
 

i 
 

NANOPARTICLE BASED MULTI-MODAL THERAPIES AGAINST TRIPLE-

NEGATIVE BREAST CANCER 

 

 

BY 

 

 

JAMES JEROD SEARS 

 

A Thesis Submitted to the Graduate Faculty of 

 

WAKE FOREST UNIVERSITY GRADUATE SCHOOL OF ARTS AND SCIENCES 

 

In Partial Fulfillment of the Requirements 

 

For the Degree of 

 

MASTER OF SCIENCE 

 

Biomedical Sciences 

 

May, 2017 

 

Winston-Salem, North Carolina 

 

 

Approved By: 

 

Ravi N. Singh, Ph.D., Advisor 

 

Brenda Latham-Sadler, M.D., Chair 

 

Christopher T. Whitlow, M.D., Ph.D.,  

 

 

 

 

 

 

 



ii 
 

ACKNOWLEDGEMENTS 

 First, I would like to thank my mentor, Dr. Ravi Singh, who made an effort to 

bestow me with the capacity to think critically in both a research and clinical 

environment. His guidance has helped prepare me prepare for a future career in the 

biomedical and health sciences. I also thank Brian Bernish for his guidance and efforts in 

teaching me the skills to succeed in a laboratory setting. I am thankful for the faculty 

Wake Forest and Centre College for their support in my pursuit to become a physician-

scientist. Thanks to Drs. Brenda Latham-Sadler, Bernard Roper, Christopher Whitlow, 

Nicole Levi-Polyachenko, Tim Pardee, Nathaniel Krupp, Kristin Hairston, Kerry Paumi, 

Joe Workman, Jeff Fieberg, and Jennifer Muzyka. Special thanks to Bruce Koffler for his 

mentorship and for inspiring me to pursue a career in medicine.  

 I wish to thank my sister Brittany Sears and my friends, Parker Lawson, Tyler 

Farquhar, Lewis Collins, Mansi Parekh, Lucas Kelley, Woody Rini, Millie Horn, Perry 

Ritter, Koen Hooker, Morgan Terry, Christian Pack, Slade Klinksiek, and Emily Madden, 

who have gone on many great adventures with me and supported me through the  good 

and the bad. I also wish to thank my new friends, Jessica Swanner, Brittany Eldridge, 

Cale Fahrenholtz, Stephanie Fahrenholtz, Abritee Dhal, Goodwell Nzou, Kwone Ingram, 

Georgia Rubinowicz, Brendan McNeilly, Lauren West-Livingston, David Dukes,  who 

helped me transition to a life outside of Kentucky. 

 Most importantly, I would like to thank my parents James and Mendy Sears 

whose sacrifice and support made it possible to pursue my dreams. I also thank my 

grandparents Samuel and Diane Sears, and Larry and Patricia Burns who laid the 



iii 
 

groundwork and made any success that I may have possible through their dedication to 

their family.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 
 

TABLE OF CONTENTS 

List of Figures.....................................................................................................ix 

List of Abbreviations..........................................................................................xi 

Abstract..............................................................................................................xiii 

Chapter I 

General Introduction 

1.1 Breast Cancer and Molecular Subtypes……….....…………......................2 

1.2 Clinical uses of 

Nanomedicine...…………………………………………….......................3 

1.3 Silver nanoparticles and TNBC………….………………..........................4 

Chapter II 

Chitosan Coated AgNPPs 

2.1 Introduction to chitosan coated AgNPP Nanoplates……….......................8 

2.2 Methods….....………………………………………………......................9 

2.2.1 AgNP Seed Synthesis 

2.2.2 Chitosan coated AgNPP Synthesis 

2.2.3 Cytotoxicity of Chitosan  Coated AgNPP 

2.2.4 Heating Potential of Chitosan Coated AgNPP 

2.3 Results………………………………………………….............................11 

2.3.1 Characterization of AgNP Seed 

2.3.2 Chitosan Coated AgNPP Synthesis 

2.3.3 Cytotoxicity of Chitosan Coated AgNPP 

2.3.4 Heating Potential of Chitosan Coated AgNPP 



v 
 

2.4 Discussion………………………………………………..........................16 

Chapter III 

Liposome Encapsulated AgNPPs 

3.1 Introduction ……………………..…………………..................................20 

3.2 Methods…………….………………………………..................................21 

3.2.1 Encapsulation of AgNPP in a Liposome 

3.2.2 Cytotoxicity of AgNPPLs 

3.3 Results………………..……………………...…….…...............................23 

3.3.1 Characterization of AgNPPLs 

3.3.2 Cytotoxicity of AgNPPL 

3.4 Discussion………………………………….……..…................................24 

Chapter IV 

Development of a Silver Nanoparticle based Multimodal therapy Against TNBC 

 

 4.1 Abstract………………………….……………………..............................27 

 4.2 Introduction……………………………………....……............................28 

 4.3 Materials and Methods.……………..….………………..........................30 

  4.3.1 Materials 

  4.3.2 Cell Culture 

  4.3.3 UV-Vis Spectroscopy 

  4.3.4 Dynamic Light Scattering Analysis 

  4.3.5 MTT Assay 

  4.3.6 Clonogenic Assay 

  4.3.7 Flow Cytometry Apoptosis Analysis 



vi 
 

  4.3.8 Electron Microscopy 

  4.3.9 Heating Potential of AgNPPs 

  4.3.10 Cytotoxicity of AgNPP Mediated Hyperthermia 

  4.3.11 Cytotoxicity of AgNPP plus Ionizing Radiation 

  4.3.12 In vitro Effectiveness of AgNPP Mediated Multimodal Therapy 

 4.4 Results………………………………..……………...................................40 

  4.4.1 Physicochemical Characterization of AgNPPs 

  4.4.2 AgNPPs are Selectively Cytotoxic to TNBC 

  4.4.3 AgNPP cytotoxicity is enhanced by NIR Radiation 

  4.4.4 AgNPP cytotoxicity is enhanced with exposure to IR 

4.4.5 AgNPP mediated multimodal therapy reduces the viability of TNBC 

Beyond Individual Treatments                                                                                                           

4.5 Discussion………......…….....……………………....................................50 

4.6 Acknowledgements….……….....………………......................................54 

Chapter V 

Super Paramagnetic Iron Oxide Nanoparticles are Differentially Cytotoxic against Triple-

Negative Breast Cancer Cells  

5.1 Abstract......................................................................................................56 

5.2 Introduction...............................................................................................56 

5.3 Materials and Methods..............................................................................58 

 5.3.1 Materials  

 5.3.2 Cell Culture 

 5.3.3 UV-Vis Spectroscopy 



vii 
 

 5.3.4 Dynamic Light Scattering Spectroscopy 

 5.3.4 MTT Assay 

 5.3.5 Clonogenic Assay 

 5.3.6 Flow Cytometry Apoptosis Analysis 

 5.3.7 Western Blot Cleaved PARP 

 5.3.8 Heating Potential of SPIONs 

 5.3.9 Cell Cycle Analysis of cells treated with SPIONs 

 5.3.8 Cytotoxicity of SPION Plus IR 

5.4 Results........................................................................................................64 

 5.4.1 Physicochemical characterization of SPIONs 

 5.4.2 SPIONs are selectively cytotoxic to TNBC cells 

 5.4.3 SPIONs can be heated in an oscillating magnetic field 

 5.4.5 SPION cytotoxicity can be further enhanced with IR 

5.5 Discussion..................................................................................................71 

Chapter VI 

Future Directions and Conclusions 

 6.1Future Directions........................................................................................75 

 6.2 Conclusions...............................................................................................78 

Appendix 

Differential Cytotoxicity of Other Noble Metal Nanoparticle Formulations 

A.1 Introduction.............................................................................................82 

A.2 Materials and Methods............................................................................83 

A.1.1 Materials 



viii 
 

A.1.2 Cytotoxicity of AuNPs and Ag@SiNPPs 

A.3 Results.....................................................................................................84 

A.2.1 Characterization of Ag@SiNPPs 

A.2.2 Characterization of AuNPs 

A.2.3 Cytotoxicity of Ag@SiNPPs 

A.2.4 Cytotoxicity of AuNPs 

A.4 Discussion................................................................................................87 

References......................................................................................................89 

Curriculum Vitae...........................................................................................100 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ix 
 

LIST OF ILLUSTRATIONS AND FIGURES 

Chapter I 

Figure 1. Proposed AgNPP multimodal therapy..............................................................5 

Chapter II 

Figure 1. Silver nanoparticle seed characterization..........................................................12 

Figure 2. Characterization of chitosan coated AgNPP.....................................................13 

Figure 3. Cytotoxicity of chitosan coated AgNPP...........................................................14 

Figure 4. Effectiveness of AgNPPs as a photothermal therapy heat transducer.............15 

Figure 5. Characterization of chitosan coated AgNPP in 1x PBS....................................17 

Chapter III 

Figure 1.Characterization of liposome encapsulated chitosan coated AgNPP...............23 

Figure 2. Cytotoxicity of liposome encapsulated chitosan coated AgNPP.....................24 

Chapter IV 

Supplementary Figure 1. Effects of purification on AgNPP.........................................31 

Supplementary Figure 2. Concentration curve of AgNPP............................................33 

Supplementary Figure 3. Heat optimization of AgNPPs in media................................37 

Figure 1. Physicochemical Characterization of AgNPPs................................................41 

Figure 2. Cytotoxicity of AgNPP...................................................................................43 

Figure 3. Effects of AgNPP mediated PTT....................................................................46 

Figure 4.Effects of AgNPP and ionizing radiation........................................................48 

Figure 5. Quantification of AgNPP mediated multimodal therapy...............................50 

Chapter V 

Figure 1. Characterization of SPIONs...........................................................................65 



x 
 

Figure 2. Cytotoxicity of SPIONs...............................................................................67 

Figure 3. Heating potential of SPIONs........................................................................69 

Figure 4. Effects of SPIONs and ionizing radiation....................................................71 

 

Appendix 

Figure 1. Characterization of Ag@SiNPPs.................................................................85 

Figure 2. Characterization of AuNPs...........................................................................86 

Figure 3. Cytotoxicity of Ag@SiNPPs and AuNPs.....................................................87 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xi 
 

 

LIST OF ABBREVIATIONS 

AgNP       Silver nanoparticle 

AgNPP       Silver nanoparticle plates 

AgNPPL Liposome encapsulated silver 

nanoparticle plates 

Ag@SiNPP   Silica coated Silver nanoparticle  

  plates 

AuNP   Gold Nanosphere 

Au@AgNP   Silver coated Gold Nanoparticle 

DLS       Dynamic light scattering   

       spectroscopy 

DMEM     Dulbecco's Modified Eagle's   

   Medium 

EPR       Enhanced permeability and retention 

HEPES      4-(2-hydroxyethyl)-1-   

       piperazineethanesulfonic acid 

IR       Ionizing radiation 

MEBM      Mammary Epithelial Cell Growth  

     Medium 

MRI       Magnetic Resonance Imaging 

NIR       Near-infrared radiation 

PTT       Photothermal therapy 



xii 
 

PVP       Polyvinyl-pyrrolidone 

ROS       Reactive Oxygen Species 

TEM       Transmission electron microscopy 

TNBC       Triple-negative breast cancer 

TSC       Trisodium Citrate 

UV-Vis      Ultraviolet-Visible Spectroscopy 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xiii 
 

ABSTRACT 

 Triple-negative breast cancer (TNBC) is a highly metastatic and lethal form of 

breast cancer that lacks surface markers commonly targeted by hormone or 

immunotherapies. Silver nanoparticles (AgNPs) have exhibited a selective toxicity 

against TNBC cell lines at concentrations that are not lethal to non-tumorigenic cells, 

which makes them a candidate for the development of a multimodal cancer therapy that 

uses a selectively cytotoxic particle that sensitizes cancerous cells to ionizing radiation 

and can act as a photothermal therapy heat transducer.  Using a 90 nm triangular silver 

nanoparticle plate (AgNPP) allows for the nanoparticle to have a plasmon resonance that 

is in the near-infrared (NIR) spectrum. We hypothesize that the effectiveness of an AgNP 

therapy against TNBC can be enhanced by using photothermal therapy (PTT) and 

ionizing radiation in combination with the AgNP. We show that AgNPPs can be used to 

develop a selectively cytotoxic multimodal therapy against TNBC cells line without 

affecting non-tumorigenic cells. Combining the cytotoxicity of the nanoparticles, PTT, 

and ionizing radiation can reduce the viability of TNBC beyond each individual 

treatment. We also show that super paramagnetic iron oxide nanoparticles may also be 

suitable to serve as a base for the development of a multimodal cancer therapy. 
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Chapter I 

 General Introduction 

James J. Sears 
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1.1 Breast Cancer and Molecular Subtypes 

 

Breast cancer is the leading type of cancer in women affecting 12% of women in 

the United States
1
.  Breast cancer is divided into multiple subtypes based on the presence 

of molecular markers on the surface of the cancer cell. The most common markers that 

are used to classify breast cancer are estrogen receptor, progesterone receptor, and human 

epidermal growth factor receptor (HER2). Over expression or constitutive activation of 

these receptors can over activate intracellular growth signalling cascades, which leads to 

deregulated proliferation
2
. These cancer subtypes can be treated with hormone and 

immunotherapies, which decreases the concentration of the activating ligand or prevents 

intracellular cascades from being activated
3,4

. A fourth subtype of breast cancer, triple 

negative breast cancer (TNBC), exists in which none of the growth receptors are over 

expressed on the surface of the cell. TNBC is a highly metastatic and lethal form of 

breast cancer that accounts for up to 20% of all breast cancer cases
5
. The absence of 

surface markers prevents targetted immunotherapies and other targetted cancer treatments 

from being effective against this subtype. The most common treatments include surgical 

resection of the primary tumor followed by ionizing radiation and a cocktail of 

chemotherapeutics, including taxanes 
6
. Taxanes, such as paclitaxel provide little 

selectivity against the cancerous cells and can have severe off target effects including 

thrombocytopenia, neutropenia, vomiting, and diarrhea
7
. Development of a system that 

minimizes the amount of insults to the body while maximizing the efficacy against the 

TNBC tissue is necessary to maintain a high quality of life for the patient during the 

treatment and after the cancer has been eliminated.  
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1.2 Clinical uses of Nanomedicine 

Nanotechnology has made significant advancements in medical fields to assist in 

drug delivery 
8
, diagnostic imaging

9
, and anti-microbial applications

10
. Nanoparticles 

offer an innate selectivity for solid tumors when administered intravenously by exploiting 

the tortuous and incomplete tumor vasculature through the enhanced permeability and 

retention effect (EPR)
11 

.The EPR effect exploits the extensive tumor vasculature network 

that is incompletely formed, increasing the probability that the particle will accumulate in 

the tumor compared to other regions of the body 
12

. While the EPR effect does promote 

accumulation in most solid tumors, it is not considered a targeting method and a 

significant amount of the drug can remain in systemic circulation due to the heterogeneity 

of tumor vasculature
13

. Designing an anti-cancer drug that will primarily utilize the EPR 

effect as a localizing mechanism must be biocompatible and provide selectivity against 

the desired target to minimize off-target effects Doxil, a nanoparticle formulation of 

liposome encapsulated doxorubicin, is an example of a nanoparticle formulation that was 

developed to reduce off-target effects. Doxil was shown to be as effective as the free 

doxorubicin while reducing the cardiotoxicity
14

.  Another benefit to the use of 

nanomedicine is the ease of altering the nanoparticles cytotoxic, pharmacokinetic, and 

pharmacodynamic properties through chemical modifications to the nanoparticles 

surface
15

. These surface modifications can include the addition or removal of molecules 

that improve nanoparticle localization to a tumor
16

, physiological stability
17

, or toxicity
18

. 

Production of nanoparticles allows for many points of control to develop a highly specific 

treatment against multiple diseases. The variety of nanoparticle formulations creates a 

library of potential particles that may be useful. However, it is necessary to identify a 
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nanoparticle formulation that has correct physicochemical, toxicity, and stability profile 

that is tailored towards a specific disease. 

1.3 Silver Nanoparticles and TNBC 

A recent study has shown that silver nanoparticles (AgNPs) have been shown to 

exhibit anti-cancer properties against TNBC without inducing cytotoxicity in other breast 

cell lines
19

. This study showed that a panel of TNBC cell lines was sensitive to silver 

treatment and viability could be reduced by as much as 90% when treated with AgNPs 

for 24 hours while a panel of non-tumorigenic cell viability was not affected in vitro. In 

vivo studies showed that a combination of intratumorally administered AgNP and IR 

showed an even greater inhibition of tumor growth. Based on this data, AgNP can work 

together with ionizing radiation to produce a more efficacious treatment of the tumor. 

Similar cytotoxic profiles were observed in Dalton’s lymphoma ascites
20

, lung cancer
21,

 

and oral cancer
22

. While the cytotoxic mechanism of AgNPs is not fully understood, 

oxidative damage due to the release of silver ions is thought to play an important role
23

. 

AgNPs have an additional advantage in the treatment of cancers because of their 

surface plasmon resonance, which can be engineered to be in the NIR spectrum by 

etching the AgNPs into triangular AgNPPs
24

. AgNPPs with a plasmon resonance in the 

NIR spectrum can be used as a photothermal therapy (PTT) heat transducer when 

irradiated with a NIR laser while maintaining the selective cytotoxicity of spherical 

AgNPs. While there is limited work with AgNP mediated PTT, gold nanoparticle 

mediated PTT has been studied and has been shown to induce a bid activated caspase 

cascade
25

. The apoptotic event triggered by PTT may be even more effective when 

combined with the toxicity of AgNPs. While selective cytotoxicity and ionizing radiation 
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sensitization of spherical AgNPs and the ability for triangular AgNPPs to be used as a 

PTT heat transducer have been assessed, the efficacy of a combination of AgNPP 

cytotoxicity, PTT, and IR sensitization has not been determined (Figure 1).  

 

Figure 1. Proposed AgNPP multimodal therapy. Visual abstract of proposed 

 silver nanoparticle mediated therapy that utilizes NIR radiation and IR. 

 

This work will identify an AgNPP formulation that is suitable for the proposed 

therapy and assess the particles ability to perform as a stand-alone cytotoxic agent, PTT 

heat transducer, and an ionizing radiation sensitizer in vitro. This thesis also identifies 

techniques to synthesize chitosan coated AgNPP as well as liposome encapsulated 

AgNPPs, assesses the toxicity of these and other silver nanoparticle formulations that 

vary in their capping agent. The toxicity of gold nanospheres, and identifies 
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Superparamagnetic Iron Oxide Nanoparticles (SPIONs) are identified   as another particle 

that can be used in a similar multimodal cancer therapy.  
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Chapter II 

Chitosan Coated AgNPP 

James J. Sears 

 

Figure 2 and three from this section was included in a manuscript in preparation for 

submission by Jessica Swanner to titled: “A Mesenchymal Subset of Cancers with 

elevated ZEB1 is Sensitive to Low Doses of AgNP” 

Silver nanoparticle plates synthesis protocol was developed by James J. Sears, Kwone U. 

Ingram, Theodore Brown, and Nicole Levi-Polyachenko. 

 

 

Experiments were performed by James J. Sears 
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2.1 Introduction to chitosan coated AgNPP 

 Noble metal nanoparticles, such as gold and silver nanospheres, are commonly 

used in clinical applications because of their capacity to be engineered to have specific 

characteristics
26

. Modifications to their surface allows for conjugation of small molecules 

and antibodies, which can improve particle stability, toxicity, or help with nanoparticle 

targeting
27

. The nanoparticles core size can also be altered, providing another level for 

control of the nanoparticles physicochemical properties
28

.  Nanoparticles shape and size 

is often modified through oxidation and reduction reactions with commonly available 

reagents such as sodium borohydride
29,30

.  Similar reactions can be done to alter the size 

and shape of silver nanoparticles to yield many different particles with unique 

physicochemical properties
31

. The most common method for synthesizing silver 

nanoparticles is the reduction of silver nitrate into elemental silver, which produces 

spherical silver nanospheres
32

. Addition of more silver nitrate in the presence of a 

reducing agent and an acidic pH grows the silver nanosphere and etches it into a flat 

triangular shape
24

. These AgNPPs possess a surface plasmon resonance within the NIR 

spectrum, which allows them to be heated with a laser with wavelengths in the NIR 

spectrum.  

 Chitosan coated AgNPPs that can be heated in the NIR spectrum may be useful in 

designing a multimodal cancer therapy against TNBC. Silver nanoparticles have been 

shown to be selectively cytotoxic against TNBC as well as function as a radiation 

sensitizer in these cells
19

. Chitosan coated AgNPPs have also been shown to be effective 

at producing temperatures that could be used as a photothermal therapy
24

. These data 

suggest that the chitosan coated AgNPPs could be used as a selective cytotoxic agent, a 
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PTT heat transducer, and an IR sensitizer at the same time. In this section, we synthesize 

and investigate the selective toxicity profile, heating potential, and stability of the 

chitosan coated AgNPPs in physiological solutions.    

 

2.2 Methods 

2.2.1 AgNP Seed Synthesis 

Procedure for the synthesis of AgNP seed that can be used to grow into larger 

plates was adapted from a previously established method
24

. 95 mL of deionized water 

(18.2 MΩ) was stirred rapidly and 1mL of a 0.08 mg/mL solution of trisodium citrate 

(TSC) and 2mL of 0.05 mg/mL silver nitrate was added to the stirring solution. Next, 

1mL of 2.3 mg/mL sodium borohydride was added dropwise to the solution. After one 

minute of vigorous stirring, 1mL of polyvinylpyrrolidone (5mg/mL) was added to the 

solution to cap the nanoparticles. The solution was allowed to stir for thirty minutes, 

which allows any excess sodium borohydride to react with the water in the solution. After 

thirty minutes of stirring, the solution is clear and has a rich yellow color. The solution 

was then allowed to age in the dark at room temperature for three days. The seed was 

characterized by UV-Vis Spectroscopy and DLS analysis to ensure the seed was suitable 

for growth and etching into plates. 

2.2.2 Chitosan Coated AgNPP Synthesis 

 The aged seed with a clear yellow color and a narrow UV-Vis spectrum at 400 nm 

was used to grow chitosan coated AgNPP. AgNPPs were prepared in 60 mL of a 2mg/mL 

low molecular weight chitosan 1% acetic acid solution, which was stirred vigorously at 

room temperature. 400µL of a 35 mg/mL solution of TSC in distilled water, 100µL of a 
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60 mg/mL ascorbic acid, 1200µL of AgNP seed from above were added to the rapidly 

stirring mixture resulting in a pale yellow color. 300µL of a 5.0 mg/mL silver nitrate was 

added dropwise to the solution immediately creating a darker yellow solution. UV-Vis 

spectroscopy was used to monitor the progress of the reaction. Once there was a minimal 

absorption at 394 nm, which is indicative of the seed, and a strong absorption at 800 nm 

the reaction was quenched with 800µL of 10M sodium hydroxide. 1.5 mL of the solution 

that absorbed at 800nm was placed in an eppendorf tube and centrifuged at 14,000 rcf for 

20 minutes. The supernatant was removed and the pellet was resuspended in 200µL of 

deionized water. The newly suspended silver nanoparticle solution was centrifuged at 

14,000 rcf for 10 minutes and the supernatant was removed. This step was repeated for a 

total of three times to remove any of the remaining etching solution. Finally, the pellet in 

each tube was collected in 400µL of deionized water and stored in the dark at 4°C until 

needed for an experiment.  

2.2.3 Cytotoxicity of Chitosan Coated AgNPP 

 MDA-MB-231 and MCF-10A cell lines were treated with increasing 

concentrations of AgNPP. The cells were plated at a density of 8,000 cells per well in a 

96 well plate (BD Falcoln), allowed to adhere and treated with 0-100 µg/mL AgNPP for 

48 hours. AgNPPs were then washed from the cells by replacing the media with 1x PBS 

followed by a MTT assay to determine the effects of the AgNPPs on the viability of each 

cell line.  

2.2.4 Heating potential of Chitosan Coated AgNPP  

 The effectiveness of chitosan coated AgNPPs as a PTT heat transducer was 

assessed by placing chitosan coated AgNPPs (0-100µg/mL) in distilled H2O or complete 
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cell media followed by 60 second irradiation with a 3W, 800 nm NIR laser. Temperature 

of the solution was measure before and immediately following irradiation. Temperatures 

before irradiation were subtracted from the temperature after irradiation to determine the 

change in temperature of each well.  

 

2.3 Results 

2.3.1 Characterization of AgNP Seed 

After three days of aging, the seed solution was a clear yellow solution. UV-Vis 

spectroscopy and DLS analysis of the seed solution was used to determine the quality of 

the silver nanoplate seed. Batches of AgNP seed that were clear and yellow solution with 

a narrow UV-Vis peak around 400 nm was used to build AgNPPs. UV-Vis analysis 

showed a peak plasmon resonance at 394.5 nm with a maximum absorption of 1.16 a.u. 

(Figure 1a) Dynamic light spectroscopy was used to determine the size of the AgNP 

seed. The DLS analysis showed that the AgNP seed had an average size of approximately 

20 nm. (Figure 1b). There were multiple peaks, which indicated there are multiple sizes 

of AgNP in the seed solution. 
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Figure 1. Silver nanoparticle seed characterization. a.) UV-Vis spectroscopy of a 

solution of silver nanoparticle seed after three days of aging to be used for the synthesis 

of silver nanoparticle plates. b.) Dynamic Light Spectroscopy of silver nanoparticle seed 

(Average of triplicate measurements). 

 

2.3.2 Chitosan Coated AgNPP Synthesis 

Concentrations of the AgNPP solution were determined by using a concentration 

curve, which was produced from serial dilutions of AgNPPs measured at 808 nm. UV-

Vis spectroscopy shows a plasmon resonance at 830.5nm.  The peak at 394 nm was 

significantly smaller than the peak at 830.5 nm indicating that the AgNP seed has been 

mostly converted to AgNPP (Figure 2a). Dynamic Light Scattering Spectroscopy shows 

a hydrodynamic diameter of 133±9.38 nm in distilled H2O with multiple smaller peaks 

near 10 nm, which would be indicative of any unconverted spherical AgNPs (Figure 2b).  

TEM images of chitosan coated AgNPP were taken at a 120,000x magnification and 
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showed that the AgNPPs were triangular and approximately 120 nm in diameter (Figure 

2c). The zeta potential of the nanoparticle plates was also measured to be 26.77±1.15mV 

in diH2O (Figure 2d). 

 

Figure 2. Characterization of chitosan coated AgNPP a.) UV-Vis spectrum of 6.25 

µg/mL chitosan coated AgNPP in water. b.) Average diameter of chitosan coated AgNPP 

in water (triplicate measurements). c.) TEM image of chitosan coated AgNPP in water. 

d.) Zeta potential of chitosan coated AgNPP in water  

 

2.3.3 Cytotoxicity of Chitosan Coated AgNPP  

MDA-MB-231 and MCF-10A cells were treated with increasing concentrations of 

AgNPPs (0-100µg/mL) for 48 hours. Treatment with 6.25 µg/mL for 48 hours decreased 

the viability of MDA-MB-231 cells by approximately 25% (Figure 3).  At the same 

concentration, MCF-10A cell viability increased by approximately 25%. There was a 

statistically significant reduction in cell viability in the MDA-MB-231 cell line compared 

to MCF-10A at each dose above 6.25µg/mL. Low concentration of AgNPP at 3.125 
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µg/mL and below did not produce a significant difference in MTT conversion between 

the two cell lines. These data suggest that the chitosan coated AgNPPs possess 

defferential cytotoxicity against TNBC cell lines.  

 

Figure 3. Cytotoxicity of chitosan coated AgNPP. Cytotoxicity is evaluated in MDA-

MB-231 and MCF-10A cells. Cells were treated with increasing concentrations of 

AgNPP (0-100 µg/mL) for 48 hours. Cell viability was assessed by MTT assay. 

**=P<0.01 

 

2.3.4 Heating Potential of Chitosan Coated AgNPP 

To evaluate the effectiveness of chitosan coated AgNPP at acting as a PTT heat 

transducer; AgNPPs (0-100µg/mL) were suspended in distilled water and in complete 

DMEM media. Chitosan coated AgNPPs had the capacity to be heated by a NIR laser 

when suspended in distilled water in a dose dependent manner. A concentration of 12.5 

µg/mL resulted in a temperature change of 11.5 °C, which would produce thermo-

ablative temperatures within the body (Figure 4a). Higher concentrations of AgNPPs 
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results in greater temperature changes with the most extreme change odert54ccured at 

100µg/mL, which produced a 36°C change in temperature. When the AgNPPs were 

placed in complete media there was not a significant increase in temperature at any 

concentration of AgNPPs (Figure 4b). 12.5 µg/mL of AgNPPs irradiated with an 800 nm 

3W NIR laser for 60 seconds produced a temperature change of 0.97°C while irradiation 

of a  100µg/mL solution of AgNPP under the same irradiation conditions only produced a 

2°C change in temperature. Without heating capabilities in complete media, this 

formulation of AgNPPs cannot be tested in cells grown in monolayer. Based on these 

data, chitosan coated AgNPPs are not suitable for use as a multimodal cancer therapy.  

 

Figure 4: Effectiveness of AgNPPs as a photothermal therapy heat transducer. a.) 

Change in temperature of increasing concentrations of AgNPPs (0-100µg/mL) in distilled 

water exposed to an 800 nm, 3 W NIR laser for 60 seconds. b.)  Change in temperature of 

increasing concentrations of AgNPPs (0-100µg/mL) in complete DMEM exposed to an 

800 nm, 3 W NIR laser for 60 seconds. 
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2.4 Discussion 

 Chitosan coated AgNPP can be synthesized easily with a high yield from a seed 

solution stock that can be stored in the dark for multiple months. The seeds can easily be 

developed into triangular AgNPP with an appropriate plasmon resonance for 

photothermal therapy. Chitosan coated AgNPPs exhibit the same toxicity profile as 

spherical AgNPs from previously published research with a different capping agent, size, 

and shape
19

. These data suggests that differential cytotoxicity of silver nanoparticles is 

dependent on the elemental identity of the particle. These chitosan coated AgNPPs have a 

plasmon resonance in the NIR spectrum and can be heated in a dose dependent manner 

with a NIR laser when the particles are suspended in distilled water. However, the 

nanoparticles produced from this synthesis protocol did not have the ability to be heated 

in physiological solutions with a NIR laser due to the lack of colloidal stability of the 

particles. When placed in physiological solution, AgNPPs form aggregates that crash out 

of solution, which dramatically reduced the concentration of  individual AgNPPs  that are 

heated with a NIR laser  UV-Vis spectroscopy shows that it takes 20x the amount of 

AgNPP to achieve a similar concentration of suspended AgNPP in PBS compared to 

AgNPP suspended in water (Figure 5a). After being placed in PBS the maximum 

absorbance value redshifted to 882 nm and significantly broadened. Aggregates of the 

AgNPPs that form in the solution alters the plasmon resonance of the particle by 

broadening the peak plasmon resonance to wavelengths, which indicates that fewer of the 

particles are suitable for heating with commercially available NIR lasers (Figure 5b).  

Each of these are contributing factors for chitosan coated AgNPPs being ineffective in 

producing hyperthermic temperatures.  
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Figure 5: Characterization of chitosan coated AgNPP in 1x PBS. a.) UV-Vis 

spectroscopy of chitosan coated AgNPPs (125 µg/mL) in 1x PBS. b.) DLS analysis of 

chitosan coated AgNPPs (6.25 µg/mL) in 1x PBS. 

 

Colloidal stability is also an important factor to consider when developing a 

chemotherapy that is going to be used in a living system. If the particle crashes out in a 

saline solution, then the drug cannot be administered. Strategies, such as altering the 

silver nanoparticle capping agent, can be utilized to alter the physicochemical properties 

of the particle to improve its stability in a physiological solution. However, surface 

plasmon resonance is determined by the size, shape, elemental identity, and chemical 

interactions between the surface of the particle and the capping agent. Altering the 

capping agents that are directly associated with the nanoparticle may shift the plasmon 
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resonance out of NIR wavelengths, which could also prevent the AgNPP from being 

heated by a NIR laser.  Alternative methods for coating the AgNPPs that do not directly 

interact with the surface of the nanoparticle may be necessary to enhance the colloidal 

stability of the particles. 
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Chapter III 

AgNPP Liposome Encapsulation 

James J. Sears 

 

 

 

Experiments were performed by James J. Sears. Ravi N. Singh assisted in developing the 

encapsulation protocol  
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3.1 Introduction 

  In the previous chapter I showed that chitosan coated AgNPPs exhibited a 

selective cytotoxicity against TNBC as well as properties in water that made them a 

desirable candidate for use in a PTT as a heat transducer. However, their instability in 

physiological solutions causes a shift in the surface plasmon resonance that eliminated 

their ability to be heated with a NIR laser. An advantage of using nanoparticle 

formulations is the ease of altering the colloidal properties of the particle through surface 

modifications. A common strategy to improve physiological stability is to change the 

capping agent through changing the physical bonds to the surface of the nanoparticle
33

; 

however the bonds to the surface of the particle are a  governing factor of the surface 

plasmon resonance, which must be in the NIR spectrum if the particle is going to be used 

as a PTT heat transducer. Alterations to the surface of chitosan coated AgNPPs can cause 

a shift in the peak absorbance of the nanoparticle to a wavelength out of the NIR 

spectrum and prevent the particle from being a useful PTT heat transducer
34

. Since the 

AgNPPs showed stability in water, encapsulation of the particle in a liposome would not 

affect the surface chemistry of the particle enabling the particle to be stable in 

physiological solutions without changing the plasmon resonance.  

Encapsulating the nanoparticle in a physiologically compatible lipid membrane is 

a strategy that has been used to deliver other inorganic chemotherapeutics, such as 

carboplatin
35

. A liposomal formulation that covers the nanoparticle’s capping agent could 

prevent aggregations without changing the plasmon resonance. Use of liposomal 

encapsulations of chemotherapies have been approved by the FDA and have the added 

benefit of improving the toxicity, pharmacokinetic, and pharmacodynamic properties of 
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the particles
14

. An encapsulation technique has been developed to encapsulate viruses, 

which are a similar size as nanoparticles, by hydrating a lipid membrane
36

. These 

techniques utilize common laboratory equipment, are easily manipulated, and form 

liposomal components that are found within the cells, which could improve uptake of the 

particles. In this chapter I investigate if this liposomal encapsulation technique will 

encapsulate chitosan-coated AgNPPs while maintaining the selective cytotoxicity against 

TNBC cells. 

 

3.2 Methods 

3.2.1 Encapsulation of AgNPP in a Liposome 

 Encapsulation technique was modified from a protocol developed to encapsulate 

adenovirus
36

. Chitosan coated AgNPPs were synthesized according to the protocol 

described in the previous chapter. The final solution of nanoparticles in distilled water 

was then encapsulated with a lipid film through hydration of a lipid membrane. The lipid 

membrane was formed by mixing 300 µL of dimyristoyl-phosphatidylcholine in 

chloroform (10 mg/mL) and 100 µL of cholesterol in chloroform (10 mg/mL) in a 5 mL 

round bottom flask. Chloroform was removed by rotary evaporation in a 45
o
 C water bath 

for 10 minutes, which formed a lipid film that coated the surface of the flask.  Once the 

round bottom flask was dry, the vacuum was removed and 2.5 mL of the chitosan coated 

AgNPP solution was used to hydrate the film at 50
o
C with constant stirring. After 20 

minutes of stirring, the stir bar was removed and the AgNPP/Liposome mixture was 

sonicated for 30 seconds. TEM images were used to confirm the AgNPPs were 

encapsulated inside a liposome by placing a solution of the liposome encapsulated 
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AgNPPs (AgNPPL) solution on a TEM grid and counterstained the solution with uranyl 

acetate to highlight the lipid bilayer. The AgNPPL solution was also analyzed by DLS 

and UV-Vis spectroscopy  

3.2.2 Cytotoxicity of AgNPPLs 

 MDA-MB-231 and MCF-10A cell lines were cultured using 50% DMEM 50% 

HamsF12 media under 5% CO2. MDA-MB-231 cells were plated at 10,000 cells/well in a 

96 well plate and MCF-10A cells were plated at 8,000 cells/well in a 96 well plate. To 

determine the toxicity of the AgNPPLs, they were compared to the solutions of media 

that contained only liposomes. Liposome only formulations were prepared in the same 

way as AgNPPL solutions as described above except the film was hydrated with distilled 

water. Each cell line was treated with increasing concentrations of AgNPPL (0-250µL 

AgNPPL/mL media) or liposomes only (0-250 µL liposome/mL media) for 48 hours. 

Microliters of AgNPPL solution/milliliter of media was used because a concentration 

curve could not be collected for the solution due to the high concentration of liposome 

that was formed without AgNPP inside. A MTT assay was used at the end of the 48 hour 

treatment to assess cell viability.  

 

3.3 Results 

3.3.1 Characterization of AgNPPLs 

TEM images confirmed that a high percentage of AgNPPs were encapsulated 

within a lipid bilayer. Liposomes without an AgNPP core were also formed from this 

protocol. TEM analysis showed that there were more liposomes without AgNPPs in the 

core than AgNPPLs. Liposome coatings follow the shape of the particle and add only a 
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few nanometers to the size of the particle by TEM. These images also showed that 

liposomes that do not contain AgNPP could vary in size, ranging from 20-200 nm. 

(Figure1a.). AgNPPLs were also analyzed by UV-Vis and DLS analysis of a 10µL/mL 

AgNPPL solution in H2O was performed to determine the characteristics of the 

AgNPPLs. UV-Vis of the solution showed a broad peak across the entire visible and NIR 

spectrum (Figure 1b). There is a slight increase in absorbance in the NIR region over the 

visible region, which is likely due to the presence of the AgNPP within the liposome. 

DLS analysis showed a broad multimodal distribution of sizes with an average diameter 

of 195.6±9.4 which is consistent with the TEM images (Figure 1c). 

 

Figure 1. Characterization of liposome encapsulated chitosan coated AgNPP. a.) 

Chitosan coated AgNPP after liposome encapsulation b.) UV-Vis spectroscopy 

measurement of liposome encapsulated chitosan coated AgNPP c.) DLS analysis of 

liposome encapsulated chitosan coated AgNPP in water  

 

3.3.2 Cytotoxicity of AgNPPLs 

MTT data showed that there was no difference between the AgNPPL solution and 

the solutions containing liposome only in either the TNBC or the non-tumorigenic cell 
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line. There is approximately a 20% reduction in viability for the MDA-MB-231 cell line 

that were treated with 250µl/mL of either liposome only or AgNPPL (Figure 2a). MCF-

10A treated with the same conditions resulted in similar results with a 20% reduction in 

viability of MCF-10A cells treated with the highest concentration of AgNPPL or 

liposome only (Figure 2b). Lower doses of each treatment resulted in less cytotoxicity in 

both cell lines. There is not a significant difference in the toxicity of AgNPPL or 

liposome only at any concentration in either cell line when measured by MTT assay.   

 

Figure 2. Cytotoxicity of liposome encapsulated chitosan coated AgNPP in TNBC and 

non-tumorigenic cell lines cells were treated for 48 hours and cell viability was assessed 

by MTT assay a.) MDA-MB-231 cells treated with increasing concentrations of liposome 

only or liposome encapsulated chitosan coated AgNPP (0-250 µl treatment /mL media) 

b.) MCF-10A cells treated with increasing concentrations of liposome only or liposome 

encapsulated chitosan coated AgNPP (0-250 µl treatment /mL media)  

 

3.4 Discussion 

  This protocol for liposome encapsulation was successful at encapsulating 

AgNPPs as observed by TEM but it resulted in an excess of liposome, which may be 

responsible for the loss of differential cytotoxicity. The TEM images and the UV-Vis 

Spectrum suggest that the liposome without AgNPP inside significantly outnumbers the 

concentration of AgNPPL. TEM images showed more fully formed liposomes without 
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AgNPPs at the center than the amount of AgNPPLs.  The UV-Vis spectrum did not have 

a maximum consistent with the unencapsulated AgNPP because of the presence of 

liposome. The overwhelming presence of liposome with large size variability in the 

solution masked the plasmon resonance of the AgNPP and resulted in the large broad 

peak across the spectrum. Masking the plasmon resonance of the AgNPPs made it 

difficult to determine the concentration of AgNPPs being used to treat the cells.  To solve 

the dosing problem a volume/volume dilution was used for these experiments to ensure 

that the amount of the AgNPPL solution was consistent through multiple trials. 

Performing dilutions as a volume/volume instead of a mass/volume in a solution that is 

primarily liposome resulted in a low amount of AgNPP being added to each well. The 

size of the liposomes allowed them to occupy most of the volume compared to the 

AgNPP, which resulted in a similar toxicity profile between the liposome only treatment 

and the AgNPPL treatment. The observed dose dependent toxicity of both the liposome 

only and the AgNPP encapsulated in liposome solutions may be due to a contamination 

of the liposome solutions due to the incomplete evaporation of chloroform. Development 

of a liposome encapsulation technique for AgNPPs was successful. However, more work 

will need to be performed to increase the AgNPPL: liposome only ratio before further 

tests on the toxicity can be evaluated. While liposome formulations may be beneficial a 

different formulation for the AgNPP surface could also produce the desired triple-threat 

particle.   
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4.1 Abstract 

Triple-negative breast cancer (TNBC) is an aggressive type of breast cancer that 

lacks expression of surface markers that can be targeted using hormone or antibody-based 

therapeutics. Silver nanoparticles (AgNPs) have exhibited a selective toxicity against 

TNBC cell lines. AgNPs also have the potential to possess a surface plasmon resonance 

that can be modified by changing the particles size and shape.  90 nm triangular silver 

nanoparticle plates (AgNPP) used in this study have a plasmon resonance that is in the 

near-infra red (NIR) spectrum. Irradiation with a wavelength of light that matches the 

plasmon resonance results in the production of hyperthermic temperatures. We 

hypothesize that the efficacy of AgNP therapy against TNBC will be enhanced by using 

photothermal therapy (PTT) and ionizing radiation (IR) in combination with the AgNPPs. 

We show that AgNPPs are selectively cytotoxic against a TNBC cell line and at doses 

that are have no effect against a non-tumorigenic breast cell line. AgNPPs in combination 

with a NIR laser produce hyperthermic conditions, which increase the cytotoxicity of 

AgNPPs against TNBC but not non-tumorigenic breast cells. Treatment of TNBC with 

ionizing radiation and AgNPPs significantly reduces the viability compared to ionizing 

radiation or AgNPPs alone. Combining the cytotoxicity of AgNPP, PTT, and IR reduced 

the viability of TNBC beyond each individual treatment. These studies demonstrate that 

AgNPPs can act as a selective cytotoxic agent against TNBC, a PTT heat transducer, and 

an IR enhancer at doses that do not affect non-tumorigenic breast cells.  
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4.2 Introduction 

Triple-negative breast cancer (TNBC) accounts for approximately 15% of all 

breast cancer cases, has the lowest rate of survival, and highest rate of recurrence of any 

breast cancer subtype 
37

. Treatment of TNBC presents unique challenges due to the 

absence of the human epidermal growth factor receptor-2 (HER2), estrogen receptor 

(ER), and progesterone receptor (PR), which prevents effective use of targeted hormone-

based therapies and HER2 anti-body conjugated immunotherapies
38

.  The current 

standard of care for TNBC involves surgical resection of the primary tumor followed by 

ionizing radiation and a cocktail of chemotherapies
1
. Invasive surgeries can require long 

recovery periods and large doses of ionizing radiation may have severe off-targets 

effects, such as the development of ischemic heart disease, due to the irradiation of 

nearby healthy cardiac tissue
39

.  Current standard of care chemotherapeutics, including 

taxanes, show severe dose-limiting toxicities due to significant off-target side effects, and 

they provide little selectivity for the TNBC cells
40

. Each arm of the cancer treatment 

regime has significant drawbacks that may harm the patient; therefore it is necessary to 

develop a treatment that limits the off target chemotherapy effects, reduces the use of 

invasive surgery, and minimizes the required dose of ionizing radiation. The 

physicochemical, optical, and electrical properties of nanomaterials make them an 

attractive option for the development of a single particle, multimodal cancer treatment. 

Use of nanoparticle based systems have demonstrated the ability to increase drug delivery 

to the tumor through the enhanced permiability and retention effect (EPR), which may 

improve the preferential accumulation within the tumor and limit the amount of 

systemically circulating drug
41

. Silver nanoparticles (AgNPs) are particularly interesting 
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due to their current broad biomedical applications including coatings for neurosurgical 

catheters
42

, bacteriocides
43

, and wound dressings
44

. The ability to modify AgNP shape, 

size, and capping agents provides the opportunity to engineer particles with specific 

physicochemical, optical, and cytotoxic properties making them uniquely suitable for 

selective treatment of TNBC. We and others have shown that: (i) spherical poly vinyl 

pyrrolidone (PVP) capped AgNPs are cytotoxic to TNBC cells at doses that are non-toxic 

to non-TNBC cells
19

 (ii) spherical AgNPs are ionizing radiation sensitizers
19,45

 , and (iii) 

chitosan coated triangular silver nanoparticle plates (AgNPPs) can act as efficient heat 

transducers for photothermal ablation therapy (PTT)
24

. However, the effect of combining 

each of these properties in a single therapy has not been assessed. The use of NIR 

wavelengths as a PTT heat transducer is ideal due to their increased ability to penetrate 

body tissues and access more of the tumors
46

. Commercially available PVP coated 

AgNPPs that absorb in the NIR region are currently being manufactured and can be 

readily produced in sufficient quantities suitable for clinical applications.  

 Based on current research regarding AgNP cytotoxicity against TNBC and the 

optical properties of AgNPPs, we evaluated the efficacy of 90 nm PVP-coated triangular 

AgNPPs alone, or in combination with IR, PTT, or IR and PTT utilizing in vitro cell 

models of TNBC and non-tumorigenic breast cells. We demonstrated that AgNPPs are 

selectively cytotoxic against TNBC at doses that do not significantly reduce viability in 

non-tumorigenic breast cells and provide enhancement of ionizing radiation in TNBC. 

Additionally, these AgNPPs have optical properties that are sufficient for use as a heat 

transducer for PTT. AgNPPs combinated with both IR and PTT provide increased 
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cytotoxicity in TNBC, and therefore, have the potential to be used as a multimodal 

therapeutic agent for the treatment of TNBC.  

 

4.3 Materials and Methods 

4.3.1 Materials  

 AgNPPs capped with PVP and a TEM diameter of 90 nm (Nanocomposix, San 

Diego, CA, USA) was purchased in a 5% (mass/volume) sodium borate buffer. AgNPPs 

were removed from their sodium borate buffer and resuspended in distilled water by 

using a Vivaspin spin column (MWCO: 30,000). 500 µL of a 1 mg/mL solution was 

added to 20 mL of distilled water and centrifuged at 14,590xg for 20 minutes, which 

concentrated the solution to 1mL. The concentrated nanoparticle solution was again 

resuspended to 20 mL in deionized water and the process was repeated until a total of 

three washes were complete and the final nanoparticle solution volume was between 

500µL and 1 mL. The washed nanoparticles were stored at 4°C in the dark until they 

were used for treatments on the same day. Nanoparticles were analyzed before and after 

processing to ensure that processing did not have a significant effect on the AgNPPs 

physicochemical properties (Supplementary figure 1).  
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Supplementary Figure 1.  Effects of purification on AgNPP. Effects of purification of 

AgNPP from 5 mM sodium borate buffer into distilled water using a 30,000 MWCO spin 

column. Each measurement was taken using a 6.25 µg/mL solution of AgNPP. Samples 

were blanked against their respective solvent. a.)UV-Vis spectrum of AgNPP surface 

plasmon resonance in sodium borate (left) and distilled water (right). b.) Hydrodynamic 

diameter measured by DLS size analysis of AgNPPs in sodium borate (left) and distilled 

water (right) c.) Zeta potential of AgNPPs in sodium borate 9left) and distilled water 

(right). 

 

4.3.2 Cell Culture 

 MCF-10A and MDA-MB-231 cells were purchased from and validated by ATCC 

(American Type Culture Collection Manassas, VA, USA). MCF-10A cells were grown in 

DMEM/ F12 supplemented with penicillin, streptomycin, 2mM L-glutamine, 20 ng/mL 

epidermal growth factor, 0.5 µg/mL hydrocortisone, and 100 ng/mL choleratoxin. MDA-

MB-231 cells were grown in DMEM supplemented with 10% FBS (v/v), 2 mM L-

glutamine, 250 U/mL penicillin, and 250 µg/mL streptomycin.  All cells were maintained 

at 37
o
C in a 5% CO2 atmosphere.  
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4.3.3 UV-Vis Spectroscopy 

  The 1 mg/mL AgNPP stock was diluted to 1.25, 2.5, 5, and 6.25, 10, 12.5, and 25 

µg/mL in deionized water. The maximum absorbance of each solution was determined to 

be at 894.5 nm using a scanning wavelength ultraviolet-Visible light (UV-Vis) 

spectrometer.  AgNPP concentration was determined spectrophotometrically 

(ThermoScientific Spectronic 200 Waltham, Ma, USA.) after linear regression analysis 

(Supplementary figure 2). UV-Vis spectroscopy was also used to characterize the 

AgNPPs plasmonic resonance. The concentrated AgNPP stock solution was diluted to a 

concentration of 6.25 µg/mL in deionized water andthe plasmon resonance of the AgNPP 

solution was read using a scanning wavelength UV-Vis spectrophotometer. 

To ensure that there was an accurate measurement of AgNPPs used to treat the 

cells, a concentration curve was created to determine the amount of AgNPPs recovered 

from the synthesis procedure. AgNPPs in the sodium borate stock was diluted so that 

there was a solution of 6.25 µg/mL AgNPP in deionized water. The plasmon resonance 

was measured using a UV-Vis spectrophotometer. Various dilutions of AgNPP from the 

sodium borate solution were made in deionized water. Their absorbance was measured at 

the maximum absorbance value (894 nm) of the 6.25 µg/mL solution and plotted. Using a 

linear regression analysis an equation for the line was obtained. The AgNPPs were then 

processed according to the procedure in the methods, diluted 1 to 50 and their absorbance 

was measured. The absorbance value was used as the y term in the above equation and 

the equation was solved for x and multiplied by the dilution factor to obtain the final 

concentration of the processed stock solution. This concentration was used to determine 

the amount of stock required to achieve desired concentrations for treatments.  
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Supplementary Figure 2. Concentration curves of AgNPP. Concentration curve used to 

determine the concentration of AgNPP used in experiments. Concentration curve was 

obtained by diluting AgNPPs suspended in 5 mM sodium borate into distilled water (0-25 

µg/mL) a.) Scanning UV-Vis spectrum of AgNPP from sodium borate stock diluted to 

6.25 µg/mL in deionized water b.) Absorption values of various dilutions of AgNPP (0-

25 µg/mL) from sodium borate stock in deionized water measured at 894 nm c.) Final 

concentration curve of AgNPP from sodium borate stock. The equation was used to 

determine the final concentration of AgNPPs after the processing protocol.  

 

4.3.4 Dynamic Light Scattering Analysis 

Hydrodynamic diameter and zeta potential in deionized water was determined 

using a Zetasizer Nano ZS90 (Malvern Instruments, Malvern, UK) using automatic 

settings at 25 
o
C. The refractive index of the dispersant was adjusted manually. AgNPP 

solutions were diluted to 6.25 µg/mL in water and in PBS and placed in a plastic cuvette 

(Sarstedt, Newton, NC, USA). Each measurement was taken in triplicate and the results 

were averaged for the final hydrodynamic diameter and zeta potential.  
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4.3.5 MTT Assay 

 MDA-MB-231, and MCF-10A cells were seeded at a density of 7 x 10
3
 cells per 

well in 96-well plate (BD Falcoln) in complete media. The following day, cells were 

treated with increasing concentrations of AgNPPs (0-50 µg/mL) for 72 hours.  Cells were 

then washed in 1x PBS and medium containing 0.5 mg/mL MTT was added to each well.  

After sufficient incubation (0.5-1 hours) medium was aspirated and the purple crystals 

were lysed with DMSO. A Molecular Devices Emax Precision Microplate Reader was 

used to measure the absorption at 595 nm and corrected for background at 650 nm.  

Absorbance values were averaged and graphed relative to the no treatment control to give 

the relative viability of the cells after treatment.  

4.3.6 Clonogenic Assay 

 MDA-MB-231 and MCF-10A cell lines were plated at a density of 300 cells/ml in 

6-well tissue culture plates (BD Falcoln) in their appropriate medium and allowed to 

adhere overnight.  The following day cells were treated with increasing concentrations of 

AgNPP (0-5 µg/mL, in normal growth medium. After 72 hours, the cells were then 

washed with 1x PBS to remove AgNPPs and media was exchanged every 72 hours. 

Fourteen days after the AgNPP treatment, the media was removed, the cells were washed, 

fixed with a solution of methanol, glacial acetic acid, and water (1:1:8 volume ratios, 

respectively). The cells were then stained with crystal violet and colonies of at least 50 

cells were counted.  

4.3.7 Flow Cytometry Apoptosis Analysis 

 MDA-MB-231 and MCF-10A cells were plated at a density of 7.5 x10
5
 in a 10 

cm petri dish (BD Falcon) and allowed to recover. Cells were then treated with 25 µg/mL 
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of AgNPP or vehicle. After 72 hours, cells were washed twice with 1x PBS, trypsinized, 

and resuspended in their respective media. The cells were then pelleted by centrifugation 

at 320 rcf for 5 minutes. The cells were resuspended in ice cold PBS and pelleted again 

by centrifugation at 320 rcf for 5 minutes. The cells were again resuspended in 5 mL of 

ice cold PBS and counted by hand using a hemocytometer. One million cells were 

removed and placed in a fresh tube and pelleted. The PBS was removed and the cells 

were resuspended to a concentration of 2 millon cells/mL in annexin V binding buffer. 

100 µL of cells for each condition was placed in an eppendorf tube and 5 µL of annexin 

V was added to each tube. The cells were incubated at room temperature for 15 minutes 

in the dark. While the cells were incubating, a solution of propidium iodide was prepared 

by diluting 5 µL of propidium iodide in 2 mL of annexin V binding buffer. Once the 

incubation was complete, 400 µL of the propidium iodide solution was added to each 

tube and the cells were analyzed by a flow cytometer.  

4.3.8 Electron Microscopy 

 Five hundred thousand cells were plated in 3 mL of their respective media in two 

wells on a six well plate and allowed to attach for 24 hours at 37°C and 5% CO2 

atmosphere. One well for each cell line had the media removed and replaced with media 

containing a 100µg/mL solution of AgNPPs while the other well had the media removed 

and replaced with fresh media. The cells were treated for three hours at 37°C and 5% 

CO2 atmosphere. After three hours, the cells were trypsinized with 0.5 mL of trypsin and 

washed with 3 mL of media once the cells detached. The cells in suspension were 

centrifuged at 320 rcf for 5 min, resuspended in 6 mL of 1x PBS and centrifuged for 

another 5 minutes at 320 rcf. The PBS was removed and 0.5 mL of a 2.5% 
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glutaraldehyde solution was added. The cells were then incubated over night at 4°C. 

After 24 hours, the glutaraldehyde solution was removed and the cells were placed in 500 

µL of 1x PBS. The cells were then embedded in resin, cut into 80 nm sections, and 

placed on copper coated Formvar® grids. The sections were imaged using a Tecnai™ 

Spirit transmission electron microscope (FEI, Hillsboro, OR, USA). 

4.3.9 Heating Potential of AgNPPs 

 Heating conditions were optimized for the minimum effective concentration of 

AgNPs, laser power, and laser exposure time (Supplementary Figure 3). Concentration 

was optimized by increasing the concentration of AgNPPs and irradiating AgNPPs with a 

970 nm, 3W laser for 60 seconds using a clinical near infrared laser K-Laser USA 

(Franklin, TN). Change in temperature was measured using a Fluke 714 thermocouple 

calibrator and type K thermocouple 80PK-1 bead probe wire thermocouple (Everett, 

WA). Optimal laser power was determined using 12.5 µg/mL AgNPP, 970 nm, 60 

seconds, and increasing laser power levels ranging from 1.5 W, 3.0 W, 4.5 W, 6.0 W, 7.5 

W, 9.0 W. Temperature changes were measured using a thermo couple. Optimal laser 

exposure time was determined by using 12.5 µg/mL AgNPP, 800 nm 3 W and increasing 

laser exposure time from 30 s, 60 s, 90 s, 120 s, 150 s, 180 s. Temperature change was 

measured with a thermo couple.  



37 
 

 

Supplementary Figure 3. Heating optimization curves of AgNPP in media. All 

experiments were performed using a NIR laser with a laser set to 970 nm. a.) Change in 

temperature of media following a 60s exposure to a 3W laser with a wavelength of 950 

nm with increasing AgNPP concentration (0-25 µg/mL). b.) Change in temperature of 

media containing 12.5 µg/mL when exposed to 970 nm laser for increasing power (0-7.5 

W) for 60 seconds. c.) Change in temperature of media containing 12.5 µg/mL AgNPP 

when exposed to 970 nm laser at 3W for an increasing amount of time (0-150 seconds).  

 

4.3.10 Cytotoxicity of AgNPP Mediated Hyperthermia 

 MCF-10A and MDA-MB-231 cell lines were plated at a density of 12,000 cells 

per well in a checkerboard pattern on a 48 well plate and allowed to attach for 24 hours. 

The checkerboard plating minimizes off-target heating of nearby wells. After 24 hours, 

the media was replaced with media containing 0, 5 or 10 µg/mL AgNPP. The cells were 

allowed to recover for three hours and were then exposed to a 970 nm, 3 Watt laser for 0, 

30, 60, 70, 80 or 90 seconds. The cells were then placed back in an incubator at a 5% 

CO2 and 37°C atmosphere and allowed to recover for 72 hours. After 72 hours, the media 
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containing the AgNPP was removed; the cells were washed with 1x PBS, and an MTT 

assay was performed in a 48 well plate. The crystals were dissolved with 400 µL of 

DMSO and mixed before 200µL of the DMSO solution was transferred to a 96 well plate 

and read using A Molecular Devices Emax Precision Microplate Reader to measure the 

absorption at 595 nm and corrected for background at 650 nm. Each absorbance value 

was averaged and the then divided by the no treatment control to assess the relative 

viability of the cells after each of the treatments.  

4.3.11 Cytotoxicity of AgNPP plus Ionizing Radiation 

  MDA-MB-231 and MCF-10A cell lines were cultured in their respective media 

at 37°C in a  5% CO2 atmosphere, washed in PBS, trypsinized , and plated in a 6 well 

plate at a density of 300 cells per well in six replicates. Cells were allowed to adhere for 

24 hours and were then treated with 0-1.25, 2.5 µg/mL of AgNPP for 24 hours. The 

media was removed, the cells were washed two times with 1x PBS, and 2 mL of fresh 

media was added to each well. Ionizing radiation doses of 0, 0.5, 1.0, 2.0, and 4.0 Gy was 

administered using an orthovoltage X-ray with a current of 10mA, voltage of 300kV, and 

a dose rate of 2.39 Gy/min. After receiving a radiation dose, the cells were returned to the 

incubator and the media was replaced every three days. The cells were fixed with a 1:1:8 

(vol:vol:vol) solution of acetic acid: methanol: water and stained with crystal violet after 

seven days from plating for the MCF-10A and fourteen days after plating for MDA-MB-

231. Colonies greater than 50 cells were then counted by hand. The number of colonies 

for each condition was averaged and set relative to the 0 Gy control for each 

concentration of AgNPP.  
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4.3.12 In vitro Effectiveness of AgNPP Mediated Multimodal Therapy 

 MDA-MB-231 and MCF-10A cell lines were plated at a density of 12,000 cells 

per well in a checkerboard pattern on a 48 well plate for each cell line and allowed to 

attach for 24 hours. Each treatment was performed in triplicate for both cell lines. Cells 

were then treated with 10 µg/mL AgNPP or had their media replaced. The cells were 

incubated at 37°C in a 5% CO2 atmosphere for 30 minutes. One row of wells on each 

plate containing 10 µg/mL AgNPP and one row containing 0 µg/mL AgNPP were 

irradiated with a clinically used  970 nm, 3W NIR laser for 60 seconds K-Laser USA 

(Franklin, TN). Immediately after the last well was irradiated, the plate was exposed to 0 

Gy, 1 Gy, or 2 Gy of ionizing radiation from an orthovoltage X-ray with a current of 

10mA, voltage of 300kV, and a dose rate of 2.39 Gy/min. The plate was then placed in an 

incubator at 37°C and 5% CO2atmosphere for 72 hours. After 72 hours, cell viability was 

assessed using an MTT assay according to the protocol above. Absorbance values from 

each well were averaged and set relative to the no treatment control to assess any 

decrease in the viability of the cells. Temperatures in the well were determined by using a 

separate plate, which contained cells in media treated with 10 µg/mL AgNPPs and 

without the AgNPPs. The temperature was measured before and after irradiation with the 

NIR laser with a Fluke 714 thermocouple calibrator and type K thermocouple 80PK-1 

bead probe wire thermocouple (Everett, WA). 
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4.4 Results 

4.4.1 Physicochemical Characterization of AgNPPs 

 The surface plasmon resonance, size, and zeta potential of AgNPPs are important 

characteristics that govern the particles ability to be used as a PTT agent as well as the 

particles stability in physiological solutions. 90 nm PVP-capped AgNPPs were obtained 

from nanoComposix, Inc. suspended in a 5 mM sodium borate (BNa3O3) buffer. Prior to 

characterization and all subsequent experiments, AgNPPs were removed from their 

BNa3O3 buffer via centrifugation of the particles through a 30,000 MWCO Vivance spin 

column.  The AgNPPs were resuspended at a concentration of 6.25 µg/mL in deionized 

water, and immediately characterized by UV/Vis spectroscopy and dynamic light 

scattering (DLS). AgNPPs displayed a maximum absorbance wavelength at 894.5 nm via 

UV-Vis spectroscopy (Figure 1a). This wavelength is within the physiological NIR 

optical window, indicating that these AgNPPs are suitable for use in PTT. As 

hydrodynamic diameter and zeta potential play critical roles in the stability and clearance 

of nanoparticles from the body and the delivery efficiency to the tumor 47, dynamic light 

scattering (DLS) was used to assess the physicochemical properties of the AgNPPs. DLS 

analysis of AgNPPs in deionized water showed that the AgNPPs were monodispersed 

with a hydrodynamic diameter of 93.33±1.63 nm (Figure 1b) and negatively charged 

with a zeta potential of 22.6 ± 1.01 mV (Figure 1c). Furthermore, the AgNPPs were 

stable in physiologic solution (PBS), and showed no noticeable dissolution or 

sedimentation over the treatment period. Based upon our in depth characterization 

highlighting the NIR absorbance spectra and stability of the particles, the AgNPPs 

possess the physicochemical characteristics necessary for use as a multimodal 
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therapeutic. 

 

Figure 1. Physicochemical Characterization of AgNPPs. a.) UV-Vis spectrum of AgNPP 

surface plasmon resonance in water. b.) DLS analysis of 6.25 µg/mL AgNPPs in water 

and PBS c.) Zeta potential of AgNPPs in water (results reported as an average of a 

triplicate measurement)  

 

4.4.2 AgNPPs are Selectively Cytotoxic to TNBC 

We have previously shown that PVP coated spherical AgNPs are cytotoxic to 

TNBC cell lines at doses that have minimal cytotoxic effects on non-tumorigenic breast 

cells
19

 . We investigated the cytotoxic properties of PVP coated triangular silver 

nanoplates (AgNPPs) on TNBC and non-tumorigenic breast cell lines to determine if they 

possess similar TNBC-selective cytotoxic properties. MDA-MB-231 TNBC cells and 

MCF-10A non-tumorigenic transformed breast cells were exposed to increasing doses of 
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AgNPP for 72 h, and viability was assessed via MTT assays. MDA-MB-231TNBC cells 

were significantly more sensitive to AgNPP treatment at doses of 6.25 µg/mL or greater 

compared to the MCF-10A cells (Figure 2a, P<0, 05). Clonogenic assays were used to 

identify potential effects of AgNPPs on long term proliferation in TNBC and non-

tumorigenic breast cell lines. Cells were plated at a low density, exposed to increasing 

doses of AgNPPs for 72 h, and formation of colonies (≥50 cells) was quantified after 

approximately 2 weeks. AgNPPs significantly decreased clonogenic growth in MDA-

MB-231 TNBC cells compared to MCF-10A non-tumorigenic breast cells at 0.156 

μg/mL or greater (Figure 2b). These studies demonstrate that AgNPPs are preferentially 

cytotoxic towards MDA-MB-231 TNBC cells as indicated by decreases in viability and 

clonogenic potential following a 72 h treatment with increasing doses of AgNPPs, while 

treatment with equivalent AgNPP doses has minimal cytotoxic effect on MCF-10A.   

To gain a better understanding of AgNPP-induced cell death, MCF-10A and 

MDA-MB-231 cells were stained with Annexin V (Ann V)/ Propidium Iodide (PI) 

following a 72 h AgNPP treatment and the mechanism of cell death was elucidated 

utilizing flow cytometry analysis.  Annexin V binds exposed phosphatidylserine on the 

cells surface, which is a marker for apoptosis while PI is used to assess the permeability 

of the cell membrane. Cell in early stage apoptosis will stain positive for Ann V and 

negative for PI and appear in the lower right had quadrant of a dot plot. Cells in late stage 

apoptosis will stain positive for both Ann V and PI, and appear in the top right hand 

quadrant of the dot plot. Lastly, cells which have lost complete membrane integrity 

becoming necrotic, will stain positive for PI only, and appear in the top left hand 

quadrant of the dot plot
48

. MDA-MB-231 cells treated with 12.5 µg/mL of AgNPP for 72 
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hours showed a slight increase in the percentage of cells in early stage apoptosis, and a 

more noticeable increase in cells undergoing late-stage apoptosis, and necrosis compared 

to the vehicle treated cells. MCF-10A cells treated with equivalent doses of AgNPPs 

showed no change in early-stage apoptosis, late-stage apoptosis, or necrosis compared to 

the vehicle treated control cells (Figure 2c). This study identifies that AgNPPs induce 

apoptotic cell death in TNBC cells following at 72 h treatment, with no significant 

increase in apoptotic cell death in MCF-10A non-tumorigenic breast cells at equivalent 

doses. The TNBC selective cytotoxicity identified indicates that a therapeutic window 

exists for the use of AgNPPs for the treatment of TNBC.     

 
Figure 2. Cytotoxicity of AgNPPs.a.) Relative viability of MCF-10A and MDA-MB-231 

after 72 hour treatment with AgNPPs (0-50 µg/mL). b.) Longterm proliferative potential 

of MCF-10A and MDA-MB-231 after 72 hour treatment with AgNPPs (0-5µg/mL). c.) 

Annexin V vs. PI staining of MCF-10A and MDA-MB-231 after a 72 hour treatment 

with 12.5 µg/mL AgNPP. Two-Way ANOVA was used to determine there is a 

statistically significant difference in MCF-10A and MDA-MB-231 cell line viability 

relative to no treatment control in marked columns. ***= P<0.001 
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4.4.3 AgNPP Cytotoxicity is enhanced by NIR Radiation  

 AgNPPs possess a plasmon resonance that enables production of intense heat with 

tissue-penetrating NIR radiation. PTT coupled with the cytotoxic selectivity of AgNPPs 

for TNBC could reduce the dose of silver required to eradicate TNBC cells. To evaluate 

the multi-modal capability of AgNPPs as heat inducers via NIR laser exposure, TNBC 

and non-tumorigenic breast cells were irradiated with a 3W, 970 nm NIR laser for 

increasing times or a sham treatment in combination with vehicle, 5, or 10 µg/mL 

AgNPPs. Cell viability was assessed via MTT assay after a 72 hour recovery in which the 

original media was left on the cells.  Increasing irradiation exposure alone had no effects 

on the viability of MCF-10A non-tumorigenic breast cells, whereas there was 

5%decrease in viability for MDA-MB-231 TNBC cells exposed to the laser for 30-80 s. 

After a 90 s laser exposure, there was a more significant decrease in viability for the 

MDA-MB-231 cells (Figure 3a). Without AgNPPs, the longest laser exposure (90 s) 

induced a 17.1°C temperature increase compared to an increase of 33.6° C when the 

wells contained 10µg/mL AgNPPs. Treatment of MDA-MB-231 cells with 5 µg/mL of 

AgNPPs alone decreased cell viability to approximately 60% compared to the vehicle 

control, and cytotoxicity was further exacerbated via hyperthermia induced by laser 

irradiation times of 80 s or greater. Because there was less exposure to hyperthermic 

temperatures (42°C) with shorter laser irradiation exposure (30-70 s), there was no 

significant decrease in viability compared to 5 µg/mL of AgNPPs
49

 alone Conversely, 5 

µg/mL of AgNPPs alone or in combination with increasing laser irradiation exposure had 

minimal effect on the viability of MCF-10A non-tumorigenic breast cells.  The longest 

laser irradiation (90 s) in combination with 5 µg/mL of AgNPPs produced a temperature 
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increase of 28.4°C (Figure 3b).  Increasing the AgNPP dose to 10µg/mL was sufficient 

to produce a greater exposure to hyperthermic temperatures (43°C) with a shorter 

exposure to NIR radiation. MDA-MB-231 cells exposed to 10µg/mL AgNPPs alone 

decreased viability to approximately 58%, whereas the same dose did not decrease 

viability of MCF-10A cells. 10µg/mL AgNPP treatment combined with laser irradiation 

exposure of 60 s or greater significantly decreased viability compared to cells treated 

with AgNPPs alone. MCF-10A cells treated with 10µg/mL AgNPP did not show a 

significant decrease in viability until laser exposure time reached 70 s or greater. 

10µg/mL AgNPP produced a temperature increase of 33.6°C after a 90 s laser exposure 

(Figure 3c).  This data suggests that a therapy that combines the cytotoxic and heat 

generating properties of AgNPPs may be beneficial for the treatment of TNBC utilizing 

lower doses of AgNPPs, which do not have adverse effects on the surrounding normal 

breast epithelium.  
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Figure 3. Effects of AgNPP mediated PTT. Non-tumorigenic and TNBC cells were 

treated with AgNPPs for three hours and irradiated with a 3W, 970 nm NIR laser for 

increasing amounts of time (0-90 s). AgNPP was left on the cells for 72 hours and cell 

viability was assessed by MTT assay. Values are reported as relative to the 0 µg/mL, 0 s 

NIR values for each cell line. a.) MCF-10A and MDA-MB-231 cells treated with 

0µg/mL AgNPP and irradiated with NIR laser (Values are reported as an average of 

triplicate measurements). b.) MCF-10A and MDA-MB-231 cells treated with 5µg/mL 

AgNPP and irradiated with NIR laser (Values are reported as an average of triplicate 

measurements). c.) MCF-10A and MDA-MB-231 cells treated with 10µg/mL AgNPP 

and irradiated with NIR laser (Values are reported as an average of triplicate 

measurements). Two-Way ANOVA was used to determine there is a statistically 

significant reduction in MDA-MB-231 cell line viability relative to 0s of NIR laser 

exposure for each dose of AgNPP marked columns. ***= P<0.001 

 

 

4.4.4 AgNPP Cytotoxicity is Enhanced with Exposure to Ionizing Radiation 

Radiation is a well-established treatment for many cancer types, and is part of 

standard of care treatment for TNBC patients
50

. Several cytotoxic chemotherapies are 

defined as radiation sensitizers are used clinically to enhance the efficacy of radiotherapy 

in tumor cells while sparing healthy tissue 
51

, although there are currently no FDA 
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approved metal nanoparticles for radiotherapy enhancement.  Nanoparticles have been 

shown to enhance the efficacy of radiation treatment in vitro
19,52

. MDA-MB-231 and 

MCF-10A cell lines were treated with increasing doses of AgNPP for 24 h, exposed to 

increasing doses of ionizing radiation, and radiation enhancement was assessed via 

clonogenic assay. There was minimal effect on clonogenic efficiency in either cell line at 

these doses of AgNPPs. However following IR, MDA-MB-231 TNBC cells showed a 

significant dose dependent decrease in clonogenic efficiency when treated with 1.25 and 

2.5 µg/mL AgNPPs at 2 and 4 Gy of IR (Figure 4a). Conversely, there was no signficant 

difference in clonogenic efficiency observed for MCF-10A non-tumorigenic breast cells 

following AgNPP treatment with or without IR (Figure 4b). This data demonstrates that 

low doses of AgNPPs have the capability to selectively enhance IR in TNBC cells, with 

no IR enhancement observed in non-tumorigenic breast cells.  
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Figure 4. Effects of AgNPP and ionizing radiation. MDA-MB-231 and MCF-10A were 

allowed to adhere overnight (300 cells/well). The following day, fresh media containing 

increasing concentrations of AgNPPs (0–2.5 μg/mL) were added. After overnight 

incubation, cells were washed and provided fresh media. Cells were then exposed to 

increasing doses of ionizing radiation (0 or 4 Gy). The combined effect of AgNPP 

exposure and ionizing radiation was assessed via clonogenic assay 10–14 days later. a.) 

MDA-MB-231 cell line treated with increasing concentrations of AgNPP and IR. b.) 

MCF-10A cell line treated with increasing concentrations of AgNPP and IR.  Two-Way 

ANOVA was used to determine there is a statistically significant reduction in MDA-MB-

231 cell line viability relative to 0 Gy of IR laser exposure for each dose of AgNPP 

marked columns. ***= P<0.001 

 

4.4.5 AgNPP Combination Therapy reduces the viability of TNBC Beyond Individual 

Treatments 

 AgNPPs have shown to be effective as a stand-alone cytotoxic agent, a PTT heat 

transducer, and an ionizing radiation sensitizer in TNBC. Combining each of these 

therapies into a single therapy could be more efficacious against TNBC than each therapy 

on its own. To assess the AgNPPs potential as a particle-based multimodal therapy, 

MDA-MB-231 and MCF-10A cell lines were exposed to combinations of 10 µg/mL 
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AgNPPs,  irradiation with a 3W 970 nm NIR laser for 60 s, and IR and viability was 

assessed 72 h following treatment via MTT assay.  MDA-MB-231 cells treated with a 

combination of 10µg/mL AgNPP, 3W 970 nm laser, and 2 Gy IR significantly reduced 

viability compared to any of the other treatment combinations (Figure 5a).  Increasing 

doses of IR alone, showed only a slight decrease in viability, and similar results were 

observed when NIR laser irradiation was combined with IR. AgNPP treatment in MDA-

MB-231 TNBC cells significantly reduced viability compared to the untreated control. 

However, addition of increasing doses of IR did not further exacerbate the cytotoxicity of 

the AgNPPs at this dose. 60 s NIR laser irradiation with a 3W, 970 nm laser was only 

able to generate temperatures of 36.0±0.61°C, whereas addition of 10 μg/ml AgNPPs 

generated a hyperthermic temperature of 48.3±0.57°C.   MCF-10A cells treated with IR 

alone, AgNPPs and increasing doses of IR, NIR laser and increasing doses of IR, and 

AgNPPs, NIR laser, and increasing doses of IR showed no significant decrease in 

viability (Figure 5b). The 2 Gy IR dose was the most cytotoxic to MCF-10A cells 

independent of combination with AgNPPs and/or IR. These studies show that a 

combination therapy utilizing the cytotoxicity of AgNPPs, PTT, and IR can reduce the 

viability of TNBC cells beyond each individual component, while inducing minimal 

cytotoxic effects on non-tumorigenic breast cells. 
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Figure 5. Quantification of cytotoxicity of following treatment with AgNPP, NIR, and 

IR. MCF-10A and MDA-MB-231 were treated with 10 µg/mL AgNPP for three hours 

followed by exposure to NIR laser for 60 s and increasing doses of ionizing radiation (0-2 

Gy). Cells were then allowed to incubate with constant exposure to AgNPP for 72 hours. 

After 72 hours, cell viability was assessed by MTT assay.  Each condition was set 

relative to the 0 µg/mL, 0 s NIR exposure, 0 Gy control. MTT data is reported as an 

average of six replicates± standard deviation. a.) MCF-10A treated with AgNPP 

combination therapy. b.)  MDA-MB-231 treated with AgNPP combination therapy.  

 

4.5 Discussion 
The versatile physicochemical properties of triangular shaped AgNPPs present 

unique opportunities for the development of single particle based therapeutic against 

TNBC. In this paper, we showed that combining differentially cytotoxic AgNPPs, PTT 
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and ionizing radiation can reduce the viability of MDA-MB-231 TNBC at doses that do 

not affect the viability of MCF-10A non-tumorigenic cells. We have shown that 

treatment with AgNPPs alone results in an apoptotic cell death of TNBC cell lines and 

spares the non-tumorigenic MCF-10A cell line. This cytotoxicity profile has been 

observed in multiple silver nanoparticle formulations suggesting that this toxicity profile 

is independent of size and shape of the silver particle 
19,24

.  

Because IR is poor at discriminating between healthy and cancerous tissue, 

radiation sensitizers have the potential to play crucial roles in decreasing off-target IR-

induced cytotoxicity. The AgNPPs used in this study possess TNBC-specific cytotoxic 

effects and act as radiosensitizers. This provides a therapeutic window where enhanced 

cytotoxic effects in TNBC can be achieved utilizing lower doses of IR and potentially 

sparing normal tissue in the process.  The effectiveness of AgNPPs as a radiation 

sensitizer may depend on the amount of AgNPPs that are internalized by the cell. It has 

been shown that gold nanomaterials enhance the effects of IR following internalization of 

the particles
53

. The elemental identity of the AgNPPs may also play a role in determining 

the success of AgNPPs as a radiation sensitizer. The effectiveness of spherical AgNPs as 

a radiation sensitizer has been compared to similar gold nanoparticles and was shown to 

enhance radiation treatment more effectively than gold nanoparticles 
51

. Our findings are 

consistent in showing that the use of AgNPPs can enhance the effectiveness of IR against 

TNBC cell lines in an AgNPP dose dependent manner, with no dose dependent 

radiosensitization observed in the non-tumorigenic cell line. Gold nanoshells with a 

plasmon resonance range in the NIR spectrum were used for photothermal therapy 

against breast cancer. These nanoshells were heated using an NIR laser and then exposed 
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to 6 Gy of IR
54

. This study showed that using a nanoparticle to induce hyperthermic 

temperatures sensitizes the cells to IR. We used an AgNPP formulation with a similar 

plasmon resonance range as the gold nanorods to introduce a photothermal therapy 

component to the proposed therapy and achieved a similar result, showing that the 

combination of hyperthermic temperatures and IR were most effective at reducing TNBC 

cell viability. 

Matching the plasmon resonance of the AgNPPs with the wavelength of a 

clinically available NIR laser that can pass through the biological optical window makes 

translation of AgNPPs into the clinic feasible. Utilizing lasers with NIR wavelengths 

provide a benefit compared to other lasers allowing PTT to reach deeper seeded tumors. 

Our data suggests that AgNPPs can be used to produce hyperthermic temperatures when 

exposed to a NIR laser, which further decreases the viability of TNBC compared to 

AgNPPs alone.  We also showed that the final temperature of the combination therapy 

can be controlled by changing by increasing the laser time.  This data is consistent that 

AgNPPs can be used to produce hyperthermic temperatures that reduce the viability of 

MDA-MB-231 cells without significantly affecting the viability of MCF-10A 
24

.   

Combining AgNPPs, PTT, and IR can be more beneficial than utilizing the 

components individually. There is the potential for dose reduction of each of the therapies 

when used in combination, which can decrease harmful side effects. In previously 

published research, gold nanoshells that can be used as a photothermal heat transducer 

have been shown to sensitize breast cancer cells to ionizing radiation 
54

. We used 

AgNPPs because of their TNBC specific cytotoxicity, which further reduces the viability 

than a treatment that relies on PTT and IR. We have shown that the combination therapy 
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can reduce the viability of the MDA-MB-231 TNBC cells beyond each of the single 

components without affecting the viability of the MCF-10A non-tumorigenic breast cell 

line. The combination is more lethal than any of the single components alone. This 

lethality can also be achieved with a lower concentration of AgNPPs, lower temperature 

from PTT, and a lower dose of IR. The combination also works to eliminate TNBC cells 

through separate modalities, which could limit the need to treat with multiple 

chemotherapeutics and improve efficacy and safety. Previous studies have shown that 

silver based nano therapeutics induce DNA damage, reactive oxygen species, and deplete 

antioxidants such as glutathione 
55

. IR induces DNA double strand breaks, and PTT 

disrupts cytoskeletal components
56

. Induction of cell death via multiple mechanisms 

decreases the likelihood of resistance to therapy 
57

, and therefore, our proposed multi-

modal therapy may provide advantages over current therapy and prevent the need of 

multiple chemotherapies for a similar effect.  

We have shown that this multi-modal therapy is effective in treating TNBC at 

doses that do not harm non-tumorigenic breast cells. Limitations for testing the efficacy 

of drugs in monolayer do exist, as no information can be obtained regarding 

pharmacokinetic and pharmacodynamic properties. However, the differential cytotoxicity 

observed suggest that in vivo studies are warranted. Additionally these AgNPPs offer 

unique engineering capabilities as the capping agent, size, and plasmon resonance can be 

altered to address any potential shortcomings in the biodistribution and pharmacokinetics 

of the particle identified via in vivo studies. This work which identified a commercially 

available AgNPP formulation with TNBC specific cytotoxic properties and the ability to 

act as PTT heat transducers and radiosensitizers provides the framework necessary to 
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develop a systemically deliverable therapy that minimizes the necessary dose of both 

cytotoxic agents and IR.  
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5.1 Abstract 

 Triple-negative breast cancer is an aggressive form of breast cancer that is highly 

metastatic and highly lethal. The lack of surface marker forces physicians to rely on 

surgical resection, ionizing radiation, and toxic chemotherapies, which can all have 

dangerous side effects. Super-paramagnetic iron oxide nanoparticles (SPIONs) are 

commonly regarded as safe MRI contrast agents. The superparamagnetism of these 

particles allows them produce heat when placed in an oscillating magnetic field. Some 

data suggests that these particles may have some toxic effects in cells. These toxic effects 

may be able to be utilized to treat TNBC if they are shown to be toxic against TNBC at 

doses that are non-toxic to healthy tissues. The nanoparticle formulation may also enable 

the SPIONs to function as an ionizing radiation sensitizer, which can further improve the 

chances of SPIONs working as a novel cancer treatment. This work assesses the 

cytotoxic profile of SPIONs in a panel of breast cancer cell lines, identifies 

concentrations and magnetic field conditions necessary to produce thermo ablative 

temperatures, and determines is SPIONs can function as ionizing radiation sensitizers.  

5.2 Introduction 

Triple-Negative Breast Cancer (TNBC) is a highly metastatic and lethal form of 

breast cancer that affects up to 20% of all breast cancer patients 
5
. Clinically, TNBC are 

the most difficult form of breast cancer to treat due to the absence of effective targetted 

immuno or hormonal therapies. Since there are no therapies against TNBC surgical 

resection, ionizing radiation, and chemotherapies are used
6
. However, these treatments 

offer little selectivity against TNBC. Treatment options that minimize invasive surgery 

and the use of toxic chemotherapies with severe off-target effects are necessary to create 
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a safer, more efficacious treatment of TNBC. Nanomaterials have grown to become a 

useful tool in the treatment and diagnosis of cancers and may provide a solution for the 

treatment of TNBC 
58

.  

Nanoparticles have become a versatile tool due to their diverse physicochemical, 

electrical, and optical properties. These properties can be tightly controlled through 

modifications to the particles elemental identity, surface coatings, size, and shape 
59,60

. 

Super paramagnetic Iron oxide Nanoparticles (SPIONs) are spherical nanoparticles with a 

molecular formula:  Fe3O4. At the nanoscale, the quantum properties of the SPIONs are 

more prominent, which allows each particle to exhibit a single magnetic domain, which 

enables them to react strongly to a magnetic field
61

. These nanoparticles are currently 

used clinically as a contrast agent for MRI and other imaging techniques but they may 

have other clinical uses 
62

. The strong dipole of the particles can be used to produce heat 

by placing SPIONs in an oscillating magnetic field 
63

. When the nanoparticle is placed 

into a magnetic field, the dipole of the SPION aligns with that magnetic field to minimize 

the particles energy state. Oscillating the magnetic field that the SPION is placed in will 

cause the SPION to rotate and realign with the magnetic field. The magnetic nanoparticle 

then produces heat through Neel and Brownian relaxations 
64

. Confining SPIONs inside 

of tumor can produce a highly concentrated deposit of SPIONs that could be heated in an 

oscillating magnetic field. There has been little data reporting the cytotoxicity of SPIONs 

but they are generally regarded as safe for use as contrast agents
65

. However, some data 

suggests that SPIONs can interfere with DNA replication through oxidative damage in 

lung cancer cell lines
66

.Cell cycle arrest in the G0-G1 check point has also been observed 

following treatment with SPIONs 
67

. These properties may be beneficial when used as a 
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way to treat TNBC. Recently, silver nanoparticles have been investigated for their ability 

to be selectively cytotoxic against TNBC at doses that are non-toxic to non-tumorigenic 

cells 
19

. Furthermore, formulations of silver nanoparticles that can be used as ionizing 

radiation (IR) or photothermal heat transducers are also being proposed to more 

effectively reduce cancer cell viability 
24

.Inducing cancer cell death, without harming 

normal cells, through multiple mechanism helps prevent recurrence of a resistant 

cancer
68

. We discovered that SPIONs are an ideal candidate for building a multi-modal 

therapy because they have a similar cytotoxicity profile as silver nanoparticles because 

they are already used in the clinic and have potential to be heated using an oscillating 

magnetic field. 

Based on current research regarding metallic nanoparticle toxicity against TNBC 

as well as their versatility as an ionizing radiation sensitizer and a photothermal heat 

transducer, we investigated the ability of 20 nm Polyvinyl pyrrolidone (PVP) coated 

SPIONs to be used in a multi-modal cancer therapy. We demonstrate that SPIONs are 

selectively cytotoxic against TNBC at doses that do not reduce viability in non-

tumorigenic cell lines by activating a cleaved PARP apoptotic pathway. We also show 

that SPIONs can be heated when they are placed in an oscillating magnetic field, and 

sensitize TNBC to ionizing radiation.  

 

5.3 Materials and Methods 

5.3.1 Materials  

 20 nm SPION capped with polyvinyl pyrrolidone were purchased as a dried 

powder (Nanocomposix, San Diego, CA, USA). SPIONs were resuspended in 1 mL of 
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Milli-Q type 1 water to yield a 50 mg/mL solution. The solution was placed in a glass 

vial and sonicated for 30 min in a bath sonicator. SPIONs were stored at 50 mg/mL in 

Milli-Q water at 4°C in the dark until needed for experiments. Prior to use in cell culture, 

one part of 10x phosphate buffered saline (PBS) was added to 10 parts SPION solution 

before dilution in cell media.  

5.3.2 Cell Culture 

MCF-7, MCF-10A, MDA-MB-231, BT-549, and SUM-159 cells were purchased 

from ATCC (American Type Culture Collection) (Manassas, VA, USA). MCF-7 cells 

were grown in DMEM/F12 supplemented with penicillin, streptomycin, l-glutamine, 10 

μg/mL insulin, 10 ng/mL epidermal growth factor, 0.5 μg/mL hydrocortisone, and 10% 

fetal bovine serum (FBS). MCF-10A cells were grown in DMEM/F12 supplemented with 

penicillin, streptomycin, 2 mM l-glutamine, 5% heat inactivated horse serum, 10 μg/mL 

insulin, 20 ng/mL epidermal growth factor, 0.5 μg/mL hydrocortisone, and 100 ng/mL 

cholera toxin. MDA-MB-231 cells were grown in DMEM supplemented with 10% FBS 

(vol: vol), 2 mM l-glutamine, penicillin (250 U/mL), and streptomycin (250 μg/mL) 

(from Invitrogen). BT-549 cells were grown in RPMI supplemented with 1% penicillin 

and streptomycin, and 10% FBS. SUM-159 cells were grown in Ham’s F12 

supplemented with 1% penicillin and streptomycin, 1% l-glutamine, 5% FBS, 5 μg/mL 

insulin, 1 μg/mL hydrocortisone, and 10 μM HEPES. HMLE_shGFP cells were grown in 

a 50/50 mixture of MEBM supplemented with MEGM SingleQuots and DMEM 

supplemented with 1% penicillin/streptomycin, 1% insulin, 0.5 µg/mL hydrocortisone. 

184B5 cells were obtained from Dr Martha Stampfer of the Lawrence Berkeley National 

Laboratory and cultured in M85 medium. This media is made up of 50% MM medium 



60 
 

and 50% bicarbonate-free supplemented MCDB170 supplemented with cholera toxin to a 

final concentration of 0.5 ng/mL, oxytocin to 0.1 nmol/L, and 0.1% AlbuMAX I 

(Invitrogen)
69

. Cells were grown in tissue culture-treated plastics purchased from Corning 

Life Sciences at 5% CO2 and 37°C (Lowell, MA, USA). 

5.3.3 UV-VIS Spectroscopy 

UV-Vis spectroscopy was used to characterize the SPION absorbance in water. 

The 50 mg/mL SPION stock solution was diluted to a concentration of 62.5 µg/mL in 

deionized water and the plasmon resonance of the SPION solution was read using a 

scanning wavelength UV-Vis spectrophotometer. 

5.3.4 Dynamic Light Scattering 

Hydrodynamic diameter and zeta potential in deionized water was determined 

using a Zetasizer Nano ZS90 (Malvern Instruments, Malvern, UK) using automatic 

settings at 25 
o
C. The refractive index of the dispersant was adjusted manually. SPION 

solutions were diluted to 62.5 µg/mL in water and placed in a plastic cuvette (Sarstedt, 

Newton, NC, USA). Each measurement was taken in triplicate and the results were 

averaged for the final hydrodynamic diameter and zeta potential.  

5.3.5 MTT Assay 

Non-tumorigenic MCF-10A, HMLE_sh GFP, 184B5, Luminal A MCF-7, basal-

like  BT-20, and TNBC MDA-MB-231, BT-549, SUM-159  cells were seeded at a 

density of  7 x 10
3
 cells per well  in 96-well plate (BD Falcoln) in complete media. The 

following day, cells were treated with increasing concentrations of SPIONs (0-100 

µg/mL) for 72 hours.  Cells were then washed in 1x PBS and medium containing 0.5 

mg/mL MTT was added to each well.  After sufficient incubation (0.5-1 hours) medium 
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was aspirated and the purple crystals were lysed with DMSO. A Molecular Devices 

Emax Precision Microplate Reader was used to measure the absorption at 595 nm and 

corrected for background at 650 nm.  Absorbance values were averaged and graphed 

relative to the no treatment control to give the relative viability of the cells after 

treatment.  

5.3.6 Clonogenic Assay 

 MDA-MB-231 and MCF-10A cell lines were plated at a density of 300 cells/ml in 

6-well tissue culture plates (BD Falcoln) in their appropriate medium and allowed to 

adhere overnight.  The following day cells were treated with increasing concentrations of 

SPION (0-50 µg/mL, in normal growth medium. After 72 hours, the cells were then 

washed with 1x PBS to remove SPIONs and media was exchanged every 72 hours. 

Fourteen days after the SPION treatment, the media was removed, the cells were washed, 

fixed with a solution of methanol, glacial acetic acid, and water (1:1:8 volume ratios, 

respectively). The cells were then stained with crystal violet and colonies of at least 50 

cells were counted.  

5.3.7 Flow Cytometry Apoptosis Analysis 

 MDA-MB-231 and MCF-10A cells were plated at a density of 7.5 x10
5
 in a 10 

cm petri dish (BD Falcon) and allowed to recover. Cells were then treated with 50 µg/mL 

of SPION or vehicle. After 72 hours, cells were washed twice with 1x PBS, trypsinized, 

and resuspended in their respective media. The cells were then pelleted by centrifugation 

at 320 rcf for 5 minutes. The cells were resuspended in ice cold PBS and pelleted again 

by centrifugation at 320 rcf for 5 minutes. The cells were again resuspended in 5 mL of 

ice cold PBS and counted by hand using a hemocytometer. One million cells were 
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removed and placed in a fresh tube and pelleted. The PBS was removed and the cells 

were resuspended to a concentration of 2 millon cells/mL in annexin V binding buffer. 

100 µL of cells for each condition was placed in an eppendorf tube and 5 µL of annexin 

V was added to each tube. The cells were incubated at room temperature for 15 minutes 

in the dark. While the cells were incubating, a solution of propidium iodide was prepared 

by diluting 5 µL of propidium iodide in 2 mL of annexin V binding buffer. Once the 

incubation was complete, 400 µL of the propidium iodide solution was added to each 

tube and the cells were analyzed by a flow cytometer.  

5.3.8 Western Blot Cleaved PARP 

 MCF-10A and MDA-MB-231 cells were treated with a sham or 50 µg/mL SPION 

in their respective media for 48 hours. Samples were then run on a 10% SDS PAGE gel 

and transferred to nitrocellulose at 100 V for one hour. Membranes were blocked in a 5% 

dry milk/ Tris-buffered saline (20 mM Tris base (pH 7.5)) that contains 0.1% Tween-20 

(TBST). Samples were then probed with anti-cleaved Poly ADP ribose polymerase 

(PARP) (1:1000; Cell signalling technology Danvers, MA) primary antibody overnight at 

4°C in 5% dry milk/ TBST solution and anti-glyceraldehyde 3 phosphate dehydrogenase 

(GAPDH) (1:1000; Cell signalling technology Danvers, MA) primary antibody overnight 

at 4°C in 5% bovine serum albumin (BSA)/TBST solution  The membranes were then 

washed in TBST and an anti-rabbit (1:3000; Cell signalling technology Danvers, MA) 

secondary antibody conjugated with horseradish peroxidase. An enhanced 

chemiluminescence detection system was used to develop the blot on CL XPosure film 

(Thermo scientific Waltham, MA) with a one minute exposure.  
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5.3.9 Magnetic heating of SPIONs 

 SPIONs were diluted into water to the desired concentration (0-2.5 mg/mL) from 

a 50 mg/mL stock.  Samples were then placed in an oscillating magnetic produced by the 

DM-100 (nB nanoscale Biomagnetics Zaragoza, Spain) at increasing oscillation 

frequencies (86-460 kHz) at the maximum magnetic field power allowed by the 

instrument. Temperature was measured using a FOT-L fiber optic temperature probe 

(OPSens, Quebec, Quebec, Canada). Samples were heated for 150 seconds of total time 

and approximately 120 seconds at the maximum magnetic field power. Temperature and 

magnetic field strength was plotted as a function of time. Final temperature at 150 

seconds was recorded for each concentration of SPIONs at each combination of 

oscillating frequencies. These temperatures were used to determine the optimal 

oscillation frequency and magnetic field strength for future in vivo experiments. Change 

in temperature was graphed as the temperature after a 150 second exposure in a magnetic 

field minus the initial temperature.  

5.3.10 Cytotoxicity of SPION plus Ionizing Radiation 

MDA-MB-231 and MCF-10A cell lines were cultured in their respective media at 

37°C in a  5% CO2 atmosphere, washed in PBS, trypsinized , and plated in a 6 well plate 

at a density of 300 cells per well in three replicates. Cells were allowed to adhere for 24 

hours and then were treated with 0, 3, or 6 µg/mL SPION in their respective media for 24 

hours. The media containing the SPIONs was removed and the cells were washed twice 

with 1x PBS and given 2 mL of fresh media. Ionizing radiation doses of 0-4 Gy were 

administered using an orthovoltage X-ray with a current of 10mA, voltage of 300kV, and 

a dose rate of 2.39 Gy/min. Cells were then returned to the incubator and the media was 
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replaced every three days. The cells were fixed after approximately two weeks with a 

1:1:8 (vol:vol:vol) solution of acetic acid:methanol:water. Cells were then stained with 

crystal violet and colonies of cells (>50 cells) were counted by hand. Data is reported as a 

percentage of clonogenic efficiency relative to the 0 Gy dose of IR for each SPION 

concentration.  

5.4 Results 

5.4.1 Physicochemical characterization of SPIONs 

 Physicochemical properties of nanoparticles can determine how the nanoparticle 

will behave when placed in a living system. Hydrodynamic diameter and zeta potential 

can be used to project clearance mechanisms from the body 
47

. One way to monitor how 

the nanoparticle reacts with the dispersant is to monitor the UV-Vis absorption. SPIONs 

were diluted into distilled water to a final concentration of 6.25 and their absorbance 

spectrum, size, and zeta potential was determined. The UV-Vis spectrum revealed a 

maximum absorption of approximately 0.8 at 350 nm (Figure 1a). Hydrodynamic 

diameter was determined using dynamic light scattering spectroscopy (DLS) and a 6.25 

µg/mL solution of SPIONs in distilled water. DLS analysis showed a monodispersed 

peak with an average hydrodynamic diameter at 23 nm (Figure 1b). Zeta potential was 

also determined using a 6.25 µg/mL solution of SPIONs in distilled water. The average 

surface charge of SPIONs suspended in distilled water was -35 mV with a broad range of 

surface charges (Figure 1c.).  
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Figure 1. Physicochemical characterization of SPIONs. a. UV-Vis absorbance spectrum 

of SPIONs (6.25 µg/mL) dispersed in water b.) Hydrodynamic diameter of SPIONs (6.25 

µg/mL) suspended in distilled water. c.) Zeta potential of SPIONs (6.25 µg/mL) 

suspended in distilled water.  

 

5.4.2 SPIONs are toxic to TNBC cells at doses that are non-toxic to other breast cell lines 

To  assess the cytotoxicity of SPIONs, we evaluated their effects on a panel of 

breast cells including  TNBC (MDA-MB-231, BT-549, and SUM-159), ER
+
/PR

+
 luminal 

A breast cancer (MCF-7), Basal-like (BT-20), non-tumorigenic (MCF-10A), and normal 

like (HMLE_shGFP). Cytotoxicity was quantified using a MTT assay of each cell line 

after treatment with increasing concentrations of SPIONs (0-100µg/mL) for 72 hours. 

Treatment with 25µg/mL SPIONs and above for 72 hours, significantly reduced the 

viability of all of the TNBC cell lines compared to the non-tumorigenic , normal like, 

luminal A and basal like cell lines (Figure 2A). Treatment of breast cancer cell lines 

causes dose dependent reduction in cellular viability in the TNBC cell lines while non-

tumorigenic, luminal A, and basal-like viability is not significantly affected. .  
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Cytotoxicity was also determined by assessing the effects of SPIONs on the long-

term proliferative potential of a TNBC (MDA-MB-231), and non-tumorigenic (MCF-

10A) cell line. Long-term proliferative ability of each cell line was assessed by treatment 

with increasing concentrations of SPIONs (0-50µg/mL) for 72 hours. After 72 hours, the 

SPIONs were washed followed by a two week recovery with fresh media given every 

three days. After two weeks, the cells were fixed and colonies of cells (>50 cells) were 

counted by hand. MDA-MB-231 cell viability was significantly reduced compared to the 

MCF-10A cell lines at concentrations of 1.56 µg/mL and above (Figure 2b).  There was 

no significant difference of viability between the two cell lines at concentrations lower 

than 1.56 µg/mL. This data further suggests that SPIONs are selectively cytotoxic to 

TNBC and not to non-tumorigenic cell lines. 

The pathway for cell death was also investigated to determine the effects of a 

SPIONs on TNBC (MDA-MB-231) and non-tumorigenic (MCF-10A) cell lines. MDA-

MB-231 and MCF-10A cells were treated with vehicle or 50µg/mL of SPION for 24 

hours followed by staining with Annexin V (AnnV) and Propidium Iodide (PI). The cells 

were then analyzed by flow cytometry to assess their apoptotic stages.  (Figure 2C). 

MDA-MB-231 saw a threefold increase of early apoptosis markers and a four-fold 

increase in late apoptosis markers following treatment with 50 µg/mL SPION while 

MCF-10A did not see a significant increase in either early or late apoptosis markers. Ann 

V/ PI flow cytometry analysis suggests that SPIONs induce apoptosis in TNBC cells 

without inducing apoptosis in non-tumorigenic cell lines.  

To further elucidate the mechanism of cell death we performed a western blot 

probing for cleaved PARP, an indicator of apoptosis, in MDA-MB-231 and MCF-10A 
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cell lines treated with 50µg/mL SPION for 48 hours. After 48 hours, we probed for 

cleaved PARP using a monoclonal antibody. (Figure 2D).  Development of the western 

blot revealed a single band at 75 kDa, which is consistent with the molecular weight of 

cleaved PARP, in the MDA-MB-231 cells treated with SPIONs. MCF-10A cells did not 

show a band at the same molecular weight. The western blot supports that TNBC cells 

undergo apoptosis.  

 

Figure 2. Cytotoxicity of SPIONs a.) MTT assay of non-tumorigenic (MCF-10A, 

HMLEshGFP,184B5), ER
+
/PR

+
 Luminal A (MCF-7), Basal like (BT-20), and TNBC 

(MDA-MB-231, BT-549, SUM-159) treated with increasing concentrations of SPIONS 

(0-100µg/mL) for 72 hours. b.) Clonogenic assay of MCF-10A and MDA-MB-231 cell 

lines treated with increasing concentrations of SPIONs (0-50µg/mL) for 72 hours. c.) 

Annexin V vs. PI staining of MDA-MB-231 and MCF-10A cell lines treated with 50 

µg/mL SPIONs for 24 hours. d.) Western blot for cleaved PARP in MCF-10A and MDA-

MB-231 cells after treatment with 50 µg/mL SPIONs for 48 hours.  
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5.4.3 SPIONs can be heated to thermo-ablative temperatures in an oscillating magnetic 

field  

 SPIONs must exhibit a differential cytotoxicity and be capable to produce 

hyperthermic temperatures to be used as a triple-threat particle in the proposed therapy. 

To determine if the particles will be able to induce magnetic hyperthermia, solutions of 

increasing concentrations of SPIONs (0-2.5 mg/mL) were placed in an oscilating 

magnetic field and the change in temperature was measured as a function of time spent in 

the magnetic field. Magnetic field oscillation frequencies and strength were chosen based 

on the instruments pre-set specifications. Final temperatures were recorded after 150 

seconds of initiating the magnetic field.  There was an approximately 18°C increase in 

temperature observed in the 2.5 mg/mL sample (Figure 3a). No increase in temperature 

of the solution was observed in a 0 mg/mL concentration, indicating that SPIONs are 

necessary for the temperature increase. Observable temperature increases required 

SPIONs at concentrations greater than 0.5 mg/mL. There is a dose dependent increase in 

temperature of the samples at each magnetic field frequency and strength (Figure 3b). 

Samples placed in a 281 KHz, 232 Gauss magnetic field achieved a higher final 

temperature after 150 seconds in the oscillating magnetic field. Low oscillation 

frequencies (blue diamond) and weaker magnetic fields (purple x) reduce the SPIONs 

ability to heat the surrounding media at each concentration of SPIONs. This preliminary 

data shows that SPIONs can be heated in a controlled manner when placed in a magnetic 

field. These heating curves provide a foundation to design future in vivo heating 

experiments using magnetic hyperthermia.  
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Figure 3. Heating potential of SPIONs in water. Heating curves for SPIONs suspended 

in water and placed in a 300 Gauss 123 kHz oscillating magnetic field for 150 seconds. 

a.) Heating of 0 mg/mL SPIONs placed in a 300 Gauss magnetic field with an oscillation 

frequency of 123 kHz (left). Heating of 2.5 mg/mL SPIONs in a 300 Gauss magnetic 

field with an oscillation frequency of 123 kHz (right). b.) Heating curves of increasing 

SPION concentrations in water (0-2.5 mg/mL) under in multiple oscillating frequencies 

(86-460 kHz) at the maximum magnetic field strength for each setting. Change in 

temperature is plotted as the temperature at 150 seconds subtracted from the initial 

temperature.  

 

5.4.4 SPION cytotoxicity can be further enhanced with Ionizing Radiation 

 Silver nanoparticles have been reported to sensitize TNBC cells to IR in vitro and 

in vivo
19

. There are no clinically available nanoparticle radiation sensitizers for TNBC 

despite IR being a part of the standard of care for TNBC
50

. MDA-MB-231 and MCF-10A 

cell lines were treated with increasing doses of SPION (0-6 µg/mL) for 24 hours. The 

cells were then washed, given fresh media and exposed to increasing doses of IR (0-4 
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Gy). Radiation enhancement was assessed by clonogenic assay after an approximate 2 

week recovery (Figure 4). There was a minimal effect in the reduction of cellular 

viability in both the MDA-MB-231 and MCF-10A cell line at these doses of SPIONs 

without exposure to radiation. Combining IR with the SPION treatment resulted in a 

significant dose dependent decrease in cellular viability at 4 Gy of IR in the MDA-MB-

231 cell line. Under these conditions, MCF-10A did not show a dose dependent reduction 

in viability. Irradiation of MDA-MB-231 with 2 Gy of IR resulted in a significant 

decrease in viability between the 0 µg/mL and 6 µg/mL SPION treatment group. There 

was no observable effect in IR enhancement at IR doses below 2 Gy. Based on this data, 

SPIONs can act as a dose dependent radiation sensitizer in TNBC without exhibiting 

enhancement in non-tumorigenic cells at a dose of 4 Gy and can sensitize TNBC cells at 

even lower doses of IR.  
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Figure 4 Radiation enhances the effects of long term proliferation of SPIONs. Cells were 

treated with increasing concentrations of SPIONs (0-6 µg/mL) for 24 hours. The cells 

were washed and given fresh media followed by exposure to ionizing radiation (0-4 Gy). 

The media was then changed every three days for approximately 2 weeks. Proliferative 

potential was assessed by clonogenic assay a.) MCF-10A cells treated with increasing 

concentrations of SPIONs and exposed to 0-4 Gy of ionizing radiation b.) MDA-MB-231 

cells treated with increasing concentrations of SPIONs and exposed to 0-4 Gy of ionizing 

radiation  

 

5.5 Discussion 

The differential cytotoxicity against TNBC and the ability of SPIONs to sensitize 

TNBC cells to IR is promising for the use of SPIONs as a cancer therapy.  One of the 

major drawbacks of IR is that it is poor at discriminating between cancerous and healthy 

tissues, and can lead to severe off-target effects, such as ischemic heart disease 
39 .

Using 
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the radiation sensitizing properties of SPIONs in combination with their innate 

cytotoxicity against TNBC, may lead to a dose reduction of IR, which could spare the 

patient from off target side effects. SPIONs offer an opportunity for introducing 

hyperthermia therapy as well as the IR sensitization through magnetic hyperthermia. This 

work as well as other works have shown that SPIONs can generate high temperatures 

when placed in an oscillating magnetic field 
70,71

. A commonly proposed hyperthermia 

treatment involved the use of near infrared lasers to heat plasmonic nanoparticles that 

have been implanted in the tumor
72,73

. Heating with near infrared wavelength does allow 

for the light to penetrate the body deeper than other wavelengths because of its ability to 

pass through the body’s natural optical window. However, light penetration is still limited 

to a maximum of 3 cm
74

. While the use of photothermal therapies is limited by the depth 

of penetration of the near infrared laser, magnetic hyperthermia does not rely on photons 

reaching the nanomaterial. The shifting magnetic field, which spans the entire depth of 

the body, is responsible for producing heat. The heat that is produced from the 

photothermal therapy can then act as a radiation sensitizer, which may further reduce the 

dose of IR required to treat the tumor 
54

. I have shown in the previous chapter that 

combining of differentially cytotoxic silver nanoplates, photothermal therapy, and 

ionizing radiation can reduce the viability of TNBC cells beyond each of the individual 

components. This effect is observed without significantly affecting the viability of non-

tumorigenic cells.  

There are limitations of in vitro testing of SPIONs as a triple-threat particle, such 

as unknowns in the pharmacokinetic and pharmacodynamic profile of the SPIONs. It is 

also difficult to assess the combined effects of all three arms of the proposed therapy in 
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monolayer due to the high doses of SPIONs required to achieve hyperthermic 

temperatures. However, the differential cytotoxic profile, capacity for heating, and IR 

sensitization suggest that in vivo testing of the multimodal therapy is necessary to fully 

determine its efficacy. Furthermore, issues in particle stability, tumor localization, 

pharmacokinetics, or pharmacodynamics of the SPIONs can only be identified through in 

vivo testing. SPIONs offer the benefit of not relying on the particles plasmon resonance, 

which makes it easier to modify the surface coatings.  Addition of ligands to SPION 

surface has already been proposed to target leukocytes as a way to monitor inflammatory 

processes by MRI
70

. Similar ligand additions could work to help target cancerous tissues 

in vivo.  

The physicochemical properties of SPIONs give an opportunity for the 

development of a single particle based chemotherapeutic against TNBC. In this paper, we 

have shown that SPIONs exhibit properties necessary to build a multi-modal cancer 

therapy that utilizes differential cytotoxicity against TNBC sub-types, magnetic 

hyperthermia, and ionizing radiation sensitization. We have shown that MDA-MB-231 

TNBC cells are sensitive to SPIONs at doses that are non-toxic to non-tumorigenic MCF-

10A cells by inducing apoptosis through the cleaved PARP pathway. A similar 

cytotoxicity profile has been observed with other metallic nanoparticles
19

. This chapter 

has shown that SPIONs are capable of producing hyperthermic temperatures and can 

sensitize TNBC cells to ionizing radiation. However, more research is necessary to 

determine if SPIONs are a feasible candidate for the proposed triple threat therapy.  
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Chapter VI 

 Future Directions and Conclusions 

James J. Sears 

 

This chapter was composed by James J. Sears with editorial assistance from Ravi 

N. Singh  
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6.1 Future directions 

 One of the first steps for investigating these nanoparticles as a potential 

treatment for TNBC in a clinical setting requires in vivo studies to determine the 

pharmacokinetic and pharmacodynamic properties of these particles. We have shown that 

silver and iron oxide nanoparticles exhibit a differential cytotoxic profile against TNBC 

cell lines while sparing non-tumorigenic cells in vitro. These studies suggest that there is 

an intrinsic property of this type of breast cancer that can be selected for with silver and 

iron oxide nanoparticles. These experiments were performed in vitro and do not provide 

any insight into how the nanoparticles will behave in a living system. Using a living 

system also provides a more accurate representation of the efficacy of the proposed 

therapy.  In vitro studies provide an even coverage of every cell with the nanoparticles 

whereas cells at the center of a solid tumor are less likely to be exposed to the 

nanoparticle treatment. Another potential limiting factor is the body’s natural clearance 

mechanisms, which could remove the particles from the body before a sufficient 

concentration is achieved. Clearance mechanisms in the body may also prevent these 

nanoparticles from reaching the tumors site and limit the effectiveness of the treatment. A 

better understanding of the nanoparticle’s behavior in the body can only be gained from 

experiments in an animal model. An animal model can provide information necessary to 

develop dosing regimens, laser or oscillating magnet conditions, as well as IR conditions. 

Delivery of the NIR radiation and the IR in vitro required the IR to be administered after 

NIR exposure but an animal model would allow the two forms of radiation to be 

delivered to the tumor at the same time, which would be ideal to achieve further IR 

sensitization from heating. 
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Another important step is to determine the mechanism of the cytotoxic profile of 

these nanoparticles in the TNBC. Studies suggest that silver nanoparticles facilitate a 

cytotoxic response by increasing the concentration of reactive oxygen species (ROS) 

within a cell 
75

. TNBC and non-cancerous cells respond differently to elevated ROS 

levels through an unknown mechanism that can be exploited 
76

. Elucidation of this 

mechanism can provide insight into TNBC biology that can be useful to further optimize 

a silver based therapy. Determining the mechanism of action may also identify a marker 

that identifies a tumor as sensitive to silver or iron therapies as well as identify other 

cancer types that would be sensitive to a silver based therapy.  

Both nanoparticle formulations have properties that could be used in cancer 

imaging and diagnostics. AgNPPs have potential applications in tumor imaging through 

their strong light scattering property. Silver’s intense ability to scatter light makes it 

particularly useful in raman spectroscopy and microscopy applications 
77

. Silver 

nanoparticles have already been proposed as a raman enhancement agent for the detection 

of prostate cancer through peripheral blood draws in patients 
78

. It may be possible to use 

similar screening methods for other types of cancer. Raman imaging can also be done to 

perform in vivo imaging of sebaceous glands, which may provide AgNPPs with another 

method of being used in a clinical setting of identifying 
79

. 

AgNPPs with a plasmon resonance in the NIR spectrum could also be used as a 

photoacoustic imaging contrast agent. Emergence of photoacoustic imaging as a 

clinically viable imaging system provides AgNPPs an opportunity to be used in an in vivo 

imaging application. AgNPPs have not yet been investigated as a photoacoustic imaging 

contrast agent but gold nanorods, which also have an absorbance in the NIR spectrum, 
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have been shown to function as a contrast agent 
80

. Photoacoustic imaging works by 

irradiating the nanoparticle with light that can be effectively absorbed, which causes a 

rapid change in local pressure that releases ultrasonic waves that can be detected
81

. 

Typically a material that absorbs in the NIR window is used because of the increased 

penetrance of NIR light. AgNPPs have a plasmon resonance in the wavelengths typically 

used in photoacoustic imaging and may be found primarily in solid tumors due to the 

EPR effect,  making them an idea candidate for use as a photoacoustic contrast agent.  

SPIONs also need further evaluation through in vivo experiments. One of the 

major limitations of an in vitro assesment of SPIONs as a magnetic hyperthermia heat 

tranducer is the high concentration of SPIONs required to generate hyperthermic 

temperatures. While the concentration is too high for evaluation in cell culture, the same 

dose could be used in an intratumoral injection. I have shown that SPIONs are able to 

perform each arm of the proposed therapy individually but was unable to assess the 

effects of a combination SPION based therapy. SPIONs also showed a differential 

cytotoxic profile against TNBC without reducing the viability of non-tumorigenic cells. 

Experiments to determine the mechanism are necessary to identify if there are other 

cancer subtypes that would be sensitive to a SPION based therapy.   

 SPION formulations have already been identified as a potential magnetic 

resonance imaging (MRI) contrast agent that can be used to provide guidance of 

treatment and help diagnose certain diseases, such as prostate cancer 
82

. SPIONs help 

improve image resolution by altering the relaxation time of water molecules near the 

nanoparticle, which allows a physician to identify the localization of the tumor 
83

. The 

SPIONs that were used in these experiments have the same superparamagnetic properties 
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that are necessary for an MRI contrast agent. The addition of imaging to the treatment 

could allow for realtime monitoring of the treatment and a direct visualization of the any 

progress. MRI imaging of the tumors would also help control the temperature of the 

tumor through MRI thermometry 
84

. MRI can be used to monitor temperature of the 

tumor and local tissues when placed in the magnetic field to prevent off target ablative 

temperatures from being reached, which would improve the safety of the therapy.  

   

6.2 Conclusions 

 As nanotechnology continues to grow in the medical field, challenging medical 

issues, such as TNBC may be resolved. Nanomaterials provide a foundation with 

interchangeable parts that can be easily modified to maximize the effectiveness of the 

nanomaterials as a treatment or diagnosing agent. Nanomaterials are not limited as a 

standalone cancer therapy. Their versatility allows them to be used in drug delivery 
85

, 

mediate localized hyperthermia 
86

, or be used as an imaging agent 
87

. TNBC is a major 

clinical problem that requires an aggressive treatment course and may benefit from a 

nanoparticle formulation that induces cell death through multiple mechanisms. A therapy 

built around the differential cytotoxicity of AgNPPs that can be heated with a NIR laser 

and selectively sensitize cancerous cells to ionizing radiation may be the aggressive 

treatment that helps reduce the tumor burden of patients with TNBC. This work has laid 

the foundation for an AgNPP triple-threat therapy that is cytotoxic against TNBC and not 

non-cancerous cells. In this work I have shown that the unique properties of AgNPPs can 

be utilized in a cancer treatment that facilitates cancer cell death through selective 

cytotoxicity, cellular hyperthermia, and IR sensitization. The development of such a 
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therapy could reduce the doses of harmful cytotoxic agents and ionizing radiation 

necessary to eliminate cancerous breast tissue. This approach would be minimally 

invasive and potentially more efficacious than use of a cytotoxic agent alone. PVP coated 

AgNPPs would serve as the core of this therapy because: i.) They are capable of 

promoting apoptosis in TNBC cells but not in non-tumorigenic cells, ii) they can be 

heated in physiological solutions to produce ablative temperatures, iii) they sensitize 

TNBC to IR without increasing the effects in non-tumorigenic cell lines. I have also 

shown that a therapy that utilizes each of these treatments is more effective than each 

individual component on their own in TNBC cells with no increased damage to non-

tumorigenic cells. This work accompanied by previous works 
19

 highlights the 

importance of silver as a selective cytotoxic agent against TNBCs and that this property 

is size and shape independent. This work shows that the use of AuNPs does not provide 

the same selectivity for TNBC cell lines as silver nanoparticles (See appendix). 

Triangular AgNPPs coated in silica (See appendix), PVP, or chitosan, can all produce 

hyperthermic responses but only silica coated AgNPPs and PVP coated AgNPPs have the 

colloidal stability in biological solutions to produce ablative tissues.  

 I have also identified SPIONs as another potential foundation for a multimodal 

cancer therapy based on the similar differential cytotoxic profile as silver nanoparticle 

formulations, its capacity to be heated in an oscillating magnetic field, and its ability to 

sensitize TNBC cells to IR. The discovery of another nanoparticle that exhibits a similar 

cytotoxic profile allows for more potential options for treating TNBC. One advantage of 

SPIONs is that they are generally considered safe and can be metabolized by the local 

macrophages and broken down 
88

. Another benefit to SPION magnetic hyperthermia does 
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not have the same issues with tissue penetrance that NIR light does because the therapy 

uses a magnetic field that can be applied throughout the entire body. Eliminating the need 

for penetrating photons could allow for this therapy to be used in other cancer types that 

are found deeper in the body cavity.  

Ultimately, more work on the ability of these particles to perform in a living 

system will need to be done. This thesis provides the springboard for future works by 

showing that a single nanoparticle can be used in multiple ways to reduce cancer cell 

viability. Building on this work may help to develop a system that eliminates cancerous 

cells from the body without the debilitating side effects from traditional chemotherapy 

and radiation therapy.  
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Appendix  

Differential Cytotoxicity of Other Noble Metal Nanoparticle 

Formulations 

James J. Sears 

Data from this section was included in a manuscript in preparation for submission by 

Jessica Swanner to titled: “A Mesenchymal Subset of Cancers with elevated ZEB1 is 

Sensitive to Low Doses of AgNP” 
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A.1 Introduction 

It has been shown in this thesis and in other works that AgNPs of different sizes 

and shape exhibit the same cytotoxicity against TNBC cell lines while sparing non-

tumorigenic cell lines 
19

. Another factor that may alter the toxicity is the surface coating 

of the particles.  Surface coatings, such as silica, can be applied to AgNPPs and may 

change the way that the particle interacts with the cells 
89

. These particles consist of an 

AgNPP core that is surrounded by a silica shell. While the bulk of the particle is silver the 

surface, which would come into contact with the intracellular components, is a thin layer 

of silica. Silica coated AgNPPs (Ag@SiNPPs) can be produced aon a large scale to 

possess a plasmon resonance in the NIR spectrum, which suggests they may be another 

candidate for a single particle multimodal therapy. In this section I investigate the 

cytotoxic profile of Ag@SiNPPs in a TNBC and a non-tumorigenic cell line. This pilot 

study will be used to show if silver has to be in direct contact with the intracellular 

components to be toxic to the TNBC cell line. .  

Gold nanoparticles (AuNPs) are another noble metal with nanoparticle 

formulations that are widely available and can be used in multiple medical applications, 

such as drug delivery
90

, PTT
91

, and can be used as an ionizing radiation sensitizer 
54

. 

Gold and silver are both noble metals that share a lot of chemical properties, therefore 

gold may also be a useful core to build a multi-modal cancer therapy around. There has 

also been published data on synthetic protocols that allow for control of the AuNPs 

surface plasmon resonance, which may allow it to be used in PTT
92

. Based on these two 

pieces of data, we wanted to investigate whether AuNPs shared the same selective 

cytotoxic profile as AgNPs. If AuNPs exhibit a similar profile at concentrations as 
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AgNPs more commonly available, AuNPs could also be used to design a single particle 

triple-threat therapy against TNBC. I investigated the toxicity of spherical AuNPs in a 

TNBC and non-tumorigenic cell line as an initial experiment to assess the ability of gold 

to replace silver in the proposed nanoparticle based therapy.   

We want to investigate these other nanoparticle formulations to expand the 

number of particles that can be used in a single particle therapy against TNBC Each of 

these particles have unique physicochemical properties that determine how they will 

interact within a living system.  There are limitations to in vitro testing, most notably the 

inability to assess that particles pharmacokinetic and pharmacodynamic interactions. 

Identifying multiple formulations for the development of a multi-modal cancer therapy 

through in vitro screens can help improve the probability of finding a particle that can be 

useful in a living system. In this section I identify Ag@SiNPPs as having a similar 

cytotoxic profile against TNBC while AuNPs are non-toxic to both cell lines.  

 

A.2 Materials and Methods 

A.2.1 Materials  

 Ag@SiNPPs were purchased in a 5 mM sodium bicarbonate solution form 

Nanocomposix (San Diego, CA, U.S.A.). Cells were treated with Ag@SiNPPs without 

purification from the sodium bicarbonate because the concentration of NaHCO3 is 

significantly lower than the concentration that exists in complete cell media.  PVP-coated 

gold nano powder from nanocomposix (50 mg of the nano powder) was resuspended in 1 

mL of distilled water and stored at 4°C in the dark until use. Solutions of 10µg/mL of 

AuNPs and Ag@SiNPPs were analyzed by UV-Vis and DLS as previously described. 
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A.2.2Cytotoxicity of Ag@SiNPPs and AuNPs 

Cells were cultured as previously described and treated with MDA-MB-231 and 

MCF-10A cell lines were treated with complete media that contains AuNPs (0-

500µg/mL) for 48 hours or Ag@SiNPPs (0-50µg/mL) for 72 hours. A longer time point 

with lower concentrations of Ag@SiNPPs was chosen to match the treatment period of 

the AgNPP plates and minimize the amount of Ag@SiNPPs used in the experiment. 

These concentrations were achieved by performing serial dilutions of the AuNPs and 

Ag@SiNPPs stocks in complete media for each cell line. The solution was made isotonic 

solution by supplementing the media with 10x PBS at a volume of one tenth of the 

volume of added AuNPs or Ag@SiNPPs. Cytotoxicity was assessed at the end of the 

treatment by MTT assay. 

A.3 Results 

A.3.1 Characterization of Ag@SiNPPs 

 UV-Vis analysis of 10µg/mL Ag@SiNPPs revealed a maximum absorbance peak 

at 894 nm and an absorption value of 1.0506 a.u. (Figure1a). This absorption value is the 

same as the PVP coated AgNPP, suggesting that these are the same particles that are 

coated in silica. DLS size analysis of Ag@SiNPPs showed an average diameter of 

112.8±0.5 nm (Figure1b). DLS analysis shows that the Ag@SiNPPs are approximately 

40 nm larger than the PVP coated AgNPPs, which is consistent with the addition of a 20 

nm silica shell around the particle. Zeta potential analysis of the Ag@SiNPPs showed 

that the Ag@SiNPPs had a surface charge of -24±0.6 (Figure 1c).  
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Figure 1. Characterization of Ag@SiNPPs a.) UV-Vis analysis of a 10µg/mL solution of 

Ag@SiNPPs in distilled water b.) Hydrodynamic diameter of Ag@SiNPPs (10 µg/mL) 

in distilled water. c.) Zeta potential of Ag@SiNPPs (10 µg/mL) in distilled water.  

 

A.3.2 Characterization of AuNPs 

 UV-Vis analysis of a 10µg/mL sample of AuNPs in water shows a maximum 

absorbance wavelength at 523.5 nm with a maximum absorbance of 0.8294 (Figure 2a). 

Size and zeta potential of AuNPs in water showed that the average hydrodynamic size of 

AuNPs is 36.19±0.3522, which is smaller than the  AgNPP used in this research but is a 

similar size to the AgNPs used in previous research (Swanner, et al. 2015) (Figure 2b). 

The average zeta surface potential was 20.±1.71 mV, which is also similar to previously 

published data on AgNPs (Figure 2c). 
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Figure 2: Characterization of gold nanospheres. a.) Uv-Vis absorbance spectrum of a 

10µg/mL solution of gold nanospheres in distilled water b.) Dynamic light scattering 

Spectroscopy of a 10µg/mL solution of gold nanospheres in c.) Zeta potential of gold 

nanoparticles diluted to a 10µg/mL in water.   

 

A.3.3 Cytotoxicity of Ag@SiNPPs and AuNPs 

 MDA-MB-231 and MCF-10A cell lines treated with increasing concentrations of 

Ag@SiNPPs (0-50µg/mL) for 72 hours. A MTT assay was performed to assess viability 

at the end of the treatment period. There is a significant decrease in the viability of MDA-

MB-231 cells at each dose of Ag@SiNPPs (Figure 3a). MDA-MB-231 show a dose 

dependent reduction of viability when treated with increasing concentrations of 

Ag@SiNPPs. MCF-10A cell lines do not see a decrease in viability at any concentration 

of Ag@SiNPPs. MTT conversion increases at low concentrations of Ag@SiNPPs by 

20% at a dose of 3.125µg/mL. MTT conversion returns to the same amount of the no 
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treatment control when treated with 50µg/mL Ag@SiNPPs. Treatment with AuNPs for 

48 hours did not result in a significant change in cellular viability by MTT assay at any of 

the concentrations of AuNPs (Figure3b). 

 

Figure 3. Cytotoxicity of Ag@SiNPPs and AuNPs a.) Cytotoxicity of silica coated silver 

nanoparticles in MDA-MB-231 and MCF-10A cells. Cells were treated with increasing 

concentrations of Ag@SiNPPs (0-50µg/mL) for 72 hours b.) Cytotoxicity of AuNPs in 

MDA-MB-231 and MCF-10A cells. Cells were treated with increasing concentrations of 

AuNPs (0-500 µg/mL) for 48 hours.  

 

A.4 Discussion 

  This section highlights that AgNPP formulations that vary in surface coating are 

also differentially cytotoxic against TNBC cells at doses that do not affect the viability of 

non-tumorigenic cell lines. I have shown that silica, PVP, and chitosan coated AgNPPs 

all exhibit the same selective cytotoxicity against MDA-MB-231 TNBC cells while 
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sparring MCF-10A non-tumorigenic cells. This data along with published data on 

spherical AgNPs suggest that the effects are also independent of the AgNPs size and 

shape 
19

. Having multiple particles that can be used as a multimodal TNBC therapy 

provides greater options when conducting in vivo experiments. Further testing is 

necessary to identify which particle formulation will be most efficacious and safe in a 

living system.    

Gold is an inert metal that is considered to be non-toxic at low doses, which 

enables it to be used in many medical settings 
90

. The UV-Vis analysis shows that these 

AuNPs will not function as a PTT heat transducer because of their surface plasmon 

resonance peak in the visible spectrum.  However, AuNPs can be easily manipulated to 

tune the surface plasmon resonance to the NIR spectrum and it has been shown to 

function as a photothermal therapy heat transducer as gold nanorods 
91

. AuNPs have also 

been shown to be an ionizing radiation sensitizer, which may also make it useful in a 

multi-modal therapy 
54

. While AuNPs have many uses in the clinic, they lack the 

differential cytotoxic profile that is the foundation of the single particle multimodal 

therapy. They may be useful in other biomedical applications and cancer treatments to 

improve drug delivery or control drug release rates.  
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Koffler Bruce H., MD, Sears James J. Myopia Control in Children through 

 Refractive Therapy Gas Permeable Contact Lenses: Is it for Real? 

 American Journal of Ophthalmology. 2013 Dec; 156(6):1076-1081 

 

Koffler, Bruce, MD, Sears James, Wohl Lisa, Forstot, Lance. Success Rate of 

 Incorporating Corneal Refractive Therapy into 3 Different Ophthalmology 

 Practices. Eye and Contact Lens: Science and Clinical Practice, 2016 Jan; 

 42(1): 74-79 

 

Completed Manuscripts In Preparation for Submission 

Sears, James, Swanner, Jessica, Fahrenholtz, Cale D., Eldridge, Brittany N., 

 Ingram, Kwone U., Levi-Polyachenko, Nicole, Singh, Ravi. In vitro 

 cytotoxicity of a silver nanoparticle based photothermal and ionizing 

 radiation therapy.  Expected submission date May 2017 

 

Swanner, Jessica, Tenvooren Iliana, Bernish, Brian W, Sears, James, Eldridge 

 Brittany N., Hooker, Allison, Fahrenholtz Cale D., Donati, George L., 

 Cook, Katherine L., Vidi, Pierre-Alexandre, Singh, Ravi. Silver 

 nanoparticles selectively treat triple negative breast cancer without 

 compromising non-cancerous breast epithelial cell homeostasis. Expected 

 submission date April 2017 

 

Awards and Recognitions 

2013:   Amelia Harrington Lively Endowment Scholarship for promising 

Chemistry student. 

2013: Kentucky Colonel for young community servant.  

 

Fellowship 

2016-Present:   Sigma-Xi Grants in Aid of Research  

 

Professional Memberships 

2012-2015: American Chemical Society, Centre College    

2016-Present: Sigma Xi Scientific Society 
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Clinical Experience 

2012-2015: Ophthalmic Technician (Koffler Vision Group, Lexington, KY) 

 I worked with patient’s on-on-one and performed basic ophthalmology  

  tests as part of the patient work up. I also collected the patient’s history of  

  present illness, past medical history, and social history.  

2012-2015: Shadowing (Koffler Vision Group and Retina Associates, Lexington, 

KY)  

I shadowed cornea and retina surgeons in the operating room.  

2017-Present: Shadowing (Wake Forest Baptist Hospital Family Practice,   

  Winston-Salem,NC) 

I shadowed family practice and observed how to manage day-to-day 

patient care as well as a procedure clinic. 

2017-Present:  Shadowing (Wake Forest Baptist Hospital Department of   

  Endocrinology, Winston-Salem, NC) 

 I shadowed an endocrinologist and learned how to treat and maintain 

 patients with diabetes as well as rare pituitary tumors. 

2017-Present: Shadowing (Wake Forest Baptist Hospital Department of   

  Hematology and Oncology, Winston-Salem, NC) 

 I shadowed a Hematologist/Oncologist and learned how to manage a  

 treatment regimen in patients with multiple blood cancers. 

 

Teaching Experience 
 2012-2015: Laboratory Teachers Assistant (Centre College, Danville, KY)  

I worked as a teacher’s assistant for organic chemistry I and II (CHE 241 

and 24). I set up laboratory equipment, assisted students in performing the 

laboratory activities, and evaluated the students quizzes and presentations. 

The directors of the course were Joe Workman, Kerry Paumi, and Jennifer 

Muzyka. 

 

Volunteer Service 

 2016-2017: Interfaith Council (Chapel Hill, NC) 

  I worked with a group of people to plan, prepare, and serve breakfast at  

  the men’s community home on the first Saturday of each month. 

2016-Present: Wake Forest National Youth Leadership Forum (Winston-

Salem,NC) 

I worked with medical and graduate students to introduce high school 

students to a career in medicine. I also counselled the students on how to 

navigate college applications.   

 2016-2016: Project TEACH (Winston-Salem, NC) 

  Worked with medical and graduate students and taught mathematics to  

  students from a rural town in North Carolina.  

 2017-Present: DEAC free clinic (Winston-Salem, NC) 

  Worked the check-in desk at the free clinic operated by the Wake Forest  

  School of Medicine. 


