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Nanoparticles (NPs) are promising tools to improve upon conventional cancer 

treatment strategies that are limited by significant off-target effects and unsatisfactory 

patient outcomes. In this dissertation, we demonstrate that NPs called nanoshells 

(NSs) comprised of silica cores and thin gold shells are versatile platforms to mediate 

phototherapy and/or or gene regulation of cancer by exploiting their unique optical 

and bioconjugation properties. For phototherapies, NSs either generate heat to damage 

the surrounding cancer cells, or they can be triggered to release any surface-bound 

molecules using continuous wave or pulsed laser irradiation, respectively. In gene 

regulation applications, the gold NS surfaces are decorated with therapeutic antibodies 

or small interfering RNA (siRNA) molecules using gold-thiol chemistry. By 

exploiting these unique features, our overarching goal was to establish NSs as 

multifunctional and versatile tools that offer high precision cancer therapy.  

Our first objective in this thesis was to evaluate a combinatorial phototherapy 

approach using both PTT and photodynamic therapy (PDT) to induce irreversible 

cancer cell death. PTT damages caner cells by activating NSs embedded in tumors to 

produce heat in response to near infrared light, while PDT uses photosensitizers that 

are activated by lower wavelengths of light to produce toxic singlet oxygen. We 

hypothesized that dual therapy would be more effective for tumor ablation than either 

therapy alone by overcoming the limitations of each option. In Chapter 3, we evaluate 

a novel and potent photosensitizer to mediate PDT, and we show that dual PTT/PDT 

mediated by NSs and this photosensitizer, respectively, work synergistically to induce 
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apoptotic cell death more efficiently than each strategy alone.  

Our second objective was to demonstrate that NSs can enable high precision 

gene regulation through light-triggered release of siRNA. The use of NPs for siRNA 

delivery is promising to overcome the instability and poor cellular uptake of free 

siRNA. However, to avoid widespread gene regulation, it is ideal that siRNA-NP 

conjugates release their cargo on-demand only in tumor cells. We hypothesized that 

siRNA-NS conjugates would remain inactive until the siRNA was released from NSs 

upon excitation with pulsed laser light. In Chapter 4, we show that pulsed laser 

excitation releases duplexes of siRNA, and we provide a mechanistic understanding of 

how these plasmonic NPs operate to enable on-demand gene regulation.  

The third goal was to establish antibody-NS conjugates as platforms for 

oncogenic cell signaling interference. We hypothesized that antibody-NS conjugates 

could actively target cancer cells to hinder oncogenic signaling more effectively than 

freely delivered antibodies due to their higher binding affinities. We found that 

antibody-NS conjugates bind cancer cells with more strength than free antibodies, 

resulting in improved signal cascade interference. Further, these conjugates retain their 

targeting abilities in vivo, as antibody-NS conjugates accumulate in small lung 

metastases in a murine model of metastatic breast cancer, which slows tumor growth. 

These results indicate that antibody-NS conjugates may permit lower antibody 

dosages to be administered for cancer management.  
In total, this dissertation evaluates how the unique properties of NSs can be 

exploited to enable high precision cancer therapy by three powerful but distinct 

treatment mechanisms. Due to their high specificity and potency, these multifunctional 

NPs are promising alternatives to current cancer therapies.
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INTRODUCTION TO NANOPARTICLE-BASED CANCER THERAPY 

The overarching goal of this dissertation was to develop and study novel 

nanoparticle-based platforms for cancer therapy. Throughout this dissertation, we used 

nanoshells (NSs) composed of silica cores and thin gold shells as the core material due 

to their unique light properties and simple bioconjugation chemistry that makes them 

ideal for light-based therapies and gene regulation, respectively. A main theme 

throughout this work is to prove how nanoparticles can improve upon therapeutics for 

cancer treatment and to reduce adverse effects to healthy tissues compared to the same 

therapies delivered without their nanoparticle carriers. Thus, each Chapter represents a 

novel way in which NSs can be exploited for phototherapies, on-demand gene 

regulation, and active targeting for signal cascade interference of diseased cells and 

tissues. In Chapter 1, we introduce concepts that provide the basis for the later 

chapters, and we discuss common themes that will be presented throughout this 

dissertation. Sections in this Chapter have been adapted from my co-authored articles:  

(1) Riley RS, Day ES. Gold Nanoparticle-Mediated Photothermal Therapy: 

Applications and Opportunities for Multimodal Cancer Treatment. 

WIREs Nanomed Nanobiotechnol 2016, e1449.  

(2) Valcourt DM, Harris J, Riley RS, Dang M, Wang J, Day ES. Advances 

in Targeted Nanotherapeutics: From Bioconjugation to Biomimicry. 

Nano Research 2018, 3, 1-18. 

Chapter 1 
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1.1 A Brief Introduction to the Hallmarks of Cancer 

Although cancer research has experienced tremendous advances over the past 

few decades, the disease remains a significant challenge today. A main difficulty that 

limits the success of cancer treatments is that most cancers are highly heterogeneous. 

Therefore, it is critical to understand the underpinnings of cancer biology and the 

formation of tumors to ultimately design new therapeutic strategies to treat this 

disease. Towards this goal, Hanahan and Weinberg proposed the hallmarks and 

enabling characteristics of cancer cells and their microenvironment that are required 

for disease development (Figure 1.1).1 These hallmarks and characteristics encompass 

the necessary capabilities that cells acquire in order to become malignant, and most 

treatment options for cancer target one or more of these features. The therapeutics 

developed in this dissertation aim to disrupt several of these hallmarks of cancer 

including genomic instability, resisted cell death, sustained proliferative signaling, and 

activated invasion and metastasis.  Below, we briefly explain the implications of these 

specific hallmarks towards cancer progression and we discuss their importance to the 

scope of this dissertation. 

A broad and overarching feature of cancer progression is genomic instability 

and mutations. As cells become cancerous, they acquire mutations to their genomes 

that in turn cause several of the other hallmark capabilities.1 In cancer, these mutations 

are often associated with chromosomal instability and rearrangements that lead to 

changes in gene expression, aberrant oncogenic cell signaling, and ultimately 

increased tumorigenesis.2 One oncogenic cell signaling pathway that is implicated in 

genomic instability and cancer progression is the Wnt signaling pathway. Aberrant  
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Wnt signaling is linked to many types of cancer including breast cancer, colon cancer, 

and lung cancer, and it causes chromosomal instability due to mutations in several 

Wnt genes.2–4 Such genomic instability is critical to Chapters 4 and 5 in this 

dissertation. On a broad scale, Chapter 4 presents a novel means of downregulating 

aberrant cell signaling that is applicable to a wide range of target genes, and Chapter 5 

directly investigates how controlling Wnt signaling influences cancer progression. 

Interestingly, genomic instability is a key feature responsible for other hallmarks of 

cancer as described below.1 

Two more hallmarks of cancer that work cohesively are cell’s abilities to resist 

cell death and to sustain proliferation.1 The ability for cancer cells to resist cell death 

is critical to prolonged survival and growth. Normally, cells undergo programmed cell 

death in response to physiological or intracellular signals.5 Alternatively, tumor cells 

adapt to avoid or ignore these apoptotic signals due to overactive cell signaling and 

 
Figure 1.1: The main characteristics and hallmarks of cancer that are acquired by 
cells and their microenvironment. The boxed hallmarks are directly investigated 
in this dissertation. Image adapted from Hanahan and Weinberg, Cell, 2011. 
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loss of tumor suppressor functions, among others.6 Chapter 3 in this dissertation 

studies how phototherapies can induce apoptosis in cancer cells to overcome this 

hallmark. The ability of cells to avoid apoptosis is exacerbated by uncontrollable 

proliferation leading to rapid tumor formation.7 The proliferation of healthy cells is a 

highly controlled process to maintain homeostasis, but cancer cells acquire means of 

deregulating their proliferation to endlessly divide. This uncontrolled proliferation is 

due to several factors including elevated levels of growth factors and their subsequent 

cell signaling cascades.7 Resistance to apoptosis and sustained proliferation are both 

examined in the gene regulatory sections of this dissertation (Chapters 4 and 5), as 

these chapters aim to inhibit overactive signaling that support disease progression.   

The final hallmark of cancer progression introduced here is the ability for 

cancer cells to invade and metastasize to previously healthy tissues to form secondary 

tumors.1 Although the cellular mechanisms underlying metastasis are still under 

investigation, several critical steps must occur. Briefly, cancer cells in the primary 

tumor proceed to induce local invasion close to the site of the primary tumor, followed 

by entry into the lymphatic system. Once in circulation, the cancer cells can 

extravasate into distant tissues to form secondary tumors.8 The rates of metastasis are 

dependent on several specific features of cancer cells, including cell adhesion and 

epithelial-mesenchymal transition (EMT),1 but here we were primarily interested in 

using gene regulation to inhibit the formation of metastasis by inhibiting overactive 

oncogenic signaling, as this usually influences other metastatic behaviors.9  In fact, 

Wnt signaling has been strongly correlated with EMT and high rates of metastasis, so 

inhibiting this hallmark capability is a key focus in this research.9,10  
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Importantly, many clinical strategies currently used to treat cancer focus on 

destroying rapidly expanding cancer cells by targeting their hallmark capabilities. 

Below, we describe the mechanisms of action of current treatment strategies and 

discuss the pitfalls that this dissertation aims to overcome.  

1.1.1 Current Clinical Strategies to Treat Cancer 

The standard-of-care strategies to treat cancer, including chemotherapy, 

radiation, and surgery, have remained relatively unchanged over the past several 

decades. Although they can be highly effective for some cancers depending on the 

stage of disease, their success is unpredictable due to the heterogeneity of each cancer. 

To increase the likelihood of successful treatment, patients are often given a 

combination of therapies. Below, we provide a brief overview of each of these 

therapies and the common limitations that hinder their success.  

Surgery involves the removal of the primary tumor mass, and any substantial 

secondary lesions, directly from the host organ. This bulk removal of the tumor and 

adjacent tissue that has the potential of hosting local recurrence can be highly effective 

for early-stage disease clearance.11 However, surgery is highly invasive, it is 

impossible to ensure that all of the diseased tissue is collected, and it does not harm 

circulating cancer cells or any early metastatic lesions in distant organs.12 

Additionally, the stress associated with surgery has been linked to increased rates of 

metastasis.13,14 For these reasons, surgery is often used in combination with 

chemotherapy and/or radiation. 

Chemotherapies comprise a broad class of drugs that interfere with cancer 

progression. Some chemotherapy drugs cause cell cycle arrest to inhibit the high rates 

of proliferation that are characteristic of cancer cells to slow both primary and 
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secondary tumor growth.15,16 In addition, some chemotherapies induce apoptosis by 

triggering cell death pathways in cells to cause tumor regression.16 Since 

chemotherapeutics typically impact all cells that are rapidly dividing and growing, 

patients usually experience significant adverse side effects. Some minor side effects 

from chemotherapy include nausea, fatigue, and hair loss, but the use of chemotherapy 

is also associated with serious health concerns such as urinary, kidney, and heart 

problems that affect patients throughout their lives.17,18  

The final standard-of-care therapy is radiation, which is either ingested through 

the mouth (i.e. radioactive iodine in a pill) or applied through a radioactive beam 

outside the body. Put simply, the applied high energy radiation damages the DNA 

inside cells, which in turn causes cell death.19 Like chemotherapy, however, radiation 

also impacts healthy cells that are in the area of irradiation, leading to substantial 

adverse effects to adjacent healthy tissue. Further, a very important consideration for 

radiotherapy is that it can promote the formation of metastatic lesions in distant organs 

due to changes to the surrounding tumor microenvironment and the release of tumor 

cells into the bloodstream.20 Together, these risks often limit the dose of radiation 

administered to cancer patients. 

More recently, targeted therapies have been developed to specifically halt 

cellular pathways that are involved in disease progression. Importantly, targeted 

therapies have fewer side effects than the conventional strategies described above 

because they target cell surface receptors that are overexpressed on cancer cells 

relative to healthy cells.21 The most common forms of targeted therapies utilize 

monoclonal antibodies or small molecules that are specific to oncogenic cell signaling 

receptors.22,23 These therapies are currently used in a variety of cancers including 
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breast cancer (trastuzumab), chronic lymphocytic leukemia (alemtuzumab), and 

Hodgkins lymphoma (brentuximab vedotin), among others.24 Targeted therapies have 

vastly improved the outcomes for patients with certain cancers, but many cancer 

subtypes are not susceptible to currently available targeted therapies. Therefore, a 

significant research focus is on developing targeted therapies for cancers characterized 

by overactive oncogenic cell signaling pathways that can benefit from highly specific 

therapy rather than the non-targeted strategies described above. 

As previously mentioned, the three standard-of-care practices for cancer 

treatment are generally successful for early stage cancers, but become less successful 

with more advanced cancers due to their heterogeneity and higher metastatic rates. 

Further, all of these strategies are non-targeted, so they affect cancer cells in addition 

to healthy cells, leading to substantial off target effects that can be life-threatening. For 

these reasons, targeted therapies are deemed as promising alternatives, or they can be 

combined with surgery, chemotherapy, and radiation for a more cohesive approach to 

cancer treatment. However, targeted therapies still have dose-limiting toxicities, and 

their use is halted by vast tumor heterogeneity so that not all diseased cells are 

affected. Recently, nanoparticles (NPs) have emerged as tools to overcome many of 

the limitations of the therapies described above. The benefits afforded by NP systems 

over conventional therapies are described in Sections 1.2 and 1.3, and three unique 

applications of NPs are thoroughly investigated throughout this dissertation as 

alternative strategies to treat triple-negative breast cancer (TNBC).  

1.1.2 Need for Novel Therapies for Triple-Negative Breast Cancer  

TNBC accounts for 15-20% of diagnosed breast cancer cases and is associated 

with earlier relapse, higher mortality rates, and significantly decreased progression-
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free survival compared to other subtypes of breast cancer. Interestingly, TNBC 

patients are more receptive to traditional chemotherapy drugs compared to non-TNBC 

patients, but they are significantly more likely to develop recurrent disease (64.93% 

vs. 45.49%, respectively) that could be lethal.25–27 Importantly, disease recurrence 

most commonly occurs locally, although there are high rates of both brain and lung 

metastases within the first 3 years after diagnosis (Figure 1.2).28 For this reason, in 

Chapter 5 we conducted a pilot in vivo study investigating the use of our NP platform 

in a murine model of lung metastatic TNBC. Unlike other breast cancer subtypes, the 

cells in TNBC tumors lack expression of the estrogen, progesterone, and human 

epidermal growth factor 2 receptors, rendering the disease unsusceptible to clinical 

available targeted or hormonal therapies.25,29 Without any effective targeted or 

hormonal therapies, TNBC patients are treated with surgeries and aggressive 

chemotherapies that often cause toxic side effects and leads to the high rates of 

recurrence. Thus, novel therapies for this disease should aim to harness the metastatic 

potential of this disease, which is driven by overactive Wnt signaling.  

 
Figure 1.2: Risk of disease recurrence in distant organs following primary TNBC 
diagnosis. Image from Pogoda et al., Med Oncol, 2013. 
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1.1.3 Wnt Signaling as a Target for TNBC 

Here, we provide an introduction to the importance of Wnt signaling in driving 

TNBC progression and metastasis, and further details regarding the molecular 

mechanisms behind Wnt signaling are described in Chapter 5. Briefly, Wnt signaling 

is activated in TNBC cells when extracellular Wnt3a proteins bind Frizzled7 (FZD7) 

receptors overexpressed on TNBC cells.30 This causes intracellular β-catenin 

molecules to enter the nucleus and transcribe genes such as Axin2, which is 

considered the definitive marker of Wnt signaling activity. In this manner, aberrant 

Wnt signaling drives the proliferative, survival, and invasive potential of TNBC cells. 

Accordingly, overactive Wnt signaling has been directly linked to both primary tumor 

formation and to increased risk of lung metastasis.10   

Due to its’ role in disease progression in TNBC and other cancers, Wnt 

signaling inhibitors are currently being investigated in clinical trials for several types 

of cancer. For example, Oncomed Pharmaceuticals, Inc. has developed two antibodies 

that antagonize Wnt signaling through the FZD receptors. Results from these clinical 

trials have shown good safety and tolerability, and they are currently being 

investigated in combination with chemotherapy.31–33  Importantly, Wnt signaling 

inhibition is correlated with adverse side effects including fragility fractures and 

muscle spasms, so it is critical to thoroughly evaluate the safety of Wnt inhibitors and 

to minimize the required dosages. Due to its’ potential in TNBC, and the success of 

Wnt inhibitors to treat cancer, Chapter 5 in this thesis focuses on targeting Wnt 

signaling with antibody-coated NPs to evaluate this pathway as a therapeutic target for 

TNBC.   
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1.2 An Introduction to Cancer Nanomedicine 

Nanotechnology offers many benefits over conventional treatment strategies 

used to treat cancer. The main underlying goals for cancer nanotechnology is to 

increase therapeutic efficacy and to decrease adverse side effects that often limit the 

success of free agents. With these efforts in mind, NP platforms can be engineered to 

provide several functionalities for maximal therapeutic results (Figure 1.3). First, NPs 

can act as delivery systems for chemotherapeutic drugs or molecular therapies either 

encapsulated within or conjugated to their surfaces.34  In this manner, NPs can 

increase the stability and circulation half-life of the conjugated molecules compared to 

these agents alone. Second, inherently functional NPs can be engineered to mediate 

direct therapeutic impacts (such as heat-based therapy) and can enable enhanced 

imaging contrast due to their unique optical properties as described in Section 1.3.1. 

Third, the surface of NPs can be coated with targeting or gene regulation moieties to 

enhance cancer-cell specific uptake while reducing nonspecific uptake. Together, 

these benefits afforded to NP platforms make them ideal for difficult-to-treat cancers 

that require several treatment modalities within a single therapeutic platform. 

 
Figure 1.3: Functionalities of gold NPs. These NPs can be used for 
phototherapies as well as act as carriers for therapeutic agents for multifaceted 
approaches to cancer therapy. Image adapted from Riley and Day, WIREs, 2017. 
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1.2.1 Passive and Active Targeting of Nanoparticles 

NP delivery to solid tumors and specifically to cancer cells occurs by both 

passive and active targeting mechanisms. In passive targeting, NPs accumulate within 

tumors via the enhanced permeability and retention (EPR) effect, which exploits the 

leaky vasculature and the poorly organized lymphatic system within tumors to achieve 

high intratumoral NP concentrations (Figure 1.4).35,36 These NP systems are typically 

coated with stealth agents, such as poly(ethylene) glycol (PEG), to increase circulation 

time and stability compared to completely uncoated NPs. Passive targeting is 

exploited in Chapter 3 of this dissertation, which utilizes NPs for heat-based therapy 

of cancer cells. 

While passive targeting by the EPR effect is sufficient for NP accumulation 

within tumors, it does not enable cell-specific interactions between the NPs and the 

cancer cells. Further, NPs that rely on passive targeting alone are not retained within 

the tumor space for extended periods of time, as the EPR effect also facilitates their 

escape back into circulation.37 To increase tumor retention and specific binding to 

cells, NPs can be coated with targeting ligands, such as antibodies, peptides, or 

aptamers, to enable active targeting. In this case, NPs accumulate within the tumor 

space by the EPR effect. Once within the tumor space, the exposed targeting ligands 

on the surface of NPs specifically bind their targeted proteins on the cancer cells 

(Figure 1.4). Thus, active targeting has been shown to enhance tumor retention of the 

NPs, which is beneficial for several reasons. First, tumor retention of NPs loaded or 

coated with therapeutic agents is necessary to increase the amount of those agents 

delivered to the tumor cells, thus decreasing off-target effects. Further, specific 

binding of NPs to their targeted cell surface receptor may interfere with the oncogenic 

cell signaling pathway downstream of the targeted receptor. In Chapter 5, we explore 
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how actively targeted NPs can be used to both specifically bind TNBC cells and to 

interfere with oncogenic cell signaling.  

1.2.2 Current Clinical Status of Nanoparticle-Based Cancer Therapies 

Several NP systems have gained approval from the Food and Drug 

Administration (FDA) for cancer treatment. The most widely used NP platform is 

Doxil, which consists of a PEGylated liposomal formulation of the chemotherapy drug 

doxorubicin.38 Several other liposomal formulations of chemotherapy drugs have since 

been approved including DaunoXome (daunorubicine) and Marquibo (vincristine).39 

Additionally, there are other polymeric and micelle formulations of chemotherapy 

drugs under investigation in clinical trials.39 Although these formulations have gained 

attention for improving the half-life and stability of the drugs, it is important to note 

that these technologies are not targeted to diseased tissues, so they still cause 

 
Figure 1.4: Passive and active targeting of NPs. Following intravenous injection, 
NPs accumulate within solid tumors due to their increased permeability and leaky 
vasculature. Upon entry into the tumor space, ligand-functionalized NPs 
specifically bind their targeted receptor on the cancer cells for improved retention 
and delivery. Image from Dong and Mumper, Nanomed, 2010.  
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significant toxicity to healthy tissue.40 Therefore, more recently targeted NPs have 

been introduced into the clinic. 

Targeted NP systems in particular are expected to become widely apparent in 

the coming years. As such, the number of publications that studied targeted NP 

systems have exponentially increased since the year 2000 (Figure 1.5).37 Although 

they are yet to be approved by the FDA, there are several targeted NPs currently in 

Phase I and II clinical trials for a variety of solid tumor cancers, several of which are 

showing great promise.39 The common goal of these targeted systems is to improve 

upon tumor-specific delivery of the loaded cargo by exploiting overexpressed cell 

surface receptors on cancer cells.41,42 Sonna, et al. and Anselmo, et al. presented 

thorough reviews of targeted NP systems currently under investigation in clinical 

trials.39,42. The majority of these targeted NPs are either liposomal or polymeric 

because these materials are biocompatible and porous, thus enabling passive diffusion 

of the loaded cargo following delivery to the tumor site. Harder materials, such as 

gold, have not been as extensively investigated in clinical trials, but we anticipate their 

growth in the coming years.  

Although there are no gold-based NP systems that are currently approved by 

the FDA, there are a few ongoing and completed clinical trials that utilize gold NPs 

specifically for phototherapies.43–47 Among the various types of gold NPs, NSs coated 

with PEG (also known as AuroShells, which are being commercialized by 

Nanospectra Biosciences, Inc.) are the furthest along in development and are currently 

the only gold NPs being evaluated in clinical trials for photothermal therapy (PTT), 

which is described below and was extensively studied in Chapter 3 of this dissertation. 

These trials are examining the safety and efficacy of NS-mediated PTT against lung, 
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head and neck, and prostate cancers,45–47 and the first publication regarding these 

human trials indicates that PEG-coated NSs have an excellent clinical safety profile.48 

Although there are several clinical trials ongoing, efficacy data from these trials has 

not yet been published.34 Due to their extensive investigation and publication records, 

as well as their therapeutic properties described in Section 1.4, we used NSs as the 

base platform throughout this thesis. 

1.3 Gold-Based Nanoparticles in Oncology Research 

Several types of NPs have been developed for cancer therapy including 

polymers, lipids, and metals, which each have unique benefits and important 

limitations.49–51 For example, soft materials such as polymers and lipids are porous, 

and therefore are ideal for loading molecules into their cores. Further, certain soft 

materials are biodegradable, so they can be used to release their loaded cargo at the 

diseased site in response to external stimuli, changes in pH, or other triggers.52 

 
Figure 1.5: Number of targeted NP publications. The number of annual 
publications found in PubMed using the search terms “targeted nanoparticle” 
since the year 2000. Figures from Valcourt, et al., Nano Research, 2018. 
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Alternatively, gold-based NPs, which can be either solid or hollow,53 provide several 

benefits for oncology research over their softer counterparts. For example, gold NPs 

enable simple gold-thiol bioconjugation chemistry for surface functionalization with 

therapeutic molecules, targeting ligands, or passivating agents (such as PEG) for 

enhanced targeting and biocompatibility.34 Additionally, the optical properties of gold 

NPs can be tuned by controlling their structural dimensions, which is a critical feature 

for phototherapies that utilize specific wavelengths of light. These benefits, along with 

other benefits afforded by NSs specific to the work presented in this thesis, are further 

explained in the subsections below.  

1.3.1 Photoresponsive Nanoparticles for High Precision Cancer Therapy  

Nanoparticle-mediated PTT has rapidly advanced as a standalone therapy for 

cancer because it enables selective hyperthermia of tumor tissue while avoiding 

damage to healthy tissue not in the area of irradiation. In PTT, plasmonic NPs are 

delivered into tumors and irradiated with laser light, which causes the NPs’ conduction 

band electrons to undergo synchronized oscillations that result in either the absorption 

or scattering of the applied light.43 The absorbed light is converted into heat, which 

irreversibly damages the surrounding diseased tissue (Figure 1.6).  

 
Figure 1.6: The steps of photothermal therapy. In PTT, systemically delivered 
nanoparticles accumulate within solid tumors via the enhanced permeability and 
retention effect, which exploits the leaky tumor vasculature. Once within the 
tumor, near infrared light is applied to cause the nanoparticles to generate heat to 
kill the surrounding tumor tissue. Image from Riley and Day, WIREs, 2017. 
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NPs used in photothermal applications must meet several design criteria such 

as having plasmon resonance tunability, high photothermal conversion efficiency,54,55 

and simple surface functionalization or encapsulation chemistry. Based on these 

design criteria, NSs, nanorods (NR), nanocages (NC), and nanostars have emerged as 

the most common gold-based photothermal transducers (Figure 1.7).43,56 These NP 

platforms have been specifically designed to maximally absorb near infrared (NIR) 

light. It is ideal that any phototherapy is designed to be responsive to light within the 

first (650-850 nm) or second (950-1350 nm) NIR windows because these wavelengths 

of light can safely and deeply penetrate healthy tissue to reach NPs embedded within 

tumors.34 To demonstrate this concept, Figure 1.8 shows that native tissue 

components, such as water and hemoglobin, minimally absorb light in the first NIR 

window. An important feature of gold NPs is that their structural dimensions can be 

tuned to yield maximal absorption within one of these two regions of light. The 

majority of gold NPs have been designed to have maximal light absorbance within the 

first NIR window, which can safely penetrate 2-3 cm of tissue. For example, the NR 

length can be shortened or elongated to achieve peak longitudinal surface plasmon 

resonance in the NIR region.57–59 Similarly, NSs can be engineered to maximally 

absorb specific wavelengths of NIR light as described in detail in Section 1.4 below.  

In addition to NP structure, the mode of light irradiation is also critical to the 

success of phototherapies. For example, traditional PTT discussed above uses 

continuous wave (CW) laser light tuned to the NPs peak plasmon resonance 

wavelength to activate the NPs embedded within tumors, which subsequently produce 

heat to directly kill nearby cancer cells. Thus, heat produced by CW-mediated PTT is 

a result of collective activation of the bulk amount of NPs.60 Alternatively, pulsed 
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Figure 1.7: Types of gold NPs for phototherapy. Four of the most commonly 
employed gold NPs for photothermal applications include silica core/gold shell 
nanoshells, gold nanorods, hollow gold nanocages, and nanostars. Image from 
Riley and Day, WIREs, 2017. 

 
Figure 1.8: Light absorbance by tissue. Light in the NIR region is ideal for 
phototherapies because these wavelengths are minimally absorbed by native 
tissue components such as hemoglobin and water. Image from Weissleder, 
Nature Biotech, 2001.  
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laser irradiation, in which high energy, ultrafast pulses of laser light are used to 

activate NPs, are useful for other types of phototherapy. Pulsed light causes individual 

NPs to generate localized energy within the immediate vicinity of the NPs. This is 

believed to occur via a hot electron transfer effect, and the energy produced can 

release any molecules conjugated to the NP surfaces.61 This feature in particular is 

ideal for spatial and temporal control over gene regulation as discussed in Section 

1.3.2 and as explored in Chapter 4. Since both CW and pulsed laser irradiations cause 

significantly different responses, it is critical to specifically design NP systems based 

on the desired therapeutic outcome. Therefore, a main theme in this thesis is to 

demonstrate the ability for NSs to mediate either heat-based PTT (Chapter 3) or to act 

as carriers for siRNA to enable on-demand gene regulation (Chapter 4), thus making 

NSs a robust platform for a variety of cancer therapeutic strategies.  

The main challenge of phototherapies is that they are mainly used to treat 

primary tumors, as they do not affect metastatic lesions or tumor cells outside the area 

of irradiation. To enhance overall treatment outcomes by also influencing metastasis, 

gold NPs can be used for delivering additional therapeutic agents in combination 

treatment strategies. In this manner, the gold NPs can be used as molecular carriers, 

can enable optical imaging and high precision phototherapies due to their unique light 

properties, and can enable overall more successful therapy compared to individual 

treatment options by also inhibiting the growth of secondary tumors. In the sections 

below, we provide background information on the use of gold NPs for mediating or 

supplementing additional therapeutic strategies as investigated throughout this thesis. 
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1.3.2 Gold Nanoparticle Carriers for Gene Regulation via RNA interference 

Gene regulation is a technique that aims to treat cancer by using nucleic acids 

to inhibit the expression of genes that drive tumor progression, and it is particularly 

promising for targets that are considered “undruggable” by small molecules due to 

lack of an effective binding site. The main type of nucleic acid used for gene 

regulation is small interfering RNA (siRNA), which suppresses gene expression by 

triggering degradation of targeted messenger RNA molecules inside the cell cytoplasm 

via RNA interference.34,62–64 In RNAi, exogenously delivered siRNA molecules are 

loaded into the RNA-induced silencing complex (RISC) in the cell cytoplasm (Figure 

1.9).65  Once loaded into RISC, the double stranded siRNA molecules unwind and the 

two strands separate. The antisense siRNA strand remains bound to RISC, which 

guides it to its’ complementary messenger RNA (mRNA) strand. This results in the 

cleavage and reduction of the target mRNA, halting the transcription of the encoded 

protein.63 While siRNA-mediated RNAi is a promising therapeutic technique to 

silence the expression of proteins crucial for disease progression, several challenges 

have hindered the translation of gene regulation from the laboratory to the clinic. First, 

siRNA molecules are rapidly cleared from the bloodstream and are quickly degraded 

by nucleases. Second, siRNA is negatively charged, so they cannot passively cross 

negatively charged cell membranes. Thus, intracellular delivery requires cationic 

transfection reagents that may be toxic to cells, thereby precluding their use in vivo. 

Further, many siRNA delivery strategies are not cell-specific, and therefore may lead 

to uptake and gene silencing in all cell types. To overcome these limitations, 

researchers have recently demonstrated that conjugating siRNA to the surface of gold 

NPs can increase siRNA stability and intracellular delivery without the need for 

transfection reagents.66–68 
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Gold NPs have been exploited as tools for gene regulation because they offer 

simple bioconjugation chemistry, enabling them to carry siRNAs or other nucleic 

acids for enhanced stability, intracellular delivery, and gene regulation both in vitro 

and in vivo.66,68,69 The most common gold NP carrier for gene regulation are ultrasmall  

solid gold NPs (~13 nm in diameter). The benefit of these siRNA carriers is that their 

spherical structure changes the manner in which they are presented to cells so that they 

are taken up more efficiently than free siRNA.70–72 However, there are challenges to 

achieving sufficient gene regulation with gold NP carriers. First, they often become 

trapped within intracellular compartments upon endocytosis, rendering them 

ineffective.73 To account for this, researchers have coated NPs with cell penetrating 

peptides and polymers to enhance endosomal escape.73,74 However, these systems are 

not tumor cell-specific and therefore cause widespread gene regulation in healthy as 

 
Figure 1.9: Mechanism of RNA interference using siRNA. Upon cellular entry, 
siRNAs are loaded into RISC, which separates the sense and antisense strands. 
The antisense strand then cleaves complimentary mRNA to halt the transcription 
of the encoded protein. Image from Crooke, Annu. Rev. Med., 2004. 
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well as diseased tissues, and the added molecules can be inherently toxic. By 

engineering the core material to be responsive to external stimuli, we hypothesized 

that siRNA-NS conjugates could enable spatial and temporal control over gene 

regulation. To meet this need, Chapter 4 in this thesis presents a novel NP platform 

that serves as an siRNA carrier system as well as enables on-demand gene regulation 

in response to light by exploiting the optical properties of NSs. 

1.3.3 Antibody-Gold Nanoparticle Conjugates for Signal Cascade Interference 

Many targeted therapies that are highly successful for treating cancer utilize 

antibodies that antagonize the function of their targeted receptor on cells by blocking 

overactive cell signaling.75 In this manner, antibodies provide an indirect means of 

regulating cell signaling and the expression of genes involved in cancer progression. 

However, their use is limited by high production costs and adverse side effects that 

limit the administered dosages.76,77 More recently, it was discovered that antibodies 

coated onto NPs yield increased binding affinity compared to unbound antibodies due 

to the inherent multivalency afforded by the NP carrier itself.78,79 In this phenomenon, 

antibodies conjugated to the surface of NPs can bind several targeted antigens to 

increase the binding avidity between the ligands and the targeted cell surface receptors 

(Figure 1.10). Therefore, ligand-functionalized NPs are recognized as a  

promising means to improve upon therapeutic molecules with defined biological 

properties.80  While the ability to enable cell-specific binding of NPs coated with 

antibodies has been thoroughly investigated, the impact that this increased binding 

avidity has on the signaling pathway specific to the targeted receptor remains 

unknown. By increasing the binding avidity between antibody and receptor, we 

anticipated that multivalent binding could decrease the amount of antibodies necessary 
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to halt oncogenic cell signaling. In Chapter 5, we further explain how multivalency is 

a key benefit of NPs in cancer therapy, and we investigate the use of antibody-targeted 

NSs to inhibit Wnt signaling in TNBC.  

1.4 An Introduction to Silica Core/Gold Shell Nanoshells 

In this thesis, we used NSs comprised of silica cores and gold shells as the base 

material for three unique platforms for cancer therapy for several reasons. First, bare 

NSs are ~150 nm in diameter and thus they are small enough to enable tumor 

penetration by passive targeting while providing a large surface area for 

functionalization with biomolecules to be used for active targeting and gene 

regulation. Second, the gold surface of NSs enables simple bioconjugation of 

antibodies, siRNA, and PEG to their surfaces using gold-thiol bonding. Third, the 

unique core:shell structure of NSs makes them excellent photothermal transducers for 

both traditional heat-based PTT as well as for pulsed laser-induced release of 

conjugated molecules. Likewise, the precise structure of NSs can be engineered to 

maximally absorb NIR light as described in detail in Section 1.4.2. These optical 

properties also enable NS visualization by two photon microscopy and other imaging 

 
Figure 1.10: Multivalent binding of antibody-NP conjugates. Simplified schematic 
showing multivalent binding of antibody-NP conjugates for downstream signaling 
cascade interference. 
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modalities that are utilized throughout this dissertation. Finally, NSs are the furthest 

along in clinical development compared to other types of gold NPs, and they have 

proven safety in clinical trials.45,46,48 Due to their current clinical status, we anticipate 

that NSs are poised to reach clinical translation in the near future, and the platforms 

described in this thesis demonstrate how NSs can be adapted for multifunctional and 

robust strategies for cancer therapy.  

1.4.1 Engineering the Size and Structure of Nanoshells for Cancer Imaging and 
Therapy 

The specific design and structure of NSs used in this thesis was carefully 

chosen based on the optical properties. This behavior can be described by Mie 

scattering, which explains the light scattering properties of concentric spheres in 

solution.54,81,82 Using Mie theory, Oldenburg et al. showed how the light absorbance 

properties of NSs can be adjusted based on the gold shell thickness (Figure 1.11A).82 

NSs with 120 nm diameter cores and 15 nm thick shells are typically used for 

phototherapies because they maximally absorb ~800 nm light and enable optical 

imaging and phototherapies as described below (Figure 1.11B). 

Due to the high scattering profile of NSs, they can be visualized under several 

imaging modalities at both the tissue and cellular level. For example, NSs provide 

reflective signal beyond the native tissue itself in optical coherence tomography 

(OCT), so tumors harvesting NSs display enhanced OCT signal compared to tissue 

without NSs.83   In addition to tissue imaging, NSs can also be visualized under 

darkfield microscopy and two-photon microscopy (TPM) for in vitro experiments. 

Darkfield imaging captures any light scattered from the illuminated specimen, so NSs 

appear as bright spots on relatively dark specimens due to their high scattering profile 
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(this feature of NSs can be seen in Chapter 4). Alternatively, in TPM, NSs emit light 

in response to a pulsed NIR laser tuned to their peak plasmon resonance wavelength. 

Using TPM, targeted NPs can be visualized bound to cancer cells to assess specific 

binding and uptake, and this capability is demonstrated in Chapter 5.34,81,84  

1.4.2 Opportunities for Nanoshells in Cancer Therapy 

NSs were used as the core material throughout this thesis work because of their 

inherent benefits described above, and each chapter in this thesis exploits several of 

these unique characteristics (Figure 1.12). To begin, Chapter 2 explains the synthesis 

procedures used to make NSs and to functionalize them with PEG, antibodies, and 

siRNA, as at least one of these platforms is used in each chapter this dissertation. In 

Chapter 3, we explored a treatment strategy for TNBC that combines NS-mediated 

PTT with photodynamic therapy (PDT) using a novel photosensitizer synthesized by 

our collaborators, with the expectation that dual PTT/PDT would be more effective to 

induce apoptotic cancer cell death than either therapy alone. Chapter 4 evaluates the 

 
Figure 1.11: Absorbance properties of NSs. (A) The theoretical light absorbance 
properties of NS dependent on the core:shell thickness ratio based on Mie theory. 
Image from Oldenburg et al, Chem Phys Letters, 1998. (B) Characteristic 
absorbance spectrum of silica core/gold shell NS with 120 nm silica cores and ~15 
nm thick gold shells, as used throughout this thesis. 
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ability for NSs to be used as the platform for on-demand gene regulation. To do this, 

we investigated how the dielectric properties of NSs can cause surface-bound siRNA 

to release from the NS surface in response to pulsed laser irradiation to ultimately 

induce triggered gene knockdown. In Chapter 5, antibody-coated NSs are used to 

demonstrate how multivalent NP binding can influence oncogenic cell signaling both 

in vitro and in a pilot in vivo study of murine lung metastatic TNBC. Finally, Chapter 

6 summarizes the importance of the results presented in this dissertation in a broad 

context and discusses the potential opportunities and challenges faced by 

nanotechnology for cancer therapy in the future. Importantly, the tools developed here 

are adaptable to treat a wide variety of cancers, and this is a critical feature afforded by 

nanomedicine for cancer treatment. 

 

 

 

 
Figure 1.12: NS conjugates used in this dissertation including PEG-NS (left), 
siRNA-NS (middle), and antibody-coated NS (right). Surface coatings not to scale. 
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MATERIALS AND METHODS FOR NANOSHELL SYNTHESIS, 

FUNCTIONALIZATION, AND CHARACTERIZATION 

This chapter presents the overarching materials and methods used throughout 

this dissertation for nanoparticle synthesis, functionalization, and characterization. 

Additional materials and methods specific to each chapter are presented later in this 

dissertation.  

2.1 Synthesis of Silica Core/Gold Shell Nanoshells 

Nanoshells with 120 nm diameter spherical silica cores and ~15 nm thick gold 

shells were synthesized according to Oldenberg et al (Figure 2.1).82 First, colloidal 

gold was prepared as described by Duff et al.85. To do this, 33 mL of ultrapure water 

was combined with 400 µL tetrakis(hydroxymethyl)phosphonium chloride (THPC, 

Sigma) to prepare a THPC stock solution. In a separate beaker, 180 mL of ultrapure 

water heated to 37ºC was mixed with 1.2 mL 1 M sodium hydroxide (NaOH, Fisher) 

and mixed for 2 min. Then, 4 mL of the THPC stock solution was added to the NaOH 

solution and was stirred for 5 min. Lastly, 6.75 mL of 29.7 gold(III) chloride 

trihydrate (HAuCl4, Sigma) was added to the solution while rapidly mixing, and the 

beaker was removed from the stir plate once the solution turned light brown (~1 sec). 

The colloid solution was aged for 3-5 days until the particles reached the correct size 

as determined by UV-vis spectrophotometry.  

 

Chapter 2 
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 Silica cores (120 nm) were purchased (Nanocomposix) pre-functionalized with 

(3-aminopropyl) triethoxysilane (APTES) and were diluted to 40 mg/mL in ethanol. 

Once aged, 40 mL of the colloid solution was combined with 4 mL 1M sodium 

chloride (NaCl) and 300 µL silica cores, and this solution was rocked at room 

temperature for 3-7 days, during which the gold colloid attached to the silica cores to 

produce evenly dispersed gold nucleation sites to form the “seed” solution. After 

aging, of the seed solution was determined by performing a sweep of seed diluted to 

an optical density (OD) of 0.1, and then the proper amount of seed to make NSs was 

determined. Briefly, different amounts of seed ranging from 100 µL to 500 µL were 

mixed with 1 mL potassium carbonate-gold (KCarb-gold) solution and 10 µL of 37% 

formaldehyde. In this procedure, the KCarb-gold provides excess gold to complete the 

gold shell using formaldehyde as the catalyst. The correct volume of seed used to 

make NSs was determined by analyzing the optical properties of the resultant NSs 

using the characterization methods described in Section 2.3. The NS batches were then 

scaled up according to the optimal concentration of seed determined by this assay. 

 
Figure 2.1 NS synthesis. (A) Cross-section schematic of NS synthesis and (B) 
TEM images showing development of the gold shell on silica cores. Adapted 
from Oldenburg et al, Chem Phys Letters, 1998. 
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Lastly, NSs were purified twice by centrifugation with re-suspension in water and 

were stored at 4º C until use. 

2.2 Nanoshell Functionalization with methoxy-poly(ethylene) glycol (mPEG), 
Antibodies, and siRNA 

Throughout this dissertation, all NSs used were coated with antibodies, siRNA, 

and/or a PEG backfill. In these platforms, the antibodies and siRNA serve as the 

biological moieties that mediate gene regulation, and the PEG backfill increases NS 

stability, decreases nonspecific protein adsorption, and enhances circulation time in in 

vivo settings. All NS conjugations described below utilize a thiol (SH) on one end of 

the PEG linker or backfill that is utilized for bioconjugation to the gold surfaces of 

NSs.  

2.2.1 Methoxy poly(ethylene) glycol (mPEG-SH) Attachment to Nanoshells 

NSs coated with only mPEG-SH (PEG-NS) were used as controls in most 

experiments described in this dissertation. To coat NSs with mPEG-SH, NS solutions 

diluted to 4.1E9 NS/mL in ultrapure water were combined with 5 kDa mPEG-SH to a 

final PEG concentration of 2.5 µM and reacted overnight at 4ºC. Then, PEG-NS were 

centrifuged to remove unbound mPEG-SH molecules, and concentrated PEG-NS were 

stored at 4ºC in ultrapure water until use.  

2.2.2 Antibody Conjugation to Nanoshells 

Antibodies were first linked to 2 kDa orthopyridyl disulfide-PEG-succinimidyl 

valerate (OPSS-PEG-SVA, Laysan Bio) in sodium bicarbonate. Nine parts OPSS-

PEG-SVA were reacted with 1 part antibody at a 2:1 PEG-to-antibody molar ratio 

overnight at 4ºC to form PEGylated antibodies (Figure 2.2, A). Then, the PEGylated 



 29 

antibodies were purified by dialysis using microdialysis devices (Spectrum Labs). 

Finally, antibodies were added to solutions of NSs in ultrapure water at 1250 

antibodies/NS and were reacted for 4 h at 4ºC. Then, 5 kDa mPEG-SH was added to 

the NS solutions to a final concentration of 2.5 µM and reacted overnight at 4ºC 

(Figure 2.2, B). NSs were purified via centrifugation (1500 xg, 10 min) to remove 

unbound antibodies and mPEG-SH with the supernatant, and functionalized NSs were 

stored at 4ºC in ultrapure water until use. 

2.2.3 Conjugation of siRNA to Nanoshells 

Prior to any siRNA work throughout this dissertation, all working solutions 

were purchased or treated to be RNase-free by adding 0.01% diethyl pyrocarbonate 

(DEPC) for 15 min at 37 ºC prior to autoclaving. NS solutions were rendered RNase-

free by treating with 0.01% DEPC for three days at 37ºC.  

siRNA oligonucleotides were purchased as single strands from IDTDNA. 

Thiolated sense strands were mixed with complementary non-thiolated antisense 

strands in equimolar amounts, boiled at 95°C for 5 min, and then slowly cooled to 

37°C over 1 hr to facilitate siRNA duplexing. In this manner, the 3’ end of the sense 

 
Figure 2.2: Schematic of antibody conjugation to NSs. (A) First, antibodies are 
combined with OPSS-PEG-SVA to form OPSS-PEG-Ab. (B) Then, OPSS-PEG-
Ab and mPEG-SH are added to NSs to form Ab-NS conjugates.  
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strand was directly attached to the gold surface via gold-thiol bonding, and the 

antisense strand was attached to the sense strand by complementary base pairs. The 

RNase-free NSs were diluted to 4.1E9 NS/mL (corresponding to OD 1.5) in milliQ 

water, and Tween-20 and 5 M NaCl were added to final levels of 0.2% and 20 mM, 

respectively. siRNA duplexes were added to NSs to a final concentration of 200 nM, 

and the solution was bath sonicated and rocked at room temperature. Samples were 

salt aged incrementally to a final NaCl concentration of 400 mM prior to rocking 

overnight. Next, 5 kDa methoxy-poly(ethylene) glycol-thiol (mPEG-SH) was diluted 

in milliQ water to 1 mM and added to NSs to a final concentration of 5 µM mPEG-SH 

(Figure 2.3). After rocking for 4 hr at 4°C, the NS solutions were purified by 

centrifugation 3 times, resuspended 1X RNase-free phosphate buffered saline (PBS), 

and stored at 4°C until use.  

2.3 Characterization Methods 

The methods described in this section are used throughout this dissertation to 

characterize NSs and quantify loading of biomolecules attached to their surfaces. 

 
Figure 2.3: Schematic showing siRNA conjugation to NSs. First, NSs are 
combined with 5 M NaCl, Tween-20, and siRNA. Then, mPEG-SH is added as 
backfill for stability and increased circulation time. 
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2.3.1 Scanning Electron Microscopy (SEM) 

SEM was used to evaluate the size, dispersity, and structure of silica cores and 

complete NSs. To prepare samples, silica cores or NSs were diluted in ethanol and 

50 µL was added dropwise to SEM stubs, which were then dried in a covered chamber 

until the ethanol was evaporated. Stubs with silica cores were run on the sputter coater 

and coated in platinum to ensure visibility on the SEM. NSs were imaged on a Hitachi 

S4700 SEM without further modification. 

2.3.2 Ultraviolet-Visible Spectrophotometry (UV-vis), Dynamic light scattering 

(DLS), and Zeta Potential Measurements 

NSs (bare or coated with PEG, antibodies, and/or siRNA) were characterized 

by UV-vis to assess their optical properties, which are indicative of shell structure and 

thickness. Solutions of NSs were diluted in ultrapure water, placed into disposable 

cuvettes, and scanned from 400-1100 nm light on a Cary60 spectrophotometer using a 

scan rate of 2400 nm/sec, and a baseline was subtracted from the scan. NS 

concentration was determined using the peak absorbance and Beer’s law. For 

reference, an optical density (OD) of 1.5 corresponds to ~4.1E9 NS/mL. NSs used for 

experiments in this dissertation distinctly produced four important UV-vis features: (i) 

a narrow peak at ~800 nm, (ii) a secondary hump at ~600 nm, (iii) a trough at ~500 

nm, and (iv) a peak:trough absorbance ratio of at least 3:1. These features are critical 

to ensure the NSs have complete gold shells, are monodisperse with a diameter of 

~150 nm, and are efficient photothermal converters. 

For DLS and zeta potential measurements, NS solutions were diluted to 2.7E9 

NS/mL or 4.1E9 NS/mL in ultrapure water. Samples were placed into disposable 

cuvettes for DLS or Zeta cuvettes for zeta potential analysis. Samples were analyzed 
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with an AntonPaar Litesizer 500 to measure the hydrodynamic diameter (z-average) 

and zeta potential, and the average of 3 runs was calculated. 

2.3.3 Quantification of Surface-Conjugated Antibodies 

Conjugation of antibodies to NSs was confirmed and quantified using a 

solution-based enzyme-linked immunosorbent assay (ELISA) as previously 

described.86 Briefly, antibody-coated NSs diluted to 4.1E9 NS/mL in ultrapure water 

were incubated with 10 µg/mL horseradish peroxidase (HRP)-conjugated secondary 

IgG antibodies (HRP-Ab, KPL) for 1 h at room temperature. Samples were pelleted by 

centrifugation (500 g, 5 min, thrice) to remove unbound secondary antibodies in the 

supernatant and were then suspended in 3% bovine serum albumin in 1X PBS 

(PBSA). Samples were further diluted 10X in 1X PBS prior to analysis. Then, 70 µL 

sample was developed in 700 µL 3,3’,5,5’-tetramethylbenzidine (TMB, Sigma-

Aldrich) for 15 min and then 200 µL sulfuric acid was added to stop the reaction. 

Absorbance at 450 nm was measured on a Cary60 spectrophotometer and compared to 

a standard curve of known HRP-Ab concentration to calculate the number of 

antibodies/NS. 

2.3.4 Quantification of Surface-Conjugated siRNA 

To quantify the number of siRNA loaded onto NSs, 200 µl of NSs diluted to 

4.1E9 NS/mL was combined with 200 µL urea, then this solution was heated and 

mixed at 45°C for 20 min. The solution was centrifuged and the siRNA-containing 

supernatant was collected. siRNA content on NSs was quantified using the inherent 

fluorescence of the siRNA (such as in Chapter 4) or using the Quant-iT OliGreenTM 

ssDNA quantification kit (Thermo Fisher) according to manufacturer 
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recommendations and as detailed previously.87 Sample fluorescence was read on a 

Biotek Synergy H1 microplate reader and compared to a standard curve of known 

antisense or duplex concentration (0-20 nM), while accounting for NS concentration 

to calculate the number of siRNA antisense strands or duplexes per NS. 
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DUAL PHOTOTHERMAL AND PHOTODYNAMIC THERAPY 

AS A COMBINATORIAL STRATEGY TO TREAT 

TRIPLE-NEGATIVE BREAST CANCER 

3.1 Introduction to Chapter 3 

Light-activated therapies are ideal for treating cancer because they are non-

invasive and are highly specific to the area of irradiation. Photothermal and 

photodynamic therapies (PTT and PDT, respectively) are two types of light-activated 

therapies that show great promise for treating solid tumors. In PTT, nanoparticles 

embedded within tumors emit heat in response to continuous wave near-infrared light 

irradiation (Figure 1.6), and this heat induces cancer cell death by triggering either 

necrosis or apoptosis based on the applied irradiation times and powers.88 In PDT, 

photosensitizers (PS) activated with light transfer the absorbed energy to adjacent 

ground state tissue oxygen molecules to produce toxic singlet oxygen that kills cancer 

cells by DNA damage and other mechanisms.89,90 In this Chapter, we investigated the 

use of a novel photosensitizer, palladium 10,10-dimethyl-5,15-

bis(pentafluorophenyl)biladiene modified with PEG (Pd[DMBil1]-PEG750) to mediate 

PDT of TNBC cells. Further, we evaluates a combinatorial therapeutic approach to 

treat TNBC in which NSs were combined with Pd[DMBil1]-PEG750 to enable dual 

PTT/PDT, with the anticipation that dual delivery could overcome the limitations of 

each individual therapy, as described in more detail in Section 3.1.3. The work 

Chapter 3 
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presented in Chapter 3 was performed in collaboration with Andrea Potocny, a 

graduate student in Dr. Joel Rosenthal’s lab in the Chemistry Department at the 

University of Delaware, who performed the synthesis and characterization of 

Pd[DMBil1]-PEG750. Some of this is under revision for publication in a manuscript 

titled “Photochemotherapeutic Properties of a Linear Tetrapyrrole Palladium(II) 

Complex Displaying an Exceptionally High Phototoxicity Index,” Journal of Inorganic 

Chemistry. Further, some of the text has been adapted from my co-authored article: 

Melamed JR, Edelstein (Riley) RS, Day ES. “Elucidating the Fundamental 

Mechanisms of Cell Death Triggered by Photothermal Therapy,” ACS Nano 

Perspective. 2015: 9(1);6-11. 

3.1.1 Photodynamic Therapy by a Novel Photosensitizer 

PDT is used clinically as a non-invasive treatment for solid tumors. In PDT, 

photosensitizing compounds are either intratumorally or intraveneously injected and 

circulate throughout the body prior to accumulating at the tumor site where they are 

irradiated with an externally applied light source. Photosensitizers present within the 

illuminated tissue absorb the light and transfer energy to ground state molecular 

oxygen to produce toxic 1O2 that ultimately induces localized cell death (Figure 3.1A) 

in the area of irradiation.  PDT is regarded as a promising treatment strategy for 

certain types of cancers and skin conditions91 because it is less invasive than surgical 

removal,92 has fewer side effects than radiation or chemotherapy,93,94 and can even 

stimulate an antitumor immune response.95,96 

Several photosensitizers (PS), most of which belong to the porphyrinoid family 

of macrocyclic tetrapyrroles, have been approved for use in PDT.97,98 However, 
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widespread clinical use of PDT has been hindered because these compounds lack 

photophysical and pharmacological attributes desired in an optimal PS. An ideal PS  

would be simple to synthesize and purify, demonstrate strong absorption of 600-850 

nm light, which can penetrate deeper into tissues than other wavelengths of light,34 and 

generate 1O2 with a high quantum yield during irradiation. It is also critical that a PS 

for PDT is nontoxic in the absence of light to minimize off-target side effects. Lastly, 

water solubility is critical to ensure stability during storage or intravenous injection 

and to prevent aggregation-induced attenuation of the 1O2 quantum yield. To meet this 

need for improved PSs, Dr. Rosenthal’s group at the University of Delaware 

developed a linear tetrapyrrole metal complex palladium 10,10-dimethyl-5,15-

bis(pentafluorophenyl)biladiene (Pd[DMBil1], Figure 3.1B) that is capable of 

sensitizing 1O2 with a high quantum yield comparable to those of PSs currently used in 

PDT.99 Importantly, Pd[DMBil1] is easily synthesized from commercially available 

starting materials, and it efficiently absorbs up to λ = 550 nm. However, early 

experiments showed that this molecule is insoluble in aqueous solutions, which is a 

requirement to use this PS for PDT. To improve upon the solubility and 

cytocompatibility of Pd[DMBil1], our collaborators modified the complex with a PEG 

functional group to produce Pd[DMBil1]-PEG750 to overcome the hydrophobicity of 

the original compound. The addition of PEG substituents is commonly employed in 

the development of cancer therapeutics due to its biocompatibility and ability to 

readily dissolve in water.100,101 In this Chapter, we investigated the photophysical 

properties of Pd[DMBil1]-PEG750 and we assessed its’ use to mediate PDT in TNBC 

cells. Additionally, we evaluated the ability to provide simultaneous PDT and PTT of 
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TNBC cells with Pd[DMBil1]-PEG750 and PEG-NS as a strategy to overcome the 

limitations each individual therapy as discussed below.  

3.1.2 Nanoshell-Mediated Photothermal Therapy and the Importance of 
Inducing Apoptosis as the Mechanism of Cell Death 

The first clinical application of NSs was for PTT, and to date NS-mediated 

PTT has been investigated in clinical trials for lung, head and neck, and prostate 

cancers.45–47,102 The initial results of these clinical trials have shown that NSs are 

highly biocompatible and safe for intravenous injection in humans.45,46  Importantly, 

NSs used in preclinical animal studies and in human clinical trials are always coated 

with mPEG-SH to produce “pegylated NSs” (PEG-NS, Figure 3.2A) because it 

extends circulation time, enhances stability, and improves biocompatibility of the NSs. 

Long term in vivo studies have shown that PEG-NS remain in some organs, 

particularly the liver, for extended periods of time, but this is not correlated with any 

adverse events.103 As described in Chapters 1 and 2, the NSs used in this chapter and 

throughout this thesis are composed of 120 nm silica cores and 15 nm thick gold shells 

because they maximally absorb ~800 nm light, and NSs of this size display high 

photothermal conversion efficiency.  

 
Figure 3.1: Schematics of photodynamic therapy. (A) Schematic showing 
production of singlet oxygen upon exposure to light. (B) Chemical structure of 
Pd[DMBil1]-PEG750. 
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A main limitation of PTT is that high NS doses and laser powers typically lead 

to cellular necrosis, which has recently been correlated with local inflammation and 

disease recurrence.104,105 It would be more desirable to induce apoptosis, which does 

not have these detrimental outcomes. It is therefore important to understand the 

kinetics and mechanisms of cell death induced by PTT under different laser exposure 

conditions and NP doses to maximize therapeutic efficacy and to minimize the 

potential for undesireable side effects.104 Towards this goal, researchers have recently 

begun investigating the fundamental cellular responses to PTT.105 PTT that causes 

necrosis typically involves the loss of cellular plasma membrane integrity and the 

subsequent release of intracellular contents including damage-associated molecular 

patterns (DAMPs) into the extracellular milieu.106 This abnormal release can trigger 

detrimental inflammatory and immunogenic responses, making necrosis an 

undesirable pathway for cell death. By comparison, cell membrane integrity is 

maintained during apoptosis, and “eat me” signals like phosphatidylserine (PS) 

relocate to the extracellular portion of the membrane to mark the cell for phagocytosis. 

Upon encountering phagocytes, apoptotic cells become transformed in a way that 

discourages inflammation, a distinct and more appealing outcome than that which 

occurs during necrosis (Figure 3.2B).104,106 However, if phagocytes do not rapidly clear 

an apoptotic cell, it can also experience loss of membrane integrity and release its 

intracellular contents, including DAMPs, in a process known as secondary necrosis.106  

In an effort to enable PTT-mediated apoptotic cell death by utilizing low NS dosages 

and laser powers without hindering overall therapeutic efficacy, we evaluated a 

powerful combination treatment strategy that utilizes PEG-NS and Pd[DMBil1]-

PEG750 to induce low-dose PTT and PDT, respectively, in an effort to induce primarily 
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apoptosis, rather than necrosis, by both mechanisms of treatment.   

3.1.3 Combining Photothermal and Photodynamic Therapies for Multimodal 
Cancer Treatment 

Our overarching hypothesis was that combining the two light-based therapies 

(PTT and PDT) could overcome the limitations of each as standalone therapies 

(Figure 3.3). For PDT, there are three major limitations we aimed to address. First, 

PSs often have high toxicity to healthy tissues even without light application, which 

limits the dosages that can be administered.107 To address this, in the first part of this 

Chapter we evaluated the dose-related toxicities of Pd[DMBil1]-PEG750 to TNBC cells 

both in the absence and presence of light, and we calculated the resulting phototoxicity  

 
Figure 3.2: Schematic of PEG-NS and the mechanisms of cell death. (A) 
Schematic of PEG-NS. (B) Schematic showing the apoptotic and necrotic 
mechanisms of cell death following PTT. A cell undergoing apoptosis maintains 
its membrane integrity and produces “eat me” signals to mark the cell for 
phagocytosis without incurring inflammation. Apoptosis may lead to secondary 
necrosis in which the cell experiences loss of membrane integrity and release of 
damage-associated molecular patterns (DAMPs), but without activating 
phagocytosis. Conversely, primary necrosis destroys plasma membrane integrity to 
cause the release of DAMPs, leading to an inflammatory response. Image adapted 
from Melamed, et al., ACS Nano, 2015. 
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index. We then compared this phototoxicity index to that of commercially available 

PSs currently used for cancer treatment in order to demonstrate the benefits of this 

novel molecule as a mediator of PDT. The second limitation faced by PDT is that it 

requires sufficient oxygen in the native tissue to produce toxic 1O2. However, the 

microenvironment deep within solid tumors is often hypoxic, thereby rendering the 

PSs and PDT ineffective in these regions.107 Combining PDT with PTT could 

overcome this limitation because PTT is effective anywhere within tumors as long as 

sufficient amounts of NSs are present to produce heat, and it does not depend on the 

oxygenation level of the tumor. Lastly, PSs for PDT are often activated by low 

wavelengths of light (<600 nm) that may not penetrate across the entire depth of a 

tumor, resulting in uneven therapeutic effects.94,107 To improve upon this, some 

researchers are developing PSs that can be activated with longer near-infrared (NIR) 

wavelengths of light that can penetrate the entire tumor volume.108–110 Our approach is 

to combine PDT with PTT mediated by NIR-absorbing NSs so that therapeutic 1O2 or 

heat is distributed throughout the entire tumor space. 

Likewise, there is a key challenge for PTT that may be addressed by 

combining it with PDT. As mentioned above, high dose PTT is often used to ablate 

 
Figure 3.3: Dual photodynamic/photothermal therapy. Schematic showing the 
therapy regimen for our dual PDT/PTT strategy to treat cancer. 
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tumors via necrotic cell death, but this is not ideal for long-term cancer remission. 

Low dose PTT can trigger apoptotic cell death, and we hypothesized that combining 

low dose PTT with PDT would enable effective cancer treatment via apoptosis, while 

offering the high specificity afforded by both treatment types while also decreasing 

potential for off-target effects to healthy tissues.  

Given the potential benefits of combining PDT with PTT, many researchers 

have begun to investigate this dual treatment approach.108,109 Usually, NIR-absorbing 

NPs are used as carriers for PSs tethered to their surfaces, which allows these 

conjugates to be used to mediate both PDT and PTT.110,111 Alternatively, our approach 

is to induce dual PDT/PTT with two separate entities mixed together, but not 

physically attached to each other, with the benefit that both can distribute throughout 

the tumor independently to mediate each therapy, increasing the likelihood that all 

regions of the tumor would receive PDT and/or PTT. Further, in this technique, the 

timing and output powers of each light source can be easily controlled for maximal 

therapeutic outcomes. Due to these benefits, we hypothesized that dual PDT/PTT 

mediated through Pd[DMBil1]-PEG750  and PEG-NS, respectively, would be more 

effective against cancer than either therapy alone. To test these hypotheses, in the 

second part of this Chapter we evaluated the use of Pd[DMBil1]-PEG750 in 

combination with NSs for dual PDT/PTT therapy of TNBC cells. 

3.2 Materials and Methods  

3.2.1 Nanoshell Functionalization and Characterization 

NSs were synthesized and functionalized with 5 kDa mPEG-SH (PEG-NS) as 

described in Chapter 2. After functionalization, PEG-NS were purified by 
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centrifugation and stored in ultrapure water at 4ºC until use. PEG-NS diluted to 

5.47E9 NS/mL in complete cell culture media (with or without 10 µM Pd[DMBil1]-

PEG750) were characterized using UV-vis and DLS.  

3.2.2 Synthesis and Characterization of PS 

Pd[DMBil1] was synthesized according to published protocols from our 

collaborators.99,112,113 PEGylation of the parental Pd[DMBil1] molecule was facilitated 

by its meso pentafluorophenyl groups. Treatment of Pd[DMBil1] with mercaptoacetic 

acid and triethylamine in 90 ºC DMF for 1 hr afforded a mixture of unreacted starting 

material, monomercaptoacetic acid-substituted product (Pd[MMDMBil1]) and 

dimercaptoacetic acid-substituted side product. The three components were separated 

by column chromatography, and PEGylation of Pd[MMDMBil1] was achieved 

through conversion of the mercaptoacetic acid substituent into an N-

(methoxyPEG)mercaptoacetamide using carbodiimide coupling chemistry.1,2 

Pd[MMDMBil1] was initially reacted with N-hydroxysuccinimide (NHS) and 1-ethyl-

3-(3’-dimethylaminopropyl)carbodiimide hydrochloride (EDC) to form an NHS 

mercaptoacetate intermediate. Further treatment with triethylamine and a methoxy-

PEG-amine with an average molecular weight of 750 Da resulted in the formation of 

Pd[DMBil1]-PEG750 (Figure 3.1B). 

The 1H NMR, 13C NMR, and 19F NMR spectra of Pd[DMBil1]-PEG750 were 

measured at 25°C on a Bruker 600 MHz spectrometer with a 5-mm Bruker SMART 

probe. Proton spectra are referenced to the residual proton resonance of the deuterated 

solvent (CDCl3 = δ 7.26) and carbon spectra are referenced to the carbon resonances 

of the solvent (CDCl3 = δ 77.16).114 Fluorine spectra are referenced to an external 

trifluoroacetic acid standard (TFA = δ -76.55 in CD3CN).115 Chemical shifts are 
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reported using the standard δ notation in parts-per-million. High-resolution mass 

spectrometry analysis was performed at the Mass Spectrometry Laboratory in the 

Department of Chemistry and Biochemistry at the University of Delaware. Liquid 

injection field desorption ionization mass spectrometry was carried out using a Waters 

GCT Premier high-resolution time of flight mass spectrometer. Electrospray ionization 

mass spectrometry was conducted with a Thermo Q-Extractive Orbitrap high-

resolution mass spectrometer. 

All UV-vis absorbance spectra were measured using a StellarNet CCD array 

UV-vis spectrometer. Samples were prepared in quartz cuvettes (6Q) that had a 1.0 cm 

pathlength and were manufactured by Firefly Scientific. Absorption spectra were 

collected for solutions of Pd[DMBil1]-PEG750 in room temperature methanol or PBS 

at concentrations of 4.0, 8.0, 12.0, 16.0, 20.0, and 24.0 µM. 

3.2.3 Photodegradation of Pd[DMBil1]-PEG750  

Pd[DMBil1]-PEG750 was diluted to 24 µM in PBS and placed into a quartz 

cuvette (6Q, path length = 1.0 cm) fused to a graded quartz to pyrex tube. The solution 

was stirred for 2 hr at room temperature during irradiation with light from a 150 Watt 

halogen lamp (Nikon, Inc., Model MKII) fitted with a 10 nm FWHM bandpass filter 

centered at 550 nm (Thor Labs, FB550-10). The absorption spectrum was recorded 

every minute over a 2 hr period. 

3.2.4 Singlet Oxygen Production from Pd[DMBil]-PEG750  

Data was collected using a automated Photon Technology International (PTI) 

QuantaMaster 40 fluorometer setup. All 1O2 experiments were conducted in 1.0 cm 
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path length quartz cuvettes (6Q) from Firefly Scientific. 1O2 quantum yields were 

calculated using the following equation: 

 

 

 

Where Φs and Φref are the 1O2 quantum yields for the sample and a reference 

standard, respectively, ms and mref are the rates of consumption of a singlet oxygen 

trapping compound in the presence of the sample and standard respectively, and εs and 

εref are the extinction coefficients of the sample and standard at the wavelength of 

irradiation. Reported 1O2 quantum yields are averages obtained from three trials. 

Singlet oxygen production in PBS was measured by monitoring the 

enhancement in fluorescence resulting from the reaction of the fluorescent probe 

Singlet Oxygen Sensor Green (SOSG) with 1O2 with methylene blue as the standard 

(Φref = 0.52).116,117 100 µg of SOSG was dissolved in 33 µL of methanol, and ultrapure 

water was added to make the 0.25 mM stock solution. The SOSG stock solution was 

added to samples to a final concentration of 2.5 µM SSOG and 0.05% methanol by 

volume. 1O2 production was assessed following 0, 30, 60, 90, and 120 sec irradiation 

times with light from a 150 Watt halogen lamb (Nikon, Inc., Model MKII). Emission 

spectra of SOSG were obtained by exciting at λex = 480 nm and scanning from λem = 

500 – 650 nm using a step size of 1 nm and an integration time of 0.25 sec. Controls 

and samples without light treatment were used as controls to assess changes in SOSG 

emission. The change in integrated emission intensity of each cuvette was plotted as a 

function of irradiation time, and linear regression lines were fit to the data. The slopes 

of the regression lines from the dark controls were subtracted from the slopes of the 
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regression lines from the cuvettes exposed to 550 nm light to give values of ms and 

mref used with the equation above to calculate Φs. 

3.2.5 Temperature and 1O2 Production During PDT and PTT 

Solutions of PEG-NS (5.47E9 NS/mL) and/or Pd[DMBil1]-PEG750 (4 µM) 

were diluted in ultrapure water and placed into black-walled 96-well plates for 1O2 

analysis or into 24-well plates for temperature analysis. For 1O2 detection, 10 µL of the 

0.25 mM stock solution of SOSG was added to 90 uL of sample. The plates were 

irradiated with a LightPad 930 (Artograph) with a long pass λ = 525 nm filter 

(>500 nm light) for 10 min and then SOSG fluorescence was read on a Synergy H1 

plate reader as described above. The irradiations were repeated four times to generate 

singlet oxygen production curves. For temperature analysis, samples were irradiated 

for 2 min with the continuous wave B&W Tek 808 nm laser with a 1 W/cm2 power 

density and/or >500 nm light for 10 min. Temperature measurements were recorded 

using a FLIR A5 thermal camera. 

3.2.6 Cell Culture 

MDA-MB-231 TNBC cells were purchased from American Type Culture 

Collection (ATCC) and cultured in Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin. Cells 

were cultured in T75 cell culture flasks and incubated at 37°C in a 5% CO2 

humidified environment. Cells were passaged between flasks or into sample plates by 

detaching the cells from the flasks with Trypsin-EDTA, diluting the cells with 

complete medium, and counting the cells with a hemocytometer before transferring to 

a new flask or well plate. 
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3.2.7 Cellular Uptake of Pd[DMBil1]-PEG750 and Nanoshells 

For flow cytometry experiments to analyze cellular uptake of Pd[DMBil1]-

PEG750, MDA-MB-231 cells were plated at 25,000 cells/well in 24-well plates and 

were incubated overnight. Pd[DMBil1]-PEG750 was diluted to 0, 0.5, 1.0, or 1.5 mM in 

complete cell culture media, which was then added to cells. Well plates were 

incubated with Pd[DMBil1]-PEG750 for 48 hr in the dark and then cells were detached 

with trypsin-EDTA and transferred to 1.5 mL Eppendorf tubes. The samples were 

centrifuged to form a cell pellet, the supernatant was removed, and the cells were re-

suspended in sterile 1X PBS. Samples were read on a Novocyte flow cytometer 

(ACEA Biosciences) with the phycoerythrin (PE) filter set (excitation, 488 nm; 

emission, 572/28 nm) and data analysis was performed in the NovoExpress software. 

The median fluorescence intensity (MFI) was calculated by averaging the fluorescence 

median from three experiments of each PS concentration.  

To analyze uptake of Pd[DMBil1]-PEG750 and PEG-NS by fluorescence or 

darkfield imaging, cells were plated at 15,000 or 25, 000 cells/well, respectively, in a 

glass bottom 8-well plate with a removable well chamber and incubated overnight. 

Then, 1 mM Pd[DMBil1]-PEG750 and/or 2.7X109 PEG-NS/ml diluted in cell culture 

media was added to cells for 24 hr. Cells were fixed with 4% formaldehyde for 15 min 

and rinsed 3X with 1X PBS. Cells were stained with DAPI and phalloidan to visualize 

cell nuclei and F-actin on the cytoskeleton, respectively. Well chambers were removed 

and slides were mounted with Vectashield mounting media. Cells were imaged with a 

Zeiss Axioobserver Z1 Inverted Fluorescent Microscope using the FITC (F-actin), 

DsRed (PS), and DAPI (nuclei) fluorescence channels and a darkfield condenser.  
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3.2.8 Analysis of the Mechanisms of Cell Death Induced by PTT and/or PDT 

MDA-MB-231 cells were plated at 10,000 cells/well in black-walled 96-well 

plates and incubated overnight. For PDT only experiments, cells were treated with 0, 

4, 6, or 8 µM Pd[DMBil1]-PEG750 diluted in complete cell culture media for 24 hr in 

the dark. Then, cells were irradiated with the light plate (>500 nm light) for 0 or 30 

min. For dual PDT/PTT experiments, cells were treated with 0 or 4 µM PS and/or NSs 

diluted to 0 or 5.47E9 NS/mL overnight and were then irradiated for 20 min with the 

light plate or for 2 min/well with the 808 nm laser at 1 (for PDT only) or 0.85 (for dual 

PTT/PDT experiments) W/cm2.  After incubating cells for 1 hr, an AnnexinV-FITC 

stain (Cayman Chemicals) was conducted via manufacturer instructions. Briefly, cells 

were lifted with trypsin, washed once with 1X binding buffer (300xg, 5 min), and 

resuspended in 50	µL binding buffer containing 1:500 AnnexinV-FITC and 1:2000 

propidium iodide (PI) stains for 10 min protected from light. Then, samples were 

diluted with 150 µL 1X binding buffer and run on the flow cytometer with the FITC 

(excitation, 488 nm; emission, 530/30 nm) and PerCP (excitation, 488 nm; emission, 

675/30 nm) channels. Data analysis was performed in the NovoExpress software, and 

positive stained gates were based off of unstained cells. Single stained controls were 

used for compensation. Data shown are averaged amongst amongst three independent 

experiments and statistical significance was calculated using t-tests to compare cells 

treated with and without light for each treatment concentration. 

3.2.9 Assessment of Cells’ Metabolic Activity Following PDT and/or PTT 

MDA-MB-231 cells were plated at 10,000 cells/well in black-walled 96-well 

plates and incubated overnight. Then, cells were treated with Pd[DMBil1]-PEG750 at 

0-5 mM for dark toxicity assays or 0-10 µM for light exposure experiments to assess 
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PDT as a standalone therapy. The commercial PS agents isohematoporphyrin (IHP) or 

hematoporphyrin dihydrochloride (HPDC) were used for comparison of therapeutic 

effect. The IHP or HPDC were diluted to 0-3 mM or 0-700 µM for dark toxicity or 

light exposure experiments, respectively.  All solutions of PSs were prepared by 

diluting the dried compounds in complete cell culture media. To evaluate the inherent 

PS toxicity in the dark, well plates were covered with aluminum foil to avoid light 

contamination and were incubated for 48 hr prior to Alamar blue metabolic activity 

assays. In the PDT experiments with light irradiation, plates were covered with 

aluminum foil and were incubated for 0 or 24 hr prior to light exposure. 96-well plates 

were placed onto a LightPad 930 (Artograph) with a long pass (λ = 525 nm) filter for 

0, 10, 20, or 30 min. After light treatment, the PS-containing cell culture media was 

replaced with fresh media. 

For dual PDT/PTT experiments, cells were treated with 0 or 0.25 µM 

Pd[DMBil1]-PEG750 and/or PEG-NS diluted to 0 or 5.47E9 NS/mL overnight and 

were then irradiated for 20 min with the light plate and/or 2 min/well with the 808 nm 

laser. After overnight incubation, the media was removed and the Alamar blue 

viability reagent (diluted 1:10 in cell culture media) was added per manufacturer 

recommendations. Samples fluorescence was measured on a Hybrid Synergy H1 plate 

reader with excitation and emission wavelengths of 560 nm and 590 nm, respectively. 

To analyze the data, background (Alamar blue reagent without cells) was subtracted 

from each well. Then, wells were averaged and normalized to untreated cells. Data 

shown is from at least three experiments that were each run with triplicate wells. 

Synergism based on light source was calculated using a coefficient of drug interaction 

from cells treated with Pd[DMBil1]-PEG750 and PEG-NS and each light source  
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according to the equation CDI = )*
()×*)

 . In this equation, AB is the viability of cells 

treated with both light sources, and A and B are cell viability following treatment with 

only 808 nm or >500 nm light. The PDT/PTT experimental data with Pd[DMBil1]-

PEG750 and NSs was analyzed by 1-way ANOVA (based on light source) with post 

hoc Tukey-Kramer, and the IHP and HPDC data was analyzed by 1-way ANOVA 

with post hoc Tukey. Phototoxicity indexes were calculated by dividing the lethal dose 

for 50% cell viability (LD50) by the effective dose for 50% cell viability (ED50). 

3.3 Results 

3.3.1 Characterization and Singlet Oxygen Production of Pd[DMBil1]-PEG750  

The visible absorption profile of Pd[DMBil1]-PEG750 consists of three features 

centered at 402, 483 and 540 nm in methanol (Figure 3.4A), which is nearly identical 

to that of the parental Pd[DMBil1] molecule. Although this absorbance spectrum 

shifts slightly to longer wavelengths in an aqueous PBS solution, the molecule obeys 

the Beer-Lambert Law between 4-24 µM, indicating minimal aggregation. Further, 

Pd[DMBil1]-PEG750 is highly resistant to photodegradation, as the absorption 

spectrum does not change over 2 hr irradiations with either 500 or 550 nm light 

(Figure 3.4B).  
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Singlet oxygen production from Pd[DMBil1]-PEG750 in aqueous solutions was 

investigated using singlet oxygen sensor green (SOSG) as a 1O2 probe with methylene 

blue as a standard curve. Samples were irradiated with 550 nm light, and SOSG 

sample fluorescence was measured to obtain a 1O2 quantum yield of ΦΔ ≈ 0.23. We 

anticipated that this level of singlet oxygen production is sufficient for use in PDT, so 

we investigated this PS for PDT to treat TNBC cells. 

3.3.2 PEG-NS and Pd[DMBil1]-PEG750 are Stable in Cell Culture Media 

The stability of PEG-NS in complete cell culture media was examined by 

diluted them to a final concentration of ~5.5E9 NS/ml in media and measuring the 

extinction spectrum immediately and again following a 24 hr incubation period at 

37ºC. The extinction spectrum was nearly identical before and after this incubation 

period, indicating that the PEG-NS are stable and not aggregating in this solution 

(Figure 3.5A). Next, we investigated the stability of PEG-NS and Pd-DMBil]-PEG750 

 
Figure 3.4: Absorbance spectrum of the photosensitizers. (A) Electronic 
absorption spectra of Pd[DMBil1] in methanol (black line), Pd[DMBil1]-PEG750 
in methanol (red line), and Pd[DMBil1]-PEG750 in pH 7.4 PBS (dotted blue line). 
(B) UV-vis absorption profile of a 24 µM solution of Pd[DMBil1]-PEG750 in PBS 
during irradiation with 550 nm light for 2 hr. 
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combined in cell culture media. UV-vis absorbance measurements showed that the 

characteristic peaks of both the PS and PEG-NS were present before and after 

incubating the solutions in media at 37ºC for 24 hr, indicating that both agents remain 

separated and stable in solution (Figure 3.5A). Hydrodynamic diameter measurements 

of PEG-NS and the combined solutions before and after incubation further confirmed 

that both agents remained separate entities during incubation, as there is no size 

difference between PEG-NS with and without the PS (Figure 3.5B).  

3.3.3 PEG-NS and Pd[DMBil1]-PEG750 Produce Heat and 1O2 when Combined 

To evaluate the PDT and PTT efficiencies of our agents, we irradiated 

solutions of Pd[DMBil1]-PEG750 (4 µM) and/or PEG-NS (5.5X109 NS/mL) with 

>500 nm light or the 808 nm laser and evaluated both the temperature and singlet 

oxygen production under each irradiation condition. For singlet oxygen measurements, 

each irradiation was repeated 4 times to generate curves showing increasing amounts 

of singlet oxygen from each repetition (Figure 3.6A). These data demonstrate that only 

 
Figure 3.5: Characterization of solutions of PEG-NS and photosensitizer. (A) 
Electronic absorption spectra of PEG-NS and/or Pd[DMBil1]-PEG750 in cell 
culture media before (left) and after a 24 hr incubation (right). (B) DLS 
measurements showing hydrodynamic diameter of PEG-NS with or without 
Pd[DMBil1]-PEG750 in cell culture media before and after a 24 hr incubation. 
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the combination of >500 nm light and the PS can result in PDT-mediated cell death. 

Alternatively, the results from 808 nm irradiations show that temperature increases are 

due to PEG-NS, as no temperature increases are observed from solutions containing 

only Pd[DMBil1]-PEG750 (Figure 3.6B). Further, no temperature increases were 

observed for samples irradiated with the light box, demonstrating that temperature  

effects are only a result of PEG-NS combined with the 808 nm CW laser. Finally, no 
1O2 was produced from 808 nm laser irradiations, indicating that any effect of PDT is 

purely resulting from PS exposure to the >500 nm lightbox. Together, these results 

indicate that both Pd[DMBil1]-PEG750 and PEG-NS mixed together into one solution 

 
Figure 3.6: Temperature and singlet oxygen measurements. (A) Integrated 
intensity of fluorescence measurements from the singlet oxygen sensor green 
(SOSG) reagent in solution with water, PEG-NS, Pd[DMBil1]-PEG750, or both, 
and irradiated with no light (left) or 550 nm light in 10 min increments (right). 
Irradiations were repeated 4 times and fluorescence was measured after each 
irradiation. (B) Temperature measurements during irradiation of water, PEG-NS, 
Pd[DMBil1]-PEG750, or both with 808 nm light. Samples were irradiated for 2 
min, and this was repeated four times.  
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retain their individual abilities to mediate PDT or PTT, respectively. Importantly, the 

temperature increases and 1O2 production generated from the mixture of both agents 

was similar to each individual agent alone, indicating that any cell death from PDT is 

from the PS and >500 nm light, any PTT effect is mediated from PEG-NS and 808 nm 

light, and the combination of these two agents does not reduce their individual effect.  

3.3.4 Pd[DMBil1]-PEG750 and PEG-NS are Taken Up by TNBC Cells 

Next, we examined cellular uptake of Pd[DMBil1]-PEG750 and PEG-NS in 

TNBC cells. First, MDA-MB-231 cells were treated with 0-1.5 mM Pd[DMBil1]-

PEG750 for 48 hr and the cellular fluorescence was analyzed by flow cytometry, which 

revealed that cells treated with Pd[DMBil1]-PEG750 experienced a 2-fold increase in 

median fluorescence intensity (MFI) compared to untreated cells (Figure 3.7A). To 

visualize cellular uptake of PEG-NS and Pd[DMBil1]-PEG750, cells were treated with 

1 mM Pd[DMBil1]-PEG750 and/or 2.7E9 PEG-NS/mL for 24 hr, fixed, and 

cytoskeletons were stained with Phalloidan. Fluorescence imaging confirmed that 

Pd[DMBil1]-PEG750 is taken up by cells during the incubation period, as indicated by 

the red fluorescent signal, and darkfield microscopy revealed that PEG-NS (gold 

signal) are present on cells as well (Figure 3.7B). These results were encouraging 

given that both agents need to be in close proximity or taken up by cells to be effective 

for PTT and PDT, leading us to investigate their use for individual and dual therapies.  

To do this, we first evaluated the safety and efficacy our novel PS to induce PDT of 

TNBC cells before evaluating the combination treatment strategy. 
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3.3.5 Pd[DMBil1]-PEG750 is Minimally Toxic to TNBC Cells in the Dark 

First, we evaluated the ability for Pd[DMBil1]-PEG750 to mediate PDT as a 

standalone therapy. Since a common limitation to the clinical application of PDT is 

the inherent toxicity of PSs, we first evaluated the safety of Pd[DMBil1]-PEG750 

without light. To evaluate the toxicity of Pd[DMBil1]-PEG750, we treated TNBC 

MDA-MB-231 cells with 0-5 mM Pd[DMBil1]-PEG750 for 48 hr in the dark and then 

conducted an Alamar blue cell viability assay. MDA-MB-231 cells were completely 

viable at Pd[DMBil1]-PEG750 concentrations up to 0.5 mM (Figure 3.8A). Further, the 

lethal dose required for 50% cell death (LD50) was 1.87 mM.  

 
Figure 3.7: Cell uptake of PEG-NS and photosensitizer. (A) Histogram and 
normalized median fluorescence intensity (MFI) showing Pd[DMBil1]-PEG750 
intensity by flow cytometry following treatment of MDA-MB-231 cells with 
Pd[DMBil1]-PEG750 for 48 hr. (B) Fluorescence images showing Pd[DMBil1]-
PEG750 uptake by MDA-MB-231 cells following a 24-hr incubation. Nuclei are 
stained blue (DAPI), F-actin in the cytoskeleton is stained green (phalloidan), 
and Pd[DMBil1]-PEG750 appears red. Scale=25 µm. 
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To demonstrate the safety profile of Pd[DMBil1]-PEG750 and to facilitate a 

comparison with commercially available PSs, we evaluated cell viability following 

treatment with 0-3 mM of the two commercial PSs, HPDC and IHP. This revealed 

LD50 values of 1.22 and 0.64 mM, respectively, both of which are lower than the LD50 

obtained with Pd[DMBil1]-PEG750 (Figure 3.8B). These results demonstrate that 

Pd[DMBil1]-PEG750 is substantially less toxic than two commercially available PSs 

suggesting that it may enable successful PDT without causing off-target side effects 

that often limit the allowable administered dosages. 

3.3.6 The Phototoxicity Index of Pd[DMBil1]-PEG750 is Substantially Higher 
than Commercial Photosensitizers 

To investigate the ability of Pd[DMBil1]-PEG750 to mediate PDT, MDA-MB-

231 TNBC cells were treated with this PS at concentrations ranging from 0-10 µM for 

0 or 24 hr prior to light exposure for 0, 10, 20 or 30 min with λ > 500 nm light. Then, 

we conducted viability assays to assess cell death 16 hr post irradiation. Cells 

 
Figure 3.8: Photosensitizer toxicity. Normalized metabolic activity after incubation 
with varying concentrations of (A) Pd[DMBil1]-PEG750 or (B) isohematoporphyrin 
(red) or hematoporphyrin dihydrochloride (blue), two commercial photosensitizers 
used for PDT in the dark. Cells were treated with each photosensitizer for 48 hr 
protected from light prior to adding the viability reagent. 
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incubated with Pd[DMBil1]-PEG750 for 24 hr prior to irradiation were highly 

susceptible to PDT-mediated cell death compared to cells irradiated immediately after 

adding Pd[DMBil1]-PEG750. More specifically, cells irradiated immediately following 

the addition of Pd[DMBil1]-PEG750 required concentrations of at least 1 µM and 30 

min of light exposure before any loss of cell viability was observed (Figure 3.9A). 

Alternatively, cells incubated with Pd[DMBil1]-PEG750 for 24 hr prior to light 

application were susceptible to PDT with concentrations of PS as low as 0.25 µM, and 

10 µM treatment resulted in complete loss of viability (Figure 3.9B). This 

enhancement in photo-induced toxicity in cells incubated with the PS before light 

treatment provides further evidence of cellular uptake of Pd[DMBil1]-PEG750. From 

these results, we also determined that the effective dose of Pd[DMBil1]-PEG750 

required to reduce cell viability by 50% (ED50) was 0.354 µM for cells incubated with 

the PS for 24 hr and then subjected to 30 min irradiation. Division of the LD50 by the 

ED50 gives the phototoxicity index as a measure of how effective a compound is with 

light compared to its inherent toxicity in the absence of light. Accordingly, these data 

demonstrate that Pd[DMBil1]-PEG750 has a phototoxicity index of approximately 

5300. 

To compare the this phototoxicity index to that of the commercially available 

PSs, we conducted the same photodynamic activity experiments with HPDC and IHP. 

We treated MDA-MB-231 cells with each PS for 24 hr and then irradiated for 30 min, 

and found that the ED50 of HPDC was 48.65 µM and the ED50 of IHP was 327.56 µM 

(Figure 3.10A,B). The LD50 and ED50 values for HPDC and IHP resulted in 

phototoxicity indexes of 25 for HPDC and 1.96 for IHP. By comparison, the 
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phototoxicity index of Pd[DMBil1]-PEG750 is quite impressive as it is approximately 

200x and 3000x higher than those of HPDC and IHP, respectively. 

 
Figure 3.9: Cell viability following PDT. Normalized metabolic activity (A) after 
adding Pd[DMBil1]-PEG750 to cells and immediately exposing cells to light. 
✳p<0.02 by 2-way ANOVA with post hoc Tukey-Kramer compared to 0 min light 
exposure for each photosensitizer concentration. (B) after incubation with varying 
concentrations of Pd[DMBil1]-PEG750 for 24 hr in the dark followed by light 
exposure. ✳p<0.0001 by 2-way ANOVA with post hoc Tukey-Kramer compared 
to 0 min light exposure for each photosensitizer concentration. Cells were irradiated 
for 0 (black), 10 (red), 20 (beige), or 30 (blue) min, and the Alamar blue viability 
reagent was added 16 hr post-irradiation.  
 

 
Figure 3.10: Cell viability following PDT with commercial photosensitizers. 
Normalized cell viability of MDA-MB-231 cells treated with (A) 
isohematoporphyrin and (B) hematoporphyrin dihydrochloride for 24 hr prior to 
light exposure for 30 min. ✳p<0.04 by 1-way ANOVA with post hoc Tukey 
compared to cells treated 0 µM photosensitizer. 
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3.3.7 PDT Triggers Primarily Apoptotic Cell Death  

Since Pd[DMBil1]-PEG750 is highly effective for inducing cell death via PDT, 

we next evaluated the mechanism of cell death that results from this therapy. It is ideal 

to induce apoptosis rather than necrosis because the latter causes the release of 

intracellular components that cause local inflammation and can stimulate further 

tumor growth if the cancer cells are not completely eradicated.118 Alternatively, 

apoptosis is anti-inflammatory and therefore discourages disease progression.104 To 

assess the mechanism of cell death, we treated MDA-MB-231 cells with 0-8 µM 

Pd[DMBil1]-PEG750 for 24 hr, irradiated for 30 min and then incubated the cells for 

1 hr prior to AnnexinV (FITC channel) and PI (PerCP channel) staining. We treated 

cells with higher PS concentrations than in the viability experiments because we 

analyzed the cells only 1 hr after light treatment. Although these PS concentrations are 

higher than required for effective PDT, they are still well below the LD50. In these 

experiments, each mechanism of cell death appears in distinct quadrants depending on 

their level of staining. For example, live cells are negative for both FITC and PI (lower 

left quadrant), apoptotic cells stain positive for only FITC (lower right quadrant), late 

apoptotic cells stain positive for both FITC and PI (upper right quadrant), and necrotic 

cells stain positive for only PI (upper left quadrant). We found that PDT induces 

primarily apoptotic cell death, and that the percentage of apoptotic cells increases with 

higher PS concentrations (Figure 3.11). The maximum amount of positively stained 

cells resulted from treatment with 8 µM Pd[DMBil1]-PEG750. After averaging three 

individual experiments, we found that 20.21% of cells were undergoing early 

apoptosis, 17.08% of cells were undergoing late apoptosis, and 8.17% of cells were 

experiencing necrosis. Alternatively, cells that did not undergo light treatment 

experienced only minimal cell death by any mechanism. These results demonstrate 
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that approximately 82% of the cells killed by this treatment die via apoptosis rather 

than necrosis. Given that apoptosis is much preferred over necrosis for cancer 

treatment, this makes Pd[DMBil1]-PEG750 attractive as a PS for use in PDT. 

Overall, these studies demonstrate that Pd[DMBil1]-PEG750 is a novel PS with 

an extremely high phototoxicity index that can mediate PDT of TNBC cells in vitro. 

However, as mentioned earlier, a main limitation of PDT as a standalone therapy to 

treat solid tumors is that it requires sufficient oxygen in the adjacent tissue to be 

effective, and solid tumors are characterized by highly hypoxic interiors. This led us to 

explore the use of Pd[DMBil1]-PEG750 as a dual strategy to treat TNBC to have a 

 
Figure 3.11: Mechanism of cell death from PDT. Apoptosis and necrosis assays 
after incubation with 0, 4, 6, or 8 µM of Pd[DMBil1]-PEG750 for 24 hr, light 
treatment for 30 min, and incubation for 1 hr. (A) Representative flow cytometry 
density plot of cells treated with 8 µM Pd[DMBil1]-PEG750. (B-D) Flow cytometry 
analysis of cell populations in early apoptosis, late apoptosis, and necrosis 
following treatment with the photosensitizer. ✳p<0.05 by t-tests compared to no 
light treatment for each concentration. 
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more cohesive approach that ablate entire tumors. Further, the light used to activate 

Pd[DMBil1]-PEG750 may not penetrate across an entire tumor. These limitations led us 

to explore the use of Pd[DMBil1]-PEG750 in combination with PEG-NS for dual 

PDT/PTT of TNBC, which would offer a more complete approach to eliminate entire 

tumors. 

3.3.8 Dual PDT/PTT is a Potent Strategy to Treat TNBC 

To evaluate dual PDT/PTT as a strategy to treat TNBC, we treated TNBC cells 

with Pd[DMBil1]-PEG750 (0 or 0.75 µM) and/or PEG-NS (0 or 5.5E9 NS/mL) for 24 

hr. Then, cells were irradiated with the 808 nm laser with 0.75 W/cm2 output power 

for 2 min/well and/or >500 nm light (on the light plate) for 10 min. After overnight 

incubation, cellular metabolic activity was assessed using an Alamar Blue assay. We 

found that cells treated with PEG-NS and 808 nm light, as well as cells treated with 

both agents and only 808 nm light, experienced 11% and 15% decreases in metabolic 

activity, respectively, compared to cells treated with no light. Additionally, cells 

treated with Pd[DMBil1]-PEG750, or cells treated with both agents, and only >500 nm 

light, experienced 45% loss in viability. These results demonstrate that PTT and PDT 

can impact cell viability independently and with minimal cross-over between the two 

therapies, as cells treated with PEG-NS and >500 nm light, or cells treated with the PS 

and 808 nm light experienced only minimal loss of cell viability. However, cells co-

treated with both the PS and PEG-NS and both light sources experienced a 67% loss 

of metabolic activity, which is substantially better than either therapy alone (Figure 

3.12). To assess if this effect is additive or synergistic, we calculated the CDI as 

explained in Section 3.2.9. In this equation, a CDI=1 or <1 indicates additive or 

synergistic effects, respectively. Using cell viability from cells treated with both PEG-
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NS and Pd[DMBil1]-PEG750 and each mode of irradiation, we calculated a CDI=0.7. 

This indicates that treating cells with both PDT and PTT has a synergistic effect on 

cell viability. All together, these results prove that dual PDT/PTT is a viable 

therapeutic strategy to further explore for solid tumor treatment.  

To confirm that dual therapy still primarily induces apoptotic cell death, we 

conducted Annexin/PI staining following treatment as described earlier. Cells were 

treated with Pd[DMBil1]-PEG750 (0 or 4 µM) and/or PEG-NS (0 or 5.5E9 NS/mL) for 

24 hr, irradiated, and stained after a 1 hr incubation. For these experiments, we treated 

cells with higher concentrations of PS due to the shorter incubation time before 

staining compared to the viability experiments.  Importantly, these results show that 

dual PDT/PTT induces primarily apoptotic cell death similar to the PDT only results 

(Figure 3.13). This validates our hypothesis that low-grade PTT can be used to induce 

apoptotic cell death when in combination with PDT. 

 
Figure 3.12: Cell viability following dual PDT/PTT. Normalized metabolic 
activity of MDA-MB-231 cells following treatment with PEG-NS and/or 
Pd[DMBil1]-PEG750 for 24 hr followed by irradiation with 808 nm and/or >500 
nm light sources. #p=0.06 and *p<0.05 by 1-way ANOVA with post hoc Tukey-
Kramer. 
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3.4 Discussion  

PDT is routinely used clinically to treat several types of cancer including skin, 

esophageal, and non-small cell lung cancer, among others.91 The PSs are typically 

administered topically or intraveneously, allowed to accumulate within tumors for 2-3 

days, and then light is applied. For esophageal and lung cancers, the light is applied 

through an endoscope or bronchoscope, respectively, that is placed down the patient’s 

throat.91 Alternatively, PDT can be performed during surgery to reach deeply 

embedded tumors to ablate residual cancer cells left behind during surgery. However, 

since visible light cannot penetrate tissue, PDT’s use as a standalone therapy is limited 

to surface-localized or easily accessible tumors. Another main challenged faced by 

 
Figure 3.13: Mechanism of cell death following PDT/PTT. Cells were treated with 
PEG-NS and/or Pd[DMBil1]-PEG750 and (A) >500 nm light, (B) 808 nm light, or 
(C) >500 and 808 nm light. Early apoptotic cells are shown in the left column, late 
apoptosis is in the middle column, and necrosis is in the right column. 
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PDT is that it requires sufficient oxygen levels in adjacent tissue to be effective. Since 

large tumors are highly hypoxic, PDT can only be used to treat small tumors. Finally, 

PDT as a standalone therapy is limited by toxicity to healthy tissue due to high 

required doses of commercial PSs. Patients injected with a PS are required to be 

protected from light for several months following treatment, which may be a 

hindrance to quality of life. Therefore, a major research focus is to develop novel PSs 

with decreased toxicity and higher treatment efficacy to mitigate some of these 

challenges.  

The work presented in this Chapter is the first time Pd[DMBil1]-PEG750 has 

been evaluated as a standalone therapy for PDT, or evaluated in combination with 

PTT. To demonstrate the benefits of Pd[DMBil1]-PEG750 compared to other PSs, we 

investigated the ED50 and LD50 of it and two commercially available PSs in TNBC 

cells. Through our experiments, we calculated an impressive phototoxicity index of 

5300 for Pd[DMBil1]-PEG750, which is substantially higher than those of HPDC and 

IHP. This drastic improvement over commercially available PSs shows that 

Pd[DMBil1]-PEG750 is a very promising PS for PDT.  

Although Pd[DMBil1]-PEG750  has a better phototoxicity index than existing 

commercial PSs, it does not address the other key challenges associated with PDT 

(excitation with visible light and reliance on tissue oxygen). Therefore, a major goal 

for this research was to evaluate PDT in combination with PTT as a platform for solid 

tumor treatment that can ultimately be used to reach hypoxic regions of tumors with 

longer wavelengths of light, while allowing lower doses of the PS, NSs, and various 

sources of light to be applied. We demonstrated in TNBC cells that dual PDT/PTT 

was more effective than either therapy alone, as the resultant metabolic activity of 
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cells was lower when treated with dual PDT/PTT than with either individual therapy. 

This suggests that lower dosages of each treatment could be applied to enable effective 

treatment while minimizing potential risk.  

Importantly, our studies also confirmed that dual PDT/PTT induces primarily 

apoptosis, which is vastly preferred over a necrotic cell death mechanism. To date, the 

most commonly reported in vitro cellular response to PTT is necrosis, although a few 

studies have suggested that apoptosis can be initiated under controlled light exposure 

conditions.104,119,120 More specifically, high-energy irradiation can lead to necrosis 

while low-energy irradiation can promote apoptosis. Indeed, we showed that applying 

PDT and PTT with low laser powers could cause cell death via apoptosis rather than 

necrosis. Together, the results presented here demonstrate that dual PDT/PTT 

mediated through Pd[DMBil1]-PEG750 and PEG-NSs is a viable therapeutic strategy 

that overcomes the common limitations of both PDT and PTT individually, and this 

should be investigated in solid tumors in vivo in the future.  

3.5 Conclusions 

The results reported herein describe a novel PS characterized by high water 

solubility, efficient 1O2 generation, and a remarkable phototoxicity index. We show 

that Pd[DMBil1]-PEG750 can efficiently produce 1O2 with a quantum yield comparable 

to those observed from PSs currently used in PDT. In fact, we demonstrate that 

Pd[DMBil1]-PEG750 is highly effective for PDT in TNBC cells due to its amenability 

to cellular uptake, low inherent dark toxicity and high photo-induced toxicity where 

cell death occurs primarily via apoptosis. With these results, the calculated 

phototoxicity index of this PS is ~5300, which is substantially higher than two 

commercially available PSs.  
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Next, we evaluated dual PDT/PTT as a treatment strategy for TNBC to 

overcome the limitations of each individual therapy. Through these experiments, we 

demonstrated that dual therapy is more effective that either therapy alone, and this 

effect is synergistic. We showed that this combination strategy enables primarily 

apoptotic cell death, which is ideal for any phototherapy to minimize inflammation 

that can lead to disease recurrence. In summary, the results presented in this Chapter 

indicate that dual PDT/PTT mediated by Pd[DMBil1]-PEG750 and PEG-NS, 

respectively, warrants further investigation of this strategy to treat TNBC and other 

cancers characterized by solid tumors.  

3.6 Future Work 

As previously mentioned, a main limitation of PDT is that it utilizes low 

wavelengths of light that cannot penetrate tissue to reach tumors within the body. In 

the dual therapy approach investigated here, we used both >500 nm light from a 

lightbox and 808 nm light from a laser to independently activate the PS and NSs, 

respectively. Moving forward, there is great opportunity to conjugate Pd[DMBil1]-

PEG750 onto the surface of NSs using a thiolated PEG linker. Upon excitation with a 

pulsed 800 nm laser, NSss emit 500-600 nm light that extends only a few nanometers 

from their surface. Therefore, directly conjugating the PS onto NSss may provide a 

means to both mediate PTT directly and to activate the PS to produce 1O2 with only 

tissue-penetrating NIR light. While this work shows that both PEG-NS and 

Pd[DMBil1]-PEG750 are taken up by cells, and that dual therapy causes cell death 

more efficiently than either therapy alone, it is critical to evaluate this strategy in a 

murine model of TNBC. The administered doses here were optimized for experiments 

in adherent cell culture, and the translation into animal models will require dose 
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optimization studies for both the PS and NSs to ensure sufficient penetration into solid 

tumors. Further, the toxicity and PDT efficacy of Pd[DMBil1]-PEG750 has not been 

evaluated in animal models, which will be critical for clinical translation. The PDT 

results from Pd[DMBil1]-PEG750 should be compared to clinically relevant doses of a 

PS currently used for PDT to demonstrate its benefits in vivo over the current gold 

standard. Finally, we expect that different light parameters (time of irradiation and 

laser power) will be required in vivo compared to the in vitro studies presented here. 

We anticipate that the proposed follow up studies would demonstrate the clinical 

translatability of Pd[DMBil1]-PEG750-mediated PDT, as well as dual therapy, using 

both this novel PS and PEG-NS. Further, we expect these studies would confirm that 

combining PS with PEG-NS enables lower required dosages of each while 

maintaining better efficacy than each therapy alone. 
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AN EVALUATION OF THE MECHANISMS OF LIGHT-TRIGGERED SIRNA 

RELEASE FROM NANOSHELLS FOR ON-DEMAND GENE REGULATION 

4.1 Introduction to Chapter 4 

The ability to regulate intracellular gene expression with exogenous nucleic 

acids such as small interfering RNAs (siRNAs) has substantial potential to improve 

the study and treatment of disease. However, most nanoparticle-based carriers that are 

used for the intracellular delivery of nucleic acids cannot distinguish between diseased 

and healthy cells, which may cause them to yield unintended widespread gene 

regulation. The overarching goal of this Chapter was to demonstrate that the unique 

photophysical properties of NSs could enable them to be used as a platform for on-

demand gene regulation. The underlying hypothesis was that NSs coated with siRNA 

molecules could remain inactive until the siRNA molecules were released from the 

NSs by activation with tissue-penetrating near-infrared laser light. In examining this 

hypothesis, we also evaluated the mechanisms of siRNA release of from NSs under 

two modes of laser irradiation (continuous wave or pulsed) to demonstrate the 

importance of thoroughly characterizing photoresponsive nanosystems for applications 

in triggered gene regulation. The structural differences of the siRNA released by each 

mode of irradiation was characterized, and it was demonstrated that laser irradiation 

does not damage the siRNA. It was also shown that the ratio of siRNA duplexes to 

single-stranded molecules that are released is higher for pulsed irradiation than 

Chapter 4 
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continuous wave irradiation, making pulsed conditions preferable for gene regulation. 

Finally, we show that siRNA-NS conjugates can enable on-demand gene silencing 

upon pulsed laser irradiation using green fluorescent protein (GFP) as a model target. 

The work presented in this Chapter was published in: Riley RS, et al., Evaluating the 

Mechanisms of Light-Triggered siRNA Release from Nanoshells for Temporal 

Control Over Gene Regulation. Nano Letters. 2018, 10.1021/acs.nanolett.8b00681. 

4.1.1 Small Interfering RNA (siRNA) As A Tool for Gene Regulation 

Regulating gene expression by RNA interference (RNAi) via the intracellular 

delivery of siRNA is a promising means to study and treat cancer, as introduced in 

Chapter 1. In RNAi, siRNA duplexes inside cells are recognized by RISC, which 

separates the duplex and escorts the antisense strand to its target mRNA to inhibit the 

transcription of the encoded protein.63 siRNA is desirable as gene regulatory agents 

because it is more potent and longer-lasting than antisense DNA oligonucleotides, 

which have been used in the majority of light-triggered nucleic acid-nanoconjugate 

systems, and it requires no additional chemical modifications to be active inside 

cells.121,122 However, the pre-clinical and clinical use of siRNA is limited by molecular 

instability, short circulation times, and low cellular uptake.123 Naked siRNA can be 

complexed with transfection agents to enable cellular uptake, but these cannot be used 

in vivo due to their toxicity and lack of specificity for diseased versus healthy cells, 

which leads to nonspecific gene regulation. In this Chapter, we designed a siRNA 

carrier platform composed of NSs coated with radially projected thiolated siRNA 

molecules via gold-thiol bonding. We hypothesized that this nanoconjugate design 

could overcome the toxicity and lack of specificity associated with other siRNA 
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carriers by enabling spatiotemporal control over gene regulation via activation with 

NIR light.  

4.1.2 Nanoparticle Platforms for On-Demand Gene Regulation for Cancer 
Therapy 

Nanoparticle delivery platforms that either encapsulate siRNA or carry siRNA 

on their surfaces can overcome many of the limitations of naked siRNA by stabilizing 

the molecules, improving their biodistribution, and enhancing their delivery into 

cells.80,124 Accordingly, siRNA nanocarriers are recognized as powerful gene 

regulatory agents for cancer treatment. However, these carriers typically cannot 

distinguish diseased cells from normal cells and, once inside cells, they often fail to 

reach the cytosol due to entrapment within intracellular compartments, rendering the 

attached oligonucleotides ineffective.123 To promote successful cytosolic delivery, 

siRNA nanocarriers are often coated with additional moieties such as cell penetrating 

peptides or polymers that improve endosomal escape.74,125 Unfortunately, these 

modified NPs may be more toxic than their unmodified counterparts, and they still 

cannot distinguish healthy cells from diseased cells, which may cause them to elicit 

unintended widespread gene regulation and substantial off-target effects. An ideal NP 

platform for gene regulation would enter cells without additional penetration reagents 

and keep its siRNA cargo inactive until stimulated by an external trigger. Such a 

system could facilitate on-demand, localized gene regulation while avoiding impacts 

to non-targeted healthy tissue. To meet this need, researchers have recently begun to 

develop light-responsive nanocarriers for siRNA delivery and on-demand gene 

regulation.  
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Gold-based NPs, such as NSs, that maximally absorb near infrared (NIR) light 

(~700-1200 nm) are ideal for photoresponsive therapies because these wavelengths 

can safely penetrate several centimeters of healthy tissue.126,127 Literature has shown 

that light-triggered release of molecules from gold NPs offers several attractive 

features for gene regulation. First, it has been shown that low-intensity laser 

irradiation can promote NPs’ endosomal escape by producing sufficient heat in the 

vicinity around the NPs to rupture surrounding endosomes without impact overall cell 

viability.73,128 This is important for NPs carrying siRNA because the siRNA needs to 

enter the cytosol in order to be recognized by RISC to induce gene silencing. Second, 

phototherapies and gene regulation can offer synergistic outcomes. For example, PTT 

has been shown to sensitize cells to gene regulation, and vice versa, gene regulation 

has been used to sensitize cells to PTT, so the combination of these treatments offers a 

more robust approach to cancer treatment.34,129 Lastly, researchers have shown that 

laser light can trigger the release of siRNA or other gene regulatory agents such as 

antisense DNA oligonucleotides from NPs for on-demand gene regulation.60,62,73,130,131 

In this approach, gene regulation occurs only where light is applied to cause the 

conjugated gene regulatory agents to release from the NP surface and enter the 

cytosol; accordingly, this treatment offers very high precision. In this Chapter, we 

evaluated the mechanism of siRNA release from NSs to understand their capabilities 

for on-demand gene regulation. 

Several gold NP designs have been developed to study the intracellular 

delivery and light-triggered release of nucleic acids, including nanorods,132,133 

nanoshells,60,130,134 and hollow gold NPs,53,73 among others.131 As mentioned before, 

however, many of these platforms reported in literature have utilized additional agents 
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to promote cell uptake that may result in nonspecific off-target gene silencing.73,125 An 

overarching goal in this Chapter was to develop siRNA-coated NSs as a platform for 

light-triggered gene silencing that does not require additional uptake agents. We used 

NSs as the core material of our platform to study light-triggered siRNA release from 

nanocarriers because they are specifically engineered to maximally absorb ~800 nm 

light, they offer easy bioconjugation, and they have proven safety in human clinical 

trials.45,46,86,127 Further, they are able to penetrate solid tumors and enter cells, two 

features that are critical for gene regulatory platforms.135 

4.1.3 Continuous Wave versus Pulsed Laser Irradiation for Triggering Release 
of Molecules from Nanoparticles  

In photoresponsive siRNA nanocarriers, the core NP is carefully chosen for its  

inherent photophysical properties that enable activation by externally applied light. 

Upon laser excitation, any surface-conjugated siRNA is released to silence the 

targeted proteins. Importantly, RISC only recognizes double stranded siRNA,136 so it 

is critical to ensure that the majority of the siRNA released from photoresponsive NPs 

retains a duplexed structure. 

The mode of laser irradiation is a critical experimental design feature, as it is 

believed to dictate the structure of the released siRNA (Figure 4.1). Prior work using 

DNA-NS conjugates has shown that continuous wave (CW) irradiation causes large 

temperature increases of bulk NS solutions over time, which may yield duplex 

denaturation such that primarily single-stranded oligonucleotides are released, in 

addition to causing nonspecific cell death.60 Alternatively, delivering very short, high 

energy pulses of laser light to NSs yields a hot-electron transfer effect that breaks the 

gold-thiol bond attaching the nucleic acids to the NSs without increasing bulk solution 



 72 

temperature.61,73 Jain, et al. speculated that this bond dissociation is due to coupling of 

the NPs’ photoexcited electrons and the gold-sulfur bond vibrations, rather than 

thermal heating as experienced through CW irradiation.61 Due to these differences, it 

is commonly believed that CW irradiation leads to release of single-stranded 

oligonucleotides, while pulsed laser irradiation leads to release of entire duplexes to 

induce RNAi-mediated gene regulation (Figure 4.1). In this Chapter, this belief is 

tested using a powerful combination of NP characterization and molecular biology 

techniques to characterize the siRNA that is released from NSs under exposure to 

various CW or pulsed irradiation conditions.  

 

 
Figure 4.1: Schematic showing the process of on-demand gene regulation with 
siRNA-NS conjugates. When cells treated with siRNA-NS are exposed to a 
femtosecond pulsed laser, there is no change in temperature and the released 
siRNA consists primarily of duplexes. Upon release, the duplexed siRNA 
molecules are recognized by RISC, which guides the siRNA to its’ target mRNA 
to induce degradation. Alternatively, CW irradiation causes NSs to generate a 
substantial amount of heat that releases both single stranded RNA and duplexes 
and that can cause nonspecific cell death without achieving the desired gene 
silencing. In this work, we evaluate light-triggered release of GFP siRNA to 
induce GFP downregulation in cells. 
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4.2 Materials and Methods 

NSs were synthesized and functionalized with siRNA and mPEG-SH as 

explained in Chapter 2. To quantify and characterize siRNA release from NSs upon 

CW or pulsed laser irradiation, we coated NSs with a scrambled form of GFP-targeted 

siRNA tagged with a Cy5 fluorophore on the 3' end of the antisense strand for 

detection (Figure 4.2). For light triggered gene regulation experiments, NSs were 

coated with GFP or scrambled siRNA duplexes without any conjugated fluorophores 

(Table 4.1). siRNA content was quantified using a Quant-iT OliGreenTM ssDNA 

quantification kit or by the inherent Cy5 fluorescence as explained in Chapter 2. 

 

 
Figure 4.2: Schematic of Cy5-siSCR-NS showing position of Cy5 fluorophore on 
the 3’ end of the antisense strand of the siRNA. 
 
Table 4.1: siGFP, siSCR, and Cy5 siSCR siRNA sequences used in this work, 
denoted 5’ to 3’. 
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4.2.1 Characterization of Temperature and siRNA Release Upon Laser 
Irradiation 

Cy5-siRNA-NS were diluted in RNase-free milliQ water to 5.5×104	NS/mL 

(corresponding to OD 2), and 2 mL was placed into RNase-free disposable cuvettes 

with stir bars and samples were stored on ice until use. For both CW and pulsed laser 

experiments, samples were irradiated from the side while stirring. An 808-nm CW 

laser (B&W Tek) was applied at 0, 5, 10, 20, or 25, or 30 W/cm2 with a 2 mm spot 

size (corresponding to 0, 157, 314, 628, 785, 942 mW output powers) for 30 min. 

Thermal images were taken every 5 min with an FLIR A5 thermal camera (FLIR 

Systems) and the highest temperature at each timepoint was recorded. The 800 nm 

pulsed laser utilized in these experiments (Coherent) was equipped with a modelocked 

Ti:Sapphire oscillator (Mantis) and a regenerative amplifier (Legend Elite). Samples 

were irradiated with a 10 kHz repetition rate and 40 fs pulse length. Samples exposed 

to this laser were irradiated with a 50 µm spot size focused using a fused silica lens 

with a focal length of 30 cm. siRNA-NS were irradiated with 1, 2, or 3 mW output 

power for 10, 20, or 30 min.  

Following irradiation with the CW or pulsed laser, samples were read on a 

UV-vis spectrophotometer, centrifuged to form a pellet (1500xg, 5 min), and the 

supernatant containing any released RNA was collected. Sample Cy5 fluorescence 

was read on a Synergy H1 plate reader and compared to a standard curve of known 

siRNA concentration (0-10 nM) to quantify the amount of siRNA released. The 

remaining supernatant was lyophilized overnight for gel electrophoresis to analyze the 

structure of the released siRNA. For this, samples were diluted in milliQ water and 

RNA content was determined using a Take3 plate on the Synergy H1 plate reader 

using the absorbance at 260 nm. Samples were combined with 2X formamide buffer, 
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boiled at 99°C for 3 min, and quickly cooled on ice. 100 ng of siRNA duplexes, Cy5-

antisense strands, thiolated sense strands, or released siRNA was run on 4-20% TBE 

gels (Lonza) at 125-175 V for 1 hr in 1X TBE buffer. Then, gels were placed into 1X 

SYBR Gold (Thermo Fisher) diluted in TBE buffer for 20 min. Lastly, gels were 

imaged using the ethidium bromide filter on a ChemiDoc-iTTM2 Imager (UVP) with 

a 5 sec exposure time. Band intensity was analyzed in Fiji (ImageJ) software using the 

gel analyzer feature. 

Following centrifugation, the NS-containing pellets were suspended in 2 mL 

milliQ water and analyzed by dynamic light scattering for hydrodynamic diameter and 

by flow cytometry for Cy5 fluorescence intensity using a forward scatter cutoff of 10 

and the APC filter (excitation/emission 640 nm/660 nm). The purpose of these assays 

was to provide qualitative evidence of siRNA release and NS structure. 

4.2.2 U373.eGFP Cell Culture 

U373.eGFP (enhanced green fluorescent protein) glioma cells were gifted from 

Dr. Susan Blaney of Texas Children’s Hospital and were cultured in Dulbecco’s 

Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) 

and 1% penicillin-streptomycin. Cells were cultured in T75 cell culture flasks, 

passaged with 0.25% trypsin-EDTA, and incubated at 37°C in a 5% CO2 environment. 

Flasks were grown to 80-90% confluence prior to plating for experiments. 

4.2.3 Transfection with Released GFP siRNA 

The following methods were utilized to evaluate whether siRNA released from 

NSs upon activation with pulsed light retains its gene silencing functionality. 

U373.eGFP cells were detached from flasks with 0.25% trypsin-EDTA, counted on a 
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hemocytometer, plated at 5,000 cells/well in 96 well plates in complete cell culture 

media, and incubated overnight. siGFP-NS and siSCR-NS were diluted in RNase-free 

water to 5.5×104 NS/mL (OD2), and 4 mL of each sample type was placed into 

cuvettes with stir bars. The NS samples were irradiated with the pulsed laser at 3 mW 

for 30 min while stirring. Then, samples were centrifuged to form a pellet and the 

supernatant containing released RNA was collected and lyophilized overnight. 

Following lyophilization, the released siRNA was diluted in RNase-free water and the 

RNA concentration was determined using the Take3 plate on the Synergy H1 plate 

reader using the absorbance at 260 nm. To examine whether the released RNA 

retained its functionality, plated U373.eGFP cells were transfected with 100 nM of the 

released GFP or scramble siRNA with Dharmafect (Dharmacon) per manufacturer 

recommendations, and after 6 hr the transfection solution was replaced with antibiotic-

free media. Cellular GFP expression was analyzed at 48 hr and 96 hr post-transfection 

by fluorescence imaging with an EGFP filter on a Zeiss Axioobserver Z1 Inverted 

Fluorescence Microscope. For flow cytometry (to quantify GFP silencing), cells were 

lifted with 0.25% trypsin-EDTA and treated with propidium iodide (PI, Thermo 

Fisher) for 5 min at room temperature per manufacturer recommendations to enable 

the exclusion of dead cells by flow cytometry. To analyze the flow cytometry data 

throughout this Chapter, first the cell population was selected using forward scatter 

versus side scatter density plots. Then, singlet cells were gated using forward scatter 

height versus area density plots. Finally, eGFP expression was determined using the 

FITC channel (excitation/emission 488/530). The median fluorescence intensity (MFI) 

data shown are the averages and standard deviations from three independent 

experiments. 
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4.2.4 Light-Triggered GFP Silencing in U373.eGFP Cells with siRNA-NS 

To assess cell uptake of siRNA-NS conjugates, U373.eGFP cells were plated 

at 5,000 cells/well in 96 well plates and incubated overnight. Cy5-siRNA-NS diluted 

to 1.4E10 NS/mL (OD5) in complete cell culture medium were added to the cells, 

which were then incubated for 3 hr. For flow cytometry, cells were lifted with 0.25% 

trypsin-EDTA, centrifuged, suspended in 1X PBS, and the Cy5 signal was measured 

using the APC filter. For imaging, cells were fixed with 4% formaldehyde in PBS for 

15 min and then treated with DAPI overnight at 4°C to stain cell nuclei. After 

overnight incubation, cells were imaged on the Zeiss Axioobserver Z1 fluorescent 

microscope using the DsRed, EGFP, and DAPI filter sets.  

To assess GFP knockdown, U373.eGFP cells were plated at 100,000 cells/well 

in 6-well plates and incubated overnight. Then, cells were treated with 2 mL of siGFP-

NS or siSCR-NS diluted to 1.4E10	NS/mL (OD5) in complete cell culture media. 

After 3 hr, cells were detached with 0.25% trypsin-EDTA, centrifuged 1X at 200xg 

for 5 min, and suspended in 1 mL of sterile 1X PBS. Cells were placed into sterilized 

cuvettes with stir bars and kept on ice throughout the duration of the experiment, 

except during irradiation. While the NS-treated cells stirred in the cuvettes, the 

femtosecond pulsed laser was applied at 0 or 3 mW for 20 min. After irradiation, the 

cells were centrifuged, suspended in media, counted, and plated in 24 well plates at 

45,000 cells/well. The media was replaced every day, and the cells were analyzed for 

GFP expression using fluorescence microscopy (EGFP channel) and flow cytometry 

(FITC channel) 4 days after light treatment. The MFI data shown are normalized to the 

siSCR-NS treated cells in each experiment and then averaged together from four 

independent experiments. Statistics were analyzed by one-way analysis of variance 

with posthoc Tukey Kramer. 
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4.3 Results 

4.3.1 Continuous Wave Laser Irradiation Causes Substantial Temperature 
Increases Compared to Pulsed Irradiation  

Solutions of Cy5-siSCR-NS at a concentration of 5.37E9 NS/mL were 

irradiated from the side with either an 808-nm CW laser or a femtosecond pulsed 800-

nm laser while stirring (Figure 4.3). Samples undergoing CW irradiation were exposed 

to 0, 157, 314, 628, 785, 942 mW (corresponding to 0, 5, 10, 20, 25, or 30 W/cm2) 

laser powers for 30 min to investigate the temperature dependence on siRNA release. 

Thermal images were taken with an FLIR camera every 5 min, and the highest 

temperature of the NS solution was recorded. In agreement with literature,60 we found 

that the bulk solution temperature dramatically increased upon CW irradiation in 

accordance with exposure time and laser power, and samples reached temperatures up 

to 52º F with the powers used in this study (Figure 4.4). Importantly, the high 

temperatures reached during CW irradiation are sufficient to cause nonspecific cell 

death,104,137 making the laser powers studied here irrelevant for light-triggered gene 

regulation. Bulk solution temperatures were also investigated under pulsed laser 

irradiation using 3 mW output power, which is the highest power we investigated for 

siRNA release, for up to 30 min, and we found that the bulk solution temperature did 

not change (Figure 4.4, black dotted line). These results demonstrate that the use of 

CW irradiation for triggered gene regulation is limited by changes in bulk solution 

temperature, and any resultant siRNA release is a temperature-dependent process.60 

Alternatively, pulsed laser irradiation is a temperature-independent process, 

suggesting that siRNA release is caused by a different mechanism such as breakage of 

the gold-thiol bond.  
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4.4 NS Irradiated with Continuous Wave Light Experience Structural Changes 

Next, we tested the ability of CW and pulsed laser irradiation to induce siRNA 

release, and we thoroughly characterized both the NSs and the released siRNA 

following laser treatment. First, we investigated how CW or pulsed laser irradiation 

impact NS structure and size by UV-visible spectrophotometry (UV-vis) and dynamic 

light scattering (DLS) (Figure 4.5). CW irradiation with 0, 5, 10, 20, 25, or 30 W/cm2 

for 30 min caused no critical changes in the extinction spectrum or hydrodynamic 

diameter of Cy5-siSCR-NS, indicating that NSs are still intact and functionalized with 

 
Figure 4.3: Laser irradiation setup. (A) Schematic of irradiation setup for bulk NS 
solutions under both continuous wave and pulsed laser irradiation (schematic not 
to scale). (B) and (C) Photographs and thermal images showing the 808 nm 
continuous wave laser experimental setup, and the pulsed irradiation experimental 
setup, respectively. 
 

 
Figure 4.4: Bulk solution temperature measurements of Cy5-siSCR-NS exposed 
to 808 nm continuous wave light (solid lines) or 800 nm pulsed light at 3 mW 
for 30 min (dotted black line). 
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a substantial amount of siRNA and mPEG-SH following CW irradiation (Figure 

4.5A).  

Alternatively, irradiation with 1, 2, or 3 mW pulsed light for 10, 20, or 30 min 

resulted in extensive structural changes to Cy5-siSCR-NS (Figure 4.5B). 

Spectrophotometry results demonstrate that the structural integrity of NSs is preserved 

up to 3 mW output power for 20 min. At 3 mW, the peak extinction at 800 nm 

decreases, indicating a change in NS structure. Further, this change depends on 

irradiation time, as samples irradiated with the pulsed laser at 3 mW for 10 min do not 

experience a change in their extinction spectrum (Figure 4.5B, left). DLS 

measurements show that the hydrodynamic diameter of Cy5-siSCR-NS decreases 

from 181.3 ±7.1 nm before laser treatment to 173.7 ± 23 nm and 155.1 ± 7.3 nm after 

irradiation with 3 mW for 20 or 30 min, respectively. With these higher irradiation 

times, the hydrodynamic diameter of the laser-treated NSs is reduced to the original 

size of bare NSs, whereas lower laser powers and irradiation times do not result in 

notable changes in hydrodynamic diameter (Figure 4.5B, right). This confirms our 

spectrophotometry results that indicate the structure of Cy5-siSCR-NS changes with 

pulsed laser irradiation at 3 mW, and suggests that the majority of both siRNA 

duplexes and mPEG-SH are removed from NS surfaces upon pulsed laser excitation.  

An added benefit of utilizing NSs as the core material for investigating light-

triggered siRNA release from nanocarriers is that NSs can be detected by forward- and 

side- scatter profiles in flow cytometry, a technique that has not yet been explored to 

directly detect fluorescently tagged NSs. We expected that the Cy5 signal from NSs 

would decrease proportionally to the amount of siRNA released during irradiation. In 

agreement with our spectrophotometry and DLS data, we found that Cy5-siSCR-NS 
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solutions treated with CW light do not experience a shift in Cy5 fluorescence 

intensity, indicating that the majority of the Cy5 fluorophores remain attached to the 

NS surface following irradiation (Figure 4.6A). Alternatively, the fluorescence of 

Cy5-siSCR-NS decreases with increased pulsed laser powers and irradiation times, 

indicating that the pulsed laser sufficiently triggers release of surface-conjugated 

molecules (Figure 4.6B). 

 
Figure 4.5: NS characterization after laser treatment. (A) Characterization of Cy5-
siSCR-NS irradiated with the CW laser. UV-visible spectrophotometry following 
irradiation with 808 nm CW light for 30 min (left), and hydrodynamic diameter of 
Cy5-siSCR-NS following irradiation with the 808 nm continuous wave laser at 0, 5, 
10, 20, 25, or 30 W/cm2 for 30 min (right). (B) Characterization of Cy5-siSCR-NS 
irradiated with a femotosecond pulsed laser at 0, 1, 2, or 3 mW for 0, 10, 20, or 30 
min. UV-visible extinction spectrum (left) and hydrodynamic diameter 
measurements after irradiation (right).  
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4.4.1 Pulsed Laser Irradiation Triggers the Release of siRNA from NS with 
Higher Efficiency than CW Laser Irradiation  

We hypothesized that siRNA release from NSs upon pulsed or CW excitation 

would depend highly on laser power and irradiation time. To investigate this, we 

quantitatively examined the efficacy of CW and pulsed laser irradiation for triggered 

siRNA release by detecting the Cy5 signal of released siRNA following laser 

irradiation. The original loading of siRNA on NSs was determined by first separating 

the duplexes using urea and comparing the Cy5 signal in the supernatant to a standard 

curve of known antisense concentration. Following irradiation with the CW laser (0, 5, 

10, 20, 25, or 30 W/cm2 for 30 min) or the pulsed laser (0, 1, 2, or 3 mW for 0, 10, 20, 

or 30 min), samples were centrifuged and the siRNA-containing supernatant was 

collected. siRNA content in the supernatant was quantified by comparing the Cy5 

fluorescence from each sample to a standard curve of known siRNA content. Then, we 

divided the amount of released siRNA by the original loading to determine the percent 

siRNA released at each laser power and irradiation time.  

 
Figure 4.6: Flow cytometry analysis of NS structure. Characterization of Cy5-
siSCR-NS following siRNA release by flow cytometry of Cy5 fluorescence 
signal. (A) Samples were irradiated with the CW laser for 30 min at 5, 10, 20, 25, 
or 30 W/cm2. (B) Samples were irradiated with the pulsed laser at 0, 1, 2, or 3 
mW for 10, 20, or 30 min.  
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We found that the amount of siRNA released under both modes of irradiation 

was highly dependent on both laser power and irradiation time. For example, CW 

irradiation resulted in a linear increase in released siRNA at the laser powers studied 

here, and the maximum siRNA release was 36% with 30 W/cm2 (Figure 4.7A). 

Notably, the temperatures reached during CW irradiation at 30 W/cm2 (Figure 4.4) 

would cause nonspecific cell death and therefore this strategy would not be effective 

for light-triggered gene regulation. Alternatively, pulsed laser irradiation caused an 

exponential increase in released siRNA (Figure 4.7B). Pulsed irradiation at 1 mW only 

minimally released siRNA above background levels, but samples treated with 2 mW 

or 3 mW of pulsed light experienced 33% and 72% siRNA release, respectively 

(Figure 4.7B, left). A similar trend was observed for increasing irradiation times when 

samples were exposed to the 3 mW output power (Figure 4.7B, right). These results 

agree with our DLS and flow cytometry analyses and demonstrate that the pulsed laser 

is substantially more effective than the CW laser for triggering siRNA release at the 

laser parameters studied here.  

 
Figure 4.7: Percent siRNA release following irradiation of Cy5-SCR-NS with (A) 808 
nm continuous wave irradiation at 0, 5, 10, 20, 25, or 30 W/cm2 for 30 min, or (B) 
Pulsed laser irradiation with 0, 1, 2, or 3 mW for 30 min (left) or 3 mW pulsed light 
for 0, 10, 20, or 30 min (right), to show the power and time dependence of the siRNA 
release from NS.  
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4.4.2 Pulsed Irradiation Primarily Releases More siRNA Duplexes than CW 
Irradiation  

Next, we evaluated whether the siRNA released from NSs retains the proper 

structure to mediate gene regulation inside cells. As previously mentioned, the 

released siRNA must be duplexed in order to be recognized by RISC and guide 

degradation of its target mRNA. Therefore, it is critical to investigate the structure of 

the released siRNA under each mode of irradiation. It is generally believed that the 

increased temperatures generated during CW irradiation primarily cause only 

antisense strands to be released due to duplex denaturation,138 whereas pulsed laser 

irradiation releases entire duplexes by breakage of the gold-thiol bond.61,139 Here, we 

employed gel electrophoresis to directly analyze the siRNA structure based on its size, 

which is directly related to the number of oligonucleotides in the sequence. After 

irradiating solutions of Cy5-siSCR-NS, we pelleted the NPs by centrifugation, 

lyophilized the supernatant, and ran gel electrophoresis on 100 ng of the released 

siRNA. Contrary to literature,60,133,134 we found that CW irradiation leads to a mixture 

of both duplexes and antisense strands being released from NSs (Figure 4.8A). This 

underscores the importance of the experimental method we utilized for this work.  

Alternatively, and as expected, the siRNA released with the pulsed laser was 

primarily double-stranded, as the brightest band from these samples appears at ~40 

base pairs (Figure 4.8B). To quantitatively compare the amount of duplexes and 

antisense strands released from NSs, we quantified the band intensities from the gel 

electrophoresis experiments and calculated the ratio of duplex to antisense released for 

both modes of irradiation at the highest laser powers used. Pulsed laser irradiation 

with 3 mW exposure and CW irradiation with 30 W/cm2 exposure resulted in 

duplex:antisense band intensity ratios of 3.2 and 1.23, respectively. Overall, this 
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shows that pulsed laser irradiation releases a higher percentage of duplexes than CW 

irradiation with substantially lower incident laser powers. Our findings demonstrate 

that researchers should carefully characterize their photoresponsive nucleic acid 

carriers using a variety of techniques, and also suggest that more studies are needed to 

identify laser parameters for CW irradiation that may enable duplex release without 

causing substantial temperature increases. 

 

 

 

 
Figure 4.8: Gel electrophoresis of siRNA released from NSs following (A) 
Continuous wave irradiation at 0, 5, 10, 20, 25, or 30 W/cm2 for 30 min or (B) 
pulsed laser irradiation with 1, 2, or 3 mW for 10, 20, or 30 min. For size 
comparison, the gel in (B) also shows stock siRNA sense strands, antisense 
strands, or duplexes that did not undergo laser irradiation. 
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4.4.3 Released siRNA Retains its Gene Silencing Functionality  

We also performed experiments to ensure that the siRNA released from NSs 

upon laser treatment retains its functionality and is not damaged during laser 

irradiation. For this study, we designed siRNA-NS conjugates to silence green 

fluorescent protein (GFP, siGFP-NS) in U373.eGFP cells. We used this cell line 

because it stably expresses GFP and therefore serves as an ideal platform to 

investigate light-triggered gene silencing by fluorescence analysis. First, we collected 

released siRNA from the supernatant of siGFP-NS conjugates following pulsed laser 

irradiation, and transfected cells with 100 nM of this released siRNA. Cells transfected 

with GFP siRNA that had been released from NSs experienced substantial 

downregulation of GFP expression compared to cells transfected with scrambled 

(SCR) siRNA that had been released from NSs at both 48 hr and 96 hr, indicating that 

the siRNA is still functional following laser treatment (Figure 4.9). Importantly, this 

data shows that siRNA-mediated GFP silencing is prominent for at least 4 days 

following transfection, which is an important feature for gene regulation. 

4.4.4 siRNA-NS Conjugates Enter Cells to Mediate On-Demand Gene 
Regulation  

Next, we directly evaluated the ability of siRNA-NS conjugates to enter 

U373.eGFP cells and mediate on-demand gene silencing. First, we treated U373.eGFP 

cells with Cy5-siSCR-NS for 3 hr to evaluate cell uptake by fluorescence imaging, 

which showed a substantial amount of uptake at this time point (Figure 4.10A). These 

results were confirmed by flow cytometry, which revealed a 22-fold enhancement in 

Cy5 signal from cells treated with Cy5-siSCR-NS compared to untreated cells (Figure 

4.10B).  
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To examine light-triggered gene knockdown in U373.eGFP cells, the cells 

were treated with NSs coated with GFP-targeted siRNA (siGFP-NS) or its scrambled 

 
Figure 4.9: GFP knockdown in transfected cells. (A and B) Flow cytometry analyses 
and (B) fluorescence images showing GFP expression in U373 cells transiently 
transfected with 100 nM GFP siRNA, SCR siRNA, or no siRNA that was released 
from NS using 3 mW femtosecond pulsed laser for 30 min while stirring. The data 
shown is (A) 48 hr and (B and C) 96 hr post-transfection. Scale=50 µm. 
 
 

 
Figure 4.10: Cell uptake of Cy5-siSCR-NS. Fluorescence imaging (A) and flow 
cytometry (B) of Cy5-siSCR-NS (red) uptake by U373.eGFP cells 3 hr post-addition to 
the culture medium (scale = 50 µm; GFP=green, nuclei=blue). Control cells were 
treated with no NS.  
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form (siSCR-NS) at 1.4E10 NS/mL in complete cell culture media for 3 hr, then 

placed into sterile cuvettes for laser treatment with 3 mW pulsed laser for 20 min 

while stirring. After laser treatment, the cells were plated in 24-well plates and 

incubated for 4 days prior to GFP analysis. Flow cytometry revealed that cells treated 

with siGFP-NS and the laser experienced a 35% decrease in normalized median 

fluorescence compared to cells treated with siSCR-NS (Figure 4.11). Further, cells 

treated with siGFP-NS and the pulsed laser had 33% lower GFP expression than cells 

treated with siGFP-NS and no laser. Interestingly, the original siRNA loading on 

siGFP-NS was 652-1463 siRNA/NS, which correlates to 15-34 nM siRNA added to 

cells. Therefore, the amount of siRNA present on siGFP-NS in these experiments was 

3-6.5X less siRNA than the 100 nM siRNA used for the transfections previously 

discussed (Figure 4.9). These results indicate that NS-mediated delivery of siRNA is 

more effective for gene silencing than using commercially available transfection 

reagents. Further, utilizing NSs as the core nanomaterial enables on-demand control 

over gene silencing, which will ultimately avoid undesired side effects from 

nonspecific and widespread gene regulation. 

4.5 Discussion 

In this Chapter, we have presented several new insights into the field of on-

demand gene regulation. Most light-triggered release studies evaluate the release of 

DNA from NPs rather than siRNA, although the latter provides many benefits for gene 

regulation over DNA.60,121,122,133,139,140 This is because DNA is more stable than 

siRNA, making it easier to study. However, because siRNA has a unique secondary 

structure, it cannot be assumed that its release mechanisms will match those that have 

been observed for DNA. Previously, Jain et al. demonstrated that DNA release from  
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photoresponsive NPs upon pulsed laser irradiation is a result of hot electron transfer 

effects between the gold NP and the DNA molecules.61 Since we primarily see duplex 

release from pulsed laser irradiation, our results also indicate a hot electron transfer 

effects between the molecules and NS surfaces as the primarily mechanism of action.  

Using gel electrophoresis, we also demonstrated in this Chapter that CW 

irradiation can release duplexed siRNA from NSs, which is critical for RNAi, but this 

release is not as efficient as release triggered by pulsed laser irradiation. This finding 

is contrary to literature, as most studies have shown or assumed that CW laser light 

causes solely antisense siRNA strands to be released. This antisense release is due to 

NP heating in response to the CW laser, which causes duplex denaturation such that 

only antisense strands release while thiolated sense strands remain tethered to the NP 

surface. The results presented in this Chapter show that CW light can release both 

duplexed siRNA and antisense strands, so additional studies evaluating shorter CW 

 
Figure 4.11: Analysis of GFP silencing upon pulsed laser irradiation. Flow cytometry 
of GFP expression in U373.EGFP cells treated with siGFP-NS or siSCR-NS for 3 hr 
and then irradiated for 30 min with 0 or 3 mW pulsed light. The data shown 
represents GFP expression 4 days after irradiation compiled from four independent 
experiments. *p<0.05 by one-way ANOVA with posthoc Tukey-Kramer. 
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irradiation times with higher laser powers may enable siRNA-NS conjugates to be 

used for gene regulation under either pulsed or CW laser modalities. 

In addition to characterizing the released siRNA following laser irradiation, we 

also showed that siGFP-NS are substantially more effective for GFP knockdown than 

unconjugated siRNA complexed with a commercial transfection reagent. This is 

important because siGFP-NS can silence GFP with dosages as low as 15 nM. Of note, 

we accomplish comparable GFP knockdown with 100 nM siRNA introduced with a 

commercial transfection reagent, indicating that as much as 6.6X less siRNA is 

required using our platform compared to transfection reagents. As previously 

mentioned, a main limitation regarding the clinical translatability of siRNA is that it 

requires high treatment dosages leading to off target impacts to healthy tissue. 

Therefore, the siRNA-NS platform explored here can be used to overcome this 

limitation by enabling much lower siRNA doses to be administered.  

A key limitation of most siRNA nanocarriers is that they enter both healthy 

cells as well as diseased cells, which can lead to undesirable gene regulation in healthy 

tissues that require normal gene expression. Light-triggered nanoplatforms such as 

siRNA-NS are ideal for overcoming this hurdle because they can remain inactive until 

excited with laser light. Since siRNA release occurs only where light and siRNA-NS 

are combined at the tumor site, this strategy offers very high precision. Notably, we 

demonstrated in this Chapter that our siRNA-NS platform does not require any 

additional materials to enhance cellular uptake or promote gene silencing. This is a 

key feature of our design as compared to other light-responsive siRNA 

nanocarriers,74,125 as cell penetrating peptides and polymers may lead to nonspecific 

toxicity and gene regulation in healthy tissues. Taken together, the results provided in 
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this Chapter demonstrate the use of NSs as the base platform for siRNA delivery for 

tumor cell-specific gene regulation. Additionally, this platform can be adapted to 

silence any oncogene of interest for high precision silencing in cancer cells. 

4.6 Future Work 

The work in this Chapter shows that NSs can serve as a platform for light-

triggered siRNA release under either CW or pulsed laser irradiations, but pulsed laser 

irradiation is more efficient and can therefore be used to mediate on-demand silencing 

of GFP in GFP-expressing glioma cells. While knockdown of fluorescent markers like 

GFP is critical to demonstrate the potential of this siRNA-NS platform, it is imperative 

moving forward to also study this system using a clinically relevant oncogenic target. 

For example, this platform could be investigated using NS coated with β-catenin 

siRNA to inhibit the Wnt signaling pathway in TNBC, which is described in more 

detail in Chapter 5. Further, additional investigations into the use of CW laser light for 

light-triggered gene regulation would prove that the utility of this system is flexible 

and can be optimized for two modes of irradiation. This is important because CW 

lasers are cheaper than pulsed lasers, and may therefore be more readily implemented 

into the clinic. Additionally, this platform is robust, so it can be adapted to silence any 

overactive oncogenic gene of interest simply by interchanging the conjugated siRNA 

molecules. Finally, this platform should be evaluated in murine models of solid tumor 

cancers, such as TNBC. This is important since the parameters of light irradiation that 

are needed for on-demand gene regulation in vivo are likely different from those 

observed in vitro, and in vivo studies would also confirm that this platform can 

increase tumor-specific gene silencing while decreasing off-target effects to healthy 
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tissues not exposed to laser light. Overall, with further development, siRNA-NS 

conjugates have substantial potential as tools for high precision cancer therapy. 

4.7 Conclusions 

Our overarching goal in this work was to evaluate light-triggered siRNA 

release from NSs upon CW or pulsed laser irradiation and to demonstrate the 

importance of carefully choosing laser parameters for maximal release and gene 

knockdown. We developed siRNA-coated NSs and thoroughly characterized their use 

for on-demand gene regulation using pulsed and CW NIR light. Using gel 

electrophoresis, we demonstrated that pulsed laser irradiation primarily releases 

duplexes of siRNA, making it usable for RNAi. Interestingly, we found that CW 

irradiation also releases duplexes of siRNA at the laser powers studied here, although 

not as effectively as pulsed laser irradiation. Additionally, the temperatures reached 

during CW irradiation would cause nonspecific cell death, making CW irradiation 

impractical for gene regulation purposes. Further, we found that pulsed laser 

irradiation with 3 mW can induce up to 72% release of the conjugated siRNA, and we 

show that the released siRNA is still functional to enable on-demand GFP knockdown 

in GFP-expressing U373 cells. This platform offers temporal control over gene 

silencing with low concentrations of siRNA to overcome the common limitations with 

other nanoparticle systems, and our results demonstrate that light-triggered siRNA 

release facilitated through siRNA-NS conjugates is a promising means of enabling 

gene regulation on-demand.  
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MOLECULARLY-TARGETED NANOSHELLS FOR MULTIVALENT 

BINDING AND WNT SIGNALING INHIBITION IN 

TRIPLE-NEGATIVE BREAST CANCER  

5.1 Introduction to Chapter 5 

Antibodies that antagonize cell signaling pathways specific to their targeted 

receptor are invaluable tools to study and treat malignancies, but their utility is limited 

by high production costs and treatment dosages. Researchers have shown that 

antibodies conjugated to nanoparticles display increased avidity for their target 

relative to freely delivered antibodies due to multivalency (the ability to engage 

multiple receptors simultaneously for increased binding strength). We hypothesized 

that the multivalent binding afforded by antibody-NP conjugates could enable them to 

inhibit oncogenic cell signaling more effectively than freely delivered antibodies. In 

this Chapter, we tested this hypothesis using Frizzled7 (FZD7) antibody-coated NSs 

(FZD7-NS) to treat TNBC cells that are characterized by hyperactive Wnt signaling 

mediated through overexpressed FZD7 transmembrane receptors. We targeted Wnt 

signaling because which is critical for disease progression.30 Importantly, a major 

benefit of the NP platform designed here is that it binds the extracellular portion of 

FZD7 receptors to block activation by extracellular Wnt ligands, thus negating the 

need for NPs to enter cells to render therapeutic benefits. An overarching goal of this 

Chapter was to demonstrate that antibody-functionalized nanoparticles can exploit 

Chapter 5 
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multivalency for improved signal cascade interference over free antibodies, which 

may ultimately permit lower antibody dosages to be administered to study signaling 

pathways or to manage diseases. Another goal of this Chapter was to conduct a pilot 

study to assess the biodistribution and therapeutic efficacy of FZD7-NS in a muring 

model of lung-metastatic TNBC. All animal work conducted in this Chapter was 

performed under IACUC approval (protocol #1318). The work presented in this 

Chapter was published in: Riley RS, Day ES. Frizzled7 Antibody-Functionalized 

Nanoshells Enable Multivalent Binding for Wnt Signaling Inhibition in Triple 

Negative Breast Cancer Cells. Small. 2017; 13: 1700544. 

5.1.1 Antibodies as Therapeutic Agents for Cancer Management 

Antibodies have emerged as invaluable tools for the study and treatment of 

cancer because they can manipulate signaling pathways that drive cancer progression 

with high specificity.24,141 The advantage of using antibodies to manipulate cellular 

signaling rather than small molecule inhibitors, gene regulation agents, or peptides, is 

that they offer high specificity and stability, and they do not require cellular uptake to 

be effective. Further, antibody therapies provide an indirect means of gene regulation 

to inhibit oncogenic cell signaling. While antibodies can be designed to either agonize 

or antagonize specific receptors upon binding, they are most commonly used to 

obstruct pro-oncogenic signaling downstream of their targeted receptor by acting in an 

antagonistic manner.75 Several targeted antibody therapies are currently used to treat 

breast cancer patients, including trastuzumab and pertuzumab that target HER2-

positive breast cancers.142 However, two major challenges that hinder the clinical 

translatability of antibodies are that they are extremely expensive to produce and 

require high injected dosages that can yield adverse side effects, which limits their 
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therapeutic success.76,77 Therefore, the two main goals of this Chapter were to 

demonstrate that NPs can improve upon the therapeutic impacts of antibodies by 

enabling multivalent binding, and to provide an initial assessment of the ability of 

FZD7-targeted NPs to accumulate within TNBC lung metastases to slow disease 

progression. 

5.1.2 Wnt Signaling Drives TNBC Progression and Lung Metastasis 

The Wnt signaling pathway is a promising therapeutic target for TNBC 

because it has recently been revealed as a key driving force behind disease 

progression. Further, deregulated Wnt signaling is highly correlated with the 

formation of lung metastasis from TNBC, making it an attractive target to treat both 

primary tumors and metastatic lesions.10,143 Wnt signaling is a highly regulated 

process in healthy cells; normally, a destruction complex composed of adenomatous 

polyposis coli (APC), axin, glycogen synthase kinase-3β (GSK-3β), and casein kinase 

1 (CK1) binds and phosphorylates β-catenin, leading to its constitutive degradation 

(Figure 5.1A).144–148 In contrast, Wnt signaling is activated in TNBC cells and other 

aggressive cancers when extracellular Wnt proteins, such as Wnt3a, bind Frizzled 

(FZD) and LRP 5/6 receptors that are amplified on the cell surface (Figure 5.1B). This 

recruits Dishevelled to the cell membrane and blocks GSK-3β activity to stabilize β-

catenin and limit its degradation. Once stabilized, β-catenin accumulates in the 

cytoplasm and enters the nucleus where it associates with Tcf/Lef proteins to activate 

the transcription of Wnt target genes including Axin2, Cyclin D1, and c-Myc. Of these 

genes, Axin2 is the global downstream transcriptional target and main indicator of 

Wnt activity.149–151 While Wnt hyperactivity in some cancers is due to mutations in the 

genes encoding β-catenin or APC,152 in TNBC it is mainly due to increased expression 
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of FZD7 receptors on the cell surface. In fact, FZD7 is overexpressed in 67% of 

TNBC tumors and is the only member of the 10 FZD family receptors that is 

significantly overexpressed.30,145,153 Accordingly, FZD7 provides an excellent 

biomarker for studying the effects of multivalent nanoparticle targeting on signal 

cascade interference and for suppressing Wnt signaling in TNBC. 

The potential of using FZD7 as a target for Wnt signaling inhibition and 

management of TNBC is supported by the fact that shRNA-mediated knockdown of 

 
 

Figure 5.1: Schematic of the Wnt signaling pathway and validation of FZD7 
overexpression in TNBC cells. (A) In healthy cells, extracellular Wnt proteins are 
minimally available to bind Frizzled and LRP5/6 coreceptors. When Wnt 
signaling is inactive, a destruction complex composed of  Apc, Axin, and GSK-
3β continuously regulates β-catenin expression by enabling its phosporylation 
and subsequent degradation by GSK-3β and CK1. (B) In many cancers, including 
TNBC, extracellular Wnt proteins and Frizzled7 receptors are overexpressed, 
leading to hyperactive Wnt signaling. When Wnt proteins bind Frizzled and 
LRP5/6 coreceptors, Dishevelled is activated to inhibit the β-catenin destruction 
complex. Stabilized β-catenin accumulates in the cytoplasm and enters the 
nucleus to bind TCF/Lef transcription factors and activates Wnt target genes.  
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FZD7 decreased β-catenin stabilization and nuclear localization in TNBC cells.30 

Additionally, FZD7 antibodies have been proven effective against Wilms’ tumor as a 

standalone therapy.154 Further, Gurney et al. demonstrated that OMP-18R5, an 

antibody against 5 of the 10 FZD receptors, could inhibit Wnt signaling to decrease 

tumorigenicity and increase chemosensitivity in a variety of cancers.33 Interestingly, 

OMP-18R5 is currently being evaluated in clinical trials in combination with 

chemotherapy.31 However, a limiting factor of antibody therapies to treat cancer is that 

the high required treatment dosages may be cost prohibitive and lead to adverse side 

effects. Since inhibiting Wnt signaling has been shown to be effective for cancer 

treatment, our goal in this work was to demonstrate that FZD7 antibodies conjugated 

to NSs are more effective than freely delivered FZD7 antibodies due to NP 

multivalency as described below. By capitalizing on multivalent binding effects to 

reduce the antibody dosage required for Wnt signaling inhibition, FZD7-NS could 

ultimately result in cheaper and safer treatment, making them an excellent platform for 

managing TNBC. 

5.1.3 Antibody-Nanoparticle Conjugates for Active Tumor Targeting 

In addition to having the therapeutic potential of FZD7-NS to inhibit Wnt 

signaling more effectively freely delivered antibodies, FZD7-NS also offer the ability 

to enable active tumor targeting, as discussed in Chapter 1. Following intravenous 

administration, NPs accumulate within solid tumors via passive targeting that exploits 

the EPR effect. However, NPs that are not coated with targeting agents are not 

retained within tumor tissue for extended periods of time because they are cleared by 

the tumor lymphatics, and passively targeted NPs (i.e., NPs coated with PEG) are not 

efficiently taken up by cancer cells within the tumor.36,155–157 Coating NPs with 
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targeting moieties such as antibodies, aptamers, or peptides provides “active tumor 

targeting” capabilities that enable the NPs to specifically bind desired cancer cells 

within the tumor microenvironment. This active targeting increases NP retention 

within tumors and promotes cellular uptake of the NPs to enable longer lasting and 

more potent effects than achieved with passively targeted NPs.157 In this sense, we 

hypothesized that FZD7-NS could enable active targeting of TNBC cells both in vitro 

and in vivo as well as enable signal cascade interference by binding FZD7 receptors in 

a multivalent manner to block their activation by Wnt ligands (Figure 5.2). In this 

Chapter, we evaluated this hypothesis both in vitro and in vivo. For the in vivo work, 

we performed a pilot study using an experimental murine model of lung-metastatic 

TNBC.  

 

 

 

 
Figure 5.2: Wnt signaling inhibition by FZD7-NS. NSs coated with FZD7 
antibodies (green) and poly(ethylene) glycol (purple) can bind FZD7 receptors 
multivalently to block extracellular Wnt activation by Wnt ligands (red), leading to 
the subsequent degradation of β-catenin. 
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5.1.4 Nanoparticle Multivalency Enhances Binding Avidity and Signal Cascade 
Interference 

Antibody-NP conjugates can overcome many of the inherent limitations of 

naked antibodies by enhancing the target binding affinity due to multivalency, in 

which antibodies on NPs can engage multiple targeted antigens to increase the binding 

strength between ligand and receptor.158 In fact, multivalency is recognized as a means 

to improve upon targeted therapeutics, such as antibodies, peptides, and aptamers, that 

have defined biological properties.80 In this Chapter, we hypothesized that multivalent 

binding could be exploited to specifically bind targeted cells and thus yield enhanced 

oncogenic cell signaling inhibition relative to free antibody delivery. Therefore, the 

overarching goal of this Chapter was to demonstrate that FZD7-NS are more effective 

than freely delivered FZD7 antibodies, and to provide proof-of-concept that FZD7-NS 

could enable active targeting of TNBC lung metastases in vivo. 

5.2 Materials and Methods 

NSs were synthesized and functionalized with antibodies and mPEG-SH as 

explained in Chapter 2. For this work, NSs were coated with FZD7 antibodies or 

nonspecific isotype control IgG antibodies in addition to mPEG-SH. Prior to 

attachment of Ab-PEG conjugates to NS, antibodies were purified against 1X PBS at 

4ºC using microdialysis devices with a 10 kDa molecular weight cutoff (Spectrum 

Labs). Control NSs were coated with only mPEG-SH. DLS, Zeta potential, SEM, and 

UV-vis were conducted for NS characterization, and antibody loading was quantified 

by solution-based ELISAs as detailed in Section 2.3.3.  
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5.2.1 Cell Culture 

MDA-MB-231 and BT20 TNBC cells were purchased from American Type 

Culture Collection (ATCC) and cultured in Dulbecco’s Modified Eagle Medium 

(DMEM) or Eagle’s Minimum Essential Medium (EMEM), respectively, each 

supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin (Life 

Technologies).  Non-cancerous MCF-10A breast epithelial cells were kindly provided 

by Dr. Kenneth Van Golen and were cultured in a 50:50 DMEM and F12 base 

medium supplemented with 5% FBS, 10 µg/mL insulin, 0.5 µg/mL hydrocortisone, 

50 µg/mL bovine pituitary extract, 20 ng/mL epidermal growth factor, and 100 ng/mL 

cholera toxin. Cells were cultured in T25 or T75 cell culture flasks and incubated at 

37°C in a 5% CO2 environment.  

5.2.2 Immunohistochemical Staining of FZD7 

MDA-MB-231, BT20, and MCF-10A cells were detached from cell culture 

flasks with trypsin-EDTA, plated in 24-well plates at 40,000 cells/well, and incubated 

overnight. Then, cells were fixed with 4% formaldehyde and rinsed 3X with PBS. 

Endogenous peroxidases were blocked with 3% hydrogen peroxide for 10 min and 

nonspecific protein interactions were blocked with 3% PBSA for 60 min. Mouse anti-

human FZD7 antibodies (LifeSpan Biosciences) diluted in PBSA to 5 µg/mL were 

added to each well and samples incubated overnight at 4°C. Anti-FZD7 antibodies 

were removed, samples were rinsed 3X in PBS, and then HRP-anti-mouse IgG 

(Sigma-Aldrich) diluted to 3 µg/mL was added for 60 min at room temperature. 

Samples were rinsed 3X in PBS and 3-amino-9-ethylcarbazole (AEC, Sigma-Aldrich) 

was added for 20 min to stain bound HRP secondary antibodies. To stop the reaction, 

samples were rinsed with PBS. Stained cells were imaged on a Zeiss Axioobserver Z1 
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inverted fluorescence microscope using brightfield light capabilities and a color 

camera. This same microscope was used to image samples for all experiments except 

where indicated. IHC experiments were conducted at least three times, and at least 

three images were acquired per treatment group in each experiment. 

5.2.3  Specific Binding of FZD7-NS to TNBC Cells 

MDA-MB-231 and MCF-10A cells were detached from culture flasks with 

trypsin-EDTA, seeded at 100,000 cells/well in 8-well chambered coverglass and 

incubated overnight. Cells were treated with FZD7-NS or PEG-NS at 8.2E9 NS/mL 

(corresponding to an optical density (OD) of 3 at 800 nm), or with no NSs, in 

complete media for 4 h at 37°C and then rinsed 3X with PBS to remove unbound NSs. 

Cells were then fixed with 4% formaldehyde and imaged with a Zeiss LSM 510 NLO 

multiphoton microscope equipped with a pulsed TI:sapphire laser. The laser was tuned 

to the peak resonance wavelength of the NSs (which was ~830 nm but varied by 

experiment since different NS batches have different resonance wavelengths), and 

cells were imaged with a 20X objective in combination with a long pass dichroic 

mirror.  This experiment was repeated at least three times for each combination of cell 

type and nanoparticle type, and the sample wells were imaged in at least three 

locations. 

5.2.4 Binding Avidity of FZD7-NS and Free FZD7 Antibodies 

MDA-MB-231 cells were seeded at 15,000 cells/well in 96 well plates. 

Following overnight incubation, cells were fixed with 4% formaldehyde and rinsed 

with 1X PBS. Cells were treated with 3% hydrogen peroxide for 10 min, followed by 

3% PBSA for 2 hr. FZD7-NS (0-7.36 nM antibody) or free FZD7 solutions (0-133.3 
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nM) were prepared in ultrapure water and were added to cells and incubated at room 

temperature for 1.5 hr. Samples were then washed 3X with PBST for 10 min each, and 

2.5 µg/mL HRP-anti-rabbit secondary antibodies (400X dilution) were added for 1 hr. 

After washing 3X with PBST for 15 min each, samples were developed in 3,3’,5,5’-

tetramethylbenzidine (TMB, Sigma-Aldrich) and then sulfuric acid was added to stop 

the reaction. Absorbance at 450 nm was measured on a Cary60 spectrophotometer and 

plotted versus FZD7 antibody concentration. Data was fit to a modified Langmuir 

isotherm model as described by Puig et al.159 to find the effective dissociation constant 
using the equation OD = )67897

:;
<==>)67897

  . In this equation, Ab@AB@ is the concentration of 

antibody added to cells and KDEFF is the effective dissociation constant. Further, OD is 

optical density at each antibody concentration normalized according to the equation 
OD = GDHIJKGDLI7M

GDNOPNKGDLI7M
 , where ODQRS is the initial optical density reading prior to any 

calculations,	OD6R@T is the optical density of background signal (cells treated with no 

primary antibody and treated with secondary antibody), and ODUVWU	is the optical 

density of the highest (saturated) signal. Binding affinity experiments were conducted 

with at least two replicates per antibody concentration, and the experiments were 

conducted three times.  

5.2.5 Immunofluorescence Staining for β-catenin Expression 

MDA-MB-231 cells were seeded at 30,000 cells/well in 8-well chambered 

coverglass, incubated overnight, and serum starved for 24 h. Then, cells were treated 

with FZD7-NS or PEG-NS at a density of 2.7E10 NS/mL, or 50 µg/mL free FZD7 

antibodies for 6 h in serum free media. Wnt3a (125 ng/mL) was added for the final 4 h 

of the treatment period. Control samples received no NSs. Cells were rinsed 3X with 

PBS to remove unbound nanoparticles, fixed with 4% formaldehyde, and 
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permeabilized with 0.5% Triton-X in PBSA for 10 min. Next, samples were blocked 

with 10% PBSA for 30 min. Mouse anti-human β-catenin antibody (Santa Cruz) 

diluted to 2 µg/mL in 1% PBSA with 0.01% Tween-20 (PBST) was incubated with 

cells overnight at 4°C. Samples were washed 3X with PBSA and incubated with 

AlexaFluor 488-conjugated goat anti-mouse IgG (ThermoFisher Scientific) diluted to 

2 µg/mL in PBST for 1 h at room temperature. Slides were mounted with Vectashield 

Antifade Mounting Medium with DAPI (VWR) and imaged under fluorescence 

microscopy on a Zeiss Axioobserver Z1 microscope with the EGFP (ex. 488 nm, em. 

509 nm) and DAPI filter sets. β-catenin nuclear signal intensity was quantified in 

ImageJ software. First, the nuclear and β-catenin channels were split. A threshold was 

applied to the nuclear channel to define individual nuclei as regions of interest (ROIs). 

Then, the average nuclear intensity was analyzed in the β-catenin channel using the 

ROIs defined by the nuclear threshold. The images shown represent the mean 

fluorescence intensity across three replicates for each treatment group with 3 or 5 

images acquired in each well. Although the exact number of cells in each field of view 

varied, we imaged at least 400 cells/treatment group in each experiment.   

5.2.6 Western Blot Analysis for β-catenin or Frizzled7 Expression 

Cells were lysed in RIPA buffer (Amersco) supplemented with Halt Protease 

Inhibitory Cocktail (Life Technologies) per the manufacturer’s instructions. Lysate 

from untreated MDA-MB-231, BT20, and MCF-10A cells was used to assess baseline 

Frizzled7 expression. To assess β-catenin expression, MDA-MB-231 or BT20 cells 

were seeded at 50,000 cells/well in 24 well plates, incubated overnight, and serum 

starved for 24 h. Cells were treated in an identical manner as described for 

immunofluorescence staining experiments, and at least 3 experimental replicates were 
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completed. Following the 6 h incubation, cells were washed 1X with PBS and lysed in 

RIPA buffer (Amresco) supplemented with Halt Protease Inhibitor Cocktail (Life 

Technologies) per the manufacturer’s instructions. Protein concentration was 

determined using a DC Protein Assay (BioRad). 10 µg of protein was separated on 8% 

Bis-tris gels at 165V for 35 min. Then, the protein was transferred to nitrocellulose 

membranes for 12.5 min using the Pierce Power System (Thermo Scientific). 

Membranes were blocked for 90 min in tris buffered saline with 0.1% Tween-20 

(TBST) and 5% BSA and then incubated with mouse anti-human β-catenin antibodies 

(Santa Cruz) diluted to 0.4 µg/mL (1:500) or mouse anti-human Frizzled7 antibodies 

(Santa Cruz) diluted to 0.5 µg/mL, in TBST with 5% BSA overnight at 4°C. Mouse 

anti-human β-actin diluted to 0.2 µg/mL (1:5000) was used as the normalization 

control. After overnight incubation, membranes were washed 3X in TBST and 

incubated with HRP-anti-mouse IgG (Santa Cruz) diluted to 0.02 µg/mL (1:5000) in 

TBST with 5% BSA for 1 h at room temperature. Membranes were washed 3X in 

TBST, followed by 1X in TBS (without Tween-20) and protein bands were visualized 

using an Amersham enhanced chemiluminescence detection solution (ECL, GE 

Healthcare). For the Frizzled7 western blot, membranes were incubated with stripping 

buffer (Amresco) for 30 min and rinsed 3X with TBST prior to incubation with the β-

actin antibodies. In these experiments, the band densities were quantified in ImageJ, 

and the blot shown represents the average band density across experiments. 

5.2.7 qRT-PCR Analysis for Axin2 mRNA Expression 

MDA-MB-231 or BT20 cells were treated with free FZD7 antibodies, FZD7-

NS, PEG-NS, IgG-NS, or no NSs in an identical manner to immunofluorescence 

experiments. Following the 6 h incubation, total RNA was extracted using the Isolate 
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II RNA Mini Kit (Bioline) per manufacturer instructions. PCR reactions were 

performed using the SensiFAST SYBR No-ROX One-Step Kit (Bioline). Reactions 

pre-incubated for 20 min at 48°C and then for 10 min at 95°C followed by 40 cycles 

of 95°C for 10 s, 60°C for 20 s, and 72°C for 20 s (Roche LightCycler 96). The primer 

sequences (Life Technologies) used for qRT-PCR were:  

(1) GAPDH Forward: ACAGTCAGCCGCATCTTCTT,  

(2) GAPDH Reverse: ACGACCAAATCCGTTGACTC,  

(3) Axin2 Forward: TTATGCTTTGCACTACGTCCCTCCA,  

(4) Axin2 Reverse: CGCAACATGGTCAACCCTCAGAC.  

The Delta-Delta Ct method was used to calculate relative Axin2 mRNA expression, 

and the data shown are the means ± standard deviations of triplicate experiments. Data 

was analyzed by ANOVA with posthoc Tukey. 

5.2.8 Analysis of Cellular Metabolic Activity 

MDA-MB-231 or BT20 cells were treated with free FZD7 antibodies, FZD7-

NS, PEG-NS, IgG-NS, or no NSs in an identical manner to immunofluorescence 

experiments. After a 16 hr incubation, the NS and Wnt3a-containing media was 

replaced with AlamarBlue reagent (Thermo Fisher) per manufacturer instructions. 

After 4 hr, the samples’ fluorescence was read on a Hybrid Synergy H1 plate reader, 

and data was normalized to untreated controls for each cell line. The data shown are 

the means ± standard deviations of three individual experiments, each with 3 wells 

that were treated as biological replicates. The data was analyzed by one-way ANOVA 

with post hoc Tukey Kramer. 
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5.2.9 Formation of TNBC Lung Metastases and Nanoparticle Injections in Mice 

MDA-MB-231 cells that were stably transfected with luciferase (luc-231) were 

kindly donated from Haifa Shen’s lab at Houston Methodist. Female athymic nude 

mice (6 weeks old, 23 mice) were injected with 1E6 luc-231 cells suspended in saline 

via tail vein (Day 0). Mice were weighed and imaged on the in vivo imaging system 

(IVIS) twice per week starting 11 days after cell injections. During each imaging 

session, mice received intraperitoneal injections of 150 mg/kg d-luciferin diluted in 

saline and were imaged on the IVIS 10 min following injections using luminescence 

signal. Mice were imaged on days 11, 17, 25, 31, 41, 45, 49, 52, 55, and 58 during this 

study. Bioluminescent intensity in the lungs was quantified throughout the study using 

ImageJ software and instrument background from a mouse without lung tumors was 

subtracted for each time point. Once the majority of mice had detectable signal in the 

lungs (day 17), they were divided into two graphs that received tail vein injections of  

100 µL saline or FZD7-NS at 1.6E11 NS/mL (corresponding to OD60) on days 17, 20, 

25, 39, 42, and 45. Only mice that grew lung tumors were included in the analyses 

presented here (n=3 for FZD7-NS and n=4 for saline). Mice were euthanized by 

carbon dioxide asphyxiation followed by cervical dislocation once the mouse with 

largest tumors reached the highest allowable luminescent intensity (day 46), and then 

the lungs, heart, femur, kidney, brain, intestine, spleen, liver, and blood were collected 

from each animal for histological and biodistribution analysis.  

5.2.10 Hematoxylin and Eosin (H&E) Staining 

Upon extraction, tissues were split into two parts for histology or inductively 

coupled plasma-mass spectrometry (ICP-MS). For histology, tissue sections were 

placed into cassettes and fixed in 4% paraformaldehyde in 1X PBS for 3 days at 4º C. 
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Then, sections were thoroughly rinsed with ultrapure water (3X, 10 min each) and 

stored in 70% ethanol until processing. Samples in cassettes were processed in a tissue 

processor (Sakura Finetek) and were then embedded in paraffin wax. Cassettes were 

mounted on a microtome and 5 µm sections were cut and placed onto charged glass 

slides (Globe Scientific) that were then baked overnight at 60º C. Tissue sections were 

deparaffinized through xylene twice for 5 min each and were then re-hydrated through 

ethanol diluted in water to 100% (twice, 5 min), 95% (once, 2 min), and 70% (once, 2 

min). Then, slides were rinsed in ultrapure water and stained in Mayer hematoxylin for 

8 min followed by bluing by rinsing in running tap water for 10 min. Slides were 

rinsed in 95% ethanol and were then counterstained in eosin Y (1.25 min) and 

dehydrated through 95% and 100% ethanol. Lastly, slides were placed into xylene 

(twice, 5 min) and mounted with xylene-based mounting medium. Slides were imaged 

under brightfield microscopy using a color camera on a Zeiss Axioobserver Z1 

Inverted Fluorescent Microscope with the 10X or 20X objectives. 

5.2.11 Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) for Analysis of 
Gold Content in Tissues 

The second half of each tissue was placed into a microcentrifuge tube that was 

weighed both empty and with the wet tissue. The sample tubes were frozen overnight 

at -80º C, lyophilized, and the dry weight of the tissue in the tubes was recorded. The 

dried samples were digested in 97% nitric acid and 3% hydrochloric acid (volume 

varied by tissue type) in a ventilated oven at 60º C overnight. Next, the samples were 

diluted in an acid matrix containing 2% nitric acid and 2% hydrochloric acid in 

ultrapure water (the dilution amount varied by tissue type), and a standard curve 

containing 0-100 ppb (parts per billion) gold was prepared. Samples were analyzed on 
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a Agilent 7500c ICP-MS instrument and the gold content in ppb was recorded for each 

sample. The gold content per gram of dried tissue was calculated by first subtracting 

instrument background obtained from mice treated with saline. Standard deviations 

represent variability in gold content in each tissue among mice treated with FZD7-NS.  

5.3 Results 

5.3.1 Nanoshell Characterization 

NSs composed of silica cores (~120 nm) and thin gold shells (~15 nm) were 

synthesized according to previously published methods.160 SEM images indicated the 

NSs had a highly monodisperse size distribution (Figure 5.3A). UV-visible 

spectrophotometry revealed the NSs had a peak plasmon resonance at 830 nm (Figure 

5.3B), which is important for their use as contrast agents for multiphoton microscopy 

to assess cellular binding, as described in detail later. Note that Figure 2C displays the 

extinction of NSs from a single synthesis batch; the peak wavelength varied by several 

nanometers for each batch. For our studies, we developed three types of NS 

formulations: (1) NSs coated with FZD7 antibodies and methoxy polyethylene glycol-

thiol (mPEG-SH) (FZD7-NS), (2) NSs coated with nonspecific IgG antibodies and 

mPEG-SH (IgG-NS), and (3) NSs coated with only mPEG-SH (PEG-NS). Antibody 

and mPEG-SH attachment to NSs was confirmed by dynamic light scattering (DLS), 

which showed increased hydrodynamic diameter and zeta potential upon 

functionalization compared to bare NSs (Figure 5.3C). Further, the peak plasmon 

resonance shifted ~20 nanometers following NS functionalization with antibodies, 

indicating successful conjugation. We conducted solution-based ELISAs to quantify 
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antibody loading on NSs, and NSs with loading of at least 40 antibodies/NS were used 

for experiments. 

5.3.2 TNBC Cells Overexpress FZD7 Receptors 

We used MBA-MB-231 and BT20 TNBC cells, as well as MCF10A 

noncancerous breast cells, as models for our studies. Both MDA-MB-231 and BT20 

cells are known to have overactive Wnt signaling mediated by FZD7 cell surface 

receptors.30 We validated the relative FZD7 expression of these cells versus MCF10A 

cells by immunohistochemical (IHC) staining and Western blotting (Figure 5.4A,B). 

Consistent with literature,30 we found that both MDA-MB-231 and BT20 cells express 

high levels of FZD7 relative to MCF10A cells, as indicated by the positive red stain in 

the IHC samples and by the amplified band density in Western blot samples.  

 

 

 

 

 
Figure 5.3: Characterization of FZD7-NS. (A) Scanning electron microscopy (SEM) 
image of bare nanoshells showing homogenous structure and complete gold shell. 
Scale bar = 150nm. (B) Plasmon resonant extinction spectra of nanoshells with peak 
absorbance at ~800 nm. (C) Dynamic light scattering (hydrodynamic diameter) and 
zeta potential measurements of nanoshell formulations.  
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5.3.3 FZD7-NS Bind TNBC Cells with Higher Avidity than Free FZD7 
Antibodies  

We evaluated the ability of FZD7-NS and non-targeted NSs to selectively bind 

TNBC cells using two-photon microscopy (TPM), in which NSs act as natural contrast 

agents by emitting light in response to a pulsed near infrared (NIR) laser tuned to the 

peak NS plasmon resonance wavelength.161 Following a 4 h incubation with FZD7-

NS, PEG-NS, or no NSs, TPM showed specific binding of FZD7-NS to TNBC cells 

but not to healthy cells, as indicated by the blue signal (Figure 5.5). As expected, 

PEG-NS did not bind either cell type. 

To probe our hypothesis that FZD7-NS would bind TNBC cells with higher 

avidity than free FZD7 antibodies due to their multivalency, we employed a modified 

Langmuir isotherm model as described by Puig et al., which describes the binding of a 

free ligand, in this case FZD7-NS or free FZD7 antibodies, to an immobilized antigen, 

such as cells fixed to a plate.159 Using this model, we found an effective dissociation 

constant of 4.83E-10 M for FZD7-NS and 1.38E-8 M for free FZD7 antibodies 

(Figure 5.6). The lower effective dissociation constant for FZD7-NS compared to free 

FZD7 antibodies indicates that FZD7-NS have approximately a 100-fold increased 

binding avidity to FZD7 cell surface receptors relative to freely delivered FZD7 

 
Figure 5.4: FZD7 expression in TNBC cells. (A) Immunohistochemical staining and 
(B) Western blotting of Frizzled7 expression (red in A) in MDA-MB-231 and BT20 
TNBC cells versus non-cancerous MCF-10A cells. Scale bars = 50µm.  
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antibodies. The data shown in Figure 5.6 is representative from three individual 

experiments for both FZD7-NS and free FZD7 antibodies. The averaged dissociation 

constant among all three experiments was 4.9E-10 ± 1.73E-10 M and 1.48E-8 ± 

1.48E-9 M for FZD7-NS and free FZD7 antibodies, respectively. This study was 

critical since minimal research has investigated how increased binding avidity from 

antibody-nanoparticle conjugates correlates with oncogenic cell signaling blockade. 

Next, we investigated how this increased binding avidity correlates to Wnt signaling 

inhibition.  

 

 

 

 

 

 

 
Figure 5.5: Two-photon microscopy showing binding capacity of FZD7-NS and 
PEG-NS (blue) to MDA-MB-231 and MCF10A cells, which express high and low 
levels of Frizzled7, respectively. Scale bars = 25µm.  

 



 112 

5.3.4 FZD7-NS Suppress Wnt Signaling in TNBC Cells More Effectively than 
Free FZD7 Antibodies  

Since FZD7-NS could specifically bind TNBC cells with higher avidity than 

free FZD7 antibodies, we hypothesized that they could also manipulate Wnt signaling 

more effectively than free antibodies. To investigate this, we co-treated TNBC cells 

with either FZD7-NS, free FZD7 antibodies, PEG-NS, IgG-NS, or no NSs and the 

extracellular Wnt ligand Wnt3a. Overactive Wnt signaling is often due to extracellular 

Wnt proteins, particularly Wnt3a, that are available to bind overexpressed FZD7 

receptors on TNBC cells.30,153 We determined the optimal concentration of Wnt3a to 

activate Wnt signaling by analyzing β-catenin expression in cells exposed to various 

concentrations of Wnt3a (Figure 5.7A) and found that β-catenin levels are maximized 

in MDA-MB-231 cells treated with at least 125 ng/mL Wnt3a. Since Wnt3a activates 

Wnt signaling through FZD7 receptors, we hypothesized that FZD7-NS would 

competitively bind FZD7 receptors in place of Wnt3a ligands to block Wnt 

stimulation and ultimately reduce β-catenin and Axin2 expression levels. Further, we 

expected FZD7-NS to be more effective at inhibiting Wnt signaling compared to free 

 
Figure 5.6: Effective dissociation constant of FZD7-NS (left) and free FZD7 
antibodies (right) to MDA-MB-231 cells. Data was fit to a modified Langmuir 
isotherm model. 
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FZD7 molecules, due to their enhanced binding avidity. As mentioned above, we 

treated MDA-MB-231 cells with FZD7-NS, PEG-NS, IgG-NS, free FZD7 antibodies, 

or no NSs for 6 h and added 125 ng/mL Wnt3a for the final 4 h of the incubation to 

competitively bind FZD7 receptors. Importantly, free FZD7 antibodies were added to 

cells at 50 µg/mL, which is approximately 50-fold more antibody than in cells treated 

with FZD7-NS. Western blotting revealed that cells treated with FZD7-NS had lower 

β-catenin protein levels than cells treated with free FZD7 antibodies (representative 

Western blot shown in Figure 5.7B). Comparing band densities from cells treated with 

IgG-NS relative to cells treated with PEG-NS revealed that both control NS types do 

not influence β-catenin levels to the same extent as FZD7-NS (Figure 5.7B). 

The impact that FZD7-NS have on β-catenin levels was confirmed by 

immunofluoresence staining, which showed lower cytoplasmic and nuclear levels in 

cells treated with FZD7-NS compared to free antibody, PEG-NS, or no NS (Figure 

5.7C). In this data, β-catenin was stained green with Alexa Fluor 488-conjugated 

secondary antibodies that bound to anti-β-catenin primary antibodies and nuclei were 

stained blue with DAPI. The images shown represent the average β-catenin nuclear 

fluorescence intensity in each treatment group from three individual experiments as 

quantified using ImageJ software (detailed analysis provided in the Experimental 

section). In these experiments, cells treated with free FZD7 antibodies were exposed 

to 50 µg/mL antibody, which is approximately 50X excess antibody compared to cells 

treated with FZD7-NS, demonstrating that multivalency plays a critical role in 

nanoparticle-mediated signal cascade interference. Interestingly, both 

immunofluorescence staining and Western blotting demonstrate that cells treated with 

PEG-NS may experience a modest effect on β-catenin levels compared to no NSs. 
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This indicates that NSs alone may have an effect on Wnt signaling at the 

concentrations used in these experiments, although not to the same extent achieved 

when the NSs are coated with FZD7 antibodies. This is not surprising given that NPs 

can inherently influence cell signaling processes.162,163 Regardless, the anti-FZD7 

functionalization enables FZD7-NS to specifically bind TNBC cells overexpressing 

FZD7 receptors and results in greater knockdown of β-catenin than PEG-NS, ensuring 

that the effect is FZD7/Wnt-specific.  

 
Figure 5.7: FZD7-NS mediated inhibition of β-catenin. (A) Western blotting showing 
β-catenin expression following treatment with 0, 100, or 125 ng/ml Wnt3a for 4 hr. (B) 
Representative Western blots and (C) immunofluoresence analysis showing β-catenin 
expression in MBA-MB-231 cells following treatment with free FZD7 antibodies, 
FZD7-NS, PEG-NS, or no NSs in the presence of 125 ng/ml Wnt3a. Scale bar=50 µm. 
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To confirm that FZD7-NS directly inhibit Wnt signaling specifically, we also 

investigated the effect of treating MDA-MB-231 and BT20 cells with FZD7-NS, IgG-

NS, PEG-NS, or free FZD7 antibodies on the universal downstream Wnt target Axin2. 

The expression of Axin2 is often measured to assess activation or depletion of Wnt 

activity, as this avoids common experimental issues when studying β-catenin.164 

Accordingly, Axin2 is considered the definitive marker of Wnt signaling activity. In 

TNBC cells, Axin2 expression is upregulated compared to healthy cells, particularly 

when activated by Wnt3a; in our studies, treatment with 125 ng/mL Wnt3a resulted in 

an 8.2-fold increase in Axin2 expression (Figure 5.8A).164 We found that both TNBC 

cell lines that were co-treated with FZD7-NS and Wnt3a experienced a ~60% decrease 

in Axin2 mRNA expression compared to untreated cells, indicating significant 

downstream Wnt inhibition (Figure 5.8B, * and # indicate p<0.05 by ANOVA with 

post-hoc Tukey-Kramer, n=3). Cells treated with free FZD7 antibodies (at ~50X 

excess antibodies), IgG-NS, or PEG-NS experienced minimal effects on Axin2 mRNA 

expression relative to untreated cells.  
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5.3.5 FZD7-NS Suppress Metabolic Activity of TNBC Cells 

We investigated how inhibited Wnt signaling influences cell viability by 

treating MDA-MB-231 cells with FZD7-NS, IgG-NS, PEG-NS, or no NSs and Wnt3a. 

We assessed cell viability using an Alamar blue assay, which measures the cells’ 

metabolic activity. Since Wnt signaling is critical for TNBC cell proliferation and 

disease progression, we anticipated that FZD7-NS would decrease cell viability by 

blocking Wnt signaling activation. After a 16-hr incubation with each treatment group, 

we found that FZD7-NS decreased cell viability ~25% relative to controls (Figure 

5.9), which is substantial given that 16-hr is less than one doubling time for the cell 

lines evaluated. We did not see significant decreases in cell viability in any control 

groups, including cells treated with an excess of free FZD7 antibodies, which indicates 

that nanoparticle multivalency is playing a critical role for Wnt signaling inhibition 

and cell growth. To confirm our in vitro results and to ensure that FZD7-NS can 

 
Figure 5.8: Axin2 expression following treatment. (A) qRT-PCR analysis of Axin2 
mRNA expression in MDA-MB-231 cells following exposure to 125 ng/ml pr 0 
ng/ml Wnt3a for 4 h. (B) qRT-PCR analysis of Axin2 mRNA expression in MDA-
MB-231 and BT20 cells following treatment with free FZD7 antibodies, FZD7-NS, 
PEG-NS, IgG-NS or no NSs for 6 hr. Cells were in the presence of 125ng/ml Wnt3a 
for the final 4 hr of treatment. By one-way ANOVA with posthoc Tukey-Kramer (#) 
indicates p<0.05 compared to cells treated with PEG-NS, free FZD7, and no NSs, and 
(✳) indicates p<0.05 compared to cells treated with IgG-NS or no NSs.  
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induce a therapeutic benefit on TNBC by decreasing cell viability, we next performed 

a pilot in vivo study in a murine model of metastatic TNBC.  

5.3.6 A Pilot Study Indicates that FZD7-NS can Enter TNBC Lung Metastases 
to Slow Tumor Growth  

We employed a lung metastatic TNBC model for a pilot in vivo investigation 

of FZD7-NS because Wnt signaling in TNBC is highly correlated with lung 

metastasis. We hypothesized that FZD7-NS could accumulate within small lung 

metastases and be well retained due to active targeting, which in turn would inhibit 

tumor growth via Wnt signaling inhibition. In this model, Luc-231 TNBC cells are 

injected into athymic female mice via tail vein and small lung lesions begin forming 

within just 2 weeks following injection (a therapeutic schedule is shown in Figure 

5.10). Mice were imaged by IVIS twice per week following cell injection, and FZD7-

NS or saline were injected starting 2 weeks after cell injections once the majority of 

mice had detectible luminescence signal in their lungs. We found that mice treated 

 
Figure 5.9: Cell viability analysis 16 hr post-treatment with FZD-NS, IgG-NS, 
PEG-NS, free FZD7 antibodies, or no NSs. (#) p<0.05 compared to cells treated 
with IgG-NS, PEG-NS, free FZD7 antibodies, or no NSs. (✳) p<0.05 compared to 
cells treated with IgG-NS, PEG-NS, and no NSs by one way ANOVA with post 
hoc Tukey-Kramer.  
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with FZD7-NS had substantially lower overall luminescence in their lungs over the 

course of the study compared to mice treated with saline (Figure 5.11). Two mice 

treated with FZD7-NS did not form tumors throughout the study and were thus 

excluded from the analysis. Of the remaining three mice treated with FZD7-NS, two 

experienced slower tumor growth than the saline-treated mice, and one mouse 

experienced a loss in luminescent signal from the lungs throughout the study, 

indicating tumor regression. Further, three of the four mice treated with saline 

experienced substantial lung tumor growth throughout the study. The results of this 

pilot study indicate that FZD7-NS may have substantial potential as a treatment for 

lung metastatic TNBC. To ensure that the reduced growth of lung metastases in the 

FZD7-NS treated mice resulted from FZD7-NS accumulating the metastatic nodules, 

we next assessed the biodistribution of FZD7-NS in these mice. 

5.3.7 H&E Staining of Lung Sections and Biodistribution of FZD7-NS 

Vital organs were collected from all the animals and split into two sections for 

H&E staining or ICP-MS for histological or quantitative gold analysis, respectively. 

Lungs were visually assessed for small tumor lesions, which appear as darker red 

spots or large bumps by eye (Figure 5.12A). H&E staining of healthy lung appears as 

a highly organized network (Figure 5.12B, left), and lung tumors are apparent in H&E 

stained sections as large clumps of cells with larger nuclei than the healthy 

surrounding tissue (Figure 5.12B, right).  

The ability to easily visualize lung tumors by H&E staining enabled us to 

assess FZD7-NS distribution within small lung lesions. Mice treated with FZD7-NS 

show dark contrast (black spots) within small lung tumors, indicating that FZD7-NS 

are accumulated within these areas (Figure 5.13A), but not within the healthy 
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Figure 5.10: Timeline of the pilot in vivo study to investigate the use of FZD7-NS to 
treat lung metastatic TNBC in mice. 
 

 
Figure 5.11: Analysis of tumor growth. (A) Bioluminescent images of mice treated 
with FZD7-NS or saline at Weeks 1, 5 and 8. (B) Overall luminescence intensity 
quantification at Weeks 5, 7, and 8 for mice treated with FZD7-NS or saline. 
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surrounding tissue. These results were confirmed by ICP-MS, which showed that 

FZD7-NS mostly accumulate within the liver, spleen, and lungs compared to other 

tissues. The observation that FZD7-NS accumulate in the lungs to similar extents as 

the liver and spleen is impressive given that most NP platforms have much higher 

accumulation in the liver and spleen compared to the lungs.165 Together, our ICP-MS 

and H&E staining results indicate that FZD7-NS can actively target FZD7-expressing 

TNBC metastases in the lung to inhibit tumor growth, and future studies should 

compare inhibition of tumor growth with free FZD7 antibodies as described in Section 

5.5 and also evaluate this therapy in a larger scale study. 

5.4 Discussion 

Since Wnt ligands bind FZD7 receptors to initiate Wnt signaling in TNBC 

cells, our overarching hypothesis in this Chapter was that NSs coated with FZD7 

antibodies could competitively bind these receptors to block extracellular Wnt 

activation, leading to the destabilization of β-catenin and decreased Axin2 expression. 

Further, we expected that FZD7-NS would have an amplified inhibitory effect on Wnt 

signaling relative to unconjugated FZD7 antibodies due to multivalency, resulting in 

increased binding avidity towards FZD7 receptors. Finally,  

 
Figure 5.12: Lung tumors in murine model of metastatic TNBC. (A) Photograph of 
lungs with or without MDA-MB-231 tumors. Dark spots indicate small lung 
metastases. (B) Hematoxylin and eosin (H&E) staining of lung tumor sections. 
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we anticipated that FZD7-NS could actively target lung metastases in vivo to inhibit 

tumor growth. 

While our studies focus on using FZD7-NS to manipulate Wnt signaling in 

TNBC, from a broader perspective they provide important insight into the role of 

multivalency in signal cascade manipulation. The ability to enhance tumor cell-

specific binding or internalization of NPs with targeting agents like antibodies has 

been thoroughly investigated,166,167 but only recently have researchers begun to 

examine the impact of these targeted NPs on downstream signaling events.168,169 These 

studies are important because cell signaling manipulation by targeted nanoparticles is 

 
Figure 5.13: NS biodistribution in lung tumors. (A) Brightfield imaging of lung 
sections from mice treated with FZD7-NS (left) or saline (right). NSs appear as 
black areas. (B) Gold accumulation in mouse tissues by ICP-MS.  
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recognized as a promising therapeutic technique.78 Researchers have evaluated the 

ability for functionalized or loaded NPs to initiate therapeutic benefits over their naked 

constituents using a variety of agents including RNAs, drugs, or peptides.156–158,170–173 

In this work, we used antibodies to study signal cascade interference because they 

offer high specificity and stability, and they do not require cellular uptake to be 

effective. The findings we report here contribute to an exciting new era of 

investigation regarding the use of antibody-functionalized NPs to block interactions 

between cancer cell receptors and their native ligands in the tumor microenvironment.  

In summary, we developed and evaluated FZD7-NS to demonstrate that 

antibodies conjugated to the surface of NSs can exploit the multivalent binding effects 

afforded by nanocarriers relative to free antibodies in order to potently manipulate 

downstream gene expression. The ability to inhibit oncogenic signaling cascades, such 

as Wnt signaling, with ligand-targeted NPs is an underexplored area in the field of 

nanomedicine. Our in vitro data indicate that using targeted NPs to block native 

ligands from binding their intended receptors has substantial promise as a therapeutic 

strategy. Further, we show that using nanocarriers as delivery agents leads to enhanced 

signaling impacts with lower doses compared to free antibody delivery. These findings 

support further development of NPs functionalized with ligands that elicit known cell 

signaling responses to improve upon their therapeutic capabilities. The success of 

many antibody therapies used clinically to treat cancer is limited by high required 

dosages, which make treatment expensive and may lead to adverse side effects. As 

demonstrated here, antibodies conjugated to nanoparticles may lead to lower required 

dosages and therefore fewer side effects than freely delivered antibodies. Ultimately, 

this approach may be applied to a wide range of NP cores functionalized with various 
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antagonistic antibodies to enhance disease management. Further, our in vitro results 

provide a basis to study the translatability of FZD7-NS as a treatment for TNBC in 

vivo. 

Our pilot in vivo study demonstrates the therapeutic potency of Wnt signaling 

inhibition using FZD7-NS to treat lung metastatic TNBC. The IVIS and 

biodistribution results presented here confirmed our in vitro active targeting data and 

viability results, as mice treated with FZD7-NS had decreased metastatic growth as 

determined by luminescence measurements compared to mice treated with saline. 

While our H&E staining data show that FZD7-NS can efficiently penetrate small 

metastatic nodules in the lung, future work should assess injection dose and timing to 

maximize delivery to large lung tumors. The results presented in this Chapter agree 

with literature that demonstrates Wnt signaling is a driving force behind growth of 

TNBC lung metastases.10 For example, Dey et al. investigated the level of Wnt 

activity in human TNBC samples and found that upregulated Wnt signaling increased 

the risk of lung metastases.10 Our in vitro and in vivo results demonstrating the impact 

of FZD7-NS on TNBC cells and tumors, respectively, support further assessment of 

FZD7-NS as a treatment for lung metastatic TNBC. 

The results presented here support the continued development of antibody-

functionalized nanoparticles for signal cascade interference in TNBC that is driven by 

aberrant Wnt signaling. Ultimately, our results suggest that antibody-NP conjugates 

may be useful alternatives to freely delivered antibodies in both fundamental 

biological studies and treatment strategies that require active NP targeting and 

efficient signal cascade interference. 
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5.5 Future Work 

In this Chapter, we show that FZD7-NS are significantly more effective at 

inhibiting Wnt signaling than freely delivered FZD7 antibodies. Our results provide 

multiple opportunities to further understand the therapeutic potential of antibody-NP 

conjugates and particularly Wnt signaling-targeted NPs. First, the loading density of 

antibodies on the surface of NPs is likely to impact the binding avidity and subsequent 

ability of the NPs to inhibit cell signaling. This idea stems from the fact that ligand 

density is known to influence binding avidity towards the targeted cell surface 

receptor.174 Further, Jiang et al. showed that NP size impacts binding and subsequent 

internalization of NPs.78 Thus, the binding, internalization, and subsequent therapeutic 

impact of targeted NPs depends on both NP size and loading density. Accordingly, the 

antibody loading density on FZD7-NS could be further optimized to maximize their 

therapeutic potential.  In this study, we used NPs coated with 40-100 antibodies/NS; 

no quantifiable differences in Wnt signaling inhibition were recorded, but larger 

antibody loading ranges should be investigated to evaluate the cost-benefit 

relationship between antibody loading density and therapeutic results. Additionally, 

we anticipate that in vivo studies that compare the biodistribution of NPs with various 

loading densities would provide invaluable information regarding the relationship 

between antibody loading and subsequent therapeutic impacts. 

The in vitro studies presented here provide opportunities to further study the 

mechanisms of action of FZD7-NS at the cellular level. Although we did not evaluate 

the mechanism of cellular uptake of FZD7-NS here, such studies can be beneficial 

moving forward. For example, it is known that antibodies can induce cell 

internalization of their targeted receptor upon binding.175 Upon FZD7 antibody 

binding, FZD7 receptors in particular have been shown to be internalized by cells and 
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then recycled back to the cell membrane.154 Thus, antibody-receptor interactions can 

influence the endocytosis pathway by which NPs can enter cells to avoid entrapment 

within intracellular compartments such as endosomes, which often hinders the ability 

for gene regulatory NPs to be active inside cells. By studying and understanding the 

mechanism of uptake of FZD7-NS, we anticipate that our platform can be used to 

enable the uptake of gene regulatory agents that require cytosolic delivery, such as 

siRNA. In this way, we could develop a multifaceted approach to regulate cell 

signaling by enabling both upstream (through antibody-receptor interactions) and 

downstream impacts (through direct gene regulation by RNAi). This strategy could 

also be useful to manipulate either one or several oncogenic signaling pathways 

simultaneously.  

Finally, the results acquired from the pilot in vivo study conducted here 

provide several opportunities for future work to more thoroughly examine the clinical 

potential and translatability of FZD7-NS. First, a study with larger sample sizes should 

be performed to enable statistical analysis of IVIS and biodistribution data to confirm 

the therapeutic impacts and tumor penetration of FZD7-NS. Further, although the 

work presented here shows that FZD7-NS can actively target TNBC tumors in the 

lungs to inhibit tumor growth, future work should investigate the direct impact of 

FZD7-NS on Wnt signaling within these lung tumors, to validate their mechanism of 

action. These future studies should also compare FZD7-NS to free FZD7 antibodies to 

confirm the benefits observed in vitro as presented in this Chapter. As previously 

mentioned, the timing and dosing of treatment with FZD7-NS is also of the utmost 

importance for future study, as well as analysis of the particles’ ability to penetrate 
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large tumor nodules. Overall, these proposed follow-up studies would provide 

valuable insight towards clinical translation.  

5.6 Conclusions 

In this work, we developed NSs coated with FZD7 antibodies and mPEG-SH 

to study the effects of nanoparticle multivalency on signal cascade interference to 

antagonize the Wnt signaling pathway. We show that FZD7-NS bind TNBC cells 

sufficiently to reduce β-catenin and Axin2 expression, as evidenced by 

immunofluorescence staining, Western blotting, and qRT-PCR. More specifically, 

cells treated with FZD7-NS in the presence of 125 ng/mL Wnt3a experienced ~60% 

decrease in Axin2 expression relative to untreated cells, indicating significant 

inhibition of the Wnt signaling pathway. This inhibited Wnt signaling resulted in 

~25% decrease in cell viability only 16 hr post treatment with FZD7-NS. Excitingly, 

the Wnt inhibitory effects of FZD7-NS were much greater than those observed when 

cells were treated with 50-fold more free FZD7 antibodies. We attribute the enhanced 

Wnt inhibitory effects of FZD7-NS relative to free FZD7 antibodies to their 

multivalency, as we found that FZD7-NS bind TNBC cells with effective binding 

avidities two orders of magnitude higher than free FZD7 antibodies. Together, these 

results indicate that binding strength correlates to enhanced signaling inhibition and 

therapeutic effects, and that antibody-NP conjugates may overcome the dose 

limitations of free antibody therapeutics. To investigate the therapeutic potential of 

FZD7-NS, we conducted a pilot in vivo study to evaluate tumor growth and 

biodistribution in an experimental murine model of lung metastatic murine TNBC 

model. We found that FZD7-NS can accumulate in small lung tumors and slow tumor 

progression. Future in vivo studies with more complex tumor models will need to be 



 127 

performed to validate the therapeutic implications of multivalent binding compared to 

free FZD7 antibodies. Additional studies that investigate the role of nanoparticle size 

on the ability to suppress oncogenic signaling with antibody-NP conjugates would 

provide important insight to structure/function relationships of these nanomaterials. As 

our studies demonstrate that antibody-NP conjugates offer substantial benefits over 

freely delivered antibodies, this work supports further development of functionalized 

NPs to actively target diseased cells and to control aberrant signaling pathways 

implicated in disease progression.  

 



 128 

CONCLUSIONS  

In this chapter, we summarize the importance of the findings presented 

throughout this dissertation and we discuss the opportunities and challenges faced by 

cancer nanomedicine moving forward. Some text in this chapter has been adapted 

from my co-authored articles:  

(1) Riley RS, Day ES. Gold Nanoparticle-Mediated Photothermal Therapy: 

Applications and Opportunities for Multimodal Cancer Treatment. WIREs 

Nanomed Nanobiotechnol 2016, e1449.  

(2) Valcourt DM, Harris J, Riley RS, Dang M, Wang J, Day ES. Advances in 

Targeted Nanotherapeutics: From Bioconjugation to Biomimicry. Nano 

Research 2018, 3, 1-18. 

6.1 Nanoshells as Comprehensive Platforms for Cancer Therapy 

Standard cancer treatment options, including surgery, radiation, and 

chemotherapy, have remained relatively unchanged over the past several decades. 

Although these regimens are effective for certain cancers, their use is associated with 

significant adverse effects and inconsistent success. This is because these standards-

of-care procedures are not targeted, so they impact both diseased and healthy tissues. 

Targeted therapies, such as monoclonal antibodies, have emerged as promising 

alternatives to non-targeted therapies, but their clinical utility is still limited by dose-

limiting toxicities and high production costs. Towards our overarching goal of 

Chapter 6 
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developing novel therapies for aggressive cancers, we evaluated silica core/gold shell 

NSs as alternatives to currently used cancer therapies in three independent treatment 

strategies to mediate phototherapies and/or gene regulation.  

In Chapter 3, we showed that our novel photosensitizer, Pd[DMBil1]-PEG750, 

is substantially safer and more efficacious than commercially available 

photosensitizers for mediating PDT. Further, we investigated a new therapeutic 

approach combining PEG-NS and Pd[DMBil1]-PEG750 for PTT and PDT, 

respectively, with the anticipation that dual therapy would overcome the limitations of 

each individual option. For example, PDT is ineffective in hypoxic regions of tumors, 

and photosensitizers are typically activated by low wavelengths of light that cannot 

penetrate tissue. Alternatively, PTT is effective throughout the entirety of the tumor 

and uses NIR light, but it is typically used to induce necrotic, rather than apoptotic, 

cell death. We showed that dual therapy is 22% more effective at inducing apoptotic 

cell death than either therapy alone with a high level of synergy between the two 

therapies. Moving forward, this strategy should be evaluated in vivo to establish the 

relationship between the two therapies in solid tumors and to prove clinical 

translatability. 

Chapter 4 investigates siRNA-NS conjugates for on-demand gene regulation 

upon exposure to pulsed NIR laser light. In this work, we thoroughly characterized the 

siRNA released from NSs and we showed that pulsed laser irradiation primarily 

releases duplexes of siRNA that retain their functionality. We also demonstrated that 

cells treated with GFP-NSs and irradiated with low pulsed laser powers experience a 

35% reduction in GFP expression compared to control cells. In these experiments, we 

delivered on average only 15 nM siRNA on NSs, which is ~6.6X less siRNA 
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compared to transfections using commercial reagents. These results prove that siRNA-

NS conjugates serve as potent siRNA delivery systems to enhance gene regulation 

only in diseased cells, while leaving healthy cells unharmed. On a broader scale, this 

technology can be easily adapted to silence oncogenic cell signaling by changing the 

conjugated siRNA to silence overactive genes important for disease progression.  

In Chapter 5, NSs are coated with FZD7 antibodies for active targeting, 

increased binding affinity, and Wnt signaling interference. We show that FZD7-NS 

conjugates have 100-fold higher binding affinity compared to free antibodies, and this 

correlates to a 60% reduction in Axin2 compared to untreated cells. Further, our pilot 

in vivo data show that actively targeted NSs can accumulate within small metastatic 

lung tumors in mice. Interestingly, mice treated with FZD7-NSs experienced 

substantially decreased disease progression compared to mice treated with saline. 

Together, the results presented in Chapter 5 show that the high binding affinity 

afforded by antibody-NP conjugates is correlated with enhanced signaling cascade 

interference compared to free antibodies, and our actively targeted platform can inhibit 

tumor growth. This indicates that NPs can enable lower treatment dosages to be 

administered to patients, thus lowering the associated costs and adverse side effects. 

This dissertation shows several ways in which gold-based NPs can be used for 

cancer therapy. Moving forward, it is critical to address several key challenges that 

arise with the use of gold NPs and explore unique opportunities that are afforded by 

these NPs. Below, we discuss how this research advances several challenges and 

opportunities of gold NPs for cancer therapy.  
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6.2 Opportunities and Challenges for Gold Nanoparticles for Cancer Therapy 

There are several challenges and opportunities that should be addressed as 

NSs, and other gold-based NPs, continue to develop as tools for cancer management 

and as they advance into clinical translation. One challenge that limits the success of 

phototherapies mediated through gold NSs, such as PTT, is that it is difficult to ensure 

complete ablation of all tumor cells, and PTT is not feasible as a treatment for 

metastatic disease. Further, most studies have used high laser powers that cause 

necrotic cell death that leads to inflammation and higher metastatic rates. Lastly, laser 

exposure will not be the same throughout the entirety of the tumor depending on NS 

accumulation, tumor size, and tumor location. However, there are increasing 

opportunities to use phototherapies in combination with other phototherapies, such as 

PTT and PDT as shown in Chapter 3, to overcome the limitations of individual 

strategies. Additionally, interesting opportunities to exploit the unique optical 

properties of gold NPs enable their use in combination with secondary therapies such 

as chemotherapy,34 immunotherapy, and gene regulation, the latter of which is 

investigated in Chapter 4.  

In addition to their use as photothermal transducers, another major opportunity 

for gold NPs is their ability to act as delivery systems for targeting and gene regulatory 

agents, as evaluated in Chapters 4 and 5. As discussed earlier, the clinical use of these 

agents are challenged by instability, successful intracellular delivery, and substantial 

adverse side effects, all of which are improved using NPs as carriers. However, there 

are several key challenges to the clinical translatability of functionalized NPs. First, 

actively targeted NPs changes the the pharmacokinetics of the targeting agents and 

any additional agents loaded onto the NPs.37 This requires researchers to thoroughly 

characterize and evaluate the biodistribution, release kinetics, and therapeutic efficacy 
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of every NP formulation in addition to only the free therapeutic entity.41 Second, solid 

tumors contain a very heterogeneous population of cells that express a wide variety of 

cell surface receptors that each influence tumor growth. Thus, the anticancer effects of 

NPs that target one surface receptor or signaling pathway is limited by molecular 

heterogeneity. Gold NPs present great opportunities to combat this challenge because 

they can be surface-coated with several therapeutic moieties within a single platform. 

In this approach, gold NPs can inhibit several signaling pathways simultaneously for a 

more comprehensive strategy to inhibit oncogenic signaling. 

A final consideration for the clinical impact of gold NPs coated with 

therapeutic agents is that the cost of production is often higher than non-targeted NPs 

or free ligands due to losses during NP synthesis and purification.37 However, this 

issue is counterbalanced by the fact that NPs loaded with targeting agents typically 

require lower treatment doses than their unconjugated constituents, as investigated in 

Chapters 4 and 5. This enhancement in efficacy can ultimately save costs for both 

pharmaceutical companies and patients while decreasing any treatment-related adverse 

effects.  

6.3 Concluding Remarks 

There are three common themes presented in this work. The first theme arises 

from Chapters 3 and 4, which each use NSs for two distinct types of phototherapies 

for heat generated cell death or to for on-demand gene regulation. This shows that NSs 

can be used under several irradiation modalities depending on the desired output. 

Second, our results presented in Chapters 4 and 5 show that using NSs to deliver 

siRNA or antibodies, respectively, is more effective for inhibiting oncogenic cell 

signaling than the free molecules. We anticipate that this effect would enable the use 
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of lower treatment dosages administered to patients. Finally, Chapter 5 presents NSs 

as translatable tools for metastatic cancer, as NSs were able to accumulate within 

small tumors in the lungs to inhibit tumor growth. All together, we have shown that 

NSs are comprehensive and adaptable platforms for both phototherapy and gene 

regulation applications, and thus they are promising tools to advance cancer therapy.  
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