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ABSTRACT 

Supervising Professor: Jeremiah J. Gassensmith 

In recent years, nanoparticle-based therapeutics have been increasingly applied in broad range of 

clinical applications from diagnosis to treatment of many diseases such as cancer, diabetes and 

neurodegenerative disorders. A wide range of synthetic and naturally occurring materials such as 

polymers, metal oxides, silicate, liposome, and carbon nanotubes have been developed to 

overcome some of the key barriers in free therapeutics including intracellular trafficking, 

cell/tissue targeting, poor biodistribution, and low efficiency. However, despite all achievements 

in creating these nanomaterials with different chemical and physical properties such as size, shape 

and surface properties, developing a nanoparticle to surmount these limitations all in one is a big 

challenge. Virus like particle (VLP) as protein-based nanomaterials that closely mimic the highly 

symmetrical and polyvalent conformation of viruses while lack the viral genomes have emerged 

as a solution for these limitations. Their unique features such as high biocompatibility, 

biodegradability, monodisperisty, intrinsic immunogenicity, and safety combined with interior and 

exterior modification capability offer new tool to scientists for careful design and engineering of 

multi-component therapeutic agent with intended biological behavior and pharmacological 
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profiles. Herein, various chemistry strategies are introduced in combination with biology and 

immunology to turn virus like particle to a favorable engineered biomaterial for several functions 

such as cancer therapy and intracellular delivery. We showed how by modifying surface of VLP 

Qβ with NIR organic molecule we can make a highly efficient and stable photothermal agent that 

can cause thermal ablation of tumor while simultaneously activating the immune response. We 

found this immunophotothermal agent, suppress primary tumor, control metastasis, and prolong 

survival time in mice bearing breast cancer. We also addressed one of the biggest challenges in 

biologic delivery which is direct delivery of therapeutic cargo into cell cytoplasm. Using organic 

chemistry we designed a cytosolic targeting linker that when attached to surface of VLP Qβ, helps 

to escape endosomes  and be released into cytoplasm,  Moreover, this proteinaceous material is 

shown to have a great potential in combination with other materials such as metal organic 

framework to construct a multimodal cancer therapeutic agent enabling delivering mulit 

therapeutic agents such as immunotherapeutic drugs while taking advantage of all unique features 

of virus like particles. These works clearly show the significant potential of VLP in design and 

modification of new therapeutic platform.  
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CHAPTER 1  

VIRUS LIKE PARTICLES: A SELF-ASSEMBLED TOOLBOX FOR 

 CANCER THERAPY 

1.1 Introduction 

Over the last few decades, nanotechnology has been used increasingly in biomedicine, including 

applications for disease diagnosis and treatment.1, 2 Tremendous effort has been devoted to 

designing a variety of organic and inorganic nanomaterials such as polymeric micelles,3 liposomes, 

dendrimers,4 carbon nanotubes,5 metal-organic frameworks,6, 7 and metal nanoparticles8 to achieve 

safe and protected cargo for targeted delivery.9-11 The appeal of these artificially engineered 

materials is based particularly on their versatile synthetic strategies, which give them physical and 

chemical properties such as shape, size, charge, surface patterning, biocompatibility, and the 

ability to selectively interact with distinct cells and tissues.12, 13 These properties allow them to 

resolve the main obstacles encountered with existing pharmaceutical treatments — poor 

bioavailability, rapid clearance, and uncontrollable release of drugs.14, 15 However, despite 

advances, constructing simplistic and optimized synthetic nanostructures with low toxicity, 

multivalency, water solubility, functionalizability, and therapeutic loading capabilities, it 

challenging and complex process that limits the therapeutic application of these materials.13, 16, 17 

In the past three decades, biomolecule-based nanostructures — such as supramolecular self-

assembled proteins, peptides, lipids, and cellulose — have paved a new way toward the design of 

sophisticated multimodal nanomaterials.17-19 Supramolecular chemistry benefits from the nature 

of non-covalent interactions to integrate molecules such as proteins, small molecules, 

polysaccharides, and polymers in a dynamic and reversible state, which gives rise to 



 

2 

multifunctional platforms with high sensitivity to bioenvironmental changes such as pH, ionic 

strength, temperature, and oxidation.20-24 This bottom-up approach elaborates upon structural and 

functional diversity, which offers suitable shapes, inner structure, organized architectures, and high 

biocompatibility and bioavailability. However, one key problem that these systems face is low 

biostability under physiological conditions, arising from the non-covalent linkage that hold the 

building blocks.25, 26 Therefore, there is an effort to identify systems that not only overcome design 

barriers associated with synthetic materials, but also provide the desired features of self-assembled 

nanostructures with integrated stability. Virus-like particles (VLPs) have attracted significant 

attention as self-assembled supramolecular systems that imitate the highly symmetrical, 

polyvalent, and monodisperse conformation of real viruses while lacking a viral genome (DNA or 

RNA), which render them noninfectious.27-29 These proteinaceous materials offer advantages over 

the above-mentioned synthetic nanostructures by being biodegradable and biocompatible, as 

viruses are nature’s tool to carry and deliver delicate genetic materials under adversarial 

physiological conditions.30, 31 Many VLPs follow suit by being exceptionally stable and robust 

against harsh conditions such as high pH and temperature.10  
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Figure 1.1. The structure function relationship of VLPs and their associated cellular uptake is 

innately related to their shape (noted by the arrows) while the chemical modification and loading 

capacities allows access to further targeted delivery of drugs, therapeutics, and biomaterials to 

specific cell types, such as cancer cells and immune cells, and regions, such as tumor 

microenvironments and passage to the blood brain barrier. 

 

The synthesis and growth of VLPs has been reported in mammalian and insect cells,32, 33 bacteria, 

yeast,34 and transgenic plants.35 With many regenerable sources like plants and bacteria, the 
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harvesting of VLPs has ultimately led to the notion of VLP “farming” and large-scale production. 

The synthesis techniques for VLP generation have become quite sophisticated. Medicago, a 

Canada-based biotechnology company, has multiple plant-produced VLP-based vaccines under 

clinical investigation that are produced at a large scale.36 The different sources of virus production 

result in the isolation of VLPs with different sizes (20–300 nm) and shapes (icosahedral, sphere, 

and rod).37 The variety of shapes and sizes afforded from VLPs allow different cellular 

interactions, uptake, and immune system activation in various biological environments e.g., tumor 

microenvironments, which provide various therapeutic applications such as imaging, immune cell 

targeting, and cargo delivery (Figure 1.1). For example, small-sized VLPs that range from 20–200 

nm, are taken up by antigen presenting cells (APC) such as dendritic cells (DCs) and round VLP 

particles such as CCMV can reach secondary lymphoid organs better than rod like structures, 

resulting in a 100-fold increase in immune response in some cases.38 However, even larger and 

rod-shaped viruses like the tobacco mosaic virus (TMV), have shown an order of magnitude 

increase in circulation time in the blood stream when coated with serum albumin, improving its 

therapeutic effect.39 In all cases, the surface of these VLPs have a repetitive structure with solvent-

exposed amino acids that allow for both genetic and chemical modification leading to a high 

density of functional groups. This unique and intrinsic feature of VLPs provides a large toolbox 

for chemists to construct bioconjugation schemes for adaptive functionality.40 Many VLPs, 

including icosahedral Qβ and MS2, allow access to their interior cavity through their pores or 

disassembly/self-assembly processes can be utilized to create a reaction environment, load cargo, 

and/or provide a protective shield. For example, the plant-based viruses cowpea chlorotic mottle 

virus (CCMV), cucumber mosaic virus (CMV), and cowpea mosaic virus (CPMV) provide 
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repeating functional handles for modification along both their interior and exterior surfaces for 

drug loading. The discrete “inner and outer” surfaces of VLPs provide a unique platform for 

concealing drug payloads within a VLP while modifying the outer surface for targeting. Therefore, 

VLPs offer a unique opportunity to combine benefits of the multiple surfaces and supramolecular 

self-assembly of liposomes with the polyvalency and robustness of polymers, while also coming 

in a variety of shapes and sizes that provide a unique versatility over most other materials.41 They 

are so diverse that their innate substructures have therapeutic applications for a multitude of cancer 

treatment such as chemotherapy, phototherapy,42 immunotherapy43 and combinations with 

imaging.  All these unique abilities of VLP nanoparticles to self-assemble, and for multifaceted 

functionalization, biocompatibility, immunogenicity, and high stability, create an ideal material 

for designing many therapeutic agents.27, 37, 40  In this chapter, we will discuss strategies involved 

in the surface modification, selective encapsulation of therapeutics, and exploitation of the 

versatility of VLPs to generate an effective cancer therapeutic platform in photothermal, immune, 

gene, and chemotherapies.44, 45  

1.2 Surface Modification 

The intricate and repetitive design of virus-like particles allows for fabrication of highly tunable 

nanostructures for many therapeutic applications such as imaging, cancer therapy and drug 

delivery.46-48 The high-density presentation of tumor antigens/epitopes,49 anti-cancer drugs,50 and 

targeting ligands51 in a precise manner is possible by decorating the surface of VLPs using 

bioconjugation reactions. The surface of VLP capsids is typically populated with lysines,52 

cysteines,53 and glutamic acids that allow for chemical attachment via bioconjugation for surface 

decoration with proteins, epitopes, antigens, and small molecules. Further, certain amino acids like 
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methionine54 can often be substituted for more nucleophilic or functionalizable amino acids by 

modifying the DNA used for capsid expression.55 Active research in the field since the 1990s has 

helped develop an ever-expanding library of available chemical reactions that allow researchers to 

incorporate a larger repertoire of protein-VLP combinations to suit various cancer therapeutic 

needs. 

 

Figure 1.2. Common strategies employed for surface modification of VLPs associated with 

specific amino acid residues. The schematic represents an icosahedral VLP. Many methods for 

bioconjugations can be used in multiple ways such as the Lys and Asp for either ends of 

carbodiimide couplings as well as forming synthetic analogues of amino acids which are 

commonly used to attached azide or alkyne moieties for click reactions. 

 

Exploiting the already-present amino acids on the surface of a VLP is a very direct and effective 

approach for conjugation of various ligands, peptides, and small molecules for functionalization 
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through several bioconjugation strategies (Figure 1.2). The VLPs CPMV, Qβ, and MS2 have 

surface lysine groups that serve as reaction centers that can react through N-hydroxysuccinimide 

(NHS) ester chemistry for amide bond formation. This strategy is highly used for targeting many 

types of cancer cells known to overexpress folate receptors such as colorectal, ovarian, breast, and 

lung cancer. The decoration of drug-carrying VLPs with a dense folic acid exterior promote 

targeting and efficiency of particle delivery, useful for delivering drugs like doxorubicin and 

cisplatin.56 Destito et al. attached57 a high density of folic acids (FA) — about 100 FA moieties — 

on the surface of CPMV through the reaction of FA-NHS with solvent-exposed lysine groups to 

target cancer cells. Another example that further show cancer therapeutic applications of VLPs 

after lysine modification is reported by Aljabali et al.; in this work, the anticancer drug doxorubicin 

covalently attached58 to the exterior of CPMV by EDC/NHS chemistry yields significant 

cytotoxicity to HeLa cells in vitro compared to free drug, owing to the concentrated presentation 

of drug into cancer cells. Cysteine groups on the VLP surface also offer a great platform for 

modification of various kinds, out of which the maleimide-thiol conjugations have been a popular 

approach and are hence extensively reported in literature.59 However, free cystines are not common 

and instead are typically found as disulfide bonds, which are important for the structural stability 

of most proteins and VLPs.60, 61 The more recent development of disulfide-bridging maleimides 

— first described62 by Jones et al. — has allowed for disulfides to be used as bioconjugation 

handles without losing the covalent character. For example, Chen et al. synthesized63 a library of 

dibromo maleimide derivatives and attached them by Michael addition to the 180 available 

cysteine residues on the surface of Qβ (Figure 1.3A). The disulfide bridge first was reduced and 
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then crosslinked with dibromo functionalized maleimides to from Qβ−maleimide conjugates. The 

developed modification was further used as a fluorescent probe for cell imaging.64  

Strable et al. demonstrated the Cu(I)-catalyzed, azide-alkyne cycloaddition (CuAAC) strategy on 

Hepatitis B virus-like particle (HBV) and Qβ (Figure 1.3B) by conjugating 50% of the azide 

positions available on the VLP surface with fluorescein alkyne dye.65, 66 A very novel twist on 

click chemistry, which avoids the use of copper altogether, was demonstrated by Finbloom et al. 

who showed65 that cucurbit[6]uril (CB6) — traditionally used in rotaxane synthesis — could 

catalyze triazole formation between two modified proteins. They demonstrate this by first using 

an NHS ester to install azide groups onto TMV, followed by the addition of propargylamine in the 

presence of CB6 to form a triazole product (Figure 1.3C). This reaction exploits the aqueous 

environment by entropically driving the hydrophobic azide and alkyne into the inner cavity of 

CB6, which is further stabilized by the protonated amines. Confined inside the macrocycle, the 

alkyne and azide undergo a traditional Huisgen 1,3-dipolar cycloaddition.  

When the natural surface of a VLP lacks available functional handles, amino acid analogues prove 

to be useful as they can be swapped out for their native amino acid, populating the exterior with 

suitable groups allowing further conjugation. For example, by optimizing the concentrations of 

tyrosine analogues like p-proparglycoxy-phenylalanine and p-azido-phenylalanine and methionine 

analogues like homopropargylglycine and azidohomoalanine respectively during protein 

expression, the native amino acid can be replaced by its analogue and providing the appropriate 

platform for suitable click chemistry conjugations.54  Similar to the overexpression of folate 

receptors, prostate cancer cells are observed to have an overexpression of the membrane protease 

glutamate carboxypeptidase II (GPC II). Neburkova et al. demonstrated67 how click chemistry 
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finds its application in prostate cancer therapeutics through conjugation of GPC II inhibitors onto 

several VLPs including Qβ. Non-natural amino acids are often employed in the straightforward 

CuAAC strategy to achieve surface modifications of VLPs like Qβ and MS2.54 These residues are 

often azide or alkyne functionalized — or phosphines, but less popularly so — since they can 

undergo chemistry that works well in water and are orthogonal to bioconjugation strategies that 

depend on generating an electrophilic center. 

 

 

Figure 1.3. A) Reduction of disulfide bonds with TCEP and addition of dibromo maleimide to form 

maleimide conjugates demonstrated on icosahedral Qβ.63 B) Cu-catalyzed azide-alkyne click chemistry 

demonstrated in fluorescein alkyne dye conjugation to icosahedral Qβ.66 C) Functionalization of the rod-

like VLP, TMV, with CB6 through reaction with formed triazole. 65 
 

A relatively newer approach for conjugation is chemoenzymatic strategies, where the coat proteins 

of the VLPs are genetically engineered to incorporate amino acids that can act as recognition 

sequences; these recognition sequences selectively bind with peptides to incorporate in a 
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composite.68, 69 A special use case for this technique in therapeutic applications where the 

epitope/antigen to be delivered is a larger protein framework, and shorter peptide sequence derived 

from the antigen do not provide satisfactory amounts of antibody stimulation.70 Several papers 

have used a sortase-mediated protein ligation strategies to achieve specific antigen binding.69, 71 

This ligation technique — also known as sortagging — employs the sortase enzymes present in 

the cell wall of gram-positive bacteria, which is known for its function of facilitating the anchoring 

of surface proteins with an LPTEG recognition sequence. The sortagging ability of bacteriophages 

is used to employ this enzymatic pathway for conjugating sequences of choice, that we can modify 

with an LPTEG sequence prior to the reaction.72  

Addition of spacers to the VLP surface is a popular method for controlling the distance of 

attachment of peptides and epitopes to the surface, which can promote more efficient conjugation 

by eliminating steric congestion at the protein surface and allows more tunability in how dense the 

functionalization becomes. One end of these polar or non-polar flexible linkers are functionalized 

with azide or thiol groups depending on the chemistry required. Some of the more popular flexible 

linkers are found in the –(Gly)n–Ser– form and are known for providing an added flexibility to the 

structure.73 J. Park et al. showed43 the use of GGGS linker to modify their peptide of choice with 

thiol and azide groups for conjugation via thiol-maleimide chemistry and azide-alkyne click 

chemistry respectively. Poly(ethylene)glycol (PEG) linkers are popular amongst several 

nanocarrier platforms for providing structural stability and improving circulation half-time.74 

PEGylation can help ensure the VLPs do not induce any unwanted immune responses and can 

promote extended circulation times.  Bacteria-infecting viruses (phages), such as pseudo-spherical 

icosahedral structures Qβ and MS2, can evade endosomal degradation through surface 
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modification with ligands such as poly(lysine)-DNA complexes and SP94 peptides, which protect 

the VLP from unwanted biological activity.75, 76 

VLPs allow for a high amount of precision in the practice of surface modification, giving one the 

ability to vary the epitope density on a virus-like particle by exercising control over the VLP-to-

cargo ratio in the coupling reactions.77 Apart from that, the hollow structure of VLPs offer 

excellent control towards functionalizing the exterior and interior surfaces selectively using some 

of the aforementioned orthogonal reaction methodologies for dual modification.63, 78 The 

advantages of using VLPs as a therapeutic platform are only further enhanced by their ability to 

be surface functionalized. We have discussed some popular approaches that have shown success 

in a variety of applications. With respect to cancer research, these surface functionalized VLPs 

serve as promising nanocarriers for non-invasive treatment strategies like phototherapy and 

immunotherapy. Their ability to deliver and present materials like chromophores and peptides is 

compounded by all the immunogenic benefits of using a non-synthetic biomaterial.  

 

1.3  Phototherapy 

Phototherapy, including photodynamic therapy (PDT) and photothermal therapy (PTT), has 

attracted extensive attention as a noninvasive, selective, and efficient cancer treatment strategy.79-

81 This method works based on interaction of light with chromophores that can then undergo 

different photochemical reactions or transformations to exert a therapeutic effect. PTT, which 

converts light into heat, utilizes the thermal sensitivity of cells to destroy tumors through 

converting light in the near infrared (NIR) region (700–1100 nm). The NIR spectrum has low 

absorption/scattering in biological systems from water and biomolecules like hemoglobin and 
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melanin, giving it improved penetration depth through skin and tissues.82, 83 To date, the most 

efficient converters of NIR radiation into heat have been inorganic materials including metal 

nanoparticles, carbon nanotubes, sulfide nanomaterials, and metal oxides; however there are 

concerns over possible term toxicity and slow or absent biodegradability. This pushes the need for 

organic molecules such as indocyanine green (ICG) and heptamethine dyes as alternative PTT 

materials.  Organic-based PTT agents permit photophysical tunability, higher safety, and cell 

targeting abilities, thus improving photothermal conversion efficiency and photostability. In 

contrast to PTT, PDT converts light into reactive oxygen species (ROS), which are toxic to cells, 

by using the interaction of specific wavelength (within 600–800 nm) of light with a photosensitizer 

(PS).84, 85 A photosensitizer at ground state (S0) absorbs light energy and lifts an electron to an 

excited singlet state (S1) where it undergoes an intersystem crossing by inverting the electron spin 

to the T1 state. While in a T1 state, the photosensitizer can abstract an electron from reducing 

molecules, such as tyrosine in a protein, to create a pair of radical anions (PS-∙), which further 

donate their extra electrons to O2, producing superoxide anion radicals (O2
-∙) or other small 

molecule radicals to produce potentially toxic cell-damaging products. Alternatively, it can 

transfer its energy directly to molecular oxygen in triplet ground state (3O2), which converts ground 

state molecular oxygen into singlet oxygen (1O2), which readily undergoes irreversible addition to 

nucleic acids.  

PTT and PDT not only kill irradiated tumor cells but can also stimulate a series of immune 

responses by releasing damage-associated molecular patterns (DAMPs) related to apoptotic or 

necrotic tumor cells and inflammatory cells.86, 87 VLPs have been used in phototherapy — 

specifically PDT — for more than a decade. They have shown promising results thanks to their 
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multivalency allowing them to carry photosensitizers/photo-absorbers along with cancer targeting 

moieties.88-90 Generally, the efficiency of this strategy relies on the power of photoactive agents to 

trigger heat- or ROS-based cellular death, as well as initiating immunological cell death. One 

example of using VLPs to carry and locate high concentration of photosensitizer to the cells of 

interest for PDT is reported91 by Rhee et al., where Qβ was modified with a metalloporphyrin 

derivative for PDT and a glycan ligand that can specifically target CHO-CD22 receptor cells. The 

dual surface modification of Qβ was performed through a CuAAC between azide-tailed zinc 

tetraaryl porphyrin (Figure 1.4A) ligand with alkyne-derivatized Qβ (Figure 1.4B). The 

functionality of VLP-mediated PDT was tested by treating CHO-CD22 cells with different 

concentrations of modified Qβ, followed by exposure to radiation (Figure 1.4C). The metabolic 

cell viability results showed modified Qβ construction could specifically kill CHO-CD22 cells 

through a dose dependent manner after photoactivation, whereas, cells incubated with unmodified 

Qβ remained viable after radiation. In addition, cytotoxicity was compared between CD22-positive 

and negative CHO cells after incubation with the same amount of conjugated Qβ to show 

selectivity of attached ligands on cell surface receptors. Phase contrast and fluorescent microscope 

images show the selective nature of the modified Qβ for CHO-CD22+ cells by comparison to 

CHO-CD22- cells (Figure 1.4E). Therefore, VLPs offer great potential for targeted delivery of 

photosensitizing compounds and provide a promising scaffold for photodynamic cancer treatment 

that results in an improved therapeutic index.  
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Figure 1.4. A) Azide-functionalized metalloporphyrin derivatives 1 and 2 and glycan ligands 3 and 

4 for B) surface functionalization onto alkyne-modified Qβ VLPs through CuAAC. C) Dose-

response phototoxicity induced by zinc porphyrin-loaded Qβ particles on CHO-CD22 cells, under 

full-spectrum irradiation (IC50 ≈ 80 nM in porphyrin, 1.6 nM in particle) (top) and with filtered 

irradiation (430±10 nm, IC50 ≈ 230 nM in porphyrin, 4.6 nM in particle) (bottom). D) Comparison 

of CD22-negative and positive cells at 10 nM particle concentration (0.5 μM in porphyrin), under 

full-spectrum irradiation (top) and with 50 nM particles (2.5 μM in porphyrin), under irradiation 
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at 430±10 nm (bottom). The MTT assay was performed 24 h after light exposure. E) Phase contrast 

and fluorescent microscope images of CHO (a, c and e) and CHO-CD22+ cells (b, d and f) 

incubated with PBS (a and b), 9@GFP16 (c and d), and 8@GFP16 (e and f) at 37 °C for 4 hours. 

Each particle was used at 1 nM (50 nM in porphyrin); the @ symbol denotes the encapsulation of 

multiple copies of GFP inside the particle. Reproduced with permission from reference 91. 

 

VLPs also offer great potential for displaying photo absorbers such as organic based NIR 

molecules on their exterior surface. High density of photoabsorbers on surface of VLPs along with 

their high thermal stability turn them to a highly stable and efficient photothermal agent more 

powerful than most common inorganic and organic PTT agents. More recently, Shahrivarkevishahi 

et al. designed42 a photothermal and immunogenic VLP-based PTT agent called Photothermal 

Phage (PTPhage) through conjugation of hundreds of croconium dyes onto the solvent-exposed 

amine groups on the surface of Qβ through EDC/NHS chemistry. The formulation showed 

significant enhancement in photothermal performance over free dye, and photothermal conversion 

efficiency, exceeding even gold nanorods. The cellular uptake and photothermal cytotoxicity of 

PTPhage was compared with free dye after incubating with identical concentrations of NIR dye 

with 4T1 breast cancer cells. High cellular uptake and 48% more cellular toxicity after 808 nm 

laser radiation was observed for PTPhage compared to the free dye. The in vivo photothermal 

antitumor response was also assessed after treating 4T1 tumor-bearing female BALB/c mice with 

the VLP formulation. As shown in Figure 1.5, the PTT-mediated VLP showed significant tumor 

volume suppression, longer survival time, and significant prevention of lung metastases. The study 

further tested immunological responses triggered by the PTPhage as an immuno-photothermal 

combinational treatment compared to a monotherapy design (VLP and Free dye) where the data 

clearly proved higher activation of CD8+ and CD4+ T cells and dendritic cells, along with a 

significant reduction in immunosuppressive T-regulatory response. The implicit immunogenicity 
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of Qβ adds to the functionalization ability of VLPs and shows a great promise for designing highly 

effective immunotherapeutic agents that can promote therapeutic efficiency across the field of 

cancer immunotherapy. 

 

 

Figure 1.5. A) Experimental design of synergistic immunophotothermal therapy. B) Tumor growth 

curves of 4T1 tumor-bearing mice treated with PBS, Qβ, Croc, and PTPhage with and without 

laser radiation showing the most effective therapeutic approach is attributed to PTPhage, which 

exhibited the greatest restriction to tumor growth. C) Tumor weight as a representation of tumor 

suppression verified high antitumor performance of PTPhage compared to Croc, Qβ, and PBS 

groups. D) Survival study of 4T1 tumor-bearing BALB/c mice (n = 5). E) Number of lung nodules 

after India ink staining showed PTT modified VLP has significant effect in controlling metastasis. 

F) Representative images of India ink-infused lungs of irradiated Croc, PTPhage, and PBS mice 

with white spots clearly demonstrate number of metastatic nodules per each group. Reproduced 

with permission from reference 42. 
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1.4 Immunotherapy 

Cancer immunotherapy works by stimulation of the immune system and is a strong method for 

inducing effective cellular and humoral immune responses, through vaccine and T cell infusion 

technologies, or through activating inhibitory antibodies on cancer cells.92, 93  Virus like particles 

mimic the structure of viruses and their repetitive, highly-ordered antigenic structure can be 

recognized as a pathogen associated molecular patterns (PAMPs) by immune cells.94 VLPs can 

directly interact with pathogen recognition receptors (PRRs), which are expressed on the cell 

surface and in endosomes of antigen presenting cells (APCs) — most notably dendritic cells (DCs) 

— and thus have been successfully used as adjuvants to elicit an immune response.95 Activated 

DCs can process antigens into peptides for presenting on major histocompatibility complex class 

I/II (MHC-I/II) molecules that result in the creation of B7-1/CD80 and B7-2/CD86 costimulatory 

molecules and express pro-inflammatory cytokines that are necessary to prime the development of 

T cell and B cell immune responses.96 The size distribution of VLPs is also within the optimal 

particle size range (20–200 nm) allows for drainage to lymph nodes for distribution throughout the 

lymphatic system to initiate a robust immune response by interaction with different cell types in 

the secondary lymphoid organs.95, 97, 98 Therefore, VLPs are able to induce T cell activation, which 

is related to antigen interaction of a T lymphocyte with APCs in secondary lymphatic tissue. T 

cells, including CD8+ cytotoxic T lymphocytes (CTLs) and CD4+ helper T cells, are key effector 

cells for anti‐cancer immunity.99 CTLs are able to kill tumor cells and activate APCs, following 

cytokine production, and creating a pro‐inflammatory environment. CD4+ T cells, that are divided 

into different subtypes TH1 and TH2, induce cytokines that assist CTLs in killing tumor cells.100 

However, it is usually difficult to induce efficient CTL responses because of inefficient access of 
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exogenous antigens to the MHC class I pathway.94, 101 VLPs are capable of entering into both MHC 

I and MHC II presentation pathways and can therefore activate CD8+ T cells and direct them 

against cancer cells. VLPs with packed RNA during production can engage toll-like receptors 

(TLRs) including TLR7/8 and TLR3 and trigger innate immune responses.102 While the ability of 

VLPs to produce a cellular response has been confirmed by several clinical and preclinical studies, 

the power to amplify and provoke a specific type of immune response shows how VLPs are a 

powerful and flexible platform that can be chemically or genetically functionalized with innate 

stimuli such as antigens and epitopes of interest. Decorating surface of VLPs with different ligands 

including peptides, proteins, nucleic acids, and small molecules have shown promising results for 

applications in cancer immunotherapy and developing cancer vaccines.103 

The main strategy for the presentation of these targeting moieties is through bioconjugation with 

exposed amino acid residues on VLPs, addressed by various chemistries such as click chemistry, 

NHS ester acylation, and coupling reactions.104 One interesting example of using VLPs for cancer 

immunotherapies is conjugation of PD-1 peptide SNTSESF, known as AUR7, to the 30 nm 

icosahedral, plant-based CPMV.105 It is reported that CPMV itself can be recognized by TLR2 and 

TLR4 to activate the innate immune system while the RNA inside CPMV can activate TLR7.106, 

107 As shown in Figure 1.6, a two-step bioconjugation strategy is used to couple the PD-1 peptide 

to CPMV, by first attaching a bi-functional (NHS)-PEG8-maleimide (SM-PEG8) linker to the 

lysine groups on the surface of CPMV through NHS-amine chemistry for amide formation. The 

second reaction is between the cysteine-terminated peptide and the maleimide on the linker, which 

resulted in the decoration of the surface of CPMV with 25 peptides. Therefore, the multivalent 

display and high concentration delivery of SNTSESF combined with the intrinsic immunogenicity 
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of CPMV showed a promising synergistic effect in the treatment of mice bearing serous ovarian 

tumors. Data showed mice treated with several doses of peptide decorated CPMV had prolonged 

survival time significantly compared to free peptide and to a physical mixture of CPMV and 

peptide, demonstrating the enhanced effect of multivalent presentation combined with the 

immunogenicity of the formulation. Another example of using a VLP in cancer immunotherapy 

combined with their functionalizability was reported108 by Wu et al. They generated a library of 

20 peptides of mucin‐1 (MUC1), which is highly expressed by many types of cancer cells. The 

peptides were fused to the surface of Qβ through an alkyl amide linker. They immunized mice 

with three different tumor models: B16 melanoma cells, MCF‐7 breast cancer cells, and a 

metastasis model. Results showed the Qβ-immunized mice had a significant reduction in the 

number of metastases in the lung.  

VLPs have also demonstrated increased humoral or antibody-mediated immunity by displaying 

foreign antigens on their surface. Humoral immunity begins with antigen engulfment by naïve B 

cells followed by transportation of the antigen to the lymph nodes. Through the production of 

cytokines, B cells differentiate into antibody secreting plasma cells, some of which are deemed as 

long-living plasma cells or memory B cells.109 VLP-based humoral immunity such as cellular 

response is attributed to the size, repetitive geometric shape, and their TLR-agonizing ability. They 

are taken up by DCs or pass directly through lymphatic tissue, allowing for their downstream 

interaction with B cells. The highly ordered and repetitive structure of VLPs is recognized by B 

cell receptors (BCRs) and leads to a Th-dependent humoral immune response.110 The use of a VLP 

as an epitope scaffold has shown to produce a higher antibody titer response. Literature has 

reported covalently attaching epitopes to the surface of VLPs can enhance antibody response 
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significantly.111  However, self-immunity — specifically in cases of cancer-related neoantigens — 

remains a large challenge in immunotherapy. The use of highly repetitive structure, which can be 

decorated with a multitude of neoantigens, overcomes the self-immunity associated with many 

previous vaccination strategies. For example, Palladini et al. demonstrated112 with membrane 

protein HER-2 (Figure 1.6A) that is overexpressed in breast cancer cells, displayed on a VLP 

(Figure 1.6B) was able to induce a specific antibody response. The HER-2 VLP vaccination 

prophylactically reduced spontaneous tumor occurrence in HER-2 transgenic mice by 50-100%. 

Also, the HER-2 VLP vaccination significantly reduced tumor growth and survival in wild-type 

mice injected with HER-2 expressing carcinoma.  

 

Figure 1.6. A) The amino acid sequence of the anti-PD-1 peptide SNTSESF with carboxy-terminal 

cysteine residue. B) Bioconjugation is formed first by attaching a bi-functional NHS-SM-PEG8 

linker to a solvent-exposed amine group from lysine residues on CPMV, which provide maleimide 

groups for subsequent reaction with cysteine side chain of anti-PD1-peptides. Adapted from 

reference 112. 
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VLPs, such as Qβ and MS2, are also often employed as cargo-loaded scaffolds for various 

immunological agents such as CpG or anti-cancer drugs, like doxorubicin, or modified with 

antigens/targeting linkers, such as macrolide antibiotics113 for lung cancer targeting or peptide 

p33114 for melanoma tumor cells. The functional properties of VLPs can be further developed by 

not only antigens and targeting ligands but also encapsulating genetic materials, such as mRNA 

and siRNA. VLP capsids protect these materials from enzymatic degradation and detection by the 

body’s immune system, resulting in sufficient delivery and therapeutic response.115  

1.5 Encapsulation 

In addition to modifying the exterior surface of VLPs, the interior of icosahedral capsids can also 

be exploited for the delivery of various cargo. Three main methods exist for loading cargo into 

icosahedral VLPs. The first is to disassemble the VLP into its subunit proteins and reassemble the 

capsid in the presence of the cargo (Figure 1.7).116-119 During disassembly, the VLP is incubated 

with a chelating agent, such as egtazic acid (EGTA) or ethylenediaminetetraacetic acid (EDTA), 

to destabilize the capsid and a reducing agent, such as dithiothreitol (DTT), to break the disulfide 

bonds that bridge the pores. A denaturing agent, such as urea or glacial acetic acid, can also be 

used to help break down the capsid into individual coat proteins. This disassembly is done in a 

high salt solution to precipitate the RNA, which can be aided by the addition of nucleases and 

metal salts. The precipitated RNA is pelleted, and the coat protein solution is dialyzed and purified 

by size exclusion chromatography — usually Sephadex gel filtration — to remove excess salts and 

provide a pristine solution of VLP coat proteins. The coat proteins are then combined with the 

cargo of interest and dialyzed against a stabilizing high salt solution for reassembly. If needed, 

hydrogen peroxide can be added to help promote reformation of the disulfide bonds. It should be 
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noted that the ratio of coat protein to cargo should be optimized to achieve maximal loading 

efficiency. 120, 121 

 

Figure 1.7. Encapsulation of cargo — e.g., protein, nucleic acid, and/or small molecules — into 

the interior of an icosahedral VLP via disassembly/reassembly method. 

 

This method was inspired by the inherent action of VLPs to spontaneously assemble around 

nucleic acids and is driven by favorable interactions between coat protein-coat protein, coat 

protein-cargo, and cargo-cargo. Two proposed methods exist to detail the VLP assembly around a 

negatively charged cargo; (1) coat proteins assemble as a group in a disordered fashion and 

cooperatively arrange themselves to form an ordered capsid or (2) the coat protein-coat protein 

interactions are stabilized by the nucleic acid and instigate a nucleation growth mechanism with 

the sequential addition of coat proteins.122 The preferred method of assembly is determined by the 

ionic strength of the solution; the former occurs primarily at low ionic strength whereas the latter 
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occurs at higher ionic strength. Furthermore, individual coat proteins may electrostatically interact 

with an RNA motif that signals packaging of the viral genome during VLP expression.123-126 

Ashley et al. exploited76 this trait by conjugating pac site RNA to quantum dots, drugs, and ricin 

toxin A-chain to mediate encapsulation of these cargo in the interior of the MS2 capsid during 

reassembly.  

A second method to introduce cargo inside of a VLP — also possibly the simplest — is via 

diffusion through surface pores. VLPs often have small pores and if the cargo of interest is a small 

molecule, it can simply enter the interior of the capsid through these pores. For the icosahedral 

viruses, the surface pores are ~2 nm in size.77 Small molecules can diffuse into the interior of the 

capsid where they weakly bind to the charged coat protein or RNA, forming a low leakage drug 

carrier. For example, Franke et al. electrostatically immobilized the cationic anticancer drug 

(cisplatin) on the anionic inner surface of TMV.127 Similarly, RNA-free capsids can be produced 

and then loaded with foreign genetic material via a “soaking” method that allows DNA to enter 

the interior of the capsid through the pores of the VLP, followed by binding of the stem loop to 

interior residues for oligodeoxynucleotide (ODN) retention.128 In order to generate RNA-free 

capsids, the VLP is dialyzed against a high salt solution of physiological pH which causes the 

capsid to swell and become susceptible to nuclease action.129, 130 Treatment with nucleases results 

in degradation of the RNA, and after purification by density gradient centrifugation, RNA-free 

VLPs are obtained.116  

The third method is to design a recombinant plasmid containing the coding sequence of the VLP 

coat protein, the mRNA sequence of interest, and the RNA motif sequence that binds the interior 

residues of the capsid. When this plasmid is expressed in a host system, the mRNA is encapsulated 
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in the VLP during capsid formation by exploiting the interaction between the interior residues of 

the capsid and the RNA motif.131-136 A dual plasmid expression system can be used if the promoters 

are compatible. This method has also been adapted to encapsulate proteins in the VLP capsid 

during expression. Fielder et al. used126 a dual plasmid expression system to co-express the VLP 

Qβ coat protein, a Rev-tagged cargo enzyme, and a bifunctional mRNA aptamer. The α-Rev 

tagged aptamer binds to the Rev-tagged protein and the interior residues of the capsid through a 

hairpin loop resulting in enzyme encapsulation during in vivo assembly. These methodologies can 

be employed for the delivery of various cancer therapeutics including nucleic acids for gene 

therapy and small drug molecules for chemotherapy. 

1.6 Gene Therapy 

Gene therapy is a new technology being developed for the treatment of a wide variety of diseases, 

including cancer. This treatment method focuses on the delivery of foreign genetic material into 

cells to produce a therapeutic effect through the replacement or inactivation of a disease-causing 

gene.137 For example, the p53 tumor suppressor gene that regulates cell division and cell death is 

mutated in over 50% of human cancers.138 If this gene was replaced in cancer cells, the growth and 

spread of the cancer could be slowed. The first gene therapy product was actually a recombinant 

human p53 adenovirus for the treatment of head and neck cancer that was approved by the China 

Food and Drug Administration (CFDA) in 2003 and hit the market in 2004.139 In 2017, the first 

gene therapies were FDA approved and as of now, there are ~20 FDA approved gene therapies, 

with thousands in clinical trials.140-142 With this exploding technology, there is a significant amount 

of ongoing research dedicated to developing new and improved gene therapies.  
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The main obstacles facing gene therapies center around the fact that genetic material (DNA/RNA) 

is easily degraded by nucleases, is not targeted or efficiently taken up by cells, and can be degraded 

by lysosomes upon endocytosis.143, 144 As a result, several methods have been developed to 

improve the efficiency of intracellular gene delivery including cell stressing (electroporation, heat 

shock), physical methods (injection, biolistic), nanoparticle-mediated delivery (liposomes, 

polymers, and nanoparticles), and viral vector delivery.145 Of these methods, viral vector delivery 

is most commonly employed with adenovirus vectors used to deliver DNA and lentivirus vectors 

to deliver RNA.146 However, these vectors lack a targeting mechanism and sometimes result in 

side effects.147, 148 As compared to other nanoparticle delivery systems, VLPs are more robust, 

biocompatible, monodisperse, and functionalizable and better suited for this task. 

Icosahedral VLPs (CCMV, MS2, and Qβ) have been favored for gene therapy applications because 

of their small size (~28 nm) as they can carry genetic material in their internal cavity, providing 

protection against nucleases. The positive surface charge of these VLPs means they can be readily 

taken up by cells and have the potential to shield the strong negative charge of the nucleic acid 

cargo.  Furthermore, the surface of these VLPs can be functionalized with ligands for targeted 

delivery of genes to reduce off-target effects, and for endosomal escape to protect cargo from 

lysosomal degradation. The chemical modifiability of VLPs have made them strong candidates for 

gene delivery formulations with the means to overcome the current challenges facing the field 

today.  

Each of the above methods have been used to efficiently encapsulate genetic cargo in VLPs for 

gene therapy,149 however dual plasmid132 and disassembly/reassembly121 are most commonly 

employed. For example, Lam et al. used115 a disassembly/reassembly method (Figure 1.8A) to 
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encapsulate siRNA targeting FOXA1 in the cowpea chlorotic mottle virus (CCMV) for the 

treatment of breast cancer. Initially it was found that the CCMV-siRNA was unable to silence the 

expression of FOXA1 in the breast cancer cell line MCF-7. However, after modifying the surface 

with the cell penetrating peptide, M-lycotoxin peptide L17E, the formulation was able to escape 

the endolysosomal compartment and achieve silencing that was comparable to lipofectamine 

delivery (Figure 1.8B). On the other hand, Chang et al. packaged150 the long non-coding RNA 

tumor suppressor gene, maternally expressed gene 3 (MEG3), in MS2 via a dual-plasmid 

expression system. After purifying the VLPs-MEG3, the surface was crosslinked with the 

dodecapeptide YHWYGYTPQNVI (GE11) to target the epidermal growth factor receptor (EGFR) 

that is overexpressed on many carcinoma cells (Figure 1.8C). With this targeted formulation, the 

authors were able to demonstrate hepatocellular carcinoma (HCC) tumor suppression in vitro and 

in vivo (Figure 1.8D). With the help of VLPs, researchers have been able to overcome the main 

challenges facing gene therapy today by providing a multivalent system that can both protect 

genetic cargo from nuclease degradation and offer targeted, efficient delivery. In addition to 

encapsulating genetic materials, VLPs can carry a high dose of various anti-cancer drugs and 

improve chemotherapy treatments by targeting delivery to cancer cells and minimizing the side 

effects on healthy cells.  
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Figure 1.8. A) Disassembly of CCMV into coat proteins and subsequent reassembly in the 

presence of the siRNA to make CCMV-siRNA. B) FOXA1 expression levels in MCF-7 breast 

cancer cells following treatment with siRNA as determined by real time PCR. Reproduced with 

permission from reference 115. C) Encapsulation of MEG3 in MS2 by dual plasmid expression 

and subsequent modification with GE11 targeting peptide to make GE11-VLPs-MEG3. This 

formulation represses tumor growth by upregulating p53 expression and downregulating MDM2 

expression. D) Proliferation of HepG2 hepatocellular carcinoma cells following treatment with 

GE11-VLPs-MEG3 as measured by CCK-8 viability assay. Reproduced with permission from 

reference 150. 

1.7 Chemotherapy 

Chemotherapy is the most common anti-cancer treatment. Chemotherapeutic agents are small 

molecules that kill and inhibit the growth and spread of cancer cells, typically by targeting fast 

growing cells. Common therapeutic agents such as doxorubicin, cisplatin, and 5-fluorouracil tend 

to be broadly cytotoxic, and when introduced systemically, they cause harsh side effects.151 The 
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use of chemotherapeutics to effectively fight cancer while minimizing the systemic side effects 

remains an issue in anti-cancer research.152 The use of nanocarriers such as VLPs is one way to 

effectively target tumors while minimizing toxicity in healthy tissues.153 Some advantages of VLPs 

over traditional nanoparticles as drug vehicles include their biocompatible and biodegradable 

nature, straight-forward production, and enhanced cellular uptake.154 Importantly, the ability of 

VLPs to effectively deliver therapeutic agents is attributed to the enhanced endocytic uptake of the 

capsid over the free drug. Once endocytosed and trafficked into the lysosome, the capsid is 

degraded, releasing the anti-cancer drug.  

As previously discussed, there are multiple methods to encapsulate cargo inside VLPs. VLPs 

possess a natural affinity for encapsulating anionic moieties, which mimic their native viral 

genome, making them well-suited for RNA delivery.155-157 Similarly, encapsulation of therapeutics 

can be achieved through the denaturation of the coat protein followed by the renaturation of the 

capsid around the negative charge of new cargo or by taking advantage of the RNA stem loop (pac 

site) that mediates coat protein self-assembly.123, 132 Many VLP capsids are porous in nature to 

protect their encapsulated genome while allowing the diffusion of water and ions. These porous 

capsids allow for the infusion or diffusion of small molecules such as chemotherapeutic agents 

across the VLP.158 Yildiz et al. loaded159 CPMV with proflavine by utilizing the affinity of the 

drug towards the interior, negatively charged RNA. It was demonstrated the CPMV lacking RNA 

was not able to load the drug cargo. This method resulted in anti-cancer activity across several 

cancer cell lines. Introducing “smart” behavior into VLPs to control drug release has also been 

developed. Benjamin et al. loaded90 doxorubicin non-covalently into Qß through infusion of the 

drug. Doxorubicin — which is positively charged and hydrophobic — weakly binds to the single-
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stranded RNA inside Qβ. Following drug loading, photolytically active gold nanoparticles were 

grown onto the pores, guided by disulfide residues, effectively capping the pores of the VLP 

(Figure 1.9A). Using nanosecond laser irradiation, the group was able to target drug release in 

specific locations resulting in cell death. Upon irradiation, AuNPs converted the light energy to 

heat, causing the breakdown of the capsid. Doxorubicin was then released from the capsid and 

shows cytotoxic effects in cells only in the laser pathway. This specificity is attributed to the 

nanosecond irradiation, which prevented the heating of the bulk of the solution. Upon incubation 

alone, AuNP@Qβ (Dox) showed high cell viability after 4 h incubation with RAW macrophages, 

whereas free Dox showed a significantly lower cell viability (Figure 1.9B). The in vitro release of 

Dox in A549 lung cancer cells was observed only after irradiation, as demonstrated below through 

live cell fluorescent imaging (Figure 1.9C-E).  
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Figure 1.9. A) Qβ possesses 32 pores (1.5 or 3.0 nm) allowing for the diffusion of doxorubicin in 

or out of the VLP. Pores are then capped with 6 nm AuNPs. B) Cytotoxicity analysis after 4 h 

incubation of Qβ /gold nanoparticle composites. C-E) Wide-field live cell images depicting 

doxorubicin release post irradiation, right side depicts laser treated: C) bright-field, D) nuclear 

stain, Hoechst 33342 nuclear dye, and E) doxorubicin (λEx 470 nm, λEm 560 nm). Reproduced with 

permission from reference 90. 
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1.8 Conclusion 

Virus-like particles are self-assembled from viral structural proteins with incredibly organized 

scaffolds. These biocompatible and nontoxic particles are widely used in nanomedicine and show 

special promise for cancer therapies. Their capabilities to be modified genetically and chemically 

on their outer surface and inner cavities through amino acid chemistries and self-assembly 

processes offer specific targeting, stability, and solubility. They are considered not only as 

excellent packaging and delivery tools for anti-cancer drugs and genetic materials, but also a 

powerful platform to display antigens, epitopes, PT agents, surfactants, polymer coatings, and 

ligands in a dense repeating array to improve therapeutic efficiency. Moreover, VLPs can engage 

both the innate and adaptive immune systems even without any adjuvants in a similar way to 

pathogens. These smart multifunctional nanocarriers can act as potential combinational 

therapeutics with existing strategies such as phototherapy, immunotherapy, gene therapy, and 

chemotherapy. The success of these protein-based nanoparticles with well-designed structures 

offers a more powerful toolbox for clinical cancer treatment in the near future. 
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2.1 Introduction 

Photothermal therapy (PTT) has emerged as a localized, noninvasive, and highly specific cancer 

treatment strategy that takes advantage of the heat sensitivity of cells to induce cellular death in 

tumors.160-162 The cellular death and injury promote the formation of damage associated molecular 

patterns (DAMPs) that aid in generating a systemic immune response against tumor sites.163-165 

Typically, to achieve an efficient thermal ablation in the tumor microenvironment (TME), heating 

over 50 °C is required.166 The induced inflammation kills cancer cells by impairing protein and 

DNA function in addition to turning “cold” immune-dysfunctional TMEs into “hot” 

immunological environments by stimulating the production and release of DAMPs that prime the 

formation of activated dendritic cells and promote the production of cancer killing CD8+ T-

cells.167, 168An important factor to induce an effective immunological response in PTT treatment is 

using efficient photoabsorbers, particularly those that absorb light in the near-infrared (NIR) region 

(700–1100 nm), where biological molecules like hemoglobin and melanin are the most 

transparent.169 Organic-based photoabsorbing molecules and inorganic nanomaterials are the most 

commonly employed preclinical photothermal agents (PTAs) that absorb light in the NIR region 

and facilitate efficient heat production.170, 171The NIR region allows for deeper light penetration 

through skin and several photothermally active NIR organic molecules, such as heptamethine172, 

173 and phthalocyanine174, 175represent an ongoing area of research. Problematically, many of these 

dyes, including the clinically approved indocyanine green (ICG), degrade rapidly from a self-

inflicted generation of reactive oxygen species (ROS), which necessitates repeated dosing for 

effective PTT treatment.176, 177 One approach to overcome these issues is with the use of inorganic 

PTA-like nanostructures,178 carbon nanomaterials,179 and iron oxide nanoparticles,180 which have 
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shown strong absorption cross-sections and high photothermal stability; however, metal-

nanoparticles, particularly those made from gold, are generally not biodegradable and remain 

inside the body for long periods.181 Finding a balance between high photothermal stability and 

pharmacokinetics is a key challenge in selecting suitable photothermal materials to simultaneously 

improve the therapeutic effect of PTT and fulfill its clinical efficiency. Recently, croconium dyes 

have shown promise as they possess high NIR extinction coefficients, low fluorescence quantum 

yields, and high photostability making them promising candidates for photothermal therapy.182, 183 

Indeed, recent work has shown they have photothermal efficiencies comparable or even surpassing 

those of gold nanostructures and ICG.184However, their in vivo performance is restricted by poor 

aqueous solubility, self-aggregation, short circulation half time, quick diffusion from tumor tissue, 

and rapid clearance from the body.185, 186 We wondered if by combining the superior photophysical 

properties of the croconium system with a biodegradable nanoparticle platform, we could 

circumvent this problem and produce a next-generation PTT agent that induces effective thermal 

ablation while also adjuvanting PTT's immune-activating properties. 

Virus-like particles (VLPs) are noninfectious self-assembled protein-based nanoparticles derived 

from the self-assembled coat proteins of viral capsids and are promising candidates for next-

generation bioorganic-based photothermal agents. VLPs are biocompatible, biodegradable, 

thermally stable, monodisperse, and show polyvalent chemical modifiability, which all provide 

unique opportunities to design bespoke compositions with programmed function.187-194 Their 

highly organized and symmetric nature and nanometer size (20–200 nm) allow them to be taken 

up by toll-like receptors (TLRs) on antigen-presenting cells (APCs) as pathogen-associated 

molecular patterns (PAMPs) and drained to local lymph nodes to interact with immune cells. These 
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properties have made VLPs attractive in a broad range of systems such as, drug delivery, 

photodynamic therapy, vaccination, gene therapy, and imaging.195-207 VLPs expressed in bacteria 

(i.e., E. coli), including bacteriophage Qβ, incorporate nucleic acids (RNA) during the assembly 

process in host cells (E. coli) that can alter the adaptive immune response through the engagement 

of the packed RNA with different pattern recognition receptors (PRRs). Nevertheless, most VLPs 

are inefficient in inducing a robust cytotoxic T lymphocyte and T helper cell response by 

themselves. Thus, we wondered if the mild immunogenicity of Qβ would synergistically work 

with NIR light-activated hyperthermia to promote a more robust anti-cancer immune response that 

combines all the positive features of gold nanostructures (efficient thermal conversion) with free 

croc dyes (biodegradability). 

In this work, we take advantage of the self-adjuvanting and site-specific functionalizability of 

bacteriophage Qβ to engineer a photothermal and the mildly immunogenic phage (or VLP) we call 

PhotothemalPhage (PTPhage). The formulation is an effective photo-immunotherapy system in a 

triple-negative breast cancer tumor model in BALB/c mice with lung metastasis. Specifically, we 

show that VLP Qβ (Figure 2.1A), a 30 nm icosahedral nanoparticle that can be expressed in high 

yields, possesses exceptional thermostability, and has multiple functional handles for 

bioconjugation,208-212 serves as a powerful photothermal agent following functionalization with 

hundreds of croconium dyes. Not only can PTPhage sustain significant bulk photothermal heating 

in vitro and in vivo without denaturing, but the nanoparticle formulation also shows a significant 

enhancement in photothermal performance over free dye and considerable improvements in 

solubility. Moreover, PTPhage is taken into cells better than free croconium dye and achieves 

significantly greater heating in vivo than equimolar concentrations of free dye. Finally, in proof-
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of-principle immunological studies, we find that this contribution not only causes higher in vitro 

and in vivo thermal cytotoxicity but also improves T-cell and dendritic cell activation over the 

well-known mildly immunomodulatory features of VLP Qβ. 213-216 

2.2 Results and Discussion 

PhotothermalPhage Synthesis and Characterization 

As shown in Figure 2.1A, our approach for the covalent modification of bacteriophage Qβ begins 

with synthesizing a symmetric croconium dye. Qβ VLP is composed of 180 identical capsid 

proteins, each with four reactive primary amine groups (three lysines and N-terminus) exposed to 

the outer surface, presenting a total of 720 potential sites for Croc dye labeling. Bioconjugation 

was employed using N-hydroxysuccinimidyl (NHS) ester activated Croc (Croc-NHS) as a site-

specific and amine-reactive reagent. The resulting symmetric dye can potentially crosslink two 

VLPs, which produces aggregates that precipitate out of solution. To avoid this, the ratio and 

concentration of dye to Qβ, incubation time, and purification procedures needed optimization. We 

found that 1:4 mole ratio of Qβ to dye and 12 h incubation time produced the best colloidal 

stability, particle size, and dye loading for our final product, PTPhage. Denaturing polyacrylamide 

gel electrophoresis (Figure 2B left) shows an upward shift of the subunit bands of PTPhage, 

indicating an increase in the molecular weight compared to Qβ. Native agarose electrophoresis of 

the conjugate, which is visually seen as the blue band in the bright field image in Figure 2.1B 

center, shows greater migration toward the positive electrode compared to unfunctionalized Qβ 

(Figure 2.1B, right), in line with the expected greater negative charge from the free carboxylates. 

Product morphology was confirmed by transmission electron microscopy (TEM) and dynamic 

light scattering (DLS) analysis (Figure 2.1C) at 25 °C, which shows a nearly unchanged 
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hydrodynamic radius from unfunctionalized Qβ (32.95 ± 0.12 nm) following attachment of the 

Croc dye (33.10 ± 0.15 nm). The total number of dyes per capsid was determined to be 

approximately 1.2 by UV-Vis analyses, giving an average of 212 dyes per VLP. 

 

 

 

Figure 2.1. A) The overall synthetic bioconjugation strategy involves synthesizing the croconium 

dye by arefluxing commercially available starting materials methyl isonipecotate and thiophene-

2-thiol. bThe resulting ester was deprotected under alkaline conditions and cthe final dye, Croc 

(thiophene-croconaine dye), was produced in the condensation reaction with croconic acid. The 

free acids were dactivated as n-hydroxysuccinimide (NHS) esters and eadded under dilute 

conditions to a solution of Qβ to prevent cross-linking. The functionalized Qβ was incubated 

briefly in water to hydrolyze the remaining NHS esters back to the free acid. B) Elec-trophoresis 

mobility analysis of Qβ before and after conjugation on SDS-PAGE (left) and agarose (center and 

right) gels show suc-cessful bioconjugation of dye to Qβ. Non-reducing SDS-PAGE shows an 

increase in molecular weight of Qβ after bioconjugation. The unstained agarose (center) shows a 

green band in bright light in the same spot in which a Coomassie-stained band (right) appears. The 

conjugate travels further toward the (+) electrode, which is anticipated from the replacement of 

lysines with carbox-yl functions. C) DLS and TEM (insert scale bar = 50 nm) of Qβ and PTPhage 

demonstrate that the conjugation of croconium dye does not affect the size or polydispersity of the 

VLP. 
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Dyes used in PTT are most efficient when they are intensely colored and cannot dissipate energy 

through radiative relaxation pathways, e.g., fluorescence, or electron transfer, or intersystem 

crossing.  Croc is well suited for this as it has strong NIR absorption (λmax = 783 nm, ɛmax = 2.0 × 

105  mol−1 cm−1 in water),217 negligible fluorescence, and low oxygen photosensitization — which 

also improves its photostability — a known issue with ICG and the extensively investigated 

heptamethine dyes. We were pleased to find that PTPhage exhibits a strong NIR absorption 

maximum (λmax = 783 nm) identical to that of free croconium dye, yet the absorption spectrum is 

significantly broadened (Figure 2.2A). This broadening is pronounced in the NIR region, which 

promotes more efficient conversion of clinically used lasers (emissions centered at 808 nm).  

 

 

Figure 2.2. UV-Vis Spectrographic analyses of equal molar concentra-tions of chromophores for 

Croc and PTPhage show A) a broadening of the NIR absorption of PTPhage (green line) compared 

to croconium dye (blue line). A photograph of PTPhage is shown in the insert. B) A linear 

relationship exists between PTPhage (30 µg. mL-1) solution tempera-ture increases and laser 

power after 3 mins of irradiation (laser power was set 0.0015, 0.18, 0.604, 1.02 W∙cm-2). C) 

Photothermal heating profile of PTPhage and Croc at the same concentration (30 µg mL-1) after 

11 min of laser irra-diation (808 nm, 0.18 W∙cm-2) shows a significant difference in temperature 
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increase (40.1°C for PTPhage and 29.1°C for Croc). D) Temperature variations of PTPhage and 

PBS under laser irradiation are mapped and quantified by a thermal camera. No noticeable 

temperature increase was observed in PBS under the 808 nm laser irradiation (0.18 W∙cm-2) at 

different time points. 

 

This effect was made apparent when we compared the bulk solution photothermal response of 

PTPhage and free dye. Both solutions containing an identical concentration of chromophore (30 

µg∙mL-1) were fitted with a thermocouple and placed in front of a thermal camera. Temperature 

change in each solution was monitored over 11 min of laser irradiation at 808 nm and 0.18 W∙cm-

2. As seen in Figure 2.2C, the solutions showed a marked difference in heating rates and maximum 

temperature with PTPhage showing a ∆T of 40.1°C and a Tmax of 59.1°C compared to free dye 

(∆T: 29.9°C Tmax = 48.5 °C). Additional laser irradiation experiments have been done to investigate 

photothermal properties of PTPhage at different laser powers (0.0015, 0.18, 0.604 and 1.02 W∙cm-

2), times of radiation (1–10 min), and various concentrations (0.1–1 mg∙ mL-1) of PTPhage. For 

instance, we found an increase in the bulk temperature of the solution that is linear with laser power 

(Figure 2.2B and Figure A10). Collectively, the PTPhage appears to have superior photothermal 

properties compared to free dye, which allows for lower laser power density and dye concentration, 

potentially reducing side effects on normal tissue. To show that the 808 nm laser does not change 

the temperature of the water itself, we irradiated a solution of buffer and PTPhage (Figure 2.2D 

and A10) and observed no temperature change in the PBS solution, whereas we could heat a 

solution of PTPhage from room temperature to 61 °C with an 808 nm laser at 0.18 W∙cm-2. 
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Figure 2.3. A) Photothermal stability of PTPhage after 10 min of laser irradiation (0.18 W∙cm-2) 

is shown by intact HPLC profile of PTPhage before and after radiation. B) No significant change 

in absorption spectra of PTPhage after laser-induced heating for 10 min. C) DLS and D) TEM data 

(scale bar is 50 nm) prove thermal stability of PTPhage with no morphology change after 10 min 

of laser irradiation. E) Thermal cycling of PTPhage shows no change in heating profile after three 

cycles. 

 

The photothermal stability of the PTPhage complex was proven by comparing size distribution, 

absorption, and size exclusion chromatography before and after 10 min of continuous laser 

irradiation (0.18 W∙cm-2) as shown in Figure 2.3A-D. The results showed no photobleaching, 

aggregation, or structural change, indicating high photostability of the system. To demonstrate the 

remarkable stability of the PTPhage, we performed a thermal cycling experiment. A PTPhage 

solution (30 µg∙mL-1 of Croc concentration) was irradiated repeatedly (808 nm, 0.18 W∙cm-2), and 

the temperature was monitored over the heating and cooling cycles, as shown in Figure 2.3E. The 

PTPhage showed impressive photothermal durability—we tested its photothermal behavior by 

radiating a single sample for 10 min intervals over 10 days and monitored the heating and cooling 

curve (Figure A.11) and found no obvious change in the maximum temperature or cooling curve. 

In line with strong absorbance in the NIR region and high photostability, we further determined 
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the photothermal efficiency of the PTPhage and compared it with existing photothermal materials 

— free Croc dye and gold nanorod (AuNR).218 We found that the PTPhage has higher 

photothermal conversion efficiency (77%) compared to Croc alone (70%) and AuNR (68%), 

which is in line with the literature (Figure A12). From these results, we believe that the high 

photostability, durability, and remarkable photothermal conversion efficiency of PTPhage make it 

a good candidate for PTT.  

PhotothemalPhage In Vitro Cytotoxicity 

Cellular uptake of both PTPhage and free Croc was assessed on 4T1 (murine breast cancer) cells. 

Because Croc lacks fluorescence, we determined uptake by measuring the amount of remaining 

dye in the supernatant after a 4 h incubation period. In a typical experiment, PTPhage and Croc 

were added to cell media in equal chromophore concentrations, and after 4 h, the cells were 

removed, the media filtered, and the total absorption at the λ max was compared before and after. 

All concentrations were within the linear range of Beer's law, allowing direct calculation of before 

and after concentrations. As shown in Figure A.13, cellular uptake of PTPhage is about twice that 

of croconium dye. Croc, being negatively charged, is very unlikely to partition into the cell, and 

so these results were not surprising. Next, for the in vitro phototoxicity in 4T1 cells, the 

photoablation efficiency of PTPhage and Croc was determined by incubating identical 

concentrations (3.1 µg. mL-1) in cell culture. After 4 h incubation at 37 °C, cells were washed with 

PBS and fresh phenol red-free media to remove any remaining dye. Before laser irradiation, the 

microwell plate was equilibrated to 37 °C, as it has been shown in previous studies that initial 

temperature (RT vs 37 °C) has a significant effect on the in vitro PTT efficiency. All four 

experimental groups were exposed to an 808 nm laser for 10 min (0.18 W∙cm-2). The next day, cell 
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viability in each well was determined by MTT assay. As shown in Figure A.14, all formulations 

before laser radiation showed low toxicity, whereas the cell viability of PTPhage dropped 

dramatically to 17% while free Croc dropped to only 65% after laser radiation. We attribute this 

greater cell killing to the improved cellular uptake and therefore greater intracellular heating. 

These results were qualitatively confirmed through visual analyses of cell viability via a live/dead 

cell assay (Figure A.14). With these results in hand, we conducted in vivo anti-tumor studies to see 

if we would observe similarly improved response with PTPhage. To further check the 

biocompatibility of the formulation, we tested cell viability in two different cancer cell lines, 4T1 

breast cancer and T42 epithelial bladder cancer cells, after treatment with PTPhage, Croc and Qβ 

using LDH cytotoxicity assay. As shown in Figure A15 and Figure A16 there was no sign of 

toxicity in the PTPhage group. 

Photothermal Anti-tumor Response In Vivo  

We assessed the anti-tumor effect of our system in the same murine mouse cancer model 

discussed above. 4T1 cells (1×106) were implanted into the abdominal mammary gland of 4–6-

week-old female BALB/c mice. One day before injection, the fur was removed from the spot of 

injection (tumor site) for better monitoring of tumor growth and tumor volume measurement using 

calipers. Tumor development was allowed to proceed until the average tumor size reached 5–6 

mm, after which mice were randomly divided into four groups with radiation and four groups 

without radiation for various treatment: PBS (negative control), Qβ, and identical concentrations 

(by chromophore) of Croc and PTPhage. Following randomization, mice from each group (n=5) 

were injected intratumorally220 (50 µl) in a single location in the tumor site using an insulin syringe. 

We allowed two hours for the injections to diffuse through the tumor microenvironment and then 
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laser treatment was performed (808 nm, 0.18 W∙cm-2,10 min) as schematically shown in Figure 

2.4A and the tumor temperature was monitored using a thermal camera (Figure A.18-and A.19). 

Intratumoral injections with photoactive therapeutics make sense since the tumor must be 

accessible for irradiation. The effect of treatment was evaluated by monitoring the body weight of 

the mice and measuring tumor volume over 16 d. Tumor volumes were measured using calipers 

every other day after treatment and calculated according to the equation: 𝑉𝑜𝑙 =

(𝑡𝑢𝑚𝑜𝑟 𝑙𝑒𝑛𝑔𝑡ℎ) × (𝑡𝑢𝑚𝑜𝑟 𝑤𝑖𝑑𝑡ℎ) ∙ 2 2⁄ . The tumors treated with PTPhage plus laser irradiation 

developed a sizeable black scab on the tumor site and showed slower tumor growth compared to 

all other experimental groups. The bodyweight of each group was monitored over 16 d, and we 

found no significant change, which suggests PTPhage, Qβ, and Croc did not induce toxicity 

(Figure A20). Furthermore, to observe pathological toxicity, H&E staining of the major organs of 

the mice including heart, liver, lung, and kidney were preformed after treatment of the mice with 

PTPhage, Croc, Qβ, and PBS. As shown in Figure A17 neither adverse effects nor significant 

histological abnormality in the treatment group was found, suggesting high biocompatibility of 

our formulation. The irradiated Croc dye and Qβ by itself slightly delayed the growth of the 

primary tumor though nowhere near as much as the PTPhage formulation, which caused obvious 

tumor ablation after NIR laser exposure. The degree of tumor ablation and recission induced by 

different groups was further confirmed through tumor volume and tumor weight Figure 2.4B and 

2.4C. As shown in Figure 2.4D, PTPhage again produced significant suppression on tumor growth 

compared to Qβ and Croc alone. H&E and TUNEL staining of the tumor showed lower nuclei 

count and cell density as well as the highest apoptosis of tumor cells in PTPhage compared to other 

groups (Figure A22). Survival of the different groups of treated tumor-bearing mice was studied 
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over 38 d following the initial tumor inoculation. As shown in the Kaplan–Meier survival curve, 

illustrated in Figure 2.4E, only PTPhage prolonged survival time compared to other groups. 

Metastatic burden was evaluated at day 16 post-treatment by removing the lungs and staining them 

with India ink, which preferentially blackens healthy tissue making the metastasis stand out. 

Control groups (PBS) and unirradiated free Croc show statistically identical tumor burdens, as 

illustrated in Figure 2.4E, Figure 2.4F and Figure A.21. The unaltered Qβ and irradiated free Croc 

groups all produced a modest and statistically significant decrease in metastatic burden. 

Summarily, the anti-tumor activity of PTPhage appears to be improved over free croc. 

 
Figure 2.4. A) Experiment design of synergistic immunophotothermal therapy. B) Tumor growth 

curves of 4T1 tumor-bearing mice treated with PBS, Qβ, Croc and PTPhage with and without laser 

radiation showing the most effective therapeutic approach is attributed to PTPhage which 

exhibited the greatest restriction to tumor growth. C) Tumor weight as a representative of tumor 

suppression verified high anti-tumor performance of PTPhage compared to Croc, Qβ, and PBS 

groups D) Survival study of 4T1tumor- bearing BALB/c mice (n = 5). E) Number of lung nodules 
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after India ink staining. F) Representative images of India-ink-infused lungs of irradiated Croc, 

PTPhage and PBS mice with white spots clearly demonstrate number of metastatic nodules per 

each group. ** p < 0.05. 

 

 

Immunological Studies 

While the scope of this work is primarily the synthesis and anti-tumor response of PTPhage, we 

wondered if the VLP was enhancing the immunological response initiated by the PTT. Detailed 

anti-tumor immunological studies will be addressed in subsequent work. Our initial focus in this 

part of the study was the assessment of dendritic and T-cell activation and an assessment of any 

downregulation of protective T-cell (Treg) response. In anti-tumor immunity, dendritic cells (DCs) 

are an important and effective class of APCs that plays a pivotal role in initiating and regulating 

innate and adaptive immunities.221 Generally, immature DCs ingest foreign materials through 

different surface receptors, including pattern recognition receptors that trigger their maturation.222, 

223 PRRs detect PAMPs (derived from microorganisms) and DAMPs (produced by the body's 

dying cells). Mature DCs can process antigens into peptides for presenting on major 

histocompatibility complex class I/II (MHC-I/II) molecules that coincide with increased 

expression of B7-1/CD80 and B7-2/CD86 costimulatory molecules. Following maturation and 

antigen exposure, DCs migrate into the draining lymph node—where contact is mediated between 

DCs and T-cells—and promote the differentiation and proliferation of naïve T-cells into cytotoxic 

T lymphocytes (CTLs), which are key effector cells for anti-cancer immunity.168, 224-226 Only 

mature DCs can elicit anti-tumor effector T-cell responses, which can be determined by assessing 

DC maturation in vitro following exposure to an antigen. It is well-known that VLPs mimic viruses 

in their size, structure, and antigenic epitopes. 227, 228 Their 20–200 nm size is in the optimal 

diameter range that can directly drain to the lymph node. In addition, because of their regular 
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polyhedron structure and highly repetitive surface feature, VLPs are sensed as PAMPs by PRRs 

on the surface of DCs. Furthermore, the encapsulated nucleic acids also can be recognized by 

PRRs and promote DC maturation for priming CD4+ T helper lymphocytes and CD8+ cytotoxic T 

lymphocytes.215 These cytotoxic T-cells can then fight systemic cancer at metastatic sites. 

We first investigated whether Qβ stimulates the maturation of DCs by using cultured bone marrow 

derived DCs (BMDCs) separated from BALB/c mice and incubating them with different 

concentrations of Qβ for 24 h. The expression of DCs maturation markers — proteins called CD80 

and CD86 — were determined by staining them with anti-CD80 and anti-CD86 fluorescent 

antibodies and quantifying them using flow cytometry (FCM). We found that Qβ upregulates the 

expression of CD86 & CD80 and enhances the percentage of matured DCs (CD11c+CD80+CD86+) 

in BMDCs at all concentrations tested compared to PBS (Figure A23). Next, we focused on 

evaluating the adaptive immunity triggered by Qβ at cellular levels after incubation with 

splenocytes harvested from a naïve mouse. Again, Qβ was mildly able to promote the effector 

CD4+ T helper lymphocytes (CD4+CD3+CD44+CD62L−) and CD8+ cytotoxic T 

lymphocytes (CD8+CD3+CD44+CD62L−), which show possible immunoadjuvant potential of Qβ 

in the PTPhage system to stimulate anti-tumor immune responses (Figure A.23).  
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Scheme 2.1. Schematic illustration of PTPhage-initiated photothermally-triggered anti-tumor 

immune response. An initial photothermal excitation of the VLP causes an increase in temperature, 

which results in local tissue ablation. This causes local apoptosis/necrosis and the release of 

immune-stimulating DAMPs. The presence of intact VLP in the ablated tumor environment 

simulates a potential infection, which causes downregulation of the immunosuppressive response 

by suppressing Treg cell formation. These responses can be measured in the draining lymph node. 

In this lymph node, cancer anti-gens collected by activated dendritic cells can present to naïve T-

cells, which mature to cytogenic CD8+ cells. These cells can then attack metastatic lesions. 

 

PTT induces apoptosis and necrosis, efficiently destroys tumor cells, subsequently 

releasing debris containing tumor-associated antigens and chemokines. 229, 230 These antigens are 

subsequently taken up by DCs and trafficked to the lymph node, triggering anti-tumor immune 

responses. Furthermore, DAMPs released from necrotic cancer cells, such as heat shock proteins, 

calreticulin, and ATP, can also promote DC maturation and assist in activating effector CD8+ T-

cells that enter circulation to fight against primary and metastatic sites systemically (Scheme 1).165, 

231 Our data shows that Qβ can simultaneously act as an immunological agent to promote DC 

activation and enhance infiltration of CTLs. As shown in Figure 2.2C, PTPhage and Croc both 

show favorable photothermal effects in a wide temperature range (40–60 °C); thus, we set up our 

in vivo experiment to evaluate immunostimulatory activities of the combinational formulation 
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compared to PTT alone. BALB/c mice were inoculated with 4T1 cells and grown until they had a 

primary tumor size of 100 mm3. The mice were separated into four groups (n=5) and injected with 

PBS, Qβ, Croc, or PTPhage (same dye concentration as free Croc). Two hours post-injection, they 

were irradiated with 808 nm laser for 10 min (0.18 W∙cm-2). We conducted our experiment initially 

by assessing identical concentrations (the same number of NIR dyes) of PTPhage and free Croc as 

measured by UV-Vis. The temperature at the tumor surface ends up being higher for PTPhage 

(54±2 °C) compared to free Croc (40±1 °C) (Figure A18 and A19), which can be ascribed to a 

more rapid clearance of free Croc from the tumor and greater photothermal efficiency of PTPhage 

at 808 nm. Three days post-treatment, the mice were sacrificed, and the spleen and draining lymph 

node were collected to analyze the T lymphocytes and mature DCs by flow cytometry after co-

staining with various markers. It is worth noting that post-PTT the populations of immune cells 

within the tumors were all very low, likely from the photoablation, and getting useful data from 

the tumors was difficult. Since our interest is in studying how PTPhage adjuvants the effects of 

ablative PTT, this was anticipated. We were able to get statistically meaningful data from the 

draining lymph and spleen; however, and these populations are generally useful in measuring local 

and systemic immune response in cancers.232,233 The percentage of matured DCs (CD11c+ CD80+ 

CD86+) in the draining lymph node from PTPhage was 24% greater than the Croc group, as shown 

by higher expression of costimulatory molecules CD80 and CD86 (Figure 2.5A), validating 

PTPhage 's in vitro behavior, and showing it can enhance the activation of APCs better than each 

formulation alone. We also determined how PTPhage affects CD8+ T-lymphocyte cells in the 

draining lymph node and found a significant number of activated (CD44+ CD62L-) CD8+ T-cells 

in the PTPhage group compared to other treated groups (Figure 2.5B). Number of activated CD4+ 



 

49 

and CD8+ were also determined in spleen (Figure 2.5C and 2.5D) and found a significant increase 

in group treated with PTPhage.To exclude the effect of the more efficient photothermal and tumor 

residency of PTPhage, we analyzed DCs maturation in the draining lymph node when tumor tissue 

temperature for both PTPhage and croc group reached the same temperature after laser irradiation 

(this required different amounts of dye in each formulation). Multiple studies show that heating 

tumor cells at low temperature (39.5–44 °C) enhances blood flow in the tumor and improves the 

permeability of tumor vasculature and may promote better migration of DCs between tumor and 

lymphoid organs even if it is not as efficient as a higher temperature range (> 45°C) in destroying 

the primary tumor. Therefore, we utilized 1.5 µg. mL-1 PTPhage and four times the amount of Croc 

(6.0 µg. mL-1) to produce a final tumor temperature of approximately 44 °C and maintained this 

temperature for 10 min by 808 nm laser irradiation. Intriguingly, as shown in Figure 2.5E and 2.5F, 

we observed the same general trends where PTPhage outperforms free dye significantly in 

stimulating DC and T-cells.  Consequently, we do not think that temperature alone explains the 

anti-tumor results reported above. 

We next assessed T-cell responses to PTPhage. The population of activated effector CD8+ 

cytotoxic T-cell (CTL—CD8+CD44+CD62L−) and activated CD4+ T-helper cells (TH—

CD4+CD44+CD62−) were quantified in spleens by FCM after various treatments. Compared to 

either Croc or Qβ alone, the combination treatment resulted in 2.10-fold increase in helper CD4+ 

T-cell and 2.12-fold increase in CTL CD8+ T-cells compared to Croc. (p <0.05). Figure 2.5E, 

2.5F, 5G and 2.5H. These results collectively demonstrate that PTPhage can act as a powerful 

photothermal agent along with potentiating PTT’s immunological response. The single-cell 

suspensions of spleens from four different groups of mice were stained with anti-CD11c, -CD4, -
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CD44, and -CD62L antibodies to measure how much effector T-cells were expressed after each 

treatment. As displayed in Figure 2.5G and 2.5H, significant CD4+CD44+CD62− cells appeared 

for mice treated with PTPhage.  One limitation in most of radiotherapy systems is that, following 

tissue damage, the tumor microenvironment can develop immunosuppressive cells, which creates 

an immunological "cold" tumor that restricts the therapeutic performance.167, 234, 235 Several 

studies have reported8, 52 that the efficiency of PTT inversely correlates with Treg cells, an 

immunosuppressive subset of CD4+ T cells characterized by the expression of factor forkhead 

box protein P3 (FoxP3). 

Necrotic cell death induced by PTT causes an inflammatory response that promotes the expression 

of Treg immunosuppressive molecules to prevent the initiation of a strong systemic immune 

response. We expected that Qβ may amplify the immune response, and its presence as a foreign 

viral protein might "trick" the immune system into turning off this immunosuppressive response.  

Therefore, we assessed the presence of CD4+FoxP3+ after different treatments by flow cytometry 

to investigate the ratio of the effector CD4+ T-cells vs. Treg in the spleen—an organ that serves as 

a systemic repository for the immune system. As expected, and shown in Figure 2.5I and 2.5J, 

PTT alone produces a suppressive environment while PTPhage—a combination of PTT and the 

immunoadjuvanting agent Qβ—decreased the percentage of Tregs (lower CD4+FoxP3+). This is 

significant because cancer therapeutic therapy efficacy is associated with tumor suppression and 

higher survival time correlates with lower Tregs and higher effector T-cells. 
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Figure 2.5. In vivo immune responses after photothermal stimulation. A) DC maturation induced 

by various groups on mice bearing 4T1 tumors (gated on CD11c+ DC cells, Figure A24) after PTT 

treatment (Tmax = 54.2°C). Cells in the tumor-draining lymph node were assessed by flow 

cytometry after staining for CD80 and CD86 expressions. B) Quantification of CTLs (CD8+) in 

isolated lymph nodes. C-D) Percentage of activated TH-cells (CD4+CD44+CD62−) and CTLs in 

spleens. Single-cell suspensions were processed from the spleen and analyzed by flow cytometry 

after anti-CD3, -CD4, -CD8, -CD44, and -CD62L staining (Tmax = 54.2°C). E-F) Representative 

flow cytometry plots showing expression of CD86 and CD80 on DC of draining lymph node for 

different groups (gated on CD11c+, Figure A24) after PTT treatment (Tmax = 44.0 °C). G-H) 

Representative flow cytometry plots of effector CD4+ in spleen cells of different treatment groups 

analyzed by flow cytometry (stained with anti- CD3, -CD4, -CD44, and -CD62L) (Tmax = 44.0 

°C). I-J) Representative flow cytometry plots showing percentages (gated on CD4+ cells, Figure 

A24) of CD4+FoxP3+ T cells in the spleen after various treatments.
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2.3 Conclusions 

In this work, we took advantage of VLP Qβ's biocompatibility, functionalizability, and modest 

immunogenicity to produce a new synthetic-biomaterial hybrid PTT "PTPhage". This formulation 

significantly improved the photophysical properties of Croc, including photothermal conversion 

effi-ciency and water solubility, as shown by an enhancement of cellular death upon 808 nm laser 

exposure than free dye. In addition, this synergistic combination showed excel-lent NIR light-

induced tumor ablation by suppressing 70% of the primary breast cancer tumor in BALB/c mice 

bearing a highly metastatic 4T1 tumor compared to 18% for Croc alone. PTPhage also prolonged 

survival time and reduced lung metastasis by 85% compared to control. Our initial immunological 

screening strongly suggests that the VLP may adjuvant PTT by promoting greater DC, T-helper 

and Cytotoxic T-cell responses while lowering immunosuppressive Treg cells. These results are 

intriguing and studies that combine effective Th1 promoting adjuvants, lower intra-tumoral 

temperatures, and checkpoint inhibitors to promote these effects even more are underway. 

All Supplementary Information can be found in Appendix A. 
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CHAPTER 3 

INTRACELLULAR DELIVERY OF VIRUS-LIKE PARTICLES USING  

A SHEDDABLE LINKER 

 

3.1 Introduction 

Effective medicine for diagnosing and treating diseases including cancer, genetic disorders, 

Alzheimer's, and Parkinson’s requires access to the cell cytoplasm.236-239 Cytosolic delivery of 

nanomaterials and biomacromolecules is fraught with biological barriers—the largest being 

endosomal escape.240 There are few routes of entry for large or charged macromolecules aside 

from endocytosis, and once inside the cell endosome, the most likely outcome is eventual 

lysosomal degradation resulting in low dose of delivery, poor bioavailability, and limited 

therapeutic efficiency. This limitation has presented itself as a significant challenge, specifically 

in cytosolic delivery of large and charged therapeutic cargos and targeted delivery of drugs into 

the intracellular compartment. Therefore, a delivery system capable of escaping the endosome 

before lysosomal degradation is needed. Some available delivery systems, including hydrogels,241 

lipid nanoparticles,242 cell-penetrating peptides,243 and  metal-organic frameworks,244 have shown 

potential in promoting cellular uptake, protecting cargo from enzymatic hydrolysis, and enhancing 

site-specific delivery. However, these systems suffer from various limitations including, leakage 

of encapsulated cargo, toxicity, and inefficient delivery that results in low bioavailability. 

The small lipophilic cationic molecule, triphenylphosphonium (TPP), has been long exploited as 

a mitochondrial targeting moiety for small and medium-sized molecules.245, 246 Cargo tagged with 

a TPP moiety can escape the endosome and preferentially bind to the negatively charged 
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mitochondrial matrix.247-249 We wondered if we could promote endosomal escape yet avoid 

mitochondrial targeting by installing a linker between the nanoparticle and the TPP moiety that 

degrades once the nanoparticle enters the cytoplasm. TPP is an easily synthesized small molecule 

with low toxicity and can be chemically functionalized to a wide range of nanoparticle platforms. 

This provides our approach with a distinct advantage over peptides, which are more costly, more 

complicated to attach to surfaces, and susceptible to enzymatic degradation. 

To demonstrate our approach, we employed a proteinaceous nanoparticle called a virus-like 

particle (VLP). VLPs have emerged as a promising platform for various therapeutic applications 

ranging from imaging, gene delivery, and drug delivery.250-253 They are non-infectious, 

biocompatible, biodegradable, monodisperse, and robust platforms that can carry small 

molecules,254, 255 polymers,256 and/or intact proteins either by supramolecular entrapment within 

their interior or by chemical conjugation to their surface.257 The bacteriophage Qβ is a 28 nm 

icosahedral engineered VLP with 180 identical coat proteins that self-assembles around random 

mRNA during expression in E. coli.258-261  We, and others, have shown that the coat proteins of 

Qβ can be disassembled, the random mRNA discarded, and then reassembled around new cargo 

or genetic material.116, 259, 260 Furthermore, Qβ possesses functionalizable primary amine groups on 

three surface-exposed lysine residues (K2, K13, and K16) and the N-terminus (Scheme 3.1) as 

well as 180 solvent-exposed disulfide groups that crosslink either six or five proteins to form 

hexametric (Scheme 3.1A) and pentameric subunits, respectively. These disulfides can be reduced 

(Scheme 3.1B), and the free sulfhydryl groups are effectively “rebridged” in quantitative yields 

using a maleimide crosslinker (Scheme 3.1C).64, 254  
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This work demonstrates a “sheddable” cytosolic delivery approach by attaching a TPP containing 

moiety through a disulfide-bridging maleimide that forms a stable two-carbon bridge between the 

sulfurs. The maleimide on the VLP readily undergoes retro-Michael additions in the presence of 

glutathione (Scheme 1D), which is present in millimolar concentrations (10-3 M) in the cytosol but 

micromolar concentrations (10-6 M) outside the cell.262, 263 In vitro, the TPP-functionalized virus 

undergoes endocytosis, escapes the endosome, and then sheds the TPP-functionalized maleimide 

linker through a thiol exchange with glutathione in the cytosol. Moreover, we have developed a 

single-pot approach that allows us to simultaneously reassemble the virus around genetic cargo 

with a functionalized dibromomaleimide serving to ‘sew up’ the capsid. Finally, as proof of 

principle, we demonstrate the cytosolic delivery of Qβ loaded with Green Fluorescent Protein 

(GFP) and, in a second example, the cytosolic delivery of siRNA that stops expression of 

luciferase.  

 

Scheme 3.1. Structure of Qβ VLP (exposed nitrogens are labeled in blue, and cysteines are labeled 

yellow). Hexametric and pentameric structures are colored green and orange, respectively. A)  

Close-up of one of the hexametric disulfide-lined pores. B) The disulfides can be reduced 

quantitatively to produce free sulfhydryl groups. C) These can be crosslinked using a 
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dibromomaleimide reagent. D) The maleimide crosslinkers come off in the presence of glutathione 

to produce 12 free thiols. 

 

3.2 Results and Discussion  

Synthesis and characterization of Qβ-M-TPP 

TPP has a delocalized positive charge over large hydrophobic phenyl rings, which is known to 

permeate lipid bilayers and cross into the mitochondrial matrix through non-carrier-mediated 

transport because of the significant mitochondrial membrane potential.246, 264-266 Our approach 

involves chemically modifying the surface of the engineered VLP Qβ using a synthetic linker that 

separates the TPP from the viral surface once the capsid enters the cytosol. We prepared a 

dibromomaleimide-triphenylphosphonium (DB-TPP) linker (Figure 3.1A and B) via direct EDC 

coupling. The dibromomaleimide moiety reacts with thiol groups in a two-step reaction,267 each 

step having a half-life of seconds.64, 268 Qβ contains 180 disulfide bonds, each of which can be a 

potential site for functionalization via this approach. The attachment of DB-TPP to Qβ forms a 

covalent two-carbon “bridge” between the free thiol groups in reduced Qβ (Figure 3.1B).268, 269 

First, Qβ is reduced using tris(2-carboxyethyl) phosphine (TCEP), which is confirmed by 

electrophoretic mobility in non-reducing sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE). The starting Qβ pentameric and hexametric subunit bands are 

shown in Figure 3.1C, which are converted almost exclusively into monomer bands following 

reduction. Ellman’s assay further confirms reduction against a cysteine standard curve (Figure 

B1), where approximately 95% of the disulfides on Qβ were found to be reduced into free thiols. 

The bioconjugation was then completed following the addition of the DB-TPP molecule, and 

within a few minutes, conjugation was confirmed by a significant visible increase in yellow-green 
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fluorescence under UV light. Electrophoretic mobility using non-reducing SDS-PAGE (Figure 

3.1C) shows the reformation of the hexameric and pentameric subunits and a slight upward 

migration of these bands compared to unreduced Qβ. These bands are also fluorescent under UV 

light, providing further evidence for the successful conjugation of the M-TPP linker to Qβ. Native 

agarose electrophoresis of the conjugate, which is visualized by UV and Coomassie staining, 

shows less migration toward the positive electrode than unfunctionalized Qβ, which is attributed 

to the additional positive charge from the TPP moiety. Intensity from the newly formed Qβ 

maleimide-TPP conjugate (Qβ-M-TPP) can be measured by fluorescence spectroscopy at 540 nm 

(excitation 400 nm) (Figure 3.1D).64 This emergence of yellow fluorescence following the 

successful displacement of the bromides and formation of the dithiolated conjugate has been 

attributed to lower self-quenching and a decrease in the frequency of emission-decreasing 

collisional events with solvent molecules following conjugation.64, 270  We found no changes in the 

size of Qβ-M-TPP compared to Qβ as determined by size exclusion chromatography (SEC) and 

dynamic light scattering (DLS) analyses (Figures 3.1E and 3.1F) – Qβ and Qβ-M-TPP have 

hydrodynamic radii (Rh) of 31.92 ±10.76 and 31.22 ±10.36 nm respectively. Transmission electron 

microscopy (TEM) confirms that the morphology of conjugated Qβ-M-TPP is unchanged (Figure 

3.1G). ζ-potential measurements show an increase in positive charge on Qβ after conjugation, 

which arises from the cationic nature of TPP (Figure B.2). Lastly, the total number of conjugated 

linkers per capsid was determined to be approximately 140 linkers (78% of surface disulfide 

bonds) per Qβ by Ellman’s assay (Figure B.1) 
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Figure 3.1. A) Synthesis of dibromomaleimide-TPP (DB-TPP) linker followed by B) 

bioconjugation strategy on Qβ. C) Electrophoretic mobility analyses of Qβ before and after DB-

TPP conjugation using SDS-PAGE (left) and agarose (right) gels showing successful 

bioconjugation of the maleimide linker to Qβ, forming Qβ-M-TPP. SDS-PAGE shows the 

successful reduction of the higher-order structures and their reappearance after conjugating DB-

TPP. The fluorescence imaging of agarose (top right) shows the maleimide fluorescence at the 

same spot of the Coomassie-stained band. D) Fluorescence spectra of Qβ-M-TPP and Qβ before 

and after conjugation with DB-TPP (ex/em 400/540 nm) with a photograph showing the reaction 

mixtures of Qβ-M-TPP under 365 nm UV lamp illumination. E) Size-exclusion chromatograph of 

Qβ-M-TPP and Qβ. After bioconjugation, F) DLS and G) TEM of Qβ and Qβ-M-TPP show no 

aggregation or structural change.  

 

Glutathione (GSH) tripeptide is the most abundant thiol species in the cytoplasm of living cells 

and acts as a biological reducing agent. The intracellular concentration of GSH is (1–10 mM), 

whereas the concentration drops to about 1–10 μM in extracellular matrices.271,272 Therefore, the 

cytoplasm of mammalian cells contains 100–1000 times the amount of GSH compared to the 

extracellular compartment creating a thiol-rich environment. This environment presents a unique 

opportunity for the specific and selective cytosolic release of cargo via a thiol exchange reaction 

with our disulfide-linker on Qβ. We hypothesized that the Qβ-M-TPP formulation, with its thiol-

maleimide bonds, will undergo retro-Michael additions with the abundant GSH, separating most 

of the TPP from the VLP surface, and forming GSH-M-TPP. To verify this supposition, we labeled 

dibromomaleimide with the small fluorescent molecule FITC (Figure B.3) and did an ex-vitro 
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thiol-exchange experiment by subjecting the Qβ-M-FITC conjugate to conditions that would 

approximate the cytoplasm (20 mM HEPES, 100 mM KCl, 1 mM MgCl2, 1 mM EDTA, 1 mM 

glutathione, pH 7.4, 37 °C).36,273 Scrambling of M-FITC linker from Qβ onto GSH was analyzed 

using SEC. As expected, data shown in Figure B.4 indicates cleavage of the M-FITC linker from 

Qβ and attachment to GSH. The starting retention time of Qβ-M-FITC is 16.8 min in the SEC 

trace. After 24 h, however, we observed the formation of new FITC-labeled oligomers of GSH 

with lower MW compared to Qβ, having retention times of 21.3 and 27.9 min. We note that there 

is still Qβ-M-FITC after 24 h, though the peak height decreased about 61% over the course of 24 

h. This observation suggests such conjugates have the potential to cleave in the cytoplasm of cells; 

however, to determine if the amount of cleavage was sufficient, we moved to invitro experiments.  

Cellular Uptake, Cytotoxicity, and Cytosolic Delivery of Qβ-M-TPP 

We next moved to in vitro studies of the conjugates. A549 human lung cancer cells were employed 

to evaluate the cell viability, cellular uptake, and cytosolic delivery following treatment with the 

designed formulation. To visualize the protein trafficking into and throughout the cell, we used 

fluorescently engineered Qβ that contains Green Fluorescent Protein within the viral capsid—

Qβ(GFP).124 The viability of A549 cells following different treatments with Qβ(GFP) and 

Qβ(GFP)-M-TPP was measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) assay and compared to that of untreated controls. As shown in Figure 3.2A, we found 

exceptionally low toxicity even at high concentrations, with cell viabilities greater than 97% 

following exposure to each formulation at a 2 mg/ml concentration after a 4 h incubation. These 

results indicate that the Qβ particles decorated with M-TPP should have high biocompatibility and 

low toxicity. Next, we treated cells with Qβ(GFP) or Qβ(GFP)-M-TPP and quantified cellular 
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uptake with flow cytometry after fixing the cells. We observed a slight increase in uptake in cells 

treated with Qβ(GFP)-M-TPP, as compared to Qβ(GFP), which suggests modifying Qβ with the 

linker does not significantly affect particle uptake (Figure 3.2B). We next used fluorescence 

microscopy to visualize uptake and cytosolic delivery of Qβ(GFP)-M-TPP in fixed A549 cells. 

The obtained images revealed that the delivered Qβ(GFP)-M-TPP was evenly distributed as green 

fluorescence throughout the cytoplasm (Figure 3.2D) while Qβ(GFP) shows punctate fluorescence 

dots that indicate endosomal entrapment (Figure 3.2C). We also tested the cytosolic delivery of 

Qβ(GFP)-M-TPP vs Qβ(GFP) in live A549 cells as shown in Figure B.15A. in the live-cell 

imaging studies, we observed the same results as in fixed cells. The Qβ(GFP)-M-TPP green 

fluorescence was diffuse in the cells, proving the ability of Qβ(GFP)-M-TPP to escape the 

endosome and reach the cytoplasm; however, we saw very little green fluorescence in live cells 

treated with Qβ(GFP) because it was quenched from the acidic environment of the endosome.116, 

274 The live cells were also stained with Lysotracker and nuclear stain Hoescht dye as shown in 

Figure B.16 and B.17. Furthermore, to emphasize that TPP does not deliver Qβ(GFP) to the 

mitochondria because of cytosolic cleavage, the treated and fixed cells were stained with 

MitoTracker™ Deep Red FM. As shown in Figure 3.2E and 3.2F, there is no overlap between the 

red fluorescence of MitoTracker and the green fluorescence of Qβ(GFP). 
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Figure 3.2. A) Cell viability of A549 lung cancer cells after treating with Qβ(GFP) and Qβ(GFP)-

M-TPP (2 mg/ml) for 4 h at 37 °C. B) Flow cytometry was used to assess the uptake of Qβ(GFP)-

M-TPP and Qβ(GFP) (2 mg/ml) in fixed A549 cells after incubation at 37 °C for 4 h. C) 

Fluorescence microscopy images of fixed A549 cells treated with Qβ(GFP) showing punctate dots 

coming from endocytic uptake and D) A549 cells treated with Qβ(GFP)-M-TPP showing diffuse 

green fluorescence related to the cytosolic release of Qβ(GFP). Color code: green: Qβ(GFP). Scale 

bar = 50 μm. E) Fluorescence micrograph of Qβ(GFP) and F) Qβ(GFP)-M-TPP in fixed A549 

cells stained with MitoTracker showing no mitochondrial colocalization of Qβ(GFP)-M-TPP. 

Color code: red: MitoTracker Deep Red FM and green: Qβ(GFP). Scale bar = 50 μm. 
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To further prove the role of the intermediate linker in thiol exchange cleavage and cytosolic 

delivery, we labeled the lysine residues of Qβ with TPP using a non-cleavable linker.275  We 

expected that functionalizing the Qβ surface with TPP without a cleavable linkage would traffic 

our carrier, Qβ, to the mitochondria. To test this, we covalently attached the TPP to the free amine 

groups on the surface of Qβ through NHS ester chemistry (Figure 3.3A). Curiously, unlike the 

attachment at the disulfides, this functionalization resulted in a sensitivity of the Qβ towards ions 

in the buffer and resulted in poor colloidal stability and precipitation when preparing the sample 

in cell media (DMEM) for in vitro studies. Efforts to control this by reducing the number of TPP 

molecules to a relative minimum were only modestly successful. We previously found that 

attaching lipophilic drug molecules to the Qβ lysines creates problems for colloidal stability, and 

by attaching polyethylene glycol (PEG) linkers across the disulfides, we could significantly 

increase the solubility and stability of the Qβ.276 Here, we applied the same strategy and first 

decorated Qβ with dibromomaleimide-PEG at the reduced disulfide bonds followed by attachment 

of TPP moieties to the free lysines. Bioconjugation conditions were optimized, and particle size, 

surface charge, and morphology before and after conjugation were characterized, as shown in 

Figure 3.3B-D. The mitochondria-targeting of Qβ-M-TPP was assessed in vitro by confocal 

fluorescence microscopy. Cells treated with Qβ(GFP)-M-TPP and stained with MitoTracker Deep 

Red FM were used to determine the colocalization of the green fluorescence of Qβ(GFP) 

conjugates with the mitochondria (Figure 3.3E). Colocalization was calculated using Pearson’s 

coefficient (ρ) and NIH ImageJ. From the results, the targeted conjugates show greater 

colocalization with MitoTracker (ρ = 0.56) than the non-targeted conjugates (ρ = 0.28), suggesting 

modest colocalization within the mitochondria. Notably, a significant number of particles were 
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still observed in the endosome/lysosome (punctate dots), but there was no diffuse fluorescence 

indicative of cytosolic delivery.  

Cytoplasmic Delivery of siRNA to Efficiently Silence Luciferase in vitro. 

To further verify cytosolic entry and check the applicability of our delivery system, we used Qβ-

M-TPP to deliver siLuc, a siRNA (small-interfering RNA) probe capable of silencing luciferase 

expression in HeLa luciferase cells.277 siRNA is a powerful therapeutic tool that inhibits specific 

messenger RNA (mRNA) expression in the cytosol and effectively downregulates the gene 

expression processes.278  However, siRNA is highly anionic, has a relatively large molecular 

weight, and quickly degrades in cell media. Naked siRNA cannot readily penetrate cell membranes 

and reach the cytoplasm; therefore, we hypothesized that encapsulation of siRNA in Qβ-M-TPP 

could enhance cytosolic delivery and improve gene silencing compared to free siRNA or Qβ that 

lacked cleavable TPP groups. 
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Figure 3.3. A) Conjugation scheme of Qβ-PEG-TPP. Qβ first is reduced with TCEP, followed by 

adding Dibromomaleimide-PEG (DB-PEG). Conjugation of TPP-NHS with surface amines is then 

performed using TPP-NHS. Characterization of Qβ-PEG-TPP conjugation B) SDS gel C) 1% 

agarose gel D) TEM (scale bar: 100 nm). E) Fluorescence micrographs of H2073 cells treated with 

Qβ(GFP) and Qβ(GFP)-PEG-TPP. Qβ(GFP)-PEG-TPP is driven into the mitochondria with 

greater colocalization efficiency (ρ), which is calculated using Pearson’s coefficient, 

colocalization (ρ = 0.56) compared to non-targeted conjugates (ρ = 0.28). Color code: green: 

Qβ(GFP), red: MitoTracker Deep Red FM. 

 

Qβ capsid formation occurs in the recombinant E. coli expression system through charge-mediated 

interactions between the negatively charged random E. coli RNA and positively charged Qβ coat 



 

65 

protein subunits.116, 279 Disulfide formation in the biological synthesis of Qβ is occurring after the 

capsid has self-assembled likely following exposure to molecular oxygen in the bacteria or 

following cell lysis. Given the highly negative charge of siRNA,280 we hypothesized siLuc could 

promote assembly of Qβ capsids and addition of the DB-TPP could “sew” the capsid up in a one-

pot process. Specifically, we anticipated that we could reduce the Qβ with DTT and disassemble 

the capsid in a salt solution. The addition of siLuc could then promote capsid reassembly, and DB-

TPP could seal the capsid in situ as the last step (Figure 3.4A). 

First, purified Qβ VLPs were disassembled into coat proteins through a salt-controlled disassembly 

method116, 250 by adding the reducing agent 1,4-dithioerithrol (DTT) and magnesium chloride 

(MgCl2), which facilitates the recovery and precipitation of packed RNA. Next, the obtained coat 

protein (CP) was purified using dialysis and centrifugation. SEC, agarose, and SDS gel 

electrophoresis were used to verify the E. Coli RNA was removed and the Qβ disassembled into 

CPs (Figure B18). Data show the presence of CPs through a single band in SDS-PAGE and 

positive charge migration through agarose gel electrophoresis with a change in capsid retention 

time by SEC. Reassembly proceeded in the presence of siRNA under DTT reducing conditions. 

We found that a siRNA to CP ratio of 1:4 was sufficient to promote complete capsid formation. 
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Figure 3.4. A) Scheme for disassembly of Qβ virions to coat proteins, then the reassembly around 

siRNAs to make siRNA@Qβ-M-TPP. B) Cell viability and relative levels of luciferase expression 

in HeLa luciferase cells after various treatments. 

 

Finally, we proceeded with the surface installation of TPP directly in the reassembly buffer by 

adding 50 eq of DB-TPP to the solution. Absorbance at A260/280 ratio was used to confirm 

complete siLuc packing. We were happy to find that the A260/280 ratio increased from 0.87 (pre-

siLuc packing) to 2.0 (post-siLuc packing). Direct observation of the VLP assemblies was done 

by TEM. Figure B.19 shows well formed VLPs after the encapsulation of the siRNA, which is 
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further confirmed by agarose and SDS gel electrophoresis with the hexametric and pentameric 

subunits of siRNA@Qβ-M-TPP exhibiting similar integrity to native Qβ (Figure B9). To assess 

the in vitro cytosolic delivery of siRNA using siRNA@Qβ-M-TPP, we compared the silencing 

ability of naked siRNA, siRNA loaded in Qβ without the M-TPP linker, and siRNA loaded in Qβ-

M-TPP in luciferase-expressing HeLa cells. The cell viability and luciferase expression were 

measured using standard One-Glo Tox luciferase and cell viability assay. It was found that after 

24 h, all treatment groups had high cell viability (Figure 3.4B) but the siRNA@Qβ-M-TPP treated 

cells showed a significantly lower luciferase expression (47%) as compared to free siRNA treated 

cells (93%) (Figure 3.4C). Considering uptake of Qβ and Qβ-M-TPP are comparable, this result 

further proves the cytosolic delivery of our formulation and demonstrates – as a proof-of-principle 

– that we can enhance cytosolic siRNA delivery via this approach.  

3.3 Conclusions 

Most nanoparticle-based delivery systems must escape the endosome and lysosome to reach the 

cytosol for efficient therapeutic and diagnostic action. In this work, we chemically modify the 

surface of an engineered protein model, Qβ, using a glutathione-sensitive linker attached to a 

lipophilic cation to overcome endosomal entrapment and achieved cytosolic delivery. As proof-

of-principle, we successfully demonstrate the applicability of our synthetic bioconjugation strategy 

in the cytosolic delivery of a VLP carrying GFP and siRNA in vitro. Our “sheddable linker” 

strategy is further confirmed because no cytosolic delivery is observed without a GSH cleavable 

linker. We believe our synthetic strategy addresses critical challenges for the intracellular delivery 

of macromolecular therapeutics.
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CHAPTER 4 

MULTIFUNCTIONAL PHOTO-IMMUNO METAL–ORGANIC FRAMEWORK: 

COMBINATIONAL STRATEGY TOWARD CANCER TREATMENT 

4.1 Introduction 

Cancer immunotherapy (CI) is considered as one of the most promising and efficacious therapeutic 

approaches to treat wide range of malignant cancers through activating immune system, 281, 282 

modulation of the tumor microenvironment 283 and overcoming the immunosuppressive 

mechanisms that cancer cells employ to avoid immune recognition.284 This type of therapy 

encompasses several forms from cytokine to chimeric antigen receptor (CAR) T-cell 285 that  

combat cancer by stimulation of immune system or attenuating anticancer immune response whose 

effect long-lasting cancer remission or even complete eradication of primary tumor and metastasis 

lesions. Despite this clinical promise  severe toxicity, immunorelavent side effects and low 

response rate on fraction of patients are associated with these methods.286 An exciting 

breakthrough in cancer immunotherapy that are receiving notable attention to break down these 

limitations is the clinical use of FDA approved immune checkpoint inhibitors including 

ipilimumab (anti-CTLA-4) and nivolumab (anti-PD-1), which function through boosting the 

adaptive immune system. In general, T cell activation involves receptor–ligand interactions 

between CD28 a T-cell receptor and the B7 ligands (B7.1 and B7.2) on surface of antigen 

presenting cells (APC). This interaction firmly regulated by inhibitory checkpoints such as 

cytotoxic T-lymphocyte–associated antigen 4 (CTLA4) on T cells and B7 ligands to prevent 

aberrant immune function. Several studies showed CTLA-4 bind to B7 with higher affinity than 

CD28 which exploit the inhibitory pathway to block T cells activation and cause high suppression 
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of antitumor immune response. Indeed, blockade of this signaling pathway using anti-CTLA4 

antibodies can rescue the interaction of the costimulatory T-cell receptor CD28 with the B7 ligand 

and stimulate proliferation and activation of T cells so that immune cells can recognize and 

eliminate tumor cells.287 The efficacy and use of checkpoint inhibitors as systemic therapies is 

however limited by cold immunological phenotype, dose-limiting toxicities concern, 

biodegradation and nonspecific cellular interaction.288, 289 Hence, many research is going on 

developing approaches to administrate checkpoint inhibitors in a safe and controlled manner to 

targeting lesion. One of the promising approaches is integrating these therapeutic agents with 

inorganic, organic and biological based delivery platforms including nanoparticles, implants, 

biomaterials and cell-based nanocarriers. These formulations offering a safe and effective platform 

for encapsulating these immunostimulatory agents that protect them from surrounding biological 

environment, prolong circulation half-time and effectively deliver high dose of immunostimulants 

to the tumor site whereby greatly promote the potency of immunotherapeutic payloads by boosting 

tumor immunogenicity and minimizing toxicities. Another advantage of the delivery platforms 

such as protein, polymer-based nanoparticles and liposomal systems is their ability to co-

administrate different antigens and immunostimulants together/simultaneously to maximize the 

immune response.290, 291 The tumor microenvironment can greatly benefit  from the synergistic 

effect of the multiple immunotherapies strategy in harnessing different immune-resistant pathways 

compared to use of free compounds. For instance, the sustained release of cytokine in combination 

with an inhibitory molecule induce significant improvement in antitumor effect by secreting 

inflammatory response while simultaneously overcome the immunosuppressive mechanisms in 

tumor microenvironment.292 Developing the co-delivering system for immune checkpoint 
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inhibitors (e.g., PDL-1, CTLA-4) combined with other immunotherapeutic modalities 

(immunoadjuvant and cytokines) in a sustained release manner through a safe, biodegradable, site 

selective and functionalize  nanocarrier (hydrogel, polymers, and liposome) can provide an 

opportunity to combine different therapeutic approaches and further enhance their antitumor effect 

compare to monotherapy. However, many of these formulations such as hydrogel, liposomal and 

polymeric delivery systems, metal nanoparticles and carbon nanotubes suffer from limited 

stability, low drug loading capacity, degradability, and possible cytotoxicity which drastically 

influence their sustained release and ability to amplify activated immune response.  

Over the past two decades, metal-organic frameworks (MOFs) have emerged as a solution to these 

problems as a unique class of inorganic−organic hybrid nanomaterial. These crystalline-shaped 

nanomaterials built from coordination of metal cluster to organic ligands form well defined 

structure with large surface area and highly order porosities. Diverse synthetic strategies have been 

explored in their formulation that led to various morphologies, compositions, sizes, and chemical 

properties. These unique features endow them with ability to encapsulate different therapeutic 

hosts with high loading capacity, multifunctionality for targeting ability and codelivery of several 

cargos including antigens and immunomodulators which along with their intrinsic biodegradability 

enable them to perform as a promising combinational platform in on demand drug delivery and 

cancer immunotherapy. Although, cancer immunotherapy drug such as ICIs loaded onto a metal-

organic framework may exhibits improved targeting delivery as well as a steady release, still there 

is concern about many cancer patients with low tumor antigen and immunosuppressive tumor 

microenvironments who would not respond to this therapy. Therefore, combining MOFs as a safe 

and sustained release ICIs nanocarrier combined with another therapeutic strategy such fever like 
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photothermal therapy (PTT) (temperature 44 °C) that sensitize tumors to ICIs by upregulating 

checkpoint proteins and promoting antigen presenting cells and T cell priming into TME can be 

an effective approach to turn “cold” immunosuppressive tumor microenvironments to “hot” 

tumors. Our lab has previously shown that MOF platform has ability to prolong the release of 

protein antigens and enhance the immune response while having high thermal and biological 

stability. (Michael papers). We also have developed a new phototherapeutic system based on VLPs 

(PhotothemralPhage, which is introduced in chapter 2) that effectively convert NIR light to heat 

and initiate an immune response by activating DC and T cells. In this account, we took advantage 

of both mentioned strategies to present an effective immunophotothermal system that work based 

on combination of mild PTT and slow release of ICIs. 

Our design strategy is based on metal-organic frameworks subset zeolitic imidazolate frameworks 

(ZIFs) that is loaded with an anti-CTLA-4 checkpoint inhibitor (FDA approved ipilimumab) and 

coated with a photothermal agent based on non-infectious virus-like particles (VLPs) that induces 

both tumor thermal ablation as well as promotes anti-tumor immunity through the release of toll-

like receptor stimulating antigen. This synergistic formulation is made first by encapsulating anti-

CTLA-4 within ZIF via a biomimetic crystal growth process then coating its surface with 

bacteriophage Qβ decorated with croconium dye a system called PhotothermalPhage through 

electrostatic interaction between negatively charged PTPhage and positively charged zinc. Figure 

4.1 Qβ in PTPhage itself is an immunoadjuvant, owing to its encapsulated bacterial RNA and its 

highly organized structure also can be recognized as a pathogen associated molecular pattern by 

toll like receptors (TLRs) on antigen presenting cells (APCs).202, 214, 293 Through these 

immunoactivation pathways, this strategy can address the main obstacle in CBI therapy—the lack 
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of activated APCs (dendritic cells, macrophages, etc) and insufficient tumor associated antigen in 

tumor microenvironment.289 ZIF will protect the encapsulated anti-CTLA-4 from the temperatures 

induced by the photothermal treatment and promote the slow and local release of anti-CTLA-4  

directly into TME.  

 

 Figure 4.1. Synthetic procedure, including the growth of ZIF over Anti-CTLA-4 (ipilimumab) to 

form a microcrystal. Formed ZIF has high affinity for the negatively charged PTPhage. These 

coated particles will generate heat upon 808 nm laser irradiation while ZIF begin degrades slowly, 

releasing ipilimumab. 

 

4.2 Results and Discussion 

Design and Characterization of Anti-CTLA4 @ZIF 

ZIF formation is dominated by a coordination reaction between zinc metals and methylimidazole 

ligands and has been shown by our group and others that can encapsulate a variety of 

biomacromolecules including soluble proteins, viruses, and whole cells through biomimetic 

mineralization processes which the cargo influenced forming prenucleated clusters with ligands 

and metal. 

Here, we encapsulated 0.5 mg/mL of ipilimumab (the anti-CTLA-4 drug) into ZIF-8 crystals under 

mild aqueous conditions by mixing ipilimumab solution with aqueous solutions of 2-

methylimidazole (1600 mM) and zinc acetate (20 mM). Upon mixing the reagents, the reaction 
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begins immediately, and the mixture went from colorless to cloudy. Solution was placed on a 

laboratory rotisserie to ensure proper mixing. After 3h incubation at RT, ipilimumab embedded 

ZIF-8 crystals were formed and could be easily collected by centrifugation (2071 × g for 10 min). 

The resulting pellet was washed two times with water and pellet was dried under high pressure 

overnight. The resulting biomineralized anti-CTLA-4@ZIF-8 particles were characterized using 

scanning electron microscopy (SEM) and dynamic light scattering (DLS). A monodisperse anti-

CTLA-4@ZIF-8 particles with an average size of 1254 ± 8.9 nm were obtained in the biomimetic 

mineralization synthesis (Figure 4.2). SEM micrographs of the resulting micro crystals show the 

typical rhombic dodecahedral shape of ZIF. 

 

 

Figure 4.2. Characterization of biomineralized anti-CTLA-4@ZIF using A) dynamic light 

scattering B) SEM micrograph. A monodispersed micron sized anti-CTLA-4@ZIF particle was 

form in a rhomb dodecahedral shape. 

 

Fluorescence labeling of anti-CTLA4 and measuring encapsulation efficiency 

To calculate the encapsulation efficiency and be able to track the in vitro uptake and in vivo release 

profile of antibody for future works anti-CTLA-4 need to be labeled with a fluorophore. For this 

purpose, Cy7-NHS (Thermo Fisher) dye were incubated with 1 mg/mL ipilimumab (YERVOY) 
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in 0.1 M sodium bicarbonate solution (pH 8.3) at 4°C, overnight. The unreacted dye was removed 

by washing with 5.0 mL of buffer 5 times using 50 kDa cutoff centrifugation filters (4,000 × g, 10 

min). The conjugation was characterized using 1% agarose gel. As shown in Figure C1 Cy7 

fluorescence in the labeled antibody was appeared in the agarose gel at same spot as unlabeled 

anti-CTLA-4 which prove the successful attachment of dye to the antibody. Fluorophore-labeled 

ipilimumab was subsequently used to make Cy7-anti-CTLA-4@ZIF and the encapsulation 

efficiency was quantified by measuring the amount of unencapsulated Cy7-anti-CTLA-4 in the 

supernatant during synthesis. Cy7 (λEx = 750 nm and λEm = 773 nm) fluorescence was determined 

using fluorescence spectroscopy before and after encapsulation to measure amount of entrapped 

Cy7-anti-CTLA-4 within ZIF. An encapsulation efficiency of 95% was obtained. The 

encapsulation of Cy7-anti-CTLA-4 also were visualized by confocal microscopy, Cy7-anti-

CTLA-4 showed a strong fluorescence in Cy7 channel while there is not any obvious Cy7 

fluorescence for ZIF alone. (Figure 4.3)  

 
 

Figure 4.3. Confocal micrograph of Cy7-anti-CTLA-4@ZIF. The outer shell fluoresces blue from 

trapped Cy7-anti-CTLA-4 while there is no fluorescence in Cy7 channel for ZIF. Scale bar = 50 

µm. 
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Next to confirm Ipilimumab was not damaged during encapsulation in the ZIF crystals, ZIF-shell 

was dissolved by treatment with 0.5 M EDTA—a process called exfoliation. A size exclusion 

chromatography (SEC) was run before and after exfoliation as shown in Figure C2. Ipilimumab 

remained intact after encapsulating the protein in ZIF-8. 

Decorating surface of anti-CTLA4@ZIF with PhotothermalPhage  

The goal of this project is developing a near infrared light triggered photoimmunotherapy platform 

by dual labeling of metal organic framework to ablate tumor by heat and simultaneously boost the 

immune response against cancer cells through slow delivery of an immune check point inhibitor. 

Hence, we modified surface of anti-CTLA4-@ZIF by a croconium dye-Qβ virus like particle 

hybrid (PhotothermalPhage) both as a photothermal agent and immunoadjuvant. For this purpose, anti-

CTLA4@ZIF were incubated with 0.5 mg/mL of PhotothermalPhage (PTPhage) for 4h, then 

washed twice with water. The pellet was collected after centrifugation (2071 × g for 10 min) and 

were characterized by transmission electron microscopy. As shown in Figure 4.4A PTPhage was 

observed on the surface of rhombododecahedral shape anti-CTLA4@ZIF as dark small particles 

that show successful decoration of ZIF surface with a photothermal agent. Next, we tested thermal 

behavior of particle compared to ZIF and PTPhage solution by radiation with 808 nm laser for 

different times (2, 5, 10 and 15 min), at constant laser power 0.18 w/cm2. Temperature change was 

monitored using a thermal camera in each solution. As seen in Figure 4.4B, the solutions of 

PTPhage- anti-CTLA4@ZIF showed a significant heating rate as PTPhage while no temperature 

increase was observed in ZIF solution.  
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Figure 4.4. A) Transmission electron microscopy image of PTPaheg coated on surface of ZIF. B) 

Photothermal heating profiles of ZIF, PTPhage and PTPhage- anti-CTLA4@ZIF at the same 

concentration (50 μg mL−1) over 15 min of laser irradiation (808 nm, 0.18 W·cm−2 ) show  strong 

PTPhage keeps its photothermal behavior after attaching to surface of ZIF and generates heat as 

effective as PTPhage, while ZIF did not show any significant difference in temperature increase. 

4.3 Conclusions 

We next will explore whether produced heat by our functionalized MOF after irradiation with a 

safe and low power near infrared laser would be able to locally kill cancer cells and enhance in 

vitro cytotoxicity induced by photothermal agent. We will also evaluate the efficiency of the MOF-

based photoimmunotherapy formulation on eradicating primary tumor and controlling metastasis 

in an orthotopic mice models bearing melanoma tumor model (B6F10 tumor). It is expected that 

the co delivery of multiple immunological agents synergized with thermal ablation suppress tumor 

progression and prolong the survival time. We will compare activated immune responses between 

mice treated with PTPhage-anti-CTLA4@ZIF and PTPhage, ZIF, anti-CTLA4 and PBS. We 

expected to observe a significant increase in antitumor immune response in mice treated with 
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PTPhage-anti-CTLA4@ZIF because of synergist effect between thermal ablation, sustained 

release of anti-CTLA4 and presence of virus like particle.  
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CHAPTER 5 

CONCLUSION AND FUTURE WORK 

5.1 Conclusions 

The development of therapeutic nanomaterials for efficient disease diagnosis, prevention and 

treatment is gaining momentum. Several nanoparticles such as polymeric, metallic, and lipid-based 

nanoparticles being utilized within the clinical setting and offered multiple benefits such as cell 

and tissue site specific targeting, high solubility and extended half-life which resulted improving 

therapeutic index in many diseases such as cancer, diabetes, and etc. However, there is continued 

demand for developing biomaterials with quality of being safe, biodegradable, biocompatible and 

most importantly being easily synthesized and functionalized to create particles with all desired 

features. Virus like particles (VLPs) a self-assembled protein-based nanomaterials have emerged 

as a solution to design an multifunctional and effective therapeutic agent which offer several 

therapeutic advantages compared to other nanomaterials. VLP mimic structure of viruses thus have 

an empty cavity to carry genetic materials/cargos which is being used as a nanocarrier for drug 

delivery and gene therapy. They also have a repetitive and symmetric structure that can be 

recognized by immune system which increase the enrichment of immunotherapies within the 

lesion and most importantly have solvent exposed amino acids on the surface that provide 

functionalization ability through various chemistries. As a chemist in this dissertation, we have 

first considered VLPs as an organic compound/folded polymers that contain several nucleophilic 

functional groups on their surfaces such as amine (from lysine residue), thiol (from cysteine) and 

etc. These functional groups then were modified with high density of powerful synthetic linker 

and near infrared dye through several bioconjugation strategies that in complement with VLP’s 
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intrinsic immunogenicity and structural properties turned to powerful means for 

immunophotothermal therapy and cytosolic nucleic acid delivery. Therefore, by combining 

chemistry, biology, and immunology we have elucidated the potential and power of virus like 

particle platform both for in vitro and in vivo therapeutic application. 

5.2 Future Directions 

Virus like particles acquire a great potential in wide variety of therapeutic applications including 

cancer treatment. Understanding the characteristics of these biomaterials and their behavior in 

different biological environments will enable scientists to establish novel strategies for targeting 

the desired area for treatment, prevention, and diagnosis in many diseases. Their multi 

functionalization ability will allow to construct next generation of multi-therapeutic particles that 

can combine various therapeutic molecules or even various type of particles for treating several 

diseases all at one. All these potentials combined with intrinsic properties of VLPs such as size, 

immunogenicity, high stability, biocompatibility yield more effective therapies and preventive 

properties. 
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APPENDIX A 

EXTENDED DATA FOR CHAPTER 2 

MATERIALS 

Chemicals 

 Potassium chloride, FB Essence, potassium phosphate monobasic, potas-sium phosphate dibasic, 

Dulbecco's Modified Eagle's Medium (6429), Tris base, sodium phosphate monobasic, tryptone, 

sodium phosphate dibasic, yeast extract, sodium do-decyl sulfate, sodium chloride, glycine, and 

Coomassie Brilliant Blue reagent were used without further purification. Reagents were purchased 

from Research Product Interna-tional (Mt Prospect, IL, USA), VWR (Radnor, PA, USA), Chem-

Impex Int’l (Wood Dale, IL, USA), Thermo Fisher Scientific (Waltham, MA, USA), and Sigma-

Aldrich (St. Louis, MO, USA). 

Characterization of PhotothermalPhage 

TEM. Transmission electron micrographs were taken on a JEOL JEM-1400+ (JEOL, To-kyo, 

Japan) at 120 kV with a Gatan 4k × 4k CCD camera. 5 µL of the ~ 0.1 mg. mL-1 de-salted 

sample was placed on a 300 mesh Formvar/carbon-coated copper grid (Electron Microscopy 

Sciences, Hatfield, PA, USA), allowed to stand for 30 seconds, and wicked off with Whatman #1 

filter paper. 5 µL of 2% uranyl acetate (SPI Supplies, West Ches-ter, PA, USA) was placed on 

the grid, allowed to stand for 30 seconds, wicked off as be-fore, and the grid allowed to dry 

completely in air. 

Dynamic-light scattering. Analysis was done with a Malvern analytical Zetasizer Nano ZS. A 

disposable microcuvette was used throughout the measurements. Experimental parameters 
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included the following: 25 °C, a 175° scattering angle, medium refractive in-dex of 1.33, a 633 

nm laser, and material refractive index of 1.51. 

Gel Electrophoresis. 1% agarose gels used throughout the experiments. Experimental parameters 

for running the gel include the following: 100 V, 30 mins, and a running solu-tion consisting of 

1×TBE buffer. Samples were prepared in either 100% glycerol or mixed with ethidium bromide 

(5 μL). 10% SDS PAGE gels were used throughout all the studies. Experimental parameters for 

running SDS gels consist of the following: 100 V and a run-ning time of 75 min. Samples were 

mixed with SDS dye. Protein ladder used consists of EZ-Run pre-stained protein marker. All gels 

were stained with Coomassie brilliant blue overnight and imaged the next day. 

Bradford Assay. The amount of Qβ before and after bioconjugation was measured using the 

Bradford method with bovine serum albumin as standard. All protein determina-tion values were 

based on the average of three separate measurements.  

Laser Setup.  

All NIR laser irradiations were performed using a continuous 808 nm Newport/Spectra-Physics 

Integra-MP (model 140-8S-30KS) diode laser controlled by Integra Soft Version 3.0.4 software. 

The laser power density was measured using a Newport power meter (model 1928-C) Figure 

A1. 
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Figure A.1. Experimental setup consisting of a continuous 808 nm diode laser and a FLIR E6-

XT thermal camera 

 

 

Figure A.2. Qβ Characterization by A) DLS, B) TEM and C) 1% Agarose gel, Coomassie 

stained. 
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Figure A.3. 1H NMR of methyl 1-(thiophen-2-yl) piperidine-4-carboxylate] 
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Figure A.4. 13C NMR of methyl 1-(thiophen-2-yl) piperidine-4-carboxylate] 
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Figure A.5. 1H NMR of [2,5-bis[(4-carboxylic-piperidylamino) thiophenyl]-croconium] 
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Figure A.6. 13C NMR of [2,5-bis[(4-carboxylic-piperidylamino) thiophenyl]-croconium] 
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Figure A.7. 1H NMR of synthesized croconium dye 
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Figure A.8. 13C NMR of synthesized croconium dye. 
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Figure A.9. 1H NMR of synthesized croconium NHS ester 
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Photothermal Analysis of PTPhage  

To check the photothermal behavior of PTPhage, various concentrations of PTPhage (0.1–1 mg. 

mL-1 calculated with Bradford assay) were irradiated with 808 nm laser (0.18 W∙cm -2) for 10 min 

and solutions temperature were measured using a thermocouple. As shown in Figure A10A there 

is a linear relationship between temperature increase and PTPhage concentration. To show that the 

temperature of Qβ lacking croconium dye and the buffer solution does increase with laser 

irradiation, temperature was monitored in control solutions and after 10 min radiation, as shown 

in Figure A10B, no change in temperature of either Qβ and PBS buffer was observed while 

PTPhage showed a significant temperature increase.  

 

Figure A.10. Linear response of PTPhage as a function of concentration (A) and time (B) under 

808 nm laser irradiation (0.18 W∙cm -2). 
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Figure A.11. Thermal cycling of PTPhage shows no change in heating profile of same sample over 

10 days after 10 min 808 nm laser irradiation (0.18 W∙cm -2). 

 

Photothermal Conversion Efficiency 

The photothermal conversion efficiency (η) was calculated based on a previously reported method 

1-2 following Equation 1, where h is the heat transfer coefficient, s is the surface area of the solution, 

Tmax is the maximum system temperature, Tamb is the surrounding temperature, I refers to the laser 

power, Aλ refers to the absorbance of solution, Qs is the heat associated with the light absorbance 

of the solvent and container, and η  is the photothermal conversion efficiency. To obtain hs, based 

on Equation 2, where m is 0.15 g and C is 4.2 J/g·℃, first we calculated 𝜏 using Equation 3 with 

a value for θ as defined in Equation 4. Equal concentrations of PTPhage Croc, and AuNR 

(15nm×50nm) (41µg.mL-1) were irradiated for 10 min with 808 nm laser (0.18 W∙cm-2) and a 

cooling curve was plotted based on time versus ln (θ) (based on Equation 4 for each temperature). 

𝜂 =
hs(Tmax −Tamb )−Qs

I(1−10−𝐴𝜆)
      (Equation 1) 

ℎ𝑠 =
𝑚𝐶

𝜏𝑠
                                                                   (Equation 2) 

𝑡 = −𝜏𝑠 ln (θ)                                                         (Equation 3) 

θ =
T−Tsur

Tmax−Tsur
                                                         (Equation 4) 
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According to Figure A12, 𝜏𝑠 values were obtained as follows: 154.51 for PTPhage, 179.46 for 

Croc, and 196.73 for AuNR (15nm×50nm). These values were further substituted in to calculate 

hs from Equation 2 and photothermal conversion efficiency (η) from Equation 1. 

 

Figure A.12. Linear time data versus −ln(θ) obtained from the cooling curve after 10 min 808 nm 

laser irradiation (0.18 W∙cm -2) to equal concentration (41 µg. mL) of A) PTPhage, B) Croc and 

C) AuNR. 

 

Cell Studies 

4T1 cells were seeded and grown to a density of 1×105 cells/mL in a 24 well culture plate a day 

before experimentation in RPMI media supplemented with 10 % FBS and 2% penicillin-

streptomycin at 37 °C in 5 % CO2 humidified environment (grown to 70% confluency). The cells 

were then treated with PTPhage and Croc (3.1 µg/ml croc concentration in media) for 4 h. After 4 

h, the supernatant was removed and centrifuged at 500 ×g for 5 min to remove any cellular debris 

and absorbance of collected supernatant was measured over 650–900 nm before and after 

incubation. Cellular uptake was obtained from changes in absorbance at 789 nm before and after 

incubation. The decrease in absorbance used to calculate a cellular uptake of 30% of the PTPhage 

(0.42 nmol) and 17% of Croc (0.23 nmol).  
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Figure A.13. Cellular uptake of PTPhage and Croc. Absorption profile of PTPhage and Croc before 

and after 4h incubation with 4T1 cells. 

In Vitro Cell Viability and Photothermal Cytotoxicity. 

4T1 breast cancer cells cultured in RPMI 1640 medium supplemented with 10% Fetal Bovine 

Serum and 1% penicillin-streptomycin were seeded in a 96 well plate at a concentration of ~ 1.0 

× 105 cells/mL. The next day, PTPhage, Croc and PBS samples were added to the cells at a 

concentration of 1 mg∙mL-1 (Qβ concentration) and incubated for 4 h. After incubation, to check 

cell viability, 0.5 mg∙mL-1 MTT reagent was added to the cells and incubated for another 2 h. Then, 
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the media was removed from the wells and the cells resuspended in DMSO. The absorbance of the 

plate was read at 570 nm. Further, to determine photothermal induced cell death, wells containing 

equal numbers of cells were treated with PTPhage, Croc, and PBS samples at the concentration of 

1 mg∙mL-1 (Qβ concentration) and incubated for 4 h. After incubation, samples were removed, and 

cells were washed with phenol red free media (3×) and replaced with fresh media. The microwell 

plate was placed in an incubator thermally equilibrated to 37 °C. Each of the wells were irradiated 

for 10 min from above the plate with a continuous 808 nm laser (0.18 W∙cm -2). The supernatant 

was replaced with fresh media and the wells incubated overnight at 37 °C. The photothermal 

cytotoxicity was evaluated by MTT cell viability assay described above. 

 

Figure A.14. Photocytotoxicity of PTPhage and Croc in cancer cells A) Cell viability of 4T1 after 

treatment with PTPhage and Croc and PBS with and without radiation (808 nm,10 min, 0.18 W∙cm 

-2). B) Fluorescence images of Nuc Red 467-stained 4T1 cells after incubation with PTPhage and 

Croc for 4 h and being exposed to 808 nm laser for 10 min (0.18 W∙cm -2). Scale bar : 1000 µm. 
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In vitro LDH cytotoxicity assay  

T24 and 4T1 cells were seeded in a 96 well plate (100 µL/well) at a concentration of 1x10^5 

cells/mL a night before the experiment. PTPhage Qβ at concentration of 2 mg/mL and same dye 

concentration as Croc in triplicate were incubated for 4 h. 10 µL lysis buffer was added to the 

negative control cells for 30 mins. Added 100 µL working solution to each well and incubated the 

plate in the dark at room temperature for 30 mins. Follow by adding 50 µL of stop solution to all 

wells and read the plate at 490 nm. 

 

Figure A.15. Cell viability of T24 after 4h treatment with PTPhage , Croc and Qβ with and without 

radiation (808 nm,10 min, 0.18 W∙cm -2). 
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Figure A.16. Cell viability of 4T1 after 4h treatment with PTPhage, Croc and Qβ with and without 

radiation (808 nm,10 min, 0.18 W∙cm -2). 

 

H&E Staining of main organs and tumor tissue 

Mice treated with PBS, Croc, PTPhage and Qβ were sacrificed, and the lungs, heart, kidney, liver, 

and tumor were collected for histological study. The mouse organs were fixed in 4% formaldehyde 

solution, processed, and embedded in paraffin wax. Organs were sectioned at 4 μm using a Leica 

rotary microtome. The sections were then collect-ed and stained with hematoxylin and eosin 

(H&E) for pathological analysis. 
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Figure A.17. The representative H&E staining images of major tissues. 

 

Figure A.18. Representative IR thermal images of tumor-bearing mice treated with PTPhage and 

Croc at different NIR radiation times (808 nm, 0.18 W∙cm-2, 10 min) after intratumoral (i.t.) 

injection.
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Figure A.19. Tumor tissue temperature monitored by thermal imaging camera of mice treated with 

PTPhage, Croc, Qβ and PBS during 10 min 808 nm laser irradiation (0.18 W∙cm -2). 

 

 

Figure A.20. Treatment-induced toxicity was monitored by recording mouse body weight every 

day. (Note: body weight should not change more than 20% of initial weight during treatment time). 
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Figure A.21. Representative images of India-ink-infused lungs of Croc, PTPhage and PBS mice 

that white spot clearly demonstrate number of metastatic nodules per each group. 
 

Tissue TUNEL apoptosis assay.  

Tumor tissues were fixed and were then stained with Cell Meter™ TUNEL apoptosis assay kit.  

The signal was acquired with fluorescence microscope using a FITC and DAPI filter set.  
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Figure A.22. Evaluation of tumor cell apoptosis in vivo by TUNEL assay. representative images 

(at 100× magnification) of tumor sections from mice treated with PBS, Croc and PTPhage (green 

fluorescence of apoptotic cells and blue fluorescence of cell nuclei were detected using 

fluorescence microscope. B) H&E-stained tumor slices (at 40× magnification) collected from mice 

post different treatment, indicating lower nuclei count and cell density in PhotoPahge compared 

to other groups. 

 

Bone Marrow-Derived Dendritic Cells (BMDCs) Isolation.  

BMDCs were isolated from 6-week-old BALB/c mice based on protocol described [3] by Lutz et 

al with some modification. Mice were euthanized, and the femurs and tibiae were collected. The 

intact bones were soaked in 75 % (v/v) ethanol for disinfection and then washed with RPMI 1640 
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medium in a petri dish. Next, the femurs and tibiae were separated, and both ends of the femur 

bone were cut off with a sterile pair of sharp scissors. The bone marrow was flushed with Hanks' 

Balanced Salt Solution (HBSS) using a 1 mL syringe with a 29 G needle and passed through a 70-

μm nylon cell strainer until the bone turned from bright red to white. The collected cells were 

centrifuged 250 ×g for 8 min and the resulting pellet was resuspended in 3 mL of Red Blood Cell 

(RBC) Lysis Buffer, washed 3 times with RPMI 1640, and the cells were counted and plated with 

density of 1 × 106 cells in 9.8 mL culture medium (RPMI-1640 + 10% FBS + 20 mM 

penicillin/streptomycin). 0.2 mL of mouse recombinant granulocyte macrophage colony-

stimulating factor (rmGM-CSF) from stocks (1000 ng∙mL-1) was added and cells were incubated 

at 37 °C with 5% CO2. After three days, another 10 mL of the culture medium were added to the 

plate without removing any previous media and cells were incubated with a total of 20 mL culture 

medium for three more days. At day six and eight, half of the media (10 mL) was gently removed 

and centrifuged at 250 ×g for 5 min, then collected cells were resuspended in 10 mL fresh media 

(RPMI-1640 + 10% FBS + 20 mM penicillin/streptomycin) containing 200 ng∙mL-1 rmGM-CSF 

and then added back into the original plate. At day 10, cells were fed the same way as day six and 

eight (10 mL RPMI-1640 + 10% FBS + 20 mM penicillin/streptomycin) but this time, the amount 

of rmGM-CSF in the medium contained only 100 ng. mL-1. For complete maturation, the day 10 

non-adherent cells were collected by gentle pipetting, centrifuged at 300 ×g for 5 min at RT, and 

resuspended in 10 mL media containing 100 ng. mL-1 rmGM-CSF and then cultured for 24–48 

hours. At day 12, nonadherent cells were collected and centrifuged for 300 ×g, 5 min and counted 

by hemocytometer to culture 400,000 cells in 24 a well plate. DCs were treated with different 

concentrations of Qβ (50, 100 and 200 µg) and PBS as control and incubated for 24 h. The effect 
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of Qβ on bone marrow-derived dendritic cell maturation was evaluated by flow cytometry after 

staining with anti-CD11c, anti-CD80, and anti-CD86. The flow cytometry data were analyzed by 

FlowJo software and are illustrated in Figure A.23A. For evaluating the adaptive immunity 

triggered by Qβ, spleens were removed from 6-week old BALB/c mice and immediately shredded 

with tweezers and passed through a 70-μm nylon cell strainer using RPMI 1640 medium 

supplemented with 10% FB Essence, 1% penicillin-streptomycin, and 50 µm β-mercaptoethanol. 

The cells were centrifuged at 1,000 ×g for 5 mins. The red blood cells were then lysed with Red 

Blood Cell (RBC) Lysis Buffer for 5 mins at RT. The cells were centrifuged at 1,000×g for 5 mins. 

The splenocytes were washed 3× with clean media and counted by hemocytometer. After counting, 

1×106  cells were cultured in a 24 well plate and incubated with different concentration of Qβ (50, 

100 and 200 µg) for 24 h. Cells stained with anti-CD3, -CD4, -CD8, -CD44 and -CD62L and data 

analysis was carried out using FlowJo software with gating strategy shown in Figure A.24. 
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Figure A.23. In vitro immunostimulatory response of Qβ at different concentrations against 

BMDC and splenocyte isolates from BALB/c mice by flow cytometry (n=3). A) Bone marrow-

derived DCs were analyzed for expression of CD80, CD86, CD11c by flow cytometry after 

stimulated with different concentration of Qβ for 24h. B) Flow cytometric analysis of 

CD3+CD4+CD44+CD62L- splenocyte harvested from naïve mice and stimulated with different 

concentration of Qβ. C) Flow cytometric analysis of CD3+CD8+CD44+CD62L- splenocyte 

harvested from naïve mice and stimulated with different concentration of Qβ. 
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Figure A.24. Dot plot demonstrating gating strategies used to define A) CD11c+, CD80+ and 

CD86+ in tumor draining lymph node. B) CD3+, CD4+, CD8+ and CD8+CD44+CD62L- in 

splenocyte obtained from BALB/c mice bearing 4T1 tumor. C) CD4+ producing Foxp3 in 

splenocyte isolated from BALB/c mice bearing 4T1 tumor. 
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APPENDIX B 

EXTENDED DATA FOR CHAPTER 3 

MATERIALS 

(3,4-dibromomaleimide, N-methylmorpholine, methylchloroformate, Di-tert-butyl dicarbonate 

((Boc)2O), ethylenediamine, 6-bromohexanoic acid, triphenylphosphine, N-hydroxysuccinimide 

(NHS), and triethylamine were purchased from Sigma-Aldrich, Alfa Aesar, and Chem Impex. 

Potassium chloride, FBEssence, potassium phosphate monobasic, potassium phosphate dibasic, 

Dulbecco’s Modified Eagle’s Medium (6429), Tris base, sodium phosphate monobasic, tryptone, 

sodium phosphate dibasic, yeast extract, sodium dodecyl sulfate, sodium chloride, peptone, 

glycine, and Coomassie Brilliant Blue reagent were used without further purification. Reagents 

were purchased from Research Product International (Mt Prospect, IL, USA), VWR (Radnor, PA, 

USA), Chem-Impex Int’l (Wood Dale, IL, USA), Thermo Fisher Scientific (Waltham, MA, USA), 

and Sigma-Aldrich (St. Louis, MO, USA). siRNA HPLC purified siRNA luciferase(5’-

GAUUAUGUCCGGUUAUGUA[dT][dT]-3’antisense:3’ 

UACAUAACCGGACAUAAUC[dT][dT]-5’) was purchased from Sigma Aldrich.  

Size exclusion chromatography. Size exclusion chromatography was accomplished on an 

Agilent 1100 series HPLC system on a GS400SWXL (7.8 mm × 300 cm)   

column (flow rate 0.5 mL/min) using an aqueous mobile phase (0.1M Sodium Phosphate buffer, 

pH 7.4).  

Gel analyses. 10% Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was 

conducted on a BioRad Mini-PROTEAN Tetra Cell system. All electrophoresis protein samples 

were mixed with SDS loading buffer and heated to 95 °C for 5 min to ensure complete 
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denaturation. Molecular mass markers from Fisher Scientific were applied for approximation of 

the apparent molecular masses. Gels were run at 200V for 60 mins using SDS running buffer. Gels 

were imaged using a BioRad ChemiDoc Touch Imaging System. 1% agarose gels were used 

throughout the experiments. Experimental parameters for running the gel include the following: 

100 V, 30 mins, and a running solution consisting of 1× TBE buffer. Samples were prepared in 

50% glycerol.  

Fast protein liquid chromatography (FPLC). VLP purification was performed using a BIO-

RAD NGC Chromatography System. We used a size-exclusion Superose-6 Increase 10/300 GL 

column for all purification purposes. All trials used potassium phosphate buffer (1 M, pH 7.4) as 

eluting solution, a flow rate of 0.3 mL/min, and sample collection done at RT. All particles 

eluted between 12-14 mL.  

Transmission electron microscopy (TEM). Transmission electron micrographs were taken on a 

JEOL JEM-1400+ (JEOL, Tokyo, Japan) at 120 kV with a Gatan 4k × 4k CCD camera. 5 µL of 

the ~0.1 mg/mL desalted sample was placed on a 300 mesh Formvar/carbon-coated copper grid 

(Electron Microscopy Sciences, Hatfield, PA, USA), allowed to stand for 30 seconds, and 

wicked off with Whatman #1 filter paper. 5 µL of 2% uranyl acetate (SPI Supplies, West 

Chester, PA, USA) was placed on the grid, allowed to stand for 30 seconds, wicked off as before, 

and the grid allowed to dry completely in air. 

Dynamic-light scattering. Analysis was done with a UV-Vis Malvern Panalytical Zetasizer 

Nano ZS. A disposable microcuvette was used throughout the measurements. Experimental 

parameters included the following: 25 °C, a 175 ° scattering angle, a medium refractive index of 

1.33, a  633 nm laser and material refractive index of 1.51. 
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Centrifugations and purification: Centrifugations were conducted using a Fiberlite F10 rotor at 

19,510 ×g and a Sorvall Legend Micro 17 tabletop centrifuge at 17,000 ×g. General desalting 

and removal of other small molecules of biological samples were achieved using Amicon Ultra-

15, either 10 KDa or 100 kDa molecular weight cut off (MWCO) centrifugal filter units. Dialysis 

was performed using Fisherbrand™ Regenerated Cellulose Dialysis with a 3.5 kDa MWCO. 

Bradford assay: The amount of Qβ before and after bioconjugation was measured using the 

Bradford method with bovine serum albumin as the standard. All protein determination values 

were based on the average of triplicate measurements. 

Expression and purification of Qβ and Qβ(GFP). The expression and purification of Qβ VLPs 

was done by using a published procedure, which is reproduced here in brief. 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 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, ammonium sulfate was 

added to the supernatant to produce a final concentration of 2 mM, and the solution was incubated 

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 
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(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. 

Bioconjugation of TPP-DB to Qβ. Qβ solution was prepared in a 10 mM sodium phosphate 

solution (pH 5.00) and the disulfide bonds were reduced by addition of tris(2-carboxyethyl) 

phosphine (TCEP) (10 eq per disulfide) at RT for one hour (each Qβ has 180 disulfide bonds). 

20 eq of TPP-DB compound dissolved in 10% DMF was added to the reduced Qβ solution (1 

mg/mL). The reaction was incubated at RT overnight. The conjugated product was purified by 

centrifuge filter (4300 × g, 20 mins × 3, 10,000 MWCO) using 10 mM sodium phosphate 

solution (pH 5.00). 

Bioconjugation of TPP-NHS to Qβ. Qβ-TPP conjugates are not soluble and precipitate in 

phosphate buffer, so the reaction was done in HEPES buffer. TPP-NHS ester in DMF (20 eq) was 

added to Qβ in HEPES and incubated at room temperature for 6 h on a rotisserie. The conjugates 

were purified by centrifugal filter (4300 ×g, 20 mins ×3, 10,000 MWCO) or PD10 desalting 

column to get rid of excess small molecules using HEPES. 

Bioconjugation of DB-PEG to Qβ. Qβ was prepared in 10 mM sodium phosphate solution (pH 

5.00) and first reduced with 10 equivalents of TCEP, followed by the addition of 

dibromomaleimide-PEG (DB-PEG). The reaction was then left on a rotisserie overnight at RT 
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before purifying using centrifugal filter (4300 ×g, 20 mins ×3, 10,000 MWCO) or a PD10 desalting 

column with HEPES buffer. Conjugation of TPP-NHS with surface amines was then performed 

using the same method as bioconjugation of TPP-NHS to Qβ. 

Cytoplasm mimicking cleavage experiment. To evaluate the cytoplasm GSH-triggered release 

mechanism of the maleimide linker, we first labeled dibromaleimide with Fluorescein 

Isothiocyanate (FITC). To investigate the cleavage behavior of QB-M-FITC using an artificial 

cytoplasm environment, a solution of Qβ-M-FITC (2 mg/ml) was incubated in a solution of 20 

mM HEPES, 100 mM KCl, 1 mM MgCl2, 1 mM EDTA, pH 7.4 and 1 mM glutathione, which 

mimics cytoplasm conditions. The mixture was vortexed for 10 s, then incubated at 37 °C for 24 

h, and the DB-FITC release was monitored by size exclusion chromatography over 24 h.  

Cytotoxicity of Qβ(GFP)-DB-TPP. To investigate the cytotoxicity of Qβ(GFP)-DB-TPP on 

A549 cells, 100 µL of 2 mg/ml of the conjugated of Qβ(GFP)-DB-TPP and Qβ(GFP) was 

incubated in a 96 well plate with 105 cells for 4 h and the viability was compared to control cells 

by a standard colorimetric 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

assay. Cellular viability was determined based on the conversion of the water-soluble yellow MTT 

dye to an insoluble purple formazan over the course of 2 h. Formazan was then solubilized with 

100 µL of DMSO before reading the absorbance of each well at 570 nm (n = 3).  

Uptake of Qβ(GFP)-DB-TPP. To measure the uptake of Qβ(GFP)-DB-TPP on A549 cells, 500 

µL of 2 mg/ml of the conjugated of Qβ(GFP)-DB-TPP and Qβ(GFP) was incubated in a 24 well 

plate with 106 cells for 4 h. The cells were trypsinized with 1× trypsin-EDTA, moved to Eppendorf 

tubes, washed 3× with 1× PBS, fixed with 4% PFA for 15 mins at RT, washed 3× with 1× PBS, 

and transferred into cell culture tubes for analysis by flow cytometry. GFP fluorescence was 
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measured on a BD Bioscience LSRFortessa and the fluorescence intensity value of Qβ(GFP)-DB-

TPP and Qβ(GFP) were compared using FlowJo v10 software. 

Cytosolic delivery of Qβ(GFP)-M-TPP. To study the in vitro GSH sensitive behavior of 

Qβ(GFP)-DB-TPP, A549 cancer cells (105 cells) were seeded one night before experiment in 24 

well plate in serum free media DMEM, supplemented with 1% Pen-Strep cell culture media, and 

incubated at 37 °C, 5% CO2. Cells treated with either Qβ(GFP) and Qβ(GFP)-DB-TPP in 2 mg/ml 

concentration for 2 h before being washed 3× with serum free media and 3× with PBS. The cells 

were stained with DAPI for nucleus staining, or lysotracker blue DND imaged by epi fluorescence 

microscopy. 

Disassembly of Qβ Bacteriophages. To harvest coat proteins (CPs), 45 mg Qβ (2.5 mg/mL) in 

PBS was disassembled directly into monomers under denaturing conditions when treated with 10 

mM DTT for 15 min at RT. The solution was then centrifuged at 650 rpm (87 ×g) for 10 min and 

treated with 0.7 M MgCl2 for 1h to precipitate the RNA. The disassembled CP/RNA mixture was 

then centrifuged at 4,000 rpm (3,283 xg) (Allegra X-14R) for 10 min at 4 °C and the supernatant 

was collected for purification using a 100,000 MWCO spin column to remove capsids from CPs.  

Encapsulation of siRNA inside Qβ capsid. To assemble Qβ around siRNA, we modified a 

procedure reported by the Bachmann group.250 Coat proteins (1 mg/ml) were mixed with 0.24 

mg/ml siRNA in the presence of 1.0 M urea, 250 mM NaCl, and 2.5 mM DTT. The mixture was 

dialyzed at RT with 300 mL of 20 mM sodium phosphate and 250 mM NaCl (pH 7.2) using a 3.5 

kDa cut off cartridge. After 4 h of dialysis, DB-TPP (50 eq to CP) was added to the mixture and 

allowed to react for 1 h at RT, followed by dialysis with a 300 kDa cut off cartridge against 500 

mL of PBS. 
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Evaluation of in vitro RNA delivery using One Glo +Tox assay: HeLa cells expressing firefly 

luciferase (HeLa-Luc) were seeded (10,000 cells/well in opaque white 96-well plate) a day before 

the experiment and allowed to attach to the plate overnight in phenol red-free Dulbecco’s modified 

Eagle’s medium (DMEM). Then 100µl of 2mg/ml Qβ-M-TPP encapsulated anti-luciferase siRNA, 

naked siRNA, Qβ-M without TPP moiety encapsulated anti-luciferase siRNA, and Qβ-M-TPP was 

added to each well and incubated for 24 h. Firefly luciferase activity and viability were analyzed 

using One Glo + Tox assay kits. Briefly, this assay is a two-step procedure with an “add-mix-read” 

format that checks luciferase gene expression in viable cells. The first step is checking viability 

based on an AFC fluorophore that measures live-cell-protease activity. To test this, 20μl of 

CellTiter-Fluor™ Reagent (prepared as 5× solution using 10μl of GF-AFC Substrate in 2ml of 

Assay Buffer) was added to all wells, and mixed briefly with an orbital shaker at 500 rpm and 

incubated for 1h at 37°C. Then fluorescence was read using a fluorometer at 380–

400nmEx/505nmEm. The second part of the assay uses the ONE-Glo™ Luciferase Assay system 

to quantify the firefly luciferase reporter gene expression by measuring luminescence. For this 

purpose, 100μl of ONE-Glo™ Reagent was added to each well and incubated for 3 minutes, then 

luminescence was measured using a luminometer. 
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Synthesis of DB-amine 

 

 

Figure B.1. Synthetic pathway of Dibromomaleimide-triphenyl phosphonium linker.  

 

Synthesis of Methyl 3,4-dibromo-2,5-dioxo-2,5-dihydro-1H-pyrrole-1-carboxylate 

(Compound 2): 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 and methylchloroformate (0.30 ml, 3.9 mmol) was added 

to the mixture. 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 (liquid-

liquid extraction). The organic phase was dried over anhydrous MgSO4, filtered, and solvent was 

evaporated under reduced pressure to yield a pink solid. Yield: (1.15g, 3.70 mmol, 94%) 1H NMR 

(600 MHz, CDCl3) δ ppm 4.00 (s, 3 H). 13C NMR (600 MHz, CDCl3) δ ppm 54.85, 131.48, 146.99, 

159.30. 
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Figure B.2. 1H and 13C NMR of compound 2.  
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Synthesis of tert-butyl N-(2-aminoethyl) carbamate (Compound 3): To a solution of (Boc)2O 

(5.0 g, 23 mmol) dissolved in DCM (10 mL) was added a solution of ethylenediamine (30.63 ml, 

458.2 mmol) in DCM (50 mL) at 0°C. After addition, the mixture was allowed to reach RT for and 

stirred for 2 h. The organic phase was washed with water and dried over anhydrous MgSO4. The 

organic layer was separated and concentrated under reduced pressure. The residue was again 

dissolved in 20 mL of diethyl ether and 20 mL brine. 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 the solvent was evaporated under reduced pressure to yield the product as a yellow oil (2.24g, 

14.0 mmol, 60%). 1H NMR (600 MHz, CDCl3) δ ppm 1.44 (9H, s), 2.79 (2H, t, J=5.89 Hz), 3.16 

(2H, d, J=5.18 Hz), 5.46 (1H, bs). 13C NMR (600 MHz, CDCl3) δ ppm 28.33, 41.79, 43.36, 78.88, 

156.27. 
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Figure B.3.1H and 13C NMR of compound 3. 
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Synthesis of tert-butyl N-[2-(3,4-dibromo-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-y) ethyl] 

carbamate (Compound 4): To synthesize compound 4, compound 2 (1.050 g, 3.360 mmol) and 

compound 3 (0.5400 g, 3.360 mmol) were each dissolved in DCM (10 mL). The compound 3 

solution was slowly added to the compound 2 solution and allowed to stir for 2 h. The reaction 

was then washed, and the organic phase was separated, dried with anhydrous MgSO4, filtered, and 

then removed under reduced pressure. (0.60 g, 1.4 mmol, 51%) 1H NMR (600 MHz, CDCl3) δ 

ppm 1.39 (9H, s), 3.35 (2H, d), 3.74 (2H, d, J=2.27 Hz). 13C NMR (600 MHz, CDCl3) δ ppm 

28.29. 39.56, 79.84, 129.48, 156.07, 164.07. 

 

Figure B.4.1H and 13C NMR of compound 4 
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Figure B.5.1H and 13C NMR of compound 4. 

 

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

trifluoroacetate (Compound 5): 

To remove the Boc protecting group, compound 4 (1.0 g, 2.5 mmol) was dissolved in 20 mL of 

DCM/trifluoroacetic acid (TFA) (1:1), and the solution was stirred at RT for 1 h. Solvent was 

evaporated under reduced pressure to yield white crystals (0.90 g, 3.1 mmol, 81%). 1H NMR (600 

MHz, D2O) δ ppm 3.12 (2H, t, J=5.79 Hz), 3.81 (2H, t, J=5.83 Hz). 13C NMR (600 MHz, 

(CD3)2SO) δ ppm 37.21, 37.80, 129.86, 164.67.  
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Figure B.6. 1H and 13C NMR of compound 5. 
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Synthesis of (5-carboxypentyl)triphenylphosphonium (TPP-acid): 

 

A solution of 6-bromohexanoic acid (8.0 g, 41 mmol) and triphenylphosphine (11.3 g, 43.2 mmol) 

in 50 mL acetonitrile was refluxed under N2 nitrogen for 16 h. Upon cooling to room temperature, 

the product began to crystallize. The crystal product was filtered and washed with Et2O (4 ×30 

mL) to afford a white powder (14.4 g, 38.1 mmol, 93%). 1H NMR (600 MHz, CDCl3) δ ppm 1.69 

(6H, s), 2.43 (2H, t, J=3.15 Hz), 3.62 (2H, t, J=6.74 Hz), 7.75 (15H, m, J=6.29 Hz). 13CNMR (600 

MHz, CDCl3) δ ppm 21.81, 22.43, 22.77, 23.99, 29.49, 29.60, 34.32, 117.90, 118.47, 130.62, 

133.67, 135.16, 175.75 
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Figure B.7.1H and 13C NMR of TPP-acid. 
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Synthesis of (6-((2,5-dioxopyrrolidin-1-yl) oxy)-6-oxohexyl) triphenylphosphonium (TPP-

NHS): 

To a flask with (5-carboxypentyl) triphenylphosphonium (0.64g, 1.4 mmol   dissolved in 10 ml of 

DMF was added 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) (0.60 g, 3.8 mmol) and 

N-hydrosuccinimide (NHS) (0.49 g, 4.2 mmol). The reaction was stirred at RT overnight. the

solvent was evaporated under reduced pressure and the residue was further purified by silica 

chromatography (gradient 0–20% MeOH in DCM) to yield a white solid (0.25 g, 0.10 mmol, 37%). 

1H NMR (600 MHz, DMSO) δ ppm 1.62 (6H, m, J =14.90 Hz), 2.09 (2H, t), 2.66 (2H, t, J=7.26 

Hz), 2.82 (4H, d), 7.84 (15H, m, J=7.13 Hz). 13C NMR (600 MHz, DMSO) 20.40, 20.73, 21.79, 

23.79, 25.91, 30.26, 118.73, 119.29, 130.70, 134.09, 135.37, 170.71 
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Figure B.8. 1H and 13C NMR of TPP-NHS. 
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Synthesis of (6-((2-(3,4-dibromo-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl) ethyl) amino)-6-

oxohexyl)triphenylphosphonium. (TPP-DB): 

 

 

 

Compound 5 (0.18 g, 0.44 mmol) was dissolved in DMF (10mL), and triethylamine (TEA) (0.06 

mL) was added to solution and stirred for 0.5 h. TPP-NHS (0.23 g, 0.49 mmol) was dissolved in 

DMF (5 mL) and added to the stirred solution of compound 5 at 60 °C for 72h. The reaction 

mixture was cooled down to RT, solvent was removed, and crude were purified with basic 

alumina column under gradient of 0–10% MeOH:DCM. The solvent was removed and the 

product was collected (0.116 g, 0.177 mmol, 37%).  1H NMR (600 MHz, DMSO) δ ppm 1.45 

(6H, m, J=21.89 Hz), 2.73 (2H, t, J=3.86 Hz), 2.78 (2H, t), 2.90 (2H, t, J=3.54 Hz), 3.56 (2H, t), 

7.87 (15H, m, J=10.10 Hz), 8.22 (1H, bs). 13C NMR (600 MHz, DMSO) δ ppm 22.17, 24.23, 

29.99, 31.24, 32.33, 35.24, 37.15, 118.77, 119.33, 130.70, 134.07, 135.36, 162.78, 172.09. ESI) 

m/z: [M -Br] calculated for C30H30Br2N2O3P
+ 657.40; found, 657.14. 
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Figure B.9.1H and 13C NMR of TPP-DB. 
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Synthesis of dibromomaleimide-PEG: To a solution of compound 2 (0.1 g, 0.4 mmol) in 50 mL 

of DCM, methoxypolyethylene glycol amine 1000 (0.5 g, 0.5 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 (0.4 g, 0.3 mmol, 

64%). 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 (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 3,4-dibromo-1-(prop-2-yn-1-yl)-2,5-dihydro-1H-pyrrole-2,5-dione: DB-Alk 

was synthesized using a published procedure.64 Propargylamine (0.025 mL, 0.381 mmol) was 

added to a solution of compound 2 (0.100 g, 0.432 mmol) in 5 mL of DCM and stirred for 30 
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min. After stirring, 40 mL of DCM was added and the organic phase was dried over anhydrous 

MgSO4, filtered and solvent was removed under reduced pressure. Yield (0.097g, 0.331 mmol, 

0.387%) 1H NMR (600 MHz, CDCl3) δ ppm 2.27 (1H, s, J=2.43 Hz), 4.38 (2H, d, J=2.46 Hz). 

13C NMR (600 MHz, CDCl3) δ ppm 28.61, 72.58, 76.06, 77.15, 129.83, 162.66. HRMS: Mass 

calculated for [M+H]+. 291.8609, observed 291.8604. 
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Figure B.10.1H and 13C NMR of DB-Alk. 
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Synthesis of 2-azido-ethylamine: A solution of sodium azide (3.1 g, 47 mmol) in 13 ml of water 

was mixed with 2-Bromoethylamine hydrobromide (3.1 g, 15 mmol) and heated up to 80 oC for 

24 h. Then the mixture was cooled down to 0 oC in an ice bath and kept for 15 minutes to make 

the temperature homogenous in all parts of the mixture. Then, KOH (4.0 g, 71 mmol) was added 

to the stirred solution at 0o C. The mixture was then extracted with diethyl ether (4 ×16 mL). The 

organic phase was collected and dried over MgSO4 and filtered. The solvent was removed under 

reduced pressure at 35 oC to yield 1.18 g (13.7 mmol, 71%) of 2-azido-ethylamine. 1H-NMR 

(CDCl3, 600 MHz) δ: 3.35– 3.55 (t, 2 H), 2.84 – 2.86 (t, 2 H). 13C-NMR (CDCl3, 600 MHz) δ: 

54.73, 41.43. 
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Figure B.11.1H and 13C NMR 2-azido-ethylamine. 
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Synthesis of fluorescein-azide: 5-(3-(2-Azidoethyl)thioureido)-2-(6-hydroxy-3-oxo-3H-

xanthen-9-yl)-benzoic acid [FITC-Azide] was synthesized as reported in the literature.294 A 15 

mL MeOH solution of fluorescein isothiocyanate (150 mg, 0.77 mmol) was mixed with 500 µL 

of TEA and 2-azidoethyl amine (65.0 mg, 0.535 mmol). The mixture was then stirred overnight 

at room temperature. The solvent was evaporated under vacuum and the dark orange powder was 

collected (0.115 g, 0.242 mmol, 81% yield).). 1H-NMR (CD3OD, 600 MHz) δ: 7.93 (s, 1 H), 

7.71 – 7.72 (d, 1 H), 7.24 – 7.25 (d, 1 H), 7.17 – 7.19 (d, 2 H), 6.62 (s, 4 H), 3.86 (s, 2 H), 3.62 

(s, 2 H).13C-NMR (CD3OD, 500MHz) δ: 9.14, 47.58, 51.15, 103.76, 113.87, 128.62, 131.64 , 

141.63, 156.88, 172.13, 183.17. 
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Figure B.12.1H and 13C NMR of fluorescein-azide.  
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Determination of conjugation yield using Ellman’s assay: Ellman’s reagent solution was 

prepared by dissolving 4 mg of Ellman’s reagent in 1 mL of reagent buffer (0.1 M sodium 

phosphate buffer, pH 8.00 with 1 mM EDTA). To make working solution, 125 μL of prepared 

Ellman’s reagent was added into 6.25 mL of reagent buffer. 25 μL of 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 B11). The unfunctionalized cysteine concentrations of 

Qβ conjugates were obtained from the standard curve. The reaction yield was calculated using: 

𝑌𝑖𝑒𝑙𝑑% = (1 −
𝑐1

𝑐2
) ∗ 100% 

𝑐1: cysteine concentration of Qβ conjugates  

𝑐2: cysteine concentration of Qβ before reaction 

 

 

Figure B.13. Ellman’s assay calibration curve. The standards cysteine concentrations 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) 
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Figure B.14. ζ potential variation of Qβ before and after M-TPP conjugation  

 

Labeling Qβ-Maleimide with FITC (Qβ-M-FITC): To label Qβ-Maleimide with FITC to test 

cytoplasm mimicking experiment by monitoring FITC fluorescence, first Qβ is decorated with 

dibromomaleimide-alkyne (DB-Alk). 3 mg stock of purified Qβ was reduced using 10 eq. of 

TCEP HCl (1h, RT). To the solution of reduced Qβ, 2 mL of 0.1 M NaP buffer (pH 5) along 

with 20 eq. of DB-Alk in DMF (20 µL) was added that appeared as a bright yellow fluorescent, 

the solution incubated at RT, overnight. The resulting solution was washed (3×) in a 10 K 

MWCO centrifugal spin column with 0.1 M NaP buffer (pH 5) three times. Next FITC-azide was 

conjugated to the alkyne group on the Qβ surface through copper catalyzed azide–alkyne 

cycloaddition (CuAAC) click chemistry. To do that, 10 μL of FITC-N3 in DMF (16.2 mM) was 

added to 1 ml of 1 mg/ml Qβ-M-alkyne then 15 μL of CuSO4·5H2O (5 mg, 4 mM) was 

premixed with 30 μL THPTA (22.0 mg, 41.5 mM) and added to the reaction mixture. Lastly 150 

μL of aminoguanidine HCl (11.0 mg, 99.5 mM) was added followed by 150 μL of sodium 

ascorbate (2.00 mg, 13.3 mM). The solution was mixed for 4 h on a rotisserie. The resulting 

solution was washed (3×) in a 10 K MWCO centrifugal spin column with 0.1 M potassium 

phosphate buffer (pH 7). 
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Figure B.15. Characterization of Qβ-M-FITC conjugate using A) 1% agarose gel electrophoresis, 

showing a shift toward positive electrode due to negative charge of FITC B) SEC and C) DLS 

shows unchanged size distribution of 31.70 nm ± 11.7 with PDI: 0.103. 

 

 

Figure B.16. Mimicking the cytoplasm cleavage by subjecting Qβ-M-FITC to a solution of 20 mM 

HEPES, 100 mM KCl, 1 mM MgCl2, 1 mM EDTA, pH 7.4 and 1 mM glutathione The mixture 

was vortexed for 10 s then maintained at 37 °C for 24 h. M-FITC release was monitored by size 

exclusion chromatography. 
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Artificial cytoplasm cleavage: After a successful conjugation of maleimide-FITC linker to Qβ, 

the cytosolic cleavage ability of Qβ-M-FITC system was checked ex vitro. A solution that would 

approximate the of cytoplasm (20 mM HEPES,100 mM KCl, 1 mM MgCl2, 1 mM EDTA, pH 7.4, 

1 mM, glutathione, 37 °C) was prepared. Cytoplasm solution (20 μl) was added to a solution of 

Qβ-M-FITC (380 μl of 0.2 mg/ml) and incubated at 37 °C for 24 h. Cleavage of MA-FITC from 

Qβ was monitored by size exclusion chromatography at 490 nm. 

Fluorescence microscopy studies: 1×105 A549 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 one day before experiments. 

2 mg/ml of Qβ(GFP) and conjugate formulations were prepared in serum-free cell media and 

incubated with cells at 37 °C, 5% CO2 for 4 hours. Cells were washed three times with serum-

free cell media three times and three times with 1× DPBS, followed by nucleus staining 

(DAPIThermo Fisher Scientific) or LysoTrackerat 37 °C for 30 min. Cells were then washed 

with 1×DPBS three times before imaging. All the samples were imaged using an epi 

fluorescence EVOS fl microscope. Filter setting: GFP-UV (laser: 405 nm, filter: 500 nm to 540 

nm) (Qβ (GFP) and Qβ GFP) conjugates), Cy5 (nucleus). Images were processed using ImageJ.  
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Figure B.17. Fluorescence micrographs of Qβ(GFP) and Qβ(GFP)-M-TPP in live A549 cells 

where the Qβ(GFP)-M-TPP shows entry into the cytosol, while the green fluorescence in Qβ(GFP) 

is quenched by acidic environment of endosome. Color code: green: Qβ(GFP). Scale bar = 50 μm.  

 

 

Figure B.18. Nuclei staining of A549 cells treated with Qβ(GFP)-DB-TPP and Qβ(GFP). 

Fluorescence micrograph showing cytosolic delivery of Qβ(GFP)-DB-TPP. Scale bar:10µm. 
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Figure B.19. Fluorescence micrograph of A549 cells with Qβ(GFP)-TPP and Qβ(GFP). 

Lysotracker in blue; particles in green. Scale bar = 50 μm. 

 

 

 

 

Figure B.20. Characterization of disassembled Qβ. A) Native agarose gel electrophoresis 

SYBRGold stained showing removing E. coli RNA in Qβ, (Right) Protein-stained bands show a 

positive nature for CP by moving toward negative electrode vs Qβ B) Coomassie stained SDS-

PAGE of Qβ and coat protein showing reduction of crosslinked hexameric and pentameric subunit 

after disassembly. C) TEM micrographs of disassembled Qβ display denatured capsid. D) Size 

exclusion chromatography profile of Qβ and CP analyzed by absorbance at 280 nm. 
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Figure B.21. A) protein-stained native agarose (1%) analysis of reassembled, disassembled, and 

intact Qβ showing clear reformation of VLP band after reassembly. Through the protein band 

integrity and moving toward positive electrode C) Transmission electron microscopy imaging 

revealed that reconstituted Qβ-M-TPP carrying siRNAs structurally forming unchanged 

icosahedral particles. D) Cysteine standard curve related to Ellman assay 78% conjugation 

efficiency is calculated.  
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APPENDIX C 

EXTENDED DATA FOR CHAPTER 4 

 

Material and Methods: 

Ethylenediaminetetraacetic acid (EDTA), 2-methylimidazole, potassium phosphate dibasic, 

potassium phosphate monobasic, sodium bicarbonate, sodium carbonate, sodium chloride, sodium 

hydroxide, sodium phosphate dibasic, sodium phosphate monobasicand zinc acetate dihydrate 

were purchased from Sigma-Aldrich (St. Louis, MO, USA), Thermo Fisher Scientific (Waltham, 

MA, USA), or VWR (Radnor, PA, USA), and used without further modification. 

Fluorescence 

Fluorescence measurements were taken using a Tecan Spark 20M plate reader. 

Scanning Electron Microscopy 

SEM was performed on a ZEISS Supra 40 Scanning Electron Microscope (Zeiss, Oberkochen, 

Germany) with an accelerating voltage of 2.5 kV and a working distance of 6.7 to 15.3 mm. 

Samples were sputtered with a 37 Å layer of gold. 

Transmission Electron Microscopy 

Transmission electron micrographs were taken on a JEOL JEM-1400+ (JEOL, Tokyo, Japan) at 

120 kV with a Gatan 4k × 4k CCD camera. 5 µL of the ~0.1 mg/mL desalted sample was placed 

on a 300 mesh Formvar/carbon-coated copper grid (Electron Microscopy Sciences, Hatfield, PA, 

USA), allowed to stand for 30 seconds, and wicked off with Whatman #1 filter paper. 5 µL of 2% 

uranyl acetate (SPI Supplies, West Chester, PA, USA) was placed on the grid, allowed to stand for 

30 seconds, wicked off as before, and the grid allowed to dry completely in air. 

 



140 

Figure C.1. 1% Agarose gel characterizing conjugation of Cy7 to anti-CTLA4 . Left) Unstained 

agarose show a bright fluorescence in Cy 7 infrared fluorescent detection channel imaged by 

Typhoon Right) Coomassie stained band of Cy7-anti-CTLA4 in same spot with fluorescent 

band. 

Figure C.2. 1% Agarose gel characterizing conjugation of Cy7 to anti-CTLA4 . Left) Unstained 

agarose show a bright fluorescence in Cy 7 infrared fluorescent detection channel imaged by 

Typhoon Right) Coomassie stained band of Cy7-anti-CTLA4 in same spot with fluorescent 

band. 
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Figure C.3. Encapsulation efficiency of Cy7-anti-CTLA4 in ZIF measured by fluorescence of the 

supernatant (λex = 730 nm). 
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Thesis Title: Chemically tuned virus like particles: from cancer therapy to targeted delivery 

Master of Science in Chemistry (2014) 

Shiraz University, Shiraz, Iran. 

Advisor: Prof. Hemmateenejad 

Bachelor of Science in Chemistry (2012) 

Shiraz University, Shiraz, Iran. 

Advisor: Prof. Hemmateenejad 

Research Experiences 

Scientist-Intern in GC Therapeutic, Cambridge, MA. Aug. 2021-Current 

• Intern-scientist: working on developing flow cytometry panel for programing STEM cells to

different therapeutic relevant cells. Cellular characterization of produced cells using ELISA,

different cellular and immunoassay.

Researcher at Ligand Binding Assay Lab at Pfizer, Groton, CT. May 2021-Aug. 2021 

• Associate researcher: study the affinity interaction of protein-drug and investigate their

binding mechanism through protein biotinylation and investigating kinetic behavior using

Octet and ELISA platforms.

Graduate Research Scientist (Doctor of Philosophy) Aug. 2017-Nov 

2021 University of Texas at Dallas, Department of Chemistry and Biochemistry 

Advisor: Dr. Jeremiah J. Gassensmith 

Graduate student researcher incorporating chemistry, biology, and immunology 

concepts/techniques on nano/biomaterials to fabricate systems with new and improved 

ability in biomedical applications as demonstrated in design and development of 

immunophotothermal virus based anti-tumor agent against primary-metastasis tumor, 

sustained release vaccine formulations against bacteria and melanoma cancer and 

developing intracellular protein and siRNA delivery systems. I characterized and assayed 

these formulations in vitro and in vivo through various immunological assays.
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Graduate Research Assistant (M.S., Analytical Chemistry) Aug.2012 to May 
2014 Shiraz University, Department of Chemistry 

Advisor: Prof. Bahram Hemmateenejad 

• In Prof. Hemmateenejad group, I studied the capacity of metal-based composites for assay 

development to act as a superior sensitive method for bioanalytes such as protein and 

antioxidant detection and determination. I specifically applied the gold nanocluster and 

cationic cyanin dye for colorimetric measurement of protein. The assays showed a large 

range of response (pM-µM) and were used for kidney disease diagnosis. 

 
Undergraduate Research Assistant Aug. 2008-May 
2012 Shiraz University, Department of Chemistry 

Advisor: Prof. Bahram Hemmateenejad- Dr. Fatemeh Shakeri-Shirazi 

• Undergraduate researcher worked on designing a cost-effective and rapid method for the 

visual detection of analyst (kinetic and studies) based on the video-image analysis and 

chemoinformatic techniques on the partial least squares (PLS) and principal component 

analysis-artificial neural network (PC-ANN) models. 

Publications 

1. Shahrivarkevishahi,A, Luzuriaga,M, Castro,F, Tumac,A, Brohlin,O, Wijesundara,Y, 

Gassensmith,J.J. PhotothermalPhage: A Virus-based Photothermal Therapeutic Agent. JACS 

2021. 

 
2. Jenica L Lumata, Darby Ball, Arezoo Shahrivarkevishahi, Michael A Luzuriaga, Fabian C 

Herbert, Olivia Brohlin, Hamilton Lee, Laurel M Hagge, Sheena D’Arcy, Jeremiah J Gassensmith. 

Identification and physical characterization of a spontaneous mutation of the tobacco mosaic virus 

in the laboratory environment. Scientific reports. 2021.11,10. 

 

3. Luzuriaga, M. A.; Herbert, F. C.; Brohlin, O. R.; Shahrivarkevishahi, A.; Wijesundara, Y. H.; 

Veera, K.; Benjamin, C. E.; Popal, S.; Burton, M. D.; Ingersoll, M. A.; De Nisco, N. J.; 

Gassensmith, 

J. J.; “A Whole Cell Metal-Organic Framework Encapsulated Vaccine Against Septicemic 
UPEC Infection” ACS Nano, 2021. 

 

4. Michael A Luzuriaga, Arezoo Shahrivarkevishahi, Fabian C Herbert, Yalini H Wijesundara, 

Jeremiah J Gassensmith. Biomaterials and nanomaterials for sustained release vaccine delivery. 

Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2021. 

 

5. Shahrivarkevishahi,A, Tumac,A, Brohlin,O, Gassensmith,J.J. Endosomal escape and 

Intercellular siRNA delivery using glutathione sensitive virus like particle. Submitted.2021 
 

6. Lee, H.; Shahrivarkevishahi, A.; Lumata, J. L.; Luzuriaga, M. A.; Hagge, L. M.; Benjamin, 

C.E.; Brohlin, O. R.; Parish, C. R.; Firouzi, H. R.; Nielsen, S. O.; Lumata, L. L.; 

Gassensmith, J. J., Supramolecular and biomacromolecular enhancement of metal-free magnetic 

resonance imaging contrast agents. Chemical Science, 2020, 11, 2045-2050. 
 

7. Herbert, F. C.; Brohlin, O. R.; Galbraith, T.; Benjamin, C. E.; Reyes, C. A.; Luzuriaga, M. A.; 
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Shahrivarkevishahi, A.; Gassensmith, J. J.; “Supramolecular Encapsulation of Small- Ultra Red 

Fluorescent Proteins in Virus-Like Nanoparticles for Non-Invasive In Vivo Imaging Agents” 

Bioconjugate Chem., 2020, 31 (5), pp 1529–1536. 
 

8. Brohlin, O. R.; Benjamin, C. E.; Shahrivarkevishahi, A.; Gassensmith, J. J.; “Nanoparticles for 

Biomedical Applications: Chapter 11 - Virus like particles: fundamental concepts, biological 

interactions, and clinical applications” Elsevier, 2020, 153-174. 

 

9. Benjamin, C.E.; Chen,Z.; Brohlin,O.R.; Lee, H; Shahrivarkevishahi, A; Boyd, S., Winkler, D; 

Gassensmith, J.J.; Using FRET to Measure the Time it Takes for a Cell to Destroy a Virus. 

Nanoscale, 2020, 12, 9124-9132. 
 

10. Luzuriaga, M. A.; Welch, R. P.; Dharmarwardana, M.; Benjamin, C. E.; Li, 

S.;Shahrivarkevishahi, A.; Popal, S.; Tuong, L. H.; Creswell, C. T.; Gassensmith, J. J., Enhanced 

Stability and Controlled Delivery of MOF-Encapsulated Vaccines and Their Immunogenic 

Response In Vivo. ACS applied materials & interfaces, 2019, 11, 9740–9746. 
 

11. Hemmateenejad, B.;* Shahrivarkevishahi, A.; Shakerizadeh-Shirazi, F., Reversible 

Photobleaching of Gold Nanoclusters: A Mechanistic Investigation. The Journal of Physical 

Chemistry C, 2016, 120, 28215–28223. 
 

12. Hemmateenejad, B.; * Shahrivarkevishahi, A.; Shakerizadeh-Shirazi, F.; Rouhani, S.; 

Mohamadi- Gharaghani, F., A time-insensitive colorimetric sensor for the determination of total 

protein. RSC Advances 2016, 6, 52026-52033. 
 

13. Hemmateenejad, B.; Shakerizadeh-Shirazi, F.; Heidari, S.; Shahrivarkevishahi, A., Digital 

videometrics analysis for the kinetic determination of dopamine in the presence of ascorbic acid 

based on the formation of silver nanoparticles. Analytical Methods, 2015, 7, 6318-6324. 

 

 

Meeting and Conferences 

The 2021 RSC poster conference (Virtual) 2021 

2nd Annual Immune Modulation & Engineering Symposium (Virtual) 2020 

ACS National Meeting, Orlando, FL. 2019 

ACS National Meeting, San Diego, CA. 2019 

ACS National Meeting, Boston, MA. 2018 

Technical Proficiency 

Techniques: 

Flow Cytometery: Solid background and experience in the development of multi-parameter flow 

cytometry assays. Independently sets up assay-specific application settings and compensation 

matrices on a flow cytometer and monitors instrument and assay performance. Advanced 

knowledge of flow cytometry data analysis software (FlowJo). 

 

Cell Characterization: Experience working with aseptic skills/technique for culturing wide range of 

cell lines including cancer cells (B6F10, 4T1, HeLa, etc.), immune cells, transfected cells 

(HEK293T/17, Vero-E6), and primary cells isolated from animal source (DCs, splenocyte, etc.) and 
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all immune cells including NK, T reg, Macrophages, DCs, Gamma Delta, etc. following best 

practices including subculturing, cell banking, cell harvest and processing. 

Cell functional characterization assays (stimulation, suppression, viability, immunocytochemistry, 

proliferation and cytokine measurements) 

Ligand Binding Assays: ELISA, Octet. Imaging: Laser confocal microscopy, EPI Fluorescence 

microscopy. 

Protein and VLPs Composite Characterization: Circular Dichroism, Dynamic Light Scattering, 

Nanodrop, HPLC/FPLC, Fluorimeter, UV-Vis. 

 

In vivo: Mice handling, tumor implantation, surgery, injection (subcutaneous, 

intramuscular, intravenous injection), bone marrow cell isolation, organ harvesting and 

single suspension. 

 
Organic Synthesis: Chromatography methods, flash column, TLC, NMR, Analytical and 

preparative HPLC, mass spectroscopy. 

 
Computer/ IT: E-Lab book Asana, E-Lab journal, FlowJo, Adobe Illustrator, Chemdraw, 

Chimera, TopSpin, Graph Pad, Origin, Image J, Image Lab, Microsoft Office. 

 

TEACHING EXPERIENCE 
 

 

• Undergraduate Research Mentor Sindhu 
Ponnam, The University of Texas at Dallas 
2021- current 
- Project: Developing tumor vaccine based on 

sustained release of tumor lysate. 

• Undergraduate Student Research Mentor 

Abhinay Varma Adlooru, The University of 

Texas at Dallas 2020–current 

- Project: Enhancing immune checkpoint inhibitor efficiency using 
Immunophotothermal system 

• Undergraduate Student Research Mentor 

Alisia Tumac, The University of Texas at 

Dallas 2018-2020 
- Project: Design and development of intracellular delivery systems 

• Undergraduate Student Research Mentor 
Chayton T Creswell, The University of 
Texas at Dallas 2017-2018 

- Project: Virus like particle cellular cytosolic delivery using fusogenic and thermal 

liposomal formulations 

• Teaching Lab Lecturer- The University of 

Texas at Dallas 2018-2019 

-Inorganic Chemistry Lab 

• Teaching Lab Assistant- The University of 

Texas at Dallas 2018-2021



 

 

 




