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ABSTRACT 

SILVER NANOPARTICLES ARE EFFECTIVE FOR THE TREATMENT OF CLAUDIN LOW 

BREAST CANCER AND OTHER MESENCHYMAL CANCERS WITH HIGH ZEB1 

EXPRESSION  

 

Dissertation under the direction of: 

Ravi N. Singh, Ph.D. 

Assistant Professor 

Department of Cancer Biology 

Wake Forest University School of Medicine 

 

 A woman’s lifetime risk of being diagnosed with breast cancer is approximately 

1 in 8, and it is estimated that over 40,000 women will die from BC in 2017. With advances in 

molecular profiling, breast cancer has been divided into 5 molecular subtypes (luminal A, luminal 

B, HER-2 overexpressing, basal-like, and claudin-low) that have distinct genetic aberrations, 

morphological features, prognoses, and therapeutic responses. Therefore, breast cancer should be 

treated with subtype specific therapies as these may provide the greatest therapeutic benefit. 

 Silver nanoparticles (AgNPs) are the most widely used nanomaterial, being 

exploited for their anti-bacterial and anti-inflammatory properties commercially and clinically. In 

pre-clinical studies, AgNPs have demonstrated anti-cancer properties in vitro and in vivo against a 

variety of malignancies. While concerns regarding the toxicity of AgNPs remain, the ability to 

tailor physicochemical characteristics including size, shape, charge and coating provides the 

opportunity to alter their toxicity profile for use as cancer therapeutics. Due to the enhanced 

permeability and retention (EPR) effect, nanomaterials selectively accumulate in tumors due to 
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leaky vasculature and poor lymphatic drainage, providing advantages over small molecule anti-

cancer therapies.  

 We examined the cytotoxic profile of AgNPs across the molecular subtypes of 

breast cancer, identified an AgNP that was suitable for systemic delivery, explored the 

mechanism of AgNP cytotoxicity, and identified a biomarker that is capable of classifying tumors 

across a variety of cancers that are sensitive to AgNP treatment. These studies have demonstrated 

that a therapeutic window exists for the use of AgNPs as a claudin low breast cancer (CLBC) 

specific therapy, and for a subset of mesenchymal cancers that can be identified by high zinc-

finger-E-box binding homeobox factor (ZEB1) expression. These studies identified underlying 

vulnerabilities in CLBC which allow AgNPs to selectively induce DNA damage, endoplasmic 

reticulum stress, redox imbalance, and eventually apoptotic cell death at doses that do not affect 

normal breast homeostasis. We have shown that AgNPs enhance cytotoxicity when combined 

with chemotherapy, ionizing radiation, and photothermal therapy. Furthermore, we demonstrated 

that AgNPs are safe and effective for the treatment of CLBC in vivo, suggesting that human 

clinical trials are conceivable.   

 

 

 

 

 

 

 

 



 

 

CHAPTER I 

GENERAL INTRODUCTION 

This unpublished chapter was composed by Jessica L. Swanner with editorial guidance from Ravi 

N. Singh.  
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I.1. Significance & Molecular Subtypes of Breast Cancer 

Approximately 1 in 8 women will develop invasive breast cancer in her lifetime, and it is 

expected that over 250,000 new cases of invasive breast cancer will be diagnosed in the United 

States (U.S.) in 2017 (cancer.org). While death rates from breast cancer have decreased over the 

years due to advances in early detection and targeted therapies, it is estimated that over 40,000 

women will die of breast cancer in the U.S. in 2017 (cancer.org). Breast cancer is a heterogeneous 

group of diseases comprised of several distinct molecular subtypes. These subtypes are 

characterized by differences in genetic mutations and morphological features, and thus respond 

differently to therapy 
1
.  Breast cancer subtypes were previously identified by hormone receptors 

such as estrogen and progesterone, and later the addition of the human epidermal growth factor 

receptor 2 (HER-2); however, with advances in molecular profiling, additional breast cancer 

subtypes have emerged. Initially, there were four breast cancer subtypes identified as luminal A, 

luminal B, HER-2 enriched, and basal-like, along with a normal breast like group 
2,3

. In 2007 

another breast cancer subtype was identified, claudin-low breast cancer (CLBC) 
4
.While hormone 

receptor and HER-2 status are often used clinically to identify treatments and prognoses for 

patients 
5
, each of these molecular subtypes has distinct molecular profiles, responses to therapy 

and thus, prognoses. Therefore, it is important to stratify breast cancers based upon molecular 

profiling in order to treat patients effectively and reduce the likelihood of resistance to therapies 

and recurrence.   

 Luminal A breast cancer has the best prognosis of the breast cancer molecular 

subtypes based upon both relapse-free and overall survival 
2,5

. This breast cancer subtype is 

characterized by expression of the estrogen and progesterone receptors, but is typically HER-2 

negative 
6
. Luminal A breast cancers are characterized by high expression of the luminal gene 

cluster showing features of mature luminal cells, low expression of the proliferation gene cluster 

2
, and are believed to be derived from differentiated luminal cells 

7
. This cancer subtype 
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demonstrates low expression of cancer stem cells/tissue initiating cells (CSC/TIC), and 

predominately expresses CD44
-/
CD24

+ 
markers 

8
. While these patients do not respond as well as 

other subtypes to chemotherapy, because these tumors are usually hormone receptor positive, 

these patients benefit from hormone therapy. Additionally, radiation therapy has been shown to 

be extremely effective against luminal A breast cancer 
9
.  

 Luminal B breast cancer is characterized by low expression of the luminal gene 

cluster and higher expression of the proliferation gene cluster compared to luminal A breast 

cancers. Like the luminal A breast cancers, luminal B breast cancers typically express the 

estrogen and progesterone receptors, but rarely express HER-2 
2
 and are believed to be derived 

from differentiated luminal cells 
7
. Overall survival for luminal B breast cancer patients is 

decreased and the risk of early relapse is increased compared to luminal A breast cancer patients. 

Luminal B tumors show decreased sensitivity to hormone therapy compared to luminal A tumors, 

as well as decreased sensitivity to chemotherapy compared to HER-2 enriched or basal-like 

tumors 
10

.  

  HER-2 enriched breast cancers comprise approximately 15-20% of all breast 

tumors, are typically hormone receptor negative, and express high levels of HER-2 
2,11

. These 

tumors are highly proliferative, have low expression of basal-related genes, have the highest 

amount of mutations 
5
, and are believed to be derived from the late luminal progenitor cells 

7
.  

HER-2 enriched breast cancers have a poor prognosis relative to luminal A breast cancers, as well 

as a higher risk of relapse. However, these patients do benefit from chemotherapy, and with the 

development and implementation of the anti-HER2 monoclonal antibody, trastuzumab, for HER-

2 enriched breast cancer, disease free survival has significantly improved 
12,13

. 

TNBC is an aggressive, heterogeneous subclass of breast cancer typically of basal origin. 

TNBC accounts for 15-20% of all invasive BC and is characterized by the lack of expression of 
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the estrogen receptor, progesterone receptor, and HER-2 
14

, which renders modern targeted 

therapeutics ineffective. Compared to other types of breast tumors, TNBC tumors present with a 

higher histological grade, have a greater likelihood of metastasis, and have a markedly decreased 

5 year survival rate 
14

. For treatment of primary TNBC, surgery, chemotherapy, and IR are all 

part of the standard of care.  TNBC can be further divided into two molecular subtypes: basal-like 

breast cancer and CLBC. 

Basal-like breast cancer makes up approximately 10-25% of all breast tumors, while 

composing up to 75% of TNBC. Majority of basal-like tumors lack p53 and retinoblastoma (RB), 

and are associated with BRCA1 (breast cancer gene 1) mutations 
11

.  Despite their name, basal-

like breast cancers are believed to be derived from the luminal progenitor cells identified in 

normal mammary development 
7
. Distinct from claudin-low breast tumors, basal-like tumors 

express at least three of the following cell-cell adhesion proteins: claudin 3, claudin 4, claudin 7, 

or E-cadherin 
15

 and thus, are less mesenchymal 
7
.  Additionally, basel-like tumors express 

cytokeratins 5, 6, or 17 and are positive for myoepithelial markers CK5/6 and EGFR (epidermal 

growth factor receptor) 
11

. Based on molecular profiling, this subtype is characterized by a high 

hypoxia signature, are highly proliferative and associated with poor outcomes 
11

.  

CLBC is the most recently identified subtype of breast cancer. It makes up 7-14% of all 

invasive breast cancers 
15

 and approximately one third of TNBC cases 
2
, but may also be non-

TNBC. CLBC is characterized by the low expression of the cell-cell adhesion proteins claudin-3, 

claudin-4, claudin-7, and E-Cadherin 
2
. These breast cancers portray hypoxia signatures and are 

enriched for genes for epithelial-mesenchymal transition (EMT) 
16

 and the immune response 
17

. 

CLBC is also characterized by  mammary stem cell signatures 
2,7

 as indicated by enrichment of 

CSC/TIC markers including CD44
+
/CD24

-
 
18

, and are believed to be derived from mammary stem 

cells 
7
.  Clinically, CLBC is associated with early age of onset, higher tumor grade, larger tumor 

size 
15

, frequent early relapse, and significantly worse overall survival when compared to luminal 
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A breast cancer patients 
2,17

.  Early evidence suggests CLBC tumors may be more resistant to 

neoadjuvant anthracycline/taxane-based chemotherapy compared to basal-like tumors 
2
. To date 

there are no CLBC specific therapeutic regimens available, and due to the CSC and EMT 

characteristics of this subtype, traditional chemotherapy and IR may be ineffective. The lack of 

effective treatment options identifies a need for the development of therapies that can target 

mesenchymal and stem-like cancer cells.  

I.2. Epithelial Mesenchymal Transition in Cancer 

The epithelial mesenchymal transition (EMT) is a process where cells lose their cell 

polarity, decrease cell-cell junctions, reorganize their cytoskeleton, and change their signaling to 

modify cell shape and gene expression allowing cells to become more mesenchymal 
19

. While 

EMT plays important roles in normal human development and wound healing 
19

, in cancer 

progression, induction of the EMT program is largely associated with tumor invasion, metastasis, 

recurrence and drug resistance 
20

. The metastasis cascade involves the EMT process which begins 

when cells lose their polarity and cell to cell junctions which can be identified by a decrease or 

complete loss of E-cadherin, claudins, and laminin 1 
20

. EMT can be stimulated by growth 

factors, cytokines, or hypoxia 
19

 causing cells gain a more motil phenotype characterized by 

increased expression of mesenchymal markers such as N-cadherin, vimentin, and fibronectin 
20

. 

The mesenchymal cells then invade the surrounding tissue and intravasate into the vasculature. 

Finally, the cancer cells extravasate from the vasculature, take on a more epithelial phenotype via 

the mesenchymal epithelial transition (MET), and colonize a distant site forming a metastatic 

lesion 
19

. Common sites of metastasis for breast cancer include the liver, lungs, brain and bone; 

however, sites of metastatic preference differ among the molecular subtypes. Basal-like and 

CLBC preferentially metastasize to the brain and lung 
21,22

, while HER-2 enriched breast cancer 

metastasizes to the liver 
21

. Both luminal A and B subtypes are slower and less likely to 



6 

metastasize, but bone metastases do occur in these patients 
21

. It is important to note that while 

EMT does play an important role in metastasis, not all cells that undergo EMT will metastasize.  

Master regulators of EMT which aid in the supression of the epithelial phenotype and 

induction of the mesenchymal phenotype include SNAIL, TWIST, and the zinc-finger-E-box 

binding homeobox factor (ZEB1) 
19,20

. High ZEB1 expression in several cancers, including breast 

23-25
, lung 

26-28
, and pancreatic 

29,30
, is associated with resistance to therapy, metastasis, and 

subsequently poor outcomes. ZEB1 can induce EMT via several proposed mechanisms. One 

mechanism of EMT is through transcriptional repression of E-cadherin which occurs via binding 

of ZEB1 to the E-box sequences in the promotor region of E-cadherin 
31

 leading to upregulation 

of mesenchymal markers such as N-cadherin and vimentin 
32

. Futhermore, inhibition of ZEB1 

utilizing RNAi is sufficient to increase E-cadherin expression 
33

. ZEB1 has also been shown to 

induce EMT by suppressing miRNAs 
34

.  

Additionally, ZEB1 has been shown to repress the epithelial splicing regulatory protein 1 

(ESRP1) which is necessary for the maintenance of the epithelial phenotype 
23,35

. ESRP1 controls 

the alternative splicing of multiple genes including CD44, in which the standard isoform (CD44s) 

is indispensable for EMT and is associated with breast cancer progression. ESRP1 expression is 

diminished during EMT of cancer cells 
36

, which corresponds with an increase in CD44s mRNA 

and a decrease in mRNA of the CD44 alternatively spliced variants (CD44v) 
37

. A self-

propagating feedback loop was described that identified the interplay of CD44s and CD44v 

isoforms, ZEB1, and ERSP1 (Figure 1). When cancer cells are in an epithelial state, ESRP1 

expression is high which can alternatively splice CD44, allowing the CD44v isoforms to 

predominate. However, when cancer cells begin to undergo EMT via stimulation by outside 

factors such as transforming growth factor-β (TGF-β), ZEB1 expression is increased which 

suppresses ESRP1, leading to decreased splicing of CD44. Therefore, the CD44s isoform 
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predominates, providing a positive feedback loop where ZEB1 expression remains high, and the 

cell maintains a mesenchymal phenotype independent of extracellular growth factors 
23

.  

 

Figure 1. The molecular link between ZEB1, ESRP1, and CD44v/CD44s. Cancer cells in an epithelial 

state have high expression of ESRP1and CD44v and low expression of ZEB1 and CD44s. When the cell is 

stimulated by extracellular factors such as HGF or TGF-β to undergo EMT, ZEB1 expression is increased 

which suppresses ESRP1. When ESRP1 is suppressed, alternative splicing does not occur, and the CD44s 

isoform predominates over the CD44v isoform. CD44s stimulates ZEB1 expression, forming a feedback 

loop where the mesenchymal/stem-like phenotype can occur without extracellular stimulation. (GFR: 

growth factor receptor; HGF: hepatic growth factor) 

 

Cancer cells which have undergone EMT share similar characteristics with CSC such as 

expression of CD44
+
/CD24

-
 populations and the ability to form mammospheres in breast cancer. 

Induction of EMT in mammary epithelial cells via TGF-β treatment produced CD44
+
/CD24

-
 

CSC-like cells 
38

. Furthermore, ZEB1 has been shown to induce stemness and therapy resistance 

29
. Therefore, there is a pressing need for the development of therapies that target cells which 

have undergone EMT including CSCs which contribute to recurrence and resistance to therapies.  
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I.3. Applications of Nanotechnology in Cancer 

Nanotechnology is technology utilizing materials that are have at least one dimension 

between 1 -100 nm. Over the years nanotechnology can be attributed with advancements in clean 

energy, computers and batteries, medical diagnostics and tissue engineering. Nanomedicine is a 

subset of nanotechnology that is used for diagnosing, treating, and/or preventing disease 
39

. 

Nanoparticles (NPs) used for nanomedicine can be composed of heavy metals (gold, silver, iron 

oxide, etc.), lipids for the formation of liposomes, carbon (fullerenes, single-wall or multi-wall 

nanotubes), or combinations of these materials. There are important considerations that must 

accompany the use of nanomedicine, as physicochemical properties (size, shape, charge, capping 

agent) directly affect the stability, biodistribution/clearance and cytotoxicity of the particles 
40,41

. 

Specific characteristics will vary depending on the use of the nanomaterial/ NP; however, this 

section will address the specifics necessary for consideration of nanomaterials used for cancer 

therapy.  

Size of the NP must be considered as it must be small enough (˂ 100 nm) to evade rapid 

clearance by the mononuclear phagocyte sytem, yet large enough (˃ 10 nm) to evade rapid 

urinary clearance 
41

. The charge/ζ-potential of nanoparticles has effects on stability in solution 

and therefore, storage conditions, uptake, and cytotoxicity. Highly positive or negative ζ-

potentials create repulsive forces between NPs increasing stability in solution and provide the 

capacity for long term storage 
39

. However, for systemic delivery and tumor intravasation, slightly 

negative to neutral nanoparticles are advantageous to avoid entrapment in the liver, the 

coagulation cascade, or protein corona formation on the NP surface from blood components 

leading to rapid clearance from circulation 
41,42

. Different coatings can be added for increased 

stability (polyethylene glycol (PEG)), targeting, or fluorescent moieties for tracking of NPs. It is 

important to note that changes in capping agents/coatings of NPs have the potential to affect the 
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size and the ζ-potential of the NP, which in turn can alter the biodistribution, stability, and 

cytotoxicity of the NP. 

 Advantages of NPs for cancer therapy compared to small molecules include the 

ability to increase circulation time and preferentially accumulate in the tumor due to the enhanced 

permeability and retention (EPR) effect 
40

. The EPR effect takes advantage of the poorly designed 

vasculature in tumors with large fenestrations allowing for NPs and macromolecules to 

accumulate to a greater degree than in normal tissue 
42

. NPs can be utilized as delivery systems 

for highly toxic chemotherapeutic small molecules and can carry large payloads 
43

. Due to their 

increased surface area, NPs have the capability to display increased densities of ligands for 

targeting which can increase affinity of the NPs for a particular target through multivalency 
43

, as 

well at ligands for tracking of NPs intracellularly and throughout the body. While targeting of 

NPs to receptors overexpressed on cancer cells appears promising, translation to the clinic has 

proven extremely difficult with only one targeted formulation, Ontak ®, being Food and Drug 

Administration (FDA) approved (excluding anti-body based drug conjugates) 
40

.  

 There are several nanotherapeutics in pre-clinical trials, however, only a handful 

of NPs have been successfully translated to the clinic. Majority of NPs in clinical trials are 

polymeric, liposomal, or nanocrystal NPs, but it is expected that more complicated formulations, 

as well as metallic and inorganic NPs will move into clinical trials in the future 
40

. Arguably the 

most common types of FDA approved NPs for cancer therapy are liposomal formulations of 

previously FDA approved drugs such as Doxil®, the liposomal formulation of doxorubicin, 

DaunoXome®, the liposomal formulation of Daunorubicine, and  Onivyde®, the liposomal 

formulation of irinotecan 
43

. These liposomal formulations improved upon their counterparts 

predominately by providing increased delivery to the tumor site. There have also been several 

polymeric, micellar, nanocrystal and metallic NPs FDA approved for cancer therapy 
40

. While 

there has been an increase in clinical trials involving nanomaterials for the treatment of disease, 



10 

FDA approvals have not significantly increased 
40

. This indicates that while NPs do provide some 

advantages over small molecules, the particles must be properly engineered based upon the 

physicochemical properties highlighted to be effective in the clinical setting.  

 

I.4. Silver Nanoparticles and Their Mechanism of Action Against Cancer 

Silver nanoparticles (AgNPs) are the most widely applied nanomaterial for both 

commercial and clinical biomedical applications. Due to their anti-bacterial properties, AgNPs 

have been adapted for use in disinfectants for aseptic environments, as surface coatings for 

neurosurgical shunts and venous catheters, and in bone cement. They have also been shown to 

enhance wound healing and improve skin regeneration 
44

.  Pre-clinical studies of AgNPs show 

that they possess cytotoxic activity toward a variety of cancer cell lines including breast 
45-47

, 

glioblastoma 
48-50

, cervical 
51

, liver 
52

, lung 
53

, and leukemia 
54,55

 cell lines.  The ability of AgNPs 

to act as radiosensitizers has been observed for the treatment of glioma 
48,56

, gastric cancer 
57

, and 

breast cancer 
58

. The unique interactions of AgNPs with light may offer additional possibilities for 

cancer imaging and diagnosis 
59

. To begin to explore the toxicity of AgNPs in humans, one study 

showed that two ingested doses of AgNP solutions over a 3-14 day period did not cause 

significant effects in metabolic, hematologic, or urinalysis measures 
60

. Little is known about the 

effects of systemic administration of AgNPs, but one study observed no dose limiting toxicities 

following a 28 day repeated intravenous delivery of AgNPs in rats, although transient effects on 

liver and immune cell function were noted 
61

. It is well documented that the cytotoxic properties 

of nanomaterials are dependent upon characteristics including size, charge and coatings, all of 

which affect the uptake 
39

. AgNPs possess a strong affinity for sulfhydryl (thiol) groups 
62,63

, and 

their physicochemical attributes can be easily tailored to produce different surface characteristics 

which are important for stability in physiological conditions and to aid in targeting 
64,65

. Therefore 

despite concerns regarding systemic toxicity, an optimal size and coating for AgNPs can be 
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determined to minimize off-target toxicity to surrounding tissues and increase localization of the 

particles to the tumor. 

Many cancer therapies, including ionizing radiation (IR) and cytotoxic chemotherapies 

induce cell death via DNA damage 
66-68

.  DNA double strand breaks (DSBs) are the most difficult 

types of DNA damage to repair 
67

. One of the earliest detectable signs of DNA DSBs is the 

phosphorylation of histone 2AX (γH2AX) at the serine
139

 residue, which occurs within minutes of 

DNA damage 
69

. DNA DSBs can be repaired by non-homologous end joing, when direct DSBs 

occur, or by homologous end joining, when replication associated DSBs occur 
68

. However, if 

significant DNA damage occurs that cannot be repaired, apoptosis occurs.  It has been shown that 

AgNPs also induce DNA damage in a variety of cancer cells leading to apoptotic cell death 

46,50,52,70,71
, and cells deficient in their capacity to repair DNA damage are more susceptible to 

AgNP toxicity  
72

. AgNP genotoxicity can differ based upon particle coating 
73

, indicating that the 

ability to alter capping agents of AgNPs provides an advantage to tailor DNA damage induction 

to different cell types.  

Oxygen free radicals occur due to aerobic metabolism and respiration, both of which are 

normal processes necessary for cell survival. Additionally, many chemotherapeutics as well as IR 

lead to the production of reactive oxygen species (ROS). If ROS production exceeds the capacity 

of the cell to suppress excess ROS, oxidative stress occurs and causes damage to cellular 

macromolecules most notably DNA and lipids 
74,75

. Cell survival is then dependent upon the 

cell’s ability to adapt to the stress and repair or remove molecules or organelles damaged by ROS 

76
. Because cancer cells are dividing at an increased rate, their ROS production is also increased. 

Cells contain small molecule antioxidants such as vitamins C and E and glutathione (GSH) which 

act as ROS scavengers, as well as enzymatic antioxidants that neutralize ROS 
77

. GSH and 

enzymes of the GSH metabolic pathway play a significant part in redox regulated cell signaling 

and in the development of chemotherapy and radiation resistance 
78,79

. GSH is a glutamate-
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cysteine-glycine tripeptide sulfhydryl that accounts for up to 90% of the low molecular weight 

thiols in cells 
80

. Increased levels of GSH have been found in malignant cells when compared to 

non-malignant cells, and GSH mediated sulfation is an important resistance mechanism of breast 

and other carcinomas to chemotherapeutic drugs and radiation therapy 
78,79

. Nicotinamide adenine 

dinucleotide phosphate (NADPH) also plays an active role in mitigating oxidative damage by 

providing reducing equivalents for the regeneration of the reduced form of GSH and enzymatic 

antioxidants 
81

.  Furthermore, it has been shown that supplementation with antioxidants (N-

acetylcysteine and Vitamin E) accelerated progression of lung cancer in mouse models 
82

. 

Inhibition of sulfhydryl antioxidants represents an important clinical target for cancer 

therapy. However, inhibitors of GSH synthesis have failed in clinical trials due to lack of 

selectivity leading to systemic depletion of GSH and significant toxicity 
83

. Therefore, 

therapeutics that selectively depletes antioxidants in cancer cells may prove beneficial for the 

treatment of cancers with high antioxidant pools and those that overexpress enzymatic 

antioxidants. AgNPs have been shown to induce ROS in many cancers including cancers of the 

lung 
53

, blood 
54,55

, brain 
50

 and breast 
45,46,71

. Agents, such as AgNPs, that can increase already 

high basal ROS levels and deplete antioxidants necessary to mitigate ROS selectively in cancer 

cells, may prove extremely effective as cancer therapies.  

The unfolded protein response (UPR) is activated by the accumulation of unfolded 

proteins in the endoplasmic reticulum (ER). Unfolded proteins can occur due to nutrient 

deprivation, hypoxia, oxidative stress, or viral infection 
84

.  The goal of this response is to stop 

mRNA translation to decrease protein burden and to upregulate chaperone expression to properly 

fold the unfolded proteins 
85

. While short term ER stress can be overcome via activation of pro-

survival pathways, long term exposure to ER stress lead to induction of pro-apoptotic pathways 

86
. There are three arms of the UPR which are localized to the membrane of the ER: protein 

kinase RNA-like ER kinase (PERK), inositol requiring enzyme 1 (IRE1) and activating 
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transcription factor-6 (ATF6) 
84

. 78 kDa glucose-regulated protein/binding immunoglobulin 

protein (GRP78/BiP) is a negative regulator of the IRE1α and PERK arms that bind to the 

lumenal domains to prevent dimerization when the cell is not stressed 
85

. When unfolded proteins 

accumulate, PERK dimerizes, autophosphorylates, and activates eukaryotic translation initiation 

factor 2α (eIF2α) via phosphorylation (p-eIF2α). p-eIF2α attenuates translation and induces 

selective translation of chaperones via activating transcription factor-4 (ATF4). When IRE1 is 

released by GRP78 due to ER stress, IRE1 dimerizes, is phosphorylated by its kinase which leads 

to splicing of X-box binding protein 1 (XBP1) producing XBP1s. XBP1s acts as a transcriptional 

activator of many genes leading to an increase in chaperones and lipid synthesis for increased 

protein folding aptitude 
85

. When the ATF6 arm of the UPR is activated, it is translated to the 

golgi compartment, is cleaved by S1P/S2P, and the cleaved form translates to the nucleus where 

it transcriptionally activates genes involved in increasing chaperones and lipid synthesis 
85,86

. 

With all three of these arms of the UPR, if ER stress cannot be mitigated, the pro-apoptotic 

protein CHOP is synthesized and apoptosis occurs 
85

 (Figure 2).  

Endoplasmic reticulum (ER) stress is emerging as an Achilles heel for some cancers, 

particularly those with a mesenchymal phenotype 
84,87

 like CLBC. Specifically, mesenchymal 

cancer cells synthesize and secrete large amounts of matrix proteins such as fibronectin-1 and 

several of the collagens, which make them vulnerable to agents that induce ER stress 
84

. It has 

been shown that XBP1 is involved in progression and recurrence in TNBC 
88

, and GRP78/BiP 

may play roles in tumor progression, metastasis and resistance to chemotherapy 
89

.  Induction of 

ER stress is just beginning to be explored as a potential toxicity mechanism for engineered 

nanoparticles including AgNPs 
86,90

. There is some evidence to suggest that AgNPs degrade the 

ATF-6 arm of the UPR 
86

 and induce ER stress leading to activation of both the IRE1 and PERK 

arms of the UPR 
90

.  We propose that AgNPs selectively induce ER stress not only in CLBC, but 

also in other mesenchymal cancers including those that have undergone EMT.  
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Figure 2. The unfolded protein response (UPR). The UPR is composed of 3 arms, IRE1, ATF6, and 

PERK which are activated in the presence of unfolded proteins. BiP is the negative regulator of the IRE1 

and PERK arms. In the presence of unfolded proteins, BiP releases IRE1allowing it to dimerize, activate its 

kinase, and splice XBP1, which produces a transcriptional activator that leads to increased chaperone 

expression and lipid synthesis. When PERK is released by BiP, PERK dimerizes, autophosphorylates and 

activates eIF2α via phosphorylation inducing translation attenuation. p-eIF2α activates ATF4 which leads 

to increased chaperone expression. ATF6 is released from the ER and translates to the Golgi where it is 

cleaved by S1P/S2P, producing ATF6 p50 which increases chaperone expression and lipid synthesis. If ER 

stress cannot be mitigated, the pro-apoptotic protein, CHOP, is synthesized and apoptosis occurs. (ATF4: 

activating transcription factor-4) 

 

I.5. Enhancement of Ionizing Radiation Using Metal Nanoparticles 

Ionizing radiation (IR) is part of standard of care for majority of patients diagnosed with 

invasive breast cancer 
91

, as well as many other cancers where it is estimated that approximately 

50% of all cancer patients receive some type of IR 
66,67

. IR induces ROS which causes DNA 

damage, particularly DNA DSBs which are the most toxic and difficult to repair. If the DNA 

damage cannot be repaired, apoptotic cell death occurs 
67

. While IR has proved beneficial in 

reducing local recurrence in TNBC patients receiving breast conserving surgery 
91,92

, radiotherapy 
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is poor at discriminating cancerous and normal tissue and can have serious side effects such as 

secondary cancers, predominantly skin cancers and sarcomas, rib fractures, and brachial 

plexopathy 
93

. Agents that can be used to reduce the dose of IR necessary for the same therapeutic 

effect are attractive as they have the potential to aid in sparing normal tissue. Several cytotoxic 

chemotherapies, such as 5-fluorouracil, cisplatin, and gemcitabine, are used clinically and act as 

radiation sensitizers 
94,95

. 

Nanoparticles composed of high Z elements, predominantly gold and silver, have been 

exploited for use as radiation sensitizers due to their ability to scatter the IR generating secondary 

lower energy radiation. This causes the induction of free radicals which induce additional DNA 

damage 
96

 (Figure 3). Gold nanoparticles are some of the most widely studied NPs for their 

radiosensitizing properties, because these particles are relatively inert and biocompatible, enhance 

radiation, have increased circulation time compared to typically used low molecular weight 

contrasts, and can be modified to possess various shapes, sizes, and coatings 
97

. More recently, it 

has been shown that AgNPs provide a better IR dose enhancement when compared to gold 

nanoparticles 
98

. As with gold nanoparticles, AgNPs also can be modified in regards to size, 

shape, and capping agent, including targeting moieties, and demonstrate increased circulation 

time. AgNPs have been used to enhance IR in vitro and in vivo in glioblastoma 
48

 and breast 

cancer 
58,71

. Radiosensitizing effects of AgNPs have also been observed in vitro in lung cancer 
99

, 

gastric cancer 
57

, and hepatocellular carcinoma 
100

 cell lines.  

IR has proven beneficial for the treatment of many types of cancer, and is therefore, 

recommended for almost half of patients diagnosed with a wide variety of cancers 
66,67

. However 

the indiscriminate nature of IR and the potentially detrimental side-effects, indicate the pressing 

need for agents that can decrease the effective dose of IR. Several studies have demonstrated that 

AgNPs can act as radiation sensitizers against a variety of cancers and the ability to tailor these 

particles for specific needs suggests that AgNPs should be further considered for use as radiation 

sensitizers in the clinic.  
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Figure 3. Mechanism of radiation enhancement by metal nanoparticles. When a cancer cell containing 

metal NPs is exposed to ionizing radiation (IR), the IR interacts with the NPs generating secondary lower 

energy radiation. This energy can directly cause free radicals/ROS and Auger electrons which induce DNA 

damage.  

 

I.6. Overview 

Breast cancer is the most commonly diagnosed cancer in women in the U.S. excluding 

skin cancers. Breast cancer is a very heterogeneous group of diseases, and due to advances in 

molecular profiling, molecular subtypes have been defined that possess different genetic 

mutations, vulnerabilities and responses to therapies. Therefore there is increasing evidence that 

suggests that the different molecular subtypes should be treated as separate diseases for effective 

treatment regimens. TNBC is a poor prognosis group of patients that has limited therapeutic 

options as these patients do not benefit from hormone or anti-HER-2 therapy and no targeted 

therapies currently exist. TNBC can be further divided into basal-like and claudin-low molecular 

subtypes. Identification of underlying vulnerabilities in cancer cells can be utilized to develop 
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subtype specific therapies, and nanotechnology has the potential to be used to exploit these 

vulnerabilities. In this dissertation we demonstrate that a therapeutic window exists in CLBC for 

the use of AgNPs, which can be safely delivered systemically. We identified inherent 

vulnerabilities of CLBC cells which make them particularly sensitive to AgNP treatment. 

Furthermore, because CLBC contains characteristics of CSC/TIC and cells which have undergone 

EMT, we show that AgNPs are effective for the treatment of other cancers with mesenchymal 

phenotypes that can be identified by high ZEB1 and low ESRP1 expression, which are often 

resistant to both chemo- and radiotherapy.  
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II.1. ABSTRACT  

Identification of differential sensitivity of cancer cells as compared to normal cells has 

the potential to reveal a therapeutic window for use of silver nanoparticles (AgNPs) as a 

therapeutic agent for cancer therapy. Exposure to AgNPs is known to cause dose dependent 

toxicities including induction of oxidative stress and DNA damage which can lead to cell death. 

Triple-negative breast cancer (TNBC) subtypes are more vulnerable to agents that cause oxidative 

stress and DNA damage than other breast cancer subtypes. We hypothesized that TNBC may be 

susceptible to AgNP cytotoxicity, a potential vulnerability that could be exploited for the 

development of new therapeutic agents. We show that AgNPs are highly cytotoxic toward TNBC 

cells at doses that have little effect on non-tumorigenic breast cells or cells derived from liver, 

kidney, and monocyte lineages. AgNPs induced more DNA and oxidative damage in TNBC cells 

than in other breast cells. In vitro and in vivo studies showed that AgNPs reduce TNBC growth 

and improve radiation therapy. These studies show that unmodified AgNPs act as a self-

therapeutic agent with a combination of selective cytotoxicity and radiation dose effects in TNBC 

at doses that that are non-toxic to non-cancerous breast and other cells.  

 

Keywords: radiation sensitizer, glutathione, redox, chemotherapy 
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II.2. INTRODUCTION 

As the tools to produce, characterize, and manipulate materials on the nanometer scale 

have improved, new opportunities to apply nanotechnology for the diagnosis and treatment of 

cancer continue to emerge.
43,101,102

  Among nanomaterials, silver nanoparticles (AgNPs) are the 

most widely applied for both commercial and clinical biomedical applications.
103

 Preclinical 

studies on AgNPs show that they possess cytotoxic activity toward a variety of cancer cell lines 

including breast,
47,104,105

 glioblastoma,
48,106,107

 cervical,
108

 liver,
109

 lung
53

 and leukemia.
110,111

  The 

ability of AgNPs to act as radiosensitizers has been observed for the treatment of glioma, 
112,113

 

gastric cancer, 
114

 and breast cancer.
115

  The unique interactions of AgNPs with light may offer 

additional possibilities for cancer imaging and diagnosis.
116

  

Clinical translation of nanomaterials for cancer therapy has been hampered by concerns 

about the potential toxicity of engineered nanomaterials. However, the unique toxicity profiles of 

nanoparticles may also offer an opportunity to exploit specific vulnerabilities in cancer, provided 

that an appropriate disease target could be identified.
117,118

 In this case, the nanomaterial itself 

would act as the therapeutic agent. Exposure of cells to AgNPs has been reported to cause DNA 

damage and induce oxidative stress,
119,120

 and cells deficient in their capacity to repair DNA 

damage are more susceptible to AgNP toxicity.
120

 Breast cancer cells may be more sensitive than 

non-cancerous breast cells to agents that induce oxidative stress.
121-124

 Because breast cancer is a 

heterogeneous disease made up of multiple subtypes
125

 and resistance to established therapies and 

dose limiting toxic side effects frequently occur, new therapeutic agents are needed.  For the 

development of novel breast cancer therapeutics, attention must be paid to therapeutic efficacy in 

specific sub-types of the disease.
125

  

Triple negative breast cancer (TNBC) is an aggressive, heterogeneous subclass of breast 

cancer typically of basal origin, accounts for 15-20% of all invasive breast cancers and is 

characterized by low expression or lack of expression of estrogen (ER), progesterone (PR), and 

human epidermal growth factor receptors,
126

 which renders modern targeted therapeutics 
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ineffective.  Compared to other types of breast tumors, TNBC tumors present with a higher 

histological grade, have a greater likelihood of metastasis and the 5 year survival rate of women 

diagnosed with TNBC is markedly decreased.
126

 There is a pressing need for effective 

therapeutics to treat this form of breast cancer.  Due to defects in DNA repair pathways, TNBC 

may be more vulnerable to DNA damaging agents than other forms of breast cancer,
127

 and 

therefore may also be more susceptible to AgNP treatment. However, little is known about the 

relative effects of AgNPs or other nanoparticles on different breast cancer sub-types.  

Silver possesses a strong affinity for thiol groups, but the role intracellular thiols such as 

glutathione (GSH) play in AgNP induced damage remains unclear. Glutathione, a tripeptide thiol, 

plays a pivotal role in mitigating damage induced by cancer drugs, radiation, and various other 

pollutants and toxins.
128,129

 Silver can directly bind thiol antioxidants,
130

 and AgNP exposure can 

lead to depletion of GSH.
131

 Increased levels of GSH have been found in malignant cells when 

compared to non-malignant cells, and GSH mediated sulfation is an important resistance 

mechanism of breast and other carcinomas to chemotherapeutic drugs and radiation therapy.
78,132

. 

Understanding the role GSH plays in the detoxification of AgNPs may have important 

implications for future clinical applications of this material. 

 Based upon vulnerabilities to oxidative stress and DNA damaging agents,
127

 we 

hypothesized that TNBC would be susceptible to AgNP cytotoxicity which may offer an 

opportunity for therapeutic selectivity.  Additionally, it is unknown if the radiation sensitizing 

effects of AgNPs differ between cancer cells and non-cancerous cells.  Therefore, we examined 

the cytotoxicity of AgNPs in a series of cell lines including TNBC, luminal A breast cancer and 

cell lines derived from non-cancerous human breast tissue. Because thiol antioxidants contribute 

to breast cancer resistance to chemo- and radiation therapy, we determined the influence of GSH 

on the toxicity profile of AgNPs. Finally, we assessed the effects of AgNPs alone or in 

combination with ionizing radiation on DNA damage in vitro, and determined the anticancer 

efficacy of these treatments in a mouse model of TNBC.   
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II.3. MATERIALS AND METHODS 

Silver nanoparticles:  A powder of spherical silver nanoparticles (AgNPs) capped with 

polyvinylpyrrolidone (PVP, 0.2 wt%) with a nominal diameter of approximately 20-30 nm 

(SkySpring Nanomaterials, Inc., Houston, Texas) was used for all studies.  Nanoparticle 

dispersions were prepared by hydrating 20 mg of AgNPs with 10 ml of degassed Milli-Q (Type I) 

water in a 20 ml glass vial followed by 30 minutes of bath sonication. Nanoparticle suspensions 

were rendered isotonic by addition of one part in 10 of 10X Phosphate Buffered Saline (PBS) 

(Invitrogen, Carlsbad, California) prior to dilution in cell culture media.   

Cell culture:  184B5 cells were obtained from Dr. Martha Stampfer of the Lawrence Berkeley 

National Laboratory and cultured as previously described.
133

 MCF-7, MCF-10A, MDA-MB-231, 

HMEC, BT-549 and SUM-159 cells were purchased from ATCC (Manassas, VA).  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.  MCF-10A cells were grown in DMEM/F12 supplemented with penicillin, streptomycin, 2 

mM L-glutamine, 5% HI-HS, 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% fetal bovine serum (vol:vol), 2 mM L-glutamine, penicillin (250 

units/ml), and streptomycin (250 μg/ml) (all from Invitrogen). HMEC cells were grown in 

MEBM supplemented with 2.0 ml BPE, 0.5ml hEGF, 0.5 ml insulin, 0.5 ml hydrocortisone, and 

0.5ml GA-100 (all from Lonza).  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.  Cells were grown in tissue culture treated plastics 

purchased from Corning Life Sciences (Lowell, MA).  
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Dynamic light scattering: Hydrodynamic diameter and ζ-potential measurements were made 

using the Zetasizer Nano ZS90 (Malvern Instruments, UK) at 25 °C using automatic settings 

adjusting for the refractive index of the dispersant. The particles were diluted to 40 μg/ml and 1 

ml was added to a disposable, clear plastic cuvette (Sarstedt, Newton NC).  Each measurement 

was taken in triplicate.  

Nanoparticle tracking analysis: Measurements were made using the Nanosight NS500 ((Malvern 

Instruments, UK) at 25 °C. AgNP dispersions (2 mg/ml) were diluted 1:5000 in degassed Milli-Q 

(Type I) water. The following settings were used for triplicate measurements of five preparations: 

NTA software version 2.3; Camera Shutter: 32 ms; Duration: 90; Threshold: 6. 

Electron microscopy: Six hundred thousand cells per well were plated in 3 ml of media and 

allowed to recover for 24 h at 37°C.  2 wells on a 6-well plated were used for each cell line. One 

well of each cell line was treated with a 25 μg/ml AgNP dilution for 24 h at 37°C while the other 

well was used as a control.  Cells were washed twice with PBS, fresh media was added, and 

allowed to incubate for 30 min.  Cells were trypsinized, pelleted, washed three times with PBS, 

resuspended gluteraldehyde, and incubated at 4°C overnight. Cells were embedded in resin, cut 

and ultrathin sections (80 nm) were placed on copper coated formvar grids and imaged using a 

Tecnai Spirit transmission electron microscope (FEI, Hillsboro, Oregon). 

MTT assay: Cells were grown to log phase in their respective media, trypsinized, washed in PBS, 

and plated on 96 well plates at a density of 6000 cells per well in 200 μl of complete media.  Cells 

were allowed to recover for 18 h and were then exposed to AgNPs for 24 h. Media containing 

AgNPs was replaced with 200 µl of media containing 0.5 mg/ml MTT and incubated for 1 h at 

37°C. Media was removed and cells were lysed in 200 μl of DMSO and read using a Molecular 

Devices Emax Precision Microplate Reader at 595 nm and corrected for background at 650 nm.  

For GSH supplementation or depletion studies, 18 h after plating the cells in 96 well dishes, the 
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media was replaced with fresh complete media, complete media containing GSH, or complete 

media with buthionine sulfoximine (BSO) (Sigma-Aldrich, St. Louis, MO).  Cells were incubated 

overnight, and then the media was replaced with 200 μl of fresh, complete media containing 

increasing concentrations of AgNPs and viability was assessed as above.  

BrdU assay: Cells were grown, plated and exposed to AgNPs as described for MTT assays. The 

toxicity of the AgNPs was then evaluated using a commercial BrdU ELISA kit (EMD Millipore, 

Billerica, MA) according to the manufacturer’s instructions.  BrdU incorporation was quantified 

by measuring absorbance at 450 nm (correcting for background at 595 nm) using a Molecular 

Devices Emax Precision Microplate Reader.  

Clonogenic assay: Cells were grown to log phase in their respective media, trypsinized, washed 

in PBS, and plated on 6 well plates at a density of 300 cells per well and were allowed to adhere 

for 18 h. Increasing concentrations of AgNPs (0-100 μg/ml) were added to each well and 

incubated for 24 hours at 37°C. For each condition, 3 wells were used.  Cells were incubated with 

AgNPs with or without GSH or BSO for 24 h and then culture media was removed. The cells 

were washed with PBS and fresh media was added and replaced every 2-3 days. 14 days after 

plating, the cells were washed, fixed with methanol, glacial acetic acid and water (1:1:8 

vol:vol:vol), then stained with crystal violet. Colonies of at least 50 cells were counted by hand. 

All data are expressed as plating efficiency relative to the relevant control in the absence of 

AgNPs. 

Quantification of sulfenic acids: Cells were plated in 10 cm dishes at a density of 3x10
6
 per plate 

and were allowed to adhere for 18 h.  Cells were treated with 10 or 25 µg/ml AgNPs for 24 h at 

37°C.  The cells were lysed in 0.3 ml Triton lysis buffer (20mM Tris-HCl; 5mM EDTA; 1% 

Triton X 100; 1% Halt Protease & Phosphatase Inhibitor Cocktail (100X); pH 8.3) supplemented 

with 200 U/mL Catalase and 1 mM Biotin-1,3-cyclopentanedione (BP1). The lysates were 
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incubated on ice for 45 min followed by centrifugation at 10,000 x g for 10 min. Protein 

concentration was determined using BCA Assay (Thermo Scientific). The lysates were 

normalized for their protein concentration across different treatment conditions and analyzed by 

Western blot using anti-biotin, HRP-linked antibody (Cell Signaling). The Western blots were 

developed using Western Lightning Plus-ECL reagents followed by exposure to autoradiography 

film (Blue Ultra Autorad Film from GeneMate). 

Ionizing radiation treatment in vitro: Cells were plated as described above for clonogenic 

assays. Cells were incubated with AgNPs for 24 h then were washed with PBS and fresh media 

was added.  Ionizing radiation at doses of 0-4 Gy were administered using an orthovoltage x-ray 

source at a voltage of 300 kV, a current of 10 mA, and a dose rate of 2.39 Gy/min. Fresh culture 

media was added every 2-3 days. 14 days after plating, the cells were washed, fixed with 

methanol, glacial acetic acid and water (1:1:8 vol:vol:vol), then stained with crystal violet.  All 

data are expressed relative to the number of colonies counted for the each treatment condition in 

the absence of AgNPs. 

Quantification of γH2AX:  15,000 cells per well on eight 96-well black plates were plated in 200 

μl of media and allowed to recover for 24 h at 37°C. AgNPs were added to 4 wells per condition 

and incubated for 24 h at 37°C. Cell plates were irradiated using an orthovoltage x-ray source 

with the parameters listed above.  Quantification of γH2AX was performed using a commercially 

available ELISA kit (Quantikine, R&D Systems, Minneapolis, MN) according to the 

manufacturer’s instructions.  Plates were fixed and stored at 4°C in the fixing solution overnight, 

and then γH2AX labeling was performed and was quantified using a Molecular Devices Emax 

Precision Microplate Reader at an excitation of 540 nm and an emission of 600 nm.   

Animal handling: All animal studies were performed with prior approval from the Institutional 

Animal Care and Use Committee of Wake Forest University Health Sciences). Female nu/nu 
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athymic mice from Charles River Laboratories (5-8 wks old) were housed five per cage in 

standard plastic cages, provided food and water ad libitum, and maintained on a 12 h light/dark 

cycle.   

In vivo tumor regression study:  MDA-MB-231 cells were and harvested as described, then 

resuspended in a 1:1 mixture of ice cold PBS and Matrigel (BD Biosciences, San Jose, CA) at a 

concentration of 2x10
7 

cells/ml. One hundred µl (2x10
6
 cells) of the suspension was injected into 

the right hind flanks of the mice.  Tumor growth was monitored by calipers and volume was 

determined using the formula: volume = 0.52 x (width) x (length) x (width + length)/2 where 

length and width are the two largest perpendicular diameters. When the tumors reached an 

average volume of 111 mm
3
 (approx. 2 wks post-implant), mice were randomly divided into four 

groups of 5 to 8 mice. Control mice received no treatment; a second group received an 

intratumoral injection of 0.2 μg AgNPs/1 mm³ tumor volume; the third group received ionizing 

radiation (IR) (4 Gy) using an orthovoltage X-ray source at a voltage of 300 kV, a current of 10 

mA, and a dose rate of 2.39 Gy/min (assuming a flat dose distribution due to the small tumor 

size); and the final group of mice received a combination therapeutic regimen of intratumoral 

AgNPs followed by ionizing radiation (4 Gy) 48 hours later.  Three weeks later, each treatment 

was repeated.  The tumor was extended away from the body and mice receiving radiation were 

shielded by lead, excluding the tumor, to minimize irradiation of other parts of the body.   

Statistical analysis: Data were analyzed using Sigma Plot Software (version 12.0; Systat 

Software Inc, San Jose, CA). Unless otherwise noted, all the data are reported as the sample mean 

± the standard deviation (SD). Data series in figures 2, 4, 5, 6, 7, and 8 were analyzed by two way 

ANOVA and Student t-tests for subsequent post-hoc pairwise comparisons. Data in figure 7 were 

found to best fit a 2
nd

 order polynomial regression model.  
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II.4. RESULTS 

Physicochemical characterization of silver nanoparticles 

Initially, we determined the physicochemical characteristics of the AgNPs used for this 

study. A desiccated silver nanopowder made from AgNPs stabilized with PVP was selected due 

to the long shelf-life of AgNPs in this form and the potential for development of similar AgNP 

formulations for generation of “on demand” suspensions, an asset for future drug development.
134

  

Prior to use, AgNPs in the nanopowder were dispersed in deionized water at a concentration of 2 

mg/ml and characterized for size, shape, dispersion stability, zeta potential, and optical 

absorbance by transmission electron microscopy (TEM), dynamic light scattering (DLS), 

nanoparticles tracking analysis (NTA), and UV/vis spectroscopy respectively.  A minimum of 

five separate dispersions were used for each analysis to ensure reproducibility of the measured 

physicochemical characteristics.  Representative data from a single dispersion of AgNPs are 

shown in Figure 1, and data summarizing all of the samples are shown in Table 1.   

 

DLS 
Hydrodynamic 

diameter  

Polydispersity 

Index 
Zeta potential (mV) 

131±17 nm 0.46±0.04 -35.9 ± 7.8 Mv 

NTA 

Hydrodynamic 

diameter  

<150 

nm (%) 

<300 nm 

(%) 

<370 nm 

(%) Concentration 

113.5±13 nm 74±10 98±0.6 100 3.3 ± 1.1 x10
11

 particles/ml 

UV/Vis 

Peak 

absorbance 

   

411 nm 
   

Table I. Physicochemical characterization of silver nanoparticle (AgNP) dispersions. 
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Characterization of the particles by TEM indicated that they were generally spherical (Figure 

1A).  The size of the individual, dehydrated AgNPs was 23 ± 14 nm, though many appeared to be 

in clusters of 3-4 particles even after sonication (average cluster size of 78 ± 48 nm (Figure 1A).  

Similarly, DLS analysis of the hydrated particle suspension indicated a bimodal particle size 

distribution with peaks near 20 nm and 225 (average hydrodynamic diameter of 131±17 nm), 

confirming that the nanoparticles were present as both individual particles and as small 

aggregates in the dispersion (Figure 1B).   

DLS acquires data by detecting a “speckle” pattern of constructive and destructive 

interference of light scattered off of billions or more particles. Brownian movement of the 

particles will change the phase overlap of the scattered light causing the “speckle” pattern to 

fluctuate in intensity. The rate of change over time of the “speckle” pattern correlates with the 

particle velocities. The Stokes-Einstein equation can then be used to relate velocity to a 

hydrodynamic radius.  While DLS provides a powerful statistical analysis of the overall colloidal 

characteristics of particle dispersion, it does not provide information on individual particles in the 

dispersion. An analysis of individual, hydrated particle size and particle concentration can be 

obtained using Nanoparticle Tracking Analysis (NTA). However, NTA loses the statistical power 

of DLS since less than one thousand particles typically are characterized by NTA. In contrast to 

DLS, NTA directly tracks the Brownian movement of individual particles using a CCD camera to 

detect light scattered off of particles.  A diffusion velocity can then be determined for each 

particle. Like DLS, the Stokes-Einstein equation is also used to determine a hydrodynamic 

diameter. Size analysis by NTA was consistent with DLS and indicated that the majority 

(approximately 74%) of particles or particle clusters possessed a hydrodynamic diameter between 

30-150 nm with an average of 113.5 ± 13 nm (Figure 1C).  The ζ-potential of AgNPs in water at 

pH 7 was approximately -36 mV, indicating good colloidal stability. UV/Vis absorbance 

measurements show that the smaller sized particles (separated by centrifugation to sediment 

larger clusters) exhibited a plasmon resonance at 411 nm, which is in the expected range for 
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spherical silver nanoparticles less than 50 nm in diameter.  As shown in Table 1, the overall 

characteristics for the particle dispersions were highly reproducible despite the heterogeneity of 

particle size due to the presence of AgNPs aggregates. Particle dispersions were used within one 

month of preparation and were characterized again immediately prior to use.  In agreement with 

previous studies,
135

 aqueous dispersions of AgNPs showed no significant changes in particle 

properties including size, shape, ζ-potential, and absorbance characteristics when stored at 2 

mg/ml in degassed, Type I (Milli-Q) water at room temperature in the dark for up to one month.   

 

 

Figure 1. Physicochemical characterization of AgNPs. (A) Average cluster and particle size analyzed via 

TEM. (B) Hydrodynamic diameter of AgNPs (triplicate measurements) analyzed via dynamic light 

scattering (DLS). (C) Hydrodynamic diameter of individual AgNPs analyzed by nanoparticle tracking 

analysis (NTA). (D) Zeta potential of AgNPs analyzed via DLS (triplicate measurements). 
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Silver nanoparticles are cytotoxic to triple-negative breast cancer cells at doses that are non-

cytotoxic to non-tumorigenic breast cells.  

Exposure to AgNPs causes dose dependent toxicities including oxidative stress and DNA 

damage leading to cell death in several mammalian cell lines.
120,136

  Although the anticancer 

activity of AgNPs has been evaluated in several breast cancer cell lines in vitro
104,105

 and in 

vivo,
47

 differential effects of AgNPs in TNBC cells as compared to non-tumorigenic breast cells 

have not been shown.  Therefore, we evaluated the cytotoxicity of AgNPs in a panel of TNBC 

cell lines (MDA-MB-231, BT-549 and SUM-159) all of which exhibit features of claudin-low 

breast cancer,
137

 in ER/PR positive, luminal A-like breast cancer cells (MCF-7), in non-

cancerous, transformed breast cells (MCF-10A), immortalized human mammary epithelial cells 

(184B5),
138

 and in post-stasis human mammary epithelial cells (HMEC).
139

  

The cytotoxicity of AgNPs initially was evaluated by MTT assay following overnight 

exposure of cells to increasing concentrations of AgNPs (Figure 2A).   Depending upon AgNP 

dose, all three TNBC cell lines were 5-10-fold more sensitive to AgNP exposure than the non-

tumorigenic breast cells.  MCF-7 cells were also more sensitive to AgNP exposure than the non-

tumorigenic breast cells, but were less sensitive than the TNBC cell lines.  In figure 2A, AgNPs 

were significantly more cytotoxic toward all three TNBC cell lines as compared to all three non-

tumorigenic breast cell lines at a concentration of 10 µg/ml or greater (P <0.001) or MCF-7 cells 

at a concentration of 25 µg/ml or greater. 

We next assessed the cytotoxicity of AgNPs on a subset of cell lines by clonogenic assay 

(Figure 2B), which indicates the long-term proliferative capacity of a single cell and allows a 

longer period of time to track the response of cells after nanoparticle exposure (10-14 days in this 

study).  Once again, TNBC cells were far more sensitive to AgNP treatment.  An AgNP dose of 

10 μg/ml or greater proved acutely lethal (100% inhibition of clonogenic growth) to TNBC cells 

but had far less effect on MCF-10A cells (<20% inhibition of clonogenic growth). Additionally, 

MCF-7 luminal A-like breast cancer cells were more sensitive to AgNPs than the non-cancerous 
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breast cells, but they were less sensitive than TNBC cells to AgNP exposure.  Statistical analysis 

of differences in clonogenic growth shown in figure 2B indicated that AgNPs were significantly 

more cytotoxic toward all three TNBC cell lines as compared to MCF-10A cells at a 

concentration equal to or greater than 2.5 µg/ml (P <0.001) or vs. MCF-7 at a concentration equal 

to or greater than  5 µg/ml (P <0.05). Because the cells were exposed to AgNPs overnight and 

then thoroughly washed to remove any extracellular AgNPs, these long term effects on self-

renewal were observed without a need for continuous culturing in the presence of excess AgNPs.   

Following systemic administration, clearance of nanoparticles from the blood may lead to 

long retention times of AgNPs, and therefore significant concerns with regards to off-target and 

chronic toxicities remain.  As a step toward addressing these concerns, we determined the impact 

of AgNPs on TNBC, luminal A and non-cancerous breast cancer cell lines in direct comparison to 

transformed cells derived from tissues representative of likely clearance or scavenging routes of 

AgNPs following systemic administration including the kidney (HEK293), liver (HEPG2), and 

monocyte/macrophage (activated THP-1) cell lines using the BrdU assay to quantify DNA 

replication as an indication of cell proliferation.   As shown in Figure 2C, AgNPs once again 

were highly cytotoxic toward TNBC cells and were somewhat less effective in the treatment of 

luminal A-like MCF-7 cells.  All other cell lines were less sensitive to AgNP exposure, indicating 

that a dosing window may exist in which AgNPs are cytotoxic to TNBC cells without causing 

substantial damage to non-TNBC cells. Statistical analysis of differences in BrdU incorporation 

shown in figure 1C indicated that AgNPs were significantly more cytotoxic toward all three 

TNBC cell lines as compared to MCF-10A, 184B5, and HEK293 cells at a concentration equal to 

or greater than 50 µg/ml (P <0.05) or vs. all non-TNBC cell lines at a concentration of 100 µg/ml 

(P <0.05). 
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Figure 2. Cytotoxicity of AgNPs toward TNBC and non-TNBC cell lines. A-C, Relative viability of 

cells after 24 h treatment with AgNPs (0-100 μg/ml) normalized to untreated control. (A) Non-tumorigenic 

breast cells, TNBC cells, and luminal A breast cancer cells were treated with AgNPs and viability assessed 

via MTT assay. (B) Long-term proliferative potential was assessed via clonogenic assay in a subset of 

breast cell lines. (C) DNA replication was assessed via BrdU incorporation for a subset of breast cell lines 

and cells derived from the liver, kidney, and monocyte lineages. Data are presented as the means of 

triplicate samples ± SD and are normalized to control cells receiving no AgNPs. 

 

Uptake of intact silver nanoparticles is necessary for cytotoxicity in TNBC cells 

We confirmed by TEM that AgNPs were taken up intact by MDA-MB-231, MCF-7, and 

MCF-10A cells (Figure 3). No notable differences between cell lines in the number of cells 

taking up AgNPs were noted.  Following internalization, AgNPs were largely confined to 

endocytic vesicles in all three cell lines.  It is possible that Ag+ ions could be released during 

processing or storage of the nanoparticles without substantially changing the physicochemical 

characteristics of the particles.  However, release of Ag+ ions could influence the cytotoxicity 

profile of AgNPs.  Therefore, AgNPs were stored in water for two months, and Ag+ ions were 
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separated from the intact nanoparticles by filtration through a centrifugal size exclusion column.  

Dilutions of each fraction were prepared based upon the initial concentration of AgNPs added to 

the column and then MDA-MB-231 cells were treated with increasing doses of each fraction to 

assess cytotoxicity.  The results of this study demonstrate that the cytotoxicity was dependent 

upon exposure of cells to intact AgNPs and not due to Ag+ ions or other substances released 

during processing or storage of the nanoparticles (Figure 4A).  In a separate experiment, cells 

were treated with cytochalasin D, which will inhibit most forms of endocytosis, prior to adding 

AgNPs to MDA-MB-231 cells.  Inhibition of endocytosis using cytochalasin D antagonized 

AgNP cytotoxicity indicating that AgNP internalization was needed (Figure 4B). From these 

experiments, we conclude that the uptake of intact AgNPs is necessary for the cytotoxic effects 

and that Ag+ ions released during preparation or storage play little role in the cytotoxicity profile 

of the AgNPs used in these studies.  
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Figure 3. Uptake of AgNPs visualized by TEM. MDA-MB-231 (A, B, C), MCF-7 (D, E, F), or MCF-

10A (G, H, I) cells were incubated for 24 h with AgNPs (25 μg/ml). Ultrathin sections of cells were 

prepared and imaged by TEM. (A, D, G) TEM images taken at 1200x magnification  showing AgNPs 

taken up by all three cell lines (white arrows); (B, E, H) TEM images taken at 4800x magnification  

showing that AgNPs primarily localized to vesicles within cells following uptake; (C, F, I) TEM images 

taken at 49000x magnification  showing intact AgNPs in cell vesicles. 
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Figure 4. Cytotoxic effects of AgNPs are dependent upon uptake and internalization of intact AgNPs.  

(A) Intact AgNPs were separated from any Ag+ ions that may have been released during storage using a 

3,000 MWCO size exclusion column.  MDA-MB-231 cells were treated with dilutions of AgNPs (0-100 

μg/ml) or equivalently diluted filtrate prepared from the AgNP stock solution and 24 hrs later cell viability 

was assessed by MTT assay.  (B)  MDA-MB-231 cells were treated with AgNPs (0-100 μg/ml) for 24 h 

with and without a 10 μM treatment of the endocytosis inhibitor, Cytochalasin D, and viability was 

assessed via MTT conversion. Data are presented as the mean of triplicate samples ± standard deviation. 

 

Silver nanoparticles oxidize cysteine thiols in TNBC cells to a greater extent than in non-TNBC 

and non-cancerous breast cells  

Regulation of thiol oxidation is an essential post-translational process in normal 

physiology, and thiols can be easily oxidized to sulfenic acid (SOH) and other species under 

oxidative stress conditions.
140

 Quantification of protein-SOH in cells provides a sensitive means 

to measure oxidative damage. To assess the potential for AgNP exposure to generate protein-

SOH, we incubated MDA-MB-231, MCF-7 or MCF-10A cells with AgNPs at 10 or 25 µg/mL 

then probed for protein-SOH using a biotin-1,3-cyclopentanedione probe as previously 

described.
141

  This probe allows for selective detection of this oxidative modification under the 

cellular conditions in which SOH are generated.  As shown in Figure 5A, exposure of MCF-7 

cells to AgNPs causes dose dependent increases in protein-SOH, though to a lesser degree than in 

MDA-MB-231 cells. Little change in protein-SOH or cell death is observed in MCF-10A cells 

following exposure to AgNPs. In contrast, significantly more protein-SOH are generated in 

MDA-MB-231 cells than in MCF-7 or MCF-10A cells following exposure to 10 µg/ml of 
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AgNPs. At the 25 µg/ml dose, protein-SOH in MDA-MB-231 cells appears to be reduced 

compared to the 10 µg/ml dose. This dose caused approximately a 10 fold decrease in cell 

viability shown in Figure 2A, and therefore increased cell death may have contributed to the 

reduced level of protein-SOH detected for MDA-MB-231 cells treated with 25 µg/ml of AgNPs. 

Increased cell death in MDA-MB-231 cells following AgNP exposure was confirmed by a flow 

cytometry cell death assay based upon labeling dead cells with a fluorescent dye (dead cell 

discriminator) that is not taken up by live cells (Supplementary Figure S1).  AgNPs caused three-

fold more cell death in MDA-MB-231 cells as compared to MCF-7 cells at both the 10 µg/ml 

dose (11.76% cell death vs. 4.86% respectively) and the 25 µg/ml dose (21.63% vs 7.65%). In 

comparison, less than 1% of MCF-10A cells were dead at either dose of AgNPs. These results 

indicate that the oxidative modification of cysteine thiols induced by AgNPs in the triple negative 

MDA-MB-231 cell line is far greater than in MCF-7 or non-cancerous MCF-10A cells, which is 

consistent with the cytotoxicity profile of AgNPs in these three cell lines. 

Glutathione and enzymes of the GSH metabolic pathway play a significant part in redox 

regulated cell signaling and in the development of chemotherapy and radiation resistance.
132

  

Development of a basic understanding of the role GSH plays in the relative cytotoxicity and 

detoxification of AgNPs may be important for identification of possible resistance mechanisms to 

AgNP based cancer therapy.  Conversely, depletion of GSH can sensitize cancer cells including 

breast cancer to therapy.
129

  Therefore, we investigated the role GSH levels play in determining 

cell sensitivity to AgNPs using the clonogenic assay. Cells were pre-treated with 10 mM GSH or 

50 µM buthionine sulfoximine, a selective GSH synthesis inhibitor, overnight and then the 

culture media was replaced with normal media prior to AgNP exposure.  The toxicity of AgNPs 

was significantly reduced in MDA-MB-231, MCF-7, and MCF-10A cells following pre-treatment 

with GSH (Figure 5B-D). However, at AgNP treatment doses of 10 µg/ml or greater, exogenous 

GSH did not protect MDA-MB-231 cells, but continued to offer substantial protection for MCF-7 

and MCF-10A cells. Selective depletion of GSH by BSO resulted in increased AgNP toxicity in 
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all cell lines. Because of the high cytotoxicity of AgNPs alone in MDA-MB-231 cells, the 

increase in AgNP cytotoxicity observed in BSO treated cells is more modest than that observed 

for MCF-7 or MCF-10A cells. These results indicate that GSH levels can modulate the 

cytotoxicity of AgNPs, but neither addition of exogenous GSH nor inhibition of GSH synthesis 

had much effect on AgNP activity in the triple-negative MDA-MB-231 cells. This finding is of 

interest because increased GSH and GSH synthesis play a significant role in the resistance of 

breast cancer to chemo- and radiation therapy.
78,132

 

 

 

Figure 5. Quantification of protein SOHs following AgNP exposure and determination of influence of 

glutathione level on AgNP cytoxicity. (A) Generation of protein sulfenic acids was assessed by western 

blot in MDA-MB-231, MCF-7, and MCF-10A cells following overnight exposure to AgNPs at 0, 10 or 25 

μg/ml. (B-D) MDA-MB-231, MCF-7, and MCF-10A were incubated overnight in media supplemented 

with 10 mM GSH, or 50 μM BSO. The following day, fresh media containing increasing concentrations of 
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AgNPs (0-50 μg/ml) was added.  After overnight incubation, cells were thoroughly washed then provide 

fresh media. 10-14 days later, plates were stained with crystal violet and colonies were counted to 

determine clonogenic growth. (B) TNBC cells (MDA-MB-231 cells); (C) Luminal A breast cells (MCF-7), 

and (D) non-tumorigenic breast cells (MCF-10A).  Data are presented as the mean of six independent 

samples ± SD and are normalized to the untreated control receiving no AgNPs. Statistically significant 

differences in clonogenic growth (p<0.05) in pairwise comparisons between cells treated with AgNPs and 

GSH or BSO and cells treated with and equivalent dose of AgNPs alone are indicated by the *(p<0.05) or 

**(p<0.01). 

 

Silver nanoparticles cause DNA damage and increase the effects of radiotherapy in TNBC cells 

to a greater extent than in non-TNBC and non-cancerous breast cells  

Silver nanoparticles have been reported as radiation sensitizers for breast and other 

cancers,
112-115

 but despite significant differences in the underlying biology, the relative effect of 

AgNP-mediated radiosensitization on different breast cancer subtypes andr non-tumorigenic 

breast tissue has not been established. Therefore, we determined the sensitivity of MDA-MB-231 

cells, MCF-7 cells and MCF-10A cells to AgNP exposure alone or combined with ionizing 

radiation. Initially, we quantified the phosphorylation of histone 2AX (γH2AX), an early 

biochemical process that occurs in the chromatin micro-environment surrounding a DNA double-

strand break (DSB) (Figure 6).  Equal numbers of MDA-MB-231, MCF-7 and MCF-10A cells 

were exposed to AgNPs for 24 h then irradiated with a 4 Gy X-ray dose.  DNA damage was 

quantified 1 h following ionizing radiation exposure by γH2AX ELISA.  MDA-MB-231 cells 

were extremely sensitive to exposure to both 10 and 25 µg/ml of AgNPs and substantial γH2AX 

was detected.  Additionally, at 1 h post-irradiation both doses of AgNPs significantly increased 

γH2AX in MDA-MB-231 cells compared to radiation alone.  While γH2AX was found to 

increase in MCF-10A cells following AgNP exposure, and AgNPs significantly increased γH2AX 

in these cells compared to radiation alone. An intermediate response was observed in MCF-7. 

γH2AX induced by AgNPs alone (at both doses) or in combination with IR was significantly 

greater in MDA-MB-231s compared to MCF-10A cells (p< 0.05 for 10 µg/ml AgNPs alone, and 

p<0.01 for 10 and 25 µg/ml doses of AgNPs combined with ionizing radiation). γH2AX was also 
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significantly greater in MDA-MB-231s compared to MCF-7 cells at the 25 µg/ml dose of AgNPs 

alone (p< 0.05) or at both the 10 and 25 µg/ml doses of AgNPs combined with ionizing radiation 

(p< .01), These results indicate that AgNPs induced more DNA damage, with or without 

concurrent radiation treatment, in triple negative MDA-MB-231 cells than in luminal A, MCF-7 

or non-cancerous, MCF-10A cells. 

 

 

Figure 6. Quantification of DNA damage induced by AgNPs alone or in combination with ionizing 

radiation.  Cells were incubated for 24 h with AgNP (0, 10, or 25 μg/ml) then exposed to ionizing 

radiation (4 Gy). To determine the effect of AgNPs and ionizing radiation on DNA damage, 

phosphorylation of histone H2AX (γH2AX), which is indicative of DNA double strand breaks, was 

quantified 1 hr after irradiation using an ELISA kit.  (A) TNBC cells (MDA-MB-231s); (B) Luminal A 

breast cancer cells (MCF-7); and (C) non-tumorigenic breast cells (MCF-10A). Data are presented as the 

means of quadruplicate samples ± SD. Background fluorescence from cells not exposed to AgNPs or 

ionizing radiation were subtracted from all measurements. Statistically significant differences in γH2AX 

levels in pairwise comparisons are indicated by the *(p<0.05) or **(p<0.01).  

 

Next we determined the combined effects of AgNP exposure and ionizing radiation on 

triple negative MDA-MB-231 and BT-549 cells, luminal A MCF-7, and non-cancerous MCF-
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10A cells using the clonogenic assay.  Cells were plated at low density (300 cells/well) and 

allowed to adhere overnight and then were treated with AgNPs.  The following day, they were 

exposed to ionizing radiation using an orthovoltage X-ray source.  The data are presented as the 

surviving fraction of cells based upon clonogenic growth normalized to the plating efficiency of 

cells exposed to the relevant dose of AgNPs in the absence of ionizing radiation (Figure 7). 

Strikingly, an AgNP dose of as little as 1 μg/ml resulted in a dose enhancement of ionizing 

radiation treatment (approximately 2-fold at the 2 Gy dose) for the TNBC cell lines (MDA-MB-

231 and BT-549). Similar to the results shown in Figure 2, higher concentrations of AgNPs (5 

and 10 μg/ml) were extremely cytotoxic to the TNBC cell lines and the addition of ionizing 

radiation resulted in complete inhibition of clonogenic growth.  MCF-7 cells were also sensitized 

to ionizing radiation by AgNPs, but a 5-fold greater AgNP dose (5 μg/ml) was required to 

achieve equivalent effects to those seen in TNBC cells. For MCF-10A cells, an even higher 

AgNP dose of 10 μg/ml was required before dose enhancing interactions with ionizing radiation 

were observed. These results indicate that AgNPs can act as radiation dose enhancers for breast 

cancer in general, but are most effective and at lower doses for the treatment of TNBC cells.  

Moreover, these data provide evidence that a substantial therapeutic window may exist for the use 

of AgNPs to enhance radiotherapy of TNBC in the absence of effects on non-tumorigenic breast 

cells.  
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Figure 7. Quantification of cytotoxicity following treatment of cells with AgNPs and ionizing 

radiation.  MDA-MB-231, MCF-7, and MCF-10A cells were allowed to adhere overnight (300 cells/well).  

The following day, fresh media containing increasing concentrations of AgNPs (0-10 μg/ml) was added.  

After overnight incubation, cells were thoroughly washed then provide fresh media. Cells were then 

exposed to increasing doses of ionizing radiation (0-4 Gy).  The combined effect of AgNP exposure and 

ionizing radiation was assessed via clonogenic assay 10-14 days later  on: (A), (B) TNBC cells (MDA-MB-

231 and BT-549); (C)  Luminal A breast cancer cells (MCF-7); and (D) non-tumorigenic breast cells 

(MCF-10A). Data are presented as the mean ± SD of triplicate experiments and are normalized to cells 

treated with AgNPs in the absence of ionizing radiation. Data were found to best fit a 2
nd

 order polynomial 

regression model. In (A), a single colony (from 3 wells) grew in the MDA-MB-231 cells treated with 1 

µg/ml of AgNPs and 4 Gy of ionizing radiation. This data point was a statistical outlier and was excluded 

from analysis for the purposes of curve fitting. Statistically significant differences in clonogenic growth in 

pairwise comparisons between cells exposed to ionizing irradiation alone or AgNPs plus ionizing radiation 

are indicated by the *(p<0.05) or **(p<0.01).  

 

Silver nanoparticles with or without ionizing radiation are effective for the treatment of TNBC 

xenografts in mice  

To assess the anti-tumor properties of AgNPs in vivo, xenografts of MDA-MB-231 

breast cancer cells were grown in the flanks of nude mice.  One group of mice received no 

treatment, thus serving as the control for the experiment.  The second group received an 
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intratumoral injection of AgNPs (0.2 μg/mm
3
 tumor volume). The third group received ionizing 

radiation (IR) (4 Gy). The final group of mice received a combination therapeutic regimen of 

intratumoral AgNPs followed by ionizing radiation.  Three weeks later, each treatment was 

repeated.  To minimize irradiation of other parts of the body, mice receiving radiation were 

shielded by lead excluding the tumor located on the flank.  Treatment with AgNPs alone was 

equally effective as treatment with IR alone. The combination treatment of AgNPs and IR 

provided the greatest inhibition of tumor growth and resulted in a statistically significant decrease 

in tumor size as compared to untreated mice for all time points beyond day 26; however there was 

no statistical difference between the AgNPs+IR, AgNP alone, and IR only treatment groups 

(Figure 8).  

 

Figure 8. Treatment of TNBC xenografts in mice with AgNPs and ionizing radiation. Nude mice were 

inoculated with MDA-MB-231 cells on the flank.  Once tumors were established (approx. 100-120 mm
3
) 

tumors were left untreated or treated twice with AgNPs, IR, or AgNPs plus IR at the time points indicated 

with arrows.  Tumors were measured biweekly and tumor volume was calculated.  Statistically significant 

differences in tumor volume in pairwise comparisons between treated tumors and the untreated control are 

indicated by the *(p<0.05).  
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II.5. DISCUSSION 

With an ever increasing number of nanomaterials available to researchers to apply for 

potential oncology applications, the choice of which material to use for a specific type of cancer 

now is an important question.  The ability to control the unique toxicity profiles of different 

nanomaterials will allow us to exploit specific vulnerabilities in cancer cells in a highly selective 

manner.
117,118

 In support of this concept, recent studies have shown that gold nanoparticles alone 

can inhibit ovarian tumor growth and metastasis in mice.
22

 Additionally, several groups showed 

that AgNPs have anti-breast cancer activity,
47,104,105

 but concerns over the safety profile of AgNPs 

have limited their clinical translation. Exposure to AgNPs is known to cause dose dependent 

toxicities including induction of oxidative stress and DNA damage which can lead to cell 

death.
110,111,119,120

 Because TNBC subtypes are more vulnerable to agents that cause oxidative 

stress and DNA damage than other breast cancer subtypes,
127

 we hypothesized that TNBC may be 

susceptible to AgNP cytotoxicity, a potential vulnerability that could be exploited for the 

development of new therapeutic agents.  In agreement with this hypothesis, we observe that 

higher levels of protein-SOH and γH2AX are found in TNBC cells than in non-TNBC breast 

cancer cells or non-tumorigenic breast cell lines following AgNP exposure. Furthermore, we find 

that AgNPs are cytotoxic to TNBC cells at doses that have little effect on non-cancerous breast 

cells. 

No prior studies have directly compared the cytotoxicity of any engineered nanomaterial 

between TNBC and non-cancerous breast cells. In addition, few studies have directly compared 

the relative cytotoxicity of AgNPs on cancerous and non-cancerous cell types, though recent 

reports indicate that AgNPs may be approximately two-fold more cytotoxic toward acute myeloid 

leukemia as compared to normal bone marrow derived cells.
111

 For cytotoxic cancer therapy, 

identification of differential sensitivity of cancer cells as compared to normal tissue and cells has 

the potential to reveal a therapeutic window for safe use of AgNPs. We have used multiple 
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metrics including measurements of mitochondrial function (MTT assay), DNA replication (BrdU 

incorporation) and long term proliferative potential (clonogenic assay) to demonstrate that AgNPs 

are highly cytotoxic toward TNBC cells at doses that have little effect on non-tumorigenic breast 

cells or cells derived from liver, kidney, and monocyte lineages.  This provides a clear rationale 

for further development of AgNP-based therapeutics for TNBC, which opens an important new 

direction for the biomedical use of AgNPs.  

Silver nanoparticles have been reported to possess radiation dose enhancement effects.
112-

115
. However, no previous studies have compared the relative dose enhancement effects of AgNPs 

in cancerous and non-cancerous cells despite substantial differences in the underlying biology.  

Therefore, we assessed the effects of AgNPs on radiotherapy to determine if differences existed 

between TNBC, non-TNBC, and non-tumorigenic breast cells. Our results illustrate that at low 

doses (less than 5 µg/ml), AgNPs exhibit great cytotoxicity towards TNBC cells and work in 

combination with ionizing radiation to kill TNBC cells in the absence of significant cytotoxicity 

or radiation dose enhancement in non-cancerous breast cells. Moreover, intratumoral injection of 

AgNPs with or without radiation treatment can inhibit the growth of TNBC xenografts in mice. 

The potential morbidity of the treatment in mice was unknown and therefore a conservative 

treatment approach was selected. While these results are promising for future development of 

AgNPs as a therapeutic for TNBC, complete tumor regression was not seen for any of the 

treatment groups under the conditions tested. This may be due to a need to increase the AgNP 

dose to enhance in vivo efficacy and to improve the distribution of the nanoparticles across the 

tumor volume. Additional fractionated doses of radiation may also result in increased therapeutic 

efficacy. More detailed studies will be needed to optimize treatment regimens. Ideally, 

systemically administered formulations of AgNPs specifically targeted to TNBC cells will be 

developed.   

Promising results in mice already have been achieved with tumor targeted gold 

nanoparticles used as radiation sensitizers for cancer therapy (reviewed in
142

) and it remains to be 
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determined if AgNPs can improve upon these results. However, studies using gold nanoparticles 

as radiation sensitizers for breast cancer
143

 have required higher doses of the nanoparticles and 

radiation (approximately 800 µg gold nanoparticles and 11 Gy) to achieve similar therapeutic 

efficacy to what we have achieved in vivo using approximately 20 µg of AgNPs and a total dose 

of 8 Gy administered over two fractions. The low cytotoxicity and good biocompatibility profile 

of gold nanoparticles
142

 offer some advantages over AgNPs, but the selective cytotoxicity of 

AgNPs toward TBNC and the longer, safe clinical history of AgNP use are also significant 

considerations.  

Biological thiols can interact with AgNPs
130

 and GSH is the predominant form in which 

sulfur is stored in cells; therefore we focused on the interaction of AgNPs with GSH, though it is 

likely that other forms of organo-sulfur interact with AgNPs.  A previous report showed that cell 

lines exhibiting low GSH levels were more sensitive to AgNPs than those with a greater GSH 

content.
144

  In agreement with that study, we observe that selective depletion of GSH by BSO 

results in increased AgNP toxicity.  Interestingly, modulation of GSH levels in triple-negative 

MDA-MB-231 cells has only a small effect on the cytotoxicity of AgNPs.  This is quite striking 

when compared to the more dramatic influence of GSH modulation on AgNP cytotoxicity in 

MCF-7 and MCF-10A cells. However, in general, basal GSH levels are not clinically predictive 

of chemo- or radiation resistance in breast cancer and instead, it is the activity of enzymes 

involved in GSH synthesis, S-glutathiolynation, and GSH recycling that are more significant 

indicators of poor therapeutic outcome.
145,146

 Thus, differences in GSH flux rather than steady 

state levels may play a role in the relative sensitivity of cell lines to AgNPs, but more research is 

needed to determine the precise mechanism involved.   

The localization of AgNPs to vesicles (Figure 3) following uptake by breast cells 

suggests that direct interactions between AgNPs and protein or non-protein thiols may be limited. 

Using fluorogenic probes, multiple studies have shown that AgNPs increase the intracellular 

levels of ROS.
110,111,119,120

 While the levels of ROS are important for measuring generalized 
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oxidative stress and to assess potential cytotoxic effects of nanomaterials, it is oxidative damage 

to biomolecules that leads to cell death. Assessment of protein-SOH provides quantitative 

information on potential oxidative damage at a critical point from which altered cell signaling, 

regulatory and toxic outcomes may arise.
140

 We note a dose dependent increase in protein-SOH in 

MCF-7 following exposure to AgNPs but we observe far more protein-SOH in triple negative 

MDA-MB-231 following exposure to AgNPs at 10 µg/ml. However, lower levels of protein-SOH 

are detected in MDA-MB-231 cells treated with AgNPs at 25 µg/ml than following treatment 

at10 µg/ml. This may be due to cell death, as a decrease in DNA replication and mitochondrial 

activity were seen at higher doses of AgNPs in TNBC cell lines. Protein-SOH following AgNP 

exposure are found at far lower levels in MCF-10A cells than in both breast cancer cell lines that 

were tested, indicating that MCF-10A cells are able to tolerate AgNP-induced stress. 

The toxicity of AgNPs is dependent upon factors including particle size, shape, surface 

charge, and capping agent.
73,147-149

 The release of silver ions from AgNPs contributes to their 

cytotoxic potential,
150

 and it is believed that nanoparticle formulations of silver influence the rate, 

extent, location and/or timing of silver ion release,
151

 which leads to different biological activity 

as compared to other forms of silver. Because significant dissolution of AgNPs can occur during 

storage in aqueous environments, we elected to use a powdered formulation of AgNPs and 

generated suspensions as needed. Our data indicate that dissolution during processing or storage 

of the AgNPs used for our studies does not appear to contribute to their cytotoxicity, and uptake 

of intact AgNPs was necessary for the observed cytotoxic effects. However, future development 

of AgNP-based therapeutics for TNBC will require more work to optimize specific 

physicochemical properties of AgNPs to increase the therapeutic window for selective treatment 

of TNBC and to develop systemically deliverable formulations.  The detailed physicochemical 

analysis and dosing regimens of AgNPs, and the multiple viability and toxicity metrics presented 

in our work provide an important framework for these future studies. 
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II.6. CONCLUSION 

Breast cancer is the second leading cancer-related cause of death in women,
152

 and 

therefore significant effort is being made to develop new, nanotechnology based therapeutic and 

diagnostic agents.
43,101,102

 A disproportionate number of breast cancer deaths are attributable to 

TNBC subtypes,
153

, and there remains significant room to develop more selective, less toxic 

alternatives to the current generation of therapeutics for TNBC. The PVP-capped AgNPs used in 

our study may represent such an alternative. Silver nanoparticles induced more DNA and 

oxidative damage in TNBC cells than in other breast cells, and they were significantly less 

cytotoxic to cells involved in clearance of nanoparticles from the body (liver, kidney, and 

monocyte/macrophage) compared to TNBC cells. Enhanced cytotoxic effects due to the 

combination of AgNPs and ionizing radiation were observed at low concentrations of AgNPs in 

TNBC cell lines without a comparable increase in cytotoxicity observed in non-cancerous breast 

cells.  Intratumoral injection of AgNPs reduced TNBC xenograft growth and improved radiation 

therapy in vivo. These studies show that AgNPs have the capacity to act as a single, self-

therapeutic agent with a desirable combination of selective cytotoxicity and radiation dose 

enhancement effects in TNBC at doses that that are non-toxic to non-cancerous breast cells. 

When added with the possibility of developing AgNP-based imaging agents for cancer 

detection,
116

 these intrinsic properties of AgNPs and existing facile, scalable production 

capabilities makes this an attractive agent for future development of a targeted therapeutic agent 

for TNBC. 
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II.8. SUPPLEMENTARY MATERIAL 

Methods for Supplemental Figure 1. Cells were grown to log phase in their respective media, 

trypsinized, washed in PBS, and plated on 10 cm plates at a density of 1.25 X 10
6
 cells/well for 

control plates and 3.0 X 10
6
 cells/well for AgNP treatment plates in 13 ml of complete media. 

Cells were treated with 0, 10 or 25 μg/ml AgNPs diluted in 1X PBS for 24 h. Both adherent and 

non-adherent cells were collected. Sample preparation for flow cytometry-based cell death assay 

was performed using the Fixation and Dead Cell Discrimination Kit (Miltenyi Biotec, Bergisch 

Gladbach, Germany) according to the manufacturer’s instruction. Flow cytometry was performed 

using the Accuri C6 Flow Cytometer, and data was analyzed using the FCS Express software.     
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Supplementary Figure 1. Quantification of cell death following treatment with AgNPs. A flow 

cytometry cell death assay based upon exclusion of a fluorescent dye (dead cell discriminator) was used to 

determine viability of cells after 24 h of exposure to 0, 10, or 25 μg/ml of AgNPs. Representative flow 

cytometry plots of dead cell discriminator fluorescence vs. cell area (FSC-A) of singlet (A) MDA-MB-231, 

(B) MCF-7, or  (C) MCF-10A cells exposed to AgNPs are shown. Increased staining with dead cell 

discriminator is indicative of a lack of membrane integrity and cell death. Cells above the indicated 

threshold in each graph were considered dead while cells below the threshold were considered alive. The 

relative proportion of live or dead cells is shown as a percentage of total cells analyzed in each graph. At 

least 100,000 cells were included in each analysis. 
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III.1 ABSTRACT 

We investigated the effects of silver nanoparticle (AgNP) exposure in three ovarian 

cancer cell lines (A2780, SKOV3, OVCAR3). We found that AgNPs were highly cytotoxic 

toward A2780 and SKOV3 cells but OVCAR3 cells were less sensitive to AgNPs.  In agreement 

with the cytotoxicity data, AgNPs caused DNA damage in A2780 and SKOV3 cells, but not in 

OVCAR3 cells.  A2780 and SKOV3 showed higher levels of basal reactive oxygen species 

(ROS) relative to OVCAR3 cells.  AgNP exposure increased ROS levels in both A2780 and 

SKOV3 cells, but not in OVCAR3 cells.  We found the heterogeneous cytotoxicity was specific 

to uptake of intact particles, and was not due to differences in sensitivity to silver ion.  

Furthermore, the combination of AgNPs and standard of care platinum therapy, cisplatin (cis-

diamminedichloroplatinum(II), CDDP) was synergistic for treatment of A2780 and OVCAR3 

cells and the combination of AgNPs and CDDP showed a favorable dose reduction in all cell 

lines tested. These results provide insight into potential applications of AgNPs for treatment of 

ovarian cancer. 

 

Keywords: ovarian cancer, nanoparticle, silver, synergy, cancer therapy, cisplatin   
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III.2. INTRODUCTION 

Ovarian cancer is the most lethal of all gynecological malignancies with a five-year 

survival rate of only 40%, and is the fourth-leading cause of female cancer deaths in the United 

States.
154

 Over 80% of ovarian cancers are classified as high-grade serous carcinoma which 

frequently has defects in pathways involved in DNA damage responses.
155

  DNA damaging drugs 

including cisplatin (CDDP) are among the most effective agents available to clinicians for 

treatment of ovarian cancer,
156

 but this efficacy comes at the expense of significant dose-limiting 

side effects.
157

  Advances in nanotechnology, the application of materials in the size range 

between 1 and 100 nm in dimension, may enable the development of more effective and less 

toxic cancer treatments.
158,159

   

Among nanomaterials, silver nanoparticles (AgNPs) are already well-established in 

human medicine. The clinical safety and efficacy of AgNPs has been demonstrated for 

application in wound dressings,
160

 bactericides,
161-163

 and coatings for implantable medical 

devices.
164

  Preclinical studies on AgNPs show that they possess cytotoxic activity toward a 

variety of cancer cell lines and in animal models of cancer following intratumoral 

injection.
47,48,53,104-111

  AgNP exposure can lead to dose dependent apoptotic and necrotic cell 

death, in part due to DNA damage and induction of oxidative stress.
119,120

 We found that AgNPs 

are highly cytotoxic to aggressive, triple-negative breast cancer cells at doses that had no effect 

on non-cancerous breast cells and cells derived from the liver, kidney, or macrophages,
165

 

indicating that a therapeutic window exists for the safe use of AgNPs.  Significantly, cells 

deficient in their capacity to repair DNA damage may be more susceptible to AgNP toxicity.
120

   

As AgNPs have been shown to enhance the efficacy of chemotherapeutic drugs including 

5-fluorouracil
166

 and doxorubicin,
167

 AgNPs could be useful in conjunction with standard of care 

therapy platinum therapy.  Furthermore, because AgNPs exposure depletes cells of reduced 

glutathione,
168

 a thiol antioxidant associated with cisplatin resistance,
169

 the combination of 

AgNPs and cisplatin could be particularly effective.  Thus far, combined effects of AgNPs with 
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cisplatin have not been assessed.  Moreover, it remains unknown if synergistic or dose reducing 

interactions between AgNPs and cisplatin exists. 

In this report, we evaluate the efficacy of AgNPs for treatment of SKOV3, A2870 and 

OVCAR3 ovarian cancer cells, which are commonly used as models of high grade serous 

carcinoma.
170

 We quantify cell viability, assess glutathione levels, monitor reactive oxygen 

species (ROS), and also DNA damage after AgNP treatment.  Because platinum-based 

chemotherapy remains a first line choice for treatment of ovarian cancer, we subsequently 

determined the effect of combination therapy using both AgNPs and cisplatin to treat these cell 

lines. Our results provide insight into potential applications of AgNPs for treatment of ovarian 

cancer.   

 

III.3. MATERIALS AND METHODS 

Cell Lines and Reagents:  A2780, SKOV3, and OVCAR3 ovarian cancer cells were purchased 

from ATCC.  All cells were maintained in RPMI (Lonza) supplemented with 10% fetal bovine 

serum (FBS) (Sigma-Aldrich), 100 IU/ml penicillin (Life Technologies), and 100 μg/ml 

streptomycin (Life Technologies).  Cisplatin (CDDP) was obtained from Cayman Chemicals. 

Cytochalasin D was obtained from Sigma Alrich. 

Silver Nanoparticles:  A powder of 25 nm AgNPs capped with polyvinylpyrrolidone (PVP) 

(Ag:PVP 15:85) with a mean diameter of 23.1 ± 6.9 nm (assessed by transmission electron 

microscopy) was obtained from Nanocomposix.  AgNPs were dispersed in phosphate-buffered 

saline (PBS) (Lonza) at a concentration of 20 mg/ml, briefly sonicated, and the stock suspension 

stored at 4 ºC in the dark for no longer than one month. 

Dynamic Light Scattering (DLS):  AgNPs were diluted to ~40 µg/ml in water or PBS.  

Hydrodynamic diameter and zeta potential were assessed using a Zetasizer Nano ZS90 
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(Malvern).  Hydrodynamic diameter was measured in deionized water and PBS and zeta potential 

was determined in deionized water.  Each measurement was performed in triplicate at 25ºC. 

Transmission Electron Microscopy (TEM): AgNPs in deionized water were pipetted on copper 

coated formvar grids and allowed to dry.  Grids were imaged using a Tecnai Spirit transmission 

electron microscope. 

MTT Assays for Cytotoxicity and Synergy Studies: 5 x10
3
 ovarian cancer cells were plated in 96-

well tissue culture plates (BD Falcon) and allowed to attach overnight.  Cells were treated as 

indicated.  Medium was removed using gentle aspiration and replaced with fresh growth medium 

containing thiazolyl blue tetrazolium bromide (0.5 mg/ml).  Plates were incubated at 37°C for 30-

90 minutes, and medium replaced with dimethyl sulfoxide.  Wells were mixed using a 

micropipette and absorbance was read at 560 nm and corrected using a reference wavelength of 

650 nm using a Molecular Devices Emax Precision Microplate reader.  Synergy and dose 

reduction index analysis was performed using Compusyn software version 1.0. 

Reactive Oxygen Species (ROS) Microscopy: A2780, SKOV3, and OVCAR3 cells (0.5-1.0 x 10
5
 

cells) were seeded in 24-well tissue culture plates and allowed to attach overnight.  The following 

day cells were treated as indicated for 24 hours at 37 °C. Medium was removed, cells were 

washed with PBS (with magnesium and calcium), and incubated with 10 µM  2',7'-

dichlorodihydrofluorescein diacetate (H2DCF-DA) (Invitrogen) diluted in PBS (with calcium and 

magnesium) for 5 min at 37°C. Cells were imaged using the EVOS FL Auto (Thermo Scientific).  

Enzyme-linked immunosorbence assay: A2780, SKOV3, and OVCAR3 (1.0-1.5 x 10
4
 cells) 

were seeded with black-walled 96-well tissue culture plates and allowed to attach overnight.  The 

following day cells were treated as indicated for 24 h.  Levels of phosphorylated H2AX (S139) 

and total H2AX were assessed by enzyme-linked immunosorbant assay (ELISA) according to the 



56 

manufacturer’s protocol (R&D Systems) using a Molecular Devices FMax Precision microplate 

reader with excitation/emission filter pairs set to 360 nm/450 nm and 540 nm/600 nm, 

respectively. 

Glutathione Assay: A2780, SKOV3, and OVCAR3 (1.0-1.5 x 10
4
 cells) were seeded with white-

walled 96-well tissue culture plates and allowed to attached overnight.  The following day cells 

were treated as indicated for 24 h.  Levels of oxidized glutathione and total glutathione were 

determined using a GSH/GSSG Glo Assay (Promega) according to the manufacturer’s 

instructions. 

 

III.4. RESULTS 

Ovarian cancer cell lines exhibit heterogeneous sensitivities to AgNP exposure 

 Spherical, silver nanoparticles coated with the biocompatible polymer, 

polyvinylpolypyrrolidone (PVP) were used for these studies. They possess a Ag:PVP mass ratio 

of 15:85 and nominal diameter of 23.1 nm according to the supplied manufacturer’s data sheet 

(Supplementary Table 1). We verified the particle hydrodynamic diameter in water (24.1 ± 0.4 

nm) and PBS (23.5 ± 0.5 nm) using dynamic light scattering (Figure 1A). There was no evidence 

of AgNP agglomeration (no increase in hydrodynamic diameter) in water or PBS over time, and 

no sedimentation was observed.  Zeta potential in water was determined to be (-14.8 ± 0.5 mV) 

(Figure 1B).  After AgNPs were hydrated then dried onto copper coated formvar grids, imaging 

by transmission electron microscopy (TEM) indicated that the particles remained individualized 

(Figure 1C). 

 We treated three ovarian cancer cell lines (A2780, SKOV3 and OVCAR3) with 

AgNPs at concentrations ranging from 0-1000 µg/ml.  AgNPs were highly cytotoxic to both 

A2780 and SKOV3 after 72 h treatment, but were less cytotoxic to OVCAR3 cells (Figure 1D).  

In contrast to the differences in sensitivity to AgNP treatment, all cell lines tested were equally 
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sensitive to CDDP (Figure 1e).  IC50 values were determined for both AgNP and CDDP after 72 h 

treatment (Figure 1F). 

 

 

Figure 1. Physicochemical characterization and cytotoxicity of AgNPs.  PVP-coated silver 

nanoparticles were dispersed in water or PBS (40 µg/ml), briefly sonicated, and incubated at room 

temperature for 1 hour.  (A) Hydrodynamic diameter for AgNPs in water or PBS is shown.  (B) ζ-potential 

for AgNPs dispersed in water is shown.  (C)  Electron micrographs of AgNPs (scale bar = 100 nm) are 

shown. A2780, SKOV3 and OVCAR3 cells were seeded and allowed to attach overnight then treated with 

(D) AgNP (0-1000 µg/ml) or (E) CDDP (0-25 μM) for 72 hours.  Cell viability was assessed by MTT 

assay.  Data is shown as percent viability compared to vehicle treated cells.  (F)  IC50 values were 

determined from three independent experiments.  All data is shown ± standard deviation. 

A. B. 

D. 

E. F. 
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Uptake of intact AgNPs is necessary for differences in AgNP cytotoxicity among ovarian cancer 

cell lines  

Next we determined if degradation products potentially released from AgNPs during 

storage contributed to the cytotoxicity. After storage of AgNPs in water for 30 days, intact 

nanoparticles were separated from dissolved components (potentially including silver ions (Ag+)) 

by filtration through a centrifugal size exclusion column.  Dilutions of each fraction (filtrate or 

particle) were prepared based upon the initial concentration of AgNPs added to the column.  

A2780 cells, which were the most sensitive cell line to AgNPs, were treated with increasing doses 

of each fraction to assess cytotoxicity.  In agreement with our previous studies,
165

 we found that 

the AgNP-mediated cytotoxicity was dependent upon exposure of cells to intact AgNPs and not 

due to substances released during processing or storage of the nanoparticles (Figure 2A).  To 

determine if differences in cell line sensitivity/tolerance to Ag+ could play a role in the relative 

efficacy of AgNPs for treatment of ovarian cancer cells, we exposed OVCAR3 and A2780 cells, 

the cell lines that are least and most sensitive to AgNP exposure, respectively, to intact AgNPs or 

an equivalent molar concentration of Ag+ (using AgNO3 as the ion source).  In contrast to 

differences in sensitivity to AgNP exposure, both cell lines exhibited similar sensitivity to Ag+, 

providing further evidence that the heterogeneous sensitivity to AgNPs amongst the cell lines was 

dependent upon exposure to the intact nanoparticles (Figure 2B,C). 

 Because our data showed that the cytotoxic effects of AgNPs were due to intact 

nanoparticles, we developed studies to investigate whether cytotoxicity was dependent on uptake 

of AgNPs.  Cytochalasin D (cyto D) is a cell-permeable actin depolymerizing agent that inhibits 

endocytosis, but extended exposure to cyto D is cytotoxic. All of our previous studies involved 

continuous exposure of cells to AgNPs for 72 h, which is too long a time period during which to 

use cyto D. Therefore, we tested to see if cells could be treated with AgNPs for a shorter time 

period, but still achieve similar cytotoxicity. A2780 and OVCAR3 cells were treated with AgNP 

at concentrations ranging from 0-2000 µg/ml for 6 hours.  AgNPs were then removed and cells 
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were allowed to recover for 66 h in normal growth medium.  We found that even an acute 

exposure (6 h pulse; 66 h recovery) showed cytotoxic effects similar to chronic (continuous 

exposure to AgNPs for 72 h) treatment (Figure 2D).  Calculated IC50 values of acute AgNP 

exposure were approximately 2-fold greater than chronic exposure (7.2 vs 15.0 µg/ml for A2780 

and 320.0 vs 745. Having determined that exposure to AgNPs for 6 h was sufficient to induce 

cytotoxicity in A2780 cells, we next determined whether endocytosis was involved in AgNP-

mediated cytotoxicity. We pulsed A2780 cells for 6 h with AgNPs (at the IC50 dose determined 

above) in the presence of a non-toxic dose of cyto D (37.5 nM), then replaced the 

nanoparticle/drug containing media with fresh media and allowed cells to recover for 66 h.  In 

accordance with our previous studies,
165

 we found that the addition of cyto D abrogated a 

significant portion of AgNP-induced cytotoxicity (Figure 2E).   
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Figure 2.  Cell line differences in cytotoxicity after AgNP treatment are specific to exposure to and 

uptake of intact nanoparticles.  (A)  A2780 cells were seeded and allowed to attach overnight then treated 

for 72 h with AgNPs or an equivalent volume of filtrate separated from AgNPs.  (B) A2780 or (C) 

OVCAR3 cells were seeded and allowed to attach overnight then treated with AgNP or AgNO3 (dosed by 

mass of Ag) for 72 h.   Viability was assessed by MTT assay and all data is shown as percent viability 

relative to vehicle treated cells ± standard deviation. (D) A2780 and OVCAR3 cells were seeded and 

allowed to attach overnight, and treated with AgNP (0-2000 µg/ml) for 6 h.  Treatment medium was 

A. 

B. C. 

D. E. 
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replaced with normal growth medium and the cells allowed to recover for 72 h.  Calculated IC50 values are 

inset.  (E) A2780 were treated as above with AgNP (0, 15 µg/ml) and cytochalasin D (cyto D, 37.5 nM) 

included in the 6 hour treatment.  Cell viability was assessed by MTT assay and data is shown as percent 

viability relative to vehicle treated cells ± standard deviation. Significant difference are indicated: *p < 

0.05; student’s t-test.  

 

Sensitivity to AgNPs among ovarian cancer cell lines is correlated with basal levels of ROS and 

induction of DNA damage 

AgNP exposure may increase intracellular ROS levels.
111

 Oxidative damage caused by 

increased ROS is thought to contribute to AgNP-mediated cell death.  Therefore, we assessed 

intracellular ROS levels using ROS responsive fluorogenic probes.  We found that the AgNP-

sensitive cell line A2780 and SKOV3 both had higher levels of basal ROS compared to the 

AgNP-insensitive OVCAR3 cells (Figure 3).  Following 24 h exposure to either 10 or 100 μg/ml 

AgNP doses, ROS levels increased relative to baseline in both of the AgNP sensitive cell lines 

(A2780 and SKOV3).  At a higher AgNP dose (100 µg/ml), ROS levels increased in SKOV3 

relative to baseline.  When A2780 were treated with 100 µg/ml AgNP, significant loss of 

adherent cells was noted which precluded ROS level comparison to baseline. However, AgNPs 

did not alter ROS levels in less sensitive OVCAR3 cells at any concentration.  
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Figure 3. Quantification of ROS in ovarian cancer cells before and after NP exposure.   

A2780, SKOV3, and OVCAR3 cells were seeded and allowed to attach the overnight, then treated with 

AgNP (10 or 100 µg/ml) or vehicle for 24 hours. Cells were washed with PBS, incubated with PBS 

containing the ROS responsive dye, H2DCF-DA, and then ROS was assessed by fluoresence micrscopy. 

Dye-free controls of cells treated were used to verify the specificity of the fluorescence for ROS detection. 

 

Glutathione (GSH) is a ubiquitous tripeptide antioxidant that plays a key role in 

mitigating oxidative damage. GSH is oxidized by ROS to form a homodimer disulfide (GSSG).  

AgNPs have been shown to decrease the GSH/GSSG ratio in some cells
168

, but this had not been 

assessed in ovarian cancer cells. The ratio between GSH/GSSG can be used as a metric to define 

the redox state of a cell,
171

 and imbalances in this ratio leading to excess GSSG can cause cell 

death.
172

  Therefore, we treated A2780, SKOV3 and OVCAR3 cells with AgNPs (0, 10, 100 

μg/ml) for 24 h and then quantified the cellular content of both oxidized (GSSG) and reduced 

glutathione (GSH).  This time point was selected because after 24 h exposure to AgNPs, 

significantly less cytotoxicity was observed compared to 72 h (Supplementary Figure S1A; 

Figure 1), which enabled quantification of sub-lethal effects of AgNPs that occur prior to cell 

death. In parallel, treatment of cells with glutathione synthesis inhibitor, buthionine sulfoximine 

(BSO), was used as a positive control for GSH depletion (Supplementary Figure S1B). 
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After AgNP treatment, a dose dependent increase in GSSG was observed in both A2780 

and SKOV3 cells, but not in OVCAR3 cells (Figure 4A).  GSH increased in A2780 and in 

OVCAR3 cells, but a dose dependent decrease in GSH was observed in SKOV3 cells. The net 

effect of these changes was a decrease in the GSH/GSSG ratio in SKOV3 cells, but not in 

OVCAR3 and A2780 cells. The lack of correlation between the effects of AgNPs on GSH/GSSG 

and relative sensitivity of ovarian cancer cells to AgNP exposure indicated that modulation of the 

GSH/GSSG ratio is unlikely to be the dominant mechanism by which AgNPs exert their cytotoxic 

effects. 

Next, we quantified phosphorylated H2AX, one of the earliest detectable indicators of 

double strand DNA breaks.
173

  A2780, SKOV3 and OVCAR3 cells were treated with AgNPs 

under the same conditions as above, and the amount of phosphorylated H2AX was normalized to 

total H2AX.  The AgNP treatment induced significant DNA damage in A2780 and SKOV3 

(Figure 4b).  In contrast, little indication of DNA double strand breaks was observed following 

treatment of OVCAR3 with AgNPs. These data mirror our cytotoxicity data and indicate that 

induction of DNA damage likely contributes to the sensitivity of A2780 and SKOV3 to AgNPs. 
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Figure 4. Quantification of glutathione and DNA damage in ovarian cancer cells before and after 

AgNP exposure. A2780, SKOV3, and OVCAR3 cells were seeded and allowed to attach the overnight, 

then treated with AgNP (10 or 100 µg/ml) or vehicle for 24 hours.  (A)  Cells were assessed for reduced 

GSH and oxidized GSSG.  Data is shown as fold relative to vehicle treated control for each cell line with 

the GSH/GSSG ratio ±SD  inlaid.  (B)  Phosphorylated (S139) and total H2AX was determined by ELISA.  

Data is shown as phospho/total γ-H2AX relative to vehicle treatment ± standard deviation for individual 

cell lines. Significant difference are indicated: *p < 0.05; **p < 0.01; student’s t-test.  

 

The combination of AgNPs and cisplatin shows synergism and a favorable dose reduction for 

treatment of ovarian cancer cells 

Platinum-based therapy, including cisplatin (CDDP), is a mainstay for standard of care 

therapy for ovarian cancer.
156

 Therefore, we investigated if the combination of AgNP and CDDP 

resulted in a synergistic, additive, or antagonistic interaction in treatment efficacy compared to 

the individual agents using the Chou-Talalay method for drug combination analysis.
174

  This 

method of analysis requires that cells be treated with a combination of AgNPs and CDDP at a 

A. 

B. 
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fixed drug ratio. For determination of synergy, cells should be treated with increasing doses of the 

drug combination that are fractions or multiples of a constant dose ratio of the IC50 for the 

individual agents. Based upon triplicate experiments (similar to those shown in Figure 1), these 

ratios (AgNP (μg/ml): CDDP (μM)) were defined individually for each cell line as: 2.5:1 for 

A2780; 63.2:1 for OVCAR3; and 1.5:1 for SKOV3. 

Next, studies were performed to assess synergy of the combination of AgNPs and CDDP. 

The three ovarian cancer cell lines were exposed to each agent alone or increasing concentrations 

of the combined treatment with the ratio between the two agents remaining constant as defined 

above. Cell viability was quantified 72 h later by MTT assay as shown (Figure 5A-C).  For 

analysis, the additive isobole was plotted for each cell line at a fraction affected (Fa) of 0.5 

(indicating 50% loss of cell viability). In the additive isobole, synergy is indicated when the point 

representing the concentrations of concurrently administered AgNP and CDDP required to 

achieve an 50 percent loss of viability is below the line intersecting the IC50 of AgNP and CDDP 

as single agents.  We found that AgNP in combination with CDDP showed synergy in both 

A2780 and OVCAR3 cells (Figure 5D,E).  In contrast, the additive isobole showed slight 

antagonism (combination point above the line intersecting the IC50 of AgNP and CDDP as single 

agents) in SKOV3 cells (Figure 5f).  The combination index (CI) relative to the Fa was also 

assessed using the algorithms established by the Chou-Talalay method.
174

  A CI<1 denotes a 

synergistic interaction, a CI>1 represents antagonism, and a CI=1 represents and additive 

interaction.  CI is most clinically relevant with higher fractions affected (Fa>0.5).
174

  In agreement 

with the additive isoboles, plotting the combination index (CI) relative to Fa of AgNP and CDDP 

also showed synergism (CI<1) in A2780 and OVCAR3 cells but not in SKOV3 cells which again 

showed evidence of slight antagonism (CI>1) (Figure 5G-I).   

Another aspect of Chou-Talalay analysis is ability to calculate the dose reduction index 

(DRI).
174

  The DRI in our case indicates the fold by which the dosage of CDDP or AgNP may be 

reduced when used in combination relative to the individual agent needed for an equivalent 
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effect; therefore, a DRI >1 represents a favorable dose reduction index.  Importantly, combining 

AgNPs and CDDP showed a DRI >1 at all Fa > 0.5 in all cell lines tested for both agents (Figure 

5j-l). These data suggest combining AgNP and CDDP may be more beneficial than each 

individual agent through both synergistic interactions and dose reducing capabilities. 
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Figure 5.  AgNPs synergize with cisplatin and show favorable dose reduction.  (A) A2780, (B) 

OVCAR3 and (C) SKOV3 cells were treated with AgNP and cisplatin (CDDP) alone or in combination at 

constant ratios based on the IC50 ((AgNP (μg/ml):CDDP(μM), 7.9:3.1 for A2780; 322.3:5.1 for OVCAR3; 

and 5.7:8.6 for SKOV3) for 72 hours in normal growth medium.  Cell viability was assessed by MTT assay 

and is shown as percent viability relative to vehicle ± standard deviation for AgNP alone, CDDP alone, and 

the combination of AgNP and CDDP.  Additive isoboles (Fa=0.5) are shown for (D) A2780, (E) OVCAR3 

and (F) SKOV3.  Plots indicating the combinatorial index for AgNP and CDDP are shown for (G) A2780, 

(H) OVCAR3 and (I) SKOV3.  Dose reduction index is also shown for (J) A2780, (K) OVCAR3 and (L) 

SKOV3.  Synergy analysis (including combinatorial index and dose reduction index) were calculated using 

Compusyn software. 
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III.5. DISCUSSION 

In this report, we examined the efficacy of AgNPs alone and in combination with CDDP 

for the treatment of ovarian cancer.  Our results indicate that the relative sensitivity of ovarian 

cancer cell lines to AgNPs is heterogeneous.  AgNPs were highly cytotoxic toward A2780 and 

SKOV3 cells, but OVCAR3 cells were less sensitive to AgNPs.  Conversely, CDDP cytotoxicity 

was similar across all cell lines tested.  In agreement with the cytotoxicity data, AgNPs caused 

DNA damage in A2780 and SKOV3 cells, but not in OVCAR3 cells.  Notably, for AgNP-

sensitive cell lines, only a 6 h exposure to AgNPs was needed to induce significant toxicity. 

Additionally, the most sensitive cell lines tested harbored the highest basal ROS levels.  The 

combination of AgNPs and CDDP was synergistic for treatment of A2780 and OVCAR3 cells, 

but was not synergistic (though nearly additive) for treatment of SKOV3 cells. Importantly, the 

combination of AgNPs and CDDP showed dose reducing capabilities in all cell lines tested.  

These results provide insight into potential applications of AgNPs for treatment of ovarian cancer 

alone and in conjunction with CDDP. 

AgNP cytotoxicity is dependent on a variety of factors such as the types of cells exposed, 

and also nanoparticle characteristics (size, shape, capping agent, and surface charge).
175

  

However, the heterogeneity between various laboratory preparations of AgNPs and potential 

contamination of AgNPs with Ag+ makes comparative analysis among published studies 

difficult. The availability and use of high quality commercial formulations of AgNPs, including 

the particles used in these studies, is now enabling researchers to build upon previous results. 

Similar PVP-coated AgNPs to those used in this study show very little silver ion release (0.005% 

by mass) after 24 hours in biological conditions.
176

  In agreement with this previous study,
165

 we 

found that any dissolution products released during extended AgNP storage in physiologic buffer 

do not induce cytotoxicity. Additionally, both OVCAR3 and A2780 cells are similarly sensitive 

to Ag+ exposure, but showed heterogeneous sensitivity to AgNP.  We further showed that 

endocytosis of the AgNP is required, at least in part, for the cytotoxic effects noted.  Thus, the 
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cytotoxicity we observed was due to the nanoparticle formulation itself and not due to particle 

dissolution and Ag+ release prior to cell uptake.   

The cytotoxicity of AgNPs was previously investigated by others in individual ovarian 

cancer cell lines.
111,177

   However, prior to our study the effects of AgNPs in multiple ovarian 

cancer cell lines had not been examined, nor had AgNP-induced DNA damage been quantified in 

ovarian cancer cells. All three cell lines we tested are generally used as models for high grade 

serous carcinoma, though there is some debate on whether these may be further stratified into 

different molecular subtypes based on mRNA expression profiles.
178

  Both OVCAR3 and SKOV3 

cells possess loss of function mutations in TP53,
179

 but A2780 cells are TP53 wild-type.
180

  

Furthermore, loss of p53 activity is associated with CDDP resistance and decreased survival in 

ovarian cancer patients.
181

  Because both SKOV3 and A2780 cells are sensitive to AgNPs while 

OVCAR3 cells are insensitive, the results suggest that p53 status alone does not differentiate 

AgNP sensitivity across ovarian cancer cell lines.  This is supported by recent studies in which 

AgNPs induce p53-independent apoptosis in sarcoma cell lines.
182

  Interestingly, we found that 

p53 status had no correlation with CDDP sensitivity, as p53-null OVCAR3 were equally sensitive 

to CDDP (Figure 1).  However, it is important to note that resistance to CDDP is multifactorial 

process 
183

 that may not be well reflected in the models used in this study. Evidence that p53-

status alone does not impact AgNP sensitivity demonstrates that AgNPs may be more 

advantageous for use in a clinically relevant patient population and should be evaluated further. 

Ovarian cancers frequently (~12 %)  exhibit inactivating defects in DNA mismatch repair 

(MMR)
184

 and hereditary ovarian cancers often present with BRCA mutations resulting in 

impaired repair of DNA double strand breaks.
185,186

  Interestingly, while the most sensitive cell 

lines (A2780 and SKOV3) have intact BRCA genes, they both show defects in MMR. Conversely 

OVCAR3 cells have both intact BRCA genes and an intact MMR.
187

  Our data shows that the 

most sensitive cell lines (SKOV3 and A2780) showed AgNP-induced DNA damage but the less 

sensitive cell lines (OVCAR3) did not show DNA damage.  This suggests that cancers harboring 
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defects in DNA repair may be the most sensitive to AgNP-based therapy.  Further studies will be 

needed to determine if indeed there are molecular subtype-specific differences and DNA repair 

pathway defects that may denote tumor-specific AgNP sensitivities. 

 We also noted that the cell lines with the highest levels of basal ROS (A2780 and 

SKOV3) were the most sensitive to AgNP.  We previously demonstrated that treatment with 

various antioxidants can reduce AgNP toxicity and that depletion of glutathione using BSO 

sensitizes cells to AgNPs.
165

  Moreover, it is widely believed that AgNPs act as a “Trojan horse” 

to deliver Ag metal across cell membranes, but degradation of AgNPs into Ag+ is needed for 

cytotoxicity.
188 

It is possible that high basal ROS liberates Ag+ for AgNPs,
189

 and that this 

contributes to the differences in sensitivity to AgNPs among the cell lines we tested. 

  Currently, CDDP is used as part of the standard of care for ovarian cancer, but 

its use is hampered by severe, dose limiting toxic side effects.
169

  When we combined CDDP and 

AgNPs, we found synergism in two (A2780 and OVCAR3) of three cell lines tested. Treatment 

of the third cell line (SKOV3) with CDDP and AgNPs was essentially additive.  Interestingly, 

sensitivity to AgNPs was not required for the synergy noted between AgNPs and CDDP as we 

found synergistic interactions is the less sensitive cell line OVCAR3 as well as the  more 

sensitive cell line A2780.  This evidence suggests that the underlying mechanism of synergy is 

not simply due to AgNP sensitivity as a single agent.  Because AgNPs are known to induce a 

wide range of effects in cells including cell cycle arrest, inflammatory signaling (e.g. nitric oxide 

secretion, TNFα activation), and alterations in oxidative response,
190

 further studies are required 

to elucidate the specific mechanism of synergy we found when AgNPs are used in conjunction 

with CDDP. 

Importantly, in all cell lines tested, including the less sensitive cell line OVCAR3, 

combining AgNPs and CDDP resulted in a DRI >1 at relevant Fa (>0.5), showing the potential to 

use a decreased dose of CDDP in conjunction with AgNPs which may decrease toxic side effects 

in future studies.  The synergistic interaction and dose reducing capabilities of AgNPs combined 
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with CDDP may have important ramifications if AgNPs progress through preclinical studies and 

into the clinic with regards to improved dosing regimens and reduced off-target effects.   

While full in vivo toxicity profiles have not yet been performed for our AgNPs, studies in 

rodents using AgNPs similar to those used by us show that AgNP toxicity is manageable at doses 

up to 6 mg/kg following repeated, daily intravenous injections for 28 days
191

 and that AgNPs do 

not affect platelet aggregation, coagulation, or complement activation.
192

  This suggests that there 

is a window for the safe use of AgNPs in vivo.  However, detailed in vivo studies will be needed 

to fully evaluate the efficacy and safety of combined AgNP and CDDP chemotherapy. 

Treatment of cancer is complex and individualized approaches may be needed for each 

patient, depending upon the type of disease.  Here we provide evidence that a subset of ovarian 

cancer cell lines is particularly sensitive to AgNP therapy, both alone and in conjunction with 

standard of care platinum-based therapy CDDP.  This combination has the possibility to reduce 

required chemotherapy doses and may improve efficacy.  Based on our findings, further studies 

are warranted to develop AgNPs as a cytotoxic agent alone and in conjunction with standard of 

care therapies and to define which subsets of ovarian cancer are best treated with AgNPs. 
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III.7. SUPPLEMENTARY MATERIAL 

 

 

 

 

 

Supplemental Table I.  Data supplied by the manufacturer (Nanocomposix) of the AgNP used in 

this study are shown. 

 

 

Supplemental  Figure 1. Effects of 24 h AgNP treatment on viability and 24 h BSO treatment on GSH 

levels in ovarian cancer cells.  (A) A2780, SKOV3 and OVCAR3 cells were seeded and allowed to attach 

overnight. The following day cells were treated with AgNP (0-100 µg/ml) for 24 hours.  Cell viability was 

assessed by MTT assay.  Data is shown as percent viability compared to vehicle treated cells ± standard 

deviation.  (B)  Cells were seeded as above and treated with buthionine sulfoxide or vehicle for 24 hours.  

Fold GSSG was assessed and is shown relative to vehicle treated cells ± standard deviation. 

NanoComposix, Lot #DAC1610 
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IV.1. ABSTRACT 

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

expression of hormone (estrogen and progesterone) receptors and the human epidermal growth 

factor receptor 2 (HER-2) that can be targeted using anti-hormone or monoclonal antibodies 

against HER-2. 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-infrared (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 at doses that are have minimal 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 selectively 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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IV.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 
193,194

. Treatment of TNBC presents unique challenges due to the absence of the 

human epidermal growth factor receptor-2 (HER-2), estrogen receptor, and progesterone 

receptor, which prevents effective use of targeted hormone-based therapies and HER-2 antibody 

conjugated immunotherapies 
194

. The current standard of care for TNBC involves surgical 

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

chemotherapies 
195

. 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 
196

. 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 
197

. Each arm of the 

cancer treatment regime has significant drawbacks that may cause the patient to experience 

detrimental side-effects; 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 IR.  

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 (EPR) effect, which may improve the 

preferential accumulation within the tumor and limit the amount of systemically circulating drug 

42
. Silver nanoparticles (AgNPs) are particularly interesting due to their current broad biomedical 

applications including coatings for neurosurgical catheters, bacteriocides 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 spherical 



76 

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

toxic to non-TNBC cells and act as IR sensitizers
71

 and chitosan coated triangular silver 

nanoparticle plates (AgNPPs) can act as efficient heat transducers for photothermal ablation 

therapy (PTT) 
198

. However, the effect of combining each of these properties into 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 deep seeded tumors 
199

. 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 cells at doses that do not significantly reduce viability in non-tumorigenic breast cells and 

provide enhancement of IR 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 cytotoxicity in TNBC, and therefore, have the potential to be used as a 

multimodal therapeutic agent for the treatment of TNBC.  

 

IV.3. MATERIALS AND METHODS 

Silver nanoparticle plates (AgNPPs):  AgNPPs capped with PVP and a TEM diameter of 90 nm 

(Nanocomposix, San Diego, CA, USA) were purchased in a 5% (mass/volume) sodium borate 

buffer. AgNPPs were removed from their sodium borate buffer utilizing a Vivaspin spin column 

(MWCO:30,000) and resuspended in deionized water. 500 µl of a 1 mg/ml solution was added to 

20 ml of distilled water and centrifuged at 14,590xg for 20 mins, which concentrated the solution 

to 1 ml. The concentrated nanoparticle solution was resuspended to 20 ml in deionized water and 
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the process was repeated until a total of three washes were complete. The washed AgNPPs were 

stored at 4°C in the dark and were used within 24 h of being washed. 

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.  

Ultraviolet/Visible (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 UV/Vis spectrometer.  

AgNPP concentration was determined spectrophotometrically (ThermoScientific Spectronic 200 

Waltham, Ma, USA.) after linear regression analysis. 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. 

Dynamic Light Scattering:  Hydrodynamic diameter and ζ-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 ζ-potential.  
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MTT Assay:  MDA-MB-231, and MCF-10A cells were seeded at a density of 6 x 10
3
 cells per 

well  in 96-well plate (BD Falcon) 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, the cells were lysed with DMSO, and the absorbance was 

measured at 595 nm and corrected for background at 650 nm using a Molecular Devices Emax 

Precision Microplate Reader. Absorbance values were averaged and graphed relative to the 

untreated control.  

Clonogenic Assay:  MDA-MB-231 and MCF-10A cell lines were plated at a density of 300 cells 

per well in 6-well tissue culture plates (BD Falcoln) in their respective media and allowed to 

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

AgNPPs (0-5 µg/ml) diluted in growth medium. After 72 h, the cells were washed with 1X PBS 

and fresh growth media was added. Media was exchanged every 72 h until the study was 

complete. Fourteen days after the AgNPP treatment, the media was removed and the cells were 

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

respectively), stained with crystal violet and colonies (≥50 cells) were counted. For IR studies, 

cells were treated with 0-2.5 µg/ml AgNPPs for 24 h, washed twice with 1X PBS, given fresh 

growth medium, and irradiated using an orthovoltage X-ray with a current of 10mA, voltage of 

300kV, and a dose rate of 2.39 Gy/min. 

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

cm dishes and allowed to recover. Cells were then treated with 25 µg/ml of AgNPP or vehicle. 

After 72 h, cells were washed twice with 1X PBS, trypsinized, and resuspended in their 

respective media. The cells were then pelleted by centrifugation, washed twice with 1X PBS, 

resuspended in annexin V buffer at a concentration of 1 x 10
6
 cells/ml. 1 x 10

5
 cells were then 

mixed with Annexin V and incubated for 15 minutes at room temperature in the dark. Four 
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hundred microliters of 1X Binding Buffer (BD Biosciences, East Rutherford, NJ) was added with 

or without propidium iodide (2.0 ug/ml; final concentration). Cells were analyzed on the Accuri6 

Flow Cytometer (BD Biosciences, East Rutherford, NJ). Analysis of data was performed using 

FCS Express version 3 (De Novo Software, Los Angeles, CA). 

Electron Microscopy:  5 x 10
5 

cells were plated in 6-well plates and allowed to adhere overnight 

at 37°C. Cells were treated with vehicle or 100µg/ml AgNPPs for 3 h at 37 °C. The cells were 

trypsinized, pelleted via centrifugation, washed with 1X PBS, and fixed with 2.5% glutaraldehyde 

overnight at 4 °C. 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). 

Heating Potential of AgNPs:  Heating conditions were optimized for the minimum effective 

concentration of AgNPs, laser power, and laser exposure time (Supplementary Figure S1). 

AgNPP 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 - 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 - 180 s. Temperature change was measured with a thermo 

couple.  

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 48-well plates to minimize off-target 

heating and allowed to adhere for 24 h. Cells were treated with increasing doses of AgNPPs (0 - 
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10 µg/ml) for 3 h at 37 °C and were then exposed to a 970 nm, 3 W laser for increasing time (0 - 

90 s) and allowed to recover at 37 °C for 72 h. Viability was assessed by MTT assay as described 

above, except cells were lysed in 400 µl of DMSO and 200 µl was transferred to a 96-well plate 

for analysis.   

Cytotoxicity of AgNPP plus Ionizing Radiation:  Cells were plated as described above for 

clonogenic assays. Cells were incubated with AgNPPs for 24 h then were washed twice with 1X 

PBS and fresh media was added.  Ionizing radiation at doses of 0-4 Gy were administered using 

an orthovoltage x-ray source at a voltage of 300 kV, a current of 10 mA, and a dose rate of 2.39 

Gy/min. Fresh culture media was added every 3 days. Colonies were washed, fixed, stained, and 

quantified as described for clonogenic assays. All data are expressed relative to the number of 

colonies for each IR treatment condition in the absense of AgNPPs. 

In vitro effectiveness of AgNPP mediated multimodal therapy:  MDA-MB-231 and MCF-10A 

cells were plated as described for AgNPP mediated thermal therapy. Cells were then treated with 

vehicle or 10 µg/ml AgNPPs for 30 mins. Cells were irradiated with a 970 nm, 3W NIR K-Laser 

USA (Franklin, TN) for 60 s and exposed to 0 – 2 Gy IR utilizing the orthovoltage X-ray with a 

current of 10mA, voltage of 300kV, and a dose rate of 2.39 Gy/min. 72 h following treatment, 

viability was assessed by MTT assay as described for AgNPP mediated hyperthermia. Each 

treatment was performed in triplicate for both cell lines. Temperature was measured before and 

after NIR laser irradiation with a Fluke 714 thermocouple calibrator and type K thermocouple 

80PK-1 bead probe wire thermocouple (Everett, WA).  

 

IV.4. RESULTS 

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 
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stability in physiological solutions 
39,40

. 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 Vivaspin column.  The 

AgNPPs were resuspended at a concentration of 6.25 µg/ml in deionized water, and immediately 

characterized by ultraviolet/visible (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 
39,40

, DLS was used to assess the physicochemical properties of the 

AgNPPs. DLS analysis of AgNPPs in deionized water and PBS 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). Based upon our in depth 

characterization highlighting the NIR absorbance spectra and monomodal size distribution, the 

AgNPPs possess the physicochemical characteristics necessary for use as a multimodal 

therapeutic.  
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Figure 1. Physicochemical characterization of AgNPPs.  AgNPPs were washed three times, resuspended 

in deionized water and diluted to a concentration of 6.25 µg/ml in water or PBS for physicochemical 

characterization. (A) Absorbance spectrum of AgNPPs was analyzed by UV/Vis spectrophotometry. (B) 

Hydrodynamic diameter of AgNPPs analyzed by DLS in deionized water (red) or in PBS (blue). (C) ζ-

potential of AgNPPs analyzed by DLS.  

 

AgNPPs are selectively cytotoxic to triple negative breast cancer cells 

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 
71

. We 

investigated the cytotoxic properties of 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 breast cells were exposed to increasing doses of AgNPPs 

for 72 h, and viability was assessed via MTT assays. MDA-MB-231 TNBC 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 
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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) and propidium iodide (PI) following a 72 h 

AgNPP treatment, and the mechanism of cell death was elucidated utilizing flow cytometry 

analysis.  Ann 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 
200

. MDA-MB-231 cells treated with 12.5 µg/ml of AgNPP for 72 

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.  
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Analyzing the cytotoxic properties of AgNPPs in a TNBC cell line and a non-

tumorigenic breast cell line was accomplished using three separate metrics including MTT assays 

for assessing viability, clonogenic assays for assessing effects on long term proliferative potential, 

and co-staining with Ann V and PI to determine the mechanism of cell death. Collectively, these 

studies demonstrate that AgNPPs are selectively cytotoxic to MDA-MB-231 TNBC cells leading 

to induction of apoptotic cell death, while equivalent doses pose minimal cytotoxic effects on 

MCF-10A non-tumorigenic cell line and do not induce apoptosis. The TNBC selective 

cytotoxicity identified indicates that a therapeutic window exists for the use of AgNPPs for the 

treatment of TNBC.     
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Figure 2. Cytotoxicity of AgNPPs toward TNBC and non-tumorigenic breast cells. (A-B) Relative 

viability of MDA-MB-231, TNBC cells, and MCF-10A, non-tumorigenic breast cells, after 72 h treatment 

with AgNPPs for 72 h (normalized to untreated control). (A) Cells were treated with increasing doses of 

AgNPPs (0-50 µg/ml) and viability was assessed by MTT assay. (B) Long-term proliferative potential was 

assessed via clonogenic assay after a 72 h treatment with increasing doses of AgNPPs (0-5 µg/ml). (C) 

Mechanism of cell death was assessed following a 72 h treatment with AgNPPs. Cells were co-stained with 

PI and Ann V and then evaluated by flow cytometry.  The percentages of cells characterized as viable 

(lower-left quadrant), early apoptotic (lower-right quadrant), late-apoptotic (upper-right quadrant), and 

necrotic (upper-left quadrant) are shown within each quadrant.   

 

 

Cytotoxicity of AgNPPs in TNBC cells is enhanced by NIR radiation  

 AgNPPs possess a plasmon resonance that enables production of intense heat 

with tissue-penetrating NIR radiation 
198

.  PTT coupled with the cytotoxic selectivity of AgNPPs 

for TNBC has the potential to reduce the dose of silver required to eradicate TNBC cells. To 
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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 5 or 10 µg/ml AgNPPs or vehicle and viability 

was assessed via MTT assays.  Increasing irradiation exposure alone had no effects on the 

viability of MCF-10A non-tumorigenic breast cells, whereas there was an approximately 5-8%  

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 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 28.4 and 36 °C for cells treated with 5 or 10 µg/ml AgNPPs, 

respectively (Figure 3). Treatment of MDA-MB-231 cells with 5 µg/ml of AgNPPs alone 

decreased cell viability by approximately 40% 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 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 

(Figure 3B).  Increasing the AgNPP dose to 10µg/ml, was sufficient to produce a greater 

exposure to hyperthermic temperatures (43 °C) with less exposure time to NIR radiation 
201

. 

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 36°C after a 90 s laser exposure 

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

 

 

Figure 3. AgNPPs generate heat when combined with laser irradiation that decreases the viability of 

TNBC cells. MDA-MB-231 and MCF-10A cells were treated with increasing doses of AgNPPs, (A) 0 

µg/ml, (B) 5 µg/ml or (C) 10 µg/ml for 3 h and then exposed to laser irradiation with a 970 nm, 3 Watt 

laser for increasing time. Fresh media was given to the cells following laser irradiation, and viability was 

assessed 72 h later via MTT assay.  

 

AgNPP cytotoxicity can be further enhanced with exposure to ionizing radiation  

Radiation is a well-established treatment for many cancer types with almost have of 

cancer patients receiving some form of radiotherapy
66

, and is part of standard of care treatment 

for TNBC patients 
202

. Several cytotoxic chemotherapies are defined as radiation sensitizers are 

used clinically to enhance the efficacy of radiotherapy in tumor cells while sparing healthy tissue 

94
, although there are currently no FDA approved metal nanoparticles for radiotherapy 

enhancement.  AgNPs have been shown to enhance the efficacy of radiation treatment in vitro in 

a variety of cancers 
57,71,98

. MDA-MB-231 and MCF-10A cell lines were treated with increasing 
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doses of AgNPP for 24 h , exposed to a 4 Gy dose of IR, and radiation enhancement was assessed 

via clonogenic assay (Figure 4). The dose of AgNPPs used was suboptimal as a single agent 

therapy as evidenced by minimal effect on the clonogenic efficiency in both the TNBC and non-

tumorigenic breast cell lines. 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 (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.  

 

 

Figure 4. AgNPPs selectively enhance ionizing radiation therapy in TNBC cells. (A) MDA-MB-231 and 

(B) MCF-10A cells were plated at a low density, exposed to increasing doses of AgNPPs for 24 h, and 

irradiated with 4 Gy or a sham treatment. Viability was assessed via clonogenic assay normalized to the 

untreated control.  

 

Silver Nanoparticle mediated multimodal therapy reduces the viability of TNBC 

 We have shown that AgNPPs are effective as a stand-alone cytotoxic agent, a 

PTT heat transducer, and an IR sensitizer in TNBC. Hyperthermia has been shown to enhance 

both traditional cytotoxic chemotherapeutic agents as well as IR, and therefore, clinical trials 

assessing the effects of hyperthermia in combination with standard of care are ongoing 
203

. The 
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combination of each of these therapies into a single therapy could be more efficacious against 

TNBC than each therapy individually. To assess the potential of AgNPPs as a particle-based 

multimodal therapy, MDA-MB-231 and MCF-10A cell lines were exposed to combinations of 10 

µg/ml AgNPPs, irradiation with a 3W 970 nm NIR laser for 60 s, and increasing doses of IR. 

Viability was subsequently assessed 72 h following treatment via MTT assay. The multi-modal 

therapy combining 10 µg/ml AgNPPs, 2Gy of IR and PTT via 60 s irradiation with a 3W, 970 nm 

laser generated a hyperthermic temperature of 48.16 ± 0.57 °C and significantly reduced viability 

by approximately 70% in the MDA-MB-231 TNBC cells. Conversely, the same treatment in the 

MCF-10A non-tumorigenic breast cells only reduced viability by approximately 15%.   MDA-

MB-231 cells treated with increasing doses of IR alone, showed only a slight decrease in viability 

(approximately 8-9%), 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. 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. The 2 Gy IR 

dose was the most cytotoxic to MCF-10A cells independent of combination with AgNPPs and/or 

IR. AgNPP treatment alone or in combination with NIR or IR did not have significant effects on 

the MCF-10A non-tumorigenic breast cells. These studies show that a combination therapy 

utilizing low doses of AgNPPs, IR, and PTT induces cytotoxicity of TNBC cells, but not non-

tumorigenic breast cells. The combination of the cytotoxicity, heat generation, and 

radiosensitizing properties of AgNPPs 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. AgNPPs can serve as a multi-modal therapy combining PTT and IR in TNBC. (A) MCF-10A 

and (B) MDA-MB-231 cells were exposed to a combination of AgNPPs (0 or 10 µg/ml), IR (0-2 Gy) and 

PTT in the form of laser irradiation (0 or 60 s) and viability was assessed 72 h following treatment by MTT 

assay.  

 

IV.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 

study, we have shown that combining differentially cytotoxic AgNPPs, PTT and IR can 

significantly 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 
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apoptotic cell death of TNBC while sparing the non-tumorigenic breast cells in vitro. 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 
71,198

.  

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 in a TNBC cell line. 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.  Metal nanoparticles composed of gold, silver, gadolinium and 

titanium have demonstrated radiation sensitizing properties 
96

. 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 
98

. 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 PTT against breast cancer. These nanoshells were heated using an 

NIR laser and then exposed to 6 Gy of ionizing radiation, which aided in the eradication of the 

cancer stem-like cells/tumor initiating cells which were previously shown to be resistant to IR
204

. 

We used an AgNPP formulation with a similar plasmon resonance range as the gold nanoshells to 

introduce a photothermal therapy component to the proposed therapy.   

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 
204

. 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 
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final temperature of the combination therapy can be controlled by changing 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 
198

.   

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 stem cells to ionizing radiation 
204

. However, our AgNPPs provide an additional benefit as 

a breast cancer therapeutic because our particles exhibit TNBC selective cytotoxic properties, as 

well as PTT and radiosensitizing properties. We have shown that the combination therapy 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 nanotherapeutics induce DNA damage, reactive oxygen 

species, and deplete antioxidants such as glutathione in a variety of cancer types 
46,54,71,148

. IR 

induces DNA double strand breaks (DSBs) 
67

 and PTT has been shown to inhibit DNA DSB 

repair and disrupt cytoskeletal components 
67,205

. Induction of cell death via multiple mechanisms 

decreases the likelihood of resistance to therapy 
206

. This suggests that our proposed multi-modal 

therapy may provide advantages over current therapy and prevent the need for 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 information regarding pharmacokinetic and pharmacodynamic properties 
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cannot be obtained. 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 develop a systemically deliverable therapy that minimizes the necessary 

dose of both cytotoxic agents and IR.  
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IV.7. SUPPLEMENTARY MATERIAL  

 

Supplementary Figure S1. AgNPP PPT Optimization. (A-C) Experiments were performed using a NIR 

laser set to 950 nm. (A) Change in media temperature was calculated with increasing doses of AgNPPs (0-

25 µg/ml) following a 60 s exposure to a 3 W laser. (B) Change in media temperature was calculated 

containing vehicle or 12.5 µg/ml AgNPP following a 60 s exposure to increasing laser power (W). (C) 

Change in media temperature containing vehicle or 12.5 µg/ml AgNPPs was calculated following 

increasing exposure time (s) to a 3W laser.  
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V.1. ABSTRACT 

Triple-negative breast cancers (TNBC) are characterized by the loss of expression of 

hormone receptors and low expression of the human epidermal growth factor receptor 2 (HER-2). 

TNBC patients do not benefit from current anti-HER2 or hormone-positive targeted breast cancer 

treatments, and new therapies are needed. Claudin-low breast cancer (CLBC) makes up 25-39% 

of TNBC, and is characterized by mesenchymal and stem-like signatures.  Recently, we found 

that silver nanoparticles (AgNPs) are cytotoxic to TNBC cells at doses that are non-cytotoxic to 

non-cancerous breast epithelial cells or to breast cancer cells corresponding to other molecular 

subtypes. Here, we establish that AgNPs are most effective against the CLBC subtype, and these 

cytotoxic properties are independent of particle size, charge, shape or capping agent. We show 

that CLBC-specific cytotoxicity of AgNPs is not achieved using ionic silver and is therefore one 

of the first examples of a “new to nano” cytotoxic property. Mechanistically, we find that AgNPs 

deplete cellular antioxidants, induce the unfolded protein stress response (UPR), and eventually 

result in apoptotic cell death in CLBC cells without causing similar damage or cell death in non-

cancerous breast epithelial cells. Furthermore, we show that AgNPs do not disrupt the normal 

architecture of breast acini in 3D cell culture, nor cause DNA damage or induce apoptosis in 

these structures. In contrast, the same doses of AgNPs induce extensive DNA damage and 

apoptosis in CLBC tumor nodules produced in 3D culture. We also demonstrate that systemic 

administration of AgNPs is safe and effective for treatment of CLBC xenografts in mice. We 

identify that basal levels of reactive oxygen species (ROS) correlate with sensitivity to AgNPs 

which induces degradation of AgNPs in CLBC. Furthermore, mesenchymal cancers, beyond 

CLBC, which can be defined by our biomarker pair, ZEB1
High

/ESRP1
Low

, are sensitive to AgNP 

treatment. Our research provides evidence that a therapeutic window exists for the safe use of 

AgNPs, which may strongly benefit the CLBC patient population for which prognoses are poor, 

as well as other mesenchymal cancers with equivalently poor prognoses.  
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V.2. INTRODUCTION 

Triple negative breast cancer (TNBC) is characterized by the lack or decreased 

expression of the estrogen, progesterone, and human epidermal growth factor (HER-2) receptors. 

As a consequence, TNBC patients do not benefit from modern receptor-targeted therapies and 

their prognosis is significantly worse than non-TNBC patients 
207

. Moreover, TNBC patients have 

a significantly higher risk of recurrence than patients with other types of breast cancer 
208

. Other 

than conventional cytotoxic chemotherapy, few systemic treatments are available and disease 

heterogeneity has limited the development of molecularly targeted therapeutics 
209

. Based upon 

advances in molecular profiling, TNBC can be further divided into claudin-low breast cancer 

(CLBC) which makes up approximately 25-39% of TNBC cases and basal-like breast cancer 

which makes up the remaining TNBC cases 
2
. Claudin-low tumors and cell lines are enriched for 

markers of the mesenchymal metabolomic signature which includes cancer stem cell/tumor 

initiating cells (CSC/TIC) 
2,18

. CSC/TICs are radiation and chemotherapy resistant, and may be 

responsible for tumor relapse 
210

. The zinc-finger-E-box binding homeobox factor (ZEB1) plays a 

direct role in the induction of the epithelial-mesenchymal transition (EMT) via transcriptional 

repression of E-cadherin by direct binding to E-box sequences within the E-cadherin promotor 
31

 

and upregulate mesenchymal markers such as N-cadherin and vimentin 
32

. High ZEB1 expression 

in several cancers, including breast 
24,25

, lung 
26,28

, and pancreatic 
25,30

, is associated with 

resistance to therapy, metastasis, and subsequently poor outcomes. Additionally, ZEB1 has been 

shown to repress the epithelial splicing regulatory protein 1 (ESRP1) which is necessary for the 

maintenance of the epithelial phenotype 
23

. Early evidence suggests CLBC tumors may be more 

resistant to neoadjuvant anthracycline/taxane-based chemotherapy compared to basal-like tumors 

2
. More effective, less toxic treatments for TNBC, with emphasis on the CLBC molecular 

subtype, are needed. Additionally, biomarkers to identify patients that will benefit the most from 

particular therapies are important to prevent resistance. As breast cancer comprises a group of 
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heterogenous diseases, it becomes increasingly important to identify cancer cell specific 

vulnerabilities that can be exploited as therapeutic targets.  

Nanoparticles (NPs) made of materials including silver, gold or inorganic forms of 

carbon (fullerenes and nanotubes) enable innovative approaches to diagnose and treat cancer 
211

. 

Driving this innovation is the capacity for NPs to accumulate in tumors to a greater degree than 

small molecules due to the leaky tumor blood vessel architecture and poor lymphatic drainage, a 

phenomenon known as the enhanced permeability and retention (EPR) effect 
212

.  Unfortunately, 

the majority of NPs fail to find their tumor target 
213

, which raises concerns about their non-

specific toxicity. Yet, as more is understood about the toxicity profiles of different nanomaterials, 

it is becoming possible to identify nanomaterials with unique physicochemical properties that 

may be used to exploit specific vulnerabilities in cancer cells 
71,117,118,214

.  

We recently demonstrated that silver nanoparticles (AgNPs) possess a desirable 

combination of selective cytotoxicity and radiation dose enhancement effects for treatment of 

TNBC cells at doses that are non-toxic to non-cancerous breast and other cells 
71

. Despite these 

promising findings, a substantial barrier exists between evaluation of NP therapeutic efficacy in 

monolayer cell culture or following intratumoral injection and demonstration of in vivo efficacy 

following systemic administration.  AgNPs are pleotropic stressors, and it is important to 

understand the mechanisms underlying AgNP toxicity and selectivity in order to define their 

application range and to optimize their therapeutic efficacy. Even at non-lethal doses, exposure to 

AgNPs can lead to oxidative stress or DNA damage 
215,216

. In addition, evidence suggests that 

AgNP exposure also can cause endoplasmic reticulum (ER) stress which initiates the unfolded 

protein response (UPR) 
217

. The UPR is an important cellular self-protection mechanism; yet 

chronic activation of UPR due to stress that exceeds the capacity for cellular self-protection leads 

to apoptosis and cell death. ER stress is emerging as an Achilles heel for some cancers and 

exploiting this vulnerability may offer a novel route to selective cancer therapy 
84,218,219

.  
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Most of our current knowledge on effects of AgNPs at the cellular level has been derived 

from monolayer cell culture systems rather than bioengineered tissue models. Monolayer cell 

cultures offer significant value for screening and mechanistic studies of NP toxicity, but cell 

monolayers may not adequately represent the functions of tissues, which have extensive cell-cell 

and cell-matrix interactions 
220

. Such interactions can have a dramatic effect on the sensitivity of 

the cells to therapy 
221

. Additionally, monolayer cell culture fails to reproduce the barrier aspects 

of the extracellular matrix, which may dramatically influence the diffusion/transport of NPs and 

affect the exposure of cells 
222

. Hence, testing cytotoxicity in monolayer does not reflect the entire 

profile of NP toxicity.  Tissue engineering can re-create the three dimensional (3D) geometry, 

chemistry, function and signaling microenvironment of tissues or tumors 
223

. Evaluation of 

nanotherapeutics in 3D tissue culture, rather than in 2D monolayer cultures, more accurately 

recapitulates tissue complexity, and enables to study the effects of nanotherapeutics on normal 

and diseased tissue models without requiring the use of live animals 
222,223

. These models are an 

excellent intermediate between classic cell culture systems and preclinical animal models for 

studies evaluating NP-based cancer therapies. 

 A clear demonstration of selectivity for cancer cells and harmlessness for normal tissue 

homeostasis is critical for the translation of AgNPs for treatment of breast cancer. Furthermore, 

little is known about the sublethal effects of AgNPs on the normal breast epithelium. Small 

changes in NP characteristics have the potential to dramatically change their toxicity profile 
224

. It 

is therefore necessary to clearly establish the relationships between structural and 

physicochemical AgNP characteristics and biological effects. The present study addresses both of 

these issues. We performed colloidal characterization of various sizes of AgNPs and evaluated 

the safety and CLBC-selectivity of these particles in monolayer cell culture, 3D mammary gland 

or tumor organoid models. We quantified the impact of AgNPs on the induction of the UPR, 

antioxidant levels, ROS levels, DNA damage, and apoptosis in CLBC and non-cancerous breast 

epithelial cells in vitro. Furthermore, we performed an in vivo study to determine the efficacy of 
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intravenously administered AgNPs for treatment of CLBC xenografts. This is the first time a 

CLBC-specific treatment has been discovered. We identified biomarkers that can further pinpoint 

cancers, beyond CLBC, that may benefit from AgNP treatment. These studies will guide future 

advancements in the use of AgNPs for the treatment of CLBC and other cancers that exhibit 

similar mesenchymal phenotypes.  

 

V.3. MATERIALS AND METHODS 

Silver Nanoparticles: 5, 25, 50, and 75 nm in diameter spherical silver nanoparticles (AgNPs) 

coated with polyvinylpyrrolidone (PVP; 89.3, 74.4-85, 76.5, 74% by mass respectively), and 

PVP-coated 15 nm gold nanoparticles (AuNPs; 91.6% PVP by mass) were purchased as dried 

nanopowders from nanoComposix, Inc (San Diego, CA).  Nanoparticle dispersions were prepared 

by adding 1 ml of Phosphate Buffered Saline (PBS) (Invitrogen, Carlsbad, California) to 20 mg 

of AgNPs or AuNPs in a 7 ml glass vial.  The particles were dispersed by bath sonication.  The 

resulting suspension was opaque and grey-brown in color.  Citrate stabilized silver nanoplates 

were synthesized according to previously described methods.
198

 For cell culture experiments, the 

nanoparticles were diluted in cell culture media.   

Cell Culture: MCF-7, MCF-10A, MDA-MB-231, BT-549, SUM-159, SK-LU-1, NCI-H358, 

OVCAR3, CAOV3, SKOV3 and A2780 cells were purchased from ATCC (Manassas, VA) and 

expanded by the Comprehensive Cancer Center of Wake Forest University Cell Culture and 

Vector Core. LNCaP and DU145 cells were a generous gift from Dr. Steven Kridel. RKO and 

H9-29 cells were a generous gift from Dr. Nicole Levi-Polyachenko. RKO and HT-26 cells were 

grown in McCoy’s 5A supplemented with 1% penicillin and streptomycin and 10% FBS. 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.  MCF-10A cells were grown in DMEM/F12 supplemented with penicillin, streptomycin, 2 
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mM L-glutamine, 5% HI-HS, 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% fetal bovine serum (vol:vol), 2 mM L-glutamine, penicillin (250 

units/ml), and streptomycin (250 μg/ml) (all from Invitrogen). BT-549, NCI-H358, OVCAR3, 

CAOV3, SKOV3, A2780, LNCaP, and DU145 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.  184B5 cells were obtained and used with permission 

from Martha Stampfer (Lawrence Berkeley National Laboratory). 184B5 cells were cultured as 

previously described 
133

.  hTERT iMEC cells were a generous gift from Dr. Elizabeth Alli, and 

were grown in DMEM/F12 supplemented with 10% FBS, 10 µg/ml insulin, 20 ng/ml hEGF, and 

0.5 μg/ml hydrocortisone. Non-neoplastic HMT-3522 S1 (S1) mammary epithelial cells (or their 

neoplastic derivative HMT-3522 T4-2 (T4-2)) were cultured in H14 medium for 10 days, as 

described previously 
225

. Cells were cultured as monolayers in tissue culture treated plastics 

purchased from Corning Life Sciences (Lowell, MA) or on glass coverslips. Alternatively, S1, 

T4-2 and MDA-MB-231 cells were cultured in 4-well chamber slides (Millipore) in the presence 

of reconstituted basement membrane (Matrigel
®
, Corning) to recapitulate the formation of 

polarized glandular structures (acini) and tumor nodules, respectively, as described 
226

.  

Dynamic Light Scattering: All measurements were made using the Zetasizer Nano ZS90 

(Malvern Instruments, UK).  AgNPs were sonicated for 5 min and then diluted to 1 mg/ml for 5 

nm AgNPs or 40 μg/ml for all other AgNPs and 1 ml was added to a disposable, clear plastic 

cuvette (Sarstedt, Newton NC).  Size measurements were taken in water (pH 5.5) or PBS (pH 7.4) 

using automatic settings. Zeta potential was measured in water using disposable folded capillary 

cells (Malvern Instruments, UK). Each measurement was taken in triplicate.       



102 

Nanoparticle Tracking Analysis: Measurements were made using the Nanosight NS500 

(Malvern Instruments) at 25°C. AgNP dispersions (20 mg/ml) were diluted 1:50,000 in degassed 

Milli-Q (type I) water. The following settings were used for five measurements of preparations: 

NTA (nanoparticles tracking analysis) software version 3.1; camera shutter: 32 milliseconds; 

duration: 90; threshold: 4. 

MTT assay: Cells were grown to log phase in their respective media, washed in PBS, trypsinized, 

and plated on 96-well plates at a density of 3,000 - 6,000 cells per well in 200 μl of complete 

media. Cells were allowed to recover for 18 hours and were then exposed to AgNPs for 48 or 72 

hours. For NAC studies, cells were exposed to 4 mM NAC (Sigma Aldrich) diluted in growth 

media for 6 h prior to AgNP treatment. Media containing NAC was removed and replaced with 

media containing AgNPs. For induction of EMT, cells were exposed to 10 ng/ml TGF-β1 (R&D 

Systems) for 6 days at 37°C, prior to AgNP treatment. Media containing AgNPs were replaced 

with 200 µl of media containing 0.5 mg/mL MTT and incubated for 1 hour at 37°C. Medium was 

removed, and cells were lysed in 200 μl of DMSO and read using a Molecular Devices Emax 

Precision Microplate Reader at 560 nm and corrected for background at 650 nm. 

ZEB1 Knockdown: BT549 cells were plated in 60 mm tissue culture plates and allowed to grow 

to 80-90% confluence.  Each plate was then transfected with a non-coding control shRNA 

plasmid, or a plasmid containing shRNA targeted against ZEB1.  Knockdown constructs used in 

this study were obtained from Sigma Aldrich (Mission shRNA TRCN0000369267 and 

TRCN0000369266).  Each plate was transfected using 1 µg plasmid in conjunction with 

Lipofectamine 2000 (Invitrogen) according to the manufacturer’s protocol.  The following day 

cells were reseeded and were maintained in medium containing puromycin (2 µg/ml).  ZEB1 

expression levels were verified using immunoblot prior to experimentation.   
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Inductively Coupled Plasma Mass Spectrometry (ICP-MS): MDA-MB-231 and MCF-10A cells 

were cultured as above in 60 mm tissue culture plates.  Cells were then treated with AgNPs or 

vehicle (PBS) for 6 or 24 h.  Cells were then trypsinized, washed twice in PBS, pelleted and 

stored at -20°C.  Tumors and organs were minced and 200 mg of tissue was used for analysis. 

Samples were then digested with 10% HNO3 using a microwave-assisted digestion system (Ethos 

UP, Milestone, Sorisole, Italy). The digested samples were then diluted to a final acid 

concentration of 2% v/v for tumors and 1% v/v for organs before Ag determination by ICP-MS. 

Trace metal grade HNO3 (Fisher, Pittsburgh, PA, USA), and distilled-deionized water (18 MΩ 

cm, Milli-Q®, Millipore, Bedford, MA, USA) were used to digest the samples and prepare all 

solutions. Standard reference solutions used for calibration were prepared in 2% acid (HNO3) for 

tumors or 1% acid for organs from a 1000 mg/L Ag stock (SPEX CertPrep, Metuchen, NJ, USA). 

A tandem ICP-MS (8800 Triple Quadrupole, Agilent, Tokyo, Japan) equipped with a SPS 4 

automatic sampler, a Scott-type double pass spray chamber operated at 2 0C, and a Micromist 

concentric nebulizer was used in all determinations. Helium gas (≥ 99.999% purity, Airgas, 

Colfax, NC, USA) was used in the ICP-MS’s collision/reaction cell to minimize potential spectral 

interferences while monitoring the 
109

Ag isotope. Other relevant instrument operating conditions 

such as radio frequency applied power, sample depth, carrier gas flow rate, reaction gas flow rate, 

and the number of sweeps per replicate were 1550 W, 10.0 mm, 1.05 L/min, 4.0 mL/min, and 

100, respectively. 

Transmission Electron Microscopy: MDA-MB-231 or MCF-10A cells were cultured as above in 

6-well tissue culture dishes.  Cells were treated with AgNPs (150 µg/ml) for 1 h. All cells were 

washed thoroughly in PBS to remove AgNPs not bound or internalized by cells. Half of the wells 

were fixed in 2.5% glutaraldehyde at 4°C overnight. Fresh cell culture media was added to the 

remaining wells which were incubated for 6 h more before fixation. Next, cells were scraped 

from the wells, pelleted, embedded in resin, cut into ultrathin sections (80 nm) and placed on 
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copper coated formvar grids then imaged using a Tecnai Spirit transmission electron microscope 

(FEI). Samples were imaged without additional staining to facilitate the detection of AgNPs. 

Western Blots: Cells were grown to log phase in their respective media, washed in PBS, 

trypsinized, and plated on 10 cm dishes at a density of 2 x 10
6
 cells in 10 ml of complete media. 

Cells were allowed to recover for 18 h and were then exposed to AgNPs for 6 or 24 h at 37 °C. 

Medium was removed, and lysates were collected using M-PER Mammalian Protein Extraction 

Regent (78501, Thermo Scientific) supplemented with 1% Halt Protease & Phosphatase Inhibitor 

Cocktail (78440, Thermo Scientific). Protein concentration was determined for each sample using 

a bicinchoninic acid (BCA) protein assay kit (Thermo-Fisher/Pierce) according to the 

manufacturer’s instructions. Proteins were size fractionated by gel electrophoresis and then 

transferred to a PVDF membrane. Nonspecific binding was blocked by incubation for 30 min at 

room temperature with Tris-buffered saline containing 5% powdered milk and 1% Triton X-100. 

Membranes were incubated overnight at 4 °C with primary antibodies (GRP78, PERK, phosphor-

eIF2α, eIF2α, CHOP, ZEB1, Catalase, E-cadherin, N-cadherin, Vimentin, SLUG or β-actin 

purchased from Cell Signaling Technologies,  ESRP1 purchased from Sigma Prestige Antigens, 

or SOD2 purchased from Santa Cruz followed by incubation with polyclonal HRP-conjugated 

secondary antibodies (1:1000) for 1 hour at room temperature. Immunoreactive products were 

visualized by chemiluminescence (SuperSignal Femto West, Pierce Biotechnology) and 

quantified by densitometry using the Bio-Rad digital densitometry software. 

Redox assays:  Cells were grown and plated as described for MTT assay. Reduced  glutathione 

(GSH) and oxidized glutathione (GSSG) were quantified using the Promega GSH-Glo 

Glutathione Assay according to the manufacturer’s instructions. Reduced nicotinamide adenine 

dinucleotide phosphate (NADPH) and its oxidized form (NADP+) were quantified using the 

Promega NADP/NADPH-Glo Assay according to the manufacturer’s instructions. Luminescence 

was read using a Tecan GENios microplate reader. 
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ROS Detection: Cells (0.5-1.0 x 10
5
 cells) were seeded in 24-well tissue culture plates and 

allowed to attach overnight.  The following day cells were treated as indicated for 24 hours at 37 

°C. Medium was removed, cells were washed with PBS (with magnesium and calcium), and 

incubated with 10 µM  2',7'-dichlorodihydrofluorescein diacetate (H2DCF-DA) (Invitrogen) 

diluted in PBS (with calcium and magnesium) for 5 min at 37°C. Cells were imaged using the 

EVOS FL Auto (Thermo Scientific).  

Flow cytometry:  Cells were grown to log phase in their respective media, washed in PBS, 

trypsinized, and plated on 10 cm dishes at a density of 1.25 x 10
6
 cells for control plates or 2 x 

10
6
 cells  for treatment plates and were allowed to adhere for 18 h. Cells were treated with 25 nm 

0-1,000 µg/ml AgNPs (nanoComposix, San Diego, CA) for 24 h. Cells were harvested as 

described and APC Annexin V and propidium iodide staining was performed as per the 

manufacturer’s instructions (BD Pharmingen; San Diego, CA). Briefly, cells were trypsinized, 

pelleted, washed twice with cold PBS, and then suspended in 1X Annexin V binding buffer at a 

concentration of 1 x 10
6
 cells/ml. 1 x 10

5
 cells were then mixed with Annexin V and incubated for 

15 minutes at room temperature in the dark. Four hundred microliters of 1X Binding Buffer (BD 

Biosciences, East Rutherford, NJ) was added with or without propidium iodide (2.0 ug/ml; final 

concentration). Labeled cells were analyzed on the Accuri6 Flow Cytometer (BD Biosciences, 

East Rutherford, NJ). Analysis of data was performed using FCS Express version 3 (De Novo 

Software, Los Angeles, CA). For cell cycle analysis, cells were treated as indicated, fixed in 50% 

ice-cold ethanol, washed once in PBS, and then were treated with FxCycle PI/RNase staining 

solution (Life Technologies) per the manufacturer’s protocol.  Analysis was performed using 

ModFit software. 

Immunofluorescence: Cells were permeabilized for 20 minutes with 0.5% triton X-100 in 

cytoskeleton buffer (100 mM NaCl, 300 mM sucrose, 10 mM PIPES pH 6.8, 5 mM MgCl2, 10 

µg/ml aprotinin [Sigma-Aldrich], 1 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride, 
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hydrochloride (Roche Diagnostics), and 250 µM NaF) and fixed with 4% paraformaldehyde. 

After blocking with 10% goat serum in immunofluorescence buffer (130 mM NaCl, 13 mM 

Na2HPO4, 3.5 mM NaH2PO4, 7.7 mM NaN3, 0.1% BSA, 0.2% triton X-100, 0.05% tween 20), 

cells were incubated with the following antibodies (overnight, 4°C): 53BP1 (AbCam, Ab36823), 

γH2AX (clone JBW301, Millipore), Ki67 (Thermo Scientific, PA5-19462), β4-integrin 

(Millipore, MAB1964), or ZO-1 (clone 1A12, Invitrogen). Primary antibodies were detected with 

secondary antibodies coupled to Alexa Fluor
®
 488 or Alexa Fluor

®
 568 or (Life Technologies) 

incubated in blocking buffer 40 minutes at ambient temperature. DNA was counterstained with 

4′,6-diamidino-2-phenylindole (DAPI). Fluorescent signals were imaged with a Zeiss CLSM710 

confocal microscope using a 63× oil (NA = 1.4) objective. 53BP1 and γH2AX repair foci were 

quantified by visual scoring on confocal images (3D cultures). The percentage of S1 acini with 

apical polarity was determined by visual scoring of ZO-1 signals using an Olympus IX83 

microscope equipped with a 60× oil (1.35 NA) lens. A Cs-137 irradiator (JL Sherpherd; Mark I-

68A) was used for cell irradiation (3 Gy). 

In vivo studies:  All animal experiments were performed with prior approval by Wake Forest 

University Institutional Animal Care and Use Committee. Female, 8-10 week old nu/nu mice 

were purchased from the Charles River Labs. Mice were housed in groups of five in individually 

ventilated cages with a 12 h light/dark cycle and were allowed access to food and water ad 

libitum. Mice were allowed to acclimatize for 2 weeks prior to beginning experiments. For tumor 

inoculation, MDA-MB-231 cells in Matrigel (BD Biosystems) (50 µl containing 2x10
6 
cells) were 

injected into the fourth inguinal mammary fat pad of mice. Tumor growth was monitored by 

calipers and volume was determined using the formula: volume = 0.52 x (width) x (length) x 

(width + length)/2 where length and width are the two largest perpendicular diameters. When the 

tumors reached an average volume of 100 mm
3
 (approximately 3 wk post-implantation), mice 

were weighed and randomized into two groups of 8. Mice were injected intravenously in the 
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lateral tail vein, 3 times/wk for 10 wk, with AgNPs in PBS (6 mg/kg) or PBS alone. Tumor 

growth, body weight and general health were monitored over time. For biodistribution studies, 

mice were injected intravenously in the lateral tail vein with a single dose of AgNPs diluted in 

PBS (6mg/kg) or PBS alone. Organs and urine were collected after 24 h. Blood was collected at 

several time points (0 h, 10 mins, 1 h, 4 h, 18 h, and 24 h). 

 

V.4. RESULTS 

The cytotoxicity profile of AgNPs is selective for CLBC and independent of particle size, shape or 

capping agent.  

We used monodisperse AgNPs of increasing diameter (5 nm, 25 nm, 50 nm, 75 nm) 

stabilized with a high (>74% by mass) percentage of polyvinylpyrrolidone (PVP) as a capping 

agent to determine if AgNP size influences the TNBC-selective cytotoxicity previously observed 

using a heterogeneous dispersion of AgNPs 
71

. We verified the manufacturer’s data shown in 

figure 1A regarding particle size using both Nanoparticle Tracking Analysis (NTA) and Dynamic 

Light Scattering (DLS). All AgNPs were monodisperse and possessed negative ζ-potentials in 

water at pH 7 (Figure 1B and Table I).  The colloidal stability over time of 25 nm AgNPs was 

further evaluated via DLS (Figure 1C). No change in hydrodynamic diameter was observed in 

water or PBS (pH 7.4) over 24 h, but an increase in hydrodynamic diameter was observed after 

storage of AgNPs in cell culture media (DMEM) containing 10% serum. The particles remained 

well suspended without evidence of precipitation, and it is likely that this increase was due to the 

formation of a protein corona 
227

.  

We next exposed TNBC cells (MDA-MB-231) and non-cancerous mammary epithelial 

cells (MCF-10A) to increasing concentrations of various sizes of AgNPs and evaluated 

cytotoxicity 48 h later. AgNPs were significantly (p<0.01) more cytotoxic toward MDA-MB-231 

cells compared to non-cancerous MCF-10A cells for all particle sizes at silver concentrations of 5 
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µg/ml or greater. All sizes of AgNPs exhibited similar cytotoxicity (no significant differences; 

(Figure 1D) toward MDA-MB-231 cells. Release of silver ions (Ag
+
) from AgNPs has been 

reported to contribute to their cytotoxicity 
150

. However, the TNBC selective cytotoxic effects that 

we observed were meditated by intact AgNPs. As shown in figure 1E, Ag
+
 (AgNO3) was highly 

cytotoxic to both MDA-MB-231 and MCF-10A. In contrast, MCF-10A cells were resistant to 

AgNPs while MDA-MB-231 cells were sensitive to AgNPs. In addition, we found that PVP-

coated, 15 nm gold nanoparticles (AuNPs) were not cytotoxic toward either MDA-MB-231 or 

MCF-10A cells (Figure 1F), further confirming that the TNBC selective cytotoxicity profile was 

specific to AgNPs and is not a property that is shared among all NPs composed of heavy metals. 

 To determine if AgNP capping agent or shape affects the TNBC-selective cytotoxicity 

observed for spherical PVP-coated AgNPs, we prepared, characterized and assessed the 

cytotoxicity of methoxypolyethyleneglycol-coated spherical AgNPs (mPEG-AgNPs) shown in 

supplementary figure S1 and citrate-stabilized, triangular silver nanoplates (AgNPPs) shown in 

supplementary figure S2. AgNPs possess a strong affinity for sulfhydryl (thiol) groups 
62,63

, 

which can be exploited to functionalize AgNPs with different capping agents or targeting 

moieties. 5nm PVP-coated AgNPs obtained from nanoComposix Inc. were functionalized with 

methoxypolyethyleneglycol5,000-thiol (mPEG-SH). The PVP-thiol exchange was monitored via 

ultraviolet/visible (UV/Vis) spectroscopy, and a dampening of the absorbance peak at ~405nm 

and a red shift was observed for the mPEG-AgNPs compared to the PVP-AgNPs. Additionally, 

there was an increase in hydrodynamic diameter and a more positive ζ-potential for the mPEG-

AgNPs. MDA-MB-231 cells were significantly more sensitive than MCF-10A cells to these NPs, 

indicating that the TNBC-selective cytotoxicity is independent of capping agent.  Citrate-

stabilized, AgNPPs were generally uniform in size and shape and possessed a mean 

hydrodynamic diameter of approximately 133 nm (Supplementary figure S2A and B). In 

contrast to the negatively charged PVP-coated particles, they possessed a cationic (+27 mV) ζ-

potential (Supplementary figure S2C). Notably, MDA-MB-231 cells were significantly more 
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sensitive than MCF-10A cells to these particles (Supplementary figure S2D), indicating that the 

TNBC-selective cytotoxicity of AgNPs was independent of capping agent, shape or size.  

 

 

Figure 1. Physicochemical characterization of AgNPs and effects of AgNP size and particle formulation 

on CLBC-selective cytotoxicity. (A) TEM images of AgNPs (5, 25, 50, 75 nm in diameter) obtained from 

nanoComposix, Inc. (B) Hydrodynamic diameter of AgNPs. 5 nm AgNPs were analyzed by DLS and 25, 

50, and 75 nm AgNPs were analyzed by NTA.   
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(C) Hydrodynamic diameter of 25 nm AgNPs over time dispersed in H2O, PBS, or DMEM supplemented 

with 10% FBS. MDA-MB-231 and MCF-10A cells were exposed to (D) AgNPs (5, 25, 50, or 75 nm in 

diameter),  (E) AgNPs (25 nm) or silver nitrate (as a source of Ag+), or (F) 15 nm gold nanoparticles 

(AuNP) for 48 h. Viability was assessed by MTT. Significant differences are indicated (ANOVA; T-Test; 

**p<0.01).  

 

 

 

Table I. Physicochemical characterization of AgNPs. Core particle size and Ag and PVP content are 

reported by the manufacturer. Particle size and ζ-potential were determined after dispersing the AgNPs in 

water at pH 6.5 and determined using the Malvern Zetasizer Nano ZS. Triplicate measurements were taken 

for each sample. 

 

Next, we determined the cytotoxicity of 25 nm AgNPs in a panel of breast cell lines.  

TNBC cell lines which can be further classified as the CLBC (MDA-MB-231, BT-549, SUM-

159) or basal (BT-20, MDA-MB-468) molecular subtypes were tested, as were luminal A (MCF-

7), HER-2+ (SKBR3), and non-cancerous breast (MCF-10A, 184B5, iMEC) cell  lines (Figure 

2). We found that AgNPs showed the greatest cytotoxicity toward a subset of TNBC cell lines, 

the CLBC cell lines. AgNPs were less cytotoxic in other breast cancer subtypes (basal, luminal A, 

HER-2) and significantly less cytotoxic at 7.5 µg/ml Ag in non-cancerous breast cell lines after a 

48h treatment (p<0.001 for all comparisons at a silver metal concentration of 7.5 µg/ml or 

greater). A panel of cancerous and non-cancerous breast cell lines was exposed to 25 nm AgNPs 

for 72 h and the IC50 was calculated for each cell line (Figure 2B and Table II). As with the 48 h 

treatment, the CLBC cell lines were the most sensitive to AgNPs following a 72 h treatment.  



111 

Collectively, these results establish that the CLBC-selective cytotoxic properties of 

AgNPs are independent of particle size, shape or capping agent. The CLBC-specific cytotoxicity 

of AgNPs is not shared by ionic silver, demonstrating one of the first examples of a “new to 

nano” cytotoxic property. Because all types of AgNPs exhibited similar cytotoxicity profiles, in 

subsequent studies we focused on the 25 nm PVP-coated AgNPs, as they are already reliably 

mass produced and are large enough to avoid rapid urinary clearance, yet small enough to evade 

rapid clearance by the mononuclear phagocyte system and accumulate in tumors due to the EPR 

effect 
228

.  
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Figure 2. Cytotoxicity of AgNPs in a panel of breast cancer and non-cancerous cell lines. A panel of 

breast cells lines of various molecular subtypes were treated with AgNPs (25 nm) for (A) 48 h or (B) 72 h. 

Viability was assessed by MTT. Significant differences are indicated (Tukey Test; ***p<0.001).  
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Table II. Molecular subtype classification for breast cell lines and 72 h IC50 AgNP doses. Breast cell 

lines were treated for 72 h with 25 nm AgNPs and viability was assessed by MTT assay. IC50 dose 

calculations were performed using the prism 5.0 software. IC50 doses are shown in total NP (AgNP) 

concentration and silver (Ag) content. At least 3 independent experiments were conducted for each cell 

line.  

 

Intravenous delivery of AgNPs is safe and effective for treatment of CLBC xenografts in vivo 

We performed an in vivo biodistribution study in nude mice following a 24 h single bolus 

dose intravenous injection of 6 mg/kg AgNPs or PBS. Mice were euthanized and organs were 

collected after 24 h and analyzed by inductively coupled plasma mass spectrometry (ICP-MS) for 

silver content. After 24 h, the largest amount of Ag found was in the liver, with lower detectable 

levels found in the lungs, spleen, and kidneys (Figure 3A). Minimal Ag was found in the urine 

(Figure 3B), which corresponds with the low levels of Ag detected in the kidneys. Blood was 

collected from the PBS mice and from the AgNP treated mice at 10 mins, 1 h, 4 h, 18 h, and 24 h 

following the AgNP injection and analyzed by ICP-MS (Figure 3C). Majority of the Ag was 

cleared within an hour of the injection, indicating that frequent dosing will be necessary for tumor 

accumulation.   
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Figure 3. 24 h biodistribution of AgNPs after a single dose of 25 nm AgNPs. Nude mice (3 per group) 

were intravenously injected with PBS or AgNPs (6 mg/kg [Ag]). Organs, urine, and blood were collected 

and analyzed by ICP-MS for Ag content detection. (A) Organs were collected 24 h after AgNP treatment 

and 200 mg of tissue were analyzed. Total organ Ag content is depicted as an average of 3 samples ± SEM. 

(B) Urine was collected 24 h after AgNP treatment. The urine was combined for each group of mice (PBS 

or AgNP), and 20 µl was analyzed. (C) Blood was collected at several time points (0 h, 10 mins, 1 h, 4 h, 

18 h, 24 h). 20 μl of blood per mouse at each time point was analyzed and is depicted as an average of 3 

samples ± SEM.   
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We performed an in vivo dose escalation study in nude mice and found that the maximum 

tolerated dose (MTD) for our lead of 25 nm diameter, PVP-capped AgNP formulation was 9-12 

mg/kg following a single, bolus intravenous injection (not shown). Subsequently, nude mice 

bearing orthotopic MDA-MB-231 tumors implanted in the mammary fat pad were injected 

intravenously with our lead 25 nm, PVP-stabilized AgNPs at 2/3 MTD (6 mg/kg) or PBS three 

times per week for 10 weeks. We found that intravenous injection of AgNPs significantly reduced 

CLBC tumor growth in mice (Figure 4A). Throughout the study, mice were monitored for signs 

of toxicity including weight loss, hunched posture/immobility, and rapid or shallow breathing. No 

difference in weight between PBS and AgNP treatment mice was observed (Figure 4B), nor were 

overt signs of toxicity noticeable, indicating that these NPs were potentially both effective and 

safe. All mice treated with AgNPs survived for the duration of the study (100 days) while only 

1/3 of PBS group survived (Figure 4C). Treatment caused tumor necrosis as evidenced by 

scabbing of the tumor as the treatment progressed (Figure 4D). After 100 days, all AgNP treated 

mice and surviving control animals were euthanized and the amount of silver remaining in the 

tumors was quantified by ICP-MS. As shown in figure 4E, silver remained detectable within the 

tumor/surrounding necrotic tissue of mice treated with AgNPs.  
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Figure 4. Systemic delivery of AgNPs slows growth of CLBC tumors in vivo. Tumor bearing mice (9 per 

group) were intravenously injected with PBS or AgNPs (6 mg/kg; 3x per wk; 10 wks). (A) Tumor growth 

was quantified over time by caliper measurements and the start (first Rx) and end (final Rx) of treatment is 

indicated. Significant differences in tumor size are indicated by * (Mann-Whitney; *p˂0.05) (B) 

Assessment of weight change over time indicates no difference between AgNP and control groups. (C) 

Survival of treated mice is plotted by Kaplan-Meyer analysis. Due to tumor growth in excess of the severity 

limit of the protocol (>1000 mm
3
) 2/3 of PBS treated mice were euthanized prior to the end of the study at 

100 days. No tumors in AgNP treated mice reached the tumor size limit and all mice survived until the 

completion of the study at 100 days. (D) Representative images showing tumor necrosis in a mouse treated 

intravenously with AgNPs or a large tumor mass in a PBS mouse at the study end point. (E) Silver content 

(parts per trillion; ppt) in tumors of mice reaching the study endpoint was quantified by ICP-MS.  
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AgNPs traffic to different intracellular compartments after uptake by CLBC compared to non-

cancerous breast cells. 

NP formulations of silver may function as a “Trojan Horse”
229

, carrying silver metal (Ag) 

across cell membranes and influencing the rate, extent, location and/or timing of Ag+ release 
151

. 

We therefore examined the cell uptake and intracellular trafficking of AgNPs. MDA-MB-231 and 

MCF-10A cells were exposed to equal amounts of AgNPs for 6 or 24 h, washed extensively, 

counted and Ag content was quantified by ICP-MS. Notably, MCF-10A cells bound or took up 

more than twice as much Ag as MDA-MB-231 cells, and most of the Ag became cell associated 

during the first 6 h of exposure (Figure 5A).  Thus, the greater sensitivity of MDA-MB-231 cells 

to AgNPs was not due to these cells taking up more NPs than the relatively insensitive MCF-10A 

cells. 

To study intracellular trafficking of AgNPs, cells were pulsed with AgNPs for 1 h to 

allow for AgNP uptake and then washed and fixed or chased for 6 h before fixing to allow for 

AgNPs to traffic within cells. Imaging by transmission electron microscopy (TEM) confirmed 

that MCF-10A cells took up more AgNPs than MDA-MB-231 cells. Intact AgNPs could clearly 

be seen on the surface and within endosomes of MCF-10A cells after 1 h exposure to AgNPs 

(Figure 5B i and ii; Supplementary Figure S3A). In contrast, fewer AgNPs were found within 

endosomes in MDA-MB-231 cells (Figure 5C i and ii; Supplementary figure S4A) and only 

rarely were AgNPs found on the surface of these cells. Higher power images of AgNPs in MCF-

10A cells confirmed that intact nanoparticles are in endosomes after 1 h, which appear to fuse 

with electron dense lysosomes within 6 h (Figure 5B; Supplementary figure S3). After 1 h, 

AgNPs were also found in endosomes of MDA-MB-231 cells, but the particles are notably 

degraded in comparison to those found in MCF-10A cells (Figure 5C i and ii ; Supplementary 

figure S4A). Importantly, after 6 h, degraded AgNPs were found in autophagic vesicles 

consistent with amphisomes (Figure 5C iii and iv; Supplementary figure 4B), which are 

formed by the fusion of late endosomes and autophagosomes 
230

. In support of this, images of 



118 

autophagosomes fusing with endosomes containing degraded AgNPs are shown in 

supplementary figure S4B. 
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Figure 5. AgNPs exhibit differential internalization, intracellular trafficking, and degradation in CLBC 

and non-cancerous breast cells. MDA-MB-231 and MCF-10A cells were exposed to AgNPs (25 nm) for 6 

or 24 h. (A) The amount of Ag taken up by the cells was quantified by ICP-MS. Separately, cells were 

pulsed with AgNPs for 1 h to allow internalization and then chased for a further 6 h to allow time for 

intracellular trafficking.  Internalized AgNPs were visualized by TEM. After the 1 h pulse, AgNPs are in 

the electron micrographs (11000X magnification) of (B) MCF-10A cells or (C) MDA-MB-231 cells. Early 

endosomes containing AgNPs are indicated by white arrows, and lysosomes or amphisomes containing 

AgNPs are indicated by the black arrows. Organelles and vesicles are identified in the images: AM 

(amphisome); EE (early endosome); Ly (lysosome); Mt (mitochondria); N (nucleus). 

 

Intracellular reactive oxygen species (ROS) liberates Ag
+
 ions from AgNPs, further 

increasing ROS and leading to cell death 
111

. We examined basal levels of ROS in a panel of 

breast cell lines and the effect of AgNP exposure on ROS using the ROS sensitive dye, H2DCF-

DA (Figure 6). Consistent with previous reports 
231

, MDA-MB-231 cells exhibited high basal 

ROS activity in comparison to MCF-10A cells. There was a correlation between increasing ROS 

levels and increasing sensitivity to AgNPs. Cell lines that were the most sensitive to AgNP 

treatment, predominately CLBC cell lines, exhibited high basal levels of ROS, whereas AgNP 

insensitive cell lines demonstrated low basal levels of ROS. 24 h 10 mM N-acetylcysteine (NAC) 

treatment was sufficient to partially mitigate the basal ROS in the AgNP sensitive cell lines. In 

response to AgNP exposure, there was a slight increase in ROS detected in the sensitive cell 

lines; however, high basal ROS levels in these cells prevented detection of significant ROS 

increases. In the AgNP insensitive cell lines, AgNP exposure increased ROS in the luminal A 

(MCF-7) and basal-like (MDA-MB-468, BT-20) cell lines, whereas there was no detectable 

increase in ROS in the non-cancerous breast cell lines (MCF-10A,iMEC). It is possible that the 

high basal levels of ROS observed in the MDA-MB-231 cell line led to the increased degradation 

of AgNPs observed by TEM, which may contribute to the CLBC-selective cytotoxicity of 

AgNPs.  
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Figure 6. Basal levels of ROS and ROS levels following treatment with AgNPs across breast cancer 

subtypes and non-cancerous breast cell lines. CLBC (MDA-MB-231, BT-549, SUM-159), luminal A 

(MCF-7), HER-2+ (SKBR3), basal (MDA-MB-468 and BT-20) breast cancer cells and non-cancerous 

breast cells (MCF-10A and iMEC) were seeded and allowed to attach the overnight, then treated with 

vehicle, NAC or AgNPs (25 nm) for 24 h. Cells were washed with PBS, incubated with PBS containing the 

ROS responsive dye, H2DCF-DA, and then ROS was assessed by fluoresence microscopy. Dye-free 

(Unstained Ctrl) controls of cells treated were used to verify the specificity of the fluorescence for ROS 

detection. 

 

AgNPs induce redox imbalance and cytotoxicity in CLBC, which can be mitigated via NAC pre-

treatment, but is independent of SOD2 or catalase expression. 

 We previously showed that AgNPs induced oxidative damage to protein thiols in 

TNBC cells without causing comparable damage to luminal A breast cancer or non-cancerous 

breast cells 
71

. The tripeptide non-protein thiol, glutathione (GSH), plays a key role in mitigating 

oxidative damage, and can modulate protein synthesis and folding, signal transduction, and cell 

proliferation 
128,129

. In the presence of ROS, GSH is oxidized to form a homodimer disulfide 

(GSSG). Nicotinamide adenine dinucleotide phosphate (NADPH) also protects against oxidative 

stress and provides reducing equivalents allowing the regeneration of reduced GSH from its 

oxidized disulfide form (GSSH) 
232

. Additionally, NADPH is necessary for lipid and nucleic acid 

synthesis. Therefore, substances causing imbalances in the redox balance of GSH/GSSG and 

NADPH/NADP
+
 may impact normal cell function, even at non-lethal doses.  

To determine the effect of AgNPs on the redox state of CLBC and non-cancerous breast 

cells, we quantified the ratio of the oxidized and reduced forms of these antioxidants in MDA-

MB-231 and MCF-10A exposed to AgNPs. As shown in figure 7A and B, AgNPs decreased 

both GSH/GSSG and NADPH/NADP
+
 ratios in MDA-MB-231 cells, but not in MCF-10A cells. 

This indicated that AgNPs perturbed the redox balance in the CLBC cells at doses that had no 

effect on non-cancerous breast epithelial cells. As shown in figure 6, MDA-MB-231 and BT-549 

CLBC cells possess high basal levels of ROS and are the most sensitive to AgNP treatment 

(Figure 2B and Table II). Both cell lines were pre-treated with 4 mM NAC for 6 h to decrease 

https://en.wikipedia.org/wiki/GSH
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basal levels of ROS, prior to a 48 h AgNP treatment. NAC pre-treatment significantly decreased 

cytotoxicity of AgNP treatment at Ag concentrations of 15.625 – 62.5µg/ml in MDA-MB-231 

cells and 62.5 – 125µg/ml in BT-549 cells. This futher suggests that high basal levels of ROS in 

CLBC cells contribute to AgNP-mediated cytotoxicity. Manganese superoxide dismutase (SOD2) 

and catalase are antioxidant enzymes that play roles in mitigating oxidative stress by converting 

free radicals to H2O2 and H2O2 to water and oxygen respectively 
233,234

. SOD2 and catalase have 

been implicated in tumor progression and metastasis in several cancers due to their ability to 

allow cancers to survive in pro-oxidative environments 
233,235-237

. We assessed SOD2 and catalase 

expresion via western blot in a panel of breast cancer and non-cancerous breast cell lines, and 

demonstrated that AgNP-induced cytotoxicity was independent of SOD2 or catalase expression 

(Figure 6D).  
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Figure 7. AgNPs induce redox imbalance and cytotoxicity in CLBC, which can be mitigated via NAC 

pre-treatment, but is independent of SOD2 or catalase expression. The ratios between (A) reduced and 

oxidized glutathione (GSH/GSSH) or (B) reduced and oxidized nicotinamide adenine dinucleotide 
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phosphate (NADPH/NADP+) were quantified in cell lysates following exposure of MDA-MB-231 or 

MCF-10A cells to AgNPs (25 nm) for 24 h. Significant differences between treatment groups are indicated 

(ANOVA; T-Test; *p<0.05*; **p<0.01). N.S., non-significant (ANOVA, p>0.05). (C) MDA-MB-231 and 

BT-549 cells were pre-treated with NAC or vehicle, treated with AgNPs (25 nm) for 48 h, and viability was 

assessed via MTT assay. (ANOVA; T-Test; **p˂0.005; p˂0.0005). (D) SOD2 and catalase expression 

relative to GAPDH expression in a panel of breast cell lines were analyzed by western blot.  

 

AgNPs induce ER stress, apoptosis, and slowing through S-phase in CLBC cells without affecting 

non-cancerous breast epithelial cells.  

AgNPs can induce ER stress in vitro and in vivo 
217,238,239

, but whether CLBC or other 

cancer cells are more sensitive the AgNP-induced ER stress than equivalent non-cancerous cells 

has not been reported. We therefore determined the effect of AgNPs on ER stress in MCF-10A 

and MDA-MB-231 cells. In addition, we examined the effect of AgNPs on ER stress in luminal A 

MCF-7 breast cancer cells. Cells under ER stress activate the PERK (protein kinase R-like ER 

kinase) signaling pathway. PERK activation leads to phosphorylation of eukaryotic translation 

initiation factor 2α (eIF2α or p-eIF2α when phosphorylated) and increased synthesis of the ER-

chaperone protein GRP78 (78 kDa glucose-regulated protein). Failure to mitigate ER stress leads 

to synthesis of the pro-apoptotic protein CHOP (C/EBP homologous protein) 
218,240

.  Therefore, 

we quantified PERK, total eIF2α  and p-eIF2α, GRP78, and CHOP expression by western blot 

after 6 or 24 h  treatment of cells with AgNPs (Figure 8A). After exposure to AgNPs, no 

significant change in PERK, p-eIF2α/total eIF2α ratio, GRP78, or CHOP expression was found 

for MCF-10A or MCF-7 cells at either treatment time, indicating that ER stress was not induced. 

In contrast, AgNPs induced ER stress in MDA-MB-231 as indicated by an increase in PERK, p-

eIF2α/eIF2α ratio, GRP78, and CHOP. 

The increased CHOP expression observed in CLBC cells treated with AgNPs is expected 

to induce apoptosis.  To determine the mechanism of cell death caused by AgNPs, annexin V 

(AnnV) and propidium iodide (PI) co-staining was performed on the adherent population of non-

cancerous MCF-10A breast cells and MDA-MB-231 CLBC cells following a 24 h treatment with 
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increasing doses of 25 nm AgNPs. This method helps distinguish between necrosis/complete loss 

of membrane integrity (PI+, AnnV-), early apoptosis (PI-, AnnV+), and late apoptosis (PI+, 

AnnV+). AgNPs induced a dose-dependent increase in early-stage apoptosis, late-stage apoptosis 

and necrosis in MDA-MB-231 compared to vehicle control which correlated with 24 h viability 

assay data (Figure 8B; Supplementary figure S5A). Conversely, AgNPs had a minimal effect 

on early-stage, late-stage apoptosis and necrosis in MCF-10A. These results indicate that in 

CLBC cells, but not in non-CLBC cells, AgNPs cause activation of the UPR, synthesis of the pro-

apoptotic protein, CHOP, and induction of apoptosis.  

Thapsigargin is a chemical inducer of ER stress which has been shown to activate the 

PERK arm of the UPR in MDA-MB-231 cells 
84

. GSK2606414 is the first-described small 

molecule selective inhibitor of PERK 
241

. MDA-MB-231 cells were treated with 1 μM of the ER 

stress inducer, thapsigargin, 25 nM of the PERK inhibitor (PERKi), GSK2602414, or the 

combination of thapsigargin and GSK2606414 for 4 h to verify the efficacy of the PERKi, 

GSK2606414. Immunoblotting confirmed that thapsigargin was sufficient to induce activation of 

the PERK arm of the UPR as evident by an increase in phosphorylation of the downstream 

effector, eIF2α (p-eIF2α). Co-treatment with the PERKi, GSK2606414, and thapsigargin 

decreased p-eIF2α expression compared to thapsigargin alone (Supplementary figure S5B). This 

indicates that the PERKi, GSK2606414, is sufficient to mitigate PERK arm activation as an 

indicator of ER stress. To further evaluate the role of ER stress in AgNP-induced cytotoxicity, 

MDA-MB-231 cells were treated with increasing doses of AgNPs alone or in combination with 

the PERKi, GSK2606414, for 48 h to determine if PERK inhibition provides protection against 

AgNP-induced cytotoxicity (Supplementary figure S5C). There was no significant difference in 

viability observed via MTT assay between cells treated with AgNPs alone or in combination with 

the PERKi. This indicates that while AgNPs do induce ER stress via activation of the PERK arm 

of the UPR and likely plays a role in the apoptotic cell death observed in CLBC cells (Figure 8A 

and B), ER stress is not the primary cause of AgNP-mediated cell death.  
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In parallel to the ER stress studies, we further examined the effect of AgNP treatment on 

the cell cycle for MDA-MB-231, MCF-7, and MCF-10A cell lines. As shown in figure 8C, 

treatment of MDA-MB-231 cells with AgNPs induced a time dependent decrease in the number 

of cells in G1 and an increase in S-phase cells. A similar, though less dramatic effect on the cell 

cycle was observed for MCF-7 cells. In contrast, there was little effect on the cell cycle 

distribution of MCF-10A cells treated with AgNPs. G1 and S-phase accumulation correlated with 

AgNP sensitivity in all cell lines tested.  
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Figure 8. AgNPs induce ER stress, apoptosis, and slow cell cycle progression through S-phase in CLBC 

cells, without affecting non-cancerous breast cells. (A) MDA-MB-231, MCF-7 and MCF-10A were 

treated with AgNPs (25 nm) for 6 or 24 h, and then cell lysates were analyzed for markers of ER stress by 

western blot, as indicated. Representative western blots show that AgNPs induce ER stress in MDA-MB-

231 (CLBC) cells but not in non-TNBC, MCF-7 or MCF-10A cells. Protein levels relative to the β-actin 

loading control were quantified by densitometry (n = 5). Expression of PERK, p-eIFα/total eIFα, GRP78, 



128 

and CHOP is shown relative to levels detected in untreated MCF-10A cells. Significant differences in 

protein levels relative to baseline are shown (T-Test; *p<0.05 as indicated in the figure). (B) MDA-MB-

231 or MCF-10A cells were treated with AgNPs (25 nm) for 48 h. Cells were co-stained with propidium 

iodide and Annexin V and then evaluated by flow cytometry.  The percentages of cells characterized as 

viable (lower-left quadrant), early apoptotic (lower-right quadrant), late-apoptotic (upper-right quadrant), 

and necrotic (upper-left quadrant) are shown within each quadrant. (C) MDA-MB-231, MCF-7 and MCF-

10A were treated with AgNPs (25 nm) or vehicle (PBS) for 6 or 24 h, stained with PI and then cell cycle 

distribution was analyzed. The relative proportion of cells in each phase of the cell cycle (G0/G1; S; and 

G2M) is indicated in each panel. 

 

AgNPs induce DNA damage and apoptosis in 3D cultures of CLBC cells but not in 3D cultures of 

non-neoplastic mammary epithelial cells. 

Because an increase of cells in S-phase is indicative of DNA damage 
242

, we looked for 

evidence of DNA damage and apoptosis following AgNP treatment in 3D models of CLBC and 

normal-like breast cells. The breast epithelium consists of glandular structures (acini) connected 

to a branched ductal system. The architecture of the acini and the ducts is characterized by a 

central lumen, apical and lateral cell-cell junctional complexes (including apical tight junctions 

(TJ)), and hemidesmosomes ligating the basement membrane at the basal side of the gland/duct 

243,244
. The establishment and maintenance of apical-basal polarity is essential for homeostasis 

243,244
 and can be recapitulated by placing epithelial cells in well-defined 3D culture conditions 

225
. 

Notably, non-neoplastic mammary epithelial cells develop growth-arrested, polarized spherical 

structures similar to acini in vivo when cultured with reconstituted basement membrane 

(Matrigel®) 
225,245

. Under similar culture conditions, cancer cells fail to growth-arrest and develop 

disorganized masses reminiscent of tumor nodules.  

Loss of polarity is linked with breast cancer initiation 
246,247

. Therefore, it is key that 

candidate therapeutic agents do not disturb this epithelial characteristic. To assess if AgNPs affect 

the normal tissue architecture, we exposed 3D cultures of non-neoplastic S1 mammary epithelial 

cells (S1 cells) to 25 nm AgNPs (3.75 or 37.5 µg/ml of silver metal) for 48 h. S1 acini treated 

with AgNPs retained their characteristic single-layer spherical organization, with no 

multilayering, nor detectable disorganization. As observed with DAPI staining, AgNP exposure 
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did not disrupt apical localization of the TJ marker ZO-1 or basal localization of β4 integrins 

(Figure 9A and B). As indicated by a lack of Ki67 staining, the AgNP treatment did not induce 

proliferation of S1 cells, which growth-arrest during acinar differentiation (Figure 9C), nor did it 

induce detectable levels of DNA damage by 53BP1 staining (Figure 9D and E). Treatment of S1 

cells with ionizing radiation (IR) was used to validate the detection of DNA damage.  Scoring 

pycnotic and karyorrhectic nuclei in S1 acini revealed no increase in apoptosis for AgNP-treated 

cells (Figure 9F). Taken together, the results showed that AgNPs do not compromise cell 

homeostasis in our model of the normal mammary gland, which was consistent with our 

observation that AgNPs were not cytotoxic to non-malignant breast epithelial cells cultured as 

monolayers.   

To determine if the efficacy of AgNPs towards CLBC cells is retained in a 

physiologically relevant context, we grew MDA-MB-231 in 3D Matrigel culture to produce 

tumor nodules. We then exposed the tumor nodules to 25 nm AgNPs, using the same dosages as 

for S1 acini. Both AgNP concentrations induced a significant increase in 53BP1 and γH2AX 

DNA repair foci in MDA-MB-231 cells compared to control, indicating DNA damage induction 

by AgNPs in this cell line (Figure 9G-I). Scoring pycnotic and karyorrhectic nuclei in MDA-

MB-231 tumor nodules revealed increased apoptosis in AgNP-treated cells (Figure 9J). 

Collectively, the results suggested that AgNPs selectively damaged CLBC cells without 

compromising the normal breast epithelium.  
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Figure 9. AgNPs do not alter normal breast homeostasis, but induce DNA damage and apoptosis in 

CLBC. (A) Representative confocal images of S1 acini treated for 48 h with AgNPs (25 nm) or with PBS 

(control) and immunostained for the TJ marker ZO-1 or the basal marker β4 integrin. Nuclei were 

counterstained with DAPI. (B) Quantification of apical ZO-1 localization in acini treated as in (A). Mean ± 
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standard error from 3 biological replicates are shown. At least 100 structures were scored per condition for 

each replicate. No significant differences were detected between treatment groups (N.S.; ANOVA, p>0.05). 

(C) Staining for the proliferation marker Ki67 in S1 acini differentiated in 3D culture. Ki67 staining was 

validated by parallel analysis of S1-derived T-42 breast cancer cells. (D) Detection of DNA damage by 

immunostaining for 53BP1 in S1 acini treated with AgNP or PBS. Irradiation (3 Gy, IR) was used for 

validation. (E) DNA damage quantification. For each acinus cross-section, the average number of 53BP1 

foci/nucleus in confocal images of S1 acini was quantified. The bar graph represents mean ± standard error 

(N > 20 acini from two independent biological replicates) after normalization to PBS-treated cells. No 

significant differences between AgNP treatment groups was detected (N.S.; ANOVA, p>0.05). However, 

significant differences (as indicated) in 53BP1 foci were detected between acini exposed to IR or mock-

irradiated (control). (F) The number of apoptotic cells per acinus was estimated based on pyknosis and 

karyorrhexis detected with DAPI staining of S1 acini treated as in (A). No significant differences in 

between treatment groups were detected (ANOVA; p>0.05; N > 20 acini from two independent biological 

replicates). Scale bars = 10 µm. (G) Detection of 53BP1 (green) and phosphorylated H2AX (γH2AX, red) 

by confocal microscopy in MDA-MB-231 cells cultured in 3D with Matrigel. Cells were treated for 48 h 

with PBS (control) or PVP-coated AgNPs (25 nm). Exposure to 3 Gy of ionizing radiation (IR) served as 

control. Scale bars = 10 µm. Zoomed images are shown in the lower panels for each stain. (H) For each 

nodule cross-section of MDA-MB-231 cells treated as in (G), the average number of 53BP1 foci/nucleus 

was scored. Means ± standard error are shown after normalization to control. Significant differences 

between treatment groups were detected as indicated (ANOVA; **p<0.01 and ***p<0.001; N ≥ 7 nodules 

from two independent biological replicates). (I) The proportion of nuclei with at least 10 γH2AX foci per 

cross-section in MDA-MB-231 cells treated as in (G). Significant differences between treatment groups 

were detected as indicated (ANOVA; ***p<0.001 and ****p<0.0001; N = 9 nodules from two independent 

biological replicates). (J) The number of apoptotic cells per nodule was estimated based on pyknosis and 

karyorrhexis detected with DAPI staining in confocal images of MDA-MB-231 tumor nodules treated as in 

(G) and significant differences in between treatment groups were detected as indicated (ANOVA; ** 

p<0.01; N = 9 nodules from two independent biological replicates).  

 

An inverse correlation between ZEB1and ESRP1 expression predict sensitivity to AgNP treatment 

in breast cancer 

 CLBC is characterized by a mesenchymal signature that also identifies a poor 

prognosis population of patients 
2
. ZEB1 has been identified as a transcriptional regulator of 

EMT, which can also stratify breast cancer patients into good and poor prognosis groups 
248

.  

ZEB1 represses ESRP1 preventing alternative splicing of CD44. This results in the predominance 

of the standard isoform of CD44 (CD44s) and thus, stem-like and mesenchymal cancer cells 
23

. 

Therefore, mRNA expression data for ZEB1 and ESRP1 obtained from the Broad Institute 

database were analyzed for breast cancer cell lines. We observed that cell lines which were most 

sensitive to AgNP treatment expressed high levels of ZEB1 and low levels of ESRP1 (Figure 
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10A). This correlated with the cell lines of the CLBC subtype, which are also characterized by 

mesenchymal and stem-like signatures 
249,250

. Cell lines that were insensitive to AgNP treatment 

expressed low levels of ZEB1 and high levels of ESRP1 and corresponded with the more 

epithelial breast cancers. This biomarker pair was sufficient to divide the TNBC cell lines into 

CLBC and basal-like breast cancers. ESRP1 and ZEB1 expression was further confirmed in a 

panel of breast cancer and non-cancerous breast cell lines via western blot (Figure 10B).  

Because mesenchymal breast cancers were the most sensitive to AgNP treatment, we 

used transforming growth factor-β (TGF-β), which has been shown to induce EMT in a ZEB1 

dependent manner 
251

, to generate MCF-10A non-cancerous breast cells that were more 

mesenchymal in phenotype. After a 6 day treatment with TGF-β, MCF-10A cells changed from a 

cobblestone-like morphology to an elongated, spindle-like morphology consistent with cells 

which had undergone EMT (Figure 10C). Immunoblotting for markers of EMT were performed 

on control and TGF-β treated cells. TGF-β treated cells showed a decrease in epithelial markers, 

E-Cadherin and ESRP1, and an increase in mesenchymal markers, N-Cadherin, vimentin, SLUG 

and ZEB1 (Figure 10D).  Staining with the ROS activated fluorescent probe, H2DCF-DA, 

showed that TGF-β treated cells exhibited higher basal ROS compared to the control cells which 

is consistent with cells that have undergone EMT 
231,252

 (Figure 10E). Control and TGF-β treated 

cells were exposed to increasing doses of 25 nm AgNPs for 48 h and viability was assessed via 

MTT assay. Cells which had undergone EMT via TGF-β treatment were signficantly more 

sensitive to AgNP treatment compared to the control cells (Figure 10F). This data further verifies 

that breast cancer cells with a mesenchymal phenotype are more sensitive to AgNP treatment 

when compared to breast cancer cells with an epithelial phenotype.  

To explore the role of ZEB1 in AgNP-mediated cytotoxicity, BT-549 CLBC cells, which 

express high levels of ZEB1 and are sensitive to AgNP treatment (Figure 10A and B), were 

transfected with control or ZEB1 shRNAs, and knockdown was confirmed via western blot 

(Figure 10G). ZEB1 expression was decreased in BT-549 cells following transfection with 2 
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different shZEB1 constructs, with the shZEB1-67 providing the greatest decrease in ZEB1 

expression. Interestingly, when ZEB1 expression was decreased we noted a marked increase in 

ESRP1, again confirming an MET (mesenchymal epithelial transition)-type event and 

highlighting the regulatory role of ZEB1 regarding ESRP1 expression 
23

. Control and ZEB1 

knockdown cells were exposed to 25 nm AgNPs for 72 h and viability was assessed via MTT 

assay. Knockdown of ZEB1 decreased sensitivity to AgNPs (Figure 10H) and decreased basal 

ROS levels (Figure 10I). This data suggests that induction of a more epithelial phenotype via 

knockdown of ZEB1 decreases AgNP cytotoxicity via decreased ROS production and thus, 

decreased degradation of AgNPs into Ag+.  
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Figure 10. ZEB1
High

/ESRP1
Low

 expression predicts sensitivity to AgNP treatment in breast cancer. (A) 

mRNA expression data obtained from the Broad Institute database for ZEB1 and ESRP1 in breast cancer 

cell lines and the corresponding sensitivity to 72 h AgNP treatment assessed by MTT assay.  (B) ZEB1 and 

ESRP1 protein expression was assessed via western blot in a panel of breast cell lines. (C-F) MCF-10A 

non-cancerous breast cells were treated with vehicle or TGF-β for 6 days. (C) Images of the cells were 

taken to show morphological changes following TGF-β treatment. (D) Markers of EMT (E-Cadherin, N-
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Cadherin, Vimentin, SLUG, ESRP1, and ZEB1) relative to GAPDH were assessed via western blot. (E) 

Cells were incubated with the ROS responsive dye, H2DCF-DA, diluted in PBS and then ROS was 

assessed by fluoresence microscopy. (F) Cells were exposed to AgNPs for 48 h and viability was assessed 

by MTT assay (ANOVA; T-Test; *p<0.05, **p˂0.01, ***˂0.001). (G-I) BT-549 CLBC cells were 

transfected with control or ZEB1 shRNA. (G) ZEB1 knockdown was confirmed via western blot relative to 

GAPDH and changes in ESRP1 expression relative to GAPDH were assessed via western blot. (H) Control 

and shZEB1 cells were exposed to AgNPs for 48 h and viability was assessed via MTT assay (ANOVA; T-

Test; *p<0.05, **p˂0.01, ***˂0.001). (I) Cells were incubated with the ROS responsive dye, H2DCF-DA, 

diluted in PBS and then ROS was assessed by fluoresence microscopy. 

 

Ovarian cancer cell lines that are sensitive to AgNP treatment can be identified via 

ZEB1
High

/ESRP1
Low 

biomarker pair 

 We have previously shown that ovarian cancer cell lines have heterogeneous 

responses to AgNP treatment 
253

. In an expanded panel of ovarian cancer cell lines, cells were 

exposed to AgNPs for 48 and 72 h and viability was assessed via MTT assay. SKOV3 and A2780 

cell lines were extremely sensitive to AgNP treatment, whereas OVCAR3 and CAOV3 cell lines 

were relatively insensitive (Figure 11A and B). Basal levels of ROS were analyzed utilizing the 

ROS activated fluorescent probe, H2DCF-DA. Consistent with results obtained for breast cell 

lines in figure 6, AgNP sensitive ovarian cancer cell lines, SKOV3 and A2780, possessed high 

basal levels of ROS, whereas the insensitive ovarian cancer cell lines, OVCAR3 and CAOV3, 

showed low basal levels of ROS (Figure 11C). Data from the Broad Institute regarding ZEB1 

and ESRP1 mRNA expression stratified the ovarian cancer cell lines tested into AgNP sensitive 

and insensitive subsets, where sensitive cell lines expressed high levels of ZEB1 and low levels of 

ESRP1, and the converse was true for insensitive cell lines (Figure 11D). ZEB1 and ESRP1 

expression in a subset of cell lines tested was analyzed by western blot, and showed that the cell 

lines which were sensitive to AgNP treatment expressed high levels of ZEB1 and low levels of 

ESRP1 (Figure 11E), which was consistent with the mRNA expression levels observed in data 

obtained from the Broad Institute.  
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Figure 11. Ovarian cancer cell lines that are sensitive to AgNP treatment can be identified via the 

ZEB1
High

/ESRP1
Low 

biomarker pair. A panel of ovarian cancer cells lines of were treated with AgNPs (25 

nm) for (A) 48 h or (B) 72 h. Viability was assessed by MTT. IC50 doses were calculated using the Prism 

5.0 software (* Reported in Fahrenholtz et al., 2017 
253

). (C) Cells were incubated with the ROS responsive 

dye, H2DCF-DA, diluted in PBS and then ROS was assessed by fluoresence microscopy. (D) mRNA 

expression data obtained from the Broad Institute database for ZEB1 and ESRP1 in ovarian cancer cell 

lines (blue: insensitive cell line tested, red: sensitive cell line tested, grey: untested cell lines). (E) ZEB1 

and ESRP1 protein expression relative to GAPDH expresion was assessed via western blot in a panel of 

ovarian cancer cell lines.  
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ZEB1 and ESRP1 serve as biomarkers for AgNP sensitivity in lung, colorectal, and prostate 

cancer 

Based upon ZEB1 and ESRP1 expression in breast and ovarian cancer cell lines, we 

sought to identify other cancers that would benefit from AgNP treatment based upon our 

biomarkers. As shown in figure 10A and figure 11D, cell lines with high expression of ZEB1 

and low expression of ESRP1 were sensitive to AgNP treatment. Therefore, data from the Broad 

Institute was utilized to identify lung (Figure 12A), colorectal (Figure 12C), and prostate 

(Figure 12E) cancer cell lines that would benefit from AgNP treatment, as well as those that 

would not benefit from AgNP treatment. Matched pairs of each cancer type was chosen which 

were either ZEB1
High

/ESRP1
Low

 (AgNP sensitive) or ZEB1
Low

/ESRP1
High

 (AgNP insensitive), and 

the cell lines were exposed to increasing doses of AgNPs for 72 h. Viability was assessed by 

MTT assay and IC50 doses were calculated via the Prism 5.0 software. As predicted based upon 

our biomarker pair, SK-LU-1 lung cancer cells were sensitive to AgNP treatment with an IC50 of 

16.8 µg/ml Ag, whereas the NCI-H358 lung cancer cells were insensitive to AgNP treatment with 

an IC50 of 83.4 µg/ml Ag (Figure 12B). In the colorectal cancer cell lines tested, 

ZEB1
High

/ESRP1
Low

 RKO cells were extremely sensitive to AgNP treatment with an IC50 of 0.5 

µg/ml Ag, whereas the ZEB1
Low

/ESRP1
High

 HT29 cells were insensitive with an IC50 of 287.3 

µg/ml Ag (Figure 12D). Lastly, in prostate cancer cell lines, the ZEB1
High

/ESRP1
Low

 DU145 cells 

were sensitive to AgNP treatment with an IC50 of 17.9 µg/ml Ag, whereas the LNCaP, 

ZEB1
Low

/ESRP1
High

, cells were insensitive to AgNP treatment with an IC50  of 135.9 µg/ml Ag 

(Figure 12F). These data suggest that our biomarker pair is sufficient to reliably identify cancers 

that will benefit the greatest from AgNP therapy.  
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Figure 12. The ZEB
High

/ESRP1
Low

 biomarker pair is sufficient to identify AgNP sensitive lung, 

colorectal and prostate cancer cell lines. mRNA expression data obtained from the Broad Institute 

database for ZEB1 and ESRP1 in (A) lung, (C) colorectal and (E) prostate cancer cell lines was analyzed 

(blue: insensitive cell line tested, red: sensitive cell line tested, grey: untested cell lines). Paired (B) lung, 

(D) colorectal and (F) prostate cancer cell lines that were ZEB1
hi

/ESRP1
low

 and ZEB1
Low

/ESRP1
High

 were 

treated with AgNPs (25 nm) for 72 h and viability was assessed via MTT assays. IC50 doses were calculated 

using the Prism 5.0 software based upon 3 independent experiments for each cell line tested.  
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V.5. DISCUSSION 

AgNPs are currently are used for human medicine based on their antifouling, 

antibacterial and wound-healing properties 
103

. We and others previously found that AgNPs 

possess cytotoxic activity toward various cancers including those of the breast 
45-47,71

, brain 

48,49,107
, cervix 

51
, liver 

254
, lung 

53
, and blood 

54,55,70,255
. However, little was known about the 

selectivity of AgNPs for specific cancer subtypes, nor had anyone been able to successfully treat 

solid tumors using systemically delivered AgNPs. Here we demonstrate the use of AgNPs as a 

therapeutic agent for systemic treatment of CLBC tumors in mice and support our in vivo findings 

with in vitro evidence showing that AgNPs are highly cytotoxic to CLBC cells at doses that do 

not induce cytotoxicity or otherwise disrupt the homeostasis of non-cancerous breast epithelia. 

We establish that the CLBC-selective cytotoxic properties of AgNPs are independent of particle 

size, shape or capping agent. We show that the CLBC-specific cytotoxicity of AgNPs is not 

shared by ionic silver and is therefore, one of the first examples of a “new to nano” cytotoxic 

property. Mechanistically, we find that CLBC cells possess high basal levels of ROS, which 

induce degradation of AgNPs into Ag+ causing DNA damage, ER stress, redox imbalance, and 

apoptotic cell death without causing similar damage or cell death in non-cancerous breast cells. 

Non-cancerous breast cells possess low levels of basal ROS which decreases the likelihood of 

AgNP degradation into Ag+, preventing cell damage and apoptosis. Furthermore, we show that 

AgNPs do not disrupt the architecture of non-neoplastic breast epithelial cells grown in 3D cell 

culture, nor do they cause DNA damage, or induce apoptosis in these cells. In contrast, AgNPs, at 

doses that were non-toxic to non-neoplastic breast epithelial cells, cause extensive DNA damage 

and apoptosis in CLBC cells grown in 3D culture. Most importantly, we demonstrate that 

intravenously injected AgNPs are effective for the treatment of CLBC xenografts in mice without 

acute off-target toxicity. These data support the possibility that AgNPs may be useful for 

treatment of metastatic breast cancer. Lastly, we identified a biomarker pair, ZEB1
High

/ESRP1
Low 

that corresponds with cancers possessing a more mesenchymal phenotype, which successfully 
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distinguished cell lines across a variety of cancers that are sensitive to AgNPs (Figure 13). The 

corresponding biomarker pair identified for sensitivity to AgNP treatment has the capability to 

identify candidate patients with aggressive, mesenchymal cancers that currently have limited 

treatment options who would benefit from AgNP treament.  

 

 

Figure 13. Proposed mechanism of action for AgNPs in mesenchymal cancers compared to epithelial 

cancers. Mesenchymal cancer cells, which can be identified by high ZEB1 expression and low ESRP1 

expression, have high basal levels of ROS. When the cells are exposed to AgNPs and the AgNPs are 

internalized, the pro-oxidative environment induces degradation of the AgNPs into Ag+. The Ag+ then 

induces DNA damage, additional ROS production, and ER stress. A feedback loop occurs where as more 

AgNPs are internalized, more Ag+ is generated, and additional damage occurs until the cell undergoes 

apoptotic cell death. Conversely, the epithelial cells which can be identified by low ZEB1 expression and 

high ESRP1 expression have low basal levels of ROS. Therefore when the epithelial-like cells are treated 

with AgNPs, while more AgNPs may be cell associated or internalized, only a small proportion of the 

AgNPs are degraded into Ag+. Majority of the AgNPs are sequestered in vesicles. Therefore, while there is 

a slight increase in ROS, there is no significant increase in DNA damage or ER stress which is not enough 

to induce apoptotic cell death.  

 

The outcomes of NP toxicity testing are challenging because factors that affect 

physicochemical features such as particle size, ζ-potential, and reactivity can also influence 
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colloidal properties which in turn affect solution dynamics, cell uptake, intracellular trafficking, 

exposed dose and cytotoxicity 
256

. The difficulty of identifying which factors contribute to a 

particular toxicity profile is daunting, and likely plays a role in the lack of reproducibility of 

many of the studies that attempt to do so 
257

. We have taken a different approach and assessed the 

toxicity of identical AgNPs on different breast cancer and non-cancerous cell lines to identify 

unique aspects of the AgNP toxicity  profile that are dependent upon the underlying biology of 

the cell target.  Using this approach, we identified a novel aspect of AgNP cytotoxicity:  CLBC 

cells are extremely sensitive to AgNP exposure. In our previous studies (where we first reported 

that TNBC are sensitive to AgNPs 
71

), we used a heterogeneous population of AgNPs that varied 

in size from 30-120 nm and were passivated with a low (0.2% by mass) percentage of the 

biocompatible excipient PVP. However, the particles used in these earlier studies tended to 

aggregate in physiological solution. If particles aggregate under these conditions, it is likely they 

will also aggregate in blood and be rapidly cleared by phagocytes, become entrapped in lung 

capillary beds, or fail to diffuse through extracellular matrix, all of which will prevent them from 

reaching their tumor target when injected systemically 
258,259

.  Additionally, for clinical 

development of AgNP-based therapeutics, it will be necessary to clearly define the specific 

physicochemical features of the NPs that will be used. Therefore, it is important that the AgNPs 

in our study were shown to be monodisperse with regard to size, shape, ζ-potential and that they 

did not aggregate under physiologic pH and ionic strength.   

Notably, we found that the CLBC-selective properties were dependent upon the use of 

intact AgNPs, but were conserved regardless of changes in AgNP size, shape, or capping agent. 

This means that there will be great versatility to tailor size, shape, and surface properties to 

optimize the tumor targeting and body clearance of AgNPs for future in vivo applications without 

loss of CLBC selective cytotoxicity.  The PVP-coating used for the majority of the AgNPs in this 

study may offer an advantage over other polymer coatings such as PEG. Specifically, repeated 

injection of PEG-coated nanoparticles may induce an accelerated blood clearance in which the 
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blood circulation time decreases for subsequent injections of PEG-coated nanoparticles, a 

phenomenon not found for repeated administration of PVP-coated nanoparticles 
260

.  

Additionally, the negative ζ-potential of the PVP-coated AgNPs may be favorable for in vivo use 

because positively charged AgNPs are rapidly cleared from the circulation and induce liver 

toxicity in mice 
261

.  

In vitro testing of AgNP cytotoxicity identified that CLBC cells were significantly more 

sensitive to AgNP treatment after 48h and 72h exposure. A 6h pulse with AgNPs in MDA-MB-

231 CLBC cells was sufficient to induce cytotoxic effects after 72 h indicating that constant 

exposure to AgNPs is not critical for cytotoxicity, but because AgNPs act as pleiotropic stressors, 

the additional time is necessary for cell death to become apparent (Supplementary figure S6A).  

Non-cancerous breast cell lines were relatively insensitive to AgNP treatment at both exposure 

times, whereas basal-like, HER-2 overexpressing, and luminal A breast cancer cell lines were 

moderately sensitive. The SKBR3, HER-2 overexpressing, cell line exhibited a 2-step 

cytotoxicity curve, where some cells were sensitive to AgNP treatment at low doses, but the 

overall IC50 for this cell lines was almost 10 times higher than well classified CLBC cell lines, 

MDA-MB-231 and BT-549. Additionally, the SKBR3 cell line exhibited high basal levels of 

ROS and expressed high protein levels of ZEB1 and low protein levels of ESRP1 

(Supplementary figure S6B), which did not correlate with the mRNA expression data obtained 

from the Broad Institute. This deviation from other moderately sensitive cell lines suggests that 

the SKBR3 cell line contains a mixed population of cells, which was observed in a previous study 

where a “side population” possessing CSCs was identified in the SKBR3 cell line 
262

. Because 

CLBC cells are characterized by stem-cell like properties 
2
, it is highly conceivable that this “side 

population” of SKBR3 cells are the ZEB1
High

 expressing stem-like cells that are sensitive to 

AgNPs. For breast cancers with mixed populations and the more epithelial cancers, the 

radiosensitizing properties of AgNPs previously demonstrated 
71

 and shown in supplementary 

figure S6C may prove beneficial for therapy.  
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Several previous studies indicate that AgNPs can induce ER stress 
217,238,239

, though prior 

to our study, none have shown that AgNPs selectively induce ER stress in CLBC cells. One 

limitation of our study is that we focus only on the PERK arm of the UPR. ER stress can activate 

three arms of the UPR, each of which is referred to by its initiating stress sensor, which include 

inositol-requiring protein 1 (IRE1) and activating transcription factor-6 (ATF6) 
218

 in addition to 

PERK. Under normal conditions, GRP78 is sequestered at the ER membrane by these stress 

sensors. However, in the presence of misfolded proteins, these complexes dissociate to initiate the 

UPR. There are conflicting reports on activation of the IRE1 arm by AgNPs with one study 

indicating its activation following AgNP exposure 
217

 and another showing no change 
263

. This 

may be due to the fact that these studies also differed in the type of cells used to evaluate this 

response.  Less is known about the role of the ATF6 arm following AgNP exposure, but there are 

some indications that AgNPs degrade ATF6 in some cell lines 
263

.  There is a growing interest in 

the development of cancer treatment agents that can selectively induce ER stress 
218

, and further 

studies are warranted to understand this aspect of the CLBC-specific AgNP cytotoxicity 

discovered by our study.  

Induction of autophagy may play a role in AgNP toxicity 
264

, though we did not 

investigate this in detail. We do note that AgNPs and their degradation products can be found by 

TEM in autophagic vesicles in MDA-MB-231 cells. How and why this occurs only in these cells 

and not in MCF-10A cells and how AgNPs might affect autophagic flux in CLBC cells versus 

other cell types is a subject for further investigation.  As noted above, this may in part be due to 

the high basal levels of ROS we observed to be present in MDA-MB-231 cells, which could 

increase the degradation of AgNPs and increase Ag+ release. We demonstrated that high basal 

ROS is a property shared among CLBC cell lines, and that basal ROS levels correlated with 

AgNP sensitivity in a panel of breast cancer and non-cancerous breast cells spanning the 

molecular subtypes of breast cancer.  The ability of a 4 h NAC pre-treatment to mitigate AgNP-

induced cytotoxicity in the two most sensitive CLBC cell lines (Figure 7C), suggests that high 
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basal ROS levels play a leading role in AgNP cytotoxicity. We also assessed SOD2 and catalase 

levels in a panel of breast cell lines, as the ratio of SOD2 to catalase has been implicated as a 

potential biomarker for cancers that may benefit from treatments that induce oxidative stress 
235

. 

However, SOD2 and catalase levels or the ratio between the two did not correlate with high basal 

levels of ROS seen in figure 6, or sensitivity to AgNP treatment. Therefore, while high basal 

ROS does correlate with AgNP and appears to play a vital role in AgNP cytotoxicity, SOD2 and 

catalase protein expression does not identify cell lines that will benefit from AgNP treatment.  

Future studies examining the influence of intracellular ROS on AgNP degradation and specific 

protein targets of AgNPs in CLBC could further identify vulnerabilities that could be exploited 

for therapy. 

 Our results indicate that AgNP treatment increases the percentage of MDA-MB-231 

cells in S and G2/M phases relative to G0/G1, which is consistent with previous reports on the 

effects of AgNPs in other cell types 
265

. However, this is particularly notable because ER stress 

and the UPR are expected to induce arrest in G0/G1. Effects of AgNPs on the cell cycle are most 

apparent in the CLBC cells, which is consistent with our data showing that AgNPs induce DNA 

damage in these cells but not in non-neoplastic breast epithelia. The slowing of progression 

through S-phase after AgNP exposure may occur as cells attempt to repair damaged DNA 
266

. It is 

possible that at later time points AgNP-induced ER stress would cause G1 arrest, but initiation of 

apoptosis interferes with such analysis. Furthermore, there is significant crosstalk between ER 

stress and DNA damage response pathways, and it may be difficult to specifically identify effects 

due solely to each type of damage. Nonetheless, it is clear that AgNPs exert their CLBC-selective 

cytotoxicity through a pleotropic combination of stresses. 

Our results identified cell lines with high expression of ZEB1 and low expression of 

ESRP1 as AgNP sensitive cell lines in breast, ovarian, lung, colorectal, and prostate cancer. 

ESRP1 is necessary for the splicing of CD44 which leads to an increase of CD44v and a decrease 

in the standard isoform, CD44s 
23

. When cells undergo EMT via extracellular factors such as 
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HGF or TGF-β, the CD44s isoform predominates due to ZEB1 repression of ESRP1. This forms 

a feeback loop where CD44s activates ZEB1 for continued supression of ESRP1 and thus, 

maintenance of the mesenchymal phenotype 
23

. TGF-β mediated EMT induction in MCF-10A 

non-cancerous cell line (Figure 10C-F) further demonstrated that more mesenchymal breast 

cancers have higher basal levels of ROS and are more sensitive to AgNPs. Furthermore, 

knockdown of ZEB1 significantly decreased AgNP sensitivity in BT-549 CLBC cells, indicating 

that ZEB1 plays a functional role in AgNP-induced cytotoxicity. Additional studies are necessary 

to identify if a similar mechanism of action for AgNP-mediated cytotoxicity, outlined in figure 

13, holds true in lung, colorectal, and prostate cancers. However, regardless of mechanistic 

differences that may exist between cancers, the ZEB1
High

/ESRP1
Low

 biomarker pair is sufficient to 

identify AgNP sensitive cancers. Because antibodies against these proteins are readily available, 

it is feasible that this biomarker pair could be quickly translated to the clinic for identification of 

patients that will benefit the greatest from AgNP therapy.  

While we did not perform detailed in vivo toxicological studies, our 24 h biodistribution 

study showed that our AgNPs accumulated in the liver with lower levels detected in the lungs, 

spleen, and kidneys. Low levels of Ag were detected in the urine, which corresponds with the low 

levels of Ag detected in the kidneys. This suggests that the AgNPs are not cleared by the kidneys, 

which is consistent with previous knowledge that NPs larger than 10 nm will not be cleared by 

the kidneys, but are more likely to be cleared by the MPS 
41

. Analysis of blood clearance at 

various time points indicated that majority of the AgNPs were cleared within 1 h of injection. 

Comprehensive studies in rodents have been performed by others using PVP-stabilized AgNPs 

produced with similar characteristics to our AgNPs. For example, after exposing rats to a 28 day 

repeated intravenous AgNP dose of 6 mg/kg, no dose limiting toxicity was observed, though 

transient effects on liver and immune cell function were noted 
267

. Similarly, there were no 

AgNP-associated, dose limiting toxicities observed in rats during 28 day and 90 day inhalation 

studies 
268,269

 or after a 28 day oral toxicity study in which rats were given AgNP doses up to 1000 
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mg/kg per day 
270

. A gradual decrease in silver content from liver, spleen and other organs was 

detected during a two month follow-up study in rats orally dosed with AgNPs (90 mg/kg) daily 

for one month 
271

.  Proteomic analysis of plasma proteins coating the AgNP surface indicate 

binding of complement or pro-coagulant plasma proteins is low, which is in agreement with 

studies showing that AgNPs do not affect platelet aggregation, the coagulation process, or 

complement activation 
272

. In addition to the results we report here, the safety in rodents of 

systemically injected AgNPs for use in cancer imaging 
273

, vaccines 
274

 and cancer 

immunotherapy 
275

 has been demonstrated by others and further supports the potential for clinical 

translation of AgNPs. Noble metal-based, engineered nanomaterials possess unique optical, 

electrical, and thermal properties that allow for multimodal activity without the need for 

additional engineering. For clinical translation to become a reality, the potential risk–benefit 

balance must be resolved for these materials. The research presented here suggests the potential 

for a paradigm change in the development of these types of nanomaterials for cancer applications. 

According to this new paradigm, nanomaterials should be deemed most suitable for further 

development toward specific clinical indications only if their inherent properties confer a unique 

advantage in the context of the underlying biology of that application. In a similar vein, we now 

have an AgNP formulation that shows efficacy against CLBC following intravenous injection in 

tumor bearing mice. Our NPs consist of only two components: silver and a dense stabilizing layer 

of PVP, a biocompatible polymer considered generally safe by the United States Food and Drug 

Administration (FDA). The simplicity of our two component NPs, when added to existing facile, 

scalable production capabilities, makes them most attractive for further development. Our studies 

suggesting that a window exists for the safe use of AgNPs for the treatment of CLBC lays the 

foundation for the development of AgNPs, and therefore offer the possibility of a major benefit to 

this poor prognosis patient population. Additionally, we have identified similar vulnerabilities in 

ovarian cancer indicating in vivo studies are warranted. In the future, it will be possible to build 

upon the unique interaction of AgNPs with CLBC to determine which properties of the 
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nanomaterial or the cancer target are important to retain or enhance this CLBC selective response. 

Given the extensive use of AgNPs in current medical practice, the lack of treatment options for 

women with recurrent CLBC and the identification of the ZEB1/ESRP1 biomarker pair that can 

identify patients most likely to benefit from AgNP therapy, human clinical trials involving 

AgNPs would be highly conceivable.  
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V. 7. SUPPLEMENTARY MATERIAL 

V.7.i. MATERIALS AND METHODS 

Supplementary Figure S1. 10 mg/ml stock of 5 nm AgNPs from nanoComposix Inc. was 

prepared in diH2O via sonication at 4°C. Prepared a 2.5 mM mPEG-SH solution in diH2O and 

Bond-Breaker TCEP Solution (Thermo Scientific) and let incubate at room temperature (RT) for 

20 mins. AgNPs and mPEG-SH solution were combined and let incubate at RT for 45 mins 

measuring absorbance via UV/Vis spectroscopy every 15 mins. The NPs were concentrated using 

a 100,000 MWCO Vivaspin column by centrifugation at 3.0 RCF. The NPs were purified 

utilizing a PD-10 desalting column (GE Healthcare). mPEG-AgNPs were analyzed by DLS and 
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UV/Vis spectroscopy. MDA-MB-231 and MCF-10A cells were treated for 48 h with increasing 

concentrations of mPEG-AgNPs as outlined for MTT assays.  

Supplementary Figure S2.  

Silver Nanoparticle 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 
198

. 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 placed in a dark place at room 

temperature for three days for an aging process. The seed was characterized by UV-Vis 

Spectroscopy and DLS analysis.  

AgNPP Plate Synthesis: The aged seed was used as the base for growing chitosan coated AgNPP. 

AgNPPs were prepared in 60 mL of a 2mg/mL low molecular weight chitosan (MW: 5,000 

g/mol) 1% acetic acid solution, which was stirred vigorously at room temperature. 400µl of an 35 

mg/mL solution of trisodium citrate in distilled water, 100µL of a 60 mg/mL ascorbic acid, 

1200µL of silver nanoparticle 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 
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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.  

Supplementary Figure S5. (A) MCF-10A, MCF-7, and MDA-MB-231 were plated as outlined 

for MTT assays, treated for 24h with 25 nm AgNPs (nanoComposix, Inc.), and viability was 

analyzed by MTT assay as outlined above. (B) MDA-MB-231 cells were treated with 25 nM 

GSK2606414 and/or 1µM Thapsigargin for 4 h at 37°C. Lysates were harvested and immunoblot 

was performed for p-eIF2α and GAPDH. (C) MDA-MB-231 were plated as described for MTT 

assays and treated with increasing doses of AgNP ± 25 nM GSK2606414 for 48 h at 37°C and 

viability was assessed by MTT assay as previously described.  

Supplementary Figure S6. (A) MDA-MB-231 cells were plated as described for MTT assay and 

treated for 6 h with increasing doses of 25 nm AgNPs (nanoComposix, Inc.). Media containing 

AgNPs was removed and replaced with fresh growth media and allowed to incubate for an 

additional 66 h at 37°C. MTT assay was performed to assess viability as previously described in 

materials and methods. (B) Lysates of breast cancer cells were collected and an immunoblot was 

performed for ZEB1, ESRP1, and GAPDH as described previously in material and methods. (C) 

Cells were grown to log phase in their respective media, trypsinized, washed in PBS, and plated 

on 6 well plates at a density of 300 cells per well and were allowed to adhere for 18 h. Increasing 

concentrations of AgNPs (0-5 μg/ml Ag) were added to each well and incubated for 24 hours at 

37°C. For each condition, 3 wells were used. The cells were washed with PBS and fresh media 

was added. Ionizing radiation at doses of 0-4 Gy were administered using an orthovoltage x-ray 

source at a voltage of 300 kV, a current of 10 mA, and a dose rate of 2.39 Gy/min. Fresh culture 

media was added every 2-3 days. 14 days after plating, the cells were washed, fixed with 
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methanol, glacial acetic acid and water (1:1:8 vol:vol:vol), then stained with crystal violet.  All 

data are expressed relative to the number of colonies counted for the each treatment condition in 

the absence of AgNPs. 

V.7.ii. SUPPLEMENTARY FIGURES   

 

Supplementary Figure S1. Synthesis, characterization, and cytotoxicity of mPEG-AgNPs.  

(A) The absorbance spectra of mPEG-AgNPs compared to PVP-AgNPs analyzed by UV/Vis spectroscopy, 

which showed a dampening and red shift of the resonance peak for mPEG-AgNPs. (B) The hydrodynamic 

diameter and (C) the ζ-potential of the mPEG-AgNPs and PVP-AgNPs in water (pH 6.5) was determined 

by DLS. mPEG-AgNPs possessed a larger hydrodynamic diameter and a cationic ζ-potential compared to 

PVP-AgNPs. (D) CLBC (MDA-MB-231) and non-tumorigenic breast (MCF-10A) cells were exposed to 

mPEG-AgNPs for 48 h and viability was assessed by MTT assay. Significant differences in (D) between 

treatment of MDA-MB-231 and MCF-10A are indicated (ANOVA; T-Test; ***p<0.001).  
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Supplementary Figure S2. CLBC selective cytotoxicity of citrate-stabilized, triangular silver nanoplates. 

(A) Representative transmission electron micrograph showing purified silver nanoplates (150000X 

magnification). (B) The hydrodynamic diameter and (C) the ζ-potential of the nanoplates in water (pH 6.5) 

was determined by DLS. Triplicate independent measurements (red, blue and green curves) indicate a 

monomodal size distribution and cationic charge. (D) MDA-MB-231 and MCF-10A cells were exposed to 

increasing concentrations of silver nanoplates for 48 h and viability was assessed by MTT assay. 

Significant differences in (E) between treatment of MDA-MB-231 and MCF-10A are indicated (ANOVA; 

T-Test; **p<0.01). 
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Supplementary Figure S3. Trafficking of AgNPs in MCF-10A non-tumorigenic breast cells. 

TEM images of MCF-10A cells after (A) 1 h treatment with AgNPs (pulse) and (B) 1 h treatment with 

AgNPs followed by a 5 h incubation without AgNPs (chase). Organelles and vesicles are identified in the 

images: AM (amphisome); EE (early endosome); Ly (lysosome); Mt (mitochondria); N (nucleus). 
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Supplementary Figure S4. Trafficking and degradation of AgNPs in MDA-MB-231 CLBC cells. TEM 

images of MDA-MB-231 cells after (A) 1 h treatment with AgNPs (pulse) and (B) 1 h treatment with 

AgNPs followed by a 5 h incubation without AgNPs (chase). Organelles and vesicles are identified in the 

images: AM (amphisome); EE (early endosome); Ly (lysosome); Mt (mitochondria); N (nucleus). 
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Supplementary Figure S5. 24 h AgNP cytotoxicity, validation of the PERK inhibitor, GSK2606414, and 

the cytotoxic effects of GSK2606414 and AgNPs on CLBC cells. (A)  MCF-10A, MCF-7 and MDA-MB-

231 cells were plated as previously described in the materials and methods section, treated for 24 h with 

AgNPs, and viability was assessed via MTT assay as previously described in the materials and methods 

section. (B) MDA-MB-231 CLBC cells were treated with combination of Thapsigargin, a well described 

ER stressor, and the PERKi, GSK2606414 for 4 h. Activation of the PERK arm of the UPR was assessed 

via western blot, where phosphorylation of the downstream effector, eIF2α  (p-eIF2α) was used as a 

readout for PERK arm activation relative to GAPDH. (C) MDA-MB-231 cells were exposed to increasing 

doses of AgNPs ± GSK2606414 for 48 h, and viability was assessed via MTT assay. 
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Supplementary Figure S6. 6 h cytotoxicity of AgNPs, ZEB1 expression, and radiosensitizing properties 

of AgNPs in breast cancer. (A) MDA-MB-231 CLBC cells were treated with increasing doses of 25 nm 

AgNPs for 6 h, fresh media was added, and viability was assessed via MTT assay after a total of 72 h. (B) 

ZEB1 and ESRP1 protein expression was analyzed via western blot in a panel of breast cancer cell lines. 

(C) MCF-10A non-cancerous breast cells and MDA-MB-231 CLBC cells were allowed to adhere overnight 

(300 cells/well).  The following day, the cells were treated with fresh media containing increasing 

concentrations of 25 nm AgNPs (0-5 µg/ml Ag)  for 24 h. Cells were thoroughly washed and then provided 

with fresh media. Cells were then exposed to increasing doses of ionizing radiation (0-4 Gy).  The 

combined effect of AgNP exposure and ionizing radiation was assessed via clonogenic assay 10-14 days 

later. Data are presented as the mean ± SD of triplicate experiments and are normalized to cells treated with 

AgNPs in the absence of ionizing radiation. (*p<0.05; **p<0.01) 
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CHAPTER VI 

GENRAL DISCUSSION 

This unpublished chapter was composed by Jessica L. Swanner with editorial guidance from Ravi 

N. Singh.  
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VI.1. CHARACTERISTICS FOR CONSIDERATION FOR THE DEVELOPMENT OF 

AGNPS FOR SYSTEMIC DELIVERY AS A CANCER THERAPEUTIC 

Physicochemical properties such as size, shape, charge/ζ-potential and capping agent 

must be considered when developing a nanomaterial as a cancer therapeutic, as they have the 

potential to affect the stability, biodistribution, and toxicity 
39

. Nanomaterials have been explored 

for use in the medical field as both diagnostic and therapeutic agents, however concerns regarding 

their toxicity have largely hindered their translation into the clinical setting. Silver nanoparticles 

(AgNPs) possess anti-bacterial and anti-inflammatory properties, which have been exploited for 

commerical and biomedical applications making them the most commonly used nanomaterial 
44

. 

Despite these uses of AgNPs, concerns regarding the toxicity still remain and therefore, 

nanoparticles (NPs) composed of gold have had slightly more success as they are seen as 

relatively inert compared to AgNPs 
276

. However, we have demonstrated that AgNPs exhibit 

differential cytotoxic properties in breast cancer that AuNPs do not, and others have shown that 

AgNPs exhibit greater radiosensitizing properties compared to AuNPs 
98

, suggesting that AgNPs 

possess additional anti-cancer properties making them more suitable for use as cancer 

therapeutics. Our studies have shown that AgNPs possess selective cytotoxic properties against 

claudin low breast cancer (CLBC) cell lines which were independent of AgNP size, shape, ζ-

potential or capping agent in vitro.  

However for in vivo studies and eventually clinical translation, the physicochemical 

characteristics of the AgNPs become increasingly important. The size of the NP is important, as 

small particles (˂10 nm) will be cleared rapidly by the kidneys and larger NPs (˃100 nm) will be 

cleared rapidly by the mononuclear phagocyte system (MPS) 
41

. ζ-potential is also important as a 

negative ζ-potential is beneficial for longterm storage, while a neutral or slightly negative ζ-

potential is desirable for avoiding liver accumulation or induction of the coagulation cascade 
39,41

. 

Capping agent is also necessary to consider as it can have effects on toxicity, stability, and 

biodistribution. Molecules such as polyethyleneglycol (PEG) have been used for increasing 



158 

stability and favorable biodistribution of NPs 
277

, however, repeated administration of PEG-

coated NPs resulted in enhanced blood clearance 
260

. The AgNPs used in our in vivo studies 

showed efficacy against CLBC and no overt signs of toxicity after 100 days,  where the AgNPs 

where delivered intravenously three times per week for 10 weeks. These AgNPs were 44.4 ± 12.8 

nm in size as determined by dynamic light scattering (DLS). This size is within the range (10 nm 

˂ NP ˂ 100 nm) to avoid both rapid urinary clearance and clearance by the MPS. Our 

biodistribution studies indicated that the AgNPs were cleared within 1 h from the blood 

predominately by the liver. Despite our AgNPs being within the optimal size range, it has been 

shown that up to 99% of NPs (˃6 nm) injected will accumulate in the liver 
278

. While detailed 

toxicology studies are necessary to determine the effects of AgNPs on the liver, in vitro studies 

on liver cell lines showed minimal cytotoxicity 
71

. The AgNPs were negatively charged, with a ζ-

potential of -14.24 ± 0.8 mV. These NPs were stable in deionized water the PBS, but showed an 

increase in hydrodynamic diameter when incubated in growth medium indicating the formation of 

a protein corona. Our AgNPs used in vivo were stabilized with a high percentage of PVP, which 

is a biocompatible excipient clinically used and has not shown accelerated blood clearance as 

PEG-coated NPs have.  

The 25 nm AgNPs stabilized with a high percentage of PVP utilized in many of our in 

vitro studied possessed the proper size, charge, and capping agent to translate sucessfully into an 

in vivo setting. Additionally, the selective cytotoxicity of AgNPs offered by the particle 

formulation over ionic silver provides further indication that these AgNPs have unique properties 

that should be exploited for cancer therapy. Furthermore, we identified a subset of breast cancer, 

CLBC, which is sensitive to AgNPs at a dose that does not negatively affect the viability, 

proliferation or homeostasis of the normal breast epithelium.  

While our 25 nm PVP-coated AgNPs showed efficacy in vivo against CLBC with no 

obvious signs of toxicity, additional studies are needed to assess the long term effects of systemic 

delivery of AgNPs. ICP-MS and histology of organs following our 100 day study will provide 
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insight into silver accumulation and the potential side effects of silver exposure on normal organ 

function. Additionally, functionalization of our AgNPs with a CD47 molecule, which is a marker 

of self that is expressed on all cell membranes 
279

, may increase circulation time by reducing the 

clearance of the AgNPs by macrophages. While CD47 functionalized NPs still showed liver 

accumulation, it was decreased compared to the control NPs and blood circulation time was 

increased 
279

. One limitation of our study is that it was performed in nude mice, so effects of 

AgNPs on the immune system could not be addressed. Study in rats exposed to AgNPs 

intravenously for 28 consecutive days showed that there we only transient effects on liver and 

immune cell function 
61

. However, because the AgNPs used in that study were slightly different, 

studies to determine the effects on the immune system are warranted. Mouse models which 

resemble CLBC are available 
280

, so syngeneic studies are possible where effects on immune 

function can be assessed.  

VI.2. MECHANISM OF ACTION OF AGNPS AGAINST CLAUDIN LOW BREAST 

CANCER 

 AgNPs have been used clinically for their anti-bacterial and anti-inflammatory 

properties 
44

. More recently, we and other have demonstrated that AgNPs have anti-cancer 

properties in vitro and in vivo. While it has been shown that AgNPs induce DNA damage and 

ROS, and deplete antioxidants necessary to mitigate ROS, such as glutathione (GSH), an exact 

mechanism of AgNP-mediated cytotoxicity has not been elucidated. Because we showed that 

AgNPs have selective cytotoxic properties with particular sensitivity towards CLBC and a subset 

of ovarian cancer cell lines, we explored the mechanism of AgNP-induced cytotoxicity. We have 

shown that AgNPs induce DNA damage in the form of DNA double strand breaks and ROS in a 

subset of breast and ovarian cancer cell lines. The sensitivity to AgNPs and the induction of DNA 

damage and ROS occurred in cell lines which had high basal levels of ROS. Via TEM imaging 

we showed that AgNPs are degraded in CLBC cells but not in non-tumorigenic breast cells. 
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Therefore, we proposed that high basal levels of ROS induce degradation of AgNPs into Ag+, 

which induce a myriad of stresses including ER stress as evidenced by the activation of the 

unfolded protein response, DNA double strand breaks, increased levels of ROS and redox 

imbalance demonstrated by a decrease in the ratio of reduced to oxidized GSH and NADPH. In 

cells with low basal levels of ROS, such as non-tumorigenic breast cells, the AgNPs are not 

degraded into Ag+ and instead are sequestered in endocytic vesicles and lysosomes, which 

prevents damage of DNA and proteins in these cells.  

Despite the evidence presented, additional studies are warranted to strengthen our 

hypothesis and to fully understand the selective cytotoxic properties of these AgNPs. Further 

research into the degradation of the AgNPs is necessary, as we were limited by TEM of the 

particles. Because the CLBC cells internalized fewer particles and the particles were degraded 

beginning as early as 1 h after internalization, finding evidence of degraded particles was labor 

intensive and problematic. As we have shown that the selective cytotoxic effects are independent 

of capping agent in vitro, utilizing AgNPs that have a fluorescent silica capping agent would be 

beneficial to better visualize the degradation of the AgNPs into Ag+. Confocal microscopy could 

then be used to visualize the AgNPs and capping agent, as well as aid in determining the 

subcellular localization of the AgNPs. Expanding the experiment to include additional cell lines 

across the molecular subtypes would also strengthen the proposed mechanism.  

Previous studies have shown that AgNPs can induce ER stress leading to activation of the 

UPR 
90,217

.  Furthermore, it has been shown that mesenchymal cancers are particularly sensitive to 

agents that induce ER stress as they harbor high basal levels of ER stress due to increased 

secretion of proteins involved in the cytoskeleton remodeling necessary for EMT and the 

mesenchymal phenotype leading to induction of the PERK arm of the UPR 
84

. We showed that 

AgNPs induce ER stress in CLBC cells via activation of the PERK arm of the UPR and 

downstream effectors such as eIF2α and CHOP. Because CLBC is characterized by a 
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mesenchymal signature, this corresponds with previous studies which showed that EMT 

sensitizes cells to agents which induce ER stress 
84

, and suggest that other mesenchymal cancers 

including metastatic disease may be susceptible to AgNPs. Our studies focused on the PERK arm 

of the UPR, however all three arms have the potential to activate CHOP and induce apoptosis if 

ER stress cannot be mitigated 
85

. Studies have shown that XBP1, which is activated via splicing 

following IRE1 dimerization and phosphorylation, plays a critical role in the progression of 

triple-negative breast cancer (TNBC) by regulating the HIF1α transcriptional program 
88

. We 

have preliminary data which shows that AgNPs increase IRE1 expression in MDA-MB-231 

CLBC cells, but not in luminal A (MCF-7) or non-tumorigenic breast (MCF-10A) cells (Figure 

1). To further explore the effects of AgNPs on this arm of the UPR, additional studies examining 

the expression of phosphorylated IRE1 and XBP1 splicing following AgNP treatment is 

necessary. It has been shown that AgNPs induce degradation of ATF-6, the third arm of the UPR, 

in monocytes 
86

, but effects of AgNPs on ATF-6 in breast cancer has not been explored.  

 

Figure 1. AgNPs increase IRE1 expression in CLBC cells, but not in luminal A or non-tumorigenic 

breast cell lines. Cells were exposed to AgNPs for 6 or 24 h, lysates were collected, and IRE1 expression 

was quantified relative to β-actin expression by western blot. Graph represents 5 individual experiments (p 

= 0.035).   



162 

We showed that the ovarian cancer cell lines which are the most sensitive to AgNP 

treatment possess high basal levels of ROS which are further increased following AgNP 

treatment. AgNPs also induce DNA double strand breaks in the AgNP sensitive cell lines. 

Cisplatin and AgNPs both induce DNA damage, and we showed that the combination was 

synergistic. Cisplatin has been shown to induce ER stress in SKOV3 ovarian cancer cell lines, but 

not in cell lines that are resistant to cisplatin 
281

. Therefore, it is plausible that AgNPs also induce 

ER stress in the AgNP sensitive cell lines, but not in the insensitive cell lines. The mechanism 

proposed for AgNP cytotoxicity in CLBC is likely recapitulated in ovarian cancer, although 

additional studies are needed to explore the AgNP degradation and ER stress aspects of the 

mechanism.   

We have demonstrated that AgNPs act as pleiotropic stressors, activating multiple stress 

pathways in CLBC and a subset of ovarian cancer which may prevent resistance to AgNP therapy 

206
. These studies suggest that for the successful translation of nanomaterials into the clinic, a shift 

in paradigm is necessary where we allow biology to dictate the proper nanomaterial for cancer 

therapy. Nanomaterials should only be used if they have the capability to exploit underlying 

vulnerabilities in the biology of cancer cells. In these studies we identified underlying 

vulnerabilities in CLBC and a subset of ovarian cancers which predispose them to AgNP 

treatment.  

VI.3. ZEB1
High

/ESRP1
Low

 EXPRESSION PREDICTS AGNP TREATMENT EFFICACY IN 

A VARIETY OF CANCERS 

 CLBC is a subset of TNBC that is characterized by stem-like and mesenchymal-

like molecular signatures and has a poor prognosis characterized by frequent and early relapse 
2
. 

We showed the induction of a more mesenchymal phenotype in MCF-10A non-tumorigenic 

breast cells via TGF-β treatment significantly increased sensitivity to AgNPs. MCF-10A cells 

treated with TGF-β exhibited increased basal levels of ROS which is consistent with cell which 
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have undergone the epithelial mesenchymal transition (EMT) 
231,252

. We examined markers of 

EMT as biomarkers for AgNP sensitivity including EMT regulators such as TWIST, SLUG and 

SNAIL 
19

, however expression of these markers did not accurately identify AgNPs sensitive 

breast cancer cell lines. ZEB1 is one of the master regulators of EMT 
19

, and high expression of 

ZEB1 has been correlated with poor clinical outcome in breast 
24,248

 and pancreatic cancers 
30

. 

ZEB1 has also been implicated in stem-like phenotypes 
29

 which is characteristic of CLBC. 

Additionally, studies in breast cancer showed that ZEB1 overexpression is capable of inducing 

EMT and a CLBC phenotype, while TWIST overexpression induced only a partial EMT 

producing cancer cells more similar to basal-like breast cancer 
282

.  Because ZEB1 is implicated 

in mesenchymal and stem-like properties, we analyzed ZEB1 mRNA expression data obtained 

from the Broad Institute in a panel breast cancer cell lines and ZEB1 protein expression data in a 

panel of breast cancer cell lines. This data showed that high ZEB1 expression is correlated with 

the CLBC molecular subtype and sensitivity to AgNPs. 

 Epithelial splicing regulatory protein 1 (ESRP1) regulates the transcriptional 

program required for EMT and plays a crucial role in EMT by regulating alternative splicing of 

multiple genes including CD44 
37

. ESRP1 is described as a negative regulator of EMT, as 

expression prompts alternative splicing of CD44 and prevents expression of the standard isoform 

of CD44, which is necessary for EMT 
37

. A feedback loop was identified that linked ZEB1, 

ESPR1, and CD44 variant and standard isoforms. When cancer cells undergo EMT, ZEB1 

expression is increased which suppresses ESRP1, thus preventing splicing of CD44. This allows 

the standard isoform to predominate, leading to EMT, cancer progression and stem-like properties 

23
. Because ESRP1 is downregulated in cancer progression and EMT 

36
, we analyzed ESRP1 

mRNA expression data obtained from the Broad Institute in a panel breast cancer cell lines and 

ESRP1 protein expression data in a panel of breast cancer cell lines. This data showed that low 

ESRP1 expression is correlated with the CLBC molecular subtype and sensitivity to AgNPs. 
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Knockdown of ZEB1 in BT-549 CLBC cells induced an increase in ESRP1 expression 

and desensitized these cells to AgNP treatment, indicating that ZEB1 expression plays a critical 

role in AgNP sensitivity. Based upon the identification of this biomarker pair, we sought to 

identify other cancers which would benefit from AgNP treatment. Based upon ZEB1 and ESRP1 

mRNA expresion, we successfully identified ovarian, prostate, colorectal and lung cancer cell 

lines that were sensitive to AgNP treatment. High ZEB1 expression and low ESRP1 expression 

correlated with low IC50 doses of AgNPs (Figure 2). Additional studies are necessary to 

determine if AgNP-mediated cytotoxicity occurs via the mechanism outlined for CLBC, however, 

because cells that are undergoing EMT and mesenchymal cancers possess high basal levels of 

ROS 
283

, it is conceivable that this mechanism could be applied to mesenchymal cancers as a 

whole. Our studies demonstrate that the ZEB1
High

/ESRP1
Low

 biomarker pair is sufficient to 

identify cancers that are sensitive to AgNP treatment.  

 

 

Figure 2. High ZEB1 and low ESRP1 expression correlate with low AgNP IC50 doses across multiple 

cancers. mRNA expression data for (A) ZEB1 and (B) ESRP1 obtained from the Broad Institute was 

graphed for cancer cell lines derived from the breast, ovary, lung, prostate and large intestine against 

AgNPs IC50 doses obtained following 72 h treatment with increasing doses of AgNPs where viability was 

assessed by MTT assay. IC50 doses were averages of 3 independent experiments.  
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VI.4. CONCLUSIONS & FUTURE DIRECTIONS 

 Because breast cancer is a heterogeneous group of diseases that comprise several 

molecularly distinct subtypes, it is not surprising that the molecular subtypes respond differently 

to therapy. Therefore, there is no “one size fits all” therapy, and therapies designed to target 

underlying vulnerabilities within the molecular subtypes are necessary. In these studies, we have 

demonstrated that a therapeutic window exists for the use of AgNPs for the treatment of CLBC, 

which is a poor prognosis patient population characterized by high tumor grade at diagnosis and 

early relapse 
2
. We have demonstrated that CLBC is sensitive to AgNPs at doses that do not harm 

the normal breast epithelium or disrupt breast homeostasis. Additionally, AgNPs are selectively 

cytotoxic to CLBC cells independent of AgNP size, charge, shape or capping agent which allows 

for manipulation of these physiochemical properties for tailored treatment, including using these 

NPs in combination with IR and/or PTT. We have identified a candidate AgNP that can be safely 

delivered systemically for the treatment of CLBC in vivo. Mechanistically, we have shown that 

high basal levels of ROS induce degradation of AgNPs into Ag+ which causes DNA damage, ER 

stress, ROS generation and redox imbalance. Furthermore, we have identified a biomarker pair, 

ZEB1
High

/ESPR1
Low

, that is capable of distinguishing cancers, beyond CLBC, which will respond 

to AgNPs from those that will not. Overall these studies suggest that nanomaterials have the 

potential to serve as effective cancer therapeutics when used to exploit underlying biological 

vulnerabilities. While concerns regarding silver and nanomaterials as a whole remain, we have 

identified properties of CLBC cells which leave them susceptible to therapies that induce 

pleiotropic stress paving the way for the development of next generation cancer therapeutics. 

These studies also suggest that other poor prognosis cancers, including metastatic and refractory 

disease, possess vulnerabilities that can be exploited.  

 These studies were largely focused on the treatment of a subset of TNBC, CLBC, 

but with the identification of the ZEB1/ESPR1 biomarker pair, it is conceivable that other cancers 
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may also benefit from AgNP treatment. Metaplastic breast cancer shares many similarities with 

CLBC such as mesenchymal and CSC phenotypes 
284

 and may benefit from AgNP treatment. A 

subset of bladder cancer was identified that closely resembles CLBC, including CSC properties 

and high ZEB1 expression 
285

, indicating that these tumors may also be susceptible to AgNP 

treatment.  

 The xCT antiporter is a plasma membrane transporter composed of a heavy and 

light subunit connected via a disulfide bridge and stabilized by CD44v 
286,287

 that imports cystine 

for glutamate in a 1:1 ratio. This antiporter imports a majority of the cystine which is used as 

cysteine in the production of GSH 
77

. As we have shown that AgNPs induce ROS and cause 

redox imbalance, it is possible that the xCT antiporter plays a role in our mechanism of AgNP-

mediated cytotoxicity.  The xCT antiporter has been implicated in cancer cell survival leading to 

decreased overall survival for patients with glioblastoma 
288

, and as a marker for a glutamine 

dependent subset of TNBC 
289

. Similarly, xCT overexpression in pancreatic, breast, and ovarian 

cancer has been associated with increased growth and therapy resistance due to an increase in 

GSH levels 
287,290

. Because ESRP1 plays a critical role in the alternative splicing of CD44, it is 

possible ESRP1 plays a critical role in providing CD44v for the stabilization of xCT at the cell 

surface. Increased xCT surface expression has the capability to increase GSH synthesis, which 

may reduce basal levels of ROS in epithelial cancerous and non-cancerous cells. While xCT 

expression may be high in mesenchymal cancer cells (such as CLBC) which are sensitive to 

AgNP treatment, they lack the ability to stabilize xCT with CD44v due to decreased expression of 

ESRP1 (Figure 3). Therefore, these cells exhibit high basal levels of ROS which degrade AgNPs 

into Ag+, leading to DNA and protein damage. Future studies to identify localization of xCT 

among the breast cancer molecular subtypes and in other epithelial and mesenchymal cancers will 

provide insight into the interplay of xCT and our mechanism of AgNP-mediated toxicity. 
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Figure 3. Proposed interplay of ZEB1, ESRP1, CD44 and xCT in epithelial and mesenchymal cells. In 

epithelial cells which we have shown are insensitive to AgNPs and can be characterized by 

ZEB1
Low

/ESRP1
High

, ESRP1alternatively splices CD44 to produce more of the CD44 variant (CD44v). 

CD44v stabilized xCT at the cell surface allowing for the import of cystine which is used in GSH synthesis 

to keep basal ROS levels low. In mesenchymal cells, which are sensitive to AgNP treatment and can be 

characterized by ZEB1
High

/ESRP1
Low

, ZEB1 suppresses ESRP1 which prevents alternative splicing of 

CD44. Therefore, CD44v is not available to stabilize xCT at the cell surface.  

 

 While we showed that CLBC and ovarian cancer cell lines that were sensitive to 

AgNPs harbored high basal levels of ROS which were increased following AgNP treatment, 

future studies to investigate the sources of ROS may provide additional insight into the selective 

cytotoxicity of AgNPs. Because we have shown that AgNPs synergize with Cisplatin, it is likely 

that other synergistic relationships exist, as may the potential for synthetic lethality. HSP90 plays 

a critical role in mitigating ROS and stabilizes the PERK and IRE1 kinases involved in mitigating 

ER stress 
291

. It has also been shown that XBP1, which is the substrate of IRE, regulates HIF1α in 
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to promote TNBC progression 
88

.  Therefore, AgNPs in combination with HSP90 or HIF1α 

inhibitors may prove beneficial.  

 

In conclusion, our studies identified underlying biological vulnerabilities in CLBC that 

can be selectively exploited by AgNP treatment demonstrated in 2D and 3D in vitro models and 

in vivo. We also identified a biomarker pair, ZEB1
High

/ESRP1
Low

 that has the potential to identify 

not only breast cancer patients, but patients with ovarian, prostate, lung, and colorectal cancer, 

that will benefit from AgNP therapy. Future studies will extend our investigation into the 

mechanism of AgNP selective cytotoxicity in mesenchymal cancers, identify synergistic drug 

combinations and explore potential long term side effects of AgNP therapy.  
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A.I.1. SUMMARY 

Silver nanoparticles (AgNPs) have a high affinity for sulfhydryl (thiol) groups, which can 

be exploited for functionalization with various tracking and targeting moieties. Here we describe 

how to reliably and reproducibly functionalize AgNPs with the fluorescent moiety cyanine3-

polyethelyne glycol (5000 molecular weight)-thiol (Cy3-PEG5000-SH). We also demonstrate how 

to purify and characterize Cy3-functionalized AgNPs (Cy3-AgNPs). Additionally, we describe 

how these Cy3-AgNPs can be imaged in 2D and 3D tumor models, providing insight into cellular 

localization and diffusion through a tumor spheroid, respectively.  

Key words: silver, nanomaterials, fluorescence, imaging, 3D tumor models 

 

A.I.2. INTRODUCTION 

Silver nanoparticles (AgNPs) are the most widely applied nanomaterial for both 

commercial and clinical biomedical applications. Due to their anti-bacterial properties, AgNPs 

have been adapted for use in disinfectants for aseptic environments, as surface coatings for 

neurosurgical shunts and venous catheters, and in bone cement. They have also been shown to 

enhance wound healing and improve skin regeneration [1].   Preclinical studies of AgNPs show 

that they possess cytotoxic activity toward a variety of cancer cell lines including breast [2-5], 

glioblastoma [6-8], cervical [9], liver [10], lung [11], and leukemia [12, 13].   

AgNPs possess a strong affinity for sulfhydryl (thiol) groups [14, 15], and their 

physicochemical attributes can be easily tailored to produce different surface characteristics 

which are important for stability in physiological conditions and to aid in targeting [16, 17]. This 

unique property can be exploited to functionalize AgNPs with various targeting and tracking 

moieties that contain a thiol group. It is well documented that the cytotoxic properties of 

nanomaterials are dependent upon characteristics including size, charge and coatings, all of which 
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affect the uptake [18]. Therefore after functionalization, it is imperative to characterize particles 

based on hydrodynamic dimeter and ζ-potential because these properties may affect stability and 

biodistribution of nanoparticles in addition to cytotoxicity [18].   

Here we describe how to functionalize AgNPs with the fluorescent tracking moiety 

Cyanine3, which is stabilized by a polyethylene glycol (PEG) group. PEG has been added to 

nanomaterials and small-molecule drugs to increase stability and bioavailability in physiological 

conditions [19, 20].  This fluorescent tracking moeity also contains a terminal thiol group that can 

readily interact with the AgNP. We demonstrate how ultraviolet/visible (UV/Vis) 

spectrophotometry can be used to monitor the reaction of the thiol group binding with the AgNP. 

Additionally, we describe how to purify the Cy3-PEG5000-SH functionalized AgNPs (Cy3-

AgNPs) from the starting materials (25nm AgNPs and Cy3-PEG5000-SH), and how to identify 

each using UV/Vis spectrophotometry. We demonstrate how dynamic light scattering (DLS) can 

further validate that the particles are functionalized based upon changes in hydrodynamic 

diameter and ζ-potential. Lastly, we describe how to visualize the Cy3-AgNPs in 2D cell 

monolayers and 3D tumor spheroids using confocal microscopy and the EVOS FL Auto Cell 

Imaging System, respectively.  

 

A.I.3. MATERIALS 

Prepare all AgNPs and Cy3-PEG5000-SH dispersions in deionized water at room temperature and 

store at 4°C light protected.  

3.1 Cy3-AgNP Synthesis and Purification Components   

1. 25nm PVP Redispersable Silver Nanoparticles (nanoComposix Inc.): dissolve 25 mg of 

AgNPs in 2.5 ml deionized water 
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2. Cy3-PEG5000-SH (Nanocs, Inc): dissolve in warm deionized water to make a 200mM 

solution 

3. TCEP Bond Breaker solution (Thermo Scientific) 

4. 100,000 MWCO vivaspin column (Vivascience) 

5. PD-10 Desalting Column (GE Healthcare) 

6. 1.7ml microcentrifuge tubes  

3.2 Characterization components 

1. Spectronic 200 UV/Vis Spectrophotometer (Thermo Scientific) 

2. Quartz cuvette (Fisher Scientific) 

3. Malvern Zetasizer Nano ZS90 (Malvern Instruments) 

4. Folded capillary cells (Malvern Instruments) 

5. Disposable, clear plastic cuvette (Sarstedt) 

3.3 2D and 3D cell culture imaging components 

1. MDA-MB-231: were purchased from ATCC (American Type Culture Collection) 

(Manassas, VA, USA): Cells were grown in DMEM supplemented with 10% FBS 

(vol:vol), 2 mM l-glutamine, penicillin (250 U/mL), and streptomycin (250 μg/mL) (all 

from Invitrogen).  

2. 1X Dulbecco's Phosphate-Buffered Saline (DPBS) without calcium or magnesium 

(Lonza) 

3. 16% Formaldehyde solution (w/v), Methanol-free (Thermo Scientific): dilute 16% 

formaldehyde 1:4 (vol:vol) with 1X DPBS to make 4% formaldehyde solution 

4. 4 well glass slide chamber slides (Nunc Lab-Tek II) 

5. Vectashield Hard Set Mounting Medium with DAPI (Vector Laboratories) 

6. Microscope Cover Glass (Fisher Scientific) 

7. Clear fingernail polish 
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8. Olympus FV1200 Confocal Microscope 

9. Round bottom 96-well plates (Falcon) 

10. 6-well tissue culture treated plates (Falcon) 

11. Matrigel Matrix (Corning): dilute to 2% in growth medium for MDA-MB-231 cells 

outlined above 

12. EVOS FL Auto Cell Imaging System (Invitrogen) 

A.I.4. METHODS 

Perform all steps at room temperature and protected from the light unless otherwise specified.  

4.1. Synthesis of Cy3-AgNPs 

1. Disperse 25nm AgNPs in deionized water via bath sonication for 5 mins at 4°C resulting 

in a brownish-grey opaque solution.  

2. Dissolve Cy3-PEG5000-SH in 1ml warm deionized water at a 200mM concentration via 

vortexing resulting in a pink solution. 

3. Add TCEP bond breaker solution to the Cy3-PEG5000-SH at a ratio of 50:1 (molarity) for 

20 mins (see Note 1).  

4. Combine 2mls of AgNPs with the Cy3-PEG5000-SH + TCEP solution and additional 

deionized water to bring the final volume to 4ml with a final concentration of 5mg/ml 

AgNPs. 

5. Monitor the reaction every 15 mins by UV/Vis spectrophotometry (see Note 2) (Fig. 1). 

6. After 45 mins, concentrate the Cy3-PEG5000-SH AgNPs dispersion using a 100,000 

MWCO vivaspin column to approximately 1ml volume via centrifugation at 3.0 rcf for 

10 mins (see Note 3). 
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4.2. Purification of Cy3-AgNPs 

1. Remove the cap of the PD-10 desalting column and remove the column storage solution. 

2. Cut the tip of the column at the indicated notch. 

3. Fill the column with deionized water and allow it to enter the column completely. Repeat 

this step 4 times, discarding the flow-through (see Note 4). 

4. Filter the concentrated volume from Step 6 of the synthesis of Cy3-AgNPs through the 

equilibrated PD-10 desalting column with deionized water to separate free Cy3-PEG5000-

SH, unfunctionalized AgNPs, and Cy3-AgNPs (see Note 5). 

5. Collect fractions in 1.7ml microcentrifuge tubes in approximately 500-800 μl volumes 

(approximately 10 drops).  

6. Analyze the fractions collected from the PD-10 column by UV/Vis spectrophotometry to 

identify fractions containing Cy3-AgNPs (see Note 6) (Fig. 2). 

7. Combine fractions containing Cy3-AgNPs, and store light-protected at 4°C. 

 

4.3 Characterization of Cy3-AgNPs 

4.3a Hydrodynamic Diameter of Cy3-AgNPs 

1. Dilute 10ul of Cy3-AgNPs in 1ml of deionized water or 1X DPBS in a plastic cuvette. 

2. Read the sample in triplicate on the Zetasizer Nano ZS90 with the following settings: 

25°C, automatic settings, adjust for refractive index of the dispersant (see Note 7) (Fig. 

3A). 

4.3b Zeta Potential of Cy3-AgNPs 

1. Transfer the sample diluted in deionized water from the plastic cuvette to a folded 

capillary cell. 

2. Read the sample in triplicate on the Zetasizer Nano ZS90 with the settings outlined above 

for the hydrodynamic diameter measurements (see Note 8) (Fig. 3B).  
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4.4 Imaging of Cy3-AgNPs in 2D culture 

1. Plate 5 X 10
5
 MDA-MB-231 cells per well in a 4 well glass slide chamber slide, and let 

adhere for 48h at 37°C.  

2. Treat cells with Cy3-AgNPs or unfunctionalized 25nm AgNPs diluted in MDA-MB-231 

growth medium for 1h at 37°C. 

3. Wash cells twice with 1X DPBS. 

4. Fix cells with 4% formaldehyde for 15mins at room temperature. 

5. Remove chambers on the slide. 

6. Add 2-3 drops of Vectashield Hard Set Mounting Medium with DAPI, and place a glass 

microscope cover on the slide. 

7. Seal the edges with clear fingernail polish, and allow the mounting media to harden 

overnight, light-protected at 4°C. 

8. Image using an Olympus FV1200 confocal microscope (see Note 9) (Fig. 4). 

4.5 Imaging of Cy3-AgNPs in 3D multicellular spheroids (3D culture) 

1. Prepare MDA-MB-231 spheroids by plating 5,000 MDA-MB-231 cells in a 96-well 

round bottom plate in 200µl of 2% Matrigel matrix. 

2. Allow spheroids to grow at 37°C for 4 days. 

3. Treat spheroids with 1X DPBS, Cy3-AgNPs, or Cy3-AgNP filtrate (obtained from the 

concentration of the particles (see 3.1 Synthesis of Cy3-AgNPs: Step 6) diluted in growth 

medium for 6 or 24h. 

4. Using a P1,000 pipette, transfer spheroids to a 6-well plate containing fresh growth 

medium (see Note 10). 

5. Image using the transmitted light and red fluorescent protein (RFP) lenses on the EVOS 

FL Auto Cell Imaging System. Merge transmitted light and RFP images (see Fig. 5). 
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A.I.5. NOTES 

1. TCEP bond breaker solution is necessary to prevent disulfide bond formation among the 

Cy3-PEG5000-SH fluorescent moieties. Disulfide bond formation between the moieties 

would prevent thiol binding of the AgNPs, and thus prevent functionalization of the 

particles.  

2. AgNPs have a strong absorbance peak at 405nm, while Cy3-PEG5000-SH has a strong 

absorbance peak at 550nm. Upon functionalization via thiol binding, a dampening of the 

AgNP peak at 405 will occur along with a red shift. Additionally, a small peak around 

550 should be observed to indicate the presence of the Cy3-PEG5000-SH. 

3. Additional centrifugation may be required if the volume is still above 1ml. Although the 

PD-10 desalting column specifies that larger volumes (up to 2.5ml) may be used, 

smaller volumes provide better separation of unfunctionalized AgNPs, Cy3-AgNPs, and 

free Cy3-PEG5000-SH. If the particles become entrapped in the membrane, a P200 gel 

loading tip can be used to loosen particles from the membrane.  

4. Equilibration of the PD-10 desalting column may be performed while the reaction is 

occuring or while the reaction mixture is being concentrated. Ensure that the column 

does not dry out after equilibration by filling the column with deionized water and 

recapping the bottom of the column with the caps provided. When ready to filter the 

AgNPs, remove the cap and allow the deionized water to move into the packed bed of 

the column before adding the AgNPs.  

5. Because the Cy3-AgNPs increase in size following functionalization, they will elute in 

the early fractions. The unfunctionalized AgNPs will elute in the middle fractions. The 

free Cy3-PEG5000-SH will elute last because the small size will cause entrapment in the 

fenestrations of the column leading to a slow release from the column. Unbound Cy3-
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PEG5000-SH may remain trapped in the PD-10 column as indicated by a light pink 

discoloration of the column. 

6. Fractions containing Cy3-AgNPs will have 2 absorbance peaks: one peak at 405nm 

indicating the presence of the AgNPs and one at 550nm to indicate the presence of the 

Cy3-PEG5000-SH fluorescent moiety. Fractions displaying only a peak at 405nm contain 

unfunctionalized AgNPs, and fractions displaying only a peak at 550nm contain free 

Cy3-PEG5000-SH.  

7. An increase in hydrodynamic diameter will occur, which is indicative of 

functionalization of the particle. 

8. The ζ-potential of the Cy3-AgNPs become more neutral compared to negative ζ-

potential for unfunctionalized AgNPs. This change in ζ-potential is indicative of 

functionalization via thiol binding.  

9. Free Cy3-PEG-SH displays a strong absorbance peak at 550 via UV/Vis 

spectrophotometry. However for visualization of the Cy3-AgNPs in vitro, the optimal 

wavelength is between 565-665nm.  

10. When removing spheroids from the 96-well plates to the 6-well plates, place all 

spheroids receiving the same treatment in 1 well of the 6-well plate for imaging.  
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Figure 1. UV/Vis spectrophotometry absorbance readings for monitoring the reaction of Cy3-PEG5000-SH 

binding to AgNPs. Unfunctionalized AgNPs have a strong absorbance peak at 405nm. When thiol binding 

occurs, a damping of the peak at 405nm occurs along with the development of a peak at 550nm where Cy3-

PEG5000-SH absorbs. 
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Figure 2. UV/Vis spectrophotometry absorbance readings of various fractions obtained during the 

purification process utilizing the PD-10 desalting column.  A. Example of unfunctionalized particles: 

displays one absorbance peak at 405nm.  B. Example of free (unbound) Cy3-PEG5000-SH: displays one 

absorbance peak at 550nm.  C. Example of Cy3-AgNPs: displays a large peak at 405nm indicating the 

presence of AgNPs and a smaller peak at 550nm indicating successful binding of the Cy3-PEG5000-SH 

fluorescent moiety. 

 

 

 

 

Figure 3. Dynamic light scattering (DLS) data comparing unfunctionalized 25nm AgNPs (black) and Cy3-

AgNPs (red).  A. An increase in hydrodynamic diameter indicates the formation of Cy3-AgNPs.  B. 

Positive zeta potential shift indicates functionalization of AgNPs to form Cy3-AgNPs. 
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Figure 4. Confocal images of MDA-MB-231 breast cancer cells after 1h treatment with 25nm AgNPs or 

Cy3-AgNPs. The first panel shows cells after 1h treatment with 25nm AgNPs at 20X magnification. The 

second and third panels show cells after a 1h treatment with Cy3-AgNPs at 20X and 40X magnification, 

respectively.  
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Figure 5. EVOS images of MDA-MB-231 3D tumor spheroids treated for 6 or 24h with 1X DPBS, Cy3-

AgNPs, or filtrate collected from Cy3-AgNPs.  
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A.II.1 INTRODUCTION 

Ovarian cancer is the second most common gynecological cancer in women, but the most 

lethal of the gynecological cancers 
1,2

. Treatment is limited to surgical resection and 

chemotherapy, predominately platinum based chemotherapies. Because early detection of ovarian 

cancer is difficult, approximately 75% of patients are diagnosed at stage III or IV. While many 

patients initially respond well to chemotherapeutic intervention, relapse rates are high leading to a 

5-year survival rate of only 10-30% for patients with advanced disease 
1
. Therefore, novel 

therapies are needed for the treatment of ovarian cancer.  

Nanomaterials provide advantages over current chemotherapies as they have 

demonstrated increased circulation time and the ability to preferentially accumulate in the tumor 

due to leaky vasculature and poor lymphatic drainage, known as the enhanced permeability and 

retention effect (EPR) 
3,4

. Despite the increased likelihood of accumulation in tumors of 

nanomaterials, concerns regarding toxicity remain and have hampered translation into the clinical 

setting. Therefore, efforts to increase tumor localization by active targeting may reduce off-target 

toxicity and aid in clinical translation. The addition of moieties to target receptors on the cancer 

cell surface has shown increased accumulation in pre-clincal studies. Targeting of the Dual-ligand 

targeting of gold nanoparticles to the glucose receptor and folate receptor α (FRA) via addition of 

glucose and folic acid (FA) moieties respectively provided a significant increase in gold content 

in cancer cells expressing the receptors 
5
.  

The FRA is a membrane-bound protein that is linked to cell surfaces via a 

glycosylphosphatidylinositol (GPI) anchor and encoded by the FOLR1 gene. FA plays pivotal 

roles in cell metabolism as well as DNA synthesis and repair 
6
. The FRA is an ideal target 

because it is minimally expressed in normal tissues, while exhibiting high expression in various 

epithelial carcinomas 
7,8

. FA is internalized by receptor-mediated endocytosis although the 

specific mechanism is still under debate. One of the earliest hypotheses involves “potocytosis” 

after caveolae internalize the bound FA, in which acidification of the vesicle leads to dissociation 
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of the FA from the receptor allowing it to move across the membrane. Another hypothesis, lipid 

raft dependent endocytosis, states that the FRA is located in lipid rafts 
9
. Despite varying 

hypotheses regarding the mechanism of FA internalization, it has been shown that targeting of 

this receptor with chemotherapeutics inhibits BC growth 
10

. Elevated FRA expression has been 

observed in ovarian, endometrial, colorectal, breast, lung, and renal cell carcinomas, as well as in 

brain metastases via immunohistochemical staining 
11-14

. The FRA is overexpressed in over 72% 

of primary ovarian tumors and over 80% of recurrent ovarian tumors, and therefore has been 

linked to high stage tumors, recurrence and poor prognosis ovarian cancer 
15

.  

Silver nanoparticles (AgNPs) have shown efficacy in pre-clinical studies against a 

number of malignancies including those of the breast 
16,17

, brain 
18

, blood 
19-21

 and ovary 
22

. 

Therefore, targeting AgNPs to the FRA with a FA moiety may provide increased specificity for 

ovarian cancer cells. In this study, we demonstrate that AgNPs can be functionalized with FA 

moieties that interact with the FRA in ovarian cancer cells and show specificity towards ovarian 

cancer cells which express the FRA.  

A.II.2 MATERIALS AND METHODS 

Cell Culture: A2780, SKOV3, and OCAR3 cells were purchased from ATCC (Manassas, VA) 

and expanded by the Comprehensive Cancer Center of Wake Forest University Cell Culture and 

Vector Core. All cells were grown in RPMI supplemented with 1% penicillin and streptomycin, 

and 10% FBS. 

FA-AgNP Synthesis: 25nm AgNPs (nanoComposix Inc., San Diego, CA) stabilized with 

polyvinylpyrrolidone (PVP) were dispersed in deionized water at a concentration of 10 mg/ml via 

brief sonication. A 1mM FA-PEG5000-SH (Nanocs Inc.) was prepared with warm deionized water 

and 0.5M Bond Breaker TCEP solution. AgNPs were mixed with 1mM FA-PEG5000-SH to a final 

concentration of 5mg/ml AgNPs, and the reaction was monitored by UV/Vis spectroscopy using 

the Spectronic 200 (Thermo Scientific, Waltham, MA). FA-AgNPs were sonicated for 10 mins 
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and concentrated using a 100,000 MCCO spin column (Vivaspin, Littleton, MA). Concentrated 

particles were separated into 10 fractions with a PD-10 desalting column (GE Healthcare, 

Uppsala, Sweden). Fractions were analyzed via UV/Vis spectroscopy using the Spectronic 200 

(Thermo Scientific, Waltham, MA).  

 Dynamic Light Scattering (DLS): 25 nm AgNPs and FA-AgNPs were diluted to approximately 

40 µg/ml in deionized water and hydrodynamic diameter and ζ-potential were measured using the 

Zetasizer Nano ZS90 (Malvern Instruments, UK) at 25 °C using automatic settings adjusting for 

the refractive index of the dispersant. Measurements were taken in triplicate.  

Nanoparticle Tracking analysis: Measurements were made using the Nanosight NS500 (Malvern 

Instruments, UK) at 25 °C. FA-AgNP dispersions were diluted 1:1,000 and 25 nm AgNPs were 

diluted 1:50,000 in degassed Milli-Q (Type I) water. The following settings were used for 

triplicate measurements: NTA software version 2.3; Camera Shutter: 32 ms; Duration: 90; 

Threshold: 7. 

Dot Blot: 5ul of each fraction obtained from the PD-10 desalting column was blotted on 

nitrocellulose and allowed to dry O/N at RT. The blot was blocked in 5% milk in tris-buffered 

saline (TBS) with 1% Tween 20 (P1379, Sigma-Aldrich) for 1 hour at RT. Blot was probed with 

anti-folic acid antibody (Sigma Aldrich, St. Louis, MO) diluted 1:1000 in 1% milk. HRP-

conjugated secondary antibody was diluted 1:6000 in 1% milk. Membranes were developed using 

SuperSignal West Pico Chem-iluminescent Substrate (Thermo Scientific). 

Western Blot: Cells were grown to log phase in their respective media, washed in PBS, 

trypsinized, and plated on 10 cm dishes at a density of 2 x 10
6
 cells in 10 mL of complete media. 

Medium was removed, and lysates were collected using M-PER Mammalian Protein Extraction 

Regent (Thermo Scientific) supplemented with 1% Halt Protease & Phosphatase Inhibitor 

Cocktail (Thermo Scientific). Protein concentration was determined for each sample using a 
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bicinchoninic acid (BCA) protein assay kit (Thermo-Fisher/Pierce) according to the 

manufacturer’s instructions. Proteins were size fractionated by gel electrophoresis and then 

transferred to a PVDF membrane. Nonspecific binding was blocked by incubation for 30 min at 

room temperature with Tris-buffered saline containing 5% powdered milk and 1% Triton X-100. 

Membrane was incubated overnight at 4 °C folate receptor alpha antibody (Thermo Scientific) 

and GAPDH (Cell Signaling), followed by incubation with polyclonal HRP-conjugated 

secondary antibodies (1:1000) for 1 hour at room temperature. Immunoreactive products were 

visualized by chemiluminescence (SuperSignal Femto West, Pierce Biotechnology).  

MTT Assay: A2780, SKOV3 and OVCAR3 ovarian cancer cells were plated at a density of 6,000 

cells per well in 96-well plates and allowed to adhere overnight at 37 °C. Cells were treated for 

48h with FA-AgNPs or AgNPs (0-3.125 μg/ml based upon particle concentration obtained from 

NTA) diluted in growth medium in the presence or absence of 1mM FA. Media containing 

AgNPs was replaced with 200 µl of media containing 0.5 mg/ml MTT and incubated for 

approximately 1 h at 37°C. Media was removed and cells were lysed in 200 μl of DMSO and read 

using a Molecular Devices Emax Precision Microplate Reader at 595 nm and corrected for 

background at 650 nm.   

A.II.3 RESULTS 

Synthesis, purification, and characterization of FA-AgNPs for targeting of the FRA 

The FRA is overexpressed over 70% of ovarian cancer 
15

. Targeting of this receptor with 

FA has the potential to increase localization of AgNPs to the ovarian cancer cells, thus increasing 

cytotoxic effects intratumorally while decreasing off-target effects elsewhere. AgNPs are an ideal 

particle for targeting, as they are easily functionalized with targeting moieties containing a thiol (-

SH) group 
23,24

. 25nm AgNPs were functionalized using the FA-PEG5000-SH (Nanocs, Inc.) 

targeting moiety. FA-PEG5000-SH was diluted in deionized water containing Bond Breaker TCEP 

solution to prevent the formation of disulfide bonds. The solution was then combined with 25nm 



205 

AgNPs for 45 mins, and the reaction was monitored via ultraviolet/visible (UV/Vis) 

spectroscopy. After 45 mins a dampening of the absorbance peak was observed, indicating thiol 

binding (Figure 1A). Folic Acid functionalized particles (FA-AgNPs) were purified from free 

FA-PEG5000-SH and unfunctionalized AgNPs using a PD-10 desalting column. UV/Vis 

absorbance measurements were to identify fractions containing AgNPs, as 25nm AgNPs have a 

strong absorbance peak at approximately 405nm (Figure 1B). To determine if FA was available 

for binding to the FRα and which fractions contained FA-AgNPs, a dot blot against FA was used. 

The flow through from the concentrating column, all 10 fractions collected from the PD-10 

column, 25nm AgNPs and the vehicle (H2O) were analyzed via the dot blot (Figure 1C). A 

positive signal, as indicated by a dot, was observed in the first 3 fractions as well as the flow 

throught from the concentrating column, which served as a positive control. Importantly, the 

25nm AgNPs which served as the unfunctionalized starting particles did not bind the anti-FA 

antibody, indicating that this assay was sufficient to differentiate between functionalized and 

unfunctionalized particles.  
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Figure 1. Synthesis and purification of FA-AgNPs. (A-B) UV/Vis spectrophotometry was used to (A) 

monitor the reaction of FA-PEG5000-SH binding to the AgNP which induces a dampening of the initial peak 

at 405 nm and (B) monitor AgNP presence in the fractions collected from the PD-10 desalting column. (C) 

A dot blot against FA was used to identify fractions containing FA. Dots indicate the presence of FA, and 

the flow through from the concentrating column was used as a positive control for FA.  

 

Utilizing the combination of the absorbance readings and the dot blot of the fractions, we 

determined that fractions 1-3 contained the FA-AgNPs. The fractions were combined and 

analyzed via dynamic light scattering (DLS) and nanoparticle tracking analysis (NTA) for further 

characterization. DLS analysis showed an increase in hydrodynamic diameter from 28.8 nm for 
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the unfunctionalized AgNPs to 83.2 nm for the FA-AgNPs (Figure 2A). Additionally, the FA-

AgNPs exhibited a positive ζ-potential compared to a negative ζ-potential for the 

unfunctionalized AgNPs (Figure 2B). Analysis of the FA-AgNPs with NTA showed that the 

particles were relatively monodispersed with a size of 85 nm (Figure 2C). The increase in size 

and positive shift in ζ-potential further indicates that the FA-AgNPs are functionalized with the 

FA-PEG5000-SH targeting moiety.  

 

Figure 2. Physicochemical characterization of FA-AgNPs. (A) Hydrodynamic diameter of AgNPs and 

FA-AgNPs analyzed by DLS. (B) ζ-potential of AgNPs and FA-AgNPs analyzed by DLS. (C) Size of FA-

AgNPs analyzed by NTA. 

 

FA-AgNPs show specificity against the SKOV3 cell line which expresses high levels of the folate 

receptor α 

A western blot against FRA was performed on the A2780, SKOV3, and OVCAR3 

ovarian cancer cell lines. SKOV3 cells had the greatest expression of FRα, while the A2780 and 

OVCAR3 exhibited minimal expression (Figure 3A). All 3 cell lines were treated for 48 h with 

FA-AgNPs in the presence or absence of excess FA, and viability was assessed via MTT assays 

(Figure 3B-D). In the SKOV3 cells which overexpress the FRα, significant competition was 
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observed at both doses of FA-AgNPs, indicating that some of the FA-AgNP uptake is mediated 

via the FRA. SKOV3 cells treated with unfunctionalized AgNPs in the presence or absence of 

excess FA showed no significant difference in viability (Supplementary Figure S1). The A2780 

and OVCAR3 cells treated with FA-AgNPs in the presence of excess FA provided no survival 

advantage. While the A2780 cells were extremely sensitive to FA-AgNPs, the inability of FA to 

rescue the viability indicates that the uptake of these particles was not FRα mediated. In ovarian 

cancer cells which overexpress the FRα, FA-AgNPs cause a decrease in cell viability due to 

interaction with the FRA. The interaction between the FRα and the FA-AgNPs can be blocked 

with excess FA, which indicates that our particles specifically interact with the FRA.  

 

Figure 3. FA-AgNPs exhibit specificity towards high FRA expressing SKOV3 cells. (A) Western blot 

demonstrating FRA expression across the ovarian cancer cell lines. (B-D) Cells were exposed to FA-

AgNPs in the presence or absence of excess FA (1mM) for 48 h and viability was assessed by MTT assay. 

(B) A2780 (C) SKOV3 (D) OVCAR3 
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A.II.4 DISCUSSION 

 Due to the difficulty in detecting ovarian cancer, many patients are diagnosed at 

late stage (stage III or IV) disease. Patients are limited to surgical resection and platinum based 

chemotherapies, which often results in resistance and eventually disease recurrence 
1
. Therefore, 

novel therapies are needed to treat this disease. The FRA is overexpressed in the majority of 

ovarian cancers, and FRA expression has been associated with advanced disease, poor prognosis 

and relapse 
15

. Targeting of the FRA may provide increased specificity of therapeutic agents for 

the treatment of ovarian cancer, while preventing off-target cytotoxicity.  

 In this study, we have demonstrated that 25 nm PVP-coated AgNPs can be 

functionalized with FA via thiol interactions to target the FRA. Because AgNPs have a high 

affinity for thiols 
23

, the AgNPs readily exchange the PVP coating for the FA-PEG5000-SH which 

can be monitored by UV/VIS spectrophotometry. Furthermore, we have shown that the FA-

AgNPs can be purified from free FA-PEG5000-SH and unfunctionalized AgNPs utilizing a PD-10 

desalting column. Because the AgNPs possess a strong absorbance peak at 405 nm, fractions 

containing AgNPs can be effortlessly identified by UV/Vis spectrophotometry. For FA to target 

the FA-AgNPs to the FRA, it must be available for interacting with the FRA. Therefore, we 

utilized a dot blot with an anti-FA antibody to identify fractions containing FA. Combining the 

UV/Vis spectrophotometry and dot blot results, we were able to identify fractions containing FA-

functionalized AgNPs. Analysis by DLS indicating an increase in hydrodynamic diameter and a 

shift from a negative ζ-potential to a more positive ζ-potential further indicated that the AgNPs 

were functionalized.  

When the ovarian cancer cell lines were treated with the FA-AgNPs we observed 

significant cytotoxicity in the A2780 and SKOV3 cell lines, which we have previously shown to 

be sensitive to AgNP treatment 
25

. Conversely, the OVCAR3 cells were insensitive to FA-AgNP 

treatment at the doses tested, as previously demonstrated 
25

. This indicates that the addition of the 
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FA targeting moiety did not affect the toxicity profile previously established. Competition studies 

with the FA-AgNPs were performed where the cell lines were treated with the FA-AgNPs in the 

presence of excess FA. Excess FA was protective against FA-AgNP cytotoxicity in SKOV3 cells 

which expressed the highest levels of FRA, whereas excess FA was not protective in the A2780 

or OVAR3 cell lines which expressed lower levels of FRA. This suggests that our newly 

synthesized FA-AgNPs exhibit specificity towards the FRA.  

We have previously demonstrated that internalization of AgNPs is necessary for 

cytotoxic effects 
16

. Because the FA-AgNPs were cytotoxic towards A2780 cells which express 

low levels of FRA, these results suggest that the AgNPs were internalized independent of FRA 

mediated endocytosis. However, these studies indicate that the FA-AgNPs do interact with the 

FRA in SKOV3 cells, and that internalization is mediated in part by this interaction.  

Excess FA was not protective in SKOV3 cells when combined with PVP-coated AgNPs. 

This indicates that the protective effects of our competition studies with excess FA were due to 

decreased FA-AgNP internalization. However, studies to compare silver content in the presence 

and absense of excess FA are necessary to validate this statement. PVP-coated AgNPs exhibited 

decreased cytotoxicity overall when compared to the FA-AgNPs. NTA was utilized to dose 

AgNPs and FA-AgNPs based upon particle concentration (data not shown), however, it is likely 

that the FA-AgNPs formed nanoclusters due to the aromaticity of the FA targeting moiety. 

Therefore, while the cells were doses at equivalent particle counts, it is plausible that the silver 

content was higher for the FA-AgNPs compared to the unfunctionalized AgNPs.  

In conclusion, we have shown that AgNPs can be functionalized with a FA-PEG5000-SH 

moiety due to AgNPs high affinity for thiols, and we have created a protocol to identify the 

successful functionalization. We have also demonstrated that our FA-AgNPs show specificity 

towards ovarian cancer cells that express high levels of FRA and that cytotoxicity of the FA-
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AgNPs is in part mediated by the interaction of the FA-AgNPs with the FRA. Therefore, FA-

AgNPs have the potential to selectively treat late stage ovarian cancer which expresses high 

levels of FRA.  
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A.II.6. SUPPLEMENTARY MATERIAL 

 

Supplementary Figure S1. Cytotoxicity of 25 nm PVP-coated AgNPs after 48 h treatment. 

SKOV3 cells plated at a density of 6,000 cells/well and allowed to adhere O/N at 37 °C. Cells 

were exposed to 25 nm PVP-coated AgNPs in the presence or absense of 1mM FA for 48 h, and 

viability was assessed via MTT assay.  
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