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ABSTRACT 

IDENTIFICATION OF SENSITIVITY TO SILVER NANOPARTICLE 

INDUCED LIPID AND PROTEIN OXIDATION AS AN EXPLOITABLE 

VULNERABILITY OF EGFR-TKI RESISTANT CANCERS 

 

Dissertation under the direction of:  

Ravi N. Singh, Ph.D. 

Associate Professor 

Department of Cancer Biology 

Wake Forest University School of Medicine 

 

Lung cancer is the leading cause of cancer related deaths worldwide and is the 

second most commonly diagnosed cancer among men and women. Due to advances in 

genetic screening, targeted therapies have been developed to treat lung cancers that 

exhibit aberrant expression of epidermal growth factor receptor (EGFR). However, the 

success of EGFR-tyrosine kinase inhibitors (TKIs) has been hampered due to the 

development of resistance over the course of treatment. Therefore, the discovery of new 

drugs to treat those that do not initially respond, or stop responding over time, is 

increasingly important.  

Silver nanoparticles (AgNPs) are the most widely used nanomaterial for 

biomedical and industrial applications. Recently, AgNPs have been investigated for their 

therapeutic application in cancer as cytotoxic agents, radiosensitizers, and in diagnostics 
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and probing applications. We have previously shown that AgNPs are highly cytotoxic 

towards triple negative breast cancer (TNBC) cell lines at doses that are non-toxic to non-

malignant breast cells. However, it was unknown if AgNPs would be effective for the 

treatment of EGFR-TKI resistant cancers as a molecular signature associated with AgNP 

sensitivity had not previously been identified.  

In this dissertation, we examined the use of AgNPs for the treatment of EGFR-

TKI resistant cancers, identified causal relationships between expression of certain 

epithelial to mesenchymal transition (EMT) markers and sensitivity AgNPs and EGFR-

TKIs, and assessed the role of silver cation (Ag+) in AgNP toxicity. These studies 

demonstrated that AgNPs induce protein and lipid oxidation, along with 4-

hydroxynonenal (4-HNE) production and subsequent protein aggregation in AgNP 

sensitive cancers. Comparative studies analyzing the role of Ag+ in AgNP cytotoxicity 

identified distinct mechanisms and cellular responses to Ag+ and AgNP treatment. We 

also found cancers that exhibit high expression of fibronectin (FN1) were highly sensitive 

to AgNP induced proteotoxic stress, and this could be mitigated by knockdown of FN1. 

Additionally, we show that AgNPs are effective for the treatment of inherent and 

acquired resistance to EGFR-TKIs that highly express FN1. A key observation was the 

discovery that as little as a 1% mass fraction of Ag+ present in an AgNP suspension 

greatly influenced the cytotoxicity profile of AgNPs. Overall, this work challenges 

previous reports on the mechanism of action of AgNPs, and identifies a novel toxicity 

profile for AgNPs, dependent upon the target cell phenotype, which could be exploited 

for treatment of EGFR-TKI resistant tumors.
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CHAPTER I 

 

GENERAL INTRODUCTION 

 

This unpublished chapter was composed by Monica M. Rohde with editorial guidance 

from Ravi N. Singh   
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I.1 Significance & Current Therapies of Lung Cancer 

Lung cancer is the leading cause of cancer related deaths worldwide and accounts 

for more deaths than breast, prostate, and colon cancer combined [1]. In 2021 alone, the 

American Cancer Society estimates that there will be 235,760 new cases of lung cancer 

and 131,880 lung cancer related deaths. For lung cancer diagnosed as stage 1, surgical 

resection of the tumor is a favorable treatment option, with 5-year survival rates of 70%. 

However, the majority of patients are diagnosed with late stage disease, as symptoms do 

not typically occur until large tumors or metastatic disease are present [2, 3]. Because of 

this, the 5-year survival rate is a dismal 15% [4]. Lung cancer is commonly separated into 

subsets based on the relative size of the cells: small cell lung cancer (SCLC), and non-small 

cell lung cancer (NSCLC). NSCLC contributes to roughly 85-90% of all lung cancer cases 

and can be further stratified by histological subtype consisting of adenocarcinoma (AC), 

squamous cell carcinoma (SqCC), and large cell carcinoma (LC).  

Until recently, NSCLC was treated as a single disease with a one-fit-all approach 

in terms of therapy. However, due to recent advances in genetic screening, targeted 

therapies have since been developed. Identification of the role of epidermal growth factor 

receptor (EGFR) in lung tumorigenesis led the initiative to develop therapies that targeted 

the receptor [5]. EGFR is a member of the erbB family of tyrosine kinase inhibitors and its 

overactivation in NSCLC promotes cell growth and survival through upregulation of 3 

major pathways [6] (Figure 1). The first major pathway, where phosphorylated EGFR 

activates Ras to initiate Rapidly Accelerated Fibrosarcoma (RAF) and mitogen-activated 

protein kinase (MAPK) pathways, induces cell proliferation and metastasis. The second 

pathway involves cell survival and anti-apoptosis by activation of phosphatidylinositol 3-
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kinase (PI3K). The third major pathway involved is the janus kinase/signal transducer and 

activator of transcription (JAK/STAT) pathway that is important for cell survival and 

metastasis.  

Atypical expression of EGFR has been observed in 43% to 89% of NSCLC patients 

with the two main activating mutations being exon 19 deletion (44.8%) and exon 21-point 

mutation L858R (39.8%) [7, 8]. These mutations result in constitutive activation of the 

receptor regardless of the presence of extracellular binding ligand, resulting in continual 

activation of downstream signaling pathways. Additionally, a portion of lung cancers are 

associated with increased EGFR gene copy number [9]. First generation EGFR tyrosine 

kinase inhibitors (TKIs), such as gefitinib and erlotinib, were developed to block EGFR 

signaling. These drugs target the kinase domain of the receptor and bind to the ATP-

binding pocket thus inhibiting its activation, recruitment of adaptor molecules and 

signaling cascade [10]. Initial clinical trials suggested that these first generation TKIs 

would be highly beneficial for patients with EGFR mutations. In one clinical trial, 

responses to gefitinib were seen in 46% of patients with tumors that had EGFR mutations 

and 29% of patients with tumors that had EGFR amplification [11]. Another clinical trial 

found response rates of patients treated with erlotinib with lung adenocarcinoma that had 

EGFR aberrations were extremely high, ranging from 65-90% [12]. First generation 

EGFR-TKIs have also been approved as a second line treatment for lung cancer patients 

with wildtype EGFR, although response rate is much lower (8%) [13]. Unfortunately, 

despite promising initial results, first generation EGFR-TKIs have faced limited success 

due to development of drug resistance typically within 12 months of treatment [14, 15]. 

I.2 Mechanisms of Resistance to EGFR-TKIs 
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Mechanisms associated with resistance to EGFR-TKIs include secondary 

mutations such as the T790M mutation, MET/HER2 amplification, and epithelial-to-

mesenchymal transition, among others (Figure 1). The T790M mutation (otherwise called 

the gatekeeper mutation) accounts for roughly 50% of resistance cases [16, 17]. The 

mutation is a result of a secondary point mutation on exon 20 that substitutes methionine 

for threonine at position 790 on the kinase domain. Initially it was thought that this 

mutation created a steric hindrance preventing the TKI from being able to bind. However, 

it is now understood that this mutation confers resistance by increasing the affinity for 

ATP, resulting in a decreased affinity for TKIs [18]. The T790M mutation was assumed to 

be exclusively an acquired mutation; however, it has since been discovered that some 

patients present with the T790M resistance mutation prior to receiving any EGFR-TKI 

therapy [19]. Similar to acquired T790M cancers, cancers that inherently present with the 

T790M mutation also do not respond to 1st generation EGFR-TKI treatment [19]. To 

mitigate this form of resistance, 2nd generation TKIs (such as afatinib) were developed. 

These drugs have an increased affinity for the ATP binding pocket by irreversibly binding 

to the cysteine 797 residue in order to outcompete ATP. Despite this, cancers with the 

T790M mutation still respond significantly worse than lung cancers that have activating 

mutations without the T790M mutation [20]. 3rd generation EGFR-TKIs (such as 

osimertinib) were developed to directly target the T790M mutation and has been shown to 

be highly effective in lung cancers with activating EGFR-TKI mutation and the T790M 

resistance mutation [21, 22]. However, similar to its older counterparts, resistance is still 

observed throughout the course of treatment, either because of the development of new 

resistance mutations or due loss of the T790M mutation [23].  
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Alternate pathway activation is another mechanism that is able to bypass EGFR 

inhibition through the amplification of alternate receptors. The most common receptors 

involved in pathway bypass are MET and human epidermal growth factor receptor 2 

(HER2) which account for roughly 20% of cancers that undergo EGFR-TKI resistance [10, 

13]. MET and HER2 amplification are able to feed into the PI3K/AKT pathway resulting 

in sustained signaling despite EGFR inactivation. Fortunately for patients whose cancers 

develop this type of resistance mechanism, there are selective therapies available. 

Crizotinib, a MET inhibitor has been clinically shown to be effective in combination with 

either 1st or 2nd generation EGFR-TKIs for cancers that have developed acquired resistance 

to EGFR-TKIs through MET amplification [24, 25]. For those with HER2 amplification, 

trastuzumab and cetuximab are both targeted options that have shown significant benefit 

[26, 27]. 

Figure 1. Mechanisms associated with EGFR-TKI resistance. Secondary 

mutations in EGFR, including the T790M mutation, along with overexpression of 

HER2 and c-MET contribute to EGFR-TKI resistance.  
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Epithelial-to-mesenchymal (EMT) transition, while important in developmental 

process and tissue repair, also contributes to cancer metastasis and drug resistance [28] 

(Figure 2). EMT is indicated by the loss of epithelial markers such as e-cadherin (CDH1) 

and epithelial splicing regulatory protein 1 (ESRP1) and an increase in mesenchymal 

proteins such as vimentin (VIM), n-cadherin, and fibronectin (FN1) [29]. Modulation of 

EMT is driven by upregulation of transcription factors including zinc-finger E-box-binding 

homeobox 1 and 2 (ZEB1/2), the snail family (Snail, Slug, Smuc) and the twist family 

(Twist1/2) [30]. These factors respond to signaling pathways and regulate EMT by 

recruiting cofactors and histone deacetylases to the promoter region of epithelial proteins 

to repress expression [31]. These changes in gene expression also lead to phenotypic 

changes including loss of cell to cell adhesion, changes in cell morphology, and gain of 

stem-like features [29, 32-34]. The phenotypic changes driven by EMT arm cancer cells 

with the ability to be invasive and migratory, and also evade cell death by prevention of 

apoptosis and suppression of the immune system [33]. Many clinical studies have 

demonstrated that an EMT signature is predicative of poor prognosis, tumor 

aggressiveness, and worse patient outcomes [35]. An EMT phenotype has also been 

observed in cell lines and in clinical samples that are resistant to standard therapies such as 

chemotherapy and radiotherapy [36-39].  
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In lung cancer, relative EMT status has been shown to be predictive of sensitivity 

to EGFR-TKIs, where poor clinical activity has been associated with low expression of 

CDH1 [40, 41]. EMT has also been associated with inherent and acquired resistance to first 

generation EGFR-TKIs regardless of mutation status [1, 40, 42-46]. More specifically, 

upregulation of ZEB1 has been shown to induce resistance to erlotinib and gefitinib in 

NSCLC [47, 48]. Unfortunately, no selective therapy exists for patients who have EGFR-

TKI resistant lung cancer with an EMT phenotype. 

I.3 Nanoparticles as a drug delivery system 

Figure 2. Biomarkers associated with epithelial to mesenchymal transition (EMT). 

EMT is driven through the loss of epithelial markers and the acquisition of 

mesenchymal markers through the expression of EMT associated transcription factors. 

A mesenchymal phenotype is associated with increased motility, dissemination, stem 

cell properties, and resistance to treatments. 
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Nanotechnology based drug delivery systems hold immense potential for cancer 

therapy as they are able to address issues with current chemotherapies including poor 

pharmacokinetics, toxicity, and lack of specificity [49]. Applications of different types of 

nanocarriers being investigated for the treatment of cancer includes liposomes, polymer-

based, viral and drug conjugated particles [50]. New properties of materials become 

apparent at the nanoscale (typically in the range of 1 to 100 nm), which include unique 

optical and electrical properties [51]. Due to their small size, they are readily internalized 

by cells, primarily by endocytic pathways [51]. However, the critical factor that sparked 

interest in the use of nanomaterials was the discovery of the enhance permeability effect 

(EPR).  EPR describes the ability of nanoparticles to passively target tumors because they 

are able to extravasate through the tumor’s leaky vasculature and are retained because of 

poor lymphatic drainage in the tumor microenvironment [49, 52]. Nanoparticles also have 

the ability to increase the stability and solubility of the encapsulated drug, thereby 

improving pharmacokinetics and bioavailability [53]. There is also much excitement in the 

field over the ability to selectively target nanoparticles to tumors through the addition of 

ligands on the surface of the nanoparticle.  

Physical characteristics of the nanoparticle, including particle size, shape, charge, 

and surface coating greatly affect its properties. The size of the nanoparticle has been 

shown to influence the EPR effect and subsequent build up in the tumor. Smaller 

nanoparticles are better transported throughout the tumor as they have the ability to 

extravasate from the tumors leaky vasculature [50]. However, this size advantage is a 

double edge sword as smaller nanoparticles can also extravasate into normal tissue and 

they tend to be cleared rapidly by the renal system [50, 54]. Larger nanoparticles are unable 
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to extravasate from the vasculature, and are cleared from the blood stream by the 

mononuclear phagocyte system [55]. Furthermore, the distribution and diffusion of 

nanoparticles in tumors depends both upon size and tumor vascularity, and therefore their 

localization within tumors can be heterogeneous [50, 56]. Additionally, nanoparticles 

under 200 nm in size have been shown to have longer circulation times compared to larger 

particles [51], and aggregation of individual nanoparticles into larger clusters also results 

in rapid blood clearance. Therefore, it is critical to ensure that nanoparticles are small 

enough to extravasate at tumor sites, large enough to avoid renal clearance, and that 

individual particles do no aggregate in physiologic environments to ensure best tumor 

delivery. Nanoparticles also come in a variety of shapes including spheres, rods, triangles, 

chains, cylinders, among many others. The shape potentially influences macrophage 

internalization, cellular uptake mechanism, loading capacity, fluid dynamics and transport 

capabilities, all which can influence tumor uptake [50, 57]. The charge of the nanoparticles, 

as typically measured by ζ-potential, influences the stability of the nanoparticle in solution. 

Charged nanoparticles tend to aggregate less in solutions, however, uncharged particles 

have been shown to have a longer retention time [57, 58]. Surface coatings such as 

polyethylene glycol (PEG) can neutralize surface charge and have been shown to increase 

solubility and stability of nanoparticles [53]. The tunability of all of these characteristics 

lends to the advantage of using nano-based systems as it enables the custom development 

based on needs including stability, solubility, and compatibility in biological fluids [53]. 

Despite the rapid evolution and promise of that nanomedicine holds, there are very 

few nanoparticles in clinical use. Liposomal encapsulation of current chemotherapies is the 

most significant type of nanomedicine in the clinic. Most notably, Doxil, the first FDA 
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approved nano drug, is a liposomal formulation of doxorubicin. It exhibits superiority over 

free doxorubicin due to its enhanced permeability and retention that increases efficacy and 

reduces side effects [59]. However, there are still major barriers preventing more 

complicated nanoparticles from entering the market including toxicity concerns and lack 

of efficacy, and therefore the core technology since the development of Doxil remains 

relatively unchanged [59]. While the ability to selectively target tumors by incorporating 

ligands onto their surface is often heralded as one of the most advantageous features of 

nanoparticles, it still has a long way to go before translation into the clinic [60]. The 

selectivity relies on the over expression of certain surface markers, receptors or proteins on 

the cancer cells. However, this does not selectively guide the nanoparticle to the tumor, it 

simply helps ensure internalization. The nanoparticle still has to circulate in the blood 

stream and extravasate through tumor vasculature to reach the tumor, and thus off target 

accumulation and toxicity are still observed [61]. This requires rethinking how cancers are 

targeted with nanoparticles by moving away from approaches that rely on ligand-based 

interactions for selectivity and identifying molecularly defined cancers that are inherently 

sensitive to nanomaterials themselves. 

I.4 Silver Nanoparticles as a Cancer Therapeutic 

Silver nanoparticles (AgNPs) are widely used in various clinical and commercial 

applications due to their unique physical and chemical properties. AgNPs have anti-

bacterial properties and have been used as surface coatings for neurosurgical shunts and 

venous catheters as well as a disinfectant for aseptic conditions [62-64]. Recently, AgNPs 

have been investigated for their therapeutic applications in cancer as cytotoxic agents, 

radiosensitizers, and in diagnostics and probing [65]. AgNPs have shown to be cytotoxic 
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to a variety of cancer cell lines including breast [66-68], leukemia [69, 70], liver [71], 

glioblastoma [72-74], cervical [75], and lung [76]. We have previously shown that AgNPs 

are highly cytotoxic to mesenchymal triple-negative breast cancer cells at doses that are 

nontoxic to non-cancerous breast cells [77, 78]. 

Several human and rodent studies were conducted to evaluate the safety of AgNPs. 

In a recent clinical, single-blind human safety study, it was reported that orally-dosed 

colloidal silver supplements did not cause detectable changes in metabolic, hematologic, 

or urinalysis measures, inflammatory cytokine secretion, reactive oxygen species (ROS) 

generation, or morphological changes in the lungs, heart or abdominal organs [79], and no 

changes in platelet function were noted [79]. In a preclinical study, rats received 28 daily, 

intravenous (IV) injections of AgNPs at a dose of 6 mg/kg, and no dose limiting toxicity 

was observed, though transient effects on liver and immune cell function were noted [80]. 

Additionally, AgNPs did not affect platelet aggregation, coagulation, or complement 

activation in mice [81]. Detailed metabolomics studies following IV injection of mice with 

30 nm, PEG-thiol coated AgNPs (8 mg/kg) also showed no evidence of gross toxicity after 

this dose, but modest effects on liver function were observed [82]. These effects appeared 

transient and were not believed to be indicative of persistent liver injury. 

These studies establish that a potentially safe dosing window exists for systemic 

delivery of AgNPs. However, it is not yet known if effective anti-NSCLC activity of 

AgNPs can be achieved at AgNP doses that do not cause acute or chronic toxic effects on 

non-cancerous cells.   

I.5 Mechanism of Action of Silver Nanoparticles 
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The mechanism of AgNP cytotoxicity is closed tied with the production of ROS 

and oxidative stress that results in DNA damage, endoplasmic reticulum stress [78, 83, 84], 

mitochondrial disfunction [85], and lipid [86, 87] and protein oxidation [85, 88, 89] 

(Figure 3). ROS-induced oxidative stress can be produced through mitochondrial 

dysfunction, NADPH oxidase (NOX) over activation, growth factor signaling, and through 

dysregulation of antioxidant enzymes [90]. Elevated levels of ROS have been detected in 

almost every cancer type due to uncontrolled proliferation and hypermetabolic processes 

[91]. However, balance is necessary and too much of an increase in ROS levels can cause 

growth arrest and be cytotoxic to the cell. Therefore, cancer cells have to maintain redox 

balance through upregulation of specific antioxidants, such as superoxide dismutases 

(SODs), catalase, and peroxiredoxins (PRXs) [92, 93]. Several chemotherapies exploit this 

unique vulnerability of cancer cells relying on the fact that increasing ROS over the 

cytotoxic threshold can selectively kill cancer cells as noncancerous cells are not under 

basal redox imbalance [94]. Multiple studies indicate that following uptake, AgNPs 

increase the production of ROS, including hydrogen peroxide, superoxide, and hydroxl 

radicals [85, 95-97]. Mitochondria are the primary sites for ROS production through the 

electron transport chain (ETC) and mitochondrial dysfunction and damage can increase 

ROS production. AgNPs have been shown to accumulate around and damage mitochondria 

[98], reducing mitochondrial function and increasing membrane leakage [99, 100]. An 

increase in mitochondrial ROS has also been observed following AgNP treatment in lung 

cancer cells [85]. As stated before, to combat this, the cell will upregulate enzymes and 

antioxidants such as glutathione (GSH) to assist in the oxidative load, maintain redox 

balance, and evade cell death. For example, the expression of GSH has also been associated 
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with resistance to chemotherapies [101]. However, AgNPs have been shown to bind to 

thiols, inactivating important antioxidants including GSH [86, 102]. 

 

 

The ER is the primary site for protein synthesis, folding, and trafficking, along with 

lipid synthesis. However, hypoxia, nutrient deprivation, and oxidative stress can cause 

disruptions in this process, resulting in an accumulation of misfolded proteins, leading to 

an adaptive signaling response known as the unfolded protein response (UPR). There are 

three mammalian UPR sensors, Protein kinase RNA-like Endoplasmic Reticulum Kinase 

(PERK), Activating Transcription Factor 6 (ATF-6), and Inositol-Requiring Enzyme 1α 

(IRE-1α) that initiate signaling pathways to attenuate protein load and assist in protein 

folding [103-105]. ER stress has two arms (Figure 4); a prosurvival arm where the cell 

Figure 3. Mechanisms of action of silver nanoparticles (AgNPs). Silver 

nanoparticles are taken up in the cell by endocytosis. AgNPs induce mitochondrial 

dysfunction, disrupt redox homeostasis, endoplasmic reticulum stress, and induce 

DNA damage in cancer cells that contribute to cancer cell death.  
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tries to attenuate stress by translation arrest, endoplasmic reticulum associated degradation 

(ERAD), and the induction of chaperones that assist in protein folding [106]. If ER stress 

is prolonged or too severe, the UPR initiates cellular death through the activation of c-Jun 

N-terminal kinase (JNK), caspases, and CCAAT-enhancer-binding protein homologous 

protein (CHOP) [106] through the pro-apoptosis arm. Cancer cells often benefit from 

having higher levels of basal UPR in order to maintain proliferation, protein synthesis and 

folding necessary for cell migration [83, 107]. Thus, targeting ER stress may be an effective 

way to treat cancer [108]. One hallmark of ER stress is the depletion of Ca2+ stores in the 

ER that are shifted to the mitochondria [84, 109]. Consistent with this, AgNP treatment has 

been shown to induce mitochondrial Ca2+ overloading [84]. AgNP treatment initiates 

protein oxidation [85, 87] which can cause disruptions in protein folding, degradation, and 

chaperone function, leading to an increase in ER stress [110]. Furthermore, AgNPs lead to 

the accumulation and aggregation of misfolded proteins inducing ER stress via PERK and 

IRE1 pathway activation in breast cancer cells [78, 83]. Downstream CHOP and caspase 

signaling also supports that this stress is irremediable and induces cell death.  
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Employment of therapies that induce DNA damage is another strategy used to treat 

cancers. Due to the high basal genomic stress of cancers cells, agents that induce further 

DNA damage overwhelm the cell resulting in inhibition of cell proliferation and cell death 

[111]. Studies have shown that AgNPs induce genotoxicity through DNA fragmentation, 

double strand breaks, single strand breaks, abasic sites and oxidized base lesions [86, 112, 

113]. As an anti-cancer agent, AgNPs have been shown to initiate DNA damage across a 

variety of cancers including breast [77], ovarian [114], glioblastoma [89], and hepatoma 

[71]. DNA damage can also result in chromosomal abnormalities and one of the hallmarks 

of this is the formation of micronuclei that form from chromosomes in dividing cells that 

are not incorporated into the daughter cell during mitosis. AgNPs have been shown to 

increase the frequency of micronucleus formation [71, 112, 115]. Substantial DNA damage 

can induce cell cycle arrest as the cell actives DNA repair mechanisms [116, 117]. 

Figure 4. Pro-survival and pro-apoptotic arms of endoplasmic reticulum (ER) stress. 

ER stress has two arms; the pro-survival arm is initiated to slow down synthesis and 

increase folding capacity through translation arrest, induction of chaperones, and protein 

degradation. However, if stress is too high or prolonged it can initiate the pro-apoptosis 

arm through the activation of JNK, CHOP, and caspase cleavage. AgNP treatment has 

been shown to initiate irremediable ER stress that drives cancer cell death.  
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Consistent with this, AgNPs have been shown to induce cell cycle arrest in cervical [116], 

lung [116], and breast cancers [78]. Furthermore, AgNP treatment did not induce growth 

arrest in nonmalignant breast cells [78].  

I.6 Differences Between Silver Cation (Ag+) and AgNP 

There is still much debate of whether the toxicity of AgNPs is due to the release of 

Ag+ or if the AgNPs themselves are uniquely cytotoxic. Currently there is literature that 

supports both options making it increasingly confusing. It is suggested that the size, surface 

coating, crystallographic surface structure influence AgNP cytotoxic effects that make 

them distinct from Ag+ alone [118]. Likewise, others argue that the toxicity of AgNPs 

could not be explained by the reported amount of Ag+ in the nanoparticle dispersion [119, 

120]. However, the counter argument is that AgNPs act as a Trojan horse, capable of 

entering the cell and then releasing cytotoxic Ag+ [116, 121-123]. For example, several 

studies have used ion chelators to assess the role of Ag+ on AgNP toxicity and found a 

reduction in AgNP toxicity, implying that Ag+ release is necessary for AgNP mediated cell 

death [119, 124-126]. It has also been suggested that AgNPs release Ag+ extracellularly 

through interactions with cell culture media or buffers [127, 128]. However, if this was a 

significant amount, then it would be expected that blocking endocytosis of the AgNP would 

have minimal effects on cytotoxicity as the extracellularly released Ag+ could still enter 

the cell through transporters [129]. This is inconsistent with our previous studies showing 

that blocking endocytosis with cytochalasin D significantly reduced AgNP cell death [78]. 

Additionally, other groups have found that there is an insignificant amount of ion released 

extracellularly, and that this had little contribution towards observed cytotoxic effects 

[130]. 
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The confusion in the literature can be contributed to the fact that many of these 

studies do not properly characterize the amount of free Ag+ contained in the solution of 

nanoparticles, making it difficult to extrapolate Ag+ versus AgNP specific effects. This is 

highly problematic as a recent study by Beer et. Al. characterized the Ag+ content in a 

variety of commercially made and lab synthesized AgNPs [76]. They found that all of the 

tested AgNP formulations contained significant amounts of Ag+, ranging from 2.6-5.9% in 

the laboratory synthesized particles to 39-69% in the commercially available products. 

Another recent study analyzed 14 of the most popular commercially available colloidal 

silver products available on Amazon. They found that 10 out of the 14 (70%) contained 

100% Ag+, despite being marketed as colloidal silver or silver nanoparticles [131]. The rate 

and amount Ag+ generation due to AgNP dissolution is affected by factors including 

particle size, surface coating, shape, and extent of agglomeration [127, 132]. For example, 

nanoparticles that are higher in size tend to be associated with less Ag+ release [133]. 

Therefore, it is evident that without proper characterization of the particle and Ag+ content, 

conclusions could be drawn regarding AgNP toxicity or mechanism of action that are 

actually derived from Ag+. This results in many discrepancies in the literature that make it 

hard to decipher the role of intact AgNPs from dissolved Ag+ in relation to cellular 

responses following exposure.  

Similar to AgNPs, the basic mechanism of Ag+ induced cytoxicity is the induction 

of oxidative stress that contributes to protein oxidation, DNA damage, and cell death. 

Although AgNPs and Ag+ both can increase ROS, there are differences to the timing, 

amount, and types of ROS produced. For example, an increase in intracellular ROS was 

observed following AgNP and Ag+ treatment, but more ROS was produced overall, and 
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peak ROS production was reached at an earlier time point in cells treated with Ag+ 

compared to AgNP treatment [130, 134]. While AgNPs and Ag+ both increase hydrogen 

peroxide and superoxide, they vary in the other types of ROS species they produce. AgNPs 

produce hydroxyl radicals through a fenton-like reaction where AgNPs reacts with 

hydrogen peroxide producing ionized silver, hydroxyl radical and water [130, 135]. Ag+, 

on the other hand, is capable of suppressing the generation of hydroxyl radical [130]. 

Additionally, AgNPs were more effective at initiating lipid peroxidation than Ag+ 

treatment [87]. 

Antioxidant treatment has been used to analyze the role of oxidative stress in AgNP 

and Ag+ cell death, but there are still many discrepancies in the literature. N-acetylcysteine 

(NAC) is a precursor for GSH and is used as a ROS scavenger. NAC has been shown to be 

effective for reducing ROS induced by AgNP and Ag+ treatment [136, 137]. Some groups 

have found that NAC is effective in reducing AgNP and Ag+ mediated cell death [121, 

137]. However, another study performed using properly characterized AgNPs (% Ag+ < 

0.1%) found NAC treatment had a lesser effect on the toxicity of AgNPs compared to Ag+ 

[130]. NAC is also an Ag+ chelator so its reduction of Ag+ mediated cell death could be 

due to this effect and not necessarily as an antioxidant mechanism. Ascorbate, otherwise 

known as Vitamin C, was used to assess the role of ROS in AgNP or Ag+ mediated cell 

death [138]. Ascorbate was not protective for AgNP treatment, but was protective for Ag+ 

treatment [138]. This implies that the certain types of ROS may be a consequence of 

cytotoxicity for AgNP treatment, but not necessarily the cause of cell death. However, ROS 

generation does seem to be essential for Ag+ mediated cytotoxicity.  
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There are also differences in how AgNPs and Ag+ enter the cell. AgNPs are 

endocytosed and are localized in endolysosomal vesicles [78]. It has been proposed that 

the acidic environment of lysosomes causes AgNP degradation and subsequent Ag+ release 

[116]. However, other studies find AgNPs induce lysosomal dysfunction and this might 

interfere with Ag+ dissolution, resulting in AgNP specific cellular damage [139]. Because 

Ag+ has properties similar to Na + and Cu+ it can be taken up by ion transporters, bypassing 

endocytosis and causing a more global release [129]. Therefore, this difference in localized 

versus more global uptake results in different cellular trafficking and could account for 

mechanistic differences between AgNPs and Ag+.  

Despite these studies, there is still little understanding of the role of free Ag+ in the 

cytotoxicity of AgNPs in the context of cancer therapy. We have previously shown that 

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

malignant cells. However, the mechanistic differences of Ag+ and AgNPs in non-cancerous 

versus cancerous cells have never been assessed. 

 

I.7 Overview 

Lung cancer is the leading cause of cancer related deaths worldwide and second commonly 

diagnosed cancer among men and women. EGFR is frequently dysregulated in lung cancer 

and has been implicated in pathogenesis of this disease. Because of this, EGFR-TKIs have 

since been developed as a primary form of treatment. However, many patients do not 

initially respond, or they inevitably develop resistance to EGFR-TKIs within 12-14 months 

of treatment. Therefore, discovering new drugs is increasingly important. In this 
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dissertation we demonstrate that AgNPs are effective for the treatment of inherent and 

acquired resistance to EGFR-TKIs across multiple cancer types. We establish that doses of 

AgNPs that are highly cytotoxic to EGFR-TKI resistant lung cancers are non-toxic to non-

malignant lung cells. We identified mechanistic differences in the underlying biology of 

the EGFR-TKI resistant lung cancers that accounts for their increased sensitivity to AgNP 

treatment. Furthermore, we examined the role of Ag+ in the cytotoxicity of AgNPs, and 

found that Ag+ lacks cancer selectivity and is mechanistically distinct from AgNPs.  
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II.1 ABSTRACT: 

BACKGROUND: Precisely how AgNPs kill mammalian cells still is not fully 

understood. It is not clear if AgNP-induced damage differs from silver cation (Ag+), nor 

is it known how AgNP damage is transmitted from cell membranes, including 

endosomes, to other organelles. Cells can differ in relative sensitivity to AgNPs or Ag+, 

which adds another layer of complexity to identifying specific mechanisms of action. 

Therefore, we determined if there were specific effects of AgNPs that differed from Ag+ 

in cells with high or low sensitivity to either toxicant.  

METHODS: Cells were exposed to intact AgNPs, Ag+, or defined mixtures of AgNPs 

with Ag+, and viability was assessed. The level of dissolved Ag+ in AgNP suspensions 

was determined using inductively coupled plasma mass spectrometry. Changes in 

reactive oxygen species (ROS) following AgNP or Ag+ exposure were quantified, and 

treatment with catalase, an enzyme that catalyzes the decomposition of H2O2 to water and 

oxygen, was used to determine selectively the contribution of H2O2 to AgNP and Ag+ 

induced cell death. Lipid peroxides, formation of 4-hydroxynonenol protein adducts, 

protein thiol oxidation, protein aggregation, and activation of the integrated stress 

response after AgNP or Ag+ exposure were quantified. Lastly, cell membrane integrity 

and indications of apoptosis or necrosis in AgNP and Ag+ treated cells were examined by 

flow cytometry.   

RESULTS: We identified different forms of oxidative damage, cell stress, and cell death 

induced by AgNPs and Ag+ in a breast cancer (SUM159) and in an immortalized, non-

neoplastic breast epithelial cell line (iMEC) that correlated with the relative sensitivity of 

each cell line to AgNPs or Ag+. 
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CONCLUSIONS: Our integrated approach to assessing AgNP and Ag+ cytotoxicity 

indicates that distinct differences exist in the responses of cells to AgNPs and Ag+. 

Specifically, AgNPs drive cell death through lipid peroxidation leading to necrotic cell 

death, whereas Ag+ increases H2O2, which drives oxidative stress and apoptotic cell 

death. This work identifies a specific mechanism by which AgNPs kill mammalian cells 

that is not dependent upon the contribution of Ag+ released in extracellular media.  

 

KEYWORDS: nanotoxicology; oxidative stress; lipid peroxidation; biosafety; breast 

cancer 
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II.2 INTRODUCTION: 

Silver nanoparticles (AgNPs) are one of the most commercialized nanomaterials for 

biomedical and industrial applications, and extensive analysis of their toxicity has been 

performed in a wide variety of organisms [1, 2]. Despite this, precisely how AgNPs kill 

mammalian cells still is not known. There continues to be debate over whether cytotoxic 

effects of AgNPs are due to uptake of intact nanoparticles or due to extracellular release 

of silver cation (Ag+). Understanding precisely which factors drive the toxicity of AgNPs 

is essential to guide their utility for biomedical applications and to identify consequences 

of unintended exposures. 

A major contributing factor to the lack of a definitive answer in the particle versus 

cation debate is poor material characterization. In many studies, there is a substantial 

amount of Ag+ remaining in the AgNP suspension due to lack of purification following 

synthesis [3, 4]. Because of this, multiple studies conclude that Ag+ is the dominant 

toxicant present in mixtures of intact AgNPs and Ag+ [5-7]. Release of Ag+ also can 

occur due to dissolution of AgNPs in culture media, and Teeguarden and colleagues 

determined that extracellular release of Ag+ was sufficient to drive cytotoxic responses of 

murine macrophages to AgNP exposure [8]. It will be necessary to use preparations of 

AgNPs with negligible contamination with Ag+ to disambiguate fully the contributions to 

cytotoxicity of intact AgNPs and dissolved Ag+. 

A second issue that must be addressed to obtain a definitive answer to the AgNP 

versus Ag+ debate is the heterogeneity of the inherent sensitivity of various types of cells 

to AgNP suspensions. For example, previous studies show that some breast cancer cell 

lines are more sensitive to AgNP exposure than non-neoplastic mammary epithelial cells 
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[9-11]. Similarly, there is substantial variability in the sensitivity of ovarian cancer [12], 

lung cancer [13], and leukemia cell lines [14] to AgNP exposure. Our previous recent 

results show that sensitivity to Ag+ exposure does not correlate with sensitivity to intact 

AgNPs [11]. This indicates that AgNPs and Ag+ may elicit different mechanistic 

responses in cells with high sensitivity compared to those with low sensitivity.  

Ag+ can be taken up by cells and enter the cytosol through copper ion transporters 

[15, 16], but AgNPs are too large to pass through ion channels, and instead are taken up 

by phagocytic and endocytic pathways [17]. After uptake, they appear to remain confined 

to membrane bound vesicles including early and late endosomes, and autophagosomes 

[11]. Despite this, AgNP-induced damage is observed in almost every part of the cell, 

including mitochondria [13], nucleus [9], and endoplasmic reticulum [10, 11]. A Trojan 

Horse mechanism has been proposed whereby AgNPs act as a vehicle that carries silver 

across the cell membrane followed by intracellular dissolution of AgNPs to release Ag+ 

[18, 19], resulting in ROS production, DNA damage, proteotoxic stress, and apoptosis 

[20, 21]. Intracellular nanoparticle dissolution likely occurs, but if intracellular Ag+ 

release were the dominant mechanism of AgNP toxicity, then intracellular AgNP mass 

and surface area would be expected to correlate with sensitivity to AgNPs. This is not 

always the case [8, 11], indicating other factors may drive sensitivity to AgNPs.  

 Most studies agree that generation of reactive oxygen species (ROS) and 

induction of oxidative stress drive Ag+ cytotoxicity [22-25]. AgNPs also increase ROS 

[13] and cause oxidative damage to proteins [9, 11, 13], but there is conflicting evidence 

regarding the dependency of AgNP-induced cytotoxicity on ROS [14, 26, 27].  Exposure 

to AgNPs may increase lipid peroxides in earthworms [28], fish [29], and liver cancer 
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cells [30]. Extensive oxidation of lipids disrupts the physical properties of cell 

membranes, can cause covalent modification of proteins, and can damage mitochondria 

and nucleic acids [31]. Lipid peroxides and H2O2 are capable of spreading damage 

throughout cells, but their relative importance in the toxicity of AgNPs and Ag+ has not 

been studied.  

It is not clear if AgNP-induced damage differs from that induced by Ag+, nor is it 

known how AgNP or Ag+ damage is transmitted from cell membranes, including 

endosomes, to other organelles. Therefore, the objectives of this work are: first, to 

determine if there were specific effects of AgNPs that differed from Ag+ in cells with 

high or low sensitivity to either toxicant; second, to determine if AgNPs and Ag+ cause 

similar or different forms of oxidative damage, cell stress, and cell death; and third, to 

determine if H2O2 or lipid peroxide generation differs between AgNPs and Ag+, and to 

assess their roles in transmission of damage.  

  

II.3 MATERIAL AND METHODS: 

Silver Nanoparticles: 25 nm in diameter spherical AgNPs stabilized with 

polyvinylpyrrolidone (PVP) were purchased from nanoComposix, Inc (San Diego, CA, 

USA). The manufacturer specified a mass ratio of 17% Ag to 83% PVP for the 

nanoparticles. Nanoparticles were dispersed at a concentration of 5 mg/mL (Ag mass, 

excluding PVP) in phosphate buffered saline, pH 7.4, without calcium or magnesium 

(PBS) (Invitrogen, Carlsbad, CA, USA) by bath sonication for 30 min, and then were 

diluted in cell culture medium to the final concentration listed in the figures prior to 

addition to the wells containing cells.  
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Cell Culture: SUM159 cells were purchased from Astrerand (now BioIVT, Westbury, 

NY, USA). iMEC cells were provided by Dr. Elizabeth Alli in the Department of Cancer 

Biology at Wake Forest School of Medicine. SUM159 cells expressing doxycycline 

inducible catalase (SUM159cat) were provided by Dr. Douglas Spitz in the Department of 

Radiation Oncology at the University of Iowa. Multiple clones were produced and 

catalase activity following induction by 2 µg/mL of doxycycline (Sigma-Aldrich, St. 

Louis, MO, USA) was assessed as previously described (Supplementary Fig S1). The 

clone with the greatest catalase activity following induction (clone 4) was selected for use 

in our studies. Low passage stocks of cells were stored in liquid nitrogen and maintained 

by the Wake Forest Comprehensive Cancer Center Cell Engineering Shared Resource. 

iMEC cells were grown in DMEM/F12 basal media (Lonza, Morristown, NJ, USA) 

supplemented with 10 µg/ml insulin, 20 ng/ml hEGF, 0.5 μg/ml hydrocortisone (all from 

Sigma-Aldrich), and 10% fetal bovine serum (FBS) (Gibco; ThermoFisher Scientific, 

Waltham, MA, USA). SUM159 and SUM159cat cells were grown in Hams F12 basal 

media (Lonza) supplemented with 5 µg/ml insulin, 10 mM HEPES, and 1 μg/ml 

hydrocortisone (all from Sigma-Aldrich), and 5% FBS (Gibco). SUM159-catalase cells 

were treated with 2 µg/mL of doxycycline 24 h before subsequent treatments to induce 

catalase expression, and were maintained in doxycycline for the duration of each 

experiment. Cell monolayers were grown in tissue culture treated plastics purchased from 

Corning Life Sciences (Corning, NY, USA) or on glass coverslips (Warner Instruments 

Corporation, Hamden, CT, USA). Cells were provided fresh media and passaged twice 

weekly, and were maintained in culture for no longer than 3 months before new cultures 

were established from low passage frozen stocks. All cells were verified to be free from 
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mycoplasma contamination by periodic testing using the MycoAlert Mycoplasma 

Detection Kit (Lonza, Morristown, NJ, USA).  

Nanoparticle characterization: The hydrodynamic diameter of AgNPs in PBS or 

SUM159 cell culture media was determined using a Nanosight NS500 (Malvern 

Instruments, Malvern, UK) running NTA 3.2 Dev Build 3.2.16 software. Data were 

acquired by analyzing a 60 s video taken by the instrument with camera level 6 and a 

detection threshold of 7. Five measurements were obtained per sample. A Zetasizer Nano 

ZS90 (Malvern Instruments) running software version 7.12 was used for ζ-potential 

measurements. Triplicate measurements were made for each sample. 

MTT assay: Cells were seeded on 96 well plates at a density of 3,500 – 5,000 cells per 

well (depending upon cell line) in 100 uL of complete media, recovered for 24 h, and 

then were exposed to AgNPs or AgNO3 (Sigma-Aldrich) as a source of Ag+ in 100 uL of 

complete media containing the indicated concentrations of silver listed in the figures. 

After 72 h, media containing AgNPs or Ag+ were replaced with 200 uL of media 

containing 0.5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT; Sigma-Aldrich) and incubated for 2 h at 37 C. Media was removed, and cells were 

lysed in 200 uL of DMSO and absorbance read using a Molecular Devices (San Jose, 

CA, USA) Emax Precision Microplate Reader at 595 nm.  

Western Blots: Cells were plated on 6 cm tissue culture dishes (Corning Life Sciences) at 

a density of 1 x 106 cells in 4 mL of complete medium. Cells were allowed to recover for 

48 h and then were exposed to AgNPs or Ag+ for 24 h at 37 °C. Medium was removed 

and cells were washed twice with ice cold PBS before lysates were collected using 

Mammalian Protein Extraction Reagent (Thermo Fisher Scientific) supplemented with 
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1% Halt Protease & Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific). Protein 

concentration was determined for each sample using a Pierce bicinchoninic acid (BCA) 

protein assay kit (Thermo Fisher Scientific) according to manufacturer’s instructions. 

Proteins were size fractionated by gel electrophoresis and then transferred to a 

nitrocellulose; Thermo Fisher Scientific) membrane. Nonspecific binding was blocked by 

incubation for 30 minutes at room temperature with tris-buffered saline containing 5% 

bovine serum albumin (Sigma) or 5% blotting-grade blocker (Bio-Rad). Membranes were 

blotted overnight at 4 °C with 1:1000 dilutions of primary antibodies phospho-eIF2α 

(9721), eIF2α (9722s), phospho-JNK (9255), JNK (9252), GAPDH (2118), β-actin 

(4970) purchased from Cell Signaling Technologies (Danvers, MA, USA), and 4-HNE 

(MAB3249-SP) was purchased from Thermo Fisher Scientific, washed, and then 

incubated with anti-rabbit (Cell Signaling Technologies) or anti-mouse (Cell Signaling 

Technologies) horseradish peroxidase (HRP)-conjugated secondary antibodies; (diluted 

1:1000) for 1 hour at room temperature. Immunoreactive products were visualized by 

chemiluminescence (SuperSignal West Pico Plus, Thermo Fisher Scientific). After 

visualization, blots were stripped of antibody binding by incubating with Restore Plus 

western blot stripping buffer (Thermo Fisher Scientific) for 5 minutes, before blocking 

and re-probing with additional primary antibodies. 

Protein Aggregation Assays: Cells were plated on 18 mm coverslips in a 12-well plate 

(Warner Instruments Corporation, Hamden, CT, USA) at a density of 250,000 cells in 1 

mL of complete medium. Cells were allowed to recover for 72 h and then were exposed 

to AgNPs or Ag+ for 24 h at 37 C. Medium was removed and cells were fixed with 4% 

formaldehyde solution and permeabilized (0.5% Triton X-100, 3 mm EDTA, pH 8.0). 
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Cells were then stained with Proteostat Aggresome Detection Reagent (1:1000) and 

Hoechst 33342 (1:1000) (Enzo Biosciences, Ann Arbor, MI) diluted in 1X PBS for 30 

minutes, washed twice with PBS, and coverslips were mounted on glass slides with 

Prolong Gold antifade reagent (Invitrogen). Fluorescence was visualized using an 

Olympus FV1200 spectral laser scanning confocal microscope.  

Lipid Peroxidation Assays: Cells were plated on 18 mm coverslips in a 12-well plate 

(Warner Instruments Corporation, Hamden, CT, USA) at a density of 250,000 cells in 1 

mL of complete medium for microscopy experiments and on 6-well plates at a density of 

500,000 cells per well in 2 mL of complete medium for flow cytometry experiments. 

Cells were allowed to recover for 24 h and then were exposed to AgNPs or Ag+ for 24 h 

at 37 °C. Medium was removed and fresh media containing 10 µM of the lipid peroxide 

specific dye, Liperfluo (Dojindo Molecular Technologies, Rockville, MD,) was added for 

30 minutes. Cells were then washed twice with PBS and fluorescence was measured 

using an Olympus FV1200 spectral laser scanning confocal microscope and a FACS 

Canto II Analyzer (BD Biosciences). Analysis of the data was performed using FCS 

express version 7 (De Novo Software, Glendale, CA, USA).  

Protein Oxidation Assays: Cells were plated on 6-well plates at a density of 500,000 

cells per well in 2 mL of complete medium. Cells were allowed to recover for 24 h and 

then were exposed to AgNPs or Ag+ for 24 h at 37 C. Medium was removed and fresh 

media containing 50 µM of DCP-NEt2-Coumarin (DCP-NEt2C) prepared as previously 

described [32] was added for 30 minutes. Cells were then washed twice with PBS, fixed 

with 100% methanol and fluorescence was measured using a FACS Canto II Analyzer 
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(BD Biosciences). Analysis of the data was performed using FCS express version 7 (De 

Novo Software, Glendale, CA, USA). 

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

washed in PBS, and plated on six-well plates at a density of 300 cells per well and were 

allowed to adhere for 24 hours. Increasing concentrations of AgNPs were added to each 

well and incubated for 24 hours at 37 °C. For each condition, 6 wells were used. Cells 

were incubated with AgNPs with or without PEG-catalase (Sigma-Aldrich) (100 U/mL) 

for 24 hours, and then culture media was removed. The cells were washed with PBS, and 

fresh media was added and replaced every 2-3 days. Fourteen days after plating, the cells 

were washed and 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. 

Transmission Electron Microscopy: SUM159 or iMEC cells were grown in 6-well tissue 

culture dishes. Cells were treated with AgNPs (150 µg/mL) for 1 h and were washed 

thoroughly with PBS to remove AgNPs not bound or internalized by cells. Fresh cell 

culture media was added and cells were incubated for 5 h more before fixation in 2.5% 

gluteraldehyde at 4 °C overnight. Next, cells were scraped from the wells, pelleted, 

embedded in resin, cut into ultrathin sections (80 nm) and placed on copper coated 

formvar grids by the Wake Forest Comprehensive Cancer Center Cellular Imaging 

Shared Resource. Cells were imaged without additional staining to facilitate the detection 

of AgNPs using a Tecnai Spirit transmission electron microscope (FEI Company; 

Hillsboro, OR, USA). 
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ROS Detection: SUM159 and iMEC cells were plated on 8-well coverslip-bottom 

chamber slides (EMD Millipore, Burlington, MA, USA) at a density of 30,000 cells per 

well in 400 µL of complete medium. Cells were allowed to recover for 48 h and then 

were exposed to AgNPs or Ag+ with or without PEG-Catalase (100 u/mL) for 24 h at 37 

°C. Medium was removed and cells were washed with PBS, and incubated with 10 uM 

2’,7’-dichlorodihydrofluorescein diacetate (H2DCF-DA) (Invitrogen) or PeroxyOrange-1 

(PO1) (Tocris) for 30 min at 37 °C. Fluorescence was visualized using an Olympus 

FV1200 spectral laser scanning confocal microscope. 

ICP-MS: A freshly prepared suspension of AgNPs dispersed in PBS at 5 mg/mL was 

transferred to a 5000 MWCO VivaSpin column (Viva products, Littleton, MA) and 

centrifuged at 3000 x g for 15 minutes. The same suspension of AgNPs was stored at 4 °C 

for 1 week and processed as described. The flow through, containing any soluble silver, 

was collected and stored at 4 °C. Triplicate, 50 µL samples were then digested with 1 mL 

of concentrated HNO3, 2 mL of 30% H2O2 and 7 mL of distilled-deionized water using a 

microwave-assisted digestion system (Ethos UP, Milestone, Sorisole, Italy). The digested 

samples were diluted to a final acid concentration of 2% vol/vol before Ag determination 

by inductively coupled plasma mass spectrometry (ICP-MS). Trace metal grade HNO3 

(Fisher, Pittsburgh, PA, USA), and distilled-deionized water (18 MΩ cm, Milli-Q®, 

Millipore) were used to digest samples and prepare all solutions. Low trace metals 

hydrogen peroxide (Veritas, Columbus, OH, USA) was also used for sample digestion. 

Standard reference solutions used for calibration were prepared in 2% acid (HNO3) for 

cells from a 1000 mg/L Ag stock (SPEX CertPrep, Metuchen, NJ). A tandem ICP-MS 

(8800 Triple Quadrupole, Agilent) equipped with a SPS 4 automatic sampler, a Scott-type 



  

 

49 
 

double pass spray chamber operated at 2 °C, and a Micromist concentric nebulizer were 

used in all determinations. Helium gas (>= 99.999% purity, Airgas) was used in the ICP-

MS’s collision/reaction cell to minimize potential spectral interferences, while monitoring 

the 109Ag isotope in single quadrupole mode. Other relevant instrument operating 

conditions such as radio frequency applied power, sampling 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.   

Apoptosis/Necrosis Analysis: SUM159 and iMEC cells were plated at a density of 500,000 

cells per well in a 6 well plate and allowed to adhere overnight. Cells were then treated 

with AgNPs, Ag+ or vehicle. After 24 h cells were washed twice with PBS, trypsinized, 

and resuspended in their respective media. Cells were then pelleted by centrifugation at 

320 x g for 5 minutes. Cells were washed with PBS and pelleted again by centrifugation at 

320 x g for 5 minutes. FITC-conjugated Annexin V and ethidium homodimer III staining 

was performed per the manufacturer’s instructions (Biotium, Fremont, CA). Labeled cells 

were analyzed on a FACS Canto II Analyzer (BD Biosciences). Analysis of the data was 

performed using FCS express version 7 (De Novo Software, Glendale, CA, USA). 

Unstained samples were included to control for any potential interference of AgNPs with 

flow cytometry. There was no detectable change in forward or side scatter in the unstained 

samples, indicating that AgNPs did not interfere with the assay [Supplementary Fig S2]. 

Statistical Analysis: Analysis was performed using GraphPad Prism 9.0 software as 

described in the figure legends. The number of experimental and biological replicates 

used for each experiment is included in the figure legends. 

 

II.4 RESULTS: 
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Contamination of AgNP suspensions with as little as 1% Ag+ by mass can mask AgNP-

specific cytotoxicity. 

We purchased 25 nm, PVP coated, AgNPs from nanoComposix Inc. (Lot #ALJ0052-

MGM2463A) and stored them as a lyophilized powder in the dark at 4 °C. Prior to use in 

cell culture experiments, we characterized the hydrodynamic diameter of AgNPs after 

hydration in PBS or dilution in cell culture media using nanoparticle tracking analysis 

(NTA) (Fig 1A,B). A single sharp peak corresponding to AgNPs was observed for size 

ranges under 100 nm. Additional peaks in the size range greater than 100 nm were 

attributable to the media, possibly indicating the presence of exosomes or protein 

aggregates. The hydrodynamic diameter measured at the AgNP peak increased from 36.5 

± 0.7 nm in PBS to 48.3 ± 0.6 after incubation in cell culture media for 30 minutes, likely 

due to formation of a protein corona. After 72 h in media, a non-significant (p > 0.05) 

size increased to 52.6 ± 1.2 was detected and there was no evidence of large aggregate 

formation or sedimentation. The ζ-potential in PBS at pH 7.4 was -15.5 ± 1.6 mV (Fig 

1C). We quantified the amount of soluble silver (Ag+) present in the AgNP suspension by 

separating the solid and soluble fractions using a size exclusion, spin column. The silver 

content of the filtered solution was quantified by ICP-MS and the mass of silver in the 

filtrate was compared to the total mass of silver in the initial suspension of AgNPs. As 

shown in (Fig 1D), a freshly prepared suspension of AgNPs contained only 0.000571% 

Ag+ by mass.  Following 7 days of storage, there was a slight increase in the Ag+ fraction 

to 0.000725%.   
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Next, we asked if this fraction of Ag+ was sufficient to drive cytotoxic responses 

to AgNPs in cells with high or low sensitivity to AgNPs. Previously, we found that 

Figure 1. No evidence of AgNP aggregation and minimal release of Ag+ were detected 
following storage of AgNPs. (A) Nanoparticle tracking analysis was used to determine the 

hydrodynamic diameter of AgNPs in PBS, 30 min after dilution in cell culture media, and 72 

h after dilution in cell culture media. The inset to the right shows the size distribution of 

particulate material in the media itself. (B) The peak from the hydrodynamic diameter for 

AgNPs measured in (A) was identified and the median values of five measurements per 

condition ± standard deviation are shown. (C) The ζ-potential distribution of AgNPs dispersed 

PBS at pH 7.4 after 100X dilution in water is shown. (D) The fraction of Ag+ relative to total 

silver mass in a freshly prepared dispersion of AgNPs or following storage for 7 days is show. 

Statistical analysis was performed by Student T-test. Significant differences are indicated 

(*p<0.05); n.s. not significant. 
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AgNPs were lethal to a subset of breast cancer cell lines, including SUM159 cells, at 

doses that had little effect on the viability of various models of normal breast epithelia, 

including iMEC cells [11]. Therefore, we used SUM159 cells as a model for an AgNP 

sensitive cell line, and iMEC cells as a model for an AgNP insensitive cell line. Both cell 

types were exposed to increasing doses of AgNPs or Ag+ for 72 h. Because aging of 

AgNPs or Ag+ in cell culture media can reduce their cytotoxicity [8], we minimized any 

affects due to interactions with media components by using dilutions of AgNPs and Ag+ 

in cell culture media within 30 min of preparation. Viability was assessed by MTT assay, 

and the half-maximal inhibitory concentration (IC50) of AgNPs or Ag+ in relation to 

viability was calculated. Based upon differences in IC50, we observed SUM159 cells were 

approximately 6.5-fold more sensitive to AgNP exposure compared to iMEC cells (IC50 

of 15.1 vs 97.9 µg/mL respectively) (Fig 2A). In contrast, SUM159 cells were 

approximately 5.6-fold less sensitive to Ag+ compared to iMEC cells (IC50 of 1.03 vs 5.8 

µg/mL respectively) (Fig 2B). We verified these differences in sensitivity to AgNPs and 

Ag+ by evaluating clonogenic growth after AgNP or Ag+ exposure. In agreement with the 

results from the MTT assay, clonogenic assays showed that AgNPs were significantly 

more cytotoxic towards SUM159 cells compared to iMEC cells (Fig 2C), while Ag+ 

treatment was significantly more cytotoxic towards iMEC cells compared to SUM159 

cells (Fig 2D). Based upon the fraction of Ag+ present in the AgNP suspension as 

determined by ICP-MS (Fig. 1D), a dose of 100 µg/ml of intact AgNPs at most would 

contain 0.0725 µg/ml of Ag+. This concentration of Ag+ did not decrease the viability of 

either cell line, indicating that the cytotoxicity induced by AgNPs was not due to the 

small amount of Ag+ remaining in the suspension. Because SUM159 cells were 
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significantly more sensitive to AgNPs compared to iMEC cells but were less sensitive to 

Ag+, these data suggested the cytotoxicity induced by intact AgNPs was distinct from that 

of Ag+. 
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To determine what fraction of Ag+ present in a suspension of AgNPs could affect 

the overall cytotoxicity profile, we exposed cells to increasing concentrations of AgNP 

and Ag+ mixtures containing 99-70% intact AgNPs with 1-30% Ag+ by total silver mass 

(Figs 3A-D). We then calculated the IC50 for each mixture based upon total silver 

concentration (Fig 3E). As noted above, iMEC cells were relatively insensitive to intact 

AgNPs, but highly sensitive to Ag+. In agreement with this, there was a shift in the IC50 

in iMEC cells for 100% AgNPs from 97.9 µg/mL (Fig 2A) to 25.6 µg/mL for a mixture 

of 99% AgNPs/1% Ag+ (Fig 3A,E). As the percentage of Ag+ increased, the IC50 in 

iMEC cells dropped to 15.1 µg/mL at 95% AgNP/5% Ag+ (Fig 3B,E), 6.3 µg/mL at 90% 

AgNP/10% Ag+ (Fig 3C,E), and 4.8 µg/mL at 70% AgNP/30% Ag+  (Fig 3D,E).  The 

opposite trend was observed for SUM159 cells, which were sensitive to intact AgNPs but 

comparatively insensitive to Ag+ (Fig. 2A,B). There was a small but not statistically 

significant (p > 0.05) increase in IC50 of a 99% AgNP/1% Ag+ compared to 100% AgNP 

(28.2 vs 15.1 µg/mL respectively; Fig 2A and 3A,E). The IC50 increased to 40.8 µg/mL 

for 95% AgNP/5% Ag+ (40.78 µg/mL; Fig 3B,E). The IC50 for the 90% AgNP/10% Ag+ 

(33.9 µg/mL; Fig 3C,E) also was greater than that of the 100% AgNP treatment. Only for 

the 70% AgNP/30% Ag+ treatment of SUM159 cells did the IC50 (12.9 µg/mL) fall below 

that of the 100% AgNP treatment (Fig 3D,E). As shown in figure 3E, as little as a 1% 

Figure 2. Sensitivity to AgNPs is independent from sensitivity to silver ion. Representative 

dose response curves and IC50 following 72 h (A) AgNP or (B) Ag+
 exposure. Cell viability 

following 72 h AgNP or Ag+
 exposure was quantified by MTT assay and IC50 was 

determined using GraphPad Prism. Data used to calculate IC50s were obtained from 6 

technical replicates per dose and 3 independent experiments (biological replicates). Statistical 

analysis was performed by two-was ANOVA and post-hoc Tukey Test. Significant 

differences are indicated (****p<0.0001). Long-term proliferative potential was assessed via 

clonogenic assay following 24 h (C) AgNP or (D) Ag+
 exposure. The data are presented as 

relative surviving fraction based upon clonogenic growth normalized to the plating 

efficiency. Statistical analysis was performed by two-way ANOVA followed by post-hoc 

Tukey Test. Statistical differences are indicated (****p<0.0001).  
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Ag+ mass fraction in an AgNP suspension narrowed the difference in sensitivity of iMEC 

and SUM159 cells compared to exposure to intact AgNPs free from Ag+. Mixtures of 

AgNPs containing 5% or greater mass fractions of Ag+ were significantly less cytotoxic 

to SUM159 than they were to iMEC cells, which is the opposite of what was observed for 

AgNPs in the absence of Ag+. These data show that depending on cell line and relative 

sensitivity to intact AgNPs versus Ag+, the fraction of Ag+ present in an AgNP 

suspension can mask or even reverse any inherent differences between the cytotoxic 

responses of cells to intact AgNPs.  
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Figure 3. Presence of Ag+ in AgNP dispersions masks differences in sensitivity of cell lines 
to AgNPs. Representative dose response curves following 72 h AgNP-Ag+

 exposure in the 

following proportions (A) 99% AgNP/1% Ag+, (B) 95% AgNP/5% Ag+, (C) 90% 

AgNP/10% Ag+, (D) 70% AgNP/30% Ag+. Cell viability following AgNP-Ag+ exposure was 

quantified by MTT assay. (E) IC50 was determined using GraphPad Prism. Data used to 

calculate IC50s were obtained from 6 technical replicates per dose and 2-3 independent 

experiments. Statistical analysis was performed by two-way ANOVA followed by post-hoc 

Sidaks test. Significant differences are indicated (*p<0.05; **p<0.01; ****p<0.0001).   
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Both AgNP and Ag+ increase intracellular H2O2, but only Ag+ cytotoxicity is dependent 

upon H2O2. 

Having established that AgNPs and Ag+ exhibit distinct cytotoxic responses, we looked 

for mechanistic differences that could account for this. First, we examined total ROS in 

SUM159 and iMEC cells after 24 h exposure to AgNPs or Ag+ by quantifying changes in 

fluorescence intensity of CM-H2DCF-DA. Treatment of cells with PEG-catalase, a cell 

permeable antioxidant that enzymatically catalyzes the reduction of H2O2 to water and 

O2, was used as a control to determine the contribution of H2O2 to CM-H2DCF-DA 

fluorescence signal. Unstained samples treated with AgNPs were imaged in parallel to 

ensure AgNPs did not affect background fluorescence (Supplementary Fig S3). There 

was a significant (p < 0.01) increase in ROS in both cell lines following both Ag+ and 

AgNP treatment, and this increase was blocked by PEG-catalase (Fig 4A,B). Following 

exposure to Ag+, significantly more ROS was generated by iMEC cells compared to 

SUM159 cells, which is in agreement with their relative sensitivity to Ag+. CM-H2DCF-

DA fluorescence after Ag+ exposure was observed throughout the entire volume of both 

cell lines. In contrast, similar increases in ROS were observed for AgNP treated iMEC 

and SUM159 cells, and the CM-H2DCF-DA fluorescence after AgNP exposure was 

punctate and only observed in the cytoplasm. TEM images of AgNPs in iMEC and 

SUM159 cells show intact nanoparticles in membrane bound vesicles consistent with 

endosomes (Supplementary Fig S4), indicating that AgNP-induced increases in ROS 

may be localized to these compartments.  
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 Of the major types of ROS, H2O2 has the longest biological half-life and is 

capable of diffusing through cell compartments via aquaporins present in membranes 

[33]. H2O2 is known to be a major contributor to the toxicity of Ag+ [22, 25] and other 

redox active metals like iron [34]. We therefore focused on the contribution of H2O2 to 

Figure 4. Both AgNPs and Ag+ increase ROS. (A) SUM159 and iMEC cells were treated 

with either Ag+ or AgNPs for 24 h with and without 100 IU peg-catalase. Cells were then 

incubated with PBS containing H2DCF-DA for 30 min and fluorescense was measured using 

confocal microscopy. Images were quantified in (B). Results shown in A as representative 

images from 3 independent experiments. Data in B is plotted as corrected total cell 

fluorescences ± SEM of at least 10 cells per image for 3 images. Statistical analysis was 

performed by one-way ANOVA followed by post-hoc Sidaks test. Significant differences are 

indicated (**p<0.01; ***p<0.001; ****p<0.0001).  
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AgNP and Ag+ cytotoxicity. PeroxyOrange-1 (PO1) is a specific probe for H2O2 [35]. 

Quantification of PO1 staining in AgNP and Ag+ treated iMEC or SUM159 cells 

produced similar results to those observed for CM-H2DCF-DA (Supplementary Fig. 

S5). Because AgNP and Ag+ treatment increased intracellular H2O2, we asked if this 

contributed to cell death caused by AgNP or Ag+ exposure. SUM159 and iMEC cells 

were co-treated with PEG-catalase and AgNPs or Ag+ for 24 h and cell viability was 

assessed by MTT assay. PEG-catalase treatment did not affect AgNP-mediated 

cytotoxicity in SUM159 (Fig 5A) or iMEC cells (Fig 5B), and there was no significant 

change in the IC50 of AgNP treatment for either cell line (Fig 5C). However, PEG-

catalase decreased the cytotoxicity of Ag+ in both SUM159 (Fig 5D) and iMEC cells (Fig 

5E). The IC50 of Ag+ exposure to SUM159 cells increased 2-fold in the presence of PEG-

catalase, and there was a 3-fold increase in IC50 for Ag+ exposure to iMEC cells in the 

presence of PEG-catalase (Fig 5F). Clonogenic growth of SUM159 and iMEC cells after 

AgNP or Ag+ exposure with or without PEG-catalase also was evaluated. In agreement 

with results from the MTT assay, PEG-catalase did not alter clonogenic growth of both 

iMEC and SUM159 cells following AgNP exposure (Figure 5G,H), but did protect both 

cell lines from Ag+ (Figure 5I,J). 
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We further evaluated the effect of catalase on sensitivity to AgNPs and Ag+ using 

genetically modified SUM159 cells engineered to express doxycycline-inducible catalase 

(SUM159cat). Increased expression of catalase after doxycycline treatment was verified 

by immunoblotting (Fig 6A), and reduction of baseline H2O2 level was verified by PO1 

staining (Fig 6B). Similarly to what was observed with the addition of PEG-catalase, 

over-expression of catalase did not affect AgNP-mediated cytotoxicity (Fig 6C) but was 

protective against Ag+ (Fig 6D). There was no significant change in IC50 of AgNP 

treatment (Fig 6E), but catalase overexpression increased the IC50 of Ag+ (Fig 6F). 

Clonogenic growth assays confirmed that catalase over-expression did not protect 

SUM159cat cells from AgNPs (Fig 6G), but was protective against Ag+ (Fig 6H). Taken 

together, these data indicate that production of H2O2 plays a causal role in Ag+ mediated 

cytotoxicity but is not crucial for AgNP-mediated cytotoxicity.  

Figure 5. Reduction of hydrogen peroxide through PEG-catalase attenuates Ag+ but not 

AgNP mediated cell death. (A) SUM159 or (B) iMEC cells were exposed to increasing 

doses of AgNPs with or without 100 units/mL of PEG-catalase. Cell viability following 24 

h AgNP exposure was quantified by MTT assay. (C) IC50 was calculated using GraphPad 

Prism. Data used to calculate IC50’s were obtained from 6 technical replicates per dose and 

3 independent experiments (biological replicates).  (D) SUM159 or (E) iMEC cells were 

exposed to increasing doses of Ag+
 with or without 100 units/mL of PEG-catalase. Cell 

viability following 24 h Ag+ exposure was quantified by MTT assay. (F) IC50 was 

calculated using GraphPad Prism. Data used to calculate IC50’s were obtained from 6 

technical replicates per dose and 3 independent experiments (biological replicates). 

Statistical analysis in C and F was performed by students T-Test. Statistical differences are 

indicated (**p<0.01; ****p<0.0001). (G, H) Long term proliferative potential was assessed 

via clonogenic assay following 24 h AgNP exposure in the presence of 100 units/mL of 

PEG-catalase in (G) SUM159 and (H) iMEC cells. (I, J) Long-term proliferative potential 

was assessed via clonogenic assay following 24 h Ag+ exposure in the presence of 100 

units/mL of peg-catalase in (I) SUM159 and (J) iMEC cells. Data in G, H, I and J are 

presented as relative surviving fraction based upon clonogenic growth normalized to plating 

efficiency. Statistical analysis was performed by one-way ANOVA followed by post-hoc 

Tukey Test. Statistical differences are indicated (*p<0.05).  



  

 

62 
 

 



  

 

63 
 

 

AgNPs but not Ag+ induce lipid peroxidation  

Because H2O2 did not contribute to the cytotoxicity of AgNPs, we asked if lipid 

peroxides could play a role. We used Liperfluo, a fluorescent probe that is specific for 

detecting lipid peroxides [36], to quantify changes in lipid peroxidation following AgNP 

or Ag+ exposure. We observed a significant (p < 0.05) increase in lipid peroxidation in 

AgNP treated SUM159 cells compared to vehicle, but there was no change in lipid 

peroxides in similarly treated iMEC cells (Fig 7A), which is consistent with their relative 

sensitivities to AgNPs. No change in lipid peroxidation was observed in SUM159 and 

iMEC cells following Ag+ treatment (Fig 7B). 4-Hydroxynonenal (4-HNE) is a toxic end 

product of lipid peroxide decomposition. 4-HNE readily forms protein adducts at 

histidine residues. We observed a dose dependent increase in histidine adducts of 4-HNE 

in SUM159 cells exposed to AgNPs, but little change was observed in iMEC cells (Fig 

7C). Consistent with the lack of lipid peroxidation, there was no increase in histidine 

adducts of 4-HNE following Ag+ exposure in either SUM159 (Fig 7D) or iMEC cells 

(Fig 7E). These data show that intact AgNPs cause lipid peroxidation, which correlates 

Figure 6. Reduction of hydrogen peroxide by over-expression of catalase catalase attenuates 

Ag+ but not AgNP mediated cell death. (A) Catalase expression was determined by western 

blot in parental SUM159, SUM159Cat (-)Dox, and SUM159Cat (+)Dox cells. (B) SUM159Cat 

cells cultured with or without doxycycline were incubated with PBS containing PO1 and 

fluorescence was measured using confocal microscopy. (C, D) SUM159Cat cells cultured with 

or without doxycycline were exposed to increasing concentrations of (C) AgNPs or (E) Ag+ 

for 72 h. Cell viability was quantified by MTT assay. IC50’s were calculated for (D) AgNPs or 

(F) Ag+ using GraphPad prism. Data used to calculate IC50s were obtained from 6 technical 

replicates and 3 independent experiments (biological replicates). Statistical analysis was 

performed by Students T-test. Statistical differences are indicated (*p<0.05). (G, H) Long-

term proliferative potential was assessed via clonogenic assay after 24 h exposure to (G) 

AgNPs or (H) Ag+ in SUM159Cat cells cultured with or without doxycycline. Data are 

presented as relative surviving fraction based upon clonogenic growth normalized to plating 

efficiency. Statistical analysis was performed by two-way ANOVA followed by post-hoc 

Tukey Test. Statistical differences are indicated (*p<0.05).  
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with overall sensitivity to AgNP exposure. In contrast, Ag+ exposure did not cause lipid 

peroxidation regardless of relative sensitivity of cell lines to Ag+.   
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Protein oxidation and aggregation due to AgNPs or Ag+ exposure differs between cell 

lines and correlates with their relative sensitivity to AgNPs or Ag+ 

Both H2O2 and lipid peroxides can spread direct effects of AgNPs or Ag+ and 

cause damage including oxidation of thiols in proteins leading to generation of sulfenic 

acids [37]. Thiol oxidation and formation of 4-HNE adducts can induce protein 

misfolding and aggregation [38, 39]. Because iMEC and SUM159 cells exhibited 

opposite relative sensitivities to AgNPs and Ag+, we wondered if AgNPs and Ag+ would 

also induce distinct patterns of protein oxidation and aggregation that would correlate 

with relative sensitivity of the cells to these toxicants. To assess protein oxidation, we 

used DCP-NEt2-C, a fluorescent probe that is specific for imaging mitochondrial protein 

sulfenylation [32]. In agreement with their relative sensitivity to AgNPs, there was a 

significant, dose dependent increase in protein oxidation in SUM159 cells following 

AgNP exposure (Fig 8A). For iMEC cells, there was a small decrease in protein 

oxidation (Fig 8A). As expected based upon their relative sensitivity, the opposite pattern 

was observed following exposure of cells to Ag+. There was no change in protein 

oxidation in SUM159 cells exposed to Ag+ at either dose, but there was nearly a 2-fold 

increase in protein oxidation in iMEC cells exposed to a 2 µg/ml dose of Ag+ (Fig 8B). 

Similarly, imaging and quantification of protein aggregation using proteostat, a dye that 

Figure 7. AgNPs, but not Ag+, cause lipid peroxidation. To assess lipid peroxidation, 

SUM159 and iMEC cells were treated with (A) AgNPs or (B) Ag+ for 24 h, stained with 

Liperfluo, and fluorescence was measured using flow cytometry. Statistical analysis was 

performed by two-way ANOVA followed by post-hoc Tukey Test. Statistical differences are 

indicated (*p<0.05). (C) Western blotting to detect 4-HNE was performed on lysates from 

SUM159 and iMEC cells exposed for 24 h to increasing doses of AgNPs (untreated, 18.25, 

37.5 and 75 μg/mL, left to right for each cell line). Western blotting to detect 4-HNE also 

was performed on (D) SUM159 or (E) iMEC cells exposed to AgNPs (untreated, 18.25, 37.5 

and 75 μg/mL, left to right) or Ag+ (untreated, 0.5, 1, 2 μg/mL, left to right) for 24 h. β-actin 

was used as a loading control. Data are representative of a minimum of two experiments. 
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fluoresces after intercalation into hydrophobic pockets formed by misfolded or 

aggregated proteins, also correlated with differences in sensitivity of cell lines to AgNPs 

or Ag+ (Fig 8C,D,E). Specifically, there was a dose dependent increase in protein 

aggregation in SUM159 cells but not in iMEC cells treated with AgNPs (Fig 8C,E). In 

contrast, Ag+ exposure did not affect protein aggregation in SUM159 cells, but a modest 

increase was observed in iMEC cells (Fig 8D,E).  

The accumulation of misfolded proteins is cytotoxic and cells will activate stress 

response programs to mitigate damage. This includes activation of the integrated stress 

response (ISR), indicated by phosphorylation of eIF2α [40], and mitogen-activated 

protein kinase (MAPK) signaling pathways, indicated by phosphorylation of c-Jun N-

Terminal Kinase (JNK) [41].  As shown in Fig. 8F, AgNP exposure, but not Ag+, 

increased both p-eIF2α and p-JNK in SUM159 cells. In contrast, Ag+ exposure, but not 

AgNPs, increased peIF2α levels in iMEC cells (Fig. 8G). No change in pJNK was 

observed in iMEC cells after AgNP or Ag+ exposure. Protein oxidation and accumulation 

of protein aggregates following Ag+ exposure were modest in iMEC cells compared to 

what was observed for AgNP treated SUM159 cells, and lack of pJNK may be because 

damage was below the threshold needed for activation of this response. Overall, both 

AgNP and Ag+ treatment induced protein oxidation, aggregation, and proteotoxic stress 

responses, but the effects were distinct from one another, dependent on cell type, and 

were observed to occur in proportion to the relative sensitivity of cell lines to each 

toxicant. 
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AgNPs and Ag+ induce distinct forms of cell death 

Because AgNPs and Ag+ induced distinct forms of damage to cells, we asked if there 

were differences in the types of cell death caused by each. AnnexinV (AnnV) and 

ethidium homodimer III (EthD-III) co-staining was performed on iMEC and SUM159 

cells exposed to AgNPs or Ag+ for 24 hours (Fig 9A,B). In agreement with the relative 

insensitivity of iMEC cells to AgNPs, there was little change in early-stage apoptosis 

(AnnV+/ EthD-III- staining, lower right quadrant), primary necrosis (AnnV-/ EthD-III+ 

staining, upper left quadrant), or late-stage apoptosis/secondary necrosis (AnnV+/ EthD-

III+ staining, upper right quadrant), even at the highest dose tested. Following Ag+ 

exposure, iMEC cells exhibited dose dependent increase and progression from early-

stage apoptosis to late-stage apoptosis/secondary necrosis without an increase in primary 

necrosis, indicating apoptotic cell death. A different pattern was observed for SUM159 

cells after AgNP and Ag+ exposure. AgNPs caused a dose dependent increase and 

progression of both primary necrosis and late-stage apoptosis/secondary necrosis without 

increasing early-stage apoptosis, indicating necrotic cell death. Although SUM159 cells 

Figure 8. Protein oxidation and aggregation are induced by AgNPs and Ag+ at different 

levels in SUM159 and iMEC cells in proportion to the relative sensitivity of the cells to 

each toxicant. To assess protein oxidation, SUM159 and iMEC cells were treated with 

(A) AgNPs or (B) Ag+ for 24 h, stained with DCP-NEt2C, and fluorescence was 

measured using flow cytometry. Data are representative of three independent 

experiments. Statistical analysis was performed by two-way ANOVA followed by post 

hoc tukey test. Statistical differences are indicated (*p<0.05; **p<0.01). SUM159 and 

iMEC cells were treated with (C) AgNPs or (D) Ag+ for 24 h and protein aggregation 

was measured by confocal microscopy. (E) Fluorescence images were quantified using 

ImageJ. Data is plotted as total cell fluorescence ± SEM relative to untreated controls of 

at least 10 cells per image for 3 images. Statistical analysis was performed by one-way 

ANOVA followed by post-hoc Sidaks test. Significant differences are indicated 

(**p<0.01; *p<0.05; ****p<0.0001). Western blotting was used to detect proteotoxic 

stress responses in (F) SUM159 cells or (G) iMEC cells exposed to AgNPs (untreated, 

18.25, 37.5 and 75 μg/mL, left to right) or Ag+ (untreated, 0.5, 1, 2 μg/mL, left to right) 

for 24 h. GAPDH was used as a loading control. Data are representative of a minimum 

of two independent experiments. 
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were less sensitive to Ag+ than iMEC cells, similar dose dependent increases and 

progression from early-stage apoptosis to late-stage apoptosis/secondary necrosis without 

an increase in primary necrosis supported apoptosis as the mechanism of cell death 

induced by Ag+.  Cleavage of caspases 3 and 7 is a key step for execution of apoptosis. 

We observed decreased levels of full-length caspases 3 and 7, which is indicative of 

caspase cleavage, following Ag+ exposure, but not after AgNP exposure, in iMEC (Fig 

9C) and SUM159 cells (Fig 9D). These data show AgNPs and Ag+ initiate distinctly 

different forms of cell death.   



  

 

70 
 

 



  

 

71 
 

 

II.4 DISCUSSION:  

The goals of our study were: (i) to determine precisely how AgNPs kill 

mammalian cells; (ii) to provide definitive proof as to whether or not this mechanism was 

dependent upon the presence of extracellular Ag+; (iii) and to understand how AgNP and 

Ag+ damage propagated through cells. Two critical issues have hampered previous efforts 

to achieve these goals. The first is contamination of AgNP suspensions with Ag+, which 

prevents separating nanoparticle specific effects from those due to Ag+. The second is the 

fact that some cell lines exhibit greater or lesser sensitivity to AgNPs and Ag+ compared 

to other cell lines, and thus not all cells respond similarly to exposure. To address these 

issues, we identified AgNPs with negligible Ag+ contamination, and evaluated the 

responses to AgNPs and Ag+ in two cell lines that differed in their relative sensitivity to 

AgNPs and Ag+. We found that SUM159 cells, which are a triple-negative breast cancer 

(TNBC) cell line, were approximately 6.5-fold more sensitive to AgNP exposure 

compared to iMECs, an immortalized, non-neoplastic breast epithelial cell line. We 

further found that SUM159 cells were 5.6-fold less sensitive to Ag+ compared to iMEC 

cells, indicating that high sensitivity to AgNPs was not predictive of similar sensitivity to 

Ag+. Exposure to either AgNPs or Ag+ increased indications of protein thiol oxidation, 

accumulation of misfolded proteins, and activation of the integrated stress response in 

Figure 9. The mechanism of cell death induced by AgNPs differs from that of Ag+. (A) iMEC or 

(B) SUM159 cells were exposed to AgNPs or Ag+ for 24 h, co-stained with EthD-III and AnnV, 

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. Data are representative of a 

minimum of two independent experiments. (C) iMEC or (D) SUM159 cells were exposed to 

AgNPs or Ag+ for 24 h and full length caspase expression was detected by western blot. Protein 

levels relative to GAPDH loading control were quantified by densitometry. Expression of cas-

7/GAPDH and cas-3/GAPDH is shown relative to levels detected in untreated control. 

Statistical analysis was performed using one-way ANOVA followed by post-hoc tukey test. 

Statistical differences are indicated (*p<0.05, **p<0.01, ***p<0.001).  
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SUM159 or iMEC cells in proportion to the relative sensitivity of the cell lines to each 

toxicant. However, there were distinct differences between how AgNP and Ag+ damage 

spread throughout the cells. Both Ag+ and AgNP exposure increased H2O2 levels in these 

two cell lines, but catalase rescued cells from Ag+ cytotoxicity and had no effect on the 

cytotoxicity of AgNPs. This indicates that H2O2 contributed to the mechanism of action 

of Ag+ but did not play a dominant role in the cytotoxic effects of AgNPs. Instead, our 

data support a mechanism by which damage from AgNP exposure propagates through 

cells by generation of lipid peroxides, subsequent lipid peroxide mediated oxidation of 

proteins, and via generation of 4-HNE protein adducts. 4-HNE can diffuse out of 

endosomes or lysosomes and into the cytosol, enabling spread of AgNP-induced damage 

from endosomes to other organelles including mitochondria [39].  

In the past, failure to account for Ag+ contamination in AgNP dispersions before 

administration to cells or animals likely contributed to the contradicting data in the AgNP 

vs Ag+ debate. For example, Beer et al characterized a wide variety of commercially 

available and laboratory synthesized AgNPs and found that Ag+ made up 2.6-5.9% of 

typical laboratory-made AgNP dispersions, and various commercial preparations AgNP 

contained 39-69% Ag+ by mass [6]. A recent study found that 70% of the commercially 

available colloidal silver products tested contained exclusively Ag+ with no evidence of 

AgNPs [42]. Because AgNPs used in our study had extremely low amounts of dissolved 

Ag+ (< 0.001% by mass even after storage), we were able to independently examine Ag+ 

and AgNP-dependent mechanistic effects.   

  Some studies suggest that ROS generated after AgNP exposure is a critical 

component of their cytotoxic mechanism [14, 21, 24]. In contrast, we show that both Ag+ 
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and AgNPs increase ROS, but only Ag+-induced cell death was rescued by catalase. 

Previous studies using glutathione (GSH) or N-acetyl cysteine (NAC) as antioxidants to 

mitigate damage due to AgNP-induced ROS may be misleading because both can directly 

chelate free Ag+ or bind to AgNPs [27]. These effects, rather than ROS mitigation, may 

explain previous observations that GSH or NAC reduce AgNP cytotoxicity. NAC also 

increases GSH levels, and GSH plays a critical role in detoxifying lipid peroxides [31] as 

well as 4-HNE adducts [43], and thus mitigating effects on AgNP-induced lipid 

peroxides also may contribute to their capacity to rescue AgNP-induced cell death.  

We and others previously showed that AgNPs were highly cytotoxic to multiple 

TNBC cell lines at doses that were not toxic to non-neoplastic breast cells [9-11]. Thus, 

an extension of our current work on the mechanism of AgNP-induced cell death is the 

potential to exploit this knowledge for breast cancer therapy. In these earlier studies, it 

was observed that AgNPs induced endoplasmic reticulum (ER) stress, which occurs when 

misfolded proteins accumulate in the ER. Because AgNPs do not localize to the ER, it 

was unclear how ER stress was induced. Misfolded proteins can accumulate in the ER if 

protein degradation machinery, including the ubiquitin proteasome system and 

autophagy, is overwhelmed by damaged proteins generated elsewhere in the cell [44]. We 

observed that AgNPs increased lipid peroxides in TNBC SUM159 cells, but not in iMEC 

cells. These lipid peroxides can oxidize proteins, or degrade to 4-HNE, which reacts with 

proteins to form adducts. Both types of damage cause protein misfolding and aggregation 

and can trigger both ER stress and ISR through eIF2α signaling. The results of our cell 

death studies show that AgNPs induce necrosis in SUM159 cells at doses that were not 

toxic to iMEC cells. This is consistent with several studies that show that AgNPs induce 
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necrosis [45, 46]. In contrast, Ag+ treatment caused apoptosis at lower doses in iMEC 

cells compared to SUM159 cells. Accumulation of 4-HNE and the resulting buildup of 

protein aggregates in the cell are highly toxic and have been shown to initiate necrotic 

cell death [47, 48], whereas cell death caused by excess ROS is more often mediated by 

apoptosis [49]. Therefore, the difference in cell death pathways could be due to the 

induction of lipid peroxidation by AgNPs but not Ag+. TNBCs are enriched in long-

chain, polyunsaturated fatty acids (PUFAs) [50], which are prone to peroxidation, and 

this may be an underlying factor that drives their sensitivity to AgNPs.  Accumulation of 

lipid peroxides is also involved in a form of non-apoptotic, iron-dependent, programmed 

cell death called ferroptosis [51, 52]. It is not known whether AgNPs initiate ferroptosis 

and additional studies will be necessary in order to confirm this. 

Although we show clear mechanistic differences between responses of cells 

exposed to AgNPs or extracellular Ag+, we are unable to rule out effects caused by Ag+ 

released from AgNPs after they are taken up. Additionally, the precise reason why 

exposure to AgNPs but not Ag+ causes lipid peroxidation remains to be identified.  This 

may be driven by the different uptake pathways of AgNPs and Ag+, which would result 

in localization to distinct sites in the cells. AgNPs are taken up by phagocytic and 

endocytic pathways [17] and reside in membrane bound vesicles. AgNPs may directly 

oxidize unsaturated fatty acids in endosomal membranes or degrade in endosomes to 

release Ag+ in high concentration, which then reacts with unsaturated fatty acids. In 

contrast, Ag+ can enter cells through copper ion transporters [15, 16] and accumulate in 

the cytosol. When Ag+ is taken up as an ion, lack of proximity or low concentration of 

Ag+ near endosomal lipid membranes may limit effects of Ag+ on lipid peroxidation, or 
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Ag+ may rapidly react with thiols in the cytosol rather than with lipids. The tools 

necessary to measure intracellular silver ions and silver ion-ligand species are now 

emerging [19, 53, 54], but direct measurement of intracellular dissolution of AgNPs 

remains a major challenge [8]. 

In summary, our integrated approach to assessing AgNP and Ag+ cytotoxicity 

indicates distinct differences exist in the responses of mammalian cells to AgNPs and 

Ag+. Specifically, AgNPs drive cell death through lipid peroxidation leading to necrotic 

cell death, whereas Ag+ exposure increases H2O2, which drives oxidative stress and 

apoptotic cell death. This work identifies a specific mechanism by which AgNPs kill 

mammalian cells that is not dependent upon the contribution of Ag+ released in 

extracellular media.  
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III.1 ABSTRACT 

Discovering exploitable vulnerabilities of cancer cells is increasingly important as 

resistance to traditional chemotherapies continues to present a challenge in the clinic. The 

increased expression of ECM proteins, such as fibronectin, helps drive cancer cell 

invasiveness and metastasis. However, the resulting increase in basal ER stress due to this 

phenotype may pose an opening for agents that induce proteotoxic or ER stress. In this 

study, we explore the possibility that oxidative damage induced by metal nanoparticles is 

a specific approach to killing cancers exhibiting a FN1high phenotype. We identified a 

FN1high subset of lung cancers that are exquisitely sensitive to drug-free silver nanoparticles 

(AgNPs) but are resistant to cisplatin. AgNPs selectively induced protein oxidation and 

increased protein aggregation in lung cancers exhibiting this phenotype. We hypothesized 

that the burden of synthesizing large amounts of secreted proteins, including fibronectin, 

caused the sensitivity of these cells to AgNP-induced protein oxidation and aggregation, 

which activated unfolded protein response signaling beyond the tolerable stress limit, 

resulting in cell death. Consistent with this, knockdown of fibronectin reduced sensitivity 

to AgNPs. Our research identifies a previously unknown and exploitable vulnerability to 

AgNP induced proteotoxic stress in FN1high lung cancers. 

KEYWORDS Unfolded protein response; precision medicine; proteotoxicity; 

nanomedicine; drug resistance; endoplasmic reticulum stress   
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III.2 INTRODUCTION  

The endoplasmic reticulum (ER) is the primary site for protein synthesis, folding, 

and trafficking in the cell [1-3]. However, proteotoxicity can lead to the accumulation of 

misfolded proteins in the ER, disrupting homeostasis [4]. Initially, the cell can take 

preventative measures through the ubiquitin-proteasome system to degrade these proteins 

[4]. If the accumulation of misfolded or aggregated proteins is too high, however, the cell 

initiates the unfolded protein response (UPR) to decrease global mRNA translation and 

increase protein folding and degradative capacity [4]. There are three UPR sensors: Protein 

kinase RNA-like Endoplasmic Reticulum Kinase (PERK), Activating Transcription Factor 

6 (ATF-6), and Inositol-Requiring Enzyme 1α (IRE-1α) that initiate signaling pathways to 

attenuate protein load and assist in protein folding [5-7]. However, if ER stress is prolonged 

or too severe, the UPR initiates cell death programs.  

The characteristics of cancer cells including rapid growth, genomic instability and 

nutrient deprivation often lead to higher levels of proteotoxic and ER stress [8-10]. As a 

cytoprotective mechanism, cancer cells upregulate UPR to enable cell survival, adapt under 

stressful conditions, and increase protein load and capacity, all of which have been shown 

to drive resistance to standard chemotherapies [10-13]. While this characteristic might 

initially benefit cancer cells, it is also potentially a target for cancer therapeutics. Because 

cancer cells have higher basal levels of ER stress, agents that induce further stress might 

drive the cell past a tolerable limit and initiate cell death [14]. This has led to the 

development of two FDA-approved drugs, bortezomib and carfilzomib for the treatment of 

multiple myeloma, that induce ER stress by inhibiting the degradation of unfolded proteins 
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[14-16]. However, translation past multiple myeloma has been limited due to lack of 

efficacy and the inability to differentiate which cancers will best respond [17]. 

Recent findings have implicated the expression of extracellular matrix (ECM) 

proteins by cancer cells as a marker for sensitivity to ER stress inducing agents [18]. The 

increased synthesis and secretion of ECM proteins is necessary for cancer cells to 

metastasize [19]. These structural proteins such as fibronectin (FN1) and collagens create 

a pre-metastatic niche to prime tissue for metastasis [19]. As a signaling component, ECM 

proteins assist in tumorigenesis by driving cell proliferation, differentiation, and inhibition 

of apoptosis [20, 21]. Furthermore, the upregulation of FN1 has been shown to be 

associated with cisplatin resistance in lung cancer [22]. Because ECM proteins are 

preassembled in the ER, this puts a greater load on the ER, resulting in an increase in basal 

UPR [18]. New studies suggest that this phenotype can be exploitable. For example, breast 

cancer cells that exhibit increased synthesis and secretion of ECM proteins including FN1 

and collagen and are sensitive to agents that induce ER stress due to the burden of ECM 

production [18]. Therefore, targeting UPR signaling may be an effective way to treat 

cancers that exhibit elevated production of ECM proteins.  

Several other small molecule drugs including sulfasalazine [23] and thapsigargin 

[24, 25] show promise for induction of ER stress, but clinical translation has been 

hampered by significant off-target, dose limiting toxicity. Some nanomaterials induce ER 

stress and it may be possible to exploit this for cancer therapy. For example, recent reports 

indicate that drug free silver nanoparticles (AgNPs) induce ER stress [26-28], increase 

reactive oxygen species and protein oxidation [29-31], and are lethal to a subset of cancers 

at doses that do not affect non-malignant cells in vitro or in vivo [29, 32-34]. The 
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mechanism underlying this sensitivity is unknown, nor has it been determined if cancers 

with high expression of FN1 or other ECM proteins are more susceptible than other cancers 

or normal cells to ER stress caused by exposure to nanomaterials. 

In this work, we assess the interplay of FN1 expression, sensitivity to protein 

oxidation, proteotoxic and ER stress, and resistance to cisplatin to identify causal 

relationships among gene expression signatures, toxicological profiles, and cytotoxic 

responses to AgNP exposure. Our research defines a clear mechanism of action for cancer-

specific treatment using AgNPs, and identifies a molecular signature predictive of shared 

and exploitable vulnerabilities in a subset of lung cancers. 

III.3 MATERIAL AND METHODS  

Silver Nanoparticles: 25 nm in diameter spherical AgNPs stabilized with 

polyvinylpyrrolidone (PVP) were purchased as dried powders from nanoComposix, Inc 

(San Diego, CA, USA). Nanoparticles were dispersed in phosphate buffered saline, pH 7.4, 

without calcium or magnesium (PBS) (Invitrogen, Carlsbad, CA, USA), at a concentration 

of 5 mg/mL based upon the mass of silver contained in the nanoparticles by bath sonication, 

and then were diluted in cell culture medium to the final concentration listed in the figures 

prior to addition to the wells containing cells. The physicochemical properties of this 

material previously were characterized [32]. 

Cell Culture: All cell lines were purchased from the ATCC (Manassas, VA, USA) and low 

passage stocks were stored in liquid nitrogen and maintained by the Wake Forest 

Comprehensive Cancer Center Cell Engineering Shared Resource. Cell lines and growth 

media are listed in supplementary table S1. All cells were verified to be free from 

mycoplasma contamination by routine testing using the MycoAlert Mycoplasma Detection 
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Kit (Lonza, Morristown, NJ, USA). Cells were passaged and medium was changed twice 

weekly. Cell monolayers were grown on tissue culture treated plastics purchased from 

Corning Life Sciences (Corning, NY, USA) or on glass coverslips (Warner Instruments 

Corporation, Hamden, CT, USA). For fluorescence imaging studies, cells were grown 8-

well chamber slides (EMD Millipore, Burlington, MA, USA).  Cells were maintained in 

culture for no longer than 4 months before new cultures were established from low-passage 

frozen stocks. 

mRNA expression: Expression data for specific mRNAs were obtained by mining the 

publically available Broad-Novartis Cancer Cell Line Encyclopedia (CCLE) which can be 

accessed here: 

 https://portals.broadinstitute.org/ccle.  

MTT assay: Cells were seeded on 96 well plates at a density of 3500-5,000 cells per well 

(depending upon cell line) in 100 µL of complete media, recovered for 24 h, and then were 

exposed to AgNPs, cisplatin (Cayman Chemical), AgNO3 (Sigma-Aldrich) in 100 µL of 

complete media containing doses of each drug listed in the figures. After 72 h, media 

containing AgNPs or EGFR-TKIs were replaced with 200 µL of media containing 0.5 

mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma-

Aldrich) and incubated for 1 h at 37°C. Media was removed, and cells were lysed in 200 

µL of DMSO and absorbance read using a Molecular Devices (San Jose, CA, USA) Emax 

Precision Microplate Reader at 560 nm and corrected for background at 650 nm.   

Western Blots: Cells were plated on 6 cm dishes at a density of 1 x 106 cells in 4 mL of 

complete medium. Cells were allowed to recover for 48 h and then were exposed to AgNPs 

for 6 or 24 h at 37°C. Medium was removed and cells were washed twice with ice cold 
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PBS before lysis using Mammalian Protein Extraction Reagent (Thermo Fisher Scientific, 

Waltham, MA, USA) supplemented with 1% Halt Protease & Phosphatase Inhibitor 

Cocktail (Thermo Fisher Scientific). Protein concentration was determined for each sample 

using a Pierce bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific) 

according to manufacturer’s instructions. Proteins were size fractionated by gel 

electrophoresis and then transferred to a nitrocellulose membrane (Thermo Fisher 

Scientific). Nonspecific binding was blocked by incubation for 30 minutes at room 

temperature with tris-buffered saline containing 0.1% Tween-20 and either 5% blotting 

grade blocker (Bio-Rad) or 5% bovine serum albumin (BSA; Sigma-Aldrich). Membranes 

were incubated overnight at 4°C with 1:1000 dilutions of primary antibodies, CHOP 

(2895), phospho-eIF2α (9721), eIF2α (9722s), phospho-JNK (9255), JNK (9252), caspase-

3 (9662), caspase-7 (9492), caspase-9 (9502), GAPDH (2118), β-actin (4970) purchased 

from Cell Signaling Technologies (Danvers, MA, USA), and FN1 (610078) was purchased 

from BD Biosciences (San Jose, CA, USA), washed, and then incubated with anti-rabbit 

(Cell Signaling Technologies)or anti-mouse (Cell Signaling Technologies) horseradish 

peroxidase (HRP)-conjugated secondary antibodies; (diluted 1:1000) for 1 hour at room 

temperature. Immunoreactive products were visualized by chemiluminescence 

(SuperSignal Femto West, Thermo Fisher Scientific).   

Protein Aggregation Assays: Cells were grown on 18 mm coverslips at a density of 

250,000 cells in 1 mL of complete medium. Cells were allowed to recover for 72 h and 

then were exposed to AgNPs for 24 h at 37°C. Medium was removed and cells were fixed 

with 4% formaldehyde solution and permeabilized (0.5% Triton X-100, 3 mm EDTA, pH 

8.0). Cells were then stained with Proteostat Aggresome Detection Reagent (1:1000) and 
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Hoechst 33342 (1:1000) (Enzo BioSciences, Ann Arbor, MI) diluted in 1X PBS for 30 

minutes, washed twice with PBS, and coverslips were mounted on glass slides with 

ProLong Gold antifade reagent (Invitrogen). Fluorescence was visualized using an 

Olympus FV1200 spectral laser scanning confocal microscope. 

Protein Oxidation Assays: Cells were grown in 6-well plates at a density of 250,000 cells 

per well in 2 mL of complete medium. Cells were allowed to recover for 24 h and then 

were exposed to AgNPs for 24 h at 37°C. Medium was removed and fresh media containing 

50 µM dye (DCP-NEt2C) prepared as previously described[35] was added for 30 minutes. 

Cells were then washed twice with PBS, fixed with 100% methanol and fluorescence was 

measured using a FACS Canto II Analyzer (BD Biosciences).   

ICP-MS: Cells were grown in 60 mm tissue culture plates. Cells were treated with AgNPs 

or PBS for 24 h and were then trypsinized, washed twice in PBS, pelleted and stored at -

20 C. Samples were then digested with 1 mL of concentrated HNO3, 2 mL of 30% v/v 

H2O2 and 7 mL of distilled-deionized water using a microwave-assisted digestion system 

(Ethos UP, Milestone, Sorisole, Italy). The digested samples were diluted to a final acid 

concentration of 2% v/v before Ag determination by inductively coupled plasma mass 

spectrometry (ICP-MS). Trace metal grade HNO3 (Fisher, Pittsburgh, PA, USA), and 

distilled-deionized water (18 MΩ cm, Milli-Q®, Millipore) were used to digest samples 

and prepare all solutions. Low trace metals hydrogen peroxide (Veritas, Columbus, OH, 

USA) was also used for sample digestion. Standard reference solutions used for calibration 

were prepared in 2% acid (HNO3) for cells from a 1000 mg/L Ag stock (SPEX CertPrep, 

Metuchen). A tandem ICP-MS (8800 Triple Quadrupole, Agilent) equipped with a SPS 4 

automatic sampler, a Scott-type double pass spray chamber operated at 2 °C, and a 
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Micromist concentric nebulizer were used in all determinations. Helium gas (>= 99.999% 

purity, Airgas) was used in the ICP-MS’s collision/reaction cell to minimize potential 

spectral interferences, while monitoring the 109Ag isotope in single quadrupole mode. Other 

relevant instrument operating conditions such as radio frequency applied power, sampling 

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: CALU1 or PC9 cells were grown in 6-well tissue 

culture dishes. Cells were treated with AgNPs (150 μg/ml) for 1 h and were washed 

thoroughly in PBS to remove AgNPs not bound or internalized by cells. Fresh cell culture 

media was added and cells were incubated for 5 h more before fixation in 2.5% 

glutaraldehyde at 4°C overnight. Next, cells were scraped from the wells, pelleted, 

embedded in resin, cut into ultrathin sections (80 nm) and placed on copper coated formvar 

grids by the Wake Forest Comprehensive Cancer Center Cellular Imaging Shared 

Resource. Cells were imaged without additional staining to facilitate the detection of 

AgNPs using a Tecnai Spirit transmission electron microscope (FEI).  

Statistical Analysis: Analysis was performed as described in the figure legends using 

GraphPad Prism 8.0 software. Number of technical and biological replicates used for each 

experiment is included in the figure legends. Unless otherwise specified, all data are 

presented as the mean value ± standard error of the mean. All experiments were 

independently replicated at least two times. 

III.4 RESULTS 

AgNPs are highly selective to lung cancers that exhibit a FN1high phenotype 
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We first selected a panel of lung cancer cell lines with high and low FN1 expression 

based on mRNA data from the Broad-Novartis Cancer Cell Line Encyclopedia (CCLE) 

(figure 1A). We next asked if FN1high expression cancer phenotype was predictive of 

sensitivity to AgNP exposure. We exposed the panel to AgNPs for 72 h, and then calculated 

the IC50 for AgNP treatment of each cell line tested (figures 1B & 1C). Cancer cell lines 

exhibiting the FN1high mRNA profile, were approximately 5 to 67-fold more sensitive to 

AgNP exposure compared to lung cancers that had a FN1low mRNA profile. In agreement 

with this, FN1 expression inversely correlated with AgNP IC50 (figure 1D), indicating 

FN1high lines cancers were more sensitive to AgNPs than cells with low FN1 expression. 

We then selected a panel of FN1high (CALU1, SKLU1) and FN1low (H358, PC9) non-small 

cell lung cancers (NSCLC) for further investigation and verified their FN1 protein 

expression by western blot (figure 1E).  

We previously observed that AgNPs were highly cytotoxic to TNBC cells at doses 

that did not disrupt the homeostasis of normal breast epithelial cells [32]. In contrast, we 

found that doxorubicin, a widely used chemotherapeutic, was more cytotoxic to normal 

breast cells than to some mesenchymal or epithelial TNBC cells. Therefore, we asked if 

AgNPs offered greater selectively for FN1high cancers compared to other current or 

experimental treatments. We also included normal lung epithelial cells (HBEC3-KT) and 

normal lung fibroblasts (MRC9) in our panel. Following treatment to cisplatin for 72 hours, 

SKLU1 and CALU1 cells were significantly less sensitive to cisplatin than H358 and PC9 

cells (figures 1F & 1G). This is consistent with previous studies that suggest that FN1 

expression is associated with resistance to cisplatin [22]. In addition, cisplatin was highly 

cytotoxic towards both non-cancerous cell lines. In contrast, the IC50s for AgNP treatment 
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of MRC9 and HBEC3-KT cells were approximately 6 to 10-fold greater than the IC50s for 

FN1high SKLU1 and CALU1 cells (figures 1H & 1I). However, MRC9 and HBEC3-KT 

cells were somewhat more sensitive to AgNPs compared to FN1low PC9 and H358 cells 

(figures 1H & 1I), which emphasizes the need for careful selection of cancers that are most 

likely to respond to AgNPs. 
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AgNP sensitive cells do not exhibit differences in the uptake or trafficking of AgNPs, nor 

in sensitivity to silver ion when compared to AgNP tolerant cells 

We sought to determine if the difference between the sensitivity of FN1high cancer 

cells to AgNPs and the tolerance of FN1low cancers and non-malignant cell lines to AgNPs 

was due to increased uptake or differences in trafficking of AgNPs among these groups. 

To investigate this, we performed inductively coupled plasma mass spectrometry (ICP-

MS) analysis to quantify the silver content in the panel 24 h after exposure to AgNPs. We 

found that there was no significant correlation between the amount of total silver associated 

with the cells and in the IC50 following exposure to AgNPs (figure 2A, B). We imaged 

AgNP-treated cells 6 hours after exposure using transmission electron microscopy (TEM). 

AgNPs were found almost exclusively in endo/lysosomal compartments in both CALU1 

and PC9 cells, indicating that particles are internalized and trafficked similarly in AgNP-

sensitive and AgNP-tolerant cell lines (figure 2C, D).  

Silver cation (Ag+) is toxic to cells, and release of Ag+ is believed to contribute to 

the cytotoxicity of AgNPs [36].  To determine if AgNPs were more cytotoxic to FN1high 

Figure 1. AgNPs are more selective than cisplatin for FN1high lung cancer cell lines. For all 

studies, non-malignant cells are shown in dark grey/black, FN1high cancers in red, and FN1low 

cancers in blue. (A) mRNA expression data in RPKM obtained from the CCLE were plotted for 

lung cancer cell lines used in this study. (B) Cells were exposed to AgNPs for 72 hours and 

viability was assessed by MTT assay. (C) IC50 was determined using GraphPad Prism. (D) 

mRNA expression of FN1 was plotted against AgNP IC50. (E) FN1 protein expression was 

determined by western blot in a panel of lung cancer cell lines. (F) Cells were exposed to 

cisplatin for 72 hours and viability was assessed by MTT assay. (G) IC50 was determined using 

GraphPad Prism. (H) Noncancerous lung cells were exposed to AgNPs for 72 hours and viability 

was assessed by MTT assay. Lung cancer data is representative of data in B. (I) IC50 was 

determined using GraphPad Prism. Data used to calculate IC50s is were obtained from 6 technical 

replicates per dose and 3-6 independent experiments (biological replicates for each cell line. 

Statistical analysis was performed by two-way ANOVA and post-hoc Tukey Test. Significant 

differences are indicated (**p<0.01; ***p<0.001; p<0.0001; ****p<0.00001). The Pearson’s 

correlation coefficient (r) was calculated for data in D and was determined to be significant for 

p<0.05 as shown. Results shown in E was obtained from two independent experiments. 



  

 

103 
 

cancer cells than to FN1low cancer cells and non-malignant cell lines due to greater 

sensitivity to Ag+, cells were exposed to Ag+ (in the form of silver nitrate) for 72 hours, 

and IC50 was determined for each cell line (figure 2E).  There was not a significant 

correlation between the IC50s for AgNPs and Ag+ (figure 2F). Thus, unlike intact AgNPs, 

treatment with Ag+ did not separate the cell lines into distinct groups with different 

sensitivities to Ag+. This is in agreement with our previous experiments in which we 

observed that AgNP sensitive MDA-MB-231 TNBC cells and AgNP tolerant MCF-10A 

breast epithelial cells exhibited similar sensitivity to Ag+ despite the fact that MDA-MB-

231 cells were greater than 10-fold more sensitive to AgNPs than MCF-10A cells [32]. 

Furthermore, in chapter 2 we verify that Ag+ and AgNPs are mechanistically distinct. 

Taken together, these data suggest that the selective cytotoxicity of AgNPs for a subset of 

cancers is not due to enhanced sensitivity to Ag+, increased uptake of AgNPs, or differences 

in trafficking of the nanoparticles between cells with a low AgNP IC50 and those with a 

high IC50. 
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AgNPs induce protein oxidation and protein aggregation in FN1high lung cancers 

Figure 2. Increased sensitivity to AgNPs is not due differences in AgNP uptake, trafficking, or 
sensitivity to silver ion (Ag+). For all studies, non-malignant cells are shown in dark grey/black, 

FN1high cancers in red, and FN1low cancers in blue. (A) Uptake of 25 nm AgNPs was quantified 

by ICP-MS from 3 independent biological replicates per cell line and (B) plotted versus AgNP 

IC50. Localization of AgNPs was imaged by TEM in cells that were exposed to AgNPs (250 

µg/ml) for 1 h, washed to remove unbound AgNPs, then incubated 5 additional hours to allow 

for uptake and trafficking. AgNPs primarily localized to endosomes following uptake by both 

(C) PC9 cells and (D) CALU1 cells. Images were acquired at 49000X magnification. Scale bar 

equals 100 nm. (E) Cells were exposed to Ag+ (in the form of AgNO3) for 72 h and then viability 

was assessed by MTT assay and IC50 was calculated. Data was obtained from 6 technical 

replicates per dose and 3 independent experiments (biological replicates) for each cell line. (F) 

IC50 for AgNPs as calculated in figure 1 was plotted versus IC50 for Ag+ for each cell line. Data 

in A and E are plotted as the mean IC50 ± SEM determined from 3 independent experiments.  

Statistical analysis was performed by two-way ANOVA and post-hoc Tukey Test. The Pearson’s 

correlation coefficient (r) was calculated for data in B and F and was determined not to be 

significant for p>0.05 as shown. 
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To understand further the mechanism accounting for differences in sensitivity to 

AgNPs, we quantified the impact of AgNP exposure on the oxidation state of proteins in 

AgNP treated cells. Protein sulfenic acids (-SOH) are formed when cysteine thiols react 

with reactive oxygen species, metal ions, or other oxidants. We used a recently developed 

probe, DCP-NEt2-Coumarin (DCP-NEt2C) [35], to image mitochondrial protein 

sulfenylation as a global indicator of intracellular protein oxidation in AgNP treated cells. 

Following AgNP exposure, there was a dose dependent increase in protein oxidation in 

FN1high SKLU1 and CALU1 cells. In contrast, there was a small, but significant decrease 

in protein oxidation in H358 and PC9 cells, indicating that there might be compensatory 

antioxidant activity in these cells (figure 3A). When AgNP treated cells were stained with 

Proteostat, a dye that fluoresces when intercalated into hydrophobic pockets of protein 

aggregates, a dose dependent increase in protein aggregation was observed in AgNP 

sensitive FN1high SKLU1 and CALU1 cells but not in AgNP tolerant FN1low PC9 and H358 

cells (figure 3B).  
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AgNPs induce irremediable ER stress in FN1high lung cancers 

  The accumulation of misfolded and aggregated proteins can cause proteotoxic and 

ER stress, and activate UPR signaling to alleviate stress or initiate apoptosis if the damage 

is deemed irremediable [37]. ER stress sensors that initiate UPR signaling include protein 

Figure 3. AgNPs induce protein oxidation and aggregation in FN1high lung cancers. (A) Cells 

were exposed to AgNPs for 24 h and protein oxidation was evaluated by flow cytometry. 

Results are from 3-6 experimental replicates. Statistical analysis was performed by two-way 

ANOVA followed by post-hoc Tukey test. Significant differences are indicated (**p<0.01 and 
***p<0.001). Data are representative of a minimum of two independent experiments. (B) Cells 

were exposed to AgNPs for 24h and protein aggregation was measured by confocal 

microscopy. Results are representative images from at least two experiments.   
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kinase RNA-like endoplasmic reticulum kinase (PERK) and inositol-requiring enzyme 1α 

(IRE-1α). Following AgNP exposure, there was increased activation of PERK and IRE1 

pathways in AgNP-treated SKLU1 and CALU1 cells as indicated by the phosphorylation 

of eIF2α and JNK (figure 4). This induction of ER stress was both dose and time dependent 

(supplementary figure S2). We also found evidence of apoptosis including increased 

CHOP (CCAAT-enhancer-binding protein homologous protein) expression and decreased 

levels of full-length caspases 3, 7, 9 indicative of caspase cleavage in AgNP-treated 

SKLU1 and CALU1 cells. However, we did not observe an increase in ER stress signaling 

or indications of apoptosis in AgNP treated H358 and PC9 cell lines.  

Consistent with AgNP sensitive cancers being sensitive to proteotoxic and ER 

stress in general, we observed that AgNP sensitive SKLU1, CALU1 were more sensitive 

to the ER stress inducer thapsigargin than AgNP tolerant H358, PC9 (supplementary 

figure S3). Together, these data suggest that AgNP induce protein oxidation, aggregation 

and irremediable ER stress in FN1high lung cancers. 



  

 

108 
 

 

 

Knockdown of fibronectin alleviates sensitivity to AgNP induced ER stress 

 Increased production and secretion of ECM proteins (including FN1) and other 

large proteins is associated with susceptibility to ER stress inducers in cancer [18].  In 

addition to FN1, examination of mRNA expression data from the CCLE showed that AgNP 

sensitive lung cancers exhibited higher expression of other large secreted proteins 

compared to AgNP tolerant cancers (Supplemental Figure 3). To determine if the burden 

of large protein synthesis contributed to the sensitivity of AgNP induced ER stress, we 

stably knocked down FN1 in SKLU1 cells using shRNA (figure 5A). Following 

knockdown of FN1, SKLU1 cells were less sensitive to AgNPs, with a 10-fold increase in 

Figure 4. AgNPs induce irremediable ER stress in FN1high lung cancers. Cells were treated 

with 18.25, 37.5 and 75 μg/mL AgNPs (Ag) or untreated for 24 h. Protein expression was 

evaluated by western blotting, as described in the Methods. Results are from one representative 

experiment from at least two others.  
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IC50 compared to parental cells or mCherry-transfected controls (figure 5B, C). 

Additionally, AgNPs did not induce UPR signaling in SKLU1-shFN1 cells, but p-eIF2α 

and CHOP expression increased in AgNP-treated SKLU-mCherry control cells (figure 

6D).  

Taken together, these data imply that elevated expression of FN1 and possibly other 

large secreted protein contributes to the underlying sensitivity to AgNPs.  
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III.5 DISCUSSION  

Previous observational evidence indicates that some nanomaterials are cytotoxic to 

certain cancers without being cytotoxic to non-cancer cells [38, 39], but no causal 

relationship between gene expression and AgNP was previously known. We observed that 

AgNPs were cytotoxic to lung cancers that exhibit high expression of FN1, including 

cancers with inherent resistance to cisplatin, but similar doses of AgNPs had no effect on 

non-malignant lung cells. This indicated that for well-selected cancers, AgNPs may offer 

an advantage over current standard of care treatments. Therefore, we sought to understand 

the molecular mechanisms responsible for the selectivity of AgNPs for this subset of 

cancers. We found the burden of synthesizing fibronectin caused the sensitivity of these 

cells to AgNP-induced protein oxidation and aggregation, which activated unfolded protein 

response signaling beyond the tolerable stress limit, resulting in cell death. Additionally, 

knockdown of FN1 reduced sensitivity to AgNPs. An earlier study also implicated 

synthesis of ECM proteins as causal in sensitivity of breast cancers to proteotoxic and ER 

stressors [18]. Our research builds upon this and demonstrates that sensitivity to AgNPs 

induced proteotoxic and ER stress is a shared, and exploitable vulnerability of lung cancer 

cells that highly synthesize ECM proteins. 

Figure 5. Knockdown of FN1 reduces AgNP induced proteotoxicity. For all studies, FN1high 

cancers are shown in red, and FN1low cancers are shown in blue. (A) FN1 was knocked down 

in SKLU1 cells using a lentivirus containing a FN1-targeting shRNA and verified by western 

blot. SKLU1-mCherry cells were generated as a control. (B) SKLU1-parent, SKLU1-mCherry, 

and SKLU1-shFN1 cells were exposed to AgNPs for 72 hours, cell viability was quantified by 

MTT assay. (C) IC50 was determined using GraphPad Prism. (D). SKLU1-mCherry and 

Knockdown of FN1 reduces AgNP induced proteotoxicity SKLU1-shFN1 cells were treated 

with 18.25, 37.5 and 75 μg/mL AgNPs (Ag) or untreated for 24 h and UPR signaling was 

evaluated by western blot. Results shown in B and D are representative images from at least 

two independent experiments. Data in C are plotted as the mean IC50 ± SEM determined from 

obtained 3 independent experiments (biological replicates) from 6 technical replicates per dose 

for each cell line. Statistical analysis was performed by two-way ANOVA and post-hoc Tukey 

Test. Significant differences are indicated (***p<0.001). 
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UPR signaling is frequently upregulated in cancer cells, enabling cells to withstand 

stress induced by chemotherapy, including reactive oxygen species generation, hypoxia, 

and nutrient deprivation [40]. Protective UPR signaling works to increase protein folding 

capacity and upregulate anti-apoptotic and multidrug resistance proteins [10, 18, 41], and 

is clinically observed in breast cancer patients who develop resistance to tamoxifen [42]. 

However, use of the UPR as a protective mechanism comes with risk [43]. Therapeutics 

like AgNPs that increase protein oxidation and aggregation, and further upregulate UPR 

signaling push cancers beyond the tolerable stress limit, resulting in cell death. Cells that 

do not exhibit this dependence on UPR are unaffected. Consistent with this, we found that 

AgNPs induced pro-apoptotic UPR signaling in AgNP sensitive cells. Knockdown of FN1 

reduced the overall protein synthesis burden on the ER and conferred protection to cells 

from AgNP induced, irremediable ER stress. Our data show that AgNPs may be a more 

specific inducer of proteotoxic stress in well-selected cancers. 

Currently, there are no ER stress inducers used clinically as a primary form of 

treatment for lung cancer. Although multiple drugs have been proposed for clinical use, 

none have progressed to clinical trials due to the underlying severe off-target toxicities. 

While there is great effort to reformulate such drugs, such as thapsigargin, to be more 

specific to cancer cells, these studies are still in early stages and have not been assessed for 

the treatment of lung cancer [24, 25]. Here we show that the toxic effects of AgNPs are 

highly specific to cancer cells. Consistent with this, when treated with AgNP doses that 

were equivalent to IC50 and IC75 doses of the cancerous cell lines, viability of the non-

cancerous cell lines remained 80% and above. Conversely, current standard of care 



  

 

112 
 

therapies cisplatin lacked the specificity necessary to provide a large window of 

opportunity to limit off target effects. 

Although not addressed directly in this work, induction of UPR has been associated 

with resistance to epidermal growth factor receptor (EGFR) – tyrosine kinase inhibitors 

(TKIs). This represents a challenging group of patients with disease reoccurrence typically 

observed within 12 to 14 months of treatment. Therefore, targeting UPR signaling through 

AgNP treatment may be an effective way to treat EGFR-TKI resistant cancers and would 

be a significant finding. Consistent with this, H1975 and H1650 cell lines both exhibit 

mutations associated with resistance to EGFR-TKIs. H1975 cells have the T790M 

mutation found in the majority of patients who develop treatment-induced resistance to 

EGFR-TKIs [44], and H1650 cells have a PTEN deletion, which is known to change 

sensitivity to EGFR-TKIs [45]. These cell lines exhibit the FN1high phenotype and are 

highly sensitive to AgNP treatment. However, future studies are necessary to fully 

determine if AgNPs are effective in general for EGFR-TKI resistant lung cancers.  

III.6 CONCLUSIONS 

Cancer is a heterogeneous disease for which no single treatment is effective in all 

patients. Molecular characterization of tumors greatly increases understanding of cancer 

biology and enables development of modern precision therapeutics that exploit 

vulnerabilities specific to an individual’s type of cancer, but there are a dearth of treatments 

that fulfill this paradigm. We found that lung cancers that were sensitive to AgNP treatment 

exhibited elevated synthesis of fibronectin and other large secreted proteins. The burden of 

synthesizing large amounts of secreted proteins like fibronectin, increased the sensitivity 

of these cells to AgNP-induced protein oxidation and aggregation, which activated 
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unfolded protein response signaling beyond the tolerable stress limit, resulting in cell death. 

Aggressive and drug-resistant cancers often exhibit a mesenchymal-like phenotype with 

elevated fibronectin expression, and development of treatments based on AgNPs, or other 

agents with a similar mechanism of action, would be a major benefit for this poor outcome 

group. 
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III.8 SUPPLEMENTARY DATA 

 

 

  

Supplementary Figure S1. FN1
high

 lung cancers are susceptible to ER stress. FN1
high

 lung 

cancers are shown in red, and FN1
low

 lung cancers are shown in blue. Cells were exposed to 

thapsigargin for 72 h and viability was assessed by MTT assay. Data are displayed as the 

mean ± SD of 4-6 technical replicates per dose and are representative of 3 independent 

experiments.  
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Supplementary Figure S2. AgNPs induce ER stress in a dose and time dependent manner. 

FN1
high

 lung cancer cells were treated with 18.25, 37.5 and 75 μg/mL AgNPs or untreated for 3 

and 24 h. Protein expression was evaluated by western blot. 3-hour treatment of 1 μM 

Thapsigargin (TPG) was used as a positive control. Results are representative of a minimum of 

two independent experiments. 
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Supplementary Figure S3. AgNP sensitive lung cancers highly express mRNA for large 

secreted proteins. Figures show mRNA expression data obtained from the CCLE for ECM and 

other large secreted proteins upregulated in AgNP sensitive (red) compared to AgNP tolerant 

(blue) lung cancer cell lines. 
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Cell Line Media Formulation 

CALU1 

RPMI supplemented with penicillin (250 units/mL), 

streptomycin (250 μg/mL),2 mmol/L L‐glutamine, and 10% fetal bovine 

serum 

H1650 

RPMI supplemented with penicillin (250 units/mL), 

streptomycin (250 μg/mL),2 mmol/L L‐glutamine, and 10% fetal bovine 

serum 

H1975 

RPMI supplemented with penicillin (250 units/mL), 

streptomycin (250 μg/mL),2 mmol/L L‐glutamine, and 10% fetal bovine 

serum 

H2030 

RPMI supplemented with penicillin (250 units/mL), 

streptomycin (250 μg/mL),2 mmol/L L‐glutamine, and 10% fetal bovine 

serum 

H358 
RPMI supplemented with penicillin (250 units/mL), streptomycin 

(250 μg/mL),2 mmol/L L‐glutamine, and 10% fetal bovine serum 

HBEC3-KT 

Airway Epithelial Cell Basal Medium (ATCC PCS-300-030) 

supplemented with Bronchial Epithelial Cell Growth Kit (ATCC PCS-

300-040) 

MRC9 

EMEM supplemented with penicillin (250 units/mL), 

streptomycin (250 μg/mL),2 mmol/L L‐glutamine, and 10% fetal bovine 

serum 

PC9 
RPMI supplemented with penicillin (250 units/mL), streptomycin 

(250 μg/mL),2 mmol/L L‐glutamine, and 10% fetal bovine serum 

SKLU1 

EMEM supplemented with penicillin (250 units/mL), 

streptomycin (250 μg/mL),2 mmol/L L‐glutamine, and 10% fetal bovine 

serum 

 

  

Supplementary Table S1. Description of cell culture media used to grow various cell lines 

described in this work. 
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IV.1 ABSTRACT 

Resistance to EGFR-tyrosine kinase inhibitors (TKIs) is typically observed in non-small 

cell lung cancer (NSCLC) patients within 12-14 months of treatment. Therefore, 

developing new drugs for those who develop resistance or do not respond is increasingly 

important. We show that silver nanoparticles (AgNPs) are cytotoxic towards lung cancers 

that are inherently resistant to EGFR-TKIs and lung cancers that have developed resistance 

through prolonged exposure. These cancers also exhibited an EMT phenotype, highly 

expressing EMT transcription factor ZEB1. However, we determined that ZEB1 was not 

essential for sensitivity to AgNPs, although ZEB1 did drive resistance to EGFR-TKIs. 

Mechanistically, we show that AgNPs induced lipid peroxidation in EGFR-TKI resistant 

lung cancers, but this was not causal in cell death. We previously showed that knockdown 

of fibronectin reduced sensitivity to AgNPs, however in this work we establish that this 

does not affect sensitivity to EGFR-TKIs, indicating that the mechanisms responsible for 

AgNP sensitivity and EGFR-TKI resistance may arise together, but were independent of 

each other. This work provides the rationale for the development of AgNPs for the 

treatment of EGFR-TKI resistant lung cancer.  
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IV.2 INTRODUCTION 

Lung cancer is the leading cause of cancer related deaths worldwide and accounts 

for more deaths than breast, prostate, and colon cancer combined [1]. In 2021 alone, the 

American Cancer Society estimates that there will be 235,760 new cases of lung cancer 

and 131,880 lung cancer related deaths. The majority of patients are diagnosed with late 

stage disease, as symptoms typically do not occur until large tumors or metastatic disease 

is present [2, 3].  These patients experience dismal 5-year survival rates of 15%, as systemic 

therapy is their only option [4]. Non-small-cell lung cancer (NSCLC) accounts for 85% of 

all lung cancers, and due to recent advances in genetic screening, targeted therapies have 

been developed. In NSCLC, over activating mutations in epidermal growth factor receptor 

(EGFR) is present in about 43 to 89% of all cases and has been implicated in the 

pathogenesis of this disease [5, 6]. EGFR is a member of the erbB family of tyrosine 

kinases, and its activation promotes cell growth and survival. Erlotinib and gefitinib are 

first generation EGFR tyrosine kinase inhibitors (EGFR-TKIs) that compete with ATP to 

bind the intracellular kinase domain and inhibit autophosphorylation and activation of 

downstream signaling [7]. Previous studies had identified tumors with activating mutations 

in EGFR were highly sensitive to erlotinib or gefitinib treatment [8-11]. Therefore, lung 

cancer patients with activating EGFR mutations are now given EGFR-TKIs as a first line 

of treatment [12, 13]. Additionally, it has been indicated as a second- or third-line treatment 

for patients with wildtype EGFR that have progressed after first or second line 

chemotherapy [14, 15]. However, we are still unable to distinguish patients that will 

respond from those that will not. Furthermore, patients that initially respond to first 

generation EGFR-TKIs eventually develop resistance and experience disease recurrence 
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within 12-14 months of treatment [16, 17]. Because of this, great strides have been made 

to develop second and third generation EGFR-TKIs that may be used sequentially to extend 

patient lifespan and reduce disease recurrence. Like erlotinib and gefitinib, these drugs do 

not cure their cancer, as resistance to second and third generation EGFR-TKIs is inevitable 

[18]. Therefore, identifying specific vulnerabilities of EGFR-TKI resistant cancers and the 

development of new therapeutics that target these vulnerabilities is necessary in order to 

treat this disease.  

Sensitivity to lipid peroxidation was identified as a specific vulnerability of cancer 

cells with inherent resistance to EGFR-TKIs and other tyrosine kinase inhibitors, and by 

therapy-induced persister cells, which resist conventional chemotherapy, targeted therapy, 

and immunotherapy [19, 20]. The accumulation of lipid peroxides is a hallmark of a form 

of programmed cell death called ferroptosis, which involves iron-catalyzed generation of 

free radicals that cause catastrophic oxidation of phospholipids [21, 22]. A subset of 

cancers exhibit intrinsic susceptibility to ferroptosis [23, 24], and others become sensitive 

to ferroptosis following the development of resistance to first line treatments [19, 20]. 

However, translation of ferroptosis inducers have been hampered due to significant off 

target, dose limiting toxicity [25]. 

In addition to its role in metastatic spread, the epithelial to mesenchymal transition 

(EMT) transcriptional program contributes to inherent and acquired resistance to EGFR-

TKIs [26-28]. Multiple transcription factors including Snail1/2, Twist1/2, and zinc finger 

e-box binding protein (ZEB1/2) drive the EMT program. ZEB1 specifically drives 

resistance to EGFR-TKIs in preclinical models, and increased ZEB1 expression is 

observed in patient samples following development of resistance to EGFR-TKIs [26]. 
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Although the EMT program is protective against EGFR-TKIs and other cancer treatments, 

it also exposes new vulnerabilities. Breast cancer cells that have undergone irreversible 

epithelial to mesenchymal transition exhibit increased synthesis and secretion of 

extracellular matrix (ECM) proteins including fibronectin and collagen and are reported to 

be sensitive to agents that induce endoplasmic reticulum (ER) stress due to the burden of 

ECM production [29]. Additionally, ZEB1 expression is significantly correlated with 

sensitivity of cancer cells to agents that induce ferroptosis [20]. It is possible that the protein 

misfolding observed following AgNP treatment may be due to oxidative damange to lipid 

membranes. It is not yet known if acquired EGFR-TKI resistant cancers are more 

susceptible than other cancers or normal cells to lipid peroxidation or ER stress caused by 

exposure to nanomaterials. 

Lung cancers that are inherently resistant, or have developed resistance to EGFR-

TKIs lack targeted treatment options. Therefore, identifying new drugs for this population 

is increasingly important. AgNPs have broad biomedical relevance due to their 

antibacterial properties, and are studied extensively for cancer therapy.  In this work, we 

evaluate the role of EMT and ferroptosis in resistance to EGFR-TKIs and sensitivity to 

AgNPs. Our research sheds light on molecular vulnerabilities of EGFR-TKI resistant lung 

cancers that may be exploited clinically by AgNPs or other therapies to treat treatment-

refractory patients. 

IV.3 MATERIAL AND METHODS 

Silver Nanoparticles: 25 nm in diameter spherical AgNPs stabilized with 

polyvinylpyrrolidone (PVP) were purchased as dried powders from nanoComposix, Inc 

(San Diego, CA, USA). Nanoparticles were dispersed in phosphate buffered saline, pH 7.4, 
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without calcium or magnesium (PBS) (Invitrogen, Carlsbad, CA, USA), at a concentration 

of 5 mg/mL based upon the mass of silver contained in the nanoparticles by bath sonication, 

and then were diluted in cell culture medium to the final concentration listed in the figures 

prior to addition to the wells containing cells. The physicochemical properties of this 

material previously were characterized [30]. 

Cell Culture: All cell lines were purchased from the ATCC (Manassas, VA, USA) and low 

passage stocks were stored in liquid nitrogen and maintained by the Wake Forest 

Comprehensive Cancer Center Cell Engineering Shared Resource. Cell lines and growth 

media are listed in supplementary table 1. All cells were verified to be free from 

mycoplasma contamination by routine testing using the MycoAlert Mycoplasma Detection 

Kit (Lonza, Morristown, NJ, USA). Cells were passaged and medium was changed twice 

weekly. Cell monolayers were grown on tissue culture treated plastics purchased from 

Corning Life Sciences (Corning, NY, USA) or on glass coverslips (Warner Instruments 

Corporation, Hamden, CT, USA). For fluorescence imaging studies, cells were grown 8-

well chamber slides (EMD Millipore, Burlington, MA, USA).  Cells were maintained in 

culture for no longer than 4 months before new cultures were established from low-passage 

frozen stocks. 

Induced resistance to EGFR-TKIs: PC9 and H358 cells were exposed to gefitinib or 

erlotinib containing media starting at 3 nM and gradually increasing to 20 µM over the 

course of 3 months.  

mRNA expression: Expression data for specific mRNAs were obtained by mining the 

publically available Broad-Novartis Cancer Cell Line Encyclopedia (CCLE) which can be 

accessed here: 
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 https://portals.broadinstitute.org/ccle.  

MTT assay: Cells were seeded on 96 well plates at a density of 3500-5,000 cells per well 

(depending upon cell line) in 100 µL of complete media, recovered for 24 h, and then were 

exposed to AgNPs, erlotinib (Cayman Chemical, Ann Arbor, MI, USA), gefitinib (Cayman 

Chemical), cisplatin (Cayman Chemical), RSL3 (Cayman Chemical), in 100 µL of 

complete media containing doses of each drug listed in the figures. After 72 h, media 

containing AgNPs or EGFR-TKIs were replaced with 200 µL of media containing 0.5 

mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma-

Aldrich) and incubated for 1 h at 37°C. Media was removed, and cells were lysed in 200 

µL of DMSO and absorbance read using a Molecular Devices (San Jose, CA, USA) Emax 

Precision Microplate Reader at 560 nm and corrected for background at 650 nm.   

Western Blots: Cells were plated on 6 cm dishes at a density of 1 x 106 cells in 4 mL of 

complete medium. Cells were allowed to recover for 48 h and then were exposed to AgNPs 

for 6 or 24 h at 37°C. Medium was removed and cells were washed twice with ice cold 

PBS before lysis using Mammalian Protein Extraction Reagent (Thermo Fisher Scientific, 

Waltham, MA, USA) supplemented with 1% Halt Protease & Phosphatase Inhibitor 

Cocktail (Thermo Fisher Scientific). Protein concentration was determined for each sample 

using a Pierce bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific) 

according to manufacturer’s instructions. Proteins were size fractionated by gel 

electrophoresis and then transferred to a nitrocellulose membrane (Thermo Fisher 

Scientific). Nonspecific binding was blocked by incubation for 30 minutes at room 

temperature with tris-buffered saline containing 0.1% Tween-20 and either 5% blotting 

grade blocker (Bio-Rad) or 5% bovine serum albumin (BSA; Sigma-Aldrich). Membranes 
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were incubated overnight at 4°C with 1:1000 dilutions of primary antibodies ZEB1 (3396), 

CDH1 (3195), VIM, GAPDH (2118), β-actin (4970) purchased from Cell Signaling 

Technologies (Danvers, MA, USA), and FN1 (610078) was purchased from BD 

Biosciences (San Jose, CA, USA), ACSL4  (sc-271800) was purchased from Santa Cruz 

Biotechnology (Dallas, TX, USA), and ESRP1 (HPA023719) was purchased from Sigma-

Aldrich, washed, and then incubated with anti-rabbit (Cell Signaling Technologies)or anti-

mouse (Cell Signaling Technologies) horseradish peroxidase (HRP)-conjugated secondary 

antibodies; (diluted 1:1000) for 1 hour at room temperature. Immunoreactive products were 

visualized by chemiluminescence (SuperSignal Femto West, Thermo Fisher Scientific).   

Lipid Peroxidation Assays: Cells were grown on 8-well coverslip-bottom chamber slides 

at a density of 30,000 cells per well in 400 uL of complete medium. Cells were allowed to 

recover for 48 h and then were exposed to AgNPs for 24 h at 37°C. Medium was removed 

and 10 µM dye (Liperfluo, Dojindo Molecular Technologies) diluted in live cell imaging 

solution (Molecular Probes) was added for 30 minutes and then replaced with live cell 

imaging solution (Molecular Probes). Fluorescence was measured using an Olympus 

FV1200 spectral laser scanning confocal microscope and BD FACS Canto II Analyzer.  

Adenovirus mediated transfection: Replication deficient, recombinant adenoviruses co-

expressing ZEB1 and GFP (Ad-GFP-h-ZEB1) or were purchased as ready-made vectors 

from Vector Biolabs, Malvern, PA.  The concentration of adenovirus particles was 

estimated based upon spectroscopic absorbance at 260 nm. Cells were transfected in 10 cm 

dishes at increasing multiplicities of infection (MOI; 0 to 500) based upon the adenovirus 

to plated cell ratio. After 48 h, cells were trypsinized and lysates were collected for western 

blot analysis, or cells were replated into 96 well plates at a density of 5000 cells/well. The 
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following day, transfection efficiency was estimated by fluorescence imaging using an 

IncuCyte Zoom live cell imaging system (Essen Biosciences). Cells were then exposed to 

AgNPs and viability was quantified 72 h later by MTT assay as described above.  

Lentivirus mediated transfection: A recombinant lentivirus plasmid transfer vector co-

expressing human ZEB1 mRNA and RFP was prepared by Applied Biological Materials 

Inc, Richmond, BC, Canada. Briefly the ZEB1 DNA sequence was reverse transcribed 

from ZEB1 mRNA (NCBI Accession #: NM_001128128) and was cloned into a lentivirus 

transfer vector (pLenti-GIII-CMV-RFP-2A-Puro). A recombinant lentivirus plasmid 

transfer vector expressing shRNA directed against human fibronectin was prepared by 

Sigma Aldrich (product# TRCN0000293840). The lentivirus transfer plasmids were co-

transfected with plasmid vectors expressing vial envelop (VSV-G) and viral replication 

genes into 293-T cells by the Wake Forest Comprehensive Cancer Center Cell Engineering 

Shared Resource. Viral supernatant was clarified and stored at -80 °C until ready for use.  

For selection of stably transduced cells, each cell line was cultured in 6 well dishes at 50% 

confluence and transfected overnight in 1 ml of viral supernatant mixed with 1 ml of the 

appropriate complete media. Fresh media was added and cells were allowed to recover for 

an additional day. Transduced cells were selected by antibiotic resistance (2 µg/ml 

puromycin) for two weeks. The desired phenotype was validated by western blot and 

fluorescence imaging as described above. 

Statistical Analysis: Analysis was performed as described in the figure legends using 

GraphPad Prism 8.0 software. Number of technical and biological replicates used for each 

experiment is included in the figure legends. 

IV.4 RESULTS 
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Lung cancer cell lines that are inherently resistant to EGFR-TKIs are sensitive to silver 

nanoparticles 

To assess the sensitivity of lung cancer cell lines to first generation EGFR-TKIs we 

selected a panel of NSCLC cell lines with wild type (CALU1, SKLU1, NCI-H358, H2030, 

H727) and mutant EGFR (PC9, H1975, H1650). The cells were exposed to erlotinib or 

gefitinib for 72 hours and cell viability was assessed (figure 1A, B). We found that that 

was an inverse relationship between AgNP sensitivity (as determined in chapter 3) and 

EGFR-TKI resistance; whereas, AgNP sensitive cells, shown in red, were inherently 

resistant to EGFR-TKI treatment and AgNP tolerant cells, shown in blue, tended to be 

highly sensitive to EGFR-TKI treatment (figure 1C, D). Additionally, EGFR-TKI 

treatment was highly cytotoxic to normal lung epithelial cells (HBEC3-KT) with an IC50 

less than 1 μM but normal lung fibroblasts (MRC9) were tolerant with an IC50 greater than 

5 μM (Supplemental Figure S1). Clinically, resistance to EGFR-TKIs is an almost certain 

and difficult barrier to overcome, and patients who do not initially respond to EGFR-TKIs 

lack targeted options. Thus, this data supports that silver nanoparticles are an effective 

treatment for lung cancer cell lines that are inherently resistant to EGFR-TKIs. 
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ZEB1 correlates with AgNP sensitivity and resistance to EGFR-TKIs 

In chapter 3, we found that expression of FN1 is highly correlated and causal in 

sensitivity to AgNPs. Additionally, there was a significant correlation between FN1 

expression and erlotinib IC50 (Supplementary Figure S2); whereas cells that highly 

expressed FN1 exhibited less sensitivity to erlotinib. Therefore, we next wanted to assess 

whether there was a causal relationship between FN1 and sensitivity to EGFR-TKIs. 

SKLU1 and SKLU1shFN1 cells developed in chapter 3, were exposed to gefitinib and cell 

viability was assessed. Following knockdown of FN1, there was no significant difference 

Figure 1. AgNP sensitivity is inversely correlated to EGFR-TKI sensitivity. Cells were 

exposed to (A) erlotinib, and (B) gefitinib for 72 h and viability was assessed by MTT assay. 

IC50 was determined for (C) gefitinib and (D) erlotinib using GraphPad Prism and plotted 

against AgNP IC50 as determined in Chapter 3. The Pearson’s correlation coefficient (r) was 

calculated for data in C and D was determined to being significant as shown. 
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in sensitivity to EGFR-TKIs, implying that FN1 is not causal in sensitivity to EGFR-TKIs 

(figure 2A, B).  

 

 

Expression of ZEB1, a mesenchymal transcription factor, has been shown to be 

associated with resistance to EGFR-TKIs [26]. In agreement with this, there was a 

significant correlation between erlotinib IC50 and ZEB1 mRNA expression taken from the 

Broad-Novartis Cancer Cell Line Encyclopedia (CCLE) (figure 3A). ZEB1 

transcriptionally represses endothelial splicing regulatory protein 1 (ESRP1) and e-

cadherin (CDH1) [31, 32] and enhances vimentin (VIM) expression [33, 34]. Therefore, 

we sought to confirm ZEB1 and its downstream targets protein expression in a subset of 

our cell lines (figure 3B).  Consistent with our findings, EGFR-TKI resistant cell lines 

exhibited a mesenchymal phenotype.  

Figure 2. FN1 knockdown does not affect sensitivity to EGFR-TKIs. (A) SKLU1 and SKLU1 

shFN1 cells were exposed to gefitinib for 72 h. Viability was assessed by MTT assay. (B) IC50 

was determined using GraphPad Prism. Curves in A are displayed as the mean ± SD of 4 

technical replicates per dose and are representative of duplicate independent experiments. 

Data in B are plotted as the mean IC50 ± SEM determined from obtained 3 independent 

experiments from 6 technical replicates per dose for each cell line. Statistical analysis was 

performed by Student’s T-Test. 
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Silver nanoparticles induce lipid peroxidation in EGFR-TKI resistant lung cancer cell 

lines 

Sensitivity to ferroptosis has been proposed to be an exploitable vulnerability for 

ZEB1high and EGFR-TKI resistant cancers [19, 20]. We sought to confirm this in our lung 

cell panel using RSL-3, a selective inhibitor of glutathione peroxidase 4 (GPX4) that blocks 

the capacity of cells to reduce lipid peroxides and causes ferroptosis [35]. EGFR-TKI 

resistant SKLU1 and CALU1 cells were highly sensitive to GPX4 inhibition while PC9 

and H358 cells were not. Non-malignant HBEC3-KT and MRC9 cells were also sensitive 

to RSL-3 (figure 4A, B), indicating a lack of cancer specific activity. Because 

mesenchymal NSCLC cells were sensitive to both RSL-3 and AgNPs, we investigated 

whether AgNPs were inducing ferroptosis by assessing lipid peroxidation following AgNP 

treatment. Cells treated with AgNPs for 24 h were stained with Liperfluo, a fluorescent dye 

Figure 3. Cells that are resistant to EGFR-TKIs exhibit a ZEB1high EMT phenotype (A) 

mRNA expression data obtained from the CCLE for ZEB1 was plotted versus Erlotinib IC50 

in the 4 AgNP sensitive (red) and 4 tolerant (blue) lung cancer cells described in figure 1. (B) 

ZEB1, CDH1, and VIM protein expression was determined by western blot in the panel of 

mesenchymal (red) and epithelial (blue). The Pearson’s correlation coefficient (r) was 

calculated for data in A and B and was determined to be significant for p<0.05 as shown. 
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specific for lipid peroxides. In AgNP sensitive SKLU1 and CALU1 cells, there was 

increased lipid peroxidation in AgNP treated cells compared to vehicle, but little change in 

the AgNP-tolerant H358 and PC9 cells (figure 4C). Fluorescence imaging data was 

confirmed quantitatively by flow cytometry (figure 4D).  

To determine whether ferroptosis was causal in AgNP mediated cytotoxicity, we 

treated CALU1 cells with AgNPs and ferrostatin-1, a lipid peroxide scavenger that protects 

against ferroptosis. Ferrostatin-1 rescued CALU1 from ferroptosis induced by RSL-3 but 

was unable to rescue cells from AgNPs (figure 4E). These results indicate that ferroptosis 

is not likely to be a mechanism of cell death induced by AgNPs. 
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Figure 4. AgNPs induce non-ferroptotic lipid oxidation in EGFR-TKI resistant lung cancers. 

For all studies, EGFR-TKI resistant cancers are shown in red, EGFR-TKI sensitive cancers 

are shown in blue, and non-cancerous cells in grey. (A) Cells were exposed to RSL-3 for 72 

h and viability was assessed by MTT assay and (B) IC50 was assessed. To assess lipid 

peroxidation, cells were treated with AgNPs for 24 hr, stained with Liperfluo, and 

fluorescence measured using (C) confocal microscopy and (D) flow cytometry. (E) CALU1 

cells were co-treated with 6 μM or 10 μM of ferrostatin with 1 μM RSL3 or AgNPs for 24 h. 

Viability was assessed by MTT assay. Data in B are plotted as the mean IC50 ± SEM 

determined from 3 independent experiments. Results shown in C are representative images 

from three independent experiments. Data in D plotted as mean fluorescence ± SD of three to 

six independent experiments. Data in E are plotted as mean viability ± SEM of three 

independent experiments. Statistical analysis for all studies was performed by two-way 

ANOVA and post-hoc Tukey Test. Significant differences between treated cells and the 

relevant control are indicated (**p<0.01; ***p<0.001, ****p<0.0001).  
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ZEB1 is causal in EGFR-TKI resistance but not AgNP sensitivity 

We investigated the possibility that ZEB1 was not only predictive of sensitivity to 

EGFR-TKIs, but also played a functional role in that sensitivity. H358 cells with a ZEB1 

expressing lentivirus (figure 5A) were exposed to erlotinib and gefitinib for 72 h and cell 

viability was assessed. Following overexpression of ZEB1, H358 cells exhibited decreased 

sensitivity to EGFR-TKI treatment (figure 5B-E). We also assessed the functional role of 

ZEB1 in sensitivity to AgNPs. ZEB1 can prime cells to respond to EMT inducers like 

transforming growth factor β (TGF-β) [36]. To investigate this, H358 cells with a ZEB1 

expressing lentivirus were treated with increasing doses of TGF-β for 6 days (figure 5F). 

Neither TGF-β alone nor in combination with ZEB1 overexpression altered sensitivity to 

AgNPs (figure 5G). Next, we assessed whether transient ZEB1 overexpression affected 

AgNP sensitivity. ZEB1 low NCI-H358 cells were transfected with recombinant 

adenovirus expressing ZEB1 and green fluorescent protein (GFP). Increased expression of 

ZEB1 and decreased ESRP1 was verified by western blot and all cells expressed GFP 

indicating high transfection efficiency (figure 5H). However, overexpression of ZEB1 did 

not affect the sensitivity of H358s to AgNPs (figure 5I). In chapter 3, we show that FN1 

expression sensitizes cells to AgNP treatment. However, overexpressing ZEB1 in H358 

cells did not increase expression of FN1 (figure 4J), which may explain the lack of 

increased sensitivity to AgNP treatment. These data indicate that elevated expression of 

ZEB1 or other major transcription factors that drive EMT is not the causal in sensitivity to 

AgNPs, but is causal in resistance to EGFR-TKIs.   
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Acquired resistance to EGFR-TKIs in WT EGFR lung cancer cells does not sensitize cells 

to AgNPs 

We next asked whether inducing resistance through prolonged exposure to gefitinib 

or erlotinib containing culture media sensitized cells to AgNP treatment. H358 lung cancer 

cells (WT EGFR) were exposed to erlotinib or gefitinib culture media for 3 months. 

Resistance to erlotinib and gefitinib was confirmed with 3-4 fold increase in IC50 (figure 

6A-D). Additionally, these cell lines were also cross resistance, whereas, the H358-

erlotinib Resistant (ER) cells were resistant to gefitinib and the H358-gefitinib resistant 

(GR) cells were resistant to erlotinib. Resistant cells also exhibited an EMT phenotype with 

an increase in ZEB1 expression, and modest decrease in ESRP1 and CDH1 expression 

(figure 6E). However, following exposure to AgNPs, there was no significant change in 

IC50 (figure 6F, G). Additionally, we found that there was no increase in FN1 expression 

Figure 5. ZEB1 expression is causal in EGFR-TKI resistance but not AgNP sensitivity (A) 

ZEB1 was overexpressed using lentiviral mediated transfection in NCI-H358 cells. Cells 

were exposed to increasing doses of (B) erlotinib or (C) gefitinib for 72 hours. Viability was 

assessed by MTT assay and (D, E) IC50 was calculated. (F) NCI-H358 Cells were then 

treated with 1, 5, 10 ng/mL TGF-β or vehicle. Increased expression of ZEB1 and decreased 

expression of ESRP1 was confirmed by western blot. (G) NCI-H358 and NCI-H358ZEB1 

cells treated with TGF-β were exposed to increasing doses of AgNPs for 72 h. (H) NCI-

H358 cells using a recombinant adenovirus that co-expresses GFP (Ad-GFP-h-ZEB1). 

Increased expression of ZEB1 and decreased ESRP1 with increasing multiplicity of 

infection was verified by western blot. Transfection efficiency at MOI 250 as indicated by 

GFP expression was greater than 90%. An adenovirus with an empty expression cassette 

(Ad-Null) was used as a control. (I) NCI-H358 cells treated with Ad-GFP-h-ZEB1 

(AdZEB1) or Ad-Null at MOI-250 were exposed to increasing doses of AgNPs for 72 h. 

Viability was assessed by MTT assay. (J) FN1 expression was assessed in NCI-H358 and 

NCI-H358ZEB1 cells. SKLU1 cells were used as a positive control. Data in I were obtained 

from 4 technical replicates per dose and are representative of triplicate independent 

experiments. Data in G were obtained from 6 technical replicates per dose and are 

representative of duplicate experiments. Data in B and C were obtained from 6 technical 

replicates per dose and are representative of triplicate experiments. Statistical analysis was 

performed by Students T-Test. Significant differences are indicated (***p<0.001).  
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following resistance to EGFR-TKIs (figure 6H). Taken together, this data indicates that 

AgNPs may not be effective for WT EGFR cells that acquire resistance to EGFR-TKIs.  
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Acquired resistance to EGFR-TKIs in mutant EGFR lung cancer cells sensitizes cells to 

AgNPs through increase in FN1 

The majority of patients receiving EGFR-TKIs as a form of therapy have an 

activating mutation in EGFR, therefore, we wanted to assess whether induced resistance in 

this model affected sensitivity to EGFR-TKIs. PC9 lung cancer cells (mutant EGFR) were 

exposed to erlotinib or gefitinib containing media for 3 months. Following the three-month 

period, resistance was confirmed with an 80-120 fold increase in IC50 (figure 7A-D). 

Similar to H358s, PC9-erlotinib resistant (ER) and PC9-gefitinib resistant (GR) cells also 

developed cross resistance. Western blot analysis showed the resistant cells exhibited a 

significant change in phenotype with an increase in ZEB1 and VIM expression, and a 

complete loss of ESRP1 and CDH1 expression (figure 7E, Supplemental Figure S2). We 

next asked whether induced resistance to EGFR-TKIs sensitized mutant EGFR lung cancer 

cells to AgNPs. Following exposure to AgNPs for 72 hours, PC9-ER and GR cells 

exhibited a ~ 3-fold decrease in AgNP IC50 (figure 7F, G). Given the importance of FN1 

expression on AgNP sensitivity, we assessed whether induced resistance to EGFR-TKIs 

increased FN1 protein expression. Western blot analysis showed that both PC9-ER and 

Figure 6. Acquired resistance to EGFR-TKIs in cell lines with WT EGFR does not sensitize 

cells to AgNPs.  H358 lung cancer cells were exposed to erlotinib or gefitinib containing 

media for 3 months. Cells were then treated with (A) erlotinib for 72 hours and cell viability 

was assessed by MTT assay. (B) IC50 was determined using GraphPad Prism. (C) Cells 

were treated with gefitinib for 72 hours and cell viability was assessed by MTT assay. (D) 

IC50 was determined using GraphPad Prism. (E) Expression of ZEB1, CDH1, and ESRP1 

was assessed using western blot. (F) H358, H358-GR, and H358-ER cells were exposed to 

AgNPs for 72 hours and cell viability was assessed by MTT assay. (G) IC50 was determined 

using GraphPad Prism. (H) FN1 expression was assessed in NCI-H358 and NCI-H358-

ER/GR cells. SKLU1 cells were used as a positive control. Data in A-D and F-G were 

obtained from 6 technical replicates per dose and are representative of triplicate 

experiments. Statistical analysis was performed by two-way ANOVA. Significant 

differences are indicated (**p<0.01, ***p<0.001, ****p<0.0001).  
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PC-GR cells exhibited an increase in FN1 expression following resistance to EGFR-TKIs 

(figure 7H, I). Taken together this data supports that EGFR-TKI resistant lung cancers that 

harbor mutant EGFR may be sensitive to AgNP treatment due to increased FN1 expression.    
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IV.4 DISCUSSION 

Here we show that AgNPs are cytotoxic to NSCLCs that have inherent and acquired 

resistance to EGFR-TKIs. We found that EGFR-TKI resistant lung cancers are susceptible 

to ferroptotic cell death. However, while AgNPs induce lipid peroxidation in EGFR-TKI 

resistant lung cancers, ferroptosis is not the cell death mechanism. In addition, we show 

mechanisms to AgNP sensitivity and EGFR-TKI resistance can arise in parallel or 

independent of each other. We found increased FN1 expression is causal in sensitivity to 

AgNPs and may be a consequence of mechanisms that drive resistance to EGFR-TKIs. 

However, ZEB1 drives resistance to EGFR-TKIs but not sensitivity to AgNPs.    

In chapter 3, we found AgNP treatment induced ER stress in SKLU1 and CALU1 

cells and this was driven by the high expression of ECM proteins such as FN1. Fibronectin 

binding to integrins can contribute to drug resistance and cancer progression by initiating 

signaling cascades that block apoptosis caused by nutrient deprivation [37], and promoting 

proliferation and metastatic spread of cancer cells [38]. We found that elevated expression 

of FN1 correlated but was not causal with regard to resistance to EGFR-TKIs, but it’s 

expression may be a downstream consequence of activation of various EGFR-TKI 

Figure 7. Acquired resistance to EGFR-TKIs in cell lines with mutant EGFR sensitize cells 

to AgNPs through increase expression of FN1.  PC9 lung cancer cells were exposed to 

erlotinib or gefitinib containing media for 3 months. Cells were then treated with (A) 

erlotinib and (B) gefitinib for 72 hours and cell viability was assessed by MTT assay. (C-D) 

IC50 was determined using GraphPad Prism. (E) Expression of ZEB1, CDH1, ESRP1, and 

VIM was assessed using western blot. (F) PC9, PC9-GR, and PC9-ER cells were exposed 

to AgNPs for 72 hours and cell viability was assessed by MTT assay. (F) IC50 was 

determined using GraphPad Prism. Expression of FN1 was assessed by western blot 

following resistance to (G) erlotinib and (H) gefitinib. Data in A-D and F-G were obtained 

from 6 technical replicates per dose and are representative of triplicate experiments. 

Statistical analysis was performed by two-way ANOVA. Significant differences are 

indicated (**p<0.01, ***p<0.001, ****p<0.0001).  
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resistance pathways including STAT3[39], PI3K/AKT [37, 40] and ZEB1[31]. In 

agreement with this, multiple studies observed increased FN1 expression in EGFR-TKI 

resistant lung cancers [41-43]. Likewise, PC9-ER/GR cells exhibited a FN1high phenotype 

following resistance to EGFR-TKIs and became sensitized to AgNPs. However, whether 

AgNPs induced ER stress in cells lines that acquire phenotypic changes through drug 

selection was not assessed at this time and future studies are necessary in order to confirm 

this.    

We also examined whether wild-type EGFR NSCLC cell lines may be sensitized 

to AgNPs following acquired resistance to EGFR-TKIs. Following prolonged exposure to 

erlotinib and gefitinib, we found a modest increase in IC50. However, this was a 

substantially smaller fold change compared to PC9-ER/GR’s. There was only a slight 

change in ZEB1 expression and its downstream targets, which may explain the only modest 

increase in EGFR-TKI IC50 following resistance. Given the cells were still in a primary 

epithelial state, it is plausible that the change in phenotype was not sufficient enough to 

drive expression of ECM proteins such as FN1. We hypothesize that this might account for 

the lack of sensitivity to AgNPs following resistance to EGFR-TKIs but this needs to be 

experimentally validated. Additionally, the majority of patients in the clinic that receive 

EGFR-TKIs as a primary form of therapy do not have a wildtype EGFR. Therefore, the 

PC9 cell line that has a mutant EGFR phenotype is a more clinically relevant model for 

understanding acquired resistance.  

Most AgNP sensitive cell lines exhibited a ZEB1high, mesenchymal phenotype, but 

ZEB1 expression was dispensable in relation to AgNP sensitivity. FN1 is frequently co-

expressed with ZEB1, but is not itself transcriptionally regulated by ZEB1. In agreement 
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with this, some of the cell lines exhibited a FN1high/ZEB1low (H1650) or a FN1low/ZEB1high 

(H2030) phenotype, indicating that these two proteins may be differentially regulated.  

We also investigated what role sensitivity to ferroptosis played in the cytotoxic 

responses of cancer cells to AgNPs. In agreement with recent studies [19], we found that 

EGFR-TKI resistant lung cancers were highly sensitive to the ferroptosis inducer RSL-3. 

AgNP exposure increased lipid peroxidation in the cell lines that were resistant to EGFR-

TKIs and sensitive to RSL3. However, inhibitors of ferroptosis including ferrostatin-1 

failed to rescue cells from AgNP-induced death. In addition, our data showed that the IC50 

of RSL-3 for normal lung epithelial cells and lung fibroblasts is similar to its IC50 for 

EGFR-TKI resistant NSCLC cell lines. In contrast, AgNP doses that were equivalent to 

IC50 and IC75 for EGFR-TKI resistant NSCLC cells had little effect on the viability of 

normal lung epithelial cells and lung fibroblasts (chapter 2 figure 1), indicating that 

AgNPs offer greater selectivity for these cancer cells than RSL-3. Elevated ZEB1 is 

reported to increase the sensitivity of cells to ferroptosis [20], but we found that increased 

ZEB1 expression alone does not sensitize cells to AgNPs. There is still much unknown 

regarding ferroptosis, including the major drivers of lipid peroxidation, the importance of 

subcellular localization of lipid peroxides, and how exactly the accumulation of lipid 

peroxides causes cell death [46]. Recent evidence also suggests that ferrostatin-1 inhibits 

lipoxygenase (LOX) acitivity and therefore reduces levels of endogenous reactive oxygen 

species (ROS) and lipid peroxides as a consequence [47]. This might explain why it was 

ineffective in inhibiting AgNP cell death as AgNP treatment directly oxidizes lipids. There 

may also be crosstalk between ER stress and ferroptosis signaling pathways [21], and thus 
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the possibility that aspects of ferroptosis may play a role in AgNP induced cell death cannot 

fully be ruled out. 

Initially, it was unknown if EGFR-TKI resistance mechanisms that lead to 

sensitization to AgNPs are specific to FN1, if they overlap with other resistance 

mechanisms, or if responses differ in cells with EGFR activating mutations vs those with 

wild type EGFR.  Resistance to EGFR-TKIs can be driven through the development of the 

T790M mutation, alternate pathway bypass, EMT, or the combination of multiple 

resistance mechanisms [48]. We found that both H358 (WT) and PC9 (mutant) cells 

underwent EMT following resistance to EGFR-TKIs, however, PC9-ER/GR cells may be 

sensitized to AgNP treatment due to increased FN1 expression. It is not known if PC9-

ER/GR or H358-ER/GR cells harbor other resistance mutations along with ZEB1 and FN1 

expression. However, we have reason to believe that AgNPs would be effective for EGFR-

TKI resistant cancers that have resistance mutations other than EMT. We found that AgNPs 

were cytotoxic towards FN1high H1975 cells that harbor the T790M mutation and H1650 

cells that underwent pathway bypass (PTEN deletion). This provides rationale that AgNPs 

could be effective across a wide variety of mechanisms associated with EGFR-TKI 

resistance.  

IV.6 CONCLUSIONS 

Lung cancer is the leading cause of cancer related deaths worldwide and second 

commonly diagnosed cancer among men and women. Epidermal growth factor receptor 

(EGFR) is frequently dysregulated in lung cancers and has been implicated in pathogenesis 

of this disease. Because of this, EGFR-tyrosine kinase inhibitors (TKIs) have since been 

developed as a primary form of treatment. However, many patients do not initially respond, 
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or they inevitably develop resistance to EGFR-TKIs within 12-14 months of treatment. 

Therefore, discovering new drugs for these patients is increasingly important. We found 

that silver nanoparticles (AgNPs) are effective for the treatment of inherent and acquired 

resistance to EGFR-TKIs in lung cancer cells. We observed that AgNPs induced non-

ferroptotic lipid oxidation in EGFR-TKI resistant lung cancers. Additionally, we found 

EMT transcription factor, ZEB1, drives resistance to EGFR-TKIs, however, does not 

sensitize cells to AgNP treatment. The development of resistance to EGFR-TKI’s was 

associated with increased FN1 expression, which we have previously shown contributes to 

AgNP sensitivity. This work provides the rationale for the development of AgNPs for the 

treatment of EGFR-TKI resistant lung cancer.  

Availability of Supporting Data 

Expression data for specific mRNAs are available from the Broad-Novartis Cancer Cell 

Line Encyclopedia (CCLE) which can be accessed here: 

https://portals.broadinstitute.org/ccle.  

All other generated or analyzed during this study are included in this published article 

[and its supplementary information files]. 
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IV.8 SUPPLEMENTARY MATERIAL 

 

 

 

  

Supplemental Figure S1. Gefitinib lacks cancer specific selectivity. For all studies, non-

malignant cells are shown in dark grey/black, mesenchymal cancers in red, and epithelial 

cancers in blue. (A) Cells were exposed to gefitinib for 72 hours and viability was assessed 

by MTT assay. (B). IC50 for each treatment was determined using GraphPad Prism.  
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Supplemental Figure S2. FN1 expression correlates with erlotinib sensitivity. 

mRNA expression data obtained from the CCLE for FN1 was plotted versus 

Erlotinib IC50 in the 4 AgNP sensitive (red) and 4 tolerant (blue) lung cancer cells 

described in figure 1. Pearson’s correlation coefficient was calculated and was 

determined to be significant as shown. 
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Supplemental Figure S3. PC9-ER show increased ZEB1 and decreased 
ESRP1 mRNA expression.  PC9 and PC9-ER cells were assessed for 

ZEB1 and ESRP1 expression using Taqman probes. Relative gene 

expression was normalized using GAPDH and calculated using ΔΔCt 

methodology. 
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CHAPTER V 

 

MESENCHYMAL TO EPITHELIAL TRANSITION INDUCES RESISTANCE TO 

SILVER NANOPARTICLES AND SENSITIVITY TO EGFR-TKIS 
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V.1 ABSTRACT 

Identification of molecular patterns associated with drug sensitivity greatly improves our 

understanding of what type of cancers will respond best to specific therapies. Epithelial-

to-mesenchymal transition (EMT) in cancer contributes to increased invasiveness, 

dissemination, and resistance to treatment using epidermal growth factor receptor tyrosine 

kinase inhibitors (EGFR-TKIs). Some cancers exhibiting an EMT phenotype may be 

sensitive to agents that increase endoplasmic reticulum stress due to having high expression 

of FN1. Previously, we found that AgNPs induce proteotoxic stress in FN1high
 EGFR-TKI 

resistant lung cancers. Using an isogenic pair, we further assessed the role of FN1 and EMT 

on AgNP induced proteotoxicity and resistance to EGFR-TKIs in head and neck squamous 

cell carcinoma (HNSCC).  

KEYWORDS Unfolded protein response; precision medicine; EMT; proteotoxicity; 

nanomedicine; drug resistance; endoplasmic reticulum stress   
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V.2 INTRODUCTION  

In recent years, nanotechnology has played an increasingly important role in cancer 

diagnosis and therapy [1]. Although nanoparticle-mediated drug delivery has improved 

patient outcomes through reduced drug toxicity and more desirable pharmacokinetics [2, 

3], particularly for drug synergies [4-6], the hoped-for advances in tumor specific drug 

delivery have not been achieved [7]. Most nanoparticles fail to find their tumor target [8], 

which raises concerns about off-target toxicity. Yet, as more is understood about the 

toxicity profiles of different nanomaterials, it is becoming possible to identify unique 

properties that may be used to selectively exploit specific vulnerabilities in cancer cells. 

This requires rethinking how cancers are targeted with nanoparticles by moving away from 

approaches that rely on ligand-based interactions for selectivity and identifying 

molecularly defined cancers that are inherently sensitive to nanomaterials themselves.  

 Advances in molecular characterization of tumors greatly increase our 

fundamental understanding of cancer biology and enable the development of modern 

precision therapeutics designed to exploit vulnerabilities that are a result of oncogenic 

transformation. For example, several seminal studies in 2004 showed that tumors with 

specific somatic mutations of the epidermal growth factor receptor (EGFR) were 

exquisitely sensitive to treatment using EGFR tyrosine kinase inhibitors (TKIs), gefitinib 

and erlotinib [9-12]. Atypical expression of EGFR is observed in approximately 43 to 89% 

of NSCLC patients depending on race, gender, and smoking status and most  of these 

patients initially respond well to first line treatment with EGFR [10, 11]. However, there 

is a subset of lung cancer patients present with disease that are inherently resistant to these 

drugs [13]. Furthermore, even for cancers that initially respond to EGFR-TKIs, 
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development of therapy-induced resistance is inevitable, with disease progression usually 

observed within 12 months of initial treatment. Despite significant effort through second, 

third, and fourth generation TKIs, little progress has been made in improving outcomes for 

patients who fail to respond to EGFR-TKIs. 

In the previous chapters, we establish that AgNPs are cytotoxic to EGFR-TKI 

resistant fibronectin high (FN1high) NSCLC’s at doses that are not toxic to nonmalignant cell 

lines. AgNP treatment induced protein oxidation, aggregation and ER stress in these lines 

due to the burden of synthesizing extracellular matrix (ECM) proteins such as FN1. 

Additionally, we found mesenchymal transcription factor ZEB1 drove resistance to EGFR-

TKIs but was not sufficient for sensitizing cells to EGFR-TKIs. However, it is unknown if 

this mechanism exists in reverse through mesenchymal to epithelial transition (MET), and 

if it is NSCLC specific, or applicable across a variety of cancers. Head and neck squamous 

cell carcinoma (HNSCC) is the seventh most prevalent cancer worldwide and accounts for 

90% of the cancers that arise in the mucosal surfaces of the head and neck [14, 15]. While 

EGFR is commonly expressed in HNSCC, EGFR-TKIs have had limited success [16].  

Understanding mechanisms of resistance and exploitable vulnerabilities of this type of 

cancer is increasingly important. 

Increased understanding of how nanoparticles exert toxicity offers the possibility 

to exploit this knowledge in a precise manner for cancer therapy. To date, this has been 

challenging due to the heterogeneous responses of cells to various nanomaterials and a lack 

of predictive biomarkers that would enable selection of a nanomaterial to use for a specific 

disease state. Therefore, in this work, we further establish molecular phenotypes associated 

with AgNP sensitivity and EGFR-TKI resistance. We identify an enhanced sensitivity to 
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AgNP induced proteotoxic stress associated with this phenotype.  Our research defines a 

clear mechanism of action for cancer-specific treatment using AgNPs. 

 

V.3 MATERIAL AND METHODS  

Silver Nanoparticles: 25 nm in diameter spherical AgNPs stabilized with 

polyvinylpyrrolidone (PVP) were purchased as dried powders from nanoComposix, Inc 

(San Diego, CA, USA). Nanoparticles were dispersed in phosphate buffered saline, pH 7.4, 

without calcium or magnesium (PBS) (Invitrogen, Carlsbad, CA, USA), at a concentration 

of 5 mg/mL based upon the mass of silver contained in the nanoparticles by bath sonication, 

and then were diluted in cell culture medium to the final concentration listed in the figures 

prior to addition to the wells containing cells. The physicochemical properties of this 

material previously were characterized [17]. 

Cell Culture: All cell lines were kindly provided by Dr. Cristina Furdui and low passage 

stocks were stored in liquid nitrogen and maintained by the Wake Forest Comprehensive 

Cancer Center Cell Engineering Shared Resource. Cell lines were cultured in DMEM/F12 

medium that was supplemented with 10% fetal bovine serum (FBS). All cells were verified 

to be free from mycoplasma contamination by routine testing using the MycoAlert 

Mycoplasma Detection Kit (Lonza, Morristown, NJ, USA). Cells were passaged and 

medium was changed twice weekly. Cell monolayers were grown on tissue culture treated 

plastics purchased from Corning Life Sciences (Corning, NY, USA) or on glass coverslips 

(Warner Instruments Corporation, Hamden, CT, USA). For fluorescence imaging studies, 

cells were grown 8-well chamber slides (EMD Millipore, Burlington, MA, USA).  Cells 

were maintained in culture for no longer than 4 months before new cultures were 

established from low-passage frozen stocks. 
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MTT assay: Cells were seeded on 96 well plates at a density of 3500-5,000 cells per well 

(depending upon cell line) in 100 µL of complete media, recovered for 24 h, and then were 

exposed to AgNPs and gefitinib (Cayman Chemical) in 100 µL of complete media 

containing doses of each drug listed in the figures. After 72 h, media containing AgNPs or 

EGFR-TKIs were replaced with 200 µL of media containing 0.5 mg/mL 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich) and 

incubated for 1 h at 37°C. Media was removed, and cells were lysed in 200 µL of DMSO 

and absorbance read using a Molecular Devices (San Jose, CA, USA) Emax Precision 

Microplate Reader at 560 nm and corrected for background at 650 nm.   

Western Blots: Cells were plated on 6 cm dishes at a density of 1 x 106 cells in 4 mL of 

complete medium. Cells were allowed to recover for 48 h and then were exposed to AgNPs 

for 6 or 24 h at 37°C. Medium was removed and cells were washed twice with ice cold 

PBS before lysis using Mammalian Protein Extraction Reagent (Thermo Fisher Scientific, 

Waltham, MA, USA) supplemented with 1% Halt Protease & Phosphatase Inhibitor 

Cocktail (Thermo Fisher Scientific). Protein concentration was determined for each sample 

using a Pierce bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific) 

according to manufacturer’s instructions. Proteins were size fractionated by gel 

electrophoresis and then transferred to a nitrocellulose membrane (Thermo Fisher 

Scientific). Nonspecific binding was blocked by incubation for 30 minutes at room 

temperature with tris-buffered saline containing 0.1% Tween-20 and either 5% blotting 

grade blocker (Bio-Rad) or 5% bovine serum albumin (BSA; Sigma-Aldrich). Membranes 

were incubated overnight at 4°C with 1:1000 dilutions of primary antibodies ZEB1 (3396), 

VIM, CHOP (2895), phospho-eIF2α (9721), eIF2α (9722s), phospho-JNK (9255), 
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GAPDH (2118), purchased from Cell Signaling Technologies (Danvers, MA, USA), and 

FN1 (610078) was purchased from BD Biosciences (San Jose, CA, USA), and ESRP1 

(HPA023719) was purchased from Sigma-Aldrich, washed, and then incubated with anti-

rabbit (Cell Signaling Technologies)or anti-mouse (Cell Signaling Technologies) 

horseradish peroxidase (HRP)-conjugated secondary antibodies; (diluted 1:1000) for 1 

hour at room temperature. Immunoreactive products were visualized by 

chemiluminescence (SuperSignal Femto West, Thermo Fisher Scientific).   

Protein Aggregation Assays: Cells were grown on 18 mm coverslips at a density of 

250,000 cells in 1 mL of complete medium. Cells were allowed to recover for 72 h and 

then were exposed to AgNPs for 24 h at 37°C. Medium was removed and cells were fixed 

with 4% formaldehyde solution and permeabilized (0.5% Triton X-100, 3 mm EDTA, pH 

8.0). Cells were then stained with Proteostat Aggresome Detection Reagent (1:1000) and 

Hoechst 33342 (1:1000) (Enzo BioSciences, Ann Arbor, MI) diluted in 1X PBS for 30 

minutes, washed twice with PBS, and coverslips were mounted on glass slides with 

ProLong Gold antifade reagent (Invitrogen). Fluorescence was visualized using an 

Olympus FV1200 spectral laser scanning confocal microscope. 

Statistical Analysis: Analysis was performed as described in the figure legends using 

GraphPad Prism 8.0 software. Number of technical and biological replicates used for each 

experiment is included in the figure legends.  

V.4 RESULTS 

SCC-61 cells exhibit a FN1high mesenchymal phenotype whereas rSCC-61 cells exhibit a 

FN1low epithelial phenotype 

A matched pair of head and neck squamous cell carcinomas were previously 

developed through clonal selection following radiation treatment [18]. We sought to further 
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characterize their relative EMT status. The radiation sensitive SCC-61 exhibited high 

baseline expression of mesenchymal markers including FN1, ZEB1, VIM and low 

expression of epithelial marker ESRP1 (figure 1). The matched radiation resistant partner, 

rSCC-61 had low baseline expression of FN1, ZEB1, and VIM, and high expression of 

ESRP1.  

 

 

Mesenchymal to epithelial transition in HNSCC is associated with increased sensitivity to 

EGFR-TKIs 

 Expression of mesenchymal markers such as ZEB1 and VIM is associated with 

inherent and induced resistance to EGFR-TKIs [19, 20]. Additionally, in chapter 4, we 

established that ZEB1 expression drives resistance to gefitinib and erlotinib in NSCLC. 

Due to their loss of a mesenchymal phenotype, we next asked whether rSCC-61 cells were 

sensitized to EGFR-TKI treatment. Following 72-hour exposure, SCC-61 cells were highly 

resistant to gefitinib treatment with an IC50 of ~8.76 µM (figure 2). However, rSCC-61 

cells were ~7-fold more sensitive to gefitinib with an IC50 of 1.2 µM, consistent with their 

Figure 1. EMT characterization of SCC-61 and rSCC61 cells. Protein expression for 

fibronectin and EMT was evaluated by western blot in SCC61 and rSCC61 cells. 
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known sensitivity to erlotinib [18].  This data supports that ZEB1 modulates resistance to 

EGFR-TKIs. 

 

 

Mesenchymal to epithelial transition in HNSCC is associated with loss of FN1 and 

decreased sensitivity to AgNP treatment 

Our previous data suggests that expression of FN1 is causal in sensitivity to AgNPs 

in EGFR-TKI resistant NSCLC (chapters 3,4). Therefore, we assessed whether loss of 

FN1 corresponded with reduced sensitivity to AgNPs. Following 72-hour exposure to 

AgNPs we found that SCC-61 cells were highly sensitive to AgNP treatment with an IC50 

of ~23 µg/mL (figure 3). In comparison, rSCC-61 cells that exhibited a FN1low phenotype 

were 3-fold less sensitive to AgNP treatment with an IC50 of ~83 µg/mL. This further 

implies that FN1 is causal in sensitivity to AgNPs. Additionally, AgNPs are effective for 

the treatment of EGFR-TKI resistant HNSCC.   

Figure 2. SCC-61 and rSCC-61 sensitivity to EGFR-TKIs. (A) Cells were exposed to gefitinib 

for 72 hours and cell viability was assessed by MTT assay. (B) IC50
 was calculated using 

GraphPad Prism. Data in B is plotted as the mean IC50 ± SEM determined from 3 independent 

experiments.  Statistical analysis was performed by students T-test. Significant differences are 

indicated (**p<0.01). 
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AgNPs induce protein aggregation in FN1high EGFR-TKI resistant head and neck cancers 

AgNP treatment induced protein aggregation in NSCLCs that were inherently 

resistant to EGFR-TKIs and exhibited a FN1high phenotype (chapters 3,4). However, we 

had not previously assessed this in an isogenic pair. SCC-61 and rSCC-61 cells were 

exposed to AgNPs for 24 hours and then stained with Proteostat, a dye that fluoresces when 

intercalated into hydrophobic pockets of protein aggregates. AgNP exposure did not 

increase protein aggregation in FN1low rSCC-61 cells, but increased protein aggregation 

was observed in FN1high SCC-61 cells (figure 4).  

Figure 3. SCC-61 and rSCC-61 sensitivity to AgNPs. (A) Cells were exposed to AgNPs for 

72 hours and cell viability was assessed by MTT assay. (B) IC50 was calculated using 

GraphPad Prism. Data in B is plotted as the mean IC50
 ± SEM determined from 3 independent 

experiments.  Statistical analysis was performed by students T-test. Significant differences 

are indicated (***p<0.001). 
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AgNPs induce ER stress in FN1high EGFR-TKI resistant head and neck cancers 

The accumulation of misfolded and aggregated proteins can cause proteotoxic and 

ER stress, and activate UPR signaling to alleviate stress or initiate apoptosis if the damage 

is deemed irremediable [21]. ER stress sensors that initiate UPR signaling include protein 

kinase RNA-like endoplasmic reticulum kinase (PERK) and inositol-requiring enzyme 1α 

(IRE-1α). AgNP exposure did not increase p-eIF2α, pJNK, or CHOP expression in FN1low 

rSCC-61 cells but increased p-eIF2α, and CHOP was observed in FN1high SCC-61 cells. 

Additionally, the FN1high SCC-61 cells exhibited elevated levels of basal ER stress (i.e. 

higher expression of p-JNK, p- eIF2α at vehicle) compared to FN1low rSCC-61 cells. Taken 

Figure 4. AgNPs induce protein aggregation in FN1high SCC-61 cells. SCC-61 and rSCC-

61 cells were exposed to AgNPs for 24 h and protein aggregation was measured by confocal 

microscopy. Data is representative of at least two experiments.  
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together this data suggests that EGFR-TKI resistant cancers that exhibit a FN1high 

phenotype are sensitized to AgNPs through the induction of proteotoxic stress.  

 

 

V.5 DISCUSSION  

It was previously unknown if the phenotype associated with AgNP sensitivy was 

lung cancer dependent, or if it could be applied across multiple types of cancers. 

Additionally, our previous studies looked at changes in sensitivity to AgNPs and EGFR-

TKIs in the context of EMT. However, in this work we examined whether MET could a 

shift in response. We have identified that EGFR-TKI resistant HNSCC cancers that exhibit 

a FN1low phenotype through MET are no longer sensitive to AgNP induced proteotoxicity. 

Additionally, we found the loss of mesenchymal marker ZEB1 coincided with the 

sensitization of HNSCC to EGFR-TKIs.  

Induction of EMT has been associated with inherent and acquired resistance to 

EGFR-TKIs. In chapter 4, we found that cells that developed resistance through prolonged 

exposure to EGFR-TKIs had increased expression of a mesenchymal markers including 

Figure 5. AgNPs induce irremediable ER stress in FN1high SCC-61 cells. SCC-61 and 

rSCC-61 cells were treated with 18.25, 37.5 and 75 μg/mL AgNPs (Ag) or untreated for 

24 h and UPR signaling was evaluated by western blot. 
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ZEB1 and VIM. In addition, we found that overexpression of ZEB1 alone was sufficient 

for reducing efficacy of EGFR-TKIs. In agreement with this, the loss of ZEB1 expression 

and mesenchymal to epithelial transition in rSCC-61 cells increased their sensitivity to 

gefitinib and erlotinib [18].  

The production of ECM proteins is necessary for cancer cells to metastasize, 

maintain cell growth, and evade cell death [22, 23]. Overexpression of FN1 is an 

independent predictor of disease recurrence and shorter overall survival for head and neck 

cancers patients [24]. Thus, the FN1high phenotype represents a clinically challenging group 

of cancers. However, the burden of synthesizing ECM proteins increases the overall stress 

on the ER leading cancer cells susceptible to further ER stress induction [25]. We have 

previously shown that AgNPs induce proteotoxic stress in FN1high EGFR-TKI resistant 

lung cancers. Additionally, we found that following induced resistance to EGFR-TKIs, 

cells increased expression of FN1 and were sensitized to AgNP treatment. However, it was 

unknown if an acquired change in phenotype through drug selection or radiation resistance 

modulated AgNP induced proteotoxic stress. Here we show in an isogenic pair that 

following the loss of FN1, AgNP treatment no longer induced protein aggregation and 

endoplasmic reticulum stress, resulting in a decreased sensitivity to AgNPs. Additionally, 

following MET, the cells became significantly more sensitive to EGFR-TKI treatment. The 

data supports that high expression of FN1 poses a significant vulnerability to cancer cells 

that can be exploited through AgNP induced proteotoxicity.  

V.6 CONCLUSIONS 

Identification of molecular signatures associated with drug sensitivity is essential 

in ensuring appropriate patient selection and limiting off-target toxicities. Through this 
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work we found that reversal of sensitivity to AgNPs was associated with loss of FN1, MET, 

and gain of sensitivity to EGFR-TKIs. Future studies could explore alternating treatments 

using EGFR-TKIs and AgNPs to overcome EMT and MET associated mechanisms of drug 

resistance.  
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VI.1 Consequences of Ag+ in AgNP Solution 

The effects of Ag+ and AgNPs have been assessed across a wide variety of 

biological systems, and it is fair to argue that some of the confusion in the literature is due 

to the complexity and differences of these systems themselves. However, the large degree 

of heterogeneity and contradicting data in the AgNP field is due in part to lack of rigor in 

characterization of particles before administration to cells or animals for experimentation. 

Often, critical components of experimental design are missing, including proper 

characterization, descriptions of nanoparticle synthesis, and the use of appropriate controls 

and validation techniques [1]. Of the groups that do characterize the amount of Ag+ present, 

often times the percentage of Ag+ in the solution of nanoparticle is deemed insignificant 

without first assessing relative sensitivities to each component. For example, if the cell line 

is highly sensitive to 100% Ag+ but not sensitive to 100% AgNP, then even minor Ag+ 

contamination could influence results. Therefore, many of the claims of overlapping 

mechanisms could simply be due to presence of Ag+ in the starting solution of AgNPs.  

In this work, differences in sensitivity to Ag+ and low-ion AgNPs in cancer versus 

non-malignant cell lines were compared. It was found that triple negative breast cancers 

(TNBCs) were more sensitive to AgNPs than non-cancerous cells, as we have previously 

reported [2, 3]. However, Ag+ treatment lacked the cancer specificity observed with 

AgNP treatment and the non-cancer cell line (iMEC) was more sensitive than the TNBC 

cell line (SUM159). This is contradictory to reported literature that sensitivity to AgNPs 

is due to enhanced sensitivity to silver ion [4]. As stated earlier, understanding the 

differences in sensitivity to each component (Ag+/AgNP) is important for understanding 

the consequences of Ag+ contamination. Intriguingly, we found that the high sensitivity 
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of iMEC cells to Ag+ made even slightest Ag+ contamination (1/99% Ag+/AgNP) 

significantly more cytotoxic than a 0/100% Ag+/AgNP solution. Low percentage Ag+ 

contamination had little impact on SUM159 cells, as they have a high sensitivity to 

AgNPs and low sensitivity to Ag+. Thus, our data indicates that for cell lines that have 

high sensitivity to Ag+, Ag+ contamination plays a large role in affecting AgNP IC50. For 

cells that are less sensitive to Ag+ treatment, Ag+ contamination has a differential effect 

on AgNP IC50 which depends on the percent of Ag+ in solution. Although further studies 

are needed to characterize non-cancer and cancer cell Ag+ sensitivity, it is likely that Ag+ 

contamination in AgNP solutions have skewed literature reported IC50 values of cell 

lines. The work in this dissertation highlights the importance of rigorously characterizing 

AgNP solutions to determine whether effects observed are due to AgNP, Ag+, or a 

combination. Additionally, this work emphasizes the necessity of the use of multiple cell 

lines. If we had assessed the role of Ag+ in just iMEC cells, we would have concluded 

that the release of Ag+ was highly critical to the cytotoxicity of AgNPs, and we would not 

have identified lipid peroxidation or cell death mechanisms as a distinguishable 

difference. Conversely, if we had just assessed this work in SUM159 cells, we would 

have concluded that the consequences of Ag+ contamination was not as crucial.  The 

addition of the multiple cell lines that exhibited differing sensitivities to each component 

made it possible to properly flesh out mechanistic differences between Ag+ and AgNPs. 

VI.2 Molecular profile of AgNP Sensitive Cancers 

 We have previously observed that some cancers exhibit a greater sensitivity to 

AgNPs than others [3]. It was not known if there was a specific molecular profile that 

corresponded with this enhanced sensitivity. In this dissertation, we define a molecular 
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signature highly associated with AgNP sensitivity that may be applied across multiple 

cancer types. We observed that cancer cell lines exhibiting high sensitivity to AgNPs 

tended to have a mesenchymal phenotype characterized at the mRNA and protein level by 

elevated expression of zinc finger e-box binding protein 1 (ZEB1) and vimentin (VIM), 

and low expression of epithelial splicing regulatory protein 1 (ESRP1) and e-cadherin 

(CDH1), which are transcriptionally repressed by ZEB1. Furthermore, at the protein level, 

hallmarks of cancers that were sensitive to AgNPs included increased production of 

extracellular matrix proteins (ECM) such as fibronectin (FN1), as well as high expression 

of lipid synthesis enzymes such as long chain fatty acid CoA ligase 4 (ACSL4), which 

contribute to sensitivity to endoplasmic reticulum (ER) stress or ferroptosis, respectively. 

Mechanistically, we observed that AgNPs selectively induce proteotoxic stress and 

increase lipid peroxidation in cancers exhibiting this phenotype. Through overexpression 

and inhibition studies, we found that ZEB1 expression was not essential for sensitivity to 

AgNPs, nor did AgNP induced cell death rely on ferroptosis. We did determine that the 

burden of synthesizing large amounts of ECM components such as FN1 increased the 

sensitivity of these cells to AgNP induced protein oxidation and aggregation. This in turn 

increased unfolded protein response (UPR) signaling beyond the tolerable stress limit, 

resulting in cell death. Knockdown of FN1 reduced the overall protein synthesis burden on 

the ER, and protected cells from AgNPs induced proteotoxic stress. This is summarized in 

Figure 1.   
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VI.3 Clinical Translation of AgNPs 

While there is great effort to reformulate ER stressors like thapsigargin to reduce 

severe off-target toxicities and increase cancer specificity, these studies are still in early 

stages [5, 6]. Our data indicate that AgNPs may be a specific inducer of proteotoxic stress 

in well-selected patients, but AgNP-based cancer therapeutics have not yet been translated 

to the clinic. Preclinical studies in mice indicate the potential to use systemically delivered 

AgNPs for cancer therapy. Using an MDA-MB-231 TNBC xenograft mouse model, we 

Figure 1. Biomarkers associated with tolerance and sensitivity to AgNP 

treatment. AgNP tolerant cells are associated with an epithelial phenotype along with 

decreased expression of ACSL4 and FN1. Additionally, AgNP treatment did not 

induce ER stress or lipid peroxidation. AgNP sensitive cells exhibit a mesenchymal 

phenotype along with high expression of ACSL4 and FN1. Expression of FN1 was 

also determined to be causal in AgNP induced ER stress.  
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previously established that a repeated, 6 mg/kg intravenous dose of AgNPs identical to the 

ones used in the current study was effective for tumor treatment [7]. This dose was 50% of 

the maximum tolerated single dose (12 mg/kg), indicating a favorable therapeutic index. 

In studies by others, tumor growth in mice bearing NCI-H1299 lung cancer xenografts was 

inhibited by daily intraperitoneal injection for 28 days with a dose of 10 mg/kg of AgNPs 

[8]. Clinical assessment of volunteers who ingested silver supplements containing AgNPs 

detected no changes in hematologic, metabolic, or urinalysis measurements, physical 

findings, or morphological changes in the lungs, hearts, or abdominal organs [9]. 

According to a case report documenting clinical findings in a 78-year old male patient who 

manufactured his own AgNP solution and consumed it for 3 months to treat metastatic 

head and neck carcinoma, complete radiographic resolution of his cancer was observed 

[10]. The patient had previously failed radiation and platinum-based therapies and was not 

concurrently receiving any other treatment. No toxicities were observed and 36-months 

post treatment there was still no evidence of disease. 

Despite over 30 years of research in cancer nanotechnology, clinical technologies 

that use ligand-based interactions (active targeting) to selectively target cancer cells with 

nanoparticle drug delivery vehicles have not been realized [11]. Passive approaches to 

nanoparticle drug delivery depend upon the enhanced permeability and retention (EPR) 

effect [12], and less than 1% of administered nanoparticles reach the tumor target according 

to a recent meta-analysis study [13]. The substantial off-target accumulation of 

nanoparticles limits their potential to improve therapeutic index of encapsulated drugs, and 

the complexities in formulation of multicomponent, cancer targeted drug delivery vehicles 

escalate development costs. Because of this, the core technologies on which clinically 
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approved nanotherapeutics are based remain largely unchanged since the development of 

the first such material, Doxil® [14]. Therefore, we moved away from complicated 

nanoparticle-encapsulated drug formulations and ligand-based interactions to achieve 

selectivity. Instead we focused on exploiting the unique toxicity profile of AgNPs 

themselves, and matched this with underlying vulnerabilities to AgNP-induced damage in 

well-selected cancers to achieve a greater therapeutic index than current standard of care 

chemotherapeutics and targeted treatments.  

 

VI.4 Conclusions and Future Directions 

Role of lipids in AgNP mediated cell death: While we ruled out ferroptosis in AgNP-

mediated cell death, this does not mean that lipids are not playing a role. In chapters 2 and 

4 we saw an increase in 4-HNE formation along with lipid peroxidation following AgNP 

treatment. 4-HNE is a highly reactive end-product from the oxidation of n-6 

polyunsaturated fatty acids (PUFAs) that can form protein and DNA adducts and modify 

cell signaling [15]. Consistent with this, we observed the formation of protein aggregates 

following AgNP treatment that ultimately overwhelmed the cells’ UPR response, leading 

to cell death. Additionally, lipid peroxides themselves are highly reactive and initiate 

protein oxidation, leading to protein misfolding and cellular death [16]. Because of this, 

lipid peroxidation may be playing a role independent of iron that results in cell death that 

is distinct from ferroptosis. 

The differential generation of lipid peroxides and 4-HNE after AgNP exposure 

between AgNP sensitive and tolerant cells could be due to differences in the ratio of PUFAs 

to saturated fatty acids (SFAs). PUFAs, which are the major components of phospholipids 
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and cell membranes, are the most susceptible lipids to peroxidation [17]. Additionally, 

PUFAs have been shown to be enriched in mesenchymal TNBCs and EGFR-TKI resistant 

lung cancers [18-20]. Therefore, a higher PUFA:SFA ratio may be an underlying factor 

that drives sensitivity to AgNPs. Consistent with this, we have found an increase in the 

ratio PUFA:SFA ratio in AgNP sensitive versus tolerant lung cancer cells for 

phosphatidylcholine lipids with fatty acid chains containing at least 4 double bonds (Figure 

2).  

 

 

Taken together, we hypothesize that upon uptake and localization to endosomes, 

AgNPs induce lipid peroxidation and 4-HNE production leading to protein oxidation and 

aggregation. This then puts additional stress on the already burdened endoplasmic 

reticulum that results in cellular death (Figure 3). Future work will further assess the role 

of PUFA abundance and lipid peroxidation in AgNP sensitivity.  

Figure 2. AgNP sensitive cells exhibit higher levels of unsaturated lipids. 

Lipidomics data was taken from the Broad Institute Cell Line Encyclopedia (CCLE). 

Analysis of phosphatidylcholine abundance with varying chain length and saturation 

was performed in AgNP sensitive and tolerant lung cancer cells. 
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β-catenin, ZEB1, FN1, and lipid profile: β-catenin, the central player in the canonical Wnt 

signaling pathway, functions in a dual manner depending on its intracellular localization. 

At the plasma membrane, it is an important part of tight junctions, acting in cell-cell 

adhesion by linking to CDH1 to the actin cytoskeleton. However, when it is translocated 

to the nucleus, it acts as a transcription factor in a complex with the HMG-box proteins of 

the TCF family and induces expression of mesenchymal proteins including ZEB1 and FN1 

[21-24]. The majority of the cell lines used in this dissertation that exhibited high sensitivity 

to AgNPs highly expressed ZEB1. This led to the miss-attribution of causality to ZEB1 

due to selection bias of cell lines. ZEB1 overexpression did not drive sensitivity to AgNPs; 

Figure 3. Proposed mechanism of AgNP mediated cell death. Are taken up by 

endocytosis and initiate lipid peroxidation in cell lines that have high levels of PUFAs. 

The lipid peroxides result in protein oxidation and 4-HNE formation that create 4-HNE 

protein adducts. The resulting protein modifications leads to a further increase in ER 

stress. Because the cell is already under high basal ER stress due to increase synthesis 

of ECM proteins, this results in cell death.  



  

 

185 
 

instead, it was discovered that FN1 did. Both ZEB1 and FN1 are target genes of β-catenin 

and this might explain why they tend to be co-expressed, yet act independently of each 

other. β-catenin has also been shown to be upregulated and translocated into the nucleus 

(therefore activating transcription of mesenchymal genes) in cells that harbor mutations 

associated with EGFR-TKI resistance [25]. Furthermore, overexpression of β-catenin had 

been shown to induce resistance to EGFR-TKIs in vitro [26]. There is also some data to 

suggest that β-catenin is highly associated with fatty acid metabolism [20]. It would be of 

interest to assess the role of β-catenin in lipid abundance and sensitivity to AgNPs in future 

models.  

 

Synergistic partners: Although our previous animal model suggests that AgNPs are 

effective and offer minimal toxicity in vivo [3], continued concerns of off-target toxicity 

still remain. Therefore, identification of synergistic partners enables the reduction of the 

AgNP doses and this may reduce adverse reactions. Salubrinal is an eIF2α phosphatase 

inhibitor that was originally shown to have a cytoprotective effect on ER stress-induced 

cell death [27]. Originally, it was expected that salubrinal could potentially rescue AgNP 

mediated proteotoxic stress. However, we have identified salubrinal as a potential 

synergistic partner that increases AgNP toxicity and has minimal effect on non-

noncancerous cells (Figure 4). Salubrinal is protective of cell death by prolonging ER 

stress signaling. This sustained signaling can also push the cell into a pro-death response 

as seen with AgNP treatment. Future studies examining the synergistic effects of salubrinal 

and AgNPs in vivo and assessing off-target toxicity may prove to be beneficial.   
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Final Conclusions: Using simple, two-component, commercially produced nanoparticles, 

it was found that mechanisms that underlie sensitivity of a subset of cancers to AgNPs 

Figure 4. Salubrinal increases the cytotoxicity of AgNPs in TNBCs but not in 

non-cancerous cells. (A) MCF-10A (non-cancerous), (B) iMEC (non-cancerous), 

and (C) BT549 (TNBC) cells were treated with AgNPs with and without salubrinal 

and cell viability was assessed 72 h later. 
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converge upon common characteristics: elevated synthesis of fibronectin, an EMT 

phenotype, and enhanced sensitivity to lipid peroxidation. This work represents a new 

paradigm in precision medicine based on nanomaterial toxicity profiles and is the first to 

uncover mechanistic evidence tying a molecular signature to sensitivity to AgNPs. EGFR-

TKI resistant cancers often exhibit a mesenchymal-like phenotype with elevated 

fibronectin expression, and development of AgNPs as a treatment option for this poor 

outcome group would be a major benefit. 
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