus avoiding off-target dosing, which is associated with many of the negative side effects of 

current chemotherapies. The use of photocaging biologically active small molecules is emerging 

as a promising technique for site-specific delivery, as it allows significant tunability by judicious 

choice of photolinker and therapeutic. By combining the photocaging strategy with the extensible 

architecture of VLP nanoparticles, we aim to produce a platform that delivers the anti-cancer drug 
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doxorubicin (Dox) into a tumor environment; yet, as an inactivated complex, Dox is unable to 

access the cellular DNA until the small molecules are cleaved from the nanoparticle.  

For this work, we utilized an icosahedral VLP derived from bacteriophage Qβ, which self-

assembles recombinantly within E. coli. The 28 nm diameter capsid is composed of 180 identical 

coat-protein subunits. Qβ is relatively stable to high temperatures (< 80 °C), extremes in pH, and 

organic co-solvent. Partial functionalization of the 720 solvent exposed amino groups on the 

surface is known27 and proceeds in good yields. Additionally, Qβ possesses two cysteine 

residues per coat protein, which reside at the 3- and 5- fold axis of symmetry in the quaternary 

structure.9, 17 These cysteine residues link the individual monomers into either hexameric or 

pentameric subunits, which help increase the overall thermal stability of the capsid (Figure 3.1). 

In this article, we discuss our approach toward the rational design of a VLP based photocaged 

therapeutic and show that in its inactive form, it lacks cytotoxicity even at high concentrations, 

yet when activated it shows efficacy similar to free Dox. Our initial efforts to simply append 

Doxorubicin to the surface exposed amines of the VLP resulted in aggregation-induced 

precipitation of the Dox-VLP complex. To overcome this, we exploited a method to dual 

functionalize the VLP surface at the solvent exposed disulfide residues to evenly distribute 

polyethylene glycol (PEG) units to aid in solubilizing the conjugate.42 We employed a cysteine 

re-bridging strategy that affords bespoke functionality yet retains the covalent character of the 

disulfide bridge. This strategy worked, and has potential to become particularly enabling toward 

immune passivation,31, 43 attachment of targeting ligands,44 or functionalization with contrast 

agents45 to create theranostic nanoparticles30 conjugates. We were then able to create dual-
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functionalized VLPs which showed negligible toxicity to breast cancer cells in the absence of 

activation, yet was highly cytotoxic upon activation. 

3.3 Results and Discussion 

Our initial approach toward the synthesis of photocaged Dox-Qβ is outlined in Figure 3.2. We 

selected the nitroveratryl compound 2 as the photo cleavable linker between the Dox and the azide 

functionalized surface of Qβ owing to its (1) ease of preparation, (2) it is cleved under 

longwavelength UV-A light, which is clinically used in photochemotherapy for cutaneous T-cell 

lymphoma as well as in a variety of skin diseases, 46,47 and (3) the fact it reversibly quenches the 

ordinarily fluorescent Doxorubicin. This reversible quenching provides a diagnostic indictor to 

Figure 3.1. VLP Qβ is composed of 180 identical coat proteins, each with four solvent exposed 
primary amines, N-termini = orange, K2 = blue, K13 = red, K16 = green. These monomers are 
connected by disulfides (yellow) to form several interlinked subunits of either five (the 
pentameric subunit colored purple) or six (the hexameric subunit colored brown) coat proteins. 
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determine the efficacy of photo release; as soon as the Dox is photolytically cleaved from Qβ—

and the nitroveratryl linker—it becomes fluorescent again.  

Following functionalization of the exposed primary amines with 7-azidoheptanoic acid N-

hydroxysuccinimide (compound 1 from Figure 3.2), linker 3 was ligated to Qβ-N3 under copper-

catalyzed azide-alkyne cycloaddition (CuAAC) conditions. Reducing SDS-PAGE was used to 

confirm covalent conjugation to the 14.2 kDa monomeric coat protein. As seen in Figure 3.4, 

Qβr-Dox, UV(-), conjugation is evident from new bands at higher positions, indicative of 

attachment of one to three copies of Linker 3 with the majority being triply functionalized. This  

Figure 3.2. Synthesis of Qβ-Dox conjugates. Qβ was labeled by azide moiety by reaction 
between primary amines of Qβ and 7-azidoheptanoic acid N-hydroxysuccinimide. Compound 
3 was synthesized by a reaction between doxorubicin and photo-cleavable linker 2 with an 
alkynyl moiety. Then doxorubicin was ligated to Qβ by CuAAC reaction between the azide 
group on Qβ-N3 and the alkynyl group of 3. 
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Figure 3.4. Reducing SDS-PAGE showing Qβ, Qβ conjugates, and photo release assay (UV lamp: 
4W, 365nm, 15min.) Under reducing conditions, the pentameric and hexameric subunits are 
reduced to the monomeric coat protein (Qβr). Image of Coomassie blue stain (top) and unstained 
gel fluorescence image (bottom). Fluorescence is from Dox or Marker. After photo release, the 
main protein band is closer to Qβ-N3, while the fluorescent released Dox has a same position with 
free doxorubicin. 

Figure 3.3. Photorelease of Doxorubicin with upon UV (365nm) exposure over time.  Qβ-Dox, 
 Qβ(1K)-Dox,  Qβ(2K)-Dox. 
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result was further reinforced via quantification carried out by solution state UV-Vis absorption 

collected at 490 nm (λmax of Dox), which was used to determine that an average of 520 ± 65 Dox 

molecules were attached to a single Qβ particle. This roughly corresponds to 2.8 linkers for each 

of the 180 coat proteins on Qβ. 

We then investigated the solution state kinetics of photocleavage, which (Figure 3.3) revealed 

that photolytic activation of the caged species has an average T1/2 of 4.2 min, corresponding to a 

90% release of Dox within 15 minutes of exposure to a 4W UV-lamp. The photolytic cleavage 

was further assayed using reducing SDS-PAGE. Compared to control Qβ-Dox, which was not 

exposed to UV (Figure 3.4, Qβr-Dox, UV(-)), the photolytically cleaved Qβ-Dox (Figure 3.4, 

Qβr-Dox,UV(+)) returns to roughly the same position as unfunctionalized monomer coat protein 

and the released fluorescent Dox molecules run to the front of the gel. Taken together, it is clear 

that we can photolytically release Dox under these relatively mild conditions allowing us to 

move to Qβ-Dox in vitro. 

Cytotoxicity assay of Qβ-Dox We next investigated whether the attachment of Dox to Qβ via 

the nitroveratryl moiety would enable photo-controlled drug delivery to cells. Breast cancer cell 

line MCF-7 was incubated with varying concentrations of Qβ-Dox or appropriate controls which 

were either left in the dark or were subjected to 15 min of UV exposure. Cell viability was 

subsequently measured by MTT assay (Figure 3.5). Following UV exposure, the Qβ-Dox 

exhibited concentration dependent cytotoxicity comparable to free Dox at higher concentrations. 

While the activated complexes demonstrated the anticipated behavior, unactivated Qβ-Dox 

showed some degree of toxicity in the dark across all concentrations. Our initial concern was that 
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the Qβ-Dox complex was being degraded by lysosomal activity following cellular uptake, 

causing Dox release in the dark. While confocal microscopy clearly shows cellular uptake of 

these complexes (Figure 3.6-3.9), we were able to partly rule digestive release of Dox out by 

showing a lack of significant DNA damage48 in cell cultures incubated in the dark by PARP 

analysis (Figure 3.10), indicating the cells were neither being killed by Dox nor undergoing 

normal apoptosis. We thus concluded that the cytotoxicity is related to the Qβ-Dox conjugate’s 

tendency to aggregate and precipitate from solution—likely a result of attaching more than 500 

hydrophobic Dox molecules to the surface. As seen in the optical photographs in Figure 3.11, 

this precipitation of Qβ-Dox occurs in both solution and in cell culture. This precipitation 

behavior necessitated a reevaluation of our approach. To solve this problem, we rationalized that 

increasing the solution stability of the Qβ-Dox colloidal suspension by attaching polyethylene 

glycol (PEG) residues to the capsid may promote solution stability and prevent this behavior. 

Figure 3.5. MTT cell viability assay following exposure to select reagents at different 
concentrations. Lighter shade indicates UV light exposure. Displayed—in order and by color—
Black: Qβ-Dox kept in the dark; Light Gray: Qβ-Dox after 15 min of UV exposure; Dark Red: 
Doxorubicin kept in the dark; Light Red: Doxorubicin after 15 min of UV exposure. 
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Based on previously published30 analyses of PEG coated VLP surfaces, which show that short 

chain PEGs form mushroom shaped domains that rise above the surface of VLPs, we reasoned it 

would be unlikely that the PEG chains would impede the photolytic activation and release of the 

Dox from the surface bound ligands. Beyond the practical issues we were facing with 

precipitation, functionalization of PEG would allow us to create stealth particles31 that can evade 

immune recognition. We thus needed a means of distributing the PEGs across the surface of Qβ. 

One option would be to simply sacrifice a percentage of the surface bound amines for 

Figure 3.6. Confocal fluorescence microscopy images of MCF-7 cells incubated with Qβ(GFP), 
Qβ(GFP)-Dox, Qβ(GFP)(1K)-Dox, Qβ(GFP)(2K)-Dox for one hour at 37 °C in the dark. 
Concentration normalized to 15 µM Dox for each sample. Green fluorescence was observed inside 
the cells for all samples after the one hour incubation at 37 °C and 5% CO2. In addition, there was 
no Dox signal detected in the red channel, showing that Dox was not released in the dark. 
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PEGylation by first functionalizing the exposed lysines with substoichiometric amounts of Dox 

and then attaching PEGs to the remaining lysines. While possible, this strategy is undesirable, as 

it would sacrifice valuable surface exposed lysines to make way for PEGgylation thus reducing 

Dox loading. We thus sought a means of attaching surface ligands to Qβ using the solvent 

exposed disulfides, yet in a way that did not sacrifice the capsid’s stability. 

 

 

Figure 3.7. Confocal fluorescence microscopy images of MCF-7 cells incubated in for one 
hour at 37 °C with Qβ(GFP), Qβ(GFP)-Dox, Qβ(GFP)(1K)-Dox, Qβ(GFP)(2K)-Dox. 
Concentration normalized to 15 µM Dox for each sample. Samples were irradiated by UV 
for 15 min and kept at 4 °C overnight before imaging. Cellular uptake was observed for all 
samples after the one hour incubation at 37 °C and 5% CO2 as indicated by green 
fluorescence in the green channel. In addition, Dox signal was detected in the red channel 
for all the samples except Qβ(GFP), which serves as a Dox-free control. 
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Figure 3.8. Confocal fluorescence microscopy images of MCF-7 cells incubated with Qβ(GFP), 
Qβ(GFP)-Dox, Qβ(GFP)(1K)-Dox, Qβ(GFP)(2K)-Dox for four hours at 37 °C in the dark. 
Concentration normalized to 15 µM Dox for each sample. Green fluorescence was observed within 
the cell for all samples after the four hour incubation at 37 °C and 5% CO2. In addition, there was 
no Dox signal detected in the red channel, showing that Dox was not released in the dark. Severe 
aggregation was observed in Qβ(GFP)-Dox samples, while the other samples were free of 
aggregates. The aggregates are seen as intense green dots in the field of the Qβ(GFP)-Dox sample. 

Figure 3.9. Confocal fluorescence microscopy images of MCF-7 cells incubated in for four hours 
at 37 °C with Qβ(GFP), Qβ(GFP)-Dox, Qβ(GFP)(1K)-Dox, Qβ(GFP)(2K)-Dox. Concentration 
normalized to 15 µM Dox for each sample. Samples were irradiated by UV for 15 min and kept at 
4 °C overnight before imaging. Cellular uptake was observed for all sample after the four hour 
incubation at 37 °C and 5% CO2 as indicated by GFP fluorescence in the green channel. In addition, 
Dox signal was detected in the red channel for all the samples except Qβ(GFP), which served as a 
dox-free control. 
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Figure 3.10. Western blot analysis for PARP expressions in MCF-7 1. 1. Untreated, 2. 
Doxorubicin, 3. Qβ-Dox in the dark. 4. Qβ(1K)-Dox in the dark, 5. Qβ(2K)-Dox in the 
dark, 6. Qβ-Dox under UV exposure, 7. Qβ(1K)-Dox under UV exposure, 8. Qβ(2K)-
Dox under UV exposure. 

Figure 3.11. Optical photographs showing precipitation of 30 µM Qβ-Dox in A) the MCF-7 cell 
culture and B) in an aqueous solution. Small punctate particles are precipitates. 
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Functionalization of Disulfides on Qβ: As previously discussed, each of the 180 identical coat 

proteins possesses two cysteine residues—Cys 74 and Cys 80—which form a disulfide bridge to 

a neighboring coat protein. Cys 74 of one protein monomer connects to Cys 80 of an adjacent 

monomer and daisy chains to form either a cyclic hexamer—colored brown in Figure 3.1—or a 

pentamer—colored purple in the same figure. We sought to use these solvent exposed disulfides 

as sites for bioconjugation but we did not want to lose all of the thermal stability afforded by the 

disulfide bridges,11 which would happen if we simply reduced them to the free thiols and then 

functionalized the discrete sulfhydryl groups. Instead, we opted for a strategy using a reagent 

recently described49 by Baker and Caddick that would allow us to “re-bridge” a reduced disulfide 

using a dibromo functionalized maleimide (Figure 3.12). While this reagent has proven effective 

in cross-linking disulfides on the same peptide or in the dimerization of two antibodies,50 the ability 

to effectively “re-stich” five or six coat protein monomers back into their respective cyclic 

oligomers outwardly appears entropically uphill.  

The disulfides can be quantitatively reduced using 5 eq of tris(2-carboxyethyl)phosphine (TCEP) 

per disulfide at ambient temperature in 30 min. Reduction was monitored by non-reducing SDS-

PAGE (Figure 3.13 A). A small amount of dimer persists because of strong hydrophobic 

interaction between proteins.17 Interestingly, samples of Qβ capsid that are spectroscopically pure 

by FPLC analysis, show lower order oligomeric protein subunits on non-reducing SDS-PAGE, 

suggesting that not all the disulfides on Qβ are oxidized following expression in E. coli. This does 

not present a problem for our chemistry, since the disulfides must be reduced prior to 

functionalization anyway. 
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Figure 3.12. Re-bridging disulfides on Qβ with fluorescein functionalized dibromomaleimide 
(DB-MF). The disulfides on Qβ are reduced using five eq of TCEP at RT in 30 min. The free 
sulfhydryl functions are then rebridged over the course of 12 hours following addition of DB-MF 
in buffer at RT. 

Figure 3.13. Characterization of Qβ(MF) conjugate. A) Non-reducing SDS-PAGE shows intact 
protein subunits. Though the capsid is pure by FPLC analysis, small amounts of lower order 
oligomers exist. M: protein marker. B) Native agarose shows electrophoretic mobility of the 
intact capsid and shown are the (left) Coomassie stained and (right) UV image of the same gel. 
The greater mobility of the fluorescently functionalized Qβ(MF) conjugate arises from its 
increased negative charge. 
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Because analysis of PEGylation—an uncharged, largely inert, and colorless polymer—tends to be 

indirect, we wanted to ascertain the efficacy of this disulfide functionalization reaction using a 

simple small molecule conjugate. To that end, a dibromomaleimide-fluorescein derivative (DB-

MF) was synthesized and used to functionalize Qβ nanoparticles—Qβ(MF)—which were analyzed 

by UV-vis spectrum (Figure 3.14), non-reducing SDS-PAGE and visualized by fluorescence 

(Figure 3.13) and Coomassie blue staining. The fluorescence signal observed in the SDS-PAGE 

primarily belonged to the hexamer and pentamer bands with faint signal from the lower-order 

subunits. Quantification of the reaction was done using solution-state UV-Vis spectroscopy, which 

gave an overall yield of 98% — nearly 180 copies of fluorescein per particle. These data strongly 

indicate that DB-MF is bound covalently to the subunits and largely reforms the hexamer and 

pentamers following reduction using TCEP. We were further able to confirm that the re-bridged 

substrates were stable in the presence of moderate amounts of TCEP, though the reaction readily 

undergoes an anti-Michale addition in the presences of DTT, in accord with Baker and Caddick’s 

early findings.49 The integrity of these fluorescent re-bridged nanoparticles was confirmed by 

native agarose gel electrophoresis (Figure 3.13 B). At the running buffer pH (9.0), Qβ(MF) 

traveled faster towards the positive electrode, since it carries more negative charge than the native 

Figure 3.14. UV-vis spectrum of native Qβ (blue) and Qβ-Fluorescein conjugates (red). 
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Qβ particle. The fluorescent conjugate nanoparticle could be visualized well under UV 

illumination.  

Finally, the apparent melting temperature of the conjugate nanoparticle was evaluated using far-

UV circular dichroism (CD) spectroscopy following an established protocol for Qβ.51 The 

thermal stability of the secondary structure in the Qβ(MF) conjugate was compared to the 

unmodified (1) oxidized and (2) reduced Qβ and we found these strcutres to denature at 87.0 ± 

0.24 °C and 61.0 ± 1.03 °C respectively, inline with previous reports.9, 51 The Qβ(MF) conjugate 

was then tested and a Tm of 73.7 ± 0.15 °C was calculated—midway to the native structure 

(Figure 3.15, 3.16). These results gave us confidence that the disulfides that line the pores of the 

Qβ could be used to further functionalize the surface of the nanoparticle in potentially high 

yields without significantly compromising the integrity of the VLP. 

 

 
Figure 3.15. CD spectra of Qβ(MF) conjugates at RT. 
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Synthesis and cytotoxicity assay of Qβ (MPEG)-Dox Having worked out a general procedure 

to functionalize the disulfides of Qβ in good yield, we synthesized PEG-1000 and 2000 

functionalized dibromomaleimides (DB-MPEG 1K and DB-MPEG 2K) and conjugated them to 

Qβ to form either Qβ(1K) or Qβ(2K) in accordance to Figure 3.17. SDS-PAGE results shown in 

Figures 3.18 and 3.19 make it clear that the pentamer and hexamer bands of Qβ exhibit a slight 

position change similar to those observed30 in other systems, indicating covalent attachment with 

DB-MPEG 1K or DB-MPEG 2K. Further, we know the reemergence of the hexamer and 

pentamer bands does not occur because of simple reoxidation of the disulfides, as TCEP cannot 

re-reduce these PEGylated structures to the monomer. Indeed, very high concentrations of DTT, 

which readily reduces disulfides, was only partially successful in removing the maleimide via an 

anti-Michale addition to the maleimide functionalized capsid (Figure 3.19). Analysis of thermal 

Figure 3.16. Ellipticity of Qβ(MF) at 218 nm while heating from 25 to 100 °C, which shows the 
melting temperature is 73.66 °C. 
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stability of the PEG functionalized nanoparticles by CD spectroscopy revealed no apparent 

degredation of secondary structure even beyond 100 °C for the Qβ(1K) formulation, while the 

thermal stability was approximately the same as the unfunctionalized VLP for the Qβ(2K) 

conjugate (Figure 3.20). This result is quite incredible, though similar thermally protective 

affects attributed to PEG have been previously reported for PEG-functionalized TMV.52 SDS-

PAGE band intensities were measured by densitometry showing that DB-MPEG 1K attaches to 

the capsid in ~90% yield. In other words, about 162 1K PEG chains attach to the capsid in total. 

Reactions using DB-MPEG 2K were difficult to quantify as the hexamer and pentamer bands 

streaked together on the gel, rendering densitometry analysis unreliable.53 In any regard, it is 

obvious from band shifts that covalent attachment of MPEG 2K occurred, likely with an 

attenuated yield.  

Figure 3.17. Synthesis of Qβ(1K)-Dox or Qβ(2K)-Dox: The disulfides on Qβ are reduced using 
five eq of TCEP at RT in 30 min. The free sulfhydryl functions are then re-bridged following 
addition of dibromomaleimide-functionalized PEG compounds (DB-MPEG 1K or DB-MPEG 
2K). The doxorubicin was ligated to Qβ(1K) or Qβ(2K) using the same procedure as that for 
Qβ-Dox. Qβ(1K) or Qβ(2K) were reacted with compound 1 (7-azidoheptanoic acid N-
hydroxysuccinimide) to affix azide groups to the surface of the capsid followed by reaction 
with 3 (Doxorubicin-nitroveratryl derivative) via CuAAC reaction. 
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Figure 3.18. Non-reducing SDS-PAGE of Qβ PEG conjugates and dual-functionalized Qβ PEG-
azide conjugates. 

Figure 3.19. SDS-PAGE (w/ DTT) of Qβ (MPEG-Dox) conjugates showing both control and 
photolytically cleaved products (UV lamp: 4W, 365nm, 15min.) Image of Coomassie blue stain 
(top) and unstained fluorescent gel (bottom). DTT performs an anti-Michale addition to the 
maleimide, breaking the oligomers. Even at high concentrations of DTT, this reaction appears 
inefficient with Qβ(1K)-Dox. 
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Dox was then attached to the PEGylated VLP Qβ(1K) or Qβ(2K) using the original procedure and 

characterized by reducing SDS-PAGE (Figure 3.19). When the reaction is performed in this order, 

the yield for Dox conjugation is still about 500 Dox molecules per VLP (Qβ(1K)-Dox: 499 ± 52 

Dox / Qβ, Qβ(2K)-Dox: 515 ± 64 Dox / Qβ,), a result that supports earlier claims of a mushroom-

shaped configuration of PEG leaving the surface functions still wide open for additional chemistry. 

Interestingly, when we reversed the order of conjugation and attempted to attach DB-MPEG 1K 

or 2K to Qβ already functionalized by Dox (Qβ-Dox) we observed no attachment of PEG at all. 

Figure 3.20. Summary of the melting temperatures of native Qβ (green), reduced Qβ (yellow), 
Qβ-fluorescein (blue), Qβ(2K) (pink) and Qβ(1K) (purple). 
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We speculate this may be attributed to several factors—the way the Qβ-Dox sits on the surface 

may block the disulfides or the observed precipitation likely affects reactivity, for instance. 

Though TEM micrographs show that both Qβ(1K)-Dox and Qβ(2K)-Dox continue to aggregate 

when drop cast and dried onto a grid, they are more solution stable than Qβ-Dox as shown by 

Zeta potential (Figure 3.21) and DLS measurements (Figure 3.22-3.24).54, 55 The difference in 

aggregation behavior was further illustrated during confocal microscopy (Figure 3.6-3.9), which 

show significant fluorescent aggregates in the Qβ-Dox experiments and yet little to no 

aggregates in the Qβ(MPEG)-Dox studies. Experiments looking at the relative critical 

coagulation concentrations are ongoing. Cytotoxicity was again evaluated on MCF-7 cells using 

our Qβ(MPEG)-Dox (Figure 3.25, Figure 3.26, 3.27). While this new formulation shows the 

same cell-killing power upon light activation, these samples showed much less cytotoxicity in 

the dark compared to Qβ-Dox and had a similar cytotoxicity to controls without any Dox. This 

trend of improved cell viability in the dark became more obvious at higher concentrations. While 

the unPEGylated Qβ-Dox VLP has an IC50 of 15 µM, the PEGylated formulation did not show 

appreciable cytotoxicity over the range of our experiments. As a result, the high stability of 

Qβ(MPEG)-Dox conjugates in the dark confirms this system is photocaged and can be highly 

controlled by photo irradiation for drug release. On the other hand, in the presence of PEG, it still 

maintains the ability to kill significant amount of cells following photolytic uncaging of the Dox. 
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Figure 3.21. Zeta potential of  Qβ-Dox,  Qβ(1K)-Dox and  Qβ(2K)-Dox The concentration 
of conjugated Dox in each sample is 15 µM, PB buffer (50 mM, pH = 5.0 – 10.0). 

Figure 3.22. Dynamic Light Scattering (DLS) data in water for the conjugates PEG and Dox 
conjugates. 
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Figure 3.23. DLS measurements of conjugates in cell media at concentrations comparable 
to experiment. 

Figure 3.24. DLS measurements taken every hour for 24 h for both Qβ(1K)-Dox and 
Qβ(2K)-Dox. 
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Figure 3.25. MTT Assay showing the relative cytotoxicities of the synthesized Qβ-Dox 
conjugates compared to free doxorubicin at different concentrations either as A) activated or 
B) photocaged complexes. Displayed—in order and by color—Black: Qβ(1K)-Dox; White: 
Qβ(2K)-Dox; Gray: Qβ-Dox; Red: Free doxorubicin. The depicted graphs show the A) 
cytotoxicity of activate conjugates and free Dox following exposure to 15 min of UV 
irradiation and B) the relative cytotoxicity of the conjugates and free Dox if left in the dark. 
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Figure 3.26. MTT cell viability assay following exposure to select reagents (Qβ(1K)-Dox or 
doxorubicin) at different concentrations. (Reagents were added to the cells and incubated for one 
hour before UV exposure.) Displayed—in order and by color—  Qβ(1K)-Dox kept in the dark; 

 doxorubicin kept in the dark;  Qβ(1K)-Dox after 15 min of UV exposure;  doxorubicin after 
15 min of UV exposure. 

 

Figure 3.27. MTT cell viability assay following exposure to select reagents (Qβ(2K)-Dox or 
doxorubicin) at different concentrations. (Reagents were added to the cells and incubated for one 
hour before UV exposure.) Displayed—in order and by color—  Qβ(2K)-Dox kept in the dark; 

 doxorubicin kept in the dark;  Qβ(2K)-Dox after 15 min of UV exposure;  doxorubicin after 
15 min of UV exposure. 
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Photocaging therapeutics to VLPs offers an extensible platform for high-drug loading and 

triggered release. Our initial efforts to attach the photocaged doxorubicin, a large and 

hydrophobic anticancer drug, to the surface of Qβ VLP lead to disappointing aggregation and 

precipitation at modest concentrations. We then developed methodology to modify the surface 

exposed disulfide residues of the VLP without compromising the thermal stability of the 

quaternary structure. Through the dual modification of the Qβ VLP scaffold, we were able to 

create a photo-controlled drug delivery system, which shows negligible cytotoxicity when the 

anticancer drugs are photocaged yet becomes quite cytotoxic following activation by light. This 

proof-of-principle design demonstrates the potential of not only the photocaging methodology 

but also the synthetic power of the disulfide re-bridging reactions on these VLPs. 

3.4 Materials and Methods 

3.4.1 General 

All reagents and organic solution were purchased from Sigma-Aldrich, Fisher Scientific, Alfa 

Aesar or TCI America and were used as received without further purification. 1H NMR/ 13C 

spectra were recorded on Jeol 270 MHz or Bruker AVANCE III™ 500 NMR Spectrometers. All 

the reactions involved in light sensitive group (doxorubicin and nitroveratryl compound) were 

protected from light with foil wrapped flasks. The UV lamp used in all experiment is a compact 

UV lamp (UVGL-25 from UVP, LLC), wavelength: 365nm, 4-watt. 
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3.4.2 Synthesis of Photo Linker-Dox 

 

 

PG-NHS, PG-b, PG-c and PG-Dox were synthesized using literature methods.56 

PG-NHS: PG-a （4-(4-(1-hydroxyethyl)-2-methoxy-5-nitrophenoxy) butanoic acid）(200 mg, 

0.67 mmol) was dissolved in 10 ml of DMF and the solution was stirred for 5 minutes at 0 °C. 

EDC-HCl (1.5 eq., 156 mg, 1.0 mmol) was added to this mixture, followed by addition of NHS 

(1.5 eq., 115 mg, 1.0 mmol). The reaction was stirred at 0 °C for approximately one hour and 

then at room temperature for 15 hours under nitrogen gas and in the dark. After stirring, the 
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DMF was removed under reduced pressure. To this residue, 30 ml of EtOAc was added and the 

organic phase was washed with water (3 × 20 ml), dried with MgSO4, filtered, and the solvent 

was evaporated under high vacuum. 250 mg PG-NHS was obtained (Yield: 94%) and showed a 

single spot on TLC. The product was directly used in the next step without purification. 1H NMR 

(270 MHz, CDCl3) δ ppm 7.60 (s, 1H) 7.30 (s, 1H) 5.58 (d, J = 6.2 Hz, 1H) 4.18 (t, J = 6.1 Hz, 

2H), 3.99 (s, 3H), 2.93-2.86 (m, 6H), 2.44 (t, J = 6.8 Hz, 2H,), 2.30(m, 2H), 1.57 (d, J = 4.4 Hz, 

3H). 

PG-b: To a solution of PG-NHS (250 mg, 0.63 mmol) in 5 ml DMF, triethylamine (2 eq., 175 

µL, 1.26 mmol) was slowly added, followed by addition of propargylamine (2 eq., 70 mg, 1.26 

mmol). The reaction was stirred overnight at room temperature under N2 atmosphere in the dark. 

After the reaction, DMF was removed under reduced pressure. To this product, 25 ml EtOAc 

was added and the organic phase was washed with water (3 × 20 ml), dried with MgSO4, filtered. 

The solvent was concentrated and further purified by column chromatography (hexane / EtOAc 

= 100 % - 0 %) to yield pale white solid (130 mg, 61%).1H NMR (270 MHz, CDCl3) δ ppm 7.54 

(s, 1H) 7.31 (s, 1H) 6.15 (br. s, 1H) 5.53-5.56 (m, 1H) 4.10 (t, J = 5.9 Hz, 2H), 4.06 (dd, 2H, J = 

5.2, 2.5 Hz ), 3.97 (s, 3H), 2.44 (t, J = 6.8 Hz, 2H,), 2.21(m, 2H), 2.2 (br.s, 1H), 1.54 (d, J = 4.4 

Hz, 3H). 

PG-c: The purified PG-b (100 mg, 0.30 mmol) obtained from above was dissolved in 10 mL 

DMF and triethylamine (83 µL, 2 eq., 0.59 mmol) was added to the solution, followed by 

addition of bis (4-nitrophenyl)carbonate (271 mg, 3 eq., 0.89 mmol). The solution was stirred at 

room temperature for 12 h in the dark. After removing the solvent under reduced pressure, the 

mixture was dissolved in 30 mL of EtOAc, washed by saturated NaHCO3 (3 × 20 mL) solution 
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and then saturated NaCl solution (1 × 20 mL). The solution was dried over MgSO4, filtered, and 

concentrated by rotory evaporation. The residue was purified by column chromatography 

(hexanes / EtOAc = 100 % - 0 %) to yield 88 mg pale yellow colored solid (Yield: 59 %). 1H 

NMR (270 MHz, CDCl3) δ ppm 8.27-8.22 (m, 2H), 7.60 (s, 1H), 7.37-7.27(m, 2H), 7.11 (s, 1H), 

6.52(q, 1H, J = 6.4 Hz), 6.02 (br. s, 1H), 4.14(t, 2H, J = 6.1 Hz), 4.06 (dd, 2H, J = 2.4, 5.3 Hz), 

4.01 (s, 3H), 2.45 (t, 2H, J = 7.2 Hz), 2.21(m, 3H), 1.77 (d, 3H, J = 6.2 Hz). 

PG-Dox: The purified PG-c (35 mg, 0.070 mmol) synthesized above was dissolved in 3 ml 

DMF, followed by addition of triethylamine (21µL, 2 eq., 0.14 mmol) and Dox (30 mg, 0.052 

mmol). The mixture was stirred at room temperature for 24 h in the dark under N2. After remove 

DMF under low vacuum, 30 ml of EtOAc was added to dissolve the residue. The red color 

organic lay washed with 20 ml water for three times, dried by MgSO4, filtered and concentrated. 

The residue was further purified by column chromatography (Hexane / EtOAc = 100% - 0 %) to 

yield 27 mg of PG-Dox (Yield: 57%).1H NMR (270 MHz, CDCl3) δ ppm, 8.04 (m, 1H), 7.80 (t, 

1H, J = 8.2 Hz), 7.51 (d, 1H, J = 6.4 Hz), 7.41 (d,1H, J = 8.4 Hz), 6.95 (d, 1H, J = 8.4 Hz), 6.28 

(t, 1H, J = 6.8 Hz), 5.99 (br. s, 1H), 5.49 (m, 1H), 5.12-5.27 (m, 4H), 4.73 (s, 2 H), 4.44 (br. s, 

1H), 3.96-4.17 (m, 12H), 3.68 (br. s, 1H), 3.56 (br. s, 1H), 3.36 (br. s, 1H), 2.97-3.30 (m, 2H), 

2.38-2.43 (m, 4H), 2.19-2.23 (m, 4H), 1.57 (d, 3H, J = 6.2 Hz), 1.22 (d, 3H, J = 6.2 Hz). 

PGL2 and PGL3 was prepared according to a reported paper57,58 

PGL2: A mixture of 6-bromohexanoic acid (1.3 g, 6.7 mmol) and NaN3 (0.87 g, 13 mmol) in DMF 

(5 mL) was stirred overnight at 85°C. To this solution, 20 mL DCM was added to the mixture for 

dilution after the reaction solution cooled down to room temperature. The organic solution was 

washed with 0.1 M HCl aqueous, dried by MgSO4 and concentrated under reduced pressure. 0.62 
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g PGL2 was obtained (Yield: 60%) and used in next step without further purification. 1H NMR 

(270 MHz, CDCl3) δ ppm 3.28 (t, 2H, J = 6.8 Hz), 2.37 (t, 2H, J = 7.4 Hz), 1.73-1.57(m, 4H), 

1.49-1.40 (m, 2H). 

PGL3: A mixture of PGL2 (0.5 g, 3.2 mmol), N-hydroxysuccinimide (1.1 g, 9.5 mmol), and 

EDC (1.83 g, 9.5 mmol) in DMF 10 mL was stirred at room temperature overnight. The DMF 

was removed under reduced pressure followed by dissolving the remaining residue in 20 ml of 

EtOAc. The organic layer was washed with water (3 × 20 mL), dried with MgSO4 and 

concentrated under reduced pressure. The residue was further purified by column 

chromatography (Hexane / EtOAc = 100 % - 0 %) to yield 0.25 g of PGL3 (Yield: 62%). 1H 

NMR (270 MHz, CDCl3) δ ppm 3.30 (t, 2H, J = 6.7 Hz), 2.64 (t, 2H, J = 7.3 Hz), 1.85-1.74 (m, 

2H), 1.70-1.60 (m, 2H) 1.56-1.47 (m, 2H). 

3.4.3 Synthesis of dibromomaleimide compounds 
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DB anhydride: Dibromomaleimide anhydride was synthesized by using a revised published 

procedure.59 Maleic anhydride (1.500 g, 15.30 mmol), AlCl3 (28.00 mg, 0.2123 mmol) and Br2 

(1.57 mL, 30.48 mmol) were added to a sealed PTFE pressure vessel, followed by heating at 160 

°C for 20 h in an oven. The reaction mixture was allowed to cool to room temperature, dissolved 

in 25 mL of ethyl acetate and filtered. The solid was washed by ethyl acetate (3 × 25 mL). The 

filtrate was combined and concentrated under reduced pressure to yield a pale yellow solid. 

(3.697 g, 94.40 %). 13C NMR (126 MHz, CHLOROFORM-d) δ ppm 158.51, 131.36. 

 

 

DB-MF: DB-MF was synthesized by using a published procedure.60 

Fluorescein amine (0.5250 g, 1.665 mmol) was dissolved into 30 mL of acetic acid followed by 

addition of DB anhydride (0.385 g, 1.230 mmol). The reaction was stirred at RT for 12 h. The 

resulting precipitate was filtered, washed with 30 mL of ethyl acetate and suspended in 30 mL of 

acetic acid. This reaction mixture was then heated to reflux for 3 h. After the reaction, the acetic 

acid was removed azeotropically with toluene to yield orange solid. (96.00 mg, 10.43 %) 1H NMR 

(500 MHz, DMSO-d6) δ ppm 6.53-6.77 (m, 6 H) 7.45 (d, J=8.04 Hz, 1 H) 7.72-7.85 (m, 1 H) 7.99 
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(br.s., 1 H). 13C NMR(126MHz, DMSO-d6) δ ppm 168.29, 163.59, 160.09, 152.35, 152.25, 134.21, 

134.05, 130.34, 129.59, 127.25, 125.40, 122.91, 113.25, 109.49, 102.78, 83.86.  

 

 

DB-MPEG 1K: To a solution of DB-ester61 (0.0626 g, 0.2000 mmol) in 10 mL of DCM, 

methoxypolyethylene glycol amine 1000 (0.2000 g, 0.2000 mmol) was added, and the reaction 

mixture was stirred at RT overnight. Solvent was removed under reduced pressure. The crude 

product was used without further purification.  

DB-MPEG 2K: To a solution of DB-ester61 (0.0626 g, 0.2000 mmol) in 10 mL of DCM, 

methoxypolyethylene glycol amine 2000 (0.4000 g, 0.2000 mmol) was added, and the reaction 

mixture was stirred at RT overnight. Solvent was removed under reduced pressure. The crude 

product was used without further purification. 

3.4.4 Expression and purification of Qβ and Qβ (GFP) 

VLPs was expressed and purified by a published protocol62 both of the Qβ and Qβ(GFP) plasmid 

were gifts from Dr. M.G. Finn from Georgia Institute of Technology. Starter culture of E. coli 

BL21 cells harboring the plasmids were amplified to 500 mL in SOB media supplemented with 

100 µg/mL kanamycin at 37 °C until the OD reaches 1.0. After that, expression is started by 

induction with 1 mM of IPTG. Cells were pelleted by JA-17 rotor at 13000 rpm for one hour, 
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and re-suspended into 70 mL of 0.1 M potassium phosphate buffer (pH 7.0). The cells were 

lysed by 20 minutes of pulsed sonication. Cell debris were pelleted in a JA-17 rotor at 13000 rpm 

for one hour. The supernatant was treated with ammonium sulfate at a final concentration of 2 

mM and allowed to incubate with rotation for one hour. The suspension was pelleted by JA-17 

rotor at 13000 rpm for 1h and the resulting pellet was resuspended into 10 mL of 0.1 M 

potassium phosphate buffer (pH 7.0). An equal volume of 1:1 n-butanol:chloroform was added 

to this mixture, and centrifuged in a JA-17 rotor at 13000 rpm for 30 min. The aqueous layer was 

removed and further purified through a sucrose gradient (10-40% w/v) by ultracentrifugation in 

SW-28 rotor at 23500 rpm for 16 hours. The concentration of pure protein was determined using 

Bradford Assay. 

3.4.5 Bioconjugation Reactions 

Qβ-Fluorescein: Qβ was prepared as a 0.25 mg/mL solution in 30% acetonitrile in 10 mM 

sodium phosphate buffer (pH 5.0). The disulfides were reduced by five eq of TCEP at RT for at 

least 30min, followed by addition of 20 eq of DB-Fluorescein from a concentrated stock solution 

in DMF and incubated at RT overnight. The reaction was purified by centrifugal filter 

(Sartorius™ Vivaspin™ Turbo 15, 10,000 MWCO). 

Qβ-PEG 1K: 10 mg of Qβ was reduced by TCEP (5eq) at RT for 1 h, then the mixture was diluted 

to the concentration of 1 mg/mL. 17 mg of DB-PEG 1K was added in to the reaction mixture, and 

incubated at RT overnight. The reaction was purified by centrifugal filter (Sartorius™ Vivaspin™ 

Turbo 15, 10,000 MWCO). Qβ-PEG 2K was synthesized by the same procedure using 34 mg of 

DB-PEG 2K. 
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Qβ-PEG 1K-N3: A solution of PGL3 (15 mg, 60 µmol) in 1 mL of DMSO was added slowly to 

4 mL of 0.1M potassium phosphate buffer (pH 7.4) that was pre-chilled in an ice-water bath. Qβ-

PEG 1K (5 mg, 2 nmol particle) in 1 mL potassium phosphate buffer (pH 7.4) was added to this 

mixture. The reaction proceeded at room temperature overnight on a rotisserie and was purified 

by centrifugal filtration (Sartorius™ Vivaspin™ Turbo 15, 10,000 MWCO). Qβ-PEG 2K–N3 was 

synthesized by the same procedure. 

Qβ-PEG 1K-Dox: A solution of PG-Dox (1.8mg, 2 µmol) in 1 mL DMSO was slowly added to 

Qβ-PEG 1K-N3 (2 mg, 0.8 nmol particle) in 5mL potassium phosphate buffer (pH 7.4) that had 

been pre-chilled on an ice-water bath. A mixture of 100 µL CuSO4 (50 mM) and 500 µL THPTA 

(50 mM) was added to the reaction solution followed by 100 µL of amino guanidine (100 mM). 

Finally, 200 µL of an aqueous sodium ascorbate solution (100 mM) was added to initiate the 

reaction. The reaction was allowed to proceed for 12 hours at room temperature on a rotisserie, 

and the product was purified by Centrifugal Concentrators (Sartorius™ Vivaspin™ Turbo 15, 

10,000 MWCO). Qβ-PEG 2K–Dox was synthesized by the same procedure. 

Qβ-N3: A solution of PGL3 (15 mg, 60 µmol) in 1 mL of DMSO was added slowly to 4 mL of 

0.1M potassium phosphate buffer (pH 7.4) that was pre-chilled in an ice-water bath. Qβ (5 mg, 2 
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nmol particle) in 1 mL potassium phosphate buffer (pH 7.4) was added to this mixture. The 

reaction proceeded at room temperature overnight on a rotisserie and was purified by centrifugal 

filtration (Sartorius™ Vivaspin™ Turbo 15, 10,000 MWCO). 

Qβ-Dox: A solution of PG-Dox (1.8mg, 2 µmol) in 1 mL DMSO was slowly added to Qβ-N3 (2 

mg, 0.8 nmol particle) in 5mL potassium phosphate buffer (pH 7.4) that has been pre-chilled on 

an ice-water bath. A mixture of 100 µL CuSO4 (50 mM) and 500 µL THPTA (50 mM) was 

added to the reaction solution followed by 100 µL of amino guanidine (100 mM). Finally, 200 

µL of an aqueous sodium ascorbate solution (100 mM) was added to initiate the reaction. The 

reaction was allowed to proceed for 12 hours at room temperature on a rotisserie, and the product 

was purified by centrifugal filtration (Sartorius™ Vivaspin™ Turbo 15, 10,000 MWCO). 

3.4.6 Dox Release and Cell Viability Studies 

MCF-7 cell line was cultured in DMEM (Sigma-Aldrich, with 4500 mg/L glucose, L-glutamine, 

sodium pyruvate, and sodium bicarbonate) culture media supplemented with 10% FBS (Sigma-

Aldrich) and 1% Pen-Strep (Sigma-Aldrich), and the cultured cells were maintained in a 37 °C 

incubator with 5% CO2. MCF-7 cell line was generously gifted by the University of Texas 

Southwestern (UTSW). Cell viability and/or cellular cytotoxicity were assessed by MTT (3-(4,5-

Dimethylthiazol-2-yl)-2,5-Diphenyl- tetrazolium Bromide) assay. 1.0 × 104 cells were seeded on 

48-well cell culture plate, and were incubated for at least 24 hours prior to drug treatment. 

MCF-7 cells were treated with various concentrations of Free Dox, Qβ-Dox, Qβ(1K)-Dox or 

Qβ(2K)-Dox (concentrations of Free Dox or conjugated Dox are 0-30 µM) in a 48-well plate for 

one hour. Control plates were kept in the dark while the UV experiment plates were exposed to a 

4W hand-held UV light with light emission centered at 365 nm for 15 min. After irradiation, cells 
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were incubated at 37 °C for 72 hours. The MTT (5 mg/mL) (Thermo, Fisher Scientific, MA, 

U.S.A.) was added at a volume of 15 µL in each individual well at three hours prior to the end of 

drug/compound incubation. The reaction took place in the dark in a 37 °C incubator with 5 % CO2 

for three hours. Cell culture medium was then removed from the wells. The plates were left to air-

dry for 15 mins. Cells with the insoluble purple formazan were lysed with DMSO for 10 mins at 

room temperature, 0.5 ml per well. The solution was aliquot to 96-well plate for absorbance 

reading. Absorbance was read at 570 nm. Triplicates were carried out for each condition. The 

percentage of viable cells was determined by an absorbance fraction of treated cell to untreated 

control wells. 

3.4.7 PARP Analysis 

At the end of drug/compound incubation (Cell culture and drug/compound treatment processes are 

same with Cell Viability Studies), cell culture medium was removed from the wells. Adherent cells 

were washed with ice-cold 1 × DPBS and detached from the plate using a cell scrapper (Fisher 

Scientific, MA, U.S.A.). After centrifugation to pellet down the cells at 12000 rpm at 4 °C for 6 

mins, cell pellets were re-suspended and lysed with 1 × Triton-X-100 with 1 × protease inhibitor 

cocktail. Cell lysates were stored in -80 °C freezer until use. Protein concentration determination 

of cell lysates was carried out using the Coomassie Dye (PIERCE, IL, USA) in a 96-well plate. 

Frozen cell lysates were thawed and spin down at 4 °C for 10 min at 13000 rpm. 1 µl of cell lysate 

supernatant was added to 200 µl of Coomassie Blue reagent, and its absorbance at 595 nm was 

measured. Protein standards were prepared using bovine serum albumin at concentration of 2 

mg/ml (PIERCE, IL, USA). 
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30 µg of total protein per sample was incubated with 5 × loading dye containing 2 M DTT at 60 

°C for 10 min. Protein samples were then loaded into 12 % polyacrylamide gel and subjected to 

SDS-PAGE (Polyacrylamide Gel Electrophoresis) at 70 – 80 V for 20 min of stacking session, 

followed by 110 – 130 V for 1 h 10 min resolving session. Kaleidoscope prestained standards 

(BioRad, CA, USA) were also subjected to SDS-PAGE side-by-side with the samples for 

estimation of molecular sizes of the protein bands obtained. Resolved proteins were then 

transferred by a wet transfer method to a PVDF membrane at 100 V for one hour using BioRad 

Mini Trans-Blot Electrophoresis Transfer Cell (BioRad, CA, USA). Upon the completion of wet 

transfer, the membrane was then blocked with 5 % (w/v) fat-free milk in 1 × Tris-buffered saline 

/ 0.1 % (v/v) Tween-20 (TBS-T) for at least one hour After three 10 min-washes with 1 × TBS-T 

to remove excess milk, the membrane was incubated with the respective primary antibodies 

diluted in 5 % BSA in 1 × TBS-T at 4 °C overnight. The following day, the membrane was 

washed with 1 × TBS-T to remove unbound primary antibody, and then exposed to 1:1000 

dilution of anti-rabbit HRP-conjugated secondary antibodies in 5 % (w/v) fat-free milk in 1 × 

TBS-T for one hour at room temperature. After three 10 min-washes with 1 × TBS-T to remove 

unbound secondary antibodies, the probed proteins were then detected for chemiluminescent 

signal using SuperSignal Chemiluminescent Substrate (PIERCE, IL, U.S.A.). 
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3.4.8 Cell Viability Controls 
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Table 3.1. Cell viability of control compounds containing no Dox (Qβ, Qβ-N3 and Qβ-PEG 1K). 
Exposure to UV in the presence of control compounds does not result in differences in cell 
viability.  

UV concentration of Qβ Viability error 

 0.03mg/mL 0.96 0.063 

 0.12mg/mL 0.99 0.058 

    

Dark concentration of Qβ Viability error  

 0.03mg/mL 1.00 0.014 

 0.12mg/mL 0.93 0.047 

UV concentration of Qβ-N3 Viability error 

 0.03mg/mL 1.05 0.079 

 0.12mg/mL 0.86 0.031 

    

Dark concentration of Qβ-N3 Viability error 

 0.03mg/mL 1.01 0.030 

 0.12mg/mL 0.86 0.037 
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Qβ-PEG1K 

 

 

 

 

 

 

 

 

 

 

 

3.4.9 TEM Microscopy of Qbeta Conjugates 

All TEM (transmission electron microscopy) images were obtained using a Tecnai™ G2 Spirit 

optical system. TEM samples were prepared by evaporating a drop of a sample solution on a 

carbon coated grid. Uranyl acetate solution (1%) was used for negative stain. TEM voltage: 

120kV. 

3.4.10 Thermal and Solution Stability of Conjugates 

The thermal stability of VLPs were analyzed by Far-UV circular dichroism (CD) using a 

previously published protocol.63 The Initial CD spectrum was obtained at room temperature. 

Thermal stability of unmodified Qβ, reduced Qβ, and Qβ conjugates were measured using an 

UV concentration of Qβ-

PEG1000 

Viability error 

 0.03mg/mL 0.93 0.031 

 0.12mg/mL 0.93 0.160 

    

Dark concentration of Qβ-

PEG1000 

Viability error 

 0.03mg/mL 0.93 0.044 

 0.12mg/mL 0.74 0.083 
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AVIV model 202 CD Spectrometer. Continuous heating in the range of 25 °C to 100 °C was done 

by Peltier device. The ellipticity was recorded at 218 nm at 2 °C intervals. Samples were prepared 

at concentrations between 0.1 and 0.2 mg/mL (as measured by Bradford assay), in potassium 

phosphate buffer (pH 7.0). The melting temperature (Tm) was determined by the center of 

sigmoidal curve generated from a Boltzmann fit function, and processed by the computer program 

GraphPad 6.0: 

y = A2 +
(A1 − A2)

1 + exp	(x − 𝑥1dx )
	 

y: CD signal 

A1: initial CD value 

A2: final CD value 

x0: center of the sigmoidal curve, which is the melting temperature Tm. 

dx: temperature constant 

3.4.11 DLS Studies of Qβ Conjugates in Aqueous Media 

Dynamic Light Scattering (DLS) studies were conducted on a Malvern Zetasizer Nano ZS in 

deionized water at 25 °C. All samples were prepared from the purified conjugate by first diluting 

to a Dox concentration of 15 µmol (~0.08 mg/mL protein). Soon after dilution, each sample was 

passed through a 0.2 µm syringe filter directly into a plastic 1.5 ml cuvette. Data are calculated 

from an average of three measurements, which consist of 10 runs of 10 seconds each. 

Measurements are represented by number percent, which weighs each particle equally. The small 

differences in hydrodynamic diameter of un-functionalized Qβ vs PEGylated Qβ is inline with 

previously published findings on CPMV, a different virus-like particle, which likewise show64 
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similar sizes by DLS between those functionalized with PEG 1K or 2K vs un-functionalized VLP 

(differences of 2–3 nm). While it was unanticipated that the hydrodynamic diameter would 

decreased upon functionalization with PEG, these sizers are within error of each other. 

Stability in water was measured by allowing the sample to sit in the DLS for 24 hours without 

exposure to light. Each time point corresponds to a single measurement which consisted of 10 

runs of 10 seconds. Temperature was maintained at 25 °C in the cell for the duration of the 

experiment. 

3.4.12 DLS Studies of Qβ Conjugates in Cell Media 

Dynamic Light Scattering (DLS) studies were conducted on a Malvern Zetasizer Nano ZS in cell 

media (10% fetal bovine serum in DMEM with 1% Pen-Strep) at 37 °C. All samples were prepared 

from the purified conjugate by first diluting to a Dox concentration of 150 µmol (approximately 

0.8 mg/mL protein). From this solution, 0.1 mL was passed through a 0.2 µm directly into a cuvette 

containing 0.9 ml of unfiltered cell media to create a final Dox concentration of 15 µmol (~0.08 

mg/mL protein). This concentration was selected as it shows the largest discrepancy in “dark 

toxicities” in the conjugates. The resulting DLS spectra show a heterogeneous mixture arising from 

existing colloids in the cell media. While the increased hydrodynamic diameter of the conjugates 

is likely owed to nonspecific adsorption of proteins from cell media; however, the particle size and 

error should be considered as the summation of not only the Qβ conjugates but also the material 

in the media. The top DLS spectra of cell media are identical—they are duplicated only to aid the 

reader. 
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3.4.13 UV Stability of Doxorubicin 

A dilute solution of doxorubicin (17.2 mM) was prepared in D2O and subjected to 30 minutes of 

irradiation by the same 4 W lamp used in the cell experiments. Chemical shift changes were all 

<0.01 ppm indicating that no structural changes occur to the structure of dox under these 

conditions.  

3.4.14 Confocal Fluorescence Microscopy Studies 

For confocal imaging, we used a Qβ GFP co-construct created by the Finn group.63  Briefly, GFP 

is co-expressed and simultaneously internalized within Qβ, to afford a green fluorescent tag 

Figure 3.28. 1H NMR spectra collected at room temperature for an aqueous sample of 
doxorubicin (bottom) before UV irradiation and (top) after UV irradiation. There was no 
structural perturbation indicating that UV exposure has no effect on the molecule. 
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without necessitating any chemical conjugation of dyes to the protein surface. Because the GFP 

is located on the inside of the VLP, it is assumed that it does not impact cell uptake. The reader is 

referred to the cited literature for information on expression, structure, and cell studies. 

1.50 x 104 MCF-7 cells were seeded in DMEM (Sigma-Aldrich, with 4500 mg/L glucose, L-

glutamine, sodium pyruvate, and sodium bicarbonate) culture media supplemented with 10% 

FBS (Sigma-Aldrich) and 1% Pen-Strep (Sigma-Aldrich) and incubated on cover slides in 24-

well cell culture plate and incubated for 48 hours at 37 °C, 5% CO2 to get 50% confluency. Cells 

were washed using FluoroBriteTM DMEM (ThermoFisher Scientific, supplemented with 10% 

FBS, 4 mM L-glutamine and 1% Pen-Strep) a minimum of three times. Then, 15 µM (Dox 

concentration) of Qβ samples were added to the cells and incubated for either one hour and four 

hours. Cells were washed with FluoroBriteTM DMEM three times, DPBS three times, fixed with 

4% paraformaldehyde at RT for 20 min, followed by washing with DPBS three times and water 

one time. Samples were either left in the dark or irradiated by UV for 15 min followed by 

imaging using OLYMPUS FLUOVIEW FV1200 confocal microscope with a 60x oil objective. 

The green fluorescence from the GFP located inside the Qβ conjugates was localized within the 

cell while the red fluorescence, which corresponds to doxorubicin, was confined primarily to the 

nucleus in all but the Qβ(GFP)(2K)-Dox sample. This is likely an artifact of diffusion of Dox 

inside the cell after being fixed. These results demonstrate that dox delivery occurs after an 

initial cell uptake of the conjugates within the one hour of incubation. Furthermore, it is clear 

that Dox is released within the cell following 15 min of UV irradiation and diffuses into the 

nucleus. At the same time, we found that there was no significant amount of red fluorescence 

presented in the nucleus right after UV irradiation; however, we can see much higher intensity of 
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red fluorescence after keeping the samples overnight at 4 °C. This is owed to the crosslinking 

structure inside the cells after fixation with paraformaldehyde, which slows Dox diffusion 

through the crosslinked cytosol. We further elongate the incubation time to four hours, and 

similar results were observed. 
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CHAPTER 4 

MITOCHONDRIA TARGETED DRUG DELIVERY SYSTEM  
 

ON A VIRUS-LIKE PARTICLE PLATFORM 
 
 
4.1 Abstract 

Virus-like particles (VLP) have emerged as a novel platform for targeted drug release and bio-

imaging, owing to their biocompatibility, biodegradability, highly ordered structure and 

chemically addressable repetitive surface. However, using VLPs for organelle targeting hasn’t 

been explored. In this study, Bacteriophage Qβ VLP was used as a platform to install targeting 

ligands and load therapeutic agents for mitochondria targeting and cargo delivery. Results show 

that Qβ is small enough to cross the double membrane of mitochondria with the help of 

lipophilic triphenylphosphonium (TPP) cation and deliver drug. We have successful exploited 

this strategy to delivery doxorubicin to the mitochondria in drug resistant cells and shown 

improved cell killing in multi-drug resistance.  

4.2 Introduction 

Traditional cancer treatment through chemotherapy is to use one or more kinds of anti-cancer 

drug to inhibit rapid cancer cell division, which could potentially prolong patient’s life or 

alleviate symptoms.1 However, cancers frequently develop resistance towards chemotherapy 

agents, and this has become a major reason that chemotherapy treatment fails. Some of the 

malignant cancer cells in tumors are drug-sensitive, however, some are not. As a result, 

chemotherapy agents kill the drug-sensitive cells and the population of cells that are resistant to 

drugs are left behind, which leads to the cancer recurrence.2 The resistance to chemotherapy 
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drugs has	been found to relate to efflux pumps,2 which are transport proteins located on the 

membrane of cancer cells that export drug from the interior of cells. Efflux pump genes and 

proteins are usually associated with multi-drug resistance (MDR) and efflux transporters they 

encode for are classified into five superfamilies: the major facilitator superfamily (MFS), the 

small multidrug resistance family (SMR), the ATP-binding cassette superfamily (ABC), the 

multi-antimicrobial extrusion protein family (MATE) and the resistance-nondulation-cell 

division superfamily (RND).2-3 P-glycoprotein (p-gp)4 is also known as multidrug resistance 

protein 1 (MDR1) and belongs to the ATP-binding cassette superfamily. It is an ATP-dependent 

efflux pump and exists in a broad range of organisms such as bacteria, fungi and animals. Some 

cancer cells overexpress large amounts of p-gp, which leads to reduction of drug efficacy and 

multidrug resistance. Some studies have used nanoparticle based system to bypass the p-gp to 

deliver high concentration of therapeutic agents to cancer cells by a nanoparticle cellular the 

pathway, which can significantly enhance drug efficacy and combat the drug resistance.5 

Different from acquired MDR related overexpressed efflux pump proteins, intrinsic MDR is 

from genetic changes from the altered apoptosis signaling pathways, which is mainly related to 

mitochondria.6 Both of the MDR mechanisms are related to mitochondria, which is the power 

house of cells, and they are critical in cell apoptosis. Targeting mitochondria with therapeutic 

agents has potentially become an opportunity to overcome MDR of cancer cells. For instance, 

platinum-based drugs have been used in mitochondria targeted drug delivery to regulate the 

cellular metabolism and alter mitochondria potential.7 

In addition, other delivery vectors such as nanoparticles have been exploited in mitochondria 

targeting. Nanoparticle based platforms have emerged to delivery small molecular drugs and 
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various therapeutic agents, which show high drug loading, enhanced efficacy, reduced off-target 

toxicity and enhanced permeability and retention (EPR) effects.8-9 For mitochondria targeting, 

the ideal construct should be small enough and to penetrate and cross the double membranes of 

mitochondria. Targeting is achived by lipophilic cations (triphenylphosphonium, et al.), protein 

transduction domains (PTD) and mitochondria targeting signal peptides have been incorporated 

with nanoparticle platform for drug delivery.10-12 Various nanoparticle platforms13 have been 

used to load targeting ligand to target mitochondria, such as liposome,11, 14 self-assemble 

polymeric nanoparticles,15-18 magnetic nanoparticles,19 and gold nanoparticles.20-21 Virus-like 

particle has emerged as an idea drug delivery platform, due to their high monodispersity, 

biocompatibility and biodegradability. Their multivalent and repetitive surface are also facile to 

be functionalize orthogonally,22 which is ideal to installing both targeting ligands and therapeutic 

agents. 

In this study, we propose a rational design using bacteriophage Qβ as a vector to deliver an anti-

cancer drug to mitochondria to overcome multi-drug resistance. Qβ is 28-nm diameter 

icosahedral viral capsid, which is small enough to cross the double membrane of mitochondria 

more-so than some larger nanoparticles.14 Each Qβ capsid is composed of 180 identical coat 

proteins, and possess 720 solvent exposed lysines and 180 intermolecular disulfides, which can 

be chemically modified by bioconjugation reactions.23 The exterior surface of Qβ is 

functionalized by lipophilic targeting ligand triphenylphosphonium (TPP) cations to enhance 

cellular uptake through endocytosis, promote endosomal escape, and specifically target 

mitochondria. The interior space of Qβ is filled with random RNA from E.coli host cells, which 

can intercalate with doxorubicin (DOX) for cargo loading. High concentration of peroxide which 
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naturally occurs within and around mitochondria, could potentially oxidize RNA within the Qβ 

capsid and deliver DOX to mitochondria DNA (mtDNA) and overcome MDR. Preliminary 

results have shown that conjugating TPP ligands on the surface of Qβ can significantly enhance 

cellular uptake and target mitochondria. This localization is characterized using confocal 

fluorescence microscopy. We have selected the H2073 cell line, which is a drug resistant non-

small cell lung cancer cell line and overexpress p-glycoprotein, for targeting and viability assays. 

We have found that DOX loaded Qβ-TPP conjugates start to overcome drug resistance at high 

concentration. 

4.3 Results and Discussion 

4.3.1 Synthesis of Qβ-TPP conjugates 

The most abundant functional groups on Qβ (Figure 4.1 A) are primary amines. Each coat protein 

consists of one N-terminus (alanine) and seven lysines, of which three (Figure 4.1 B, K2, K13 and 

K16 are labelled in red) are reported to be solvent exposed.24 Those amines can be modified 

through EDC/NHS chemistry or directly reacting with pre-synthesized NHS esters. To attach TPP 

targeting ligands on the surface of Qβ, TPP-NHS ester was synthesized using (5-carboxypentyl) 

triphenyl phosphonium bromide and EDC/NHS (Figure 4.1 C). TPP-NHS ester (20 eq) was added 

to Qβ solution, and the reaction proceeded at room temperature for 6 h on a rotisserie. It is worth 
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mentioning that Qβ-TPP conjugates are not soluble and precipitate in phosphate buffer, so the 

reaction was done in HEPEs buffer. The conjugates are purified by centrifugal filter (COMW= 10 

k) or PD10 desalting column to get rid of small molecules. Conjugates are characterized by non-

reducing sodium dodecyl sulfate polyacrylamide gel (SDS-PAGE) electrophoresis and hexamer, 

pentamer and monomer bands shifted up indicate the increase of molecular weights. Native 

agarose gel electrophoresis was also used to characterize the particle integrity and surface charge. 

Capsids run as thin bands, which indicate that the particles remain intact after the conjugation 

reaction. Compared to unmodified Qβ, Qβ-TPP runs slower towards the positive electrode owing 

Figure 4.1. A) crystallographic structure of Qβ VLP (lysines were labelled in blue, cysteines 
were labelled in pink). B) crystallographic structure of Qβ coat protein, in which lysines, 
cysteines and N-terminus were labelled. C) synthetic scheme of Qβ-TPP conjugates. 
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to the positive charged TPP moieties attached on the surface (Figure 4.2 A). The ESI-TOF mass 

analysis of Qβ-TPP shows a distribution of mass conversion from one to six TPPs per monomer 

(Figure 4.2 B). This data reveals that, not only can the previously reported four solvent exposed 

amines (K2, K13, K16 and N-terminus, labelled red in Figure 4.1 B) be modified, but the other 

lysines (K46, K60, K63 and K67, labelled black in Figure 4.1 B) can also possibly be conjugated 

to the interior surface of the capsid. Particle morphology is examined by transmission electron 

microscopy (Figure 4.2 C). Dynamic light scattering was used to measure the hydrodynamic radius 

of Qβ conjugates, which shows Qβ and Qβ-TPP have diameters of 33.73 nm and 56.48 nm, 

respectively (Figure 4.2 D). On the other hand, the Qβ-TPP conjugate (0.5 mg/mL protein 

concentration) was not stable and precipitated in cell media and PBS buffer (Figure 4.3 B). We 

Figure 4.2. A) Non-reducing SDS-PAGE and native agarose gel of Qβ and Qβ-TPP. B) ESI-
TOF mass spectrum of Qβ-TPP. C) TEM micrograph of Qβ-TPP. D) DLS distribution of Qβ 
and Qβ-TPP. 
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roughly estimated the number of TPP moieties on each Qβ capsid using mass spectrometry and 

concluded that approximately 670 of the TPP were attached. The high surface coverage of 

lipophilic cations on a particle as small as 28 nm, making it very sensitive to ions in the buffer, 

which making it lose losing colloidal stability. We then tried to reduce the surface coverage of TPP 

by adding fewer equivalents of TPP-NHS ester in the reaction. We found that Qβ-TPP is stable 

with reaction conditions that add 2 molecules or fewer of TPP-NHS per coat protein (Figure 4.3 

C). 

4.3.2 Synthesis of Qβ-PEG-TPP conjugates 

As previously discussed in Chapter 2 and 3, each of the identical coat proteins of Qβ possesses 

two cysteine residues (C74 and C80) (labelled yellow in Figure 4.1 B), which form disulfide bonds 

Figure 4.3. A) Qβ-TPP structure. B) Photograph of 0.5 mg/mL Qβ-TPP in DMEM, PBS and 
HEPES buffer. C) Photograph of 0.5 mg/mL of Qβ-TPP conjugates in DMEM at room 
temperature. Different equivalence of TPP were added in the conjugation reaction, in order to 
optimize the formulation for a stable colloidal solution. 
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with the cysteines of the adjacent coat proteins. The disulfide bonds can be functionalized using a 

new generation of dibromomalemide-disulfide chemistry.23 We have successfully exploited this 

chemistry to functionalize across the disulfide bonds on Qβ using polyethylene glycol (PEG), 

which significantly increased the solubility and promoted the stability of the photocaged drug.25 

Here, we again use the same strategy to stabilize Qβ conjugates with the ion sensitive lipophilic 

targeting ligands. Qβ-PEG-TPP conjugates were synthesized as shown in figure 4.4 A. We used 

another Qβ construct – Qβ(GFP), which is Qβ VLP encapsulating green fluorescent proteins for 

cellular tracking proposes. In order to attach PEG across disulfides, Qβ(GFP) was first reduced 

with 10 equivalents of TCEP, followed by adding Dibromomaleimide-PEG (DB-PEG). The 

reaction was then left on a rotisserie overnight at RT before purifying using centrifugal filter 

(COMW = 10 kDa) or a PD10 desalting column with HEPES buffer. Conjugation of TPP-NHS 

Figure 4.4. A) Conjugation scheme of Qβ-PEG-TPP. B) SDS-PAGE and C) native agarose gel of 
Qβ(GFP)-PEG and Qβ(GFP)-PEG-TPP conjugates visualized by UV irradiation. D) ESI-TOF of 
Qβ(GFP)-PEG-TPP (4 equiv). E) Photograph of Qβ(GFP)-PEG-TPP (2 mg/mL protein 
concentration) in RPMI media. F) TEM micrograph of Qβ(GFP)-PEG-TPP (4 equiv). 
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with surface amines was then performed using the same method as making Qβ-TPP. The final 

product was characterized by non-reducing SDS-PAGE (Figure 4.4 B). All the bands except native 

Qβ show fluorescence, attributed to the conjugation-induced fluorescence generated from the DB-

disulfide conjugation reaction. Bands generally shift up indicating the increase in molecular weight 

after attaching TPP on the amines. Native agarose gel shows that the bands gradually shift towards 

the sample wells, since there is more positive charge accumulated on the surface of capsid and 

higher conversion yields as more equivalents of TPP-NHS were added into the reactions (Figure 

4.4 C). The particle sizes before and after conjugation were chareacterized by size-exclusion 

chromatography (SEC) (Figure 4.5 A). The conjugates are also characterized by ESI-TOF, and 

particle morphology was examined by TEM. Particle surface charges and stability were also 

characterized by Zeta-Potential measurement, which shows that the particles became more 

positively charged as adding more TPP cations (Figure 4.5 B). Finally, samples with different 

equivalents of TPP were resuspended into RPMI cell media, up to 10 equivalent, samples are very 

soluble and stable at room temperature. The PEGylation strategy can significant increase the 

solubility and stability of the Qβ-TPP conjugates (Figure 4.4 E). Different formulation of Qβ-TPP 

conjugates were synthesized, followed by resuspended into cell media to a final concentration of 

2 mg/mL. Any precipitation observed was recorded in table 4.1. For the formulation of Qβ-PEG-

TPP (4 eq and 10 eq), precipitation was observed after 12 h of incubation. For short incubation, 

formulation with more TPP moieties can be used. However, the simplest and optimized 
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formulation for long incubation at 37 °C is Qβ-TPP (2 eq), which is used for the following cell 

uptake experiments. 

 

 

 

 

 

 

 

 

Table 4.1. Stability of Qβ-TPP conjugates (2 mg/mL) in cell media at RT or 37°C with different 
incubation time. 

 Stability in cell media 

 RT 37 °C 

 4h >12 h 4h >12 h 

Qβ ✓ ✓ ✓ ✓ 

Qβ-TPP 2eq ✓ ✓ ✓ ✓ 

Qβ-TPP 4eq × × × × 

Qβ-TPP 10eq × × × × 

Qβ-PEG ✓ ✓ ✓ ✓ 

Qβ-PEG-TPP 2eq ✓ ✓ ✓ ✓ 

Qβ-PEG-TPP 4eq ✓ ✓ ✓ × 

Qβ-PEG-TPP 

10eq 

✓ ✓ × × 

Figure 4.5. A) SEC traces of Qβ(GFP) conjugates. B) Zeta Potential of Qβ(GFP)-PEG and 
Qβ(GFP)-PEG-TPP conjugates. 
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4.3.3 Targeting mitochondria of MDR cancer cells using Qβ-TPP conjugates 

The mitochondria-targeting ability of Qβ-TPP conjugates were assessed by confocal fluorescence 

microscopy (Figure 4.6). We have chosen a non-small cell lung cancer cell line H2073 for the 

cellular uptake and colocalizaiton experiment, owing to its overexpression of p- glycoprotein 

making it multi-drug resistant. Mitochondria were stained with MitoTrackerÔ deep red FM to 

exam the colocalization with the green fluorescence of Qβ(GFP) conjugates. The colocalization 

efficiency (ρ) was calculated using Pearson’s coefficient using NIH ImageJ. After incubating cells 

with Qβ conjugates for 4 h, Qβ(GFP)-TPP shows better uptake than the non-targeted Qβ(GFP) 

Figure 4.6. Confocal fluorescence spectroscopy images of Qβ(GFP) and Qβ(GFP)-TPP in H2073 
cells. Color code: green: Qβ(GFP), red: MitoTrackerÔ deep red FM. 
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thanks to the positively charged lipophilic TPP moieties. Targeted conjugates show greater 

colocalization (ρ = 0.56) compared to non-targeted conjugates (ρ = 0.28), and a significant amount 

of particles in the endosome/lysosome could be seen. We further extended the incubation time to 

24 h, and we saw much better uptake and colocalization with mitochondria (ρ = 0.755), which 

indicated that the particles escape from the endosome/lysosome and traffic to mitochondria within 

24 h; however, there was less signal of Qβ(GFP) in the green channel, probably because GFP was 

degraded within the acidic environment of endosome/lysome over this extended time period. In 

this experiment, we have shown that by conjugating lipophilic TPP cation on the surface of Qβ, 

we can specifically target mitochondria and potentially deliver cargo using Qβ as a carrier into 

mitochondria. 

4.3.4 Overcoming multi-drug resistance of MDR cancer cell using DOX loaded Qβ-TPP (Qβ-

TPP(DOX)) 

Doxorubicin (DOX) can be loaded into a Qβ capsid through intercalation with the random RNA 

that trapped inside when the particle was self-assembled. 500 µL of 1 mg/mL of DOX aqueous 

solution was added to 500 µL of 3.3 mg/mL of Qβ-TPP conjugates in HEPES buffer (10 mM, 

pH 7.4) and incubated at room temperature for 3 h, followed by purification using PD10 

desalting column and condensed by centrifugal filter (COMW =  10 kDa). The loaded particle 

was characterized by native agarose gel. Qβ(DOX) shows red-colored band on native agarose 

gel, and travels slightly slower than native Qβ owing to the positively charge DOX. Qβ-
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TPP(DOX) also shows as a red band on agarose gel, and travels even slower than Qβ(DOX) 

thanks to the positively charged TPP on the surface. All the bands are colocalized with the 

coomassie stained gel (Figure 4.7 A). The DOX release mechanism we propose takes advantage 

of the high local concentration of peroxide within mitochondria, which can oxidize the RNA 

inside Qβ triggering the DOX release. The fluorescence of DOX was partially quenched when 

intercalated with RNA, fluorescence increase once the RNA is cleaved and release from the 

RNA. We tested the peroxide-triggered drug release by incubating Qβ(DOX) with 40 mM of 

H2O2 and measured the DOX fluorescence at 0 h, 24 h and 48 h, respectively (Figure 4.7 B). 

Fluorescence spectroscopy shows the fluorescence enhancement after 24 h and 48 h, indicating 

DOX release.  

Figure 4.7. A) Native agarose gel electrophoresis of DOX loaded Qβ conjugates. B) 
Fluroescence spectrum of Qβ(DOX) conjugates incubated with H2O2 for 0 hour, 24 hours and 
48 hours. 
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In order to evaluate the performance of mitochondria targeted drug release, we incubated the Qβ-

TPP(DOX), Qβ(DOX), and free DOX with H2073 cells for 48 h, followed by measuring cell 

viability using MTT assay (Figure 4.8). H2073 is very resistant to doxorubicin, there were about 

50% of cells still alive after incubating with 100 µM of free DOX. At concentration of 50 µM and 

75 µM of DOX, there was no significant difference of cytotoxicity among all three samples. At 

higher concentration (100 µM, 150 µM and 200 µM), Qβ-TPP(DOX) with the targeting ligands 

start to overcome the drug resistance. 

4.4 Conclusion 

In conclusion, we have developed a novel VLP based drug delivery system to specifically target 

mitochondria and delivery therapeutic agents to overcome drug resistance in MDR cancer cell. 

Bacteriophage Qβ was used as a platform, which was functionalized with targeting ligand TPP. 

Figure 4.8. Cell viability assay using MTT assay to measure the drug cytotoxicity of Qβ-
TPP(DOX), Qβ(DOX), and free DOX after incubating with H2073 cells for 48 hours at 37 °C 
with 5% CO2. 
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Colloidal stability of the conjugates can also be improved by orthogonally dual-functionalizing 

the particle using both TPP and PEG. Compared to the non-targeted Qβ, Qβ-TPP showed better 

cellular uptake and higher colocalization coefficient with mitochondria. Finally, MTT assay 

showed that DOX loaded Qβ-TPP showed significantly higher cell killing ability than the non-

targeted particle and free DOX. This technology using viral capsid as a platform to target 

mitochondria can potentially be use to deliver therapeutic agents and sensing molecules to treat 

mitochondria dysfuntion and sense mitochondrial reactive oxygen species. 
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CHAPTER 5 

SUMMARY OF FINDINGS AND FUTURE DIRECTIONS 
 
 
5.1 Summary of major findings 

Virus-like particles (VLP) have emerged as novel proteinaceous nanoparticles showing superior 

properties compared to other types of synthetic nanoparticles in biomedical research. Inheriting  

properties from the nature, VLPs are biocompatible, biodegradable and non-infectious, which 

makes them perfect to use in biological systems. In this dissertation, bacteriophage Qβ was 

studied as a proteinaceous nanoparticle to be functionalized with fluorophore, therapeutic drugs 

and targeting ligands for fluorescence imaging, cargo delivery and organelle targeting. We have 

taken considerable advantage of the unique structure of Qβ, where we modify its interior and 

exterior surface with fluorophores and therapeutic agents. In addition, we exploit and develop 

Figure 5.1. Qβ is proteinaceous nanoparticle, whose exterior, interior and surface pores can 
be chemically modified. Inner space is filled with E.Coli RNA that can be used to load 
intercalation drugs for cargo loading. 
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novel bioconjugation methodologies to crosslink surface pores and load drugs in the inner space 

(Figure 5.1). 

I firstly exploited a new generation maleimide chemistry- dibromomaleimide-disulfide chemistry 

to functionalize the disulfide bonds across the quaternary structure of viral capsids without losing 

their thermal stability. This bioconjugation strategy can tolerate various functionalities and give 

good yields. As the reaction proceeds, thiol-maleimide fluorophores form and generate 

conjugation-induced yellow fluorescence, which can be used for cell tracking. This novel 

conjugation reaction provides researchers a second functional handle, which can be used to dual-

functionalize Qβ with CuAAC chemistry or EDC/NHS chemistry. Qβ is very stable towards high 

temperature, extreme pH and various solvent compositions, which makes it a robust platform to 

be chemically modified to load drugs. We have successfully dual-functionalized Qβ with a 

photolytic doxorubicin complex on surface amines and PEG across disulfides, which show 

highly controlled drug release triggered by UVA irradiation.  

Qβ is also small enough to cross the double membrane structure of mitochondria. After 

installation of lipophilic TPP cation, we have shown that Qβ can be used as a cargo to 

specifically target and deliver drugs to mitochondria of drug-resistant cancer cell.  

5.2 Thiol sensing and drug release  

In Chapter 2, we reported that maleimide-thiol conjugates are not stable in serum. They tend to 

undergo retro-conjugation addition, and transfer the cargo on Qβ to blood protein that contain 
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thiols. Although it affects the in vivo stability of Qβ-DB conjugates, this may be a good strategy 

to release drugs. In order to prove the concept, we have attached two fluorophores on Qβ (Qβ-

DC). FITC are across the disulfides, and Rhodamines are attached on the surface amines. Our 

preliminary results after incubating Qβ-DC with MCF-7 cells in serum-rich media for 4 h, FITC 

transferred to serum proteins and stuck on the cell membrane (Figure 5.2). Qβ that carries 

rhodamine and uncleaved FITC was uptaken by the cells. By using this strategy with proper 

design, this construct can be used as a drug carrier for thiol-triggered drug release. 

5.3 Mitochondria targeted sensing 

In Chapter 4, we demonstrated that Qβ-TPP conjugates can target and deliver cargo molecules 

into mitochondria. Qβ has shown to be a versatile platform that can be orthogonally 

functionalized with various molecules. Sensing molecules or fluorescent dyes can be loaded into 

Qβ for reactive oxygen species (ROS) sensing 

Figure 5.2. A) Double click scheme on Qβ. B) Confocal fluorescence image of double click 
conjugates. 
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5.4 Some insights 

The unique characteristics of VLPs, such as their nano-size, chemically addressable surfaces and 

possession of interior space, which make them promising materials and building blocks for 

biomedical applications. 1. Infecting human cells other than their original host. Chimeric VLPs 

incorporating with cancer cell infectious ligand can target and replicate themselves with drug 

inside the cancer cells. 2. Chemical reactor. Enzymes can be encapsulated inside VLP, the 

reactants trapped can be catalyzed by the enzyme in the tiny confined space with enhanced the 

efficiency.   
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APPENDIX 
 
 
PART A. NMR Spectra 
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PART B. TEM MICROGRAPH 

 

Qβ 

 

Qβ-M 
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Qβ-MA 

 

Qβ-N3 
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Qβ-Alkyne 

 

Qβ-Biotin 
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Qβ-PEG 

 

Qβ-Azo 
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Qβ-Alkyne-FITC 

 

Qβ-N3-FITC 



 

177 

 

Qβ-Dox. 

 

Qβ(1K)-Dox. 
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