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ABSTRACT OF THE DISSERTATION 

 

Development of Liposomal and Silica Nanoparticles for Oncolytic Viral Gene 
Therapy and Cancer Immunotherapy 

by 

 

Natalie Mendez 

 

Doctor of Philosophy in Materials Science and Engineering 

 

University of California, San Diego, 2017 

 

Professor Andrew C. Kummel, Chair 

 

Nanoparticle technologies have been emerging as drug-loaded carriers since they may 

be engineered to actively or passively target cancer cells, reduce toxicity and side effects, 

improve drug stability and pharamacokinetics, and enhance drug potency. Although 

substantial progress has been made over the years, some limitations include rapid clearance, 

altered drug potency, and non-specific uptake by healthy tissues. Studies have shown that 

size, shape, material and composition of a nanoparticle can dramatically alter its efficacy, 
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toxicity, and biodistribution, among other functions. To address this, two different drug 

delivery systems, liposomal and silica-based nanoparticles, have been designed as drug 

delivery vehicles for oncolytic viral gene therapy and cancer immunotherapy, respectively. 

Oncolytic viruses (OVs) constitute a promising class of cancer therapeutics which 

exploit validated genetic pathways known to be deregulated in many cancers. To overcome 

antibody neutralization and to enhance its efficacy, a method for liposomal encapsulation of 

adenovirus was developed. The encapsulation of adenovirus in non-toxic anionic lecithin-

cholesterol-PEG liposomes ranging from 140 to 180 nm in diameter were prepared by self-

assembly around the viral capsid. Furthermore, an immunoprecipitation (IP) technique was 

developed as a fast and effective method to extract non-encapsulated viruses and homogenize 

the liposomes remaining in solution. 78% of adenovirus plaque forming units were 

encapsulated and retained infectivity after IP processing. Additionally, encapsulated viruses 

showed to enhance transfection efficiency compared to non-encapsulated Ads.  

In addition, a silica-based nanoparticle system was developed to enhance the efficacy 

of a Toll-like receptor 7 agonist (TLR7). TLR7 agonists have gained great interest in cancer 

research due to their antitumoral activity and are being investigated as potent adjuvants to 

treat cancer. A TLR7 agonist, 1V209, was conjugated to 100nm silica nanoparticles and its 

properties were assessed using various analytical methods and in vitro and in vivo assays. 

These studies showed that the immunostimulatory properties of 1V209 were enhanced when 

conjugated to 100nm silica nanoshells both in vitro and in vivo. Both liposomal and silica-

based nanoparticle platforms showed to enhance the properties of oncolytic viruses and 

cancer immune adjuvants, respectively.  



1 
 

INTRODUCTION 

Cancer is a complex, multifactorial disease which remains one of the world’s most 

devastating diseases, with more than 10 million new cases every year1. Currently, first line of 

therapy treatments include surgical tumor removal, radiation, and/or chemotherapy, however 

there are several limitations to these treatment regimens. Some limitations include incomplete 

removal of the tumor and inability to remove metastatic disease using surgical procedures, 

complications from surgery, damage to healthy tissues, systemic toxicities, chemotherapy 

resistance, exposure to radioactive material, and reduced quality of life. Most treatments are 

designed to either directly kill quickly dividing cells using chemotherapeutic drugs or to 

remove resectable tumors using surgical procedures. Significant scientific progress in the field 

of oncology has been made over the years which has led to remarkable advances in cancer 

prevention, early detection, and treatment, including targeted therapy, immunotherapy, gene 

therapy, and nanotechnology.  

In particular, oncolytic viral (OV) therapy has made significant progress in the past 

decade. Oncolytic replication–selective viruses can be directed at several mechanisms of 

action and exploit genetic pathways known to be deregulated in many cancers2.  Viral cancer 

gene therapy holds great promise due to the approach which takes advantage of the virus’ 

ability to specifically replicate within cancer cells to levels that are many logs higher than the 

input dose, lyse the infected cell and subsequently spread to adjacent cells without damaging 

normal cells3-5. Attributable to their therapeutic potential, OVs have been rapidly translated 

into human clinical trials in patients with advanced cancer6-10 where their safety has been 

demonstrated. In 2015, Imlygic (talimogene laherparepvec, T-VEC, Amgen) was the first 
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oncolytic viral therapy to receive FDA-approval. Imlygic is a genetically modified weakened 

form of Herpes Simplex Virus Type 1 (HSV-1) oncolytic virus used for the local treatment of 

unresectable cutaneous, subcutaneous and nodal lesions in patients who experience melanoma 

recurrence after initial surgery11. Although Imlygic did not shown to improve overall survival 

or have an effect on visceral metastases, it did demonstrate to have therapeutic benefit by 

significantly increasing the durable response rate11,12. A number of other oncolytic viruses 

have shown clinical therapeutic activity such as GM-CSF-expressing vaccinia (JX-594; 

Jennerex Inc.), Modified Measles Virus (MV-NIS), and ONYX-015 (Adenovirus, Shanghai 

Sunway Biotech Co., Ltd)8,9,13,14. A diverse range of viruses have been investigated as 

potential cancer therapeutics, and each has its own benefits and limitations15. In particular, 

replication-selective adenoviruses (Ads) possess a number of advantages5,16,17. Human Ads 

are well characterized and are associated with relatively mild diseases, their genomes can be 

easily manipulated, and they can be produced at high titers5,18,19. Additionally, the adenovirus 

entry receptor, CAR (coxsackie and adenovirus receptor), is over-expressed in many tumor 

cells including lung cancer, cervical cancer, endometrial cancer, ovarian cancer, urinary 

bladder cancer, thyroid adenoma and carcinoma, basalioma, larynx carcinoma, Warthin's 

tumor, and neuroblastoma20. Additionally, replication of adenoviruses occurs in the S phase, 

which is typically enriched in cancer cells21.  

An E1A/E1B-deleted virus (ONYX-015) has been extensively studied in head and 

neck, gastrointestinal, ovarian, brain, pancreatic and breast cancer and has been approved for 

treatment of head and neck cancer in China (H101)9,10,13,22-34. Following ONYX-015 

administration, studies demonstrated that the therapy was well-tolerated by intratumoral, 

intraperitoneal, intravenous, and intraarterial administration, however the therapy lacked 
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adequate potency to be applicable as a single therapeutic agent. One of the key limitations of 

OV treatment results from the ability of the host to rapidly shut down viral replication which 

include the presence of neutralizing antibodies and the rapid recognition by the innate 

immune system4. The use of nanotechnology to improve OV therapy has gained interest 

because masking oncolytic viruses in a nanoparticle gives them the ability to escape immune 

recognition. For systemic delivery, targeted nanoparticles may focus the viral load primarily 

to tumor cells, including metastatic tumors, in order to ensure a productive initial infection 

and reduce off-target uptake. 

Additionally, cancer immunotherapy has gained much interest due to several 

advancements made in the field of immuno-oncology over the past few decades. In 2003, it 

was shown that administration of an antibody targeting the inhibitory T-cell costimulatory 

molecule, CTLA-4, could mediate cancer regression in patients with metastatic melanoma35. 

In 2010, a Phase III clinical trial demonstrated a survival benefit for melanoma patients 

treated with anti-CTLA (Ipilimumab), with or without a peptide vaccine which resulted with 

approval from the FDA in 201136.  Another inhibitory target, lymphocyte receptor 

programmed cell death 1 (PD-1) demonstrated clinical benefits in 2012, especially among 

PD-L1 positive patients, which led to FDA approval in 201437. Additionally, in 2017, the 

FDA announced the approval of Kymriah (tisagenlecleucel) for the treatment of certain 

pediatric and young adult patients with a form of acute lymphoblastic leukemia (ALL). 

Kymriah is a genetically-modified autologous T-cell immunotherapy. The patient’s T-cells 

are collected and genetically modified to include a new a chimeric antigen receptor that 

directs the T-cells to target and kill leukemia cells that overexpress CD19 on the surface. This 

first-in-class therapy showed an 83% overall remission rate in patients with B-cell precursor 
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acute lymphoblastic leukemia (ALL) that is refractory or in second or later relapse38. Aside 

from immune checkpoint inhibitors, adoptive cell therapies and cancer vaccines have also 

continued to make significant progress in the recent years. For instance, administration of 

autologous peripheral blood mononuclear cells activated ex vivo (Sipuleucel-T vaccine) to 

patients with hormone-refractory prostate cancer showed a modest benefit in overall survival 

which led to FDA approval in 201039.  

As highlighted above, there are several approaches for cancer immunotherapy 

including checkpoint inhibitors, cancer vaccines, adoptive therapy and gene therapy. The 

potential to harness the immune system’s ability to fight tumors is one of the reasons for 

growing interest in cancer immunotherapy40. One such approach is to use the innate immune 

system, specifically dendritic cells to present tumor antigens, and thereby generate tumor-

specific immunity. To date, there has been modest progress developing cancer 

immunotherapies which utilize an innate immune response approach41. Some limitations 

include the limited availability of tumor-associated antigens and the inability to make them 

more immunogenic by making them more recognizable by the patient’s immune system. 

Better understanding of the key role of dendritic cells (DC) to initiate immune responses 

against cancer cells has helped elucidate the basis for generating more effective antitumor 

immune responses. DCs have shown the ability to prime T cells capable of recognizing and 

eliminating tumor, leading to immunologic memory with protection against subsequent tumor 

challenges42. One approach to achieve better immune responses against tumors is by finding 

ways to activate and differentiate DCs into mature antigen presenting cells (APCs), capable of 

presenting tumor antigens to T cells40. By harnessing the capacity of DC to present tumor 

antigens to T cells, DCs may serve as a focus of an immunotherapeutic approach to cancer. 



5 
 

An effective adjuvant can help the maturation of DCs leading to expression of MHC class I 

and II, CD80 and CD86. Delivery of adjuvants such as Toll-like receptor (TLR) agonists or 

DC activation signal via CD40 enables the concomitant maturation of vaccine-engulfing 

DCs43,44.  

Adjuvants enhance the magnitude, breadth, quality and longevity of specific immune 

responses to antigens, however they do not have lasting immune effects in the absence of a 

cancer antigen45. For cancer vaccine therapy, adjuvants are essential to boost the desired 

immune response to weak antigens in order to overcome various tolerance mechanisms and 

facilitate induction of cytotoxic T lymphocytes (CTLs) that can recognize and lyse cancer 

cells. The most common adjuvants in current vaccines are aluminum salts (alum), and oil-in-

water emulsions (AS04) which are used to boost humoral responses against infectious 

diseases. Alum adjuvants stimulate Th2 responses by inducing the endogenous danger signal 

uric acid and activating DCs via the inflammasome46,47. While many of the currently used 

adjuvants are very effective for infectious disease, they mainly drive potent Th2 responses, 

hence the development of new adjuvants which drive a Th1 type immune response is needed 

for induction of long-term immunological memory against cancer48.  

There is a growing number of recombinant or synthetic adjuvants that are in 

development and are being tested both in preclinical studies and clinical trials. The most 

commonly studied adjuvants in preclinical models uses an agonistic antibody against CD40 or 

Pattern Recognition Receptor (PRR) ligands. CD40 is expressed by a broad range of cells 

including DCs, B cells, monocytes, macrophages among other cell types. Anti-CD40 

antibodies has shown to upregulate co-stimulatory molecules, production of pro-inflammatory 
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cytokines and facilitates cross-presentation of antigens when it is engaged with the CD40 

receptor on DCs49. Combining anti-CD40 therapy with tumor antigen vaccines against DCs is 

one approach to treat cancer44.  Antibody-based adjuvants, such as anti-CD40 therapy, are 

relatively expensive adjuvants and TLR adjuvants are good and potentially cheaper 

alternatives which have shown to promote antitumor immune responses50. TLR adjuvants are 

potent stimulators of innate and adaptive immune responses which promote production of 

Th1-related cytokines, drive DC activation and maturation, and initiate and regulate antigen 

processing resulting in efficient cross-presentation of exogenous antigens to T cells51. Current 

clinical trials are assessing the use of synthetic adjuvants such as TLR ligands Hiltonol (poly-

ICLC) and resiquimod (R848) in various cancer patient populations.  

In particular, TLR7 agonists such as imidazoquinoline compounds, have gained great 

interest in cancer research due to their antitumoral activity and are being investigated as 

potent adjuvants to treat cancer52,53. TLR7-mediated signaling has shown to enhance anti-

cancer immunity by evoking an effective immune response mediated by antigen presenting 

cells (APCs), such as DCs, against tumor antigens54. Signaling through TLRs can result in 

cytokine production and polarization of CD4+ helper, CD8+ effector, and Treg cell responses. 

Particularly, stimulation of TLR7 can provoke a strong Th1 biased immune response through 

the activation of plasmacytoid DC and myeloid DC subsets. It modulates antigen recognition, 

capture, and internalization, it controls endogenous protein synthesis and degradation which 

affects downstream functions including antigen loading and presentation50. In addition, TLR 

signaling results in production of cytokines that skew Th1 cell polarization and initiates DC 

migration towards lymph nodes. Furthermore, targeting different DC receptors generates 

quantitatively and qualitatively different immune responses. Many efforts have been made to 
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develop cancer vaccines and studies have shown that the stimulation of the innate immune 

system with a suitable adjuvant is critical for cancer immunotherapy55. Therefore, a potent 

adjuvant is a crucial component of cancer vaccines, as it can break the immunotolerance in 

the tumor microenvironment by initiating a potent anti-tumor immune response. One 

approach to developing novel adjuvants is by loading an immune adjuvant to nanoparticles. 

We hypothesized that conjugation of a synthetic TLR7 agonist, 1V209 to silica 

nanoparticles could modify and/or enhance the immune responses through efficient and 

localized activation of innate immune responses. Several groups have begun to investigate 

how nanoparticle delivery systems affect the properties of immune adjuvants including 

polymeric, liposomal and inorganic nanoparticles, amongst others56. Nanoparticle carriers 

have the potential to improve cancer vaccines by enhancing the potency of the adjuvant, 

protecting the adjuvant from premature enzymatic degradation, enhancing absorption of the 

adjuvant and/or antigen into the tumor tissue either through the Enhanced permeability and 

retention (EPR) effect or via active targeting using targeting ligands, and by modifying the 

pharmacokinetic (PK) and tissue distribution profile of the adjuvant and/or antigen after 

administration56.  

Silica (SiO2) nanomaterials have gained much attention due to their broad range of 

potential biomedical applications which include bio-imaging, drug delivery, biosensors, and 

therapeutic ablation57-59. Characteristics that make SiO2 nanoparticles a promising material are 

their well-established surface modification chemistry, high surface area, large pore volume, 

high stability in storage, and in vivo stability60, 61. Many studies have evaluated the toxicity of 

various SiO2 nanoparticle formulations. The size, shape, morphology, charge, and surface 
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properties among other factors of a nanoparticle can dramatically affect its biodistribution and 

toxicology59. For instance, solid SiO2 materials with amorphous particle morphology may 

cause hemolysis of red blood cells, which raises concerns regarding their safety in the 

clinic62,63. In particular, one study investigated the impact of SiO2 nanoparticle design on 

cellular toxicity and hemolytic activity up to 500 µg/ml by evaluating the effect of geometry, 

size, porosity, and surface charge of SiO2 nanoparticles in vitro.64 It was shown that the 

toxicity of SiO2 nanoparticles is influenced by surface charge and pore size and that cellular 

toxicity is cell-type dependent.  

Several in-vivo studies have been performed to assess the toxicity of SiO2 

nanoparticles. They show that SiO2 nanoparticles can cause inflammatory responses and 

hepatotoxicity which are influenced by factors such as dose, particle size, surface area, 

charge, and particle formulation64-69. Before new nanomaterial formulations can be applied 

safely in a clinical setting, their efficacy, biocompatibility, and biodistribution need to be 

assessed. Despite the numerous studies of the toxicology of various forms of SiO2 

nanoparticles, the toxicity of each formulation must be assessed before being translated to the 

clinic, since nanoparticle properties depend strongly on their composition, size, shape, and 

surface chemistries68. In the present study, the toxicity and long-term biodistribution of 

calcined 500 nm SiO2 nanoshells and Fe-SiO2 nanoshells, which have been shown to be 

biodegradeable in vitro, are investigated when administered IV to mice at a clinically relevant 

dose. One attractive characteristic of hollow SiO2 nanoshells is that due to their hollow core, 

more particles can be administered on a per mass basis. Approximately 70% of the nanoshell 

is hollow, therefore, on average an equivalent of three times more particles can be 

administered on a mg/kg basis compared to solid nanoparticles of the same size. The particles 
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are calcined, which offers long term stability for storage, and their nanoporous shell wall 

permits influx and efflux of drugs, gases, and other small molecules. These characteristics 

allow for this platform to potentially be used as an ultrasound contrast agent or for drug 

delivery70-72. Other platforms such as solid nanoparticles cannot carry gases due to their solid 

core, therefore solid nanoparticles do not have color Doppler ultrasound capabilities. In 

addition, 500nm nanoshells have demonstrated to have good ultrasound imaging capabilities 

which is partly the reason why their toxicity is being evaluated in this study.  By 

understanding the toxicology effects of new nanomaterial formulations, nanoparticles can be 

designed for decreased toxicity thereby creating more efficacious and safe therapeutic and 

diagnostic agents.  

In addition to 500nm silica particles, we develop and characterized a 100nm hollow 

silica nanoparticle, termed “nanoshells”, specifically capable of inducing robust TLR7 

specific stimulation. 100nm nanoshells were selected due to their larger surface area to 

volume ratio. The synthesis, screening and characterization of 1V209-nanoshell conjugates is 

described in the present study. The study showed that when TLR7 agonist, 1V209, is 

conjugated to a silica nanoshell, the immunopotencies of the conjugated agonist is enhanced. 

In vitro and in vivo studies demonstrated that the 1V209-nanoshell conjugates are more potent 

than their free drug counterparts. 

In these studies, several nanoparticles were developed specifically for their 

concomitant application. In the following chapters, an anionic lecithin liposomes formulation 

was developed to enhance the transfection efficiency of adenovirus serotype 5 (Ad5) for 

improved oncolytic viral therapy, the biodistribution and toxicology of 500nm SiO2 and Fe-
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SiO2 nanoshells was assessed to potentially be used as a drug delivery system and/or a 

multimodal platform with ultrasound contrast agent capabilities, and a 100nm SiO2 nanoshell 

conjugated to 1V209, a TLR7 agonist, to be used as an immune adjuvant for cancer 

immunotherapy.   
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Chapter 1: Encapsulation of Adenovirus Serotype 5 in 

Anionic Lecithin Liposomes Enhances Transfection 

Efficiency 

Oncolytic replication–selective viruses (OVs) can be directed at several mechanisms 

of action and exploit genetic pathways known to be deregulated in many cancers2.  Viral 

cancer gene therapy holds great promise due to the approach which takes advantage of the 

virus’ ability to specifically replicate within cancer cells to levels that are many logs higher 

than the input dose, lyse the infected cell and subsequently spread to adjacent cells3-5. 

Attributable to their therapeutic potential, OVs have been rapidly translated into human 

clinical trials in patients with advanced cancer6-10 where their safety has been demonstrated. A 

number of oncolytic viruses have shown clinical therapeutic activity such as GM-CSF-

expressing vaccinia (JX-594; Jennerex Inc.), HSV (Oncovex; Biovex Inc.), and ONYX-015 

(Adenovirus, Shanghai Sunway Biotech Co., Ltd) 8, 9, 13. Replication-selective adenoviruses 

(Ads) possess a number of advantages5,16,17. Human Ads are well characterized and are 

associated with relatively mild diseases, their genomes can be easily manipulated, and they 

can be produced at high titers5,18,19. Following positive initial pre-clinical studies of ONYX-

015 which has a deletion of the viral E1b-55k gene, clinical trials were conducted in head and 

neck, gastrointestinal, ovarian, brain, pancreatic and breast cancer as well as oral dysplasia 

using local injections9,10,13,22-34. Following ONYX-015 administration, studies demonstrated 

that the therapy was well-tolerated by intratumoral, intraperitoneal, intravenous, and 

intraarterial administration, however the therapy lacked adequate potency to be applicable as a 
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single therapeutic agent. Hedjran et al. demonstrated that TAV-255, an E1A enhancer deletion 

vector, possessed enhanced potent oncolytic activity and tumor selectivity73.  In addition, OVs 

can be further enhanced by inserting therapeutic genes such as GM-CSF to improve efficacy 

74,75. GM-CSF expressing vectors are effective in generating systemic immunity against a 

number of poorly immunogenic tumors causing long-lasting antitumor immunity76. Despite 

these advances, the utility of OVs for treatment of metastatic disease is limited by restricted 

distribution of the virus to the tumors cells due to (1) rapid clearance by the 

reticuloendothelial (RE) system in the liver and (2) neutralization by antibodies.  

OVs are promising agents to combine with nanoparticle delivery approaches because 

of their ability to escape immune recognition. In systemic delivery, targeting with 

nanoparticles may focus the viral load to the primary tumor cells as well as metastatic tumors 

to ensure a productive initial infection.  Conventionally, encapsulation of negatively charged 

Ads in positively charged, cationic liposomes or particles have been used to overcome rapid 

clearance from the circulation to evade the immune barrier77. Despite the promising in vitro 

results, cationic liposomal encapsulation in vivo have been hindered by toxicities, low tissue 

specificity, and poor serum stability due to incompatibility with the abundance of negatively 

charged macromolecules present in the physiological environment78. To overcome these 

shortcomings, anionic liposomes may be used for encapsulation of Ad. Zhong et al. reported a 

calcium-induced phase change method to encapsulate adenovirus5 (Ad5) into anionic 

liposomes and showed that anionic encapsulation in liposomes enhanced the transfection 

efficiency of Ad5, significantly improved gene expression in murine airway tissues when 

delivered in vivo by intratracheal instillation, and provided protection from neutralizing 

antibodies79,80. Gene expression of apical cells infected with Ads encapsulated in anionic 
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liposomes was 6-fold higher compared to naked virus79. Zhong et al. used a negatively 

charged cholesterol derivant, cholesteryl-hemisuccinate (CHEMS), egg phosphatidylcholine 

(PC) and cholesterol for liposomal encapsulation. In addition, the research group has shown 

that folate targeting may be used as a targeting ligand for airway epithelial cells81.  

With the aim to enhance the delivery of viral vectors, a non-toxic material, refined 

lecithin, a mixture of phosphatidylcholine, phosphatidylethanolamine, inositol phosphatides, 

and other phospholipids as well as cholesterol and polyethylene glycol-2000 (PEG2000) were 

employed to encapsulate Ad5. Additionally, an immunoprecipitation technique was 

implemented to extract non-encapsulated adenovirus in solution to assure that all viruses are 

protected from immune recognition. The encapsulation efficacy, transfection efficiency and 

effectiveness to protect against neutralizing antibodies in serum were evaluated for the 

anionic liposome-adenovirus complex.  
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1.1: Materials and methods 

1.1.1: Cell culture 

HEK293A human embryonic kidney cells and A549 human lung carcinoma cells were 

obtained from American Type Culture Collection (ATCC, Manassas, VA). Cells were 

cultured with Dulbecco’s-modified Eagle’s medium (DMEM) supplemented with 10% fetal 

bovine serum (FBS) and 1% Penicillin Streptomycin Glutamine (PSG). 

1.1.2: Synthesis of Lecithin liposomes using lipid film hydration method 

Refined Lecithin (Alfa Aesar, Ward Hill, VA) or DOTAP (Avanti polar lipids, 

Alabaster, Al), Cholesterol (Sigma-Aldrich, St. Louis, MO), and DSPE-PEG(2000)carboxylic 

acid (Avanti polar lipids, Alabaster, Al) suspended in chloroform at 10mg/ml were mixed in 

7ml amber vials at a 2:1:0.1mM ratio, respectively. The mixtures were placed under vacuum 

overnight resulting in dry lipid films. The films were hydrated drop wise while vortexing with 

400µl of adenovirus-CMV-GFP (Baylor College of Medicine, Houston, TX) suspended in 

phosphate buffered saline (1X PBS) at 5X1010viral particles/ml (vp/ml). For empty liposomes, 

lipid films were hydrated dropwise with 400µl of 1X PBS. A small magnetic stirring rod was 

added, and the hydrated films were stirred for 30 min at 4°C. The samples were subsequently 

transferred to eppendorf tubes and placed in an ultrasonic water bath (Fisher Scientific, Model 

FS11011) for 10min at 4°C. The suspension was stored at 4°C until ready for use resulting in 

lecithin:cholesterol:PEG-adenovirus liposomes (Lec_Ad), empty lecithin:cholesterol:PEG 

liposomes (empty_Lec), and DOTAP:cholesterol:PEG0-adenovirus liposomes (DOTAP_Ad). 
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1.1.3: Immunoprecipitation of non-encapsulated adenovirus 

12.5µl of 1µg/ml anti-hexon IgG (Thermo Scientific, Rockford, IL) was added to 20 

µl of Lec_Ad, DOTAP_Ad, or empty_Lec and vortexed at 4ᵒC for 1 h. 25µl of 2µm 

nonporous superparamagnetic Protein G beads (New England BioLabs) were washed with 

1ml of 0.1M sodium biphosphate, resuspended in 80 µl and added to the sample containing 

anti-hexon IgG mixed with Lec_Ad, DOTAP_Ad, or empty_Lec. The mixture was vortexed 

for 1 h at 4ᵒC. A magnet was used to pellet the magnetic beads, and the supernatant was 

transferred to a clean, sterile tube. From herein, lecithin:Chol:DSPE-PEG2000 or 

DOTAP:Chol:DSPE-PEG2000 liposomes following immunoprecipitaiton processing using 

magnetic beads will be defined as Lec_Ad +IP, DOTAP_Ad +IP, and empty_Lec +IP. 

Samples were used for liposome-cell transfection experiments on the same day of preparation. 

1.1.4: Viral titer determination 

To quantify the virus titer, a plaque forming assay was performed as described by 

Clontech Adeno-X Expression System (Mountain View, CA). Briefly, HEK293A cells were 

plated overnight at 1x 106 cells/well on 6-well tissue culture plates pre-coated with Collagen 

(Biocoat, Falcon). 1/10 serial dilutions of Ad stock or Lec_Ad +IP were prepared and 10µl 

aliquots were added to cells. The cells were infected for 6 hours, overlaid with agar, and 

monitored for plaque formation. At day 11, plaques were stained with 0.1%v/v MTT (Sigma) 

for 3 hrs at 37°C and plaque forming units per ml (pfu/ml) was determined. The number of 

isolated plaques were counted, and the following formula was used to determine the titer 

(pfu/ml) of the viral stock and the titer of encapsulated adenovirus after immunoprecipitation 
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(Lec_Ad + IP). pfu
ml

= plaques ÷ (DF × V), where DF= dilution factor, and V= volume of 

diluted virus added to the well. At least two different wells with different serial dilutions were 

counted to ensure consistency. The viral particles per ml (vp/ml) was provided by the 

manufacturer (Baylor College of Medicine, Houston, TX). The vp/ml of Ad stock and 

Lec_Ad +IP was 5X1012 and 8.8X109 vp/ml, respectively. 

1.1.5: Characterization of liposomes 

Liposomes were characterized by dynamic light scattering using Malvern Zetasizer 

nano series (Model Zen3600, Malvern Instruments, Inc) to measure the intensity weighted 

mean hydrodynamic diameter, zeta potential (ξ), and polydispersity. 

1.1.6: Serum-Induced particle aggregation 

Human serum (Innovative Research, Novi, MI) was incubated in 96-well plates at 37 

°C and 5% CO2 for 1 hr before use for decomplementation. Lec_Ad or DOTAP_Ad  

liposomes were incubated in whole serum at a 1:1 v/v ratio. The final concentration of 

Lec_Ad and DOTAP_Ad was 1.4mg lipid/ml and 1.3mg lipid/ml, respectively. All samples 

contained a final viral particle concentration of 5 x 1010 vp/ml. Samples were incubated in 

50% human serum and aggregation was monitored for 24hrs by measurement of absorbance 

at 560 nm at 37 °C using a Tecan Infinite M200 microplate reader. 

1.1.7: Transfection efficiency of Adenovirus  

A549 cells were plated overnight at 1 x 105 cells/chamber (1.7 cm2/chamber) (BD 

Falcon, Bedford, MA) for fluorescence microscopy experiments or at 1 x 104 cells/well in a 
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96-well plate (Greiner bio-one, Germany) for fluorescence spectroscopy experiments; cultures 

were incubated at 37°C and 5% CO2 in DMEM media supplemented with 10% FBS, 1%PSG. 

Ad, Lec-Ad, DOTAP-Ad, and Lec-empty samples before and after immunoprecipitation (-IP, 

+IP, respectively) were added to cells at a multiplicity of infection (MOI) ranging from 0.43 

to 43 and incubated for 48 hours at 37°C and 5% CO2. For fluorescence microscopy analysis, 

cells were washed two times in 1X PBS and fixed with 2% paraformaldehyde. The slides 

were sealed with ProLong Gold Antifade reagent (Invitrogen) and imaged using a Zeiss Axio 

Examiner.Z1 microscope (AlexaFluor488 filter). For fluorescence spectroscopy analysis, cells 

were re-suspended in 100µl of 1X PBS and fluorescence intensities were measured using a 

Tecan Infinite M200 microplate reader at an excitation λ of 480 nm and an emission λ of 520 

nm.  

1.1.8: Neutralization Assay of Encapsulated Ad5  

Blood was collected from 129/sv mice containing high neutralizing antibodies due to 

repeated i.t injection of Ad5. Blood was collected in EDTA vacutainers, centrifuged at 

25,000rpm for 15 min and plasma was collected. Plasma was stored at -80ᵒC until ready for 

use. A549 cells were plated at 10,000 cells/well in a 96-well plate overnight. Ad5, Lec_Ad5, 

or Lec_Ad5 after immunoprecipitation of non-encapsulated viruses (Lec_Ad5 +IP) were 

incubated with anti-adenovirus whole antiserum for 1 hour at 37°C diluted to 1/16X followed 

by ½ serial dilutions. Plasma was first decomplemented for 30min at 56ᵒC. 10µl of plasma 

was added to cells at corresponding concentrations up to 1/256 followed by addition of Ad, 

Lec_Ad, or Lec_Ad +IP. Samples were incubated with cells for 24 hours at 37ᵒC and 5% CO2. 

Cells were re-suspended in 100µl of 1X PBS and fluorescence intensities were measured 
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using a Tecan Infinite M200 microplate reader at an excitation λ of 480 nm and an emission λ 

of 520 nm. 

1.1.9: Folate Targeting 

Lecithin:Cholesterol:DSPE-PEG2000/folate liposomes encapsulating Ad5 were 

prepared as mentioned above. The total moles of DSPE-PEG2000 and DSPE-PEG2000-folate 

was kept constant (0.1mM); however, the ratio between the two was varied. These ratios 

consisted of DSPE-PEG2000 to DSPE-PEG2000-folate at 0:0.1mM, 0.01:0.09mM, 

0.03:0.07mM, 0.05:0.05mM, 0.07:0.03mM, and 0.1:0mM, respectively.   
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1.2: Results  

1.2.1: Viral determination after Immunoprecipitation 

A plaque forming assay was employed to determine the viral titer before and after 

encapsulation. The number of plaques was counted at two different dilutions for Ad stock and 

Lec_Ad +IP, as shown in Table 1. The stock adenovirus titer was an average of 5.3 x 109 

pfu/ml, and the viral titer diluted to the same concentration of samples after IP processing was 

an average of 9.4X106 pfu/ml. Since encapsulated virus is diluted during IP processing 

(Lec_Ad+IP), the titer of naked Ad is calculated as pfu/ml at +IP concentration. (The dilution 

factor for IP processing is 1/562.6). The viral titer for Lec_Ad +IP samples was determined to 

be an average of 7.3 x 106pfu/ml. Therefore, 78% of adenovirus plaque forming units were 

encapsulated and retained infectivity after IP processing. The data is consistent with a high 

encapsulation of Ad after hydration and IP processing.   

1.2.2: Characterization 

Adenovirus encapsulated in anionic lecithin and cationic DOTAP liposomes were 

characterized using dynamic light scattering and electrophoretic light scattering as shown in 

Table 2. The hydrodynamic diameter of naked Ad5 was 123nm with a negative charge of -

21mV. After encapsulation in lecithin or DOTAP liposomes, the charge was -59mV and 

+44mV, respectively. Before immunoprecipitation (IP), lecithin-adenovirus complexes 

(Lecithin-Ad) were 180nm in size with a high polydispersity index (PDI = 0.7). After IP, the 

size was reduced to 143nm and the liposomes became more monodispersed (PDI = 0.3). An 

accurate charge measurement for Lec_Ad +IP, empty Lec_Ad +IP, and DOTAP_Ad +IP 
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samples was not obtained due to the sample being too dilute for an accurate zeta potential 

measurement. The IP step was incorporated in order to extract non-encapsulated viruses from 

solution.  In addition to an extraction method, the IP technique also served as a 

homogenization step. For proof of concept, the size of empty lecithin liposomes was 

measured before and after IP. The size of empty liposomes was reduced from 738nm to 

138nm, and the polydispersity was reduced from 0.6 to 0.4. The hydrodynamic diameter and 

PDI measurements for Ad +IP is not shown due to poor dynamic light scattering 

measurements that result in a low correlation coefficient. These results are consistent with Ad 

being effectively extracted from solution and the count being too low for an accurate 

measurement.  

1.2.3: Serum-induced particle aggregation 

Serum stability of anionic Lec_Ad liposome complexes and cationic DOTAP_Ad 

liposome complexes was assessed in healthy human serum at 1:1 v/v as shown in Figure 1.  

The final viral particle concentration was 2.5X1010vp/ml for all samples. The final lipid 

concentration for Lec_Ad and DOTAP_Ad liposome formulations were 1.4mg lipid/ml and 

1.3mg lipid/ml, respectively. There are abundant negatively charged serum components 

present in serum which caused cationic DOTAP_Ad complexes to aggregate over time; 

conversely, Ad5 encapsulated in anionic lecithin liposomes did not aggregate.  

1.2.4: Transfection Efficiency  

A549 cells strongly express the Coxsackie virus and Adenovirus Receptor (CAR) 

which enables entry of Ad5 into the cells, and these cells are high permissible to infection. 
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A549 cells were transfected with Ad5, Lec_Ad5, or DOTAP_Ad5 before and after 

immunoprecipitation (IP) at MOI 2.2, 4.3, 10.75, 21.5 and 43pfu/ml as shown in Fig 2. After 

IP of naked adenovirus (Ad +IP, red circles), viral protein expression (eGFP) was reduced to 

zero which showed that the IP method is effective in extracting non-encapsulated viruses. At a 

wide range of tested MOIs, the transfection efficiency of Ad5 was enhanced when 

encapsulated in anionic lecithin-Chol-PEG-Ad liposomes (Lec_Ad +IP, purple triangles) 

compared to naked Ad, DOTAP_Ad, and Lec_Ad before IP. Lec_Ad +IP was the most 

effective at transfecting cells most likely due to reduction of size and homogenization after 

immunoprecipitation. In addition, anionic liposomes may enter through an alternative 

endocytotic pathway which may be more effective and more abundant than the CAR receptor. 

Before IP, Ad5 encapsulated in DOTAP was effective (DOTAP_Ad, orange diamonds); 

however, after IP (DOTAP_Ad +IP, black circles), viral protein expression was reduced to 

background signal only. This suggests that Ad encapsulated in DOTAP is not fully 

encapsulated or that the IP step is disrupting the cationic liposome layers due to some charge 

interactions but not affecting anionic liposomes.   

The retention of transfection efficiency and size stability of naked Ad5 and Ad5 

encapsulated in lecithin liposomes was evaluated at day 1 and 5 as shown in Figure 3. When 

Ad5 is stored in PBS at 4°C for 5 days, the virus loses its complete ability to transfect. 

However, when Ad5 is encapsulated in lecithin liposomes and stored at 4°C, substantial 

transfection efficiency is retained. In addition, the size distribution of the liposomes before IP 

remains the same over several days and the size of liposomes after IP is stabilized after 

several days however the polydispersity is slightly increased from PDI= 0.3 to 0.4.  
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1.2.5: Neutralization Assay 

Mice were inoculated with adenovirus every three days for three weeks and terminally 

bled. Plasma which contained a high neutralizing antibody (nAb) titer was collected, 

decomplemented, and diluted to 1:16 followed by ½ dilutions up to 1:512. Plasma 

concentrations higher than 1:16 showed high toxicity resulting in high cell death therefore 

plasma samples were diluted to at least 1:16 (data not shown). Plasma was added to cells 

followed by addition of Ad, Lecithin_Ad, or Lecithin_Ad +IP. As shown in Figure 4, naked 

Ad was neutralized at all plasma concentrations. Lecithin_Ad before immunoprecipitation 

was neutralized even at more dilute concentrations (1:512). This suggests that not all viral 

particles were fully coated before IP. With non-encapsulated Ad, the neutralizing plasma had 

a nearly complete inhibitory effect even at a dilution of 1:512. However, incubation of the 

neutralizing plasma with Ad encapsulated in lecithin after IP (Lecithin_Ad +IP) at this 

concentration had a more limited effect on the transfection efficiency where >95% inhibition 

was achieved for Ad incubated with 1:512 plasma whereas only 33% of viral expression was 

lost for Lecithin_Ad +IP at the same concentration. This suggests that Lecithin_Ad +IP is 

protected from neutralizing antibodies however, protection from neutralization of Lecithin-Ad 

+IP is directly relative to the concentration of circulating antibodies in plasma.  

1.2.6: Folate Targeting 

DSPE-PEG-folate was incorporated into lecithin-Ad5 liposomes during the dry lipid 

film step at a concentration of 0.03mM DSPE-PEG-folate and 0.07mM DSPE-PEG. The 

folate receptor is known to be overexpressed in many cancer cells. Specifically, 74% of 

adenocarcinomas (NSCLC subtype) exhibit positive folate receptor α expression which makes 



23 
 

folate an attractive targeting ligand for lung cancer. A549 cells were transfected with Ad, 

lecithin_Ad, and lecithin-folate-Ad before and after IP. At all folate concentrations of 0.01 - 

0.1mM before IP, all liposomes displayed large size and large size distributions (PDI =0.5-

0.9). After IP, all lecithin-folate-Ad complexes were reduced in size and PDI. Some 

aggregation was observed at folate concentration higher than 0.03mM (PDI >0.3); therefore, 

for cell experiments, a molar concentration of 0.03mM DSPE-PEG-folate was employed. 

Incorporation of folate led to an increase in transfection efficacy after immunoprecipitation, as 

shown in Figure 5. This effect may be due to the synergy of reduced size of the liposome 

following IP processing and targeting.    
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1.3: Discussion 

Various adenoviral vectors are promising agents with considerable potential as gene 

therapeutics for a broad range of diseases. Cancer-specific immune stimulation by cytokine-

expressing oncolytic Ads hold great promise. Several cytokines such as granulocyte-

macrophage colony-stimulating factor (GM-CSF), IL-2, IL-12, IL-18, and IL-24 have shown 

therapeutic potency and antitumoral effects82,83. Systemic administration of 

immunostimulatory cytokines have shown systemic toxicity which is dose and schedule 

dependent84. Cytokine-expressing oncolytic Ads provide a sustained cytokine release which 

can elicit an antitumor immune response which may lead to reduced toxicity82. The 

underlying principle of this approach is that OV replication of Ads in tumor tissue will induce 

tumor cell death and release tumor antigens. The released antigens would then lead to tumor-

specific T cells activation and generate a persistent and systemic antitumor response74.  

For the treatment of metastatic cancer, systemic delivery of the virus is required to 

reach metastatic sites. Despite promising pre-clinical results of Ads as selective cancer 

therapeutics, Ads have shown limited efficacy in the clinic. Intravenous administration has 

shown to result in sequestration in the liver due to macrophage uptake and pre-existing 

neutralizing antibodies5,85. This is due to recognition of surface viral proteins, primarily 

directed against the hexon protein86,87. Viral protein modifications have shown limited success 

due to a reduced titer yield 88, impairment of intracellular vector particle trafficking, loss of 

infectivity, and requirement of retargeting after modification89-91. Coating the virus with 

phospholipids or polymer has shown the ability to evade the immune system and increase the 

delivery to the tumor locale92,93.  
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Cationic liposomes and cationic polymers exhibit high transfection efficiencies 

however are substantially toxic following administration94-96. A new approach described in 

this manuscript consists of encapsulation of adenovirus in a non-toxic anionic lecithin-

cholesterol-PEG/folate liposome. PEGylation has shown to increase the circulation time in 

vivo, hence having the potential to extend the interaction time between the encapsulated virus 

and the tumor97,98. Lecithin is a combination of naturally-occurring phospholipids which 

mainly consists of phosphatidylcholine (PC), phosphatidylethanolamine (PE) and 

phosphatidylinositol (PI). The proposed liposome-Ad5 structure which is energetically 

favorable is that zwitterionic and cationic phospholipids interact with the negatively charged 

adenovirus capsid thereby confining them to the inner leaflet of the liposome as shown in 

Scheme 1.  Conversely, the negatively charged phospholipids such as inositol phosphatides 

localize on the outer leaflet of the liposome due to electrostatic interactions. Cholesterol is 

energetically favorable in the interstitial sites of the leaflet and liposomal stability and cargo 

retention has shown to be dependent on their cholesterol content99. PEG2000 chains localize 

on the surface of the liposome complex and PEGylation is known to increase the circulation 

half-life during systemic delivery100. This study has shown that the lecithin liposome-Ad5 

complexes result in enhancement of transfection efficiency, are protected from anti-hexon 

antibodies during IP processing, and are protected from neutralizing antibodies in human 

serum in a concentration-dependent manner when compared to naked Ad5.  

In addition, an immunoprecipitation technique was implemented to extract non-

encapsulated viruses from solution in order to ensure evasion from the immune system during 

the initial injection. After encapsulation in lecithin:Chol:DSPE-PEG or DOTAP:Chol:DSPE-

PEG liposomes, complexes were incubated with anti-hexon IgG followed by incubation with 



26 
 

2µm magnetic Protein G beads to extract non-encapsulated viruses using a magnet as shown 

in Scheme 2. Complete encapsulation reduces the risk of an adverse immune response when 

administered at a higher dose and reduces clearance from the bloodstream due to neutralizing 

antibodies.  These studies have shown that the method described results in particle size 

reduction, full coating of the virus, effective incorporation of targeting, and evasion of 

neutralizing antibodies when encapsulated in anionic liposomes in a serum concentration-

dependent manner; it is noted that evasion of neutralizing antibodies in-vivo may require 

additional optimization. Partial neutralization of Lecithin-Ad5 +IP was observed at high 

plasma concentrations which may be due to leakage of Ad5 from liposomes in the presence of 

plasma components at high concentrations or exposed viral capsids which leads to recognition 

by neutralizing antibodies in plasma. A higher cholesterol and PEG content may be evaluated 

to improve liposomal stability.    

This study has shown effective transfection efficiency even without targeting. Folate 

targeting further enhanced uptake in folate-expressing cells. Bearing in mind that the fiber and 

penton viral proteins and masked after encapsulation, it is speculated that lecithin-Ad 

liposomes are entering via an alternative pathway which do not utilize CAR. A better 

comprehension of the cellular uptake of the adenovirus lipoplexes may allow for the 

development of an improved viral gene delivery platform. Further investigations of 

circulation time and tumor accumulation after intratumoral and intravenous administration is 

needed to assess the efficacy of the platform in vivo. 
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1.4: Conclusion 

In summary, encapsulation of viral vectors has the potential to enhance viral gene 

therapy by masking viruses from clearance and by extending the circulation time. Cationic 

liposomal encapsulation have had limited success in vivo due to high toxicities, low tissue 

specificity, and poor serum stability due to incompatibility with the abundance of negatively 

charged macromolecules present in the physiological environment. In this study, the 

encapsulation of adenovirus in 140-180nm anionic liposomes has been prepared by self-

assembly of lecithin, cholesterol, and DSPE-PEG2000 around the viral capsid. Lecithin 

consists of a variety of phospholipids including phosphatidylcholine, 

phosphatidylethanolamine, and phosphatidylinositol with a net negative charge. The 

encapsulated viruses in lecithin liposomes have shown to retain and enhance their transfection 

efficiency in cancer cells. Furthermore, an immunoprecipitation (IP) technique has been 

implemented as a fast and effective method to extract non-encapsulated viruses and to 

homogenize the liposomes remaining in solution. In this study, a stable, non-toxic 

encapsulation method has been designed to enhance the delivery of adenovirus to cancer cells.  
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Chapter 2: Assessment of in vivo Systemic Toxicity and 

Biodistribution of Iron-doped Silica Nanoshells 

Silica (SiO2) nanomaterials have gained much attention due to their broad range of 

potential biomedical applications which include bio-imaging, drug delivery, biosensors, and 

therapeutic ablation57-59. Characteristics that make SiO2 nanoparticles a promising material are 

their well-established surface modification chemistry, high surface area, large pore volume, 

high stability in storage, and in vivo stability60,61. Furthermore, porous SiO2 nanoshells have 

gained considerable interest as in vivo imaging agents due to their potential to improve cancer 

diagnosis and their ability to provide guidance during surgery70-72. SiO2 nanoshells can be 

used as carriers for contrast agents such as a fluorophore67,101, perfluorocarbon72,102, and 

superparamagnetic material103-105.  

Many studies have evaluated the toxicity of various SiO2 nanoparticle formulations. 

The size, shape, morphology, charge, and surface properties of a nanoparticle can 

dramatically affect its biodistribution and toxicology59. For instance, solid SiO2 materials with 

amorphous particle morphology may cause hemolysis of red blood cells, which raises 

concerns regarding their safety in the clinic62,63. Yu et al. (2011) investigated the impact of 

SiO2 nanoparticle design on cellular toxicity and hemolytic activity up to 500 µg/ml by 

evaluating the effect of geometry, size, porosity, and surface charge of SiO2 nanoparticles in 

vitro64. It was shown that the toxicity of SiO2 nanoparticles is influenced by surface charge 

and pore size and that cellular toxicity is cell-type dependent. Their studies showed that solid 

nonporous nanoparticles had a far greater hemolytic activity compared to mesoporous silica 
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nanoparticles (MSNs), which showed no hemolytic toxicity for all geometries, at doses below 

100 μg/mL.  

Several in-vivo studies have been performed to assess the toxicity of SiO2 

nanoparticles. They show that SiO2 nanoparticles can cause inflammatory responses and 

hepatotoxicity which are influenced by factors such as dose, particle size, surface area, 

charge, and particle formulation64-69. For example, Yu et al. investigated the acute toxicity of 

120 nm spherical MSNs when administered intravenously (IV)106; the maximum tolerated 

dose for these particles was 30 mg/kg. Nishimori et al. investigated the relationship between 

particle size and toxicity using nonporous spherical SiO2 particles with diameters of 70 nm, 

300 nm and 1000 nm107. Their findings showed that 70 nm nanoparticles induced liver injury 

at 30 mg/kg, while 300 nm and 1000 nm SiO2 particles exhibited no biochemical or 

histological tissue damage even at 100 mg/kg. This shows that the size of the nanoparticle can 

significantly alter the toxicity even for the same particle formulation. 

The biodistribution of nanoparticles provides some information of the excretion and 

degradability of the administered particles. Several studies have examined the biodistribution 

of SiO2 particles, which have shown them to primarily accumulate in mononuclear phagocyte 

system (MPS) organs such as the liver, lungs and spleen. Studies have shown that SiO2 

nanoparticles can be excreted from the body; the excretion is influenced by particle 

formulation, size, dose, and surface modification, among other factors60,102,108,109.  It is 

expected that these factors will also influence the toxicity.  

Before new nanomaterial formulations can be applied safely in a clinical setting, their 

biocompatibility and biodistribution need to be assessed. Despite the numerous studies of the 
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toxicology of various forms of SiO2 nanoparticles, the toxicity of each formulation must be 

assessed before being translated to the clinic, since nanoparticle properties depend strongly on 

their composition, size, shape, and surface chemistries68. In the present study, the toxicity and 

long-term biodistribution of calcined 500 nm SiO2 nanoshells and Fe-SiO2 nanoshells, which 

have been shown to be biodegradeable in vitro, are investigated when administered IV to mice 

at a clinically relevant dose. One attractive characteristic of hollow SiO2 nanoshells is that due 

to their hollow core, more particles can be administered on a per mass basis. Approximately 

70% of the nanoshell is hollow, therefore, on average an equivalent of 3X more particles can 

be administered on a mg/kg basis compared to solid nanoparticles of the same size. The 

particles are calcined, which offers long term stability for storage, and their nanoporous shell 

wall permits influx and efflux of drugs, gases, and other small molecules. These 

characteristics allow for this platform to potentially be used as an ultrasound contrast agent or 

for drug delivery70-72. Other platforms such as solid nanoparticles cannot carry gases due to 

their solid core, therefore solid nanoparticles do not have color Doppler ultrasound 

capabilities. In addition, 500nm nanoshells have demonstrated to have good ultrasound 

imaging capabilities which is partly the reason why their toxicity is being evaluated in this 

study.  By understanding the toxicology effects of new nanomaterial formulations, 

nanoparticles can be designed for decreased toxicity thereby creating more efficacious and 

safe therapeutic and diagnostic agents.  
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2.1: Materials and Methods 

2.1.1: Materials 

Tetramethyl orthosilicate (TMOS) was purchased from Sigma Aldrich Corp (St. 

Louis, Missouri).  500 nm amino-polystyrene beads were acquired from Polysciences Inc 

(Warrington, Pennsylvania).  Iron (III) ethoxide was acquired from Gelest Inc (Moorisville, 

Pennsylvania).  Potassium hydroxide was purchased from Fischer-Scientific (Pittsburg, 

Pennsylvania).  500 mM aqueous KOH was obtained by dissolving the KOH pellets in Milli-

Q water.  Nitric acid (HNO3) was provided by EMD (Billerica, Massachusetts) at 67 – 70% 

purity and 1% HNO3 was prepared by diluting the stock HNO3 with MilliQ water.  The multi-

element standard solution for silicon calibration was provided by SPEX CertiPrep (Metuchen, 

New Jersey).  The yttrium standard solution for internal calibration was purchased from 

Agilent Technologies (Santa Clara, California).  Blood collection tubes coated in either 

heparin or EDTA were purchased from BD Biosciences (Franklin Lakes, New Jersey). 

Six week-old female Swiss Webster mice were provided by Charles River 

Laboratories, weighing between 20-25 grams each. Mice were fed a commercial pelleted diet 

(Harlan Tekland) and kept at 22°C in UCSD approved animal housing with a 12 hour 

light/dark cycle.  All animal care and procedures were approved by the UCSD Institutional 

Animal Care and Use Committee. All animals in these studies were treated with humane care. 
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2.1.2: Nanoshell Synthesis 

Fe-SiO2 and pure SiO2 nanoshells were synthesized as previously reported70,71. Fe-

SiO2 nanoshells were synthesized by mixing of 2.7 ul of TMOS, 10 ul of iron ethoxide (20 

mg/ml in ethanol), and 50 ul of amino-polystyrene templates in 1 ml of absolute ethanol for 5 

hours on a vortex mixer at 3000 RPM.  After mixing, the particles are centrifuged and washed 

three times in ethanol and left to dry overnight. Dry particles were then calcined for 18 hours 

at 550°C.  Pure SiO2 particles were synthesized by mixing 3 ul of TMOS and 50 ul of 

polystyrene templates in 1 ml of absolute ethanol for 5 hours.  After mixing, the particles 

were centrifuged and washed three times in ethanol and left to dry overnight. The dry 

particles were subsequently calcined for 18 hours at 550°C.  Particle synthesis and quality 

was confirmed by scanning electron microscopy (SEM) and transmission electron microscopy 

(TEM). The diameter and shell thickness of nanoshells was quantified by measuring the 

diameter and length of the shell thickness taken from high resolution TEM images and 

analyzed using ImageJ. The percentage of hollow space occupied by the nanoshells was 

determined by calculating the volume of the hollow nanoshell using the outer diameter and 

subtracting the volume of the inner diameter of the nanoshell. SEM images were acquired 

using a FEI/Phillips XL30 FEG ESEM with an accelerating voltage of 10 kV. Energy 

dispersive X-ray spectroscopy (EDX) was performed on the same Oxford EDX attachment 

and analyzed with INCA software. TEM images were acquired using a JEOL 1200 EX II 

TEM. 
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2.1.3: Single Dose Toxicity 

A single dose toxicity study was performed over the course of 10 weeks in healthy 

female Swiss white mice.  Four groups were compared (n = 10) to determine if the nanoshells 

had any measureable toxicity.  Group 1 received a 100 µl injection of Fe-SiO2 nanoshells at 4 

mg/ml (approximately 20 mg/kg), group 2 received 100 µl of SiO2 nanoshells at 4 mg/ml, 

group 3 received 100ul of SiO2 nanoshells at 2 mg/ml (approximately 10 mg/kg) which is the 

particle number/ml equivalent of group 1 (Fe-SiO2 at 4mg/ml), and group 4 was a control 

group which received no particles. All injections were performed IV via the tail vein.  100 µl 

of blood was drawn with a submandibular lancet from each mouse weekly for the first four 

weeks and then biweekly for the following six weeks.  From each group, 5 mice had their 

blood allocated into vacutainer tubes containing EDTA for Complete Blood Count (CBC) 

analysis and the other 5 mice had their blood allocated into vacutainer tubes contain heparin 

for serum chemistry analysis.  CBC and Serum Chemistry analyses were performed by UCSD 

Animal Care Program Diagnostic Laboratory and STAT Labs.  After 10 weeks, the animals 

were sacrificed.  Three animals from each group were used for long-term biodistribution 

studies, and the remaining animals were used for pathological investigation after sectioning 

and H&E staining.   

2.1.4: Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES Analysis) 

ICP-OES was used to detect nanoshells retained in mouse organs.  One mouse was 

injected with 100 µl of a 4 mg/mL aqueous nanoshell solution.  Control mice were sacrificed 

24 hours after the mice received the nanoshell injection, and the organs were collected.  To 

analyze the organs for silicon content, the organs were incubated in 7 ml of aqueous 500 mM 
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KOH and bath sonicated for 48 hours.  0.5 ml of each digested sample was drawn out and 

acidified using 2.5 ml of 1% HNO3.  The samples were centrifuged for 15 minutes at 3000 

rpm, and 0.5 ml of a 300 ppb yttrium standard solution was added to each 2.5 ml aliquot of a 

supernatant sample.  The samples were finally briefly centrifuged immediately before ICP-

OES analysis as described in a previous study110. 

2.1.5: Histological Analysis 

Tissue samples were fixed in 10% formalin and submitted to the UCSD histology core 

facility for paraffin block processing, sectioning and Hematoxylin and Eosin (H&E) staining. 

The slides were imaged using a Nikon Eclipse E600 microscope. The slides were randomized 

and analyzed by the Chief of Pathology and Laboratory Medicine at the VA Medical Center, 

La Jolla. Focal inflammation was quantified by counting the number of inflammatory foci per 

organ for each group.  

2.1.6: Statistical Analysis 

Serum chemistry and hematology markers were compared by using multiple unpaired 

two-tailed t-tests to determine statistical significance (alpha = 0.05). Mean values were 

calculated for each time point in order to perform multiple t-tests as described by J. N. 

Matthews, et al.111 Statistical analysis was performed by using GraphPad Prism software 

version 6. A total number of 5 mice per group were used for the study. 
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2.2: Results 

2.2.1: Characterization of Nanoshells 

The SiO2 and Fe-SiO2 nanoshells were hollow and spherical in shape with an average 

diameter of 497 nm ± 13 and 455 nm ± 14, respectively, as shown by SEM and TEM in 

Figure 6. The images show that the SiO2 and Fe-SiO2 nanoshells are fairly uniform in size 

with no visible holes, cracks, or other deformations. The diameters and shell thicknesses of 

nanoshells were determined by using TEM images. The incorporation of iron does not greatly 

affect the shell thickness or morphology compared to pure SiO2 nanoshells; the shell thickness 

for Fe-SiO2 was 27 nm ± 4 and 33 nm ± 5 for SiO2 nanoshells.  EDX showed that Fe-SiO2 

nanoshells have an average 5 mol % of iron doped into the nanoshell matrix. The 

incorporation of iron makes the nanoshells biodegradable in human serum, and attractive for 

biomedical applications.112 Serum transferrin has been shown to bind to the iron-doped 

nanoshells, which may induce degradation and dissolution of any residual nanoshells that are 

not excreted from the body113. In addition, 500nm Fe-SiO2 nanoshells may be filled with 

gases giving them ultrasound capabilities as shown in Figure 7. 

2.2.2: Single Dose Acute Toxicity 

The 500 nm nanoshells evaluated in this study have been developed for use as contrast 

agents when filled with perfluoropentane gas or as ablative agents when combined with high 

intensity focused ultrasound (HIFU)58,70,114.  It is important to thoroughly evaluate the toxicity 

of new compounds before the translation to clinical trials. Therefore, the acute toxicity of 

SiO2 and Fe- SiO2 nanoshells was assessed in order to evaluate their safety in vivo. Mice 
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received an IV injection of 400 µg of SiO2 (20 mg/kg), 400 µg of Fe-SiO2 (20 mg/kg), 200 µg 

of SiO2 (10 mg/kg), or Phosphate Buffered Saline (PBS). 10 mg/kg was assessed for SiO2 

because it is the equivalent of the Fe-SiO2 by particle concentration. Blood was collected over 

the course of 10 weeks and serum chemistry and hematology analysis was performed.      

Nanoparticles have been shown to have different pharmacological actions when 

administered IV, depending on factors such as size, shape, charge, and composition. In 

particular, nanoparticles usually preferentially accumulate in the liver59.  Therefore it is 

important to evaluate if nanoparticle administration affects liver function. For serum chemical 

analysis, albumin, bilirubin, alanine transaminase (ALT), and alkaline phosphatase (ALP) 

were evaluated to assess hepatic function as shown in Figure 8. The serum chemistry levels 

for mice which received Fe-SiO2 or SiO2 did not differ significantly from the control group. 

Multiple t-tests were performed for statistical analysis and all groups showed no statistically 

significant difference between the control and nanoshell dosed groups (alpha = 0.05). This 

data indicates that a systemic dose of 20 mg/kg (4mg/ml) of SiO2 or Fe-SiO2 nanoshells show 

no acute hepatic toxicity over the course of 10 weeks.     

Nanoparticles have been shown capable of being cleared through the renal system60.  

Therefore blood urea nitrogen (BUN) and creatinine were measured to determine if IV 

administration of 500 nm SiO2 and Fe-SiO2 nanoshells alters renal function. Pancreatic 

function was also assessed by measuring amylase and glucose as shown in Figure 9. The SiO2 

nanoshell group had a significantly higher serum creatinine levels compared to the control 

group (p=0.003 for 4mg/ml p=0.01 for 2mg/ml).  However, for all groups the values were still 

within the normal range for serum creatinine values reported by Charles River for female 
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Swiss Webster mice. Serum analytes such as sodium (Na), potassium (K), calcium (Ca), and 

phosphorus (P) were measured in order to evaluate any electrolyte imbalances of mice post 

injection as shown in Figure 10. There was a significantly higher serum Na levels for mice 

that received Fe-SiO2 when compared to the control group (p= 0.002).  Nevertheless, when 

compared to Na values reported by Charles River, the Na values measured in this study fell 

within the normal range of the 95% confidence interval. Overall, the general health of mice 

administered with Fe-SiO2 and SiO2 nanoshells IV was unaffected by the particles.   

Amorphous SiO2 particles have been shown to cause hemolysis of red blood cells 

which raise safety concerns about their use in the clinic62,63. The interaction of SiO2 

nanoparticles and blood components impacts cellular toxicity and hemolytic activity, which 

depend on different factors such as composition, size, and charge. Therefore, hematology 

analysis of 500 nm Fe-SiO2 and SiO2 nanoshells was performed in order to assess blood 

chemistry, blood-forming organs, and blood diseases. Neutrophils, lymphocytes, hemoglobin 

(Hb), and eosinophils were measured to assess hematological abnormalities after nanoshell 

administration over the course of ten weeks and as a potential indicator of an immune or 

inflammatory reaction, as shown in Figure 11. Other analytes such as monocytes, red blood 

cells (RBC), nucleated RBCs/100WBC, mean corpuscular volume (MCV), mean corpuscular 

hemoglobin concentration (MCHC), and mean platelet volume (MPV) were also measured 

(data not shown). There was no significant difference observed between Fe-SiO2 nanoshells, 

SiO2 nanoshells at 2 mg/ml or 4 mg/ml, and the PBS vehicle group for any of the analytes. In 

addition, all measured values fell within the 95% CI values reported by Charles River. These 

findings are a good indication that SiO2 and Fe-SiO2 nanoshells are generally safe when 

administered systemically at the indicated doses. It is likely that the physical characteristics of 
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the nanoshells including their hollow core, surface composition, and size contributed to their 

low toxicity. 

Haematoxylin and eosin (H&E) histological analysis was performed on liver, lung, 

kidney, spleen, muscle, and heart tissue samples 10 weeks after administration of Fe-SiO2 or 

SiO2 nanoshells to check for inflammation or any abnormalities, as shown in Figure 12. The 

pathology revealed some mild chronic inflammation in the liver, lung, and kidney in all 

groups as evidenced by focal lymphocytic infiltrates. Representative sections show 

lymphocytic infiltrate in the perisinusoidal distribution in the liver, peri-bronchial in the lung, 

and peri-vascular in the kidney. Histological analysis was also performed on the brain and 

showed no pathological changes when compared to the PBS control (data not shown). The 

number of mice with focal inflammation in each group was not significantly different in mice 

treated with nanoshells when compared to mice injected with PBS as summarized in Table 3. 

In addition, the organs of naive mice which has no isoflurane anesthesia exposure nor blood 

drawn were evaluated. Mild focal inflammation was observed in the lung and kidney, and 

acute inflammation was observed in the liver which shows that mild inflammation is typical 

in naive Swiss mice as shown in Figure 12e. Similarly, Plummer et al.115 showed that the 

control group as well as rats exposed to inhaled isoflurane anesthesia for a prolonged period 

of time showed hepatic focal inflammation suggesting that mild focal inflammation is often 

observed in healthy laboratory rodents. It is possible that repeat bleeding and isoflurane 

anesthesia are probable factors contributing to increased focal inflammation observed in our 

experimental and PBS control mice groups116.  
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No multinucleated cells were observed in the spleen. No abnormalities were noted for 

any of the H&E sections and no apparent differences were observed between mice treated 

with Fe-SiO2 or SiO2 nanoshells and the PBS group. The number of inflammatory foci was 

quantified to evaluate the degree of focal inflammation per group as shown in Figure 13. 

There were no significant differences between groups treated with Fe-SiO2 or SiO2 nanoshells 

and the control group. These results showed that there was no significant damage to major 

organs (liver, lungs, heart, kidney, and spleen) when compared to control mice.  This indicates 

that Fe-SiO2 and SiO2 nanoshells can potentially be safely used in the clinic by IV dosing at 

the given doses. The biodistribution of Fe-SiO2 and SiO2 nanoshells was performed 24 hours 

or 10 weeks after systemic administration, and ICP-OES was used to measure the amount of 

elemental Si in each organ, as shown in Figure 14. For SiO2 nanoshells, 42% of total injected 

nanoshells accumulated in the liver, which is consistent with previous studies71. It is important 

to note that nearly 57% of the total injected dose was not detected in any organs or the blood 

24 hours after administration; this may be due to excretion. After 10 weeks post 

administration, only 2% of nanoshells were detected in the liver. Similarly, the biodistribution 

of Fe-SiO2 was studied 24 hours and 10 weeks post-injection. Interestingly, when SiO2 

nanoshells were doped with iron, only 5% of the total injected dose was present in the liver, 

while 8% was detected in the lungs. Nearly 88% of the total injected dose was undetectable in 

the organs or the blood after only 24 hours. After 10 weeks post administration, only 4% of 

nanoshells were detected in organs, mostly in the liver. 

In a previous study, whole body scintigraphy in a mouse showed that after IV 

administration, a large portion of  Fe–SiO2 and SiO2 nanoshells localized in the liver when 

monitored immediately post injection and at 1 hour, 24 hours, and 72 hours71. After 72 hours, 
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organ gamma counting showed a substantial amount of signal in the liver, and some in the 

kidney and spleen, but very little signal was detected elsewhere.   The results in the present 

study show that the nanoshells are retained mostly by the liver and suggest that incorporation 

of iron can alter the biodistribution of SiO2 nanoshells. These findings show that fewer 

nanoshells were retained within 24 hours when they were doped with iron. It is postulated that 

iron doping leads to transferrin interactions in the body which may lead to faster 

biodegradation as seen in previous studies112.  
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2.3: Discussion and Conclusion 

The kidney is capable of removing molecules from the blood by filtering particles 

through the glomerular capillary wall, also known as glomerular filtration. Renal filtration 

depends on surface charge and size, where molecules with a hydrodynamic diameter greater 

than 8 nm are typically not capable of glomerular filtration and therefore are not excreted via 

the renal system117,118; however, some studies have suggested that particles larger than 8 nm 

can be excreted through the urine60. Nevertheless, it is highly unlikely that a large number or 

intact 500 nm SiO2 nanoshells are being excreted in the urine unless the particles were first 

broken down to smaller components before renal excretion.  

The liver catabolizes particles in the blood through phagocytosis followed by biliary 

excretion118. Phagocytic Kupffer cells, specialized macrophages located in the liver, are 

highly effective at recognizing and removing unwanted substances from the blood, including 

nano- and microparticles. Kupffer cells selectively phagocytose opsonized particulates which 

have been coated with complement proteins for recognition119, 120. Particles are subsequently 

metabolized and excreted as bile via the biliary system. Passage through the liver can make 

metabolites smaller and more polar which can result in reabsorption in the blood leading to 

excretion via the renal system however, renal clearance is observed at lower rates. In the 

present study, it is most likely that the particles are being cleared via the hepatic system. It is 

hypothesized that iron incorporation can alter the uptake, metabolism, and clearance of the 

nanoshells. It is probable that the interaction of serum proteins is different for Fe-SiO2 and 

SiO2 nanoshells, which may result in a different extent of opsonization for each formulation. 
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The altered surface protein coating of the Fe-SiO2 nanoshells may change the extent of 

Kupffer cell phagocytosis and hepatic excretion.  

The main site of transferrin synthesis is in the liver121. Transferrin is an iron transport 

protein that delivers Fe3+ from the duodenum and macrophages to all tissues by circulating in 

the blood122. Human transferrin binds iron as Fe3+ with a high affinity; therefore, the 

incorporation of Fe3+ into the SiO2 nanoshell structure likely facilitates the decomposition of 

Fe-SiO2 nanoshells by degradation, which results in hepatic clearance. The biodegradation of 

Fe-SiO2 in FBS and human serum was shown in previous studies112, consistent with the in 

vivo results shown in the present study. More recent studies show that Fe-SiO2 nanoshells 

undergo binding/endocytosis in cells that overexpress the transferrin receptor and that their 

uptake can be blocked with addition of holotransferrin113. This suggests that the surface of the 

Fe-SiO2 nanoshells may also be bound to transferrin in vivo.  Not only are hepatocytes 

involved in iron metabolism, but the liver endothelium has been shown to be rich in the 

transferrin receptor, which enhance endocytosis of the Fe-SiO2 nanoshells123-125.  The liver 

endothelium has an increasingly recognized role in billiary excretion126. 

A small percentage of Fe-SiO2 nanoshells was observed in the lung, whereas only 

trace amounts of non-doped SiO2 nanoshells were seen. Previous studies have shown that 

SiO2 nanoparticles can cause an inflammatory response in the lung117. Kusaka et al. showed 

that 30 nm SiO2 nanoparticles administered intratracheally to mice caused more severe lung 

inflammation than did 3000 nm SiO2 particles127. The present study shows that there was no 

additional long-term lung damage after 500 nm Fe-SiO2 and SiO2 nanoshells were 

administered IV when compared to the control group, which may be due to their larger size 
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and/or the difference in route of administration. Several studies have been performed in order 

to assess the toxicity of SiO2 nano- and microparticles102,109,128,129 which showed that the SiO2 

particle biodistribution depends on several factors such as charge, size, and surface 

modification 

These nanoshells are expected to be used as contrast agents for cancer diagnosis or for 

ultrasound guidance during surgery. In previous studies, the nanoshells have shown to be 

stationary markers in vivo and can be imaged intermittently over the course of 10 days in a 

tumor-bearing mouse model, and continuously for 45 minutes when administered 

intratumorally114. In the event that the nanoshells escape the tumor or are administered IV, 

this study has shown that the nanoshells show no apparent systemic toxicity and can be safely 

cleared from the body after a single dose. In addition, these nanoshells may also be used in 

combination with HIFU for ablative therapy58.  

These results show that the nanoshells presented in this study are safe when 

administered systemically allowing exploitation of the hollow structure and calcined shells. 

Approximately 70% of the nanoshell is hollow, therefore, on average an equivalent of 3X 

more particles can be administered on a mg/kg basis compared to solid nanoparticles of the 

same size. The particles are calcined, which offers long term stability for storage, and their 

nanoporous shell wall can permit influx and efflux of drugs, gases, and other small molecules. 

Although future pharmacokinetic studies including blood circulation and clearance should be 

performed, this study indicates that 500 nm nanoshells are safe when administered IV at the 

doses studied.   
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Chapter 3: Conjugation of a TLR7 Agonist to Hollow 

Silica Nanoshells Enhances Agonistic Activity 

The potential to harness the immune system’s ability to fight tumors is one of the 

reasons for growing interest in cancer immunotherapy40. One such approach is to use the 

innate immune system, specifically dendritic cells to present tumor antigens, and thereby 

generate tumor-specific immunity. To date, there has been modest progress developing cancer 

immunotherapies which utilize an innate immune response approach41. Some limitations 

hindering this approach include the limited availability of tumor-associated antigens and the 

inability to make them more immunogenic and hence recognizable by the patient’s immune 

system. Dendritic cells (DCs) have shown the ability to prime T cells capable of recognizing 

and eliminating tumor cells, leading to immunologic memory with protection against 

subsequent tumor challenges42. One approach to achieve better immune responses against 

tumors is by finding ways to activate and differentiate DCs into mature antigen presenting 

cells (APCs), capable of presenting tumor antigens to T cells40. An effective adjuvant can help 

the maturation of DCs leading to Th1 skewed cytokine secretion and expression of MHC 

class I and II, CD80 and CD86. Delivery of adjuvants such as Toll-like receptor (TLR) 

agonists enables the concomitant maturation of vaccine-engulfing DCs43, 44.  

In general, adjuvants enhance the magnitude, breadth, quality and longevity of specific 

immune responses to antigens45. For cancer vaccine therapy, adjuvants are essential to boost 

the desired immune response to weak antigens and overcome various tolerance mechanisms 

leading to activation of cytotoxic T lymphocytes (CTLs) that can recognize and lyse cancer 
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cells. The most common adjuvants in current vaccines are aluminum salts (alum), and oil-in-

water emulsions (AS04) which are used to boost humoral responses against infectious 

diseases. Alum adjuvants stimulate Th2 responses by inducing the endogenous danger signal 

uric acid and activating DCs via the inflammasome46,47. While many of the currently used 

adjuvants are very effective for infectious disease, they mainly drive potent Th2 responses, 

hence the development of new adjuvants which drive a Th1 type immune response is needed 

for induction of long-term immunological memory against cancer48.  

There is a growing number of recombinant or synthetic adjuvants that are in 

development and are being tested both in preclinical and clinical trials. The most commonly 

studied adjuvants in preclinical models uses an agonistic antibody against CD40 or Pattern 

Recognition Receptor (PRR) ligands. Combining anti-CD40 therapy with tumor antigen 

vaccines against DCs is one approach to cancer therapy44. However, antibody-based 

adjuvants, such as anti-CD40 therapy, are relatively expensive adjuvants and TLR adjuvants 

are good and potentially cheaper alternatives which have shown to promote antitumor 

immune responses50. TLR adjuvants are potent stimulators of innate and adaptive immune 

responses which promote production of Th1-related cytokines, drive DC activation and 

maturation, and initiate and regulate antigen processing resulting in efficient cross-

presentation of exogenous antigens to T cells51. Current clinical trials are assessing the use of 

synthetic adjuvants for cancer immunotherapy which include TLR3 ligand Hiltonol (poly-

ICLC) and TLR7/8 ligand resiquimod (R848).  

In particular, TLR7 agonists, such as imidazoquinoline compounds, have gained great 

interest in cancer research due to their antitumoral activity and are being investigated as 
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potent adjuvants to treat cancer52,53. TLR7-mediated signaling has shown to enhance anti-

cancer immunity by evoking an effective immune response mediated by antigen presenting 

cells (APCs), such as DCs, against tumor antigens54. Signaling through TLRs can result in 

cytokine production and polarization of CD4+ helper and CD8+ effector T cells. Particularly, 

stimulation of TLR7 can provoke a strong Th1 biased immune response through the activation 

of plasmacytoid DC and myeloid DC subsets. The lead compound of the imidazoquinoline 

family, imiquimod, a topical formulation, is currently FDA approved to treat superficial basal 

cell carcinoma. The leading antitumoral mode of action of TLR7 agonists is mediated through 

stimulation of TLR7 leading to activation of the transcription factor nuclear factor-κB (NF-

kB), which leads to induction of proinflammatory cytokines and other mediators.53 Although 

topical treatment with imiquimod has shown to elicit durable antitumor responses, adverse 

skin reactions have been observed, reaching rates of 75% and resulting in interruptions and 

termination of treatment131,132. Many efforts have been made to develop cancer vaccines and 

studies have shown that the stimulation of the innate immune system with a suitable adjuvant 

is a critical factor55. Therefore, a potent adjuvant is a crucial component of cancer vaccines, as 

it can break the immunotolerance in the tumor microenvironment by initiating a potent anti-

tumor immune response. One approach to developing novel adjuvants is by loading an 

immune adjuvant onto nanoparticles. 

We hypothesized that conjugation of a synthetic TLR7 agonist, 1V209, to silica 

nanoparticles could modify and/or enhance the immune responses through efficient and 

localized activation of innate immune responses. Several groups have begun to investigate 

how nanoparticle delivery systems affect the properties of immune adjuvants including 

polymeric, liposomal and inorganic nanoparticles, amongst others56,133-136. Silica nanoshells 
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were used as carriers due to several characteristics which include their well-established 

surface modification chemistry, high surface area, large pore volume, high stability in storage, 

and in vivo stability stability59-61,137.  Nanoparticle carriers have the potential to improve 

cancer vaccines by enhancing the potency of the adjuvant, protecting the adjuvant from 

premature enzymatic degradation, enhancing absorption of the adjuvant into the tumor tissue, 

and by modifying the pharmacokinetic (PK) and tissue distribution profile of the adjuvant 

after administration56. The present study shows that conjugating 1V209, a TLR7 agonist, to 

100nm silica nanoshells enhanced the immunopotency of the agonist compared to the 

unmodified TLR7 agonist, especially when the agonist is conjugated at a high density. 

Furthermore, the present study showed that the immunostimulatory activity of a TLR7 agonist 

can be amplified by conjugation to a silica nanoshell, thereby broadening the potential 

agonistic application of these agents. 
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3.1: Materials and Methods 

3.1.1: Reagents 

Diethylenetriamine (DETA, Cat. No. D93856), Tetramethyl orthosilicate (TMOS), 

trimethoxy(phenyl)silane (TMPS), N-Hydroxysuccinimide (NHS, Cat. No. 130672), N-(3-

Dimethylaminopropyl)-N′-ethylcarbodiimide (EDC), and solvents were purchased from 

Sigma Aldrich (St. Louis, MO). 100 nm polystyrene templates were purchased from 

Polysciences Inc. (Warrington, PA). 4-[6-Amino-2-(2-methoxyethoxy)-8-oxo-7H-purin-

9(8H)-yl]methylbenzoic Acid (1V209) was kindly provided by Dr. Carson’s lab and 

synthesized as previously described135.  

RMPI Medium 1640 (Gibco, 11875-093) or DMEM (CellGro, 15-013-CV) were 

supplemented with 10% fetal bovine serum (Corning 35-011-CV) and 100 U/ml penicillin, 

100ug/ml Streptomycin, 292 ug/ml Glutamine (Life Technologies, 10378-016, Carlsbad, CA) 

to prepare complete media (RPMI-10 or DMEM-10).  

ELISA reagents: mouse anti IL-6 antibodies (Cat. No. 554400, 554402), mouse anti 

IL-12 antibodies (Cat. No. 551219, 554476) and recombinant mouse IL-6 and IL-12 standards 

(Cat. No. 554582, 554594) were purchased from BD Parmingen (Franklin Lakes, NJ). Mouse 

TNFα antibodies (Cat. No. 147325-85, 137326-85) and recombinant mouse TNFα standards 

(14-8321-63) were purchased from eBioscience (San Diego, CA). Streptavidin-HRP (Cat. No. 

79004) was purchased from BioLegend (San Diego, CA). Tetramethylbenzidine (TMB) was 

used as a substrate.  
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Instrumentation: TEM images were captured using an FEI Tecnai G2 Sphera electron 

microscope. UV/Vis absorption was measured by using NanoDrop ND-100 

spectrophotometer (Wilmington,DE) or Infinite M200 plate reader (TECAN, Mannedorf, 

Switerland).  

3.1.2: Electron Microscopy  

For all electron microscopy measurements, the nanoshells were suspended in ethanol, 

sonicated in a bath sonicator for 30 min and subsequently drop cast onto a carbon film grid. 

TEM imaging was performed on an FEI Tecnai G2 Sphera operated at a maximum of 200kV.  

3.1.3: Synthesis of 100nm nanoshells  

0.2% DETA solution was prepared in ethanol and quickly vortexed. 430.15 mL 95% 

ethanol, 40 mL 0.2% DETA solution and 6.25 mL 100 nm polystyrene beads were mixed and 

stirred for an hour at 4,000 rpm. Silica precursor was prepared by suspending 375 uL TMOS 

and 500 uL TMPS in 4 mL ethanol and briefly vortexed. Silica precursor solution was then 

added to the polystyrene beads solution, and stirred for 5 hours at 4,000 rpm. After 5 hours, 

samples were centrifuged at 3500 RPM for 25 minutes and washed twice with ethanol. 

Samples were then left to dry in air overnight and calcined at 550°C (heating 5°C per minute 

until it reached 550°C). Nanoshells were then stored in a humidified container until ready for 

use.  
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3.1.4: 1V209 linking chemistry  

1V209 was synthesized as previously described135. NHS, EDC and 1V209 were 

prepared at 10mg/ml in DMSO. 31.3 ul  NHS, 52.3 ul EDC, and 100 ul  1V209 were mixed 

and pulse vortexed for 2 hours at 3,200 rpm. Meanwhile, silica nanoshells were amine 

functionalized as follows. 100nm SiO2 nanoshells were re-suspended in DMSO at 2.5mg/ml, 

vortexed and sonicated until nanoshells were dissolved and homogenous in DMSO. 2 ul of 

10% APTES solution was added per mg of SiO2 and pulse vortexed for 2 hours at 3.200 rpm. 

After 2 hours, nanoshells were centrifuged at 500g for 5 minutes, and washed twice with 4ml 

of DMSO and resuspended at 20mg/ml. 110µl of 1v209/NHS/EDC solution was then added 

to silica nanoshells per mg of SiO2. This corresponds to 1M equiv : 0.01M equiv of 

SiO2:1V209 yielding a high density coating formulation. For lower density formulations, the 

volume of 1V209/NHS/EDC added to nanoshells was kept constant, but the concentration of 

1V209/NHS/EDC solution was decreased between 1:10 to 1:1000.  The nanoshell solution 

was then pulse vortexed for 2 hours at 3,200 rpm, washed twice as before and reconstituted at 

20mg/ml (silica nanoshell mass) for further characterization.  

3.1.5: In vitro cytokine induction in Bone Marrow Derived Dendritic Cells (BMDCs)  

BMDCs were prepared from C57BL/6 mice wild type (WT) or C57BL/6 TLR7 

deficient mice (TLR7 KO). Mouse femurs and tibia were flushed out with RMPI-10 using a 

sterile syringe needle (27G, 0.5in). Cell suspension was collected in a tube, centrifuged at 

1200rpm for 5min and re-suspended complete RPMI. BMDCs were plated on day 0 into petri 

dishes (Fisher Scientific, Pittsburgh, PA) which contained complete RPMI supplemented with 

5 ng/ml recombinant murine GM-CSF (BD Pharmingen). On day 3, non-adherent cells were 
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transferred to a new petri dish and an equal volume of GM-CSF supplemented RPMI medium 

was added. On day 6, one-half of the volume of DC medium was replaced and on day 8 

nonadherent cells were harvested, counted, and re-suspended at desired concentration for 

plating in RPMI-10. The cells were then plated at 1X105 cells/well (150µl) in a 96-well plate. 

Unconjugated 1V209, resiquimod, LPS, and 1V209-nanoshell conjugates were serially 

diluted in DMSO (200X), diluted in RPMI-10 (4X) and 50 µl was added to cells (1X). All 

samples contained 0.5% DMSO. After 18 hours incubation at 37 °C, 5% CO2, the culture 

supernatants were collected and the levels of IL-6 and IL-12 were determined by ELISA.  

3.1.6: In vitro induction in human peripheral blood mononuclear cells (PBMCs) 

Human PBMCs were isolated from buffy coats obtained from the San Diego Blood 

Bank (San Diego, CA) as described previously138.and stored at -20°C until ready for use. The 

PBMCs were harvested and resuspended in complete RPMI medium (10% v/v Fetal Bovine 

Serum (FBS) and 1 % v/v Penicillin-Streptomycin-Glutamine). The cells were then plated in 

96-well plates at 2 X 105 cells/well (150µl). Unconjugated 1V209, resiquimod, and 1V209-

nanoshell conjugates were serially diluted in DMSO (200X), diluted in RPMI-10 (4X) and 50 

µl was added to cells (1X). All samples contained 0.5% DMSO as the vehicle. After 18 hours 

incubation at 37°C, 5% CO2, the culture supernatants were collected and the levels of IL-6 

were determined by ELISA.   

3.1.7: In Vitro Tracking of 1V209 Nanoshells in Antigen Presenting Cells (APCs) 

Bone marrow dendritic cells (BMDCs) were plated at a density of 6x105 cells/well in 

#0 cover glass 24 well plates (in vitro scientific) with RPMI enhanced with 10% FBS and 1% 
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penicillin/streptomycin at 37°C. All samples were plated and analyzed for up to 6hrs. 

Treatments involved the addition of 1v209 nanoshells at a concentration of 1µM per well or 

RPMI control media at a matching vol. Samples were stained with live cell dyes for the late 

endosome/lysosomes with lysotracker green (65nM for 30 min, Invitrogen), nuclei with 

vybrant dye (50nM for 30min, molecular probes) and membrane with cell mask deep red (1X 

for 5min, life technologies) before acquisition. Samples were maintained at 37°C with a 5% 

CO2 environment using a stage top incubator (in vivo scientific). Images were obtained using 

a 63x oil objective on a SP8 Leica Confocal Microscope. 

3.1.8: Gene expression: RNA extraction and RT-qPCR expression analysis 

RAW cells (Murine macrophage transformed cell line) were cultured in Dubelcco’s 

modified Eagle’s medium (DMEM) supplemented with 10% v/v Fetal Bovine Serum (FBS) 

and 1 % v/v Penicillin-Streptomycin-Glutamine 100X (PSG) prior treatment. For solubilized 

TLR agonist time course response assays, RAW cells were plated in biological replicates at an 

initial density of 3.5 x 105 cells per well and treated with LPS (1 µg/ml), Resiquimod (1 µM) 

and 1V209 (1µM). For 1V209-nanoshell conjugates elicited response assays, both 1V209-

nanoshell conjugates (high density coating) and unconjugated SiO2 nanoshells were sonicated 

for 20 minutes and vortexed for 15 min for uniform dissociation prior to treatment. RAW 

cells plated as previously described were treated with solubilized 1V209 (1µM), 1V209-

conjugated NS (1µM 1V209 and 70 µg SiO2/ml) and unmodified SiO2 nanoshells (70 µg 

SiO2/ml). For solubilized TLR agonist time course response assays, cells were harvested for 

RNA at 15, 30 and 45 minutes, and 1, 3, 6, 12, 14, 18, 24, 34, 44 and 48 hours post treatment. 

For nanoshell conjugates elicited response assays, cells were harvested for RNA at 1, 3, 6, 18, 
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24 and 48 hours post treatment. Total RNA was extracted from 2 x 106 cells using the Quick-

RNA Miniprep Kit (Zymo Research), according to manufacturer’s instructions, and reverse 

transcribed using the iScript cDNA Synthesis Kit (BIO-RAD). qPCR was done using SYBR 

Green (Life Technologies) and results were analyzed using the ΔΔCq method and normalized 

to housekeeping genes 18S and GAPDH. Primer sequences used were designed using NCBI’s 

Primer BLAST and spanned exon-exon junctions. A list of used primer sequences is 

presented in Supplemental Table S1. 

3.1.9 Statistical Analysis 

Statistical comparisons of continuous variables between groups was performed using 

TWO-way ANOVA followed by Bonferroni post-test with GraphPad Prism software 5.0. A 

p-value of P<0.05 was considered significant for all tests. 

3.1.10: Animals  

For BMDC primary cell isolation: 6-8 week old female C57BL/6 mice were purchased 

from Charles River Laboratories (Wilmington, MA). Mice genetically deficient for TLR7, 

TLR9 and MyD88, were gifts from Dr. Carson (UC San Diego, CA) and were backcrossed 

ten generations onto the C57BL/6 background. For all other in vivo studies: 6-8 week old 

female mice were purchased from Charles River Laboratories. All procedures and protocols 

were approved by the UC San Diego Institutional Animal Care and Use Committee. 

 

 



55 
 

3.1.11: Cell lines 

Mouse colon cancer cell line CT26.WT (CRL-2638) and mouse macrophage cell line 

RAW 264.7 (murine macrophage transformed cell line) were purchased from ATCC 

(Manassas, VA).  
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3.2: Results 

3.2.1: Synthesis and Characterization of Silica Nanoshells conjugated to TLR7 agonist 

100nm hollow silica nanoshells were synthesized as previously described114,139. The 

nanoshells were first surface modified with (3-aminopropyl)triethoxysilane APTES to 

functionalize the nanoshell with a reactive amine group. The silica-amine nanoshells were 

then conjugated to 1V209, a TLR7 agonist, at varying coating densities which was controlled 

by reacting varying amounts of 1V209 with nanoshells or varying the reaction time as shown 

in Scheme 3. From herein, nanoshells conjugated with less than 1,000 1V209 ligands per 

nanoshell are defined as low density conjugates. Nanoshells conjugated with 1,000-6,000 

1V209 ligands per nanoshells are defined as medium density conjugates, and those conjugated 

with more than 6,000 1V209 ligands per nanoshell are defined as high density conjugates.   

No morphological changes were observed after 1V209 conjugation as shown in Figure 

15a-b. The 100nm nanoshells showed to be hollow and spherical as has previously been 

reported in our previous studies. 1V209-nanoshell conjugates at low, medium and high 

coating densities were characterized using transmission electron microscopy, where high 

coating density conjugates and non-modified silica nanoshells are shown as representative 

images.  

The amount of 1V209 conjugated to nanoshells was characterized using UV-Vis. 

1V209 has an absorbance peak at 283 nm and this peak was used for quantification. To 

determine the number of ligands per nanoshell, a standard curve was created using serial 

dilutions of known stock concentrations of 1V209 (Figure 16). Additionally, IV209-nanoshell 
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conjugates have fluorescent properties with an emission peak at 421 nm or 446 nm when 

excited with a wavelength of 325 nm or 405 nm, respectively (Figure 15c). Although the 

fluorescence intensity is lower when excited with a 405nm laser, this characteristic is useful 

because it allows for 1V209-nanoshell conjugates visualization with a fluorescence 

microscope equipped with a 405 nm laser. 

The UV-Vis measurements taken at 283 nm were used to quantify the molar 

concentration of 1V209 conjugated to nanoshells, which was converted to the total number of 

ligands in the solution. Additionally, based on previous studies139, the theoretical number of 

nanoshells in 1 mg of 100 nm SiO2 nanoshells is 1.72×1012 nanoshells. The number of 1V209 

ligands measured in the solution was divided by the number of nanoshells reacted with 1V209 

hence giving us the number of ligands per nanoshell. Figure 17 shows the absorbance spectra 

of nanoshells conjugated with 1V209 at varying coating densities. The data shows that 

nanoshells reacted with a higher molar ratio of 1V209 (1M SiO2 : 0.05M 1V209 molar 

equivalent) resulted with higher density coating conjugates. Medium density conjugates were 

achieved by decreasing the amount of 1V209 added to the reaction (1M SiO2 : 0.01-0.005M 

1V209). Low density conjugates were achieved by reducing the amount of 1V209 added to 

the reaction (1M SiO2 : 0.001M 1V209) as well as reducing the reaction time from 2 hours to 

30 minutes.  

Additionally, due to absorbance observed from bare non-conjugated SiO2 nanoshells, 

a background subtraction was applied by curve fitting from the 250nm peak to the 310nm 

wavelength, where higher background is observable. Due to batch to batch variation, a 

constant background subtraction could not be applied uniformly to all conjugates due to 
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varying factors which could potentially contribute to higher background (highest 

distinguishable background observed from 310nm-400nm) which include particle 

homogeneity and dispersity, hydrophobicity, charge, and refractive index of conjugated 

versus non-conjugated silica, among others. Hence, a curve-fitting approach was applied to 

perform a background subtraction at 283nm (Figure 17b-d).         

3.2.2 Efficient uptake of SiO2 nanoshell conjugates by antigen-presenting cells (APCs) 

To test whether 1V209 nanoshell conjugates can be taken up by primary immune 

cells, mouse bone marrow derived dendritic cells were incubated with 1V209 nanoshell 

conjugates and imaged over time. The Toll-like receptor 7 (TLR7) is localized in the 

endosomal compartment, therefore it is important for efficient nanoshell conjugate uptake by 

dendritic cells if it is to be used as a functional agonist.  In addition, due to 1V209’s 

fluorescent properties, no further fluorescence labeling was required to track the nanoshells. 

This property is a substantial advantage, considering that fluorescent labeling can alter the cell 

interaction with the nanoshell. As shown in Figure 18, nanoshell conjugates (1µM 1V209) 

immediately began to interact with the cell membrane after 1 hour. After 2 hours, nanoshell 

conjugates appear to be taken up by the cell and after 6 hours, the majority of nanoshell 

conjugates were in the late endosome/lysosome compartment. Additionally, Figure 19 shows 

images of real-time tracking of 1V209 nanoshell uptake in BMDCs 2 hours after incubation. 

The red arrow points highlight a cluster of 1V209 nanoshell conjugates being captured by a 

dendritic cell and transported through the membrane into the cytoplasm of the cell. These 

results show that 1V209 nanoshell conjugates rapidly become associated with the cell 

membrane of BMDCs, the conjugates are then taken up into the cytoplasm at 2 hours post-
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treatment, and the vast majority is localized within the late endosome/lysosome compartment 

6 hours post-treatment.  

3.2.3: Immunopotencies and Cytotoxicities of Nanoshell Conjugates varies upon 1V209 

coating densities 

Next, the immunopotencies of the 1V209-nanoshell conjugates were tested to 

determine if their agonistic properties were altered due to conjugation. We hypothesized that 

conjugating 1V209 to 100nm nanoshells would facilitate the uptake of the agonist, hence 

enhance its potency. To test this, mouse BMDCs or human PBMCs were treated with 

unmodified 1V209, unmodified SiO2 nanoshells, or 1V209 nanoshell conjugates with 

different coating densities (high, medium, or low coating densities). As shown in Figure 20, 

when 1V209 is conjugated to silica nanoshells at a medium or high coating density, the 

agonistic activity of the TLR ligand is enhanced in both human PBMCs and mouse BMDCs. 

High density and medium density coating conjugates appear to have higher potencies than 

unmodified 1V209, where induction of IL-6 and IL-12 secretion is observed when treated 

with 1V209-nanoshell conjugates at lower concentrations. The EC50 (half maximal effective 

concentration) and Emax (maximum efficacy) of three separate experiments are shown in 

Table 4.  

Additionally, low density 1V209-nanoshell conjugates appear to have low efficacy. 

One possibility for this observation may be due to the high cytotoxicity in the low density 

coating formulation as shown in Figure 20c-d). The cells are treated with serially diluted 

treatments corresponding to the concentration of 1V209, hence silica nanoshells coated with a 

low density inadvertently have a higher concentration of silica compared to their high and 
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medium density coating counterparts. Therefore, due to high toxicity at this 1V209 to SiO2 

nanoshell ratio, low density coating 1V209-nanoshell conjugates have low efficacy. 

Additionally, since an MTT assay was employed to test cytotoxicity of the compound 

formulations, cells stimulated with higher concentrations of agonist showed a higher 

metabolic rate and hence higher viability due to activation of the stimulated cells. 

Nevertheless, cells treated with a high concentration of SiO2 nanoshells had reduced viability 

compared to the vehicle control (all samples normalized to vehicle) as shown in Figure 20d. 

In addition, in order to determine if conjugation of 1V209 to silica nanoshells altered its 

TLR7 receptor specificity, a dose response study was performed in BMDCs isolated from 

TLR7 deficient mice. Cytokine induction assays showed no detectable levels of IL-6 or IL-12 

secreted from BMDCs isolated from TLR7 knockout mice, while supernatant tested from 

wildtype BMDCs showed IL-6 and IL-12 induction as shown in Figure 20f-g). These results 

indicate that high density coating 1V209-nanoshell conjugates have the highest efficacy 

compared to non-conjugated 1V209 and to the other formulations. Additionally, these results 

also show that conjugation of 1V209 to silica nanoshells conserves receptor specificity for 

TLR7.            

3.2.4: Cytokine Transcriptional Response to 1V209-Nanoshell Conjugate Treatments 

Next, we investigated the gene expression profiles of key cytokine and chemokines 

associated with the TLR7 signaling pathway to determine if there were any transcriptional 

differences in RAW264.7 cells, a murine macrophage transformed cell line, when treated with 

unconjugated 1V209 versus 1V209-nanoshell conjugates. First, the optimal time response for 

the transcriptional profiles of TNFα, IL-6, IP-10, MCP-1 and MIP1α were determined by 
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treating RAW264.7 cells with LPS (1 µg/ml), Resiquimod (1µM), 1V209 (1µM), or vehicle 

(0.5%) at several timepoints between 15 minutes to 48 hours (Figure 21). Primer sequences 

for each gene target were designed using NCBI’s Primer BLAST and spanned exon-exon 

junctions which is summarized in Table 5. From this data, it was determined that the ideal 

timepoints for the cytokine/chemokine panel were between 1 hour to 48 hours, hence 

timepoints 1, 3, 6, 18, 24, and 48 hours were selected. Next, the elicited transcriptional 

response of RAW264.7 murine macrophage cells was measured at several timepoints over the 

selected time course after treatment with unconjugated 1V209, 1V209-nanoshell conjugates 

(high density), unmodified SiO2 nanoshells, or vehicle (0.5% DMSO).  As shown in Figure 

22, unmodified SiO2 nanoshells did not elicit a transcriptional response for TNFα, IL-6, IP-

10, MCP-1 or MIP1α. As expected, TNFα expression was upregulated early for 1V209 and 

1V209-nanoshell conjugate treatments. Interestingly, both unconjugated 1V209 and 1V209-

nanoshell conjugates elicited similar transcriptional responses for TNFα, IL-6, IP-10, MCP-1 

and MIP1α across all timepoints tested suggesting that receptor engagement to TLR7 may be 

similar for both treatments (Figure 22). This shows that conjugating 1V209 to SiO2 nanoshells 

does not alter the transcriptional response of the genes tested. Furthermore, TLR adjuvants are 

potent immune stimulators which have shown to promote the production of Th1-related 

cytokines, driving an anti-tumor response. Additionally, other studies have shown that the 

strength of signaling and length of the response can play a role in Th1/Th2. Rogers and Croft 

showed that over a long period of time, a low level of stimulation favored the growth of 

uncommitted T cells, whereas moderate stimulation leads to the differentiation of cells 

expressing the Th2 cytokine phenotype and a high level of stimulation induces differentiation 

into cells secreting Th1 cytokines140. Hence, the sustained elicited gene expression response 
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observed for 1V209 and 1V209-nanoshell conjugates may be a factor which can contribute to 

Th1 polarization. Although, no significant transcriptional differences were observed between 

the conjugated and non-conjugated 1V209 treatments, the previous cytokine release studies 

(Figure 20) suggest that there may be differences between the treatment groups on the 

translational level. 

3.2.5: 1V209-Nanoshell Conjugates Enhance a Transient Systemic Cytokine Release 

Response 

A systemic cytokine release study was performed to determine the cytokine levels in 

the blood after local administration. A single dose of 1V209 (50 nmol/mouse), 1V209-

nanoshell conjugates (high density coating, 50 nmol 1V209; 1.8mg SiO2), SiO2 (1.8 

mg/mouse) or PBS was administered intratumorally and blood was collected at 0, 2, and 24 

hours. Macrophage 1 (M1) polarization promotes Th1-skewed responses which can lead to 

antitumor responses. M1 responses are characterized by secretion of cytokines such as IL-12, 

IL-6, TNF, IL-1, IL-26, and RANTES, among others141. Th1 cells are characterized by the 

secretion of cytokines such as IFN-γ, TNF-α, monocyte chemotactic protein-1 (MCP-1), and 

macrophage inflammatory protein-1α (MIP1α)142. As shown in Figure 23, there was a 

statistically significant increase of IL-6, IL-12, IP10, and MCP-1 plasma samples collected 

from 1V209-nanoshell conjugates after 2 hours. No statistically significant differences were 

observed for MIP-1α, TNFα, RANTES, or IFNγ. After 24 hours, all treated samples returned 

to basal levels. No adverse effects were observed for any of the treatment groups at the given 

dose. Although no statistically significant differences were observed for MIP-1α, TNFα, 

RANTES, or IFNγ, it is possible that further optimization for the time course is required to 
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see differences among the different treatment groups. Nevertheless, this data shows that 

1V209-nanoshell conjugates can induce a potent transient innate immune response which 

returns to basal levels within 24 hours.  

3.2.6: 1V209-Nanoshell Conjugates Exhibit Anti-Tumor Responses in vivo and Improve 

Survival 

To test the anti-tumor effects and toxicity of 1V209-nanoshell conjugates in vivo, SiO2 

nanoshells, 1V209, and 1V209-nanoshell conjugates were tested in a mouse tumor model. It 

is important to note that TLR7 agonists are meant to be used as adjuvants in combination with 

cancer vaccines, therefore 1V209 and 1V209-nanoshell conjugates are not expected to have 

high anti-tumor efficacies when used as a monotherapy. For this study, mice were implanted 

with CT26 cells (wildtype), an immunogenic mouse colon cancer model, and treatment began 

10 days post-implantation when tumors reached 100 mm3. Tumor-bearing mice were treated 

with 1V209 (12.5 nmol), 1V209-nanoshell conjugates (high density coating, 12.5 nmol 

1V209; 0.4 mg SiO2), SiO2 (0.4 mg) or PBS intratumorally (i.t) every other day, for up to 21 

days.  

As shown in Figure 24, the group treated with 1V209-nanoshell conjugates exhibited 

significant tumor growth regression compared to the vehicle treated group. Interestingly, mice 

treated with SiO2 nanoshells also exhibited some tumor regression relative to the vehicle 

group. Individual growth curves for each treatment group are shown in Figure 25. 

Additionally, the survival of mice treated with 1V209-nanoshell conjugates was improved 

compared to the vehicle treated group. At 15 days, the group treated with 1V209-nanoshell 

conjugates had 100%, while the vehicle, SiO2 nanoshells, and 1V209 treatments groups had a 
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lower survival of 0%, 75%, and 25%, respectively. It is possible that SiO2 nanoshells can have 

cytotoxic properties, both to tumor cells and immune cells which may be the reason for the 

observed tumor growth inhibition for the treatment arm treated with SiO2 nanoshells. When 

tested at a higher concentration of SiO2, systemic adverse effects were observed after 3 high 

doses (50 nmol 1V209, 1.8 mg SiO2 per dose) for SiO2 nanoshells and 1V209-nanoshell 

conjugates (data not shown), therefore the dose was reduced for the study shown in Figure 24.  

The presence of tumor infiltrating lymphocytes are often associated with better clinical 

outcomes and are often implicated in killing tumor cells. Therefore, immunohistochemistry 

was performed on tissue sections collected from mice treated with 1V209, 1V209-nanoshell 

conjugates, PBS, or SiO2 nanoshells. As shown in Figure 24c-d, there was a higher degree 

(10-fold) of infiltrating lymphocytes (CD3+ cells) in mice treated with 1V209-nanoshell 

conjugates compared to the other treatment groups. This data shows that conjugating 1V209 

to silica nanoshells promotes T cell recruitment to the tumor, which has the potential to result 

in improved anti-tumor responses.  
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3.3: Conclusion 

The present study has shown that conjugation of 1V209, a TLR7 agonist, to 100 nm SiO2 

nanoshells can enhance its agonistic activity. Additionally, these results show that the 1V209-

nanoshell conjugates are easily taken up by primary bone marrow derived dendritic cells and 

that the TLR specificity is not altered due to conjugation. Furthermore, although the 

nanoshells are not intended to be used as a single agent therapy, the 1V209-nanoshell 

conjugates have shown to have significant in vivo anti-tumor properties and promote T cell 

infiltration into the tumor microenvironment. The anti-tumor effects in combination with a 

tumor antigen as a cancer vaccine may be performed to test the long-term effects. 

Additionally, the immune response profile and cytotoxity of the tumor microenvironment may 

be characterized to further understand the effects of 1V209-nanoshell conjugates and the 

mechanism of action.  
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Figure 1: Serum stability of anionic and cationic liposomes. Aggregation of Ad, Lec_Ad, 
and DOTAP_Ad was monitored over 24 hrs in 50% human serum by measurement of 
absorbance at 560 nm at 37 °C. All samples had a final viral particle concentration of 
2.5×1010vp/ml, where Lec_Ad and DOTAP_Ad complexes had a final lipid concentration of 
1.4mg lipid/ml and 1.3mg lipid/ml, respectively. Aggregation of particles in serum is 
observed for DOTAP while lecithin liposomes were stable over time. 
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Figure 2: Transfection efficiency at a wide range of MOIs. A549 cells were transfected 
with Ad, lecithin-Ad (Lec_Ad), and DOTAP_Ad, before and after immunoprecipitation (IP) 
at MOIs 2.2, 4.3, 10.75, 21.5, and 43 pfu/cell. Lec_Ad +IP (purple) had the highest 
transfection efficiency at a wide-range of MOIs in comparison to naked Ad, DOTAP_Ad, and 
Lec_Ad before IP most likely due to reduction of size and homogenization after 
immunoprecipitation. DOTAP_Ad +IP (black) showed no signal suggesting that Ad was not 
fully encapsulated or IP is disrupting liposome layers due to charge interactions. Ad+IP (red) 
and DOTAP_Ad +IP showed no signal and data points are overlaid. 
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Figure 3: Infective retention of encapsulated Ad5. A549 cells were transfected with Ad or 
lecithin-Ad before and after immunoprecipitation (IP) at MOI 4.3. Samples were stored at 
4°C and added to cells at day 1 or 5. Ad loses its ability to transfect cells after 5 days whereas 
Ad encapsulated in lecithin retains some infectivity. The sizes of Ad, lecithin-Ad, and 
lecithin-Ad + IP are shown at day 1 and 5 (black circle, red triangle, respectively). There is no 
significant change in the size of encapsulated Ad after 5 days. 
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Figure 4: Neutralization assay. Ad (black), Lecithin_Ad (red), or Lecithin_Ad +IP (blue) 
were incubated with mouse plasma containing a high titer of neutralization antibodies and 
added to A549 cells at MOI 4.3. Mice were inoculated with Ad5 weekly three weeks prior to 
plasma collection and plasma was diluted to 1/16, 1/32, 1/64, 1/256, 1/512, and 0. GFP 
fluorescence intensity was measured at 48hrs post-infection. Lecithin_Ad +IP shows 
protection from nAb neutralization especially at more dilute concentrations. 
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a) 

b) 

Figure 5: Folate targeting. A549 cells were transfected with Ad, lecithin-Ad, or lecithin-
folate-Ad before and after IP at an MOI of 4.3. a) Fluorescent images of cells 48 hrs post 
infection (p.i). b) Average mean green fluorescence of three images 48 hrs p.i. Lecithin-
folate-Ad +IP showed an increase in eGFP expression. Statistical analysis 2-way ANOVA, p-
value = 0.0059 
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Figure 6: EM characterization of 500 nm iron-doped silica nanoshells. SEM and TEM 
images of 500 nm (A) Fe-SiO2 and (B) SiO2 nanoshells. 
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Figure 7: Ultrasound properties of iron-doped silica nanoshells. 500 nm SiO2 and Fe-
SiO2 nanoshells have ultrasound imaging capabilities under color Doppler and CPS mode. 
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Figure 8: Serum chemistry analysis for hepatic function. Mice were injected with 100 μl 
of Fe-SiO2 nanoshells at 4 mg/ml (●), SiO2 at 4 mg/ml (▲), SiO2 nanoshells at 2 mg/ml 
(▼), or PBS (■). Albumin, bilirubin, alanine transaminase (ALT), and alkaline phosphatase 
(ALP) were measured in mice over the course of 10 weeks to evaluate hepatic function. 
Serum chemistry did not differ significantly between control and treated groups. Data are 
shown as average ± SD, where n = 5. 
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Figure 9: Serum chemistry analysis for renal and pancreatic function. Mice were injected 
with 100 μl of Fe-SiO2 nanoshells at 4 mg/ml (●), SiO2 at 4 mg/ml (▲), SiO2 nanoshells at 2 
mg/ml (▼), or PBS (■). Blood urea nitrogen (BUN), creatinine, glucose and amylase were 
measured in mouse serum over the course of 10 weeks to evaluate general renal and 
pancreatic function. Serum chemistry did not differ significantly between control and treated 
groups. Data are shown as average ± SD, n = 5. 
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Figure 10: Serum chemistry analysis for electrolyte imbalance. Mice were injected with 
100 μl of Fe-SiO2 nanoshells at 4 mg/ml (●), SiO2 at 4 mg/ml (▲), SiO2 nanoshells at 2 
mg/ml (▼), or PBS (■). Sodium, potassium, calcium, and phosphorus were measured in 
mouse serum over the course of 10 weeks to evaluate electrolyte imbalance. Serum chemistry 
did not differ significantly between control and treated groups. Data are shown as average ± 
SD, n = 5. 
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Figure 11: Mouse hematology. Mice were injected with 100 μl of Fe-SiO2 nanoshells at 4 
mg/ml (●), SiO2 at 4 mg/ml (▲), SiO2 nanoshells at 2 mg/ml (▼), or PBS (■). Blood was 
collected over the course of 10 weeks and hematology tests were performed to assess blood, 
blood-forming organs, and blood diseases. No significant difference was observed between 
Fe-SiO2 nanoshells, SiO2 nanoshells, and PBS control. Data are shown as average ± SD, n = 
5. 
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Figure 12: Histological analysis of Fe-SiO2 and SiO2 nanoshells. A single dose acute 
toxicity study was performed over the course of 10 weeks in healthy female Swiss white 
mice. Five groups were compared to determine if the nanoshells had any measureable 
toxicity; (A) Fe-SiO2 (400 μg), (B) SiO2 (400 μg), (C) SiO2 (200 μg), (D) PBS and (E) naive 
group. Images are shown at 100×. Mild focal inflammation is observed in the liver, lung and 
kidney for all groups. Arrows are pointing to inflammation foci. 
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Figure 13: Quantification of focal inflammation in liver, lung, and kidney. Focal 
inflammation was quantified by counting the total number of focal inflammation foci for each 
mouse and computing the average per group. Multiple t tests showed no statistical 
significance (ns) when compared to the control group. 
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Figure 14: Biodistribution of SiO2 after IV administration. 500 nm SiO2 nanoshells and 
Fe-SiO2 nanoshells were administered IV to mice. Mice were sacrificed and organs were 
collected 24 h or 10 weeks post-treatment. ICP-OES analysis was used to detect silica content 
in each organ. High accumulation of SiO2 nanoshells was observed 24 h post administration, 
and clearance occurred after 10 weeks. Fe-SiO2 nanoshells showed reduced uptake in the 
liver but some uptake in the lung after 24 h. Both SiO2 and Fe-SiO2 showed very low levels 
of detectable silica in organs 10 weeks after administration. Data are shown as average ± SD. 
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Figure 15: Characterization of silica conjugates. Transmission Electron Micrographs of a) 
100 nm non-modified silica nanoshells and b) 100 nm silica 1V209-nanoshell conjugates. No 
morphological differences were observed. C) Fluorescence spectra of 1V209-SiO2 nanoshell 
conjugates (high density). 
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Figure 16: 1V209 standard curve preparation for quantification: 1V209 standards were 
prepared at different concentrations ranging from 870uM-14uM, and UV-Vis measurements 
were used to create a standard curve. The amount of 1V209 conjugated to the surface of the 
nanoshells using different formulations was quantified by using a standard curve.  
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Figure 17: 1V209-nanoshell conjugates characterization and quantification. 100nm 
nanoshells were conjugated with 1V209 at varying concentrations, re-suspended at 20mg/ml 
(silica mass) and characterized using UV-Vis. The amount of 1V209 conjugated for each 
formulation (low, medium, high density) was quantified by generating a standard curve from 
1V209 standards at the absorbance peak 283nm and interpolating the amount of 1V209 bound 
to the nanoshells. b) A background subtraction was applied after quantification due to 
absorption from non-conjugated silica nanoshells. 
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Figure 18: Tracking of 1V209 nanoshells in BMDCs reveals late endosome localization. 
Bone marrow derived dendritic cells (BMDCs) were incubated with 1v209 nanoshells (1v209 
NS) for up to 6 hrs. Live cell dyes for the late endosome/lysosomes, nuclei and membrane 
were added 5-30min before acquisition. 1v209 NS progression follows a path from the media, 
through the membrane, into the cytoplasm, to later reside in the late endosome/lysosome of 
the cell. 
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Figure 19: Real-time tracking of 1V209 nanoshell uptake in APCs. Bone marrow derived 
dendritic cells (BMDCs) were incubated with 1v209 nanoshells (1v209 NS) for 2hrs before 
video acquisition. Live cell dyes for the late endosome/lysosomes, nuclei and membrane were 
added 5-30min before acquisition. The red arrow points out a cluster of 1v209 NS captured by 
the dendritic cell and brought through the membrane into the cytoplasm of the cell. 
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Figure 20: In vitro cytokine induction and cytotoxicities of 1V209-nanshell conjugates. 
Mouse BMDCs or Human PBMCs were plated and incubated with serially diluted 1V209 
nanoshells conjugates at different coating densities (high, medium, or low density), or 
unconjugated TLR7 ligand 1V209 for 18 hours. Control cells were treated with unmodified 
SiO2 nanoshells, 1µM Resiquimod or LPS, or 0.5% DMSO as vehicle. IL-6 and IL-12 
released in the culture supernatants were measured using ELISA. Cytotoxicity was measured 
by MTT assay. All data shown is Mean ± SD.  
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Figure 21: Cytokine transcriptional response to solubilized TLR agonist treatment. (a) 
Experimental set up to delineate optimal cytokine specific transcription in response to TLR7 
agonist and LPS stimulation. Time response transcriptional profiles for (b) TNFα, (c) IL-6, (d) 
IP-10, (e) MCP1 and (f) MIP1α. Optimal TLR7 stimulation considered to be significantly 
different transcript fold changes compared to untreated control. TWO-way ANOVA. P<0.05 
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Figure 22: Cytokine transcriptional response to 1V209 nanoshell conjugate treatments. 
Cytokine specific response at a transcriptional level was measured and normalized to vehicle 
group (control) after treatment with solubilized TLR7 agonist, 1V209, 1V209-nanoshell 
conjugates, and unmodified nanoshells. Time response transcriptional profiles for (a) TNFα, 
(b) IL-6, (c) IP-10, (d) MCP-1 and (e) MIP1α. **Significantly different transcript fold 
changes compared to untreated control only in solubilized 1V209 and 1V209-nanoshell 
conjugates. TWO-way ANOVA. p value <0.05 
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Figure 23: Plasma cytokine levels with 1V209-nanoshell conjugate treatments. A single 
high dose of 1V209 (50 nmol/mouse), 1V209-nanoshell conjugates (high density coating, 50 
nmol 1V209; 1.8 mg SiO2), SiO2 (1.8 mg/mouse) or PBS was administered intratumorally. 
Blood was collected at 0, 2, and 24 hours and plasma was processed. Cytokine levels for of 
IL-6, IL-12, IP10, MCP-1, MIP-1α, TNFα, RANTES, and IFNγ were measured using a 
Luminex assay. A one way ANOVA was used for statistical significance analysis indicated as 
* (p<0.05) 
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Figure 24: Treatment with 1V209 conjugates reduces tumor growth and increases TILs. 
Balb/c mice were implanted with CT26 cells and treatment began on day 10, when tumors 
reached 100 mm3. Mice were randomized and treated with vehicle (PBS), SiO2 nanoshells, 
1V209, or 1V209-nansoshell conjugates (high density coating conjugates). (a) Average tumor 
growth curves per treatment, (b) tumor volume at day 8, (c) tumor survival curve. (c) 
Immunohistrochemistry of one representative section per group. Cell nucleus was stained 
with DAPI (blue) and CD3 was stained anti-CD3 antibody (red), (d) Quantification of CD3 
positive cells in tumor section. Random fields of view were arbitrarily selected per group 
(with similar cell density) and CD3+ cell count was perform using ImageJ software. 
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Figure 25: Individual tumor growth curves. Balb/c mice were implanted with CT26 cells 
and treatment began on day 10, when tumors reached 100mm3. Mice were randomized and 
treated with a) vehicle (PBS), b) SiO2 nanoshells, c) 1V209, or 1V209-nansoshell conjugates 
(high density coating conjugates. Individual growth curves for each treatment group are 
shown (n=3-4/group). 
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Scheme 1: Electrostatic interactions of phospholipids with Ad5. Lecithin is composed of 
zwitterionic and anionic phospholipids. A proposed structure is shown. Zwitterionic 
phospholipids are shown interacting with the negatively charged adenovirus. The assembly of 
negatively charged phospholipids such as inositol phosphatides is shown on the outer leaflet 
of the liposome which is energetically more favorable due to electrostatic interactions. 
Cationic and zwitterionic phospholipids are shown on the inner leaflet, interacting with 
adenovirus. Cholesterol is shown in between the lipid bilayer and PEG2000 chains are shown 
on the surface of the liposome complex illustrated in red. 
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Scheme 2: Immunoprecipitaiton (IP) of non-encapsulated adenoviruses. IP technique 
extracts non-encapsulated viral particles from solution. After liposomal encapsulation, the 
adenovirus-liposome complex was incubated with anti-hexon IgG. Non-encapsulated viruses 
bound to anti-hexon IgG were extracted using Protein G magnetic beads. The technique also 
reduces size of complexes and homogenizes the sample due to incubation with 2µm magnetic 
beads. 
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Scheme 3: Conjugation of 1V209 to silica nanoshells. 100nm silica nanoshells (a) were 
functionalized with (3-aminopropyl)triethoxysilane (APTES) in order to modify the 
nanoshells with an amine group (b). 1V209 was reacted with N-Hydroxysuccinimide (NHS) 
and 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC) and mixed with 
amine functionalized nanoshells (c). Different nanoshell formulations, varying in amount of 
1V209 reacted during the conjugation step and incubation times resulted in high, medium, or 
low density coating of 1V209 onto the nanoshell surface (d).  

 

 

 

 

 

 



94 
 

Table 1: PFU assay. The number of isolated plaques were counted, and the following 
formula was used to determine the titer (pfu/ml) of the viral stock and the titer of encapsulated 
adenovirus after immunoprecipitation (IP). pfu/ml= plaques÷(DF×V), where DF= dilution 
factor, and V= volume of diluted virus added to the well. At least two different wells with 
different serial dilutions were counted to ensure consistency. Percentage of infective virus 
after IP is Lec+IP/Ad stock at 1/562 concentration. % of retained infectivity of Ad stock +IP 
is not calculated since pfu was not quantified for Ad+IP. 

Sample 
dilution 

factor 

plaques 

counted 

calculated 

pfu/ml 
vp/ml 

calculated 

pfu/ml 

% retained 

after IP 
  

Ad stock 1E-06 56 5.6E+09 5.0E+12 9.9E+06 ------ 

Ad stock 1E-05 501 5.0E+09 5.0E+12 8.8E+06 ------ 

Lec_Ad+IP 1E-03 75 7.5E+06 8.8E+09 7.5E+06 80% 

Lec_Ad+IP 1E-02 700 7.0E+06 8.8E+09 7.0E+06 75% 
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Table 2: Characterization of Ad encapsulation in liposomes. Size and polydispersity of 
Ad, Lecithin-Ad, DOTAP-Ad, and empty Lecithin, before and after IP. The measurements 
shown are the averages taken from three different samples prepared on different days. 

Sample 
Hydrodynamic Diameter 

(d.nm) 

Polydispersity Index 

(PDI) 

Adenovirus 123 ± 6 0.1 

Lecithin-Ad –IP 180 ± 26 0.7 

Lecithin-Ad +IP 143 ± 4 0.3 

DOTAP-Ad –IP 342 ± 2 0.3 

DOTAP-Ad +IP 301 ± 2 0.3 

empty Lecithin -IP 738 ± 38 0.6 

empty Lecithin +IP 138 ± 3 0.4 
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Table 3: Pathological evaluation of mouse organs. Liver, lung, kidney, spleen, muscle, 
heart, and brain showed mild inflammation in the liver, lung, and kidney of all groups. The 
percentage of mice which showed at least one focal point of inflammation in each organ is 
summarized per organ (n = 5 per group). Multiple t test analysis showed no statistical 
significance when compared to the control group. 

 

 

 

 

 

 

 

Sample Liver Lung Kidney Spleen Muscle Heart Brain 

Fe-SiO2, (4mg/ml) 71% 71% 86% 0% 0% 0% 0% 

SiO2, (4mg/ml) 60% 100% 100% 0% 0% 0% 0% 

SiO2, (2mg/ml) 43% 71% 86% 0% 0% 0% 0% 

PBS 71% 57% 71% 0% 0% 0% 0% 
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Table 4: EC50 and Emax of 1V209-nanoshell conjugates. EC50 and Emax values were 
calculated using Prism software. Emax was calculated at 2.5uM. low density conjugates has 
low efficacy therefore EC50 values were not determined.  

Sample 1v209 
low density 

conjugates 

Medium density 

conjugates 

high density 

conjugates 

EC50 (IL6) 658.9 --- 300.9 232 

Emax (IL6) 4.907 0.8149 13.2 9.041 

Emax (norm) 1X 0.02X 2.6X 1.8X 

EC50 (IL12) 650 --- 465 287 

Emax (IL12) 0.4 0.13 1.78 1.68 

Emax (norm) 1X 0.3X 4.45X 4.2X 
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Table 5: Primer sequences for transcriptional cytokine assay.  Mouse-specific primer 
sequences used for real time qPCR 

Primer 

Name 
Forward (5'-3') Reverse (3'-5') 

TNFα ATGGCCTCCCTCTCATCAGT TGGTTTGCTACGACGTGGG 

IL-6 GCAAGAGACTTCCATCCAGTTG TGCACAACTCTTTTCTCATTTCCA 

IP-10 TCTGAGTGGGACTCAAGGGAT ATTCTCACTGGCCCGTCATC 

MCP-1 CAAGAAGGAATGGGTCCAGA GCTGAAGACCTTAGGGCAGA 

MIP-1a TACAGCCGGAAGATTCCACG TCAGGAAAATGACACCTGGCT 

18S CGAGCCGCCTGGATACC CATGGCCTCAGTTCCGAAAA 

GAPDH TCAAGCTCATTTCCTGGTATGACA TAGGGCCTCTCTTGCTCAGT 
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