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ABSTRACT 

SYNTHESIS OF EXTRACELLULAR MATRIX PROTEINS AND ENRICHMENT OF 

POLYUNSATURATED FATTY ACIDS CONTRIBUTE TO BREAST AND LUNG 

CANCER SENSITIVITY TO SILVER NANOPARTICLES 

Dissertation under the direction of: 

Ravi N. Singh, Ph.D. 

Associate Professor 

Department of Cancer Biology 

Wake Forest University School of Medicine 

 

Epithelial-mesenchymal transition (EMT) in cancer is associated with increased 

invasive capacity, increased cancer stem-cell markers, and resistance to chemotherapy, and 

thus is an indicator of poor prognosis. Efforts to target cancer cells with mesenchymal 

phenotypes have long been in progress, but few clinically efficacious therapies targeting 

EMT directly exist today. Silver nanoparticles (AgNPs) have been increasingly 

investigated as a potential cancer therapy, due to their ability to induce oxidative stress, 

DNA damage, mitochondrial dysfunction, and endoplasmic reticulum (ER) stress. We 

previously observed that AgNPs were cytotoxic to breast cancer cells, including both 

hormone receptor positive and triple negative breast cancer (TNBC), at doses that had little 

effect on non-malignant breast cells. 

In this dissertation, we investigated the heterogeneity of responses to AgNPs in 

TNBC, and discovered that mesenchymal subtypes of TNBC (including claudin-low breast 
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cancers) were highly sensitive to AgNPs, while epithelial subtypes of TNBC (including 

basal-like breast cancers) were not as sensitive. Mechanistically, we found that proteotoxic 

stress and lipid peroxidation were key drivers of AgNP-induced toxicity in sensitive TNBC 

cells. We identified heat shock proteins (HSP) and cytosolic, but not ER-bound molecular 

chaperones, as contributors to AgNP cytotoxicity. Additionally, we found that fibronectin 

(FN1), which is upregulated in EMT, drives sensitivity to AgNPs in mesenchymal lung 

cancer cells. FN1 knockdown reduced AgNP-induced cell death as well as other cytotoxic 

effects, including induction of ER-stress and apoptosis signaling, protein aggregation, 

ubiquitinated protein accumulation, autophagy induction, and lipid peroxidation. This 

suggests a mechanism where synthesis and secretion of FN1 place mesenchymal cancer 

cells under high baseline proteotoxic stress, making them more susceptible to proteotoxic 

stress induced by AgNPs. Additionally, we found that an enrichment in long chain 

polyunsaturated fatty acids (PUFAs), which are vulnerable to oxidation, was correlated 

with AgNP sensitivity. Furthermore, treatment with AgNPs increased lipid peroxidation, 

caused oxidative degradation of a subset of PUFAs, and increased apoptosis-associated 

ceramides. Through in vivo studies, we show that AgNPs effectively reduce tumor volume 

in immunocompetent mice bearing syngeneic TNBC tumors without inducing overt toxic 

effects.  Overall, the work here helps to clarify these critical knowledge gaps: 1) What 

specific features of cancer and non-cancer cells contribute to the heterogeneity in responses 

to AgNPs? 2) How can we therapeutically exploit vulnerabilities of mesenchymal cancer 

cells using AgNPs? 3) What are the causal mechanisms in AgNP-induced cell death?  
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CHAPTER I 

GENERAL INTRODUCTION 

 

This unpublished chapter was composed by Christina M. Snyder with editorial guidance 

from Ravi N. Singh 
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I.1. Triple Negative Breast Cancer Subtypes: 

Breast cancer is the most common and second most deadly cancer in women, 

accounting for approximately 30% of new cancer diagnoses and 44,000 deaths in 2021 in 

the U.S. [1]. Triple negative breast cancer (TNBC) is an aggressive subtype that accounts 

for 10-20% of all breast cancer diagnoses [2, 3]. It is characterized histologically by lack 

of expression of estrogen receptor (ER) and progesterone receptor (PR), and low 

expression of human epidermal receptor 2 (HER2) [3]. Triple negative receptor status is 

associated with higher grade tumors and is more frequently diagnosed in younger women 

(under 40) and non-Hispanic black women compared to hormone receptor positive (HR+) 

breast cancers [4, 5]. TNBC is typically treated with a combination of therapies including 

mastectomy or conservative breast surgery, chemotherapy (platinum, taxane, 

anthracycline, targeted therapies), and radiation [2]. Because TNBC tumors are ER, PR, 

and HER2 negative, therapies that target these receptors are effective for ER/PR positive 

and HER2 expressing breast cancers but not for TNBC. 

Classic histopathological classification underestimates the heterogeneity of TNBC. 

Modern genomic approaches indicate that there are distinct subsets of TNBC that differ in 

global mRNA expression profiles, and these differences influence response to therapeutics 

[6-9]. TNBC subtypes determined by Perou and colleagues include basal-like (BLBC) and 

claudin-low breast cancer (CLBC) [7]. Perou’s classifications of TNBC overlap 

significantly with those determined by Pietenpol and colleagues, including mesenchymal 

(M; overlapping with CLBC) and basal-like-1/ basal-like-2 (BL1/BL2; overlapping with 

BLBC) [8, 9]. BLBCs account for 50-75% of TNBC cases and 10-25% of all breast cancer 

diagnoses [10]. BLBCs are aggressive and highly proliferative tumors that are often tumor 
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suppressor TP53 mutant/deficient, retinoblastoma (RB1) deficient, and breast cancer gene 

1 (BRCA1) mutant, resulting in high mutational burden due to DNA damage repair 

dysfunction [10]. While untreated BLBCs have poor outcomes, BLBCs are the most 

sensitive of any breast cancer subtype to chemotherapy regimens, with an observed 43% 

pathologic complete response (pCR) to standard of care AC-T chemotherapy (doxorubicin 

and cyclophosphamide followed by paclitaxel), compared to 7% pCR of luminal A 

(ER+/PR+/HER2-), 17% pCR of luminal B (ER+/PR+/HER2+/-), and 36% pCR of HER2 

enriched (ER-/PR-/HER2+) [11]. More than half of all BLBCs have dysfunctional BRCA1 

due to mutation or promoter hypermethylation, thus platinum therapies and poly (ADP-

ribose) polymerase (PARP) inhibitors are particularly effective for these populations [12]. 

CLBCs are a poor prognosis TNBC subtype that account for 5-14% of all invasive 

breast cancers [13]. They are enriched in gene signatures for epithelial-mesenchymal 

transition (EMT) (zinc finger E-box binding homeobox 1 [ZEB1], zinc finger E-box 

binding homeobox 2 [ZEB2], vimentin [VIM], snail family transcriptional repressor 1 

[SNAI1], snail family transcriptional repressor 2 [SNAI2], twist-related protein 1 

[TWIST1], twist-related protein 2 [TWIST2], E-cadherin [CDH1]) and tumor-initiating 

cell (TIC; also known as cancer stem cell [CSC]) (CD44+/CD24-), and have low expression 

of cell adhesion genes (claudin 3 [CLDN3], claudin 4 [CLDN4], claudin 7 [CLDN7], 

occludin [OCLN]) [7, 10]. Enrichment in EMT and TIC gene signatures is linked to tumor 

aggressiveness and contributes to high rates of relapse and metastasis in CLBC. 

Additionally, CLBCs do not respond as well to anthracycline, taxane, and cisplatin-based 

chemotherapy regimens compared to BLBCs (39% compared to 73% pCR, respectively) 

[14].  
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While there have been significant efforts to understand the molecular drivers of 

TNBC and develop targeted therapeutics based on this knowledge, few therapies have 

successfully demonstrated sufficient specificity, efficacy, and tolerability to be approved 

by the U.S. Food and Drug Administration (FDA). Furthermore, despite BLBCs and 

CLBCs having different global mRNA expression profiles and different response rates to 

current chemotherapies as noted above, they are still treated as a single disease. Early 

preclinical efforts indicate that CLBC and BLCB may respond differently to targeted 

therapies including phosphoinositide 3-kinase (PI3K)/ mammalian target of rapamycin 

(mTOR) inhibitors and proto-oncogene tyrosine-protein kinase Src inhibitors [7, 8], but 

these treatments still come with severe off-target effects and are not yet FDA approved for 

clinical use. Furthermore, gene expression signatures for identifying BLBC and CLBC are 

not clinically used. Ultimately, new subtype specific treatments for CLBC will need to 

fulfill a minimum of two essential criteria: 1) demonstrate high efficacy with low off-target 

toxicity at therapeutic doses (e.g, high therapeutic index) for treatment of CLBCs; 2) be 

accompanied with development of companion diagnostics for selection of patients based 

upon expression of specific biomarkers or gene signatures causally related to tumor 

response to such treatments.  

I.2. Epithelial Mesenchymal Transition and Tumor Heterogeneity: 

 EMT is a transient and dynamic process where epithelial cells lose apical-basal 

polarity, decrease expression of cell-cell junction proteins (CDH1, CLDN3, CLDN4, 

CLDN7, OCLN), and increase expression of mesenchymal proteins (N-cadherin [CDH2], 

VIM, fibronectin [FN1], collagen 1 [COL1] collagen 2 [COL2], and matrix 

metalloproteinases [MMPs]) [15, 16]. EMT can be induced by transcription factors such 
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as ZEB1, ZEB2, SNAI1, SNAI2, and TWIST [15, 17]. EMT is essential for normal 

embryonic development, tissue regeneration and fibrosis, and wound healing [18-21]. For 

a comprehensive review on EMT in cancer, the reader is directed to: Dongre, et al. [15]. 

 EMT and its reverse process, mesenchymal-epithelial transition (MET), are 

hallmarks of the metastatic cascade [17, 21-24] (Figure I-1). During metastasis, tumor 

cells undergo EMT and begin to secrete MMPs to degrade surrounding basement 

membranes, invade vasculature, and become circulating tumor cells (CTCs) [25, 26]. Cells 

then extravasate and undergo MET at distant organs in order to form micrometastases. 

Studies show that transient transduction of SNAI1 or ZEB1 were sufficient to induce 

metastasis in vivo [17, 20]. While there are contradictory studies showing metastases 

formed by cells that never underwent EMT, rigor of these studies is in question [15]. While 

it is supported that EMT is necessary for metastasis of many solid tumors, there is evidence 

suggesting that in a physiological setting, few epithelial cells actually undergo EMT 

completely and most transition to a hybrid or partial epithelial-mesenchymal (E/M) state, 

where they co-express both cell-junction and mesenchymal markers [27, 28]. Clusters of 

CTCs with E/M phenotypes may have enhanced metastatic abilities compared to cells that 

express only mesenchymal characteristics [29, 30]. These E/M CTC clusters have been 

observed clinically in poor outcome TNBCs, which co-express the mesenchymal marker 

vimentin and the epithelial markers cytokeratin 8 and 18, and correlates with increased 

invasiveness [31]. Similar E/M CTC clusters have also been observed in poor outcome 

prostate, melanoma, and pancreatic cancer [32-35] [36]. These and other findings indicate 

that a spectrum of epithelial and mesenchymal features exist upon which cancer cells can 

dynamically modulate in response to the tumor microenvironment and other stimuli. This 
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plasticity is the basis of tumor heterogeneity and enables resistance to chemotherapies [37-

39] [24, 40] [41]. 

  

Figure I-1. Epithelial-Mesenchymal Transition (EMT) and its reverse process 

Mesenchymal-Epithelial Transition (MET) are hallmarks of metastasis. Cells that 

undergo EMT acquire full or partial/hybrid mesenchymal characteristics, including 

increased expression of N-cadherin, Vimentin, Fibronectin, Collagens, and Matrix 

Metalloproteinases (MMPs) and decreased expression of E-cadherin, Claudins, 

Occludins, Tight junctions, Adherens junctions, and hemidesmosomes. In triple 

negative breast cancer (TNBC), cells with mesenchymal (M) phenotypes are known as 

claudin low breast cancers (CLBCs) which are typically resistant to conventional 

chemotherapy, and display increased invasiveness, tumor initiating cell (TIC) and 

cancer stem cell (CSC) phenotypes, and sensitivity to lipid peroxidation and proteotoxic 

stress. Epithelial TNBCs are known as basal-like breast cancers (BLBCs), and respond 

well to conventional chemotherapy, are highly proliferative, and often express mutated 

BRCA1. Partial/hybrid EMT is associated with increased invasiveness and poor clinical 

outcomes in multiple cancer types. Figure created using BioRender.com. 
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In addition to increasing metastasis and invasiveness, the EMT program has been 

linked to enrichment in TIC-phenotypes, identified by CD44+/CD24- [22, 41]. TICs are 

stem cell-like cancer cells that have the capacity to self-renew and differentiate into 

multiple cell types. In doing so, TICs may evade treatments, lie dormant and undetectable, 

and eventually repopulate a heterogeneous tumor resulting in relapse and potentially 

metastasis [24]. EMT and TIC phenotypes have been shown in multiple cancer types to be 

correlated with poor outcomes [41, 42]. However, no therapeutics that specifically target 

EMT are approved for cancer therapy.  

Although EMT is linked to increased invasiveness and TIC phenotypes, an EMT 

phenotype has also been linked to increased sensitivity to agents that induce proteotoxic 

stress [43] and lipid peroxidation [44, 45]. Cells that have undergone EMT have been 

shown to be more sensitive to agents that disrupt endoplasmic reticulum (ER) homeostasis 

or protein quality control, including thapsigargin, tunicamycin, dithiothreitol (DTT), and 

A23187 [43]. This may be because mesenchymal cells synthesize and secrete large 

amounts of extracellular matrix (ECM) proteins, which enable migration. These large 

multimeric proteins are pre-assembled in the endoplasmic reticulum (ER) before secretion 

to the extracellular space, placing high baseline strain on protein quality control systems 

and resulting in high baseline ER stress signaling. Additionally, mesenchymal-like breast 

cancers have been shown to have high expression of acyl-CoA synthetase long-chain 

family member 4 (ACSL4), which enriches cell membranes with long chain 

polyunsaturated fatty acids (PUFAs) [44, 45]. These long chain PUFAs are good oxidation 

substrates and it is hypothesized that this enrichment makes cells more vulnerable to agents 

that induce ferroptosis, an iron-dependent mechanism of programmed cell death that is 
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marked by accumulation of lipid peroxides [46, 47]. Overall, there is potential to exploit 

these vulnerabilities highlighted by EMT. 

I.3. Nanomedicine: 

Since the launch of the U.S. National Nanotechnology Initiative in 2000, nanomedicine 

has become one of the largest growing and most promising biomedical research fields. 

Nanomedicine is the application of nanomaterials (matter with one or more dimensions 

ranging from 1-100 nm) for biomedical purposes [48]. At this scale, nanomaterials possess 

physicochemical properties unique from the bulk material, including fluorescence, 

magnetism, chemical reactivity, and electrical conductivity, which differ based on particle 

size, shape, and composition. Nanomaterials can be engineered to have specific desired 

properties and therefore are attractive candidates for many biomedical applications, 

including the diagnosis, treatment, prevention, and monitoring of disease [48].  

Nanoparticles (NPs) can be divided into three main categories: 1) lipid-NPs [49], 2) 

polymer-based [50] and protein-based NPs [51], and 3) inorganic NPs [52]. NPs 

engineered from lipid bilayers can be used to encapsulate cytotoxic payloads or nucleic 

acids for delivery to cells. Benefits of using lipid-NPs include increased bioavailability and 

decreased off-target effects compared to the payload alone [49]. Such NPs are some of the 

only few approved by the FDA for cancer therapy, including Doxil, DaunoXome, Onivyde, 

and Marqibo, which encapsulate doxorubicin, daunorubicin, irinotecan, and vincristine, 

respectively [53]. Lipid NPs are a critical component of COVID-19 mRNA vaccine 

technologies, enabling transport of mRNAs to cells [54]. Polymer-based and protein-based 

NPs have also been engineered to deliver cytotoxic payloads to cancer cells. Polymeric 

micelles comprised of poly(ethylene glycol) (PEG) and poly(dimethylsiloxane) (PMDS) 
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self-assemble with a hydrophobic coating, hydrophilic core, and aqueous cargoes on the 

interior of the particle, which increases cargo circulation time and decreases off-target 

effects [55]. Examples of FDA approved polymer-based NPs for cancer therapy include 

Oncaspar and Eligard which deliver asparaginase and leuprolide, respectively. Protein-

based NPs (Nab-paclitaxel/Abraxane) are formed by homogenization of protein (albumin) 

and drug (paclitaxel), which show favorable toxicity profiles and improved outcomes 

compared to chemotherapy alone [56]. Inorganic NPs including gold (Au), silver (Ag), iron 

(Fe), and silica have been increasingly studied for drug delivery, cancer treatment, and in 

vivo and in vitro diagnostic applications. Metal NPs with high electron density, such as 

AuNPs and AgNPs, are ideal candidates as contrast agents for X-ray and computed 

tomography (CT) imaging due to their strong X-ray attenuation capacity [57]. Furthermore, 

AuNPs and AgNPs exhibit plasmon resonance, a phenomenon where free electrons at the 

surface of the particle consistently oscillate at a rate dependent on the size of the particle 

[58]. These plasmonic NPs can be exploited to enhance photothermal therapy, or the use 

of heat to induce cancer cell death [59]. Additionally, plasmonic NPs can be utilized in 

surface-enhanced raman scattering (SERS) assays to detect low levels of proteins and 

metabolites in biological samples [48]. The only FDA approved inorganic NPs are iron 

oxide NPs (Fe2O3, Fe3O4) for the treatment of iron deficiency in anemia and chronic kidney 

disease (INFeD, DexFerrum, FerrLecit, Venofer, Feraheme, Injectafer) [60]. While there 

are no FDA approved inorganic NPs for cancer therapy, preclinical data showing efficacy 

of AgNPs, AuNPs, iron oxide NPs, silica NPs, and others, are very promising [61-64]. 
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I.4. Silver Nanoparticles as a Cancer Therapeutic: 

AgNPs have been shown to induce cell death in cancers including: breast [65-67],  lung 

[68], ovarian [69], leukemia [70], colorectal [71], glioma and neuroblastoma [72, 73], 

melanoma [74], prostate [75], pancreatic [76], cervical [77], and hepatocellular carcinoma 

[78]. It is hypothesized that silver nanoparticles induce cell death by intracellular silver ion 

release [79-81], resulting in DNA damage [65, 82], reactive oxygen species (ROS) 

generation [65, 69, 70, 83-86], proteotoxic stress [65, 87-91], lipid oxidation [92] [90, 93-

95], mitochondrial dysfunction [83, 84, 96-99], and induction or blockage of autophagy 

[72, 86, 87, 99-102] (Figure I-2).  While it is still unclear exactly how AgNPs kill cancer 

cells, differences in cytotoxic effects appear to depend on dose and duration of AgNP 

treatment as well as cell phenotype.  
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I.4.A. Endo-lysosomal system: 

Nanoparticles larger than 5 nm primarily enter cells by various forms of endocytosis 

[103]. The focus of this dissertation is AgNPs, which have been observed to be taken up 

by endocytosis in multiple cell types [65, 66, 102, 104-107]. The endo-lysosomal system 

is an intricate network of dynamic intracellular membrane compartments that are essential 

for uptake of extracellular cargo, cargo sorting, and recycling or degradation [108, 109]. 

The system is comprised of early and late endosomes, multi-vesicular bodies, recycling 

endosomes, and lysosomes. Early endosomes are a primary location for initial cargo sorting 

received from the plasma membrane as well as from the trans-Golgi network (TGN), where 

cargo is either recycled back to the cell surface through a recycling endosome, degraded 

through a late endosome/lysosome, or transported to the TGN [109]. The slightly acidic 

lumenal pH (6.8-5.9) in early endosomes facilitates quick dissociation of surface receptors 

and ligands for sorting and recycling [110, 111]. Endosome-to-TGN, or retrograde 

transport, functions to divert cargo from degradation by lysosomes [111]. Early endosomes 

mature into multi-vesicular bodies (MVBs)/late endosomes. Early to late endosome 

transition is facilitated by the conversion of Rab5 to Rab7 and is accompanied by 

perinuclear translocation and lumenal acidification (late endosome pH 6.0-4.9) [112]. 

Figure I-2. AgNPs induce widespread cellular damage. (A) AgNPs are taken up 

primarily by endocytosis and degrade to silver cation (Ag
+
). AgNPs have been observed 

in early (A), late (B) endosomes/multi-vesicular bodies (MVBs), and lysosomes. (C) 

AgNPs induce lipid peroxidation. (D) AgNPs effect ROS homeostasis by increasing 

hydrogen peroxide (H
2
O

2
) and increasing the ratio of oxidized (GSSG) to reduced 

(GSH) glutathione. (E) AgNPs induce protein aggregation and ubiquitin accumulation. 

(F) AgNPs induce ER-stress. (G) AgNPs block or induce autophagy depending on cell 

phenotype and dose and duration of treatment. (H) AgNPs interfere with proper 

lysosome function. (I) AgNPs induce mitochondrial dysfunction. (J) AgNPs induce 

DNA damage. Figure created using Biorender.com. 
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MVBs are formed by expansion and invagination of the endosomal membrane, which form 

intralumenal vesicles (ILVs) containing transmembrane proteins and lipids. Upon fusion 

or content exchange with a lysosome (pH 5-4.5), ILVs and the containing cargo are 

degraded [109]. AgNPs have been observed by electron microscopy in single and double 

membrane-bound vesicles thought to be early endosomes, lysosomes, and MVBs within 

cells [65, 113]. Endocytosis has been shown to be required for AgNP toxicity in many 

cases, although the link between localization to endo-lysosomal compartments and 

downstream toxic effects has yet to be elucidated. Endocytosis inhibitors including 

cytochalasin D (to inhibit actin-driven endocytotosis), chlorpromazine (to inhibit clathrin-

mediated endocytosis)), genistein (to inhibit Caveolae-mediated endocytosis)), nocodazole 

(to inhibit actin-driven micropinocytosis), and dynasore (to inhibit dynamin-dependent 

endocytosis) reduced uptake of AgNPs in luminal A breast cancers, but differential effects 

were observed based on the size of AgNP administered [65, 87]. Notably, cytochalasin D 

reduced cytotoxicity of TNBCs to AgNPs [65]. 

Not only does endocytosis function to take up extracellular macromolecules and 

particles, but endosomes are essential for the propagation of many cell signaling cascades. 

Cell membrane receptors can be internalized to turn off receptor signals or to further 

propagate them. These signal-transducing endosomes that contain internalized receptors 

have been termed receptosomes [114]. An example of this is tumor necrosis factor alpha 

(TNFα) signaling. It has been shown that TNFα binds TNF receptor 1 (TNFR1), which 

then binds receptor-interacting serine/threonine kinase 1 (RIP1) and TNF receptor-

associated factor 2 (TRAF2) [115]. The complex is then internalized by endocytosis, and 

TNFR type 1-associated death domain protein (TRADD), Fas-associated via death domain 
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(FADD), and caspase-8 are recruited which results in cell death. Epidermal growth factor 

receptor (EGFR) and transforming growth factor beta (TGF-β) have also been shown to 

propagate via receptosome-mediated signaling [116] [117]. As it is likely that AgNPs are 

internalized by cells through endocytic pathways, there is also potential for interaction with 

cell signaling events through receptosomes to occur. However, there is no direct evidence 

showing that AgNPs affect cell signaling specifically in endosomes.  

I.4.B. Reactive oxygen species and lipid peroxidation: 

Generation of ROS and lipid peroxides have been implicated in AgNP cytotoxicity 

[70, 84, 86, 94, 95]. The most common biologically active ROS consist of superoxide (O2
•-

), hydroxyl radicals (OH•), and hydrogen peroxide (H2O2) which are produced as 

byproducts of normal metabolic functions, with major sources being the mitochondria, ER, 

and peroxisomes [118, 119]. O2
•- is generated in the mitochondrial electron transport chain 

during respiration, but quickly reacts with H+ to form H2O2, which is catalyzed by 

mitochondrial superoxide dismutase (Mn-SODs) (2O2
•-+ 2H+

 H2O2 + O2) [120, 121]. 

O2
•- is also generated by membrane-bound nicotinamide adenine dinucleotide phosphate 

(NADPH) oxidase (NOX) enzymes in redox-active endosomes, known as redoxosomes 

[122]. Redoxosomes are critical sites for cell signaling events where NOX1 and/or NOX2 

produce ROS, which are utilized locally to oxidize protein thiols to propagate signaling 

[122]. This has been implicated in protein kinase C (PKC), RhoA, and other signaling 

events [123]. In the ER, an oxidative environment as maintained by ER oxidoreductin 1 

(Ero1) and protein disulfide isomerase (PDI), is required for disulfide bond formation and 

proper protein folding [124]. The cell employs multiple mechanisms to maintain redox 

homeostasis. These antioxidant systems include: thioredoxins, glutaredoxins, 
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peroxiredoxins, glutathione peroxidases (GPXs), SODs, glutathione, ubiquinol, vitamin C, 

and vitamin E [121, 125-127]. In general, these mechanisms work to reduce ROH•, lipid 

peroxyl radicals (LOOH•), H2O2, and other oxygen radicals, recycle antioxidants to their 

reduced and active forms, or work as cofactors for antioxidants.  

AgNPs have been shown to affect redox balance by increasing intracellular H2O2, 

[86] and depleting levels of reduced glutathione [66, 69]. Glutathione is a critical tripeptide 

antioxidant that is involved in direct quenching of free radicals, acts as a cofactor for other 

antioxidants, and acts to regenerate vitamins C and E [128]. Glutathione becomes directly 

oxidized to form a dimer linked by disulfide bridges (GSSG). Restoration of reduced 

glutathione monomers (GSH) is essential for maintenance of cellular redox homeostasis. 

Measuring the ratio of reduced to oxidized glutathione (GSH/GSSG) is a measure of 

cellular redox state [129]. AgNPs have been shown to decrease the ratio of reduced to 

oxidized glutathione [66, 69]. Furthermore, addition of GSH reduced AgNP-induced 

toxicity, while depletion of GSH using butathione sulphoximine enhanced sensitivity to 

AgNPs in luminal A breast cancer cells [66]. Exogenous addition or depletion of GSH, 

however, had only small effects on AgNP toxicity in TNBC cells.  

During the course of performing the research for this dissertation, new studies were 

performed in collaboration between our group and Dr. Cristina Furdui’s at Wake Forest 

School of Medicine. These studies examined changes in total protein expression and in 

reversible cysteine oxidation following exposure of cells to AgNPs [83]. Cell line 

sensitivity to AgNPs correlated with dramatic increases in overall cysteine oxidation. 

Furthermore, depending upon sensitivity to AgNPs, cells differentially and time-

dependently activated antioxidant nuclear factor erythroid factor 2-related factor 2 (Nrf2) 
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signaling in response to AgNP treatment. Other proteins with statistically different 

expression levels following AgNP-treatment included antioxidant proteins such as heme 

oxygenase 1 (HMOX 1), peroxiredoxin 3 (PRDX3), pyridine nucleotide-disulfide 

oxidoreductase domain 1 (PYROXD1), glutathione peroxidase 1 (GPX1), thioredoxin 

reductase 1 (TXNRD1), and selenoprotein F [83]. Additionally, AgNPs may affect fatty 

acid β-oxidation by up- or down-regulating sirtuin (SIRT3 and SIRT4) signaling depending 

on cell type and duration of treatment, and thereby alter cellular metabolism.  

Some studies indicate that mitochondria may be a target for AgNPs. For example, 

in studies performed in parallel to the research described in this dissertation in collaboration 

with Dr. Furdui, AgNPs were found to induce mitochondrial protein oxidation, increase in 

mitochondrial ROS, and decrease in ATP levels, but no change in mitochondrial function 

was detected by seahorse assay [60]. It also appears that in some cell types, loss of 

mitochondrial membrane potential is induced by AgNPs [84, 98]. However, recent studies 

by Meyer and colleagues at Duke University observed that most effects of AgNPs on 

mitochondria are not due to direct accumulation of AgNPs in or near mitochondria, but 

rather are indirect effects caused by AgNP induced perturbations elsewhere in the cell 

[130]. Precisely how AgNP induced damage is transmitted throughout cells remains an 

area of intense investigation. 

I.4.C. Endoplasmic reticulum (ER) stress, ER quality control and homeostasis: 

AgNPs have been shown to induce endoplasmic reticulum (ER) stress [65, 84, 88, 

131, 132].  Proper function of the ER is essential for cell survival, as the ER is a critical 

site for protein folding, lipid synthesis, calcium storage, and detoxification of cytotoxins 

[133]. For proteins to be properly folded into their most energetically favorable, native 
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structures in the ER, it is important the ER maintain chemical homeostasis [134]. Relative 

to the cytosol, the ER must have an oxidative environment and certain ionic concentration 

for catalysis of disulfide bond formation, signal peptide cleavage, N-linked glycosylation, 

and glycophosphatidylinositol (GPI)-anchor addition [124, 135]. Disruption of this 

homeostasis by hypoxia, glucose deprivation, genomic instability, chemotherapy, or other 

insult results in the accumulation of misfolded and unfolded proteins due to lack of proper 

ER folding capacity [134, 136-138].  

The ER quality control (ERQC) system has multiple components to ensure that 

only native proteins with high stability are exported. The ERQC system consists of 1) N-

linked glycosylation, 2) non-specific and specific chaperone proteins, and 3) ER-associated 

degradation (ERAD) (Figure I-3) [134]. Upon entry of polypeptides into the ER lumen, 

90% are covalently modified by oligosaccharyltransferase (OST) with Glc3Man9GlcNAc2 

(Glc: Glucose, Man: Mannose, GlcNAc: N-acetylglucosamine) [139]. This is trimmed by 

glucosidases I and II to form GlcMan9GlcNAc2 which is recognized by calreticulin (CRT) 

or calnexin (CNX) [140]. CRT/CNX also act as classical molecular chaperones by binding 

misfolded proteins with exposed hydrophobic regions [141]. Together with co-chaperones 

such as ERp57, CypB, or ERp29, CRT/CNX promote native protein folding [142]. 

Glucosidase II removes the last glucose residue, and the protein becomes unable to bind 

CNX/CRT, thus completing the first round of the protein folding cycle. If protein folding 

is incomplete, UDP-glucose/glycoprotein glucosyl transferase (UGGT) re-glycosyates the 

protein and it will re-enter into the CRT/CNX cycle [142]. Once native conformation is 

achieved, final glucose cleavage by glucosidase II allows for export. In this mechanism, 

non-native proteins are retained by CRT and CNX in the ER until correctly folded. This is 
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critical because incorrectly folded proteins such as ion transporters and receptors could be 

damaging to cells if secreted to the cell membrane in improperly folded conformations 

[134].  

Figure I-3. Endoplasmic Reticulum (ER) quality control (ERQC) system ensures that 

only proteins with properly folded native conformations are exported.  (A) Upon 

translation of polypeptide strands by ribosomes, they enter the ER lumen and 

immediately bind protein chaperones such as Bip to prevent self-aggregation and 

promote proper folding. Once an energetically favorable, native conformation is 

achieved proteins may be secreted from the ER. (B) Upon ER entry, 90% of 

polypeptides are covalently modified by oligosaccharyltransferase (OST) with a 

carbohydrate moiety consisting of Glc
3
Man

9
GlcNAc

2
 (Glc: Glucose, Man: Mannose, 

GlcNAc: N-acetylglucosamine). This is trimmed by glucosidases I and II (Glc-I, Glc-

II) to form GlcMan
9
GlcNAc

2
, which is recongnized by calnexin (CNX) or calreticulin 

(CRT). Together with co-chaperones such as Bip or ERp57, CNX/CRT promote protein 

folding and other function-specific roles such as facilitating disulfide bond formation. 

Glc-II removes the last glucose residue, completing the first cycle of protein folding. If 

correctly folded, the protein is secreted from the ER. If incorrectly folded, UDP-

glucose/glycoprotein glucosyl transferase (UGGT) re-glycosylates the protein and it re-

enters the CNX/CRT cycle. (C) If a protein is unable to be folded properly in a timely 

fashion, it targeted for ER-associated degradation (ERAD). ER Degradation Enhancing 

Alpha-Mannosidase Like Protein 1 (EDEM1) and ER Mannosidase 1 (ER Man1) 

remove mannose residues and signal for protein localization to retrotranslocon pores 
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In addition to CRT and CNX, other ER-resident chaperone proteins include: 70 

kDa heat shock protein family (HSP70, including binding immunoglobulin protein [Bip]/ 

78 kDa glucose regulated protein [GRP78]), HSP40 (including ER-localized DnaJ 1-5 

[ERdj1-5]), HSP90 (including 94 kDa glucose regulated protein [GRP94]), peptidyl-prolyl 

isomerases (PPIases; including cyclophilins and FK506-binding proteins [FKBPs]), and 

thiol-disulfide oxidoreductases (including PDI) [143-146]. The ERQC system ensures that 

non-native, incorrectly folded proteins stay bound to an ER-resident chaperone and subject 

to re-folding. Many of these chaperones are calcium dependent (CNX, CRT, GRP94, BiP), 

and it is thus essential that calcium concentration be maintained in the ER [147]. Disruption 

of calcium homeostasis using chemicals such as thapsigargin results in an inability of the 

cell to cope with the burden of protein folding and leads to apoptosis [148]. In addition to 

protein chaperones which non-specifically retain un- or mis-folded proteins, specific 

Figure I-3 (continued). such as VCP/p97. During retrotranslocation proteins are 

simultaneously ubiquitinated and then degraded by the proteasome. (D) When 

misfolded proteins accumulate in the ER lumen or other stress stimuli interfere with ER 

chemical homeostasis, unfolded protein response (UPR) signaling is activated. Bip 

binds and represses activation of three ER-bound UPR sensors, protein kinase R-like 

endoplasmic reticulum kinase (PERK), activating transcription factor 6α/β (ATF6), and 

inositol requiring enzyme 1α/β (IRE1) during non-stressed states. When ER-stress is 

induced Bip dissociates from and activates PERK, ATF6, and IRE1 as it binds other 

misfolded proteins in the ER lumen. PERK becomes phosphorylated, dimerizes, and 

activates eIF2α to attenuate protein translation. Select mRNAs with alternate start-

reading frames in the 5’-UTR, such as ATF4, are preferentially transcribed. This induces 

increased expression of redox homeostasis genes and ultimately apoptosis is stress is 

too severe. Upon activation, IRE1becomes phorphorylated and dimerizes. It’s 

exonuclease function cleaves XBP1 mRNA to upregulate ERAD proteins and protein 

chaperones. IRE1’s kinase function is activated upon interaction with TRAF2, which 

activates apoptosis signal-regulating kinase 1 (ASK1) and ultimately c-Jun N-terminal 

kinase (JNK) and p38. Upon activation of ATF6, it translocates to the Golgi where it is 

cleaved, forming a transcription factor which upregulates ER-stress response elements 

including Bip and Xbp1. Figure created using Biorender.com. 
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binding factors may be required to “guide” proteins to the Golgi complex. Such is the case 

for 47 kDa heat shock protein (HSP47)/ serpin family H member 1 (SERPINH1), which 

binds procollagen in the ER and assists in transportation to the ER-Golgi intermediate 

compartment region (ERGIC) [149].  

The ERQC system ensures that if proteins are unable to achieve native 

conformation in a suitable length of time, they are degraded through a process known as 

ER-associated degradation (ERAD) [150]. ERAD-destined proteins are recognized based 

on exposed hydrophobic regions which self-aggregate [151]. To decrease aggregation, 

HSP70 family chaperone proteins such as BiP bind these regions [152]. In doing so, BiP 

may also be critical for recognition of ERAD-destined proteins, although it is unclear 

exactly how proteins are selected for ERAD [151]. Once targeted for ERAD, proteins are 

brought to a retrotranslocation channel where they are translocated across the ER 

membrane and simultaneously ubiquitinated by E1 ubiquitin-activating, E2 ubiquitin-

conjugating, and E3 ubiquitin-ligase enzymes [150, 151] . Ubiquitinated proteins are 

subsequently degraded by the 26S proteasome. Misfolded proteins may also be degraded 

through ER-specific autophagy, known as ER-phagy or reticulophagy [153]. In ER-phagy, 

portions of the ER are enclosed in double membrane compartments known as 

autophagosomes, which fuse with lysosomes to degrade the interior components. ER-

phagy functions to remove ERAD-resistant misfolded proteins as well as restore ER 

homeostasis after periods of stress.  

Non-chaperone bound misfolded and unfolded proteins in the cytosol self-

aggregate based on hydrophobic interactions of exposed regions [154]. Cytosolic 

chaperone proteins such as HSP70 and HSP90 family proteins work to reduce aggregation 
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and ensure native protein folding by binding hydrophobic regions [155]. Chaperones bind 

polypeptides as they emerge from ribosomes to prevent inter-strand aggregation and also 

assist in directing proteins to degradation through the ubiquitin-proteasome system [156]. 

Cells have numerous mechanisms to deal with protein aggregates. The majority of 

aggregates are ubiquitinated and bind histone deacetylace 6 (HDAC6), which transports 

them by dynein motors to the microtubule organizing center (MTOC) where they join other 

protein aggregates, become enclosed by vimentin filament cages and form structures called 

aggresomes [157]. Aggresomes are cleared primarily through autophagy, and this specific 

process is known as aggrephagy [158]. Additionally, protein aggregates can be 

disaggregated and either re-folded by chaperones or degraded through the ubiquitin-

proteasome system (UPS) [159].  

AgNPs interfere with ERQC systems and ER homeostasis. AgNPs have been 

shown to increase the ER-resident chaperones Bip and HSP70 and may disrupt Ca2+ 

balance in luminal A and TNBC cells [65, 88, 89]. AgNPs also increase protein aggregation 

and total ubiquitinated proteins in luminal A breast cancer cells [87, 88]. It is unclear if 

AgNPs affect other ERQC systems, or if the effect on the ubiquitination is due in general 

to increased protein degradation, deficiencies in other degradatory pathways, or 

insufficiencies in UPS function. 

I.4.D. The Unfolded Protein Response (UPR) Pathway: 

When an excess of unfolded or misfolded proteins are present in the ER or other 

cellular insult occurs which disrupts ER homeostasis, cells activate signaling cascades to 

reduce the translational and synthetic burden. This signaling is collectively called the 

unfolded protein response (UPR) [160-162]. Briefly summarized, UPR is sensed by three 
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ER-bound proteins, protein kinase R-like endoplasmic reticulum kinase (PERK), 

activating transcription factor 6α/β (ATF6), and inositol requiring enzyme 1α/β (IRE1). 

When there are few misfolded proteins in the cell, the protein chaperone BiP binds and 

inhibits PERK, IRE1, and ATF6 on the ER membrane [163]. When the amount of unfolded 

proteins is greater than that of the amount of protein chaperones available, BiP dissociates 

from PERK, IRE1, and ATF6 and the proteins become activated, resulting in increased 

expression of protein chaperones which assist in protein folding, expansion of the ER 

which decreases the concentration of misfolded proteins in the ER, and increased 

autophagy and ERAD which enhance protein degradation [162]. If stress is too severe for 

recovery, the UPR will produce pro-apoptotic signals. 

 PERK and IRE1 homodimerize and become trans-autophosphorylated and 

activated and ATF6 translocates to the Golgi where it is cleaved to its active form [164-

166]. Once activated, PERK phosphorylates eukaryotic initiation factor-2α (eiF2α), 

resulting in reduced guanine nucleotide exchange activity of eukaryotic initiation factor-

2B (eIF2B), blocking ternary complex formation which is required for translation initiation 

[167]. This results in attenuation of general protein translation. Select mRNAs including 

activating transcription factor 4 (ATF4), have distinct sequences in the 5’-UTR that enable 

alternate start-reading frames and enhanced translation under these conditions. ATF4 is a 

transcription factor that increases antioxidant responses and nutrient uptake in efforts to 

downregulate stress [168, 169]. If stress is prolonged, ATF4 enhances expression of C/EBP 

homologous protein (CHOP), a pro-apoptotic protein [162]. Activation of IRE1 results in 

activation of its endonuclease function, resulting in splicing of x-box binding protein 1 

(XBP1), forming XBP1-s, a transcription factor which enters the nucleus to induce 
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transcription of ERAD proteins such as ER degradation enhance mannosidase alphalike 1 

(EDEM1) and ER chaperone proteins [170]. Additionally, if stress is chronic and 

irremediable, IRE1 interacts with TRAF2 to activate apoptosis signal-regulating kinase 1 

(ASK1) and ultimately c-Jun N-terminal kinase (JNK) and p38, resulting in apoptosis 

[171]. ATF6 cleavage results in generation of ATF6f, a transcription factor and 

cytoplasmic fragment which enters the nucleus to induce ER stress-response elements, 

including transcription of BiP and Xbp1 [172].  

AgNPs have been shown to affect UPR signaling by increasing phospho-PERK, 

PERK, phospho-IRE-1, phospho-eIF2α, CHOP, BiP, ATF4, HSP70, phospho-JNK and 

degradation of ATF-6 [65, 87, 88, 91]. However, observed effects are heterogeneous and 

appear to be largely dependent on cell type. Additionally, it is still unclear if ER stress is 

causal in sensitivity to AgNPs. In rescue studies performed by Simard and colleagues, 

addition of a small molecule inhibitor of PERK or chemical chaperone 4-phenylbutyrate 

modestly (18% or 31% reduction in apoptosis, respectively) rescued AgNP-induced 

apoptosis in luminal A breast cancers [88]. However, AgNPs do not induce apoptosis in 

all cell types. AgNPs have been shown to induce necrosis and pyroptosis in other cell lines, 

including other breast cancer cell lines [91, 102, 173, 174]. While it is likely that UPR 

signaling overlaps with AgNP-induced cell death signaling in some cell types, it is still 

unclear which cell types are prone to UPR-induced cell death by AgNPs and if there are 

other critical factors at play. 

I.4.E. Autophagy: 

Macroautophagy (hereafter referred to as “autophagy”) is a critical process where 

cellular components are sequestered in double-membrane bound compartments and 
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degraded after fusion with a lysosome [175]. This allows for the removal of damaged 

organelles, protein aggregates, and intracellular pathogens that would otherwise be 

cytotoxic if not removed in a timely manner. Autophagy may be initiated in response to 

stress, such as starvation or hypoxia, which allows for the breakdown and re-distribution 

of macromolecules, thus aiding in survival [176]. During growth factor or amino acid 

withdrawal, Unc-51 like autophagy activating kinase 1 (ULK1), autophagy related 13 

(Atg13), and 200 kDa focal adhesion kinase family interacting protein (FIP200) become 

activated [177]. Atg13 and FIP200 recruit Beclin1, which binds in a complex including 

beclin-1-interacting autophagy protein 14L (Atg14L) and [178, 179] class III PI3Ks, which 

initiates nucleation of the autophagosome by generating phosphatidylinositol-3-phosphate 

(PI3P) [180]. The ubiquitin-like molecule autophagy related protein 12 (Atg12) is 

conjugated to autophagy related protein 5 (Atg5), which then binds autophagy related 

protein 16L1 (Atg16L1) to expand the autophagosomal membrane. Another ubiquitin-like 

molecule, microtubule-associated protein light chain 3 (LC3-I), is cleaved and conjugated 

to phosphatidylethanolamine to form LC3-II, which associates with the forming 

autophagosome [181]. Once the membrane is fully closed, the autophagosome localizes to 

a lysosome where the membranes fuse and the cargo is degraded by lysosomal hydrolases.  

A main regulator of autophagy is mTOR complex 1 (mTORC1). mTORC1 

represses autophagy upon activation by growth factor signaling components such as 

PI3K/AKT, Ras, and PKC [182-184]. mTORC1 is a five-protein complex that includes the 

serine-threonine kinase mTOR and its regulatory protein Raptor [185]. When growth 

factors and amino acids are present in excess, mTORC1 localizes to the lysosomal 

membrane and the GTPase Rheb activates mTORC1 [186, 187], resulting in the 
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phosphorylation and activation of substrates with TOR signaling motifs, including 

ribosomal protein S6 kinase β1 (S6K1) and eukaryotic translation initiation factor 4E 

(eIF4E)-binding protein 1 (4E-BP1), inducing cell growth and proliferation [188]. 

mTORC1 activation also results in decreased functionality and activation of  the critical 

autophagy proteins ULK1, Atg13, and FIP200 [189, 190]. Autophagy is also regulated by 

the stress sensor 5’-AMP-activated protein kinase (AMPK), which has been shown to 

positively regulate ULK1 activity to initiate autophagosome formation in response to high 

intracellular AMP concentrations, which is reflective of a low energy state (low ATP) 

[191]. In response to ER stress and amino acid withdrawal, eIF2α activates IRE1 and JNK 

[169]. This results in upregulated transcription of autophagy chaperone proteins and 

activation of the tumor suppressor protein, p53 [192, 193]. P53 responds to DNA damage 

and other signals to promote DNA repair, autophagy, apoptosis, and cell cycle arrest [194, 

195].  

In normal development autophagy is critical, as it allows for cellular remodeling 

and protection against aging, infection, and DNA damage, and it has been shown to 

function at a basal level in almost every cell type [196]. The role of autophagy in cancer is 

more double-sided, however, as it has been shown to both protect against tumor formation 

and drive carcinogenesis [194]. Critical autophagy proteins, such as beclin1, are often 

deleted or functionally removed in tumor cells, supporting a tumor-protective role [197, 

198]. Additionally, oncogenic driver mutations such as gain of function mutations in the 

PI3K/AKT pathway repress autophagy directly through mTORC1 [199]. On the other 

hand, autophagy inherently enables cancer cell survival in stressful conditions that are 
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prevalent in the tumor microenvironment, including hypoxia, ROS, and exposure to 

chemotherapy, radiation, and immunotherapy [200].  

AgNPs have been shown to induce autophagy [72, 86, 99, 100] or block autophagic 

flux and induce lysosome dysfunction [87, 101, 102]. Depending on cell type, dose and 

formulation, and duration of treatment with AgNPs, either pro-survival autophagy was 

induced [72, 97], or cell death was induced through modulation of autophagy [87, 101, 

102, 193]. It is, however, unclear which cells activate pro-survival or pro-death autophagy 

in response to AgNPs, at what doses, and how this relates to causality in terms of sensitivity 

to AgNPs.  

I.5. Overview: 

 Triple Negative Breast Cancer (TNBC) is a poor prognosis breast cancer subtype 

with more than 50,000 new diagnoses in the U.S. each year. Although molecular profiling 

of cancer cell lines and patient samples has determined that subtypes within TNBC exist 

with distinct genotypes and therapeutic implications, TNBC is treated as a singular disease. 

In this dissertation, we show that AgNPs are an effective treatment for mesenchymal 

TNBCs in vitro and in vivo, while examining mechanistic differences between 

mesenchymal and epithelial TNBCs to AgNPs. We found that proteotoxic stress and lipid 

peroxidation are core drivers of AgNP-induced toxicity in sensitive cells, and this is driven 

by increased expression of the large extracellular matrix protein fibronectin. Together, 

these data highlight critical vulnerabilities of aggressive and treatment-resistant 

mesenchymal TNBCs and other mesenchymal cancers that may be exploited clinically in 

the future by AgNPs or by another therapeutic. 
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II.1. Simple Summary: Different types of breast cancer are typically classified based upon 

expression of estrogen receptor, progesterone receptor, and epidermal growth factor 

receptor. One aggressive form of breast cancer is called triple-negative breast cancer 

(TNBC) because it lacks expression of these proteins. However, TNBC is also 

heterogeneous and can be further divided into distinct classes including an epithelial-like 

group and a mesenchymal-like group. The mesenchymal subtype may be vulnerable to 

therapeutic strategies that oxidize lipids and proteins. The aim of our study was to 

determine if silver nanoparticles (AgNPs) can cause these types of damage to selectively 

kill mesenchymal TNBCs. We found that AgNPs killed mesenchymal TNBCs by a 

mechanism involving lipid and protein oxidation without causing similar toxicity to normal 

breast cells. This study shows AgNPs are a specific treatment for mesenchymal TNBCs 

and indicates that stratification of TNBC subtypes may lead to improved outcomes for 

other therapeutics with similar mechanisms of action. 

II.2. Abstract: Molecular profiling of tumors shows that triple-negative breast cancer 

(TNBC) can be stratified into mesenchymal (claudin-low breast cancer; CLBC) and 

epithelial subtypes (basal-like breast cancer; BLBC). Subtypes differ in underlying 

genetics and in response to therapeutics. Several reports indicate that therapeutic strategies 

that induce lipid peroxidation or proteotoxicity may be particularly effective for various 

cancers with a mesenchymal phenotype such as CLBC, for which no specific treatment 

regimens exist and outcomes are poor. We hypothesized that silver nano-particles (AgNPs) 

can induce proteotoxic stress and cause lipid peroxidation to a greater extent in CLBC than 

in BLBC. We found that AgNPs were lethal to CLBCs at doses that had little effect on 

BLBCs and were non-toxic to non-malignant breast epithelial cells. Analysis of mRNA 
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profiles indicated that sensitivity to AgNPs correlated with expression of multiple CLBC-

associated genes. There was no correlation between sensitivity to AgNPs and sensitivity to 

silver cations, uptake of AgNPs, or proliferation rate, indicating that there are other 

molecular factors driving sensitivity to AgNPs. Mechanistically, we found that the 

differences in sensitivity of CLBC and BLBC cells to AgNPs were driven by peroxidation 

of lipids, protein oxidation and aggregation, and subsequent proteotoxic stress and 

apoptotic signaling, which were induced in AgNP-treated CLBC cells, but not in BLBC 

cells. This study shows AgNPs are a specific treatment for CLBC and indicates that 

stratification of TNBC subtypes may lead to improved outcomes for other therapeutics with 

similar mechanisms of action. 

Graphical Abstract:  
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II.3. Introduction:  

Breast cancer is a heterogeneous disease consisting of multiple subtypes. 

Histopathological tumor analysis identifies 15–20% of breast cancers cases as triple-

negative breast cancer (TNBC), characterized by lack of expression of estrogen receptor, 

progesterone receptor, and low expression of human epidermal growth factor receptor 

(HER2) [201]. Based upon differences in global mRNA expression, TNBC subdivides into 

distinct, intrinsic molecular subtypes, defined by Perou and colleagues, as claudin-low 

breast cancer (CLBC) and basal-like breast cancer (BLBC) [14]. These subtypes largely 

overlap with Lehmann’s classifications [9] in which CLBC exhibits features of the 

mesenchymal (M) subtype and BLBC exhibits features of basal-like 1 (BL1) and basal-

like 2 (BL2) subtypes. BLBC represents the majority of TNBCs, but approximately one-

third of TNBCs and 14% of all invasive breast tumors are CLBC, a poor prognosis, highly 

invasive, metastatic, and treatment-resistant subtype that is frequently associated with 

metaplastic and medullary clinical phenotypes [4–6]. CLBC/M and BLBC/BL1/BL2 not 

only differ on the molecular level, but also in incidence, treatment response, and patient 

survival [6, 8, 9, 13, 14]. Despite this heterogeneity, TNBC is treated as a single disease, 

with standard of care consisting of a combination of chemotherapy, radiation, and surgery.  

BLBC/BL1/BL2 cells exhibit epithelial features, and CLBC/M cells are enriched 

for features indicative of epithelial-mesenchymal transition (EMT), a conserved and 

dynamic process involved in embryonic development, wound healing, and cancer 

development and progression [2,3,6,8]. The EMT program causes a loss of epithelial 

characteristics, including apical-basal polarity and tight junction proteins expression (e.g., 

E-cadherin, claudins, occludins) and increased expression of mesenchymal transcription 
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factors and other markers (e.g., zinc finer e-box binding protein (ZEB)1/2, Twist, Snai1, 

Snai2, N-cadherin, vimentin, fibronectin, collagen). Changes associated with EMT 

contribute to increased invasive capacity, metastatic spread, and resistance to chemo-, 

immuno-, and targeted therapy [202].  

Although the EMT phenotype is associated with drug resistance [203], it may also 

expose targetable vulnerabilities. For example, TNBC cells that have undergone EMT 

increase synthesis and secretion of extracellular matrix (ECM) proteins, and the high 

baseline endoplasmic reticulum stress caused by the burden of ECM production renders 

them sensitive to agents that increase protein misfolding and induce proteotoxicity [43, 

204]. Additionally, EMT in head and neck [205], lung [45], and breast cancers [44, 45, 

206] is correlated with a distinct lipid metabolic signature that results in enrichment of cell 

membranes with long chain, poly-unsaturated fatty acids (PUFAs). This characteristic 

makes these cells vulnerable to agents that induce lipid peroxidation [207]. Therefore, 

therapeutic strategies that increase lipid peroxidation and cause accumulation of misfolded 

or aggregated proteins may be particularly effective for mesenchymal TNBC subtypes such 

as CLBC.  

Use of nanotechnology is a promising approach to develop more specific, less toxic 

cancer therapies. An emerging concept in cancer nanotechnology is harnessing the intrinsic 

cytotoxicity of nanoparticles to modulate the dynamics of EMT [208]. Drug-free, inorganic 

nanomaterials composed of gold [209], gadolinium [210], or silver [211] may specifically 

target the EMT cancer state. We and others found that certain breast cancer cell lines are 

more sensitive to silver nanoparticle (AgNP) exposure than non-malignant mammary 

epithelial cells [65, 66, 88, 113]. Notably, AgNP exposure increases protein oxidation and 
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proteotoxic stress [65, 66, 83, 88, 91, 212, 213] and may cause lipid peroxidation in certain 

cells and organisms [92, 94, 214]. However, there is considerable heterogeneity in the 

relative sensitivity of various cancers to AgNP exposure [65, 66, 69, 70, 83, 88, 213], and 

it is not known if cancers with an EMT phenotype are more susceptible than other cancers 

or normal cells to proteotoxic stress or lipid peroxidation caused by exposure to AgNPs. 

Here, we aim to determine if mesenchymal and epithelial subtypes of TNBC differ 

in sensitivity to AgNPs, and to define the vulnerabilities driving this difference. Therefore, 

we investigated effects of AgNPs on viability, proliferation, and clonogenic growth using 

a panel of TNBC cells representing CLBC and BLBC subtypes and non-malignant breast 

epithelial cells. We determined the correlation between the AgNP IC50 and mass of AgNP 

taken up, sensitivity to silver cations (Ag+), proliferation rate, and mRNA profile for 

multiple cell lines. We quantified lipid peroxide generation, formation of 4-

hydroxynonenol (4-HNE) protein adducts, protein thiol oxidation, protein aggregation, and 

activation of proteotoxic stress signaling responses after AgNP exposure to identify 

differences in the mechanism of action of AgNPs in CLBC and BLBC. These studies will 

help to establish a rationale for the use of AgNPs as a therapeutic for CLBCs and guide 

future studies pertaining to the mechanism of action of AgNPs.  

II.4. Materials and Methods:  

Silver Nanoparticles: Spherical AgNPs, 25 nm in diameter, and stabilized with 

polyvinylpyrrolidone (PVP) were purchased as dried powders from nanoComposix, Inc 

(San Diego, CA, USA). Nanoparticles were dispersed by bath sonication in phosphate 

buffered saline (PBS), pH 7.4, without calcium or magnesium (Invitrogen, Carlsbad, CA, 

USA), at a concentration of 5 mg/mL based upon the mass of silver contained in the 
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nanoparticles, and were then diluted in cell culture medium to the final concentration listed 

in the figures prior to addition to wells containing cells. The physicochemical properties 

including hydrodynamic diameter, colloidal stability in cell culture media, and ζ-potential 

of this material were characterized previously [65]. 

Cell Culture: BT-20, HCC70, MDA-MB-468, BT-549, MDA-MB-231, MDA-MB-436, 

and MCF-10A cells were purchased from the ATCC (Manassas, VA, USA). SUM159 cells 

were purchased from Astrerand (now BioIVT, Westbury, NY, USA) and iMEC cells were 

provided by Dr. Elizabeth Alli in the Department of Cancer Biology at Wake Forest School 

of Medicine. Cell lines were expanded, 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 Table 1.  

Table II-1. Media formulations. 
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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 live 

fluorescence imaging studies, cells were grown in 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.  

MTT assay: Cells were seeded on 96-well plates at a density of 3500–5000 cells per well 

(depending upon cell line) in 100 µL of complete media, recovered for 24 h, and then were 

exposed to AgNPs or AgNO3 (Sigma-Aldrich, St. Louis, MO, USA) in 100 µL of complete 

media containing doses of AgNPs or AgNO3 as listed in the figures. After 72 h, media 

containing AgNPs or AgNO3 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. Medium was removed by vacuum suction, and cells were lysed 

in 200 µL of DMSO and absorbance read using a Molecular Devices Emax Precision 

Microplate Reader (San Jose, CA, USA) at 560 nm. Absorbance measurements at 650 nm 

were subtracted from each reading to correct for any inconsistencies in optical properties 

between wells. 

Clonogenic growth assay: Cells were seeded on 6-well plates at a density of 300–1000 

cells per well (depending upon cell line) in 4 mL of complete media, recovered for 24 h, 

and were then exposed to various concentrations of AgNPs and diluted in 500 uL of 

complete media, resulting in the dose listed in the figures. After 24 h, AgNP-containing 
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media was replaced with fresh media and colonies were allowed to form for 14–21 days. 

During this time, culture media was replaced every 2–3 days. Plates were then washed with 

PBS, fixed for 10 min with 1:1:8 (vol:vol:vol) glacial acetic acid:methanol:water, stained 

for 10 min with crystal violet, and then washed in tap water. After drying, colonies of at 

least 50 cells were counted manually. 

IncuCyte proliferation assay: Cells were seeded on 96-well plates at a density of 3500–

5000 cells per well (depending upon cell line) in 100 µL of complete media, recovered for 

24 h, and then exposed to AgNPs in 100 µL of complete media containing doses of each 

drug listed in the figures. Plates were then placed in an IncuCyte ZOOM (Essen Bioscience, 

Ann Arbor, MI, USA) incubator and cell proliferation and morphology was monitored by 

time-lapse imaging for 72 h. The logarithmic growth phase of vehicle (PBS)-treated 

proliferation curves for each cell line was identified and doubling time was determined 

experimentally. 

mRNA expression: RNASeq expression data for specific mRNAs were obtained from the 

publicly available Broad-Novartis Cancer Cell Line Encyclopedia (CCLE) which can be 

accessed here: https://portals.broadinstitute.org/ccle. The data set was uploaded on 

September 29, 2018, and accessed by us on January 2, 2019.  

Inductively coupled plasma mass spectrometry (ICP-MS): Cells were seeded in 6 cm dishes 

at a density of 500,000 cells in 4 mL of media. 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 distilled-deionized water using a microwave-assisted digestion system (Ethos UP, 

Milestone, Sorisole, Italy). The digested samples were diluted to a final acid concentration 

https://portals.broadinstitute.org/ccle
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of 2% v/v before Ag determination by ICP-MS. Trace metal grade HNO3 (Fisher, 

Pittsburgh, PA, USA), low trace metals H2O2 (Veritas, Columbus, OH, USA), and type 1 

water (18 MΩ cm, Milli-Q®, Millipore) were used to digest samples and prepare all 

solutions. Reference solutions of silver were prepared in 2% v/v acid (HNO3) from a 1000 

mg/L Ag stock (SPEX CertPrep, Metuchen, NJ, USA) and used for calibration. Analyses 

were performed using a tandem ICP-MS (8800 ICP-MS/MS, Agilent) equipped with a SPS 

4 automatic sampler, a Scott-type double pass spray chamber operated at 2 °C, and a 

Micromist concentric nebulizer. The 109Ag isotope was monitored in single quadrupole 

mode. To minimize potential spectral interferences, helium gas (≥ 99.999% purity, Airgas) 

was used in the ICP-MS’s collision/reaction cell during data acquisition. Instrument 

operating conditions were: 1550W radio frequency applied power, 10.0 mm sampling 

depth, 1.05 L/min carrier gas flow rate, and 4.0 mL/min collision/reaction gas flow rate. 

Lipid peroxidation assays: Cells were seeded on 8-well coverslip-bottom chamber slides 

at a density of 30,000 cells per well in 400 μL of complete medium for microscopy 

experiments, or on 6-well plates at a density of 500,000 cells in 3 mL of complete medium 

for flow cytometry experiments. Cells were allowed to adhere for 48 h and were then 

exposed to AgNPs for 24 h at 37 °C. For microscopy experiments, medium was removed 

and 10 µM Liperfluo dye (Dojindo Molecular Technologies, Rockville, MD, USA) diluted 

in 500 µL live cell imaging solution (Molecular Probes, Eugene, OR, USA) was added to 

each well. After 30 min Liperfluo-containing media was replaced with fresh live cell 

imaging solution and re-placed in incubator for 4 h. Fluorescence was then observed using 

an Olympus FV1200 spectral laser scanning confocal microscope. Fluorescence was 

quantified using ImageJ software. For flow cytometry experiments, medium was removed 
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and 10 µM Liperfluo dye (Dojindo Molecular Technologies) diluted in 1 mL PBS was 

added to each well for 30 min. Cells were then washed with PBS, trypsinized, trypsin 

neutralized with complete media, and resuspended in fresh PBS. Cell fluorescence was 

measured within an hour of staining using a BD FACS Canto II Analyzer. Data analysis 

was performed using FCS Express 7 software (De Novo Software, Pasadena, CA, USA). 

Western Blots: Cells were plated on 6 cm dishes at a density of 1,000,000 cells in 4 mL of 

complete medium. Cells were allowed to recover for 48 h and then were exposed to AgNPs 

for 3 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 supplemented with Halt 

Protease & Phosphatase Inhibitor Cocktail (both from 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). Non-specific binding was blocked by 

incubation for 30 min at room temperature with tris-buffered saline containing 0.1% 

Tween-20 (Bio-Rad) and either 5% blotting grade blocker (Bio-Rad) or 5% bovine serum 

albumin (BSA; Sigma-Aldrich). Membranes were incubated overnight at 4 °C in dilutions 

containing TBS-T and either 5% blotting grade blocker or 5% BSA and 1:1000 primary 

antibody. Primary antibodies used include: phospho-eIF2α (9721), eIF2α (9722), CHOP 

(2895), 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 4-HNE (MA5-27570) purchased from Invitrogen (Rockford, 

IL, USA). Membranes were washed and then incubated with 1:1000 anti-rabbit (Cell 
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Signaling Technologies) or anti-mouse (Cell Signaling Technologies) horseradish 

peroxidase (HRP)-conjugated secondary antibodies diluted in 5% blotting grade blocker in 

TBS-T for 1 h at room temperature. Immunoreactive products were visualized by 

chemiluminescence using SuperSignal Femto West reagent (Thermo Fisher Scientific).  

Protein Aggregation Assays: Cells were grown on 18 mm coverslips in 12-well plates at a 

density of 250,000 cells in 1 mL 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 cells 

were fixed with 4% formaldehyde solution and permeabilized (0.5% Triton X-100, 3 mm 

EDTA, pH 8.0). Cells were then stained for 30 min with Proteostat Aggresome Detection 

Reagent (1:1000) and Hoechst 33342 (1:500) (Enzo BioSciences, Ann Arbor, MI, USA) 

diluted in PBS, and then 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. Fluorescence was 

quantified using ImageJ software.  

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

well plates in 2 mL of complete medium and allowed to adhere for 24 h. Cells were exposed 

to AgNPs for 24 h. Afterward, fresh media containing 50 µM of DCP-NEt2-Coumarin 

(DCP-NEt2C) 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). Analysis of the data was performed using FCS express version 7 (De Novo 

Software, Glendale, CA, USA). 

ImageJ analysis: Corrected total cell fluorescence (CTFC) was calculated from grayscale 

images:  
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𝐶𝑇𝐹𝐶 = 𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 − (𝐴𝑟𝑒𝑎 𝑜𝑓 𝑠𝑒𝑙𝑒𝑐𝑡𝑒𝑑 𝑐𝑒𝑙𝑙 𝑥 𝑀𝑒𝑎𝑛 𝑝𝑖𝑥𝑒𝑙 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑) (1) 

Statistical Analysis: Analysis was performed as described in the figure legends using Prism 

9.1.1 software (GraphPad, San Diego, CA, USA). Number of technical and biological 

replicates used for each experiment is included in the figure legends. 

II.5. Results: 

II.5.1. AgNPs Are Lethal to CLBCs at Doses That Have Little Effect on BLBCs and No 

Effect on Viability of Non-Malignant Breast Epithelial Cells 

To determine if sensitivity of TNBC cells to AgNPs differed based upon intrinsic 

subtype, a panel of BLBC (HCC70, BT-20, MDA-MB-468) and CLBC (BT-549, MDA-

MB-231, MDA-MB-436, SUM159) cell lines were treated with increasing doses of 

AgNPs. Viability was assessed by MTT assay. For comparison, the relative sensitivities to 

AgNPs of non- malignant breast epithelial cells (MCF-10A, iMEC) were also assessed 

(Figure II-1A) and IC50 values were calculated (Figure II-1B). IC50 values of CLBCs 

ranged from 0.7–18 µg/mL, BLBCs ranged from 48–98 µg/mL, and non-cancer cell lines 

ranged from 110–346 µg/mL. All CLBC cell lines were significantly more sensitive than 

BLBC cell lines, and both were significantly more sensitive to AgNPs than non-malignant 

breast cells  

Next, we quantified the effect of AgNPs on clonogenic growth (Figure II-1C). 

Cloning efficiency of CLBC cells (MDA-MB-231, BT-549, and SUM159) was 

significantly inhibited by AgNP at doses that had little effect on BLBC (MDA-MB-468) 

or non-malignant breast cells (MCF-10A and iMEC). BT-20 or HCC70 cells did not form 

colonies under the conditions tested and were excluded from analysis. All CLBC cell lines 
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failed to form clones when treated with a dose of 12.5 µg/mL AgNP or higher. In contrast, 

cloning efficiencies of the BLBC and non-malignant cells exposed to 12.5 µg/mL AgNP 

were 54%, 83%, and 98%, respectively. 
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As a third metric to assess the cytotoxicity of AgNPs on CLBC and BLBC, 

proliferation of AgNP treated cells was monitored by time-lapse microscopic imaging 

(Figure II-1D). CLBC cells treated with AgNPs doses of 7.8 µg/mL (MDA-MB-231) or 

15.6 µg/mL (BT-549) or greater proliferated significantly less than vehicle-treated cells. In 

contrast, both BLBC cells (BT-20, MDA-MB-468) and non-malignant mammary epithelial 

cells (iMEC, MCF-10A) were less sensitive to AgNPs, and only the 125 µg/mL dose, the 

highest dose tested, had an effect on proliferation on any of these cell lines.  

All three metrics (MTT assay, clonogenic growth, proliferation) indicated that 

CLBC cell lines were more sensitive to AgNPs than BLBC or non-malignant mammary 

epithelial cells. Increased sensitivity to AgNPs aligned with a claudin-low gene signature, 

including genes originally defined by Prat et al. [14] and expanded by Fougner et al. [215] 

(Figure II-2A). The expression level of a subset of mRNAs for genes associated with 

CLBC, including low CDH1, CLDN7, ERBB2, ESR1, KRT5, OCLN, and high VIM, 

Figure II-1.  Claudin-low breast cancer (CLBC) cells are sensitive to low doses of 

silver nanoparticles (AgNPs), which do not affect basal-like breast cancer (BLBC) 

cells. (A) CLBC (red), BLBC (blue), and non-malignant (black) cells were treated 

with AgNPs for 72 h and viability was assessed by MTT assay. (B) IC50 was 

calculated. Data were obtained from at least four biological replicates per dose and 

three independent experiments per cell line. Statistical analysis was performed by 

two-way ANOVA followed by post hoc Tukey test. Significant differences are 

indicated (**** p < 0.0001). (C) Clonogenic survival of CLBC (red), BLBC (blue), 

and non-malignant (black) cells was assessed after AgNP treatment. Data were 

obtained from three biological replicates per dose and are representative of duplicate 

independent experiments per cell line. (D) Proliferation was assessed by Incucyte 

time-lapse imaging of the indicated cell lines over 72 h with or without AgNPs. Data 

were obtained from at least four biological replicates per dose and are representative 

of three independent experiments per cell line. Statistical analysis was performed by 

two-way ANOVA followed by post hoc Tukey test. Significant differences are 

indicated (**** p < 0.0001). 
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ZEB1, and ZEB2 each individually correlated with the IC50 for AgNP treatment 

(determined by MTT assay) (Figure II-2B). These data strongly indicate that CLBC cells 

are vulnerable to treatment using AgNPs. 

 

Figure II-2. Sensitivity to AgNPs aligns with a CLBC gene signature. (A) mRNA 

expression profiles from the Broad-Novartis Cancer Cell Line Encyclopedia (CCLE) 

show the expected clustering of CLBC and BLBC cell lines. (B) AgNP IC50 was plotted 

versus mRNA expression of each gene from (A). Pearson’s correlation coefficient (r) 

was calculated as shown. mRNA expression vs. IC50 is shown for the subset of genes in 

(A) with expression that significantly correlated (p < 0.05) with sensitivity to AgNPs. 
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II.5.2. Sensitivity to AgNP Exposure Does Not Correlate with Mass of AgNPs Taken Up, 

Inherent Sensitivity to Silver Cations, or Proliferation Rate 

Having observed that CLBC cell lines were more sensitive to AgNPs than BLBC 

and non-malignant breast epithelial cells, we asked if increased uptake of AgNPs, inherent 

sensitivity to silver cations (Ag+), or increased proliferation rate accounted for this 

difference. To determine if uptake of AgNPs correlated with sensitivity to AgNPs, cells 

were exposed to AgNPs, and internalized silver content was analyzed by ICP-MS. The 

mass of AgNPs taken up by cells was heterogeneous across cell lines and significant 

differences were detected between cell lines (Figure II-3A). MCF-10A cells took up 

significantly more silver than iMEC, BT-20, and MDA-MB-231 cells, while BT-549 cells 

took up significantly more silver than BT-20 cells. However, there was no correlation 

between the mass of AgNPs taken up and the AgNP IC50 across these cell lines (Figure 

3B). 

Next, we assessed the effect of AgNO3, used as a source of Ag+, on cell viability. 

Analysis of the IC50 of Ag+ treatment for each cell line showed variability in their 

sensitivity to Ag+ (Figure II-3C). iMEC cells were more sensitive to AgNO3 compared to 

MDA-MB-231 and MCF-10A, but no significant differences were found between BLBC 

and CLBC cell lines. Additionally, there was no correlation between AgNP IC50 and 

AgNO3 IC50, indicating that sensitivity to Ag+ was not predictive of sensitivity to AgNPs 

(Figure II-3D).  

Lastly, we examined the relationship between proliferation rate and sensitivity to 

AgNPs. The proliferation rate of each cell line during log-phase growth was determined 

and doubling time was calculated. No correlation was found between doubling time and 
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Figure II-3. Sensitivity to AgNPs does not correlate with uptake of silver, sensitivity 

to silver cations, or proliferation rate. (A) Uptake of AgNPs was quantified by ICP-MS 

from three biological replicates per cell line and (B) plotted versus AgNP IC50. (C) Cells 

were exposed to Ag+ (in the form of AgNO3) for 72 h, viability was assessed by MTT 

assay, and IC50 was calculated. Data were obtained from six biological replicates per 

dose and three independent experiments per cell line. (D) AgNO3 IC50 was plotted 

versus AgNP IC50. (E) Proliferation rate was determined from Figure II-2B and plotted 

versus AgNP IC50. (A,C) Statistical analysis was performed by one-way ANOVA 

followed by post hoc Tukey test. Significant differences are indicated (* p < 0.05; 

** p < 0.01). (B,D,E) Pearson’s correlation coefficient (r) was calculated as shown. No 

significant correlation was detected in any data set (p > 0.05). 
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AgNP IC50 (Figure II-3E). These data indicate that differences in uptake of AgNPs, 

sensitivity to Ag+, and proliferation rate are insufficient to account for the high sensitivity 

of CLBC to AgNPs. 

II.5.3. AgNPs Induce Lipid Peroxidation and 4-HNE-Histidine Adduct Formation in CLBC 

But Not in BLBC 

Exposure to AgNPs may cause lipid peroxidation in certain cell lines or organisms 

[92, 214, 216]. Multiple studies indicate various cancers with an EMT phenotype are 

vulnerable to agents that induce lipid peroxidation [45, 205], but differences in the 

sensitivity of CLBC and BLBC cells to lipid peroxidation have not been assessed. We used 

Liperfluo, a fluorescent probe specific for detecting lipid peroxides [217], to quantify 

changes in lipid peroxidation following AgNP treatment. A significant increase in 

fluorescent staining indicative of lipid peroxidation was detected in AgNP-treated CLBC 

cells (BT-549, MDA-MB-231), but not BLBC cells (HCC70, BT-20) (Figure II-4 A,B 

and Supplementary Figure II-S1). 4-HNE is a toxic degradation product of lipid 

peroxides that readily forms protein adducts both of Michael addition products and Schiff 

bases. Therefore, to confirm that AgNPs selectively increase lipid peroxides in CLBC cells, 

we quantified 4-HNE histidine adducts in AgNP-treated cells (Figure II-4C). We observed 

a dose dependent increase in 4-HNE histidine adducts in BT-549 (CLBC) cells exposed to 

AgNPs. In contrast, 4-HNE histidine adducts decreased in HCC70 cells. These data show 

that AgNPs cause lipid peroxidation in CLBC cells, but not BLBC cells, which correlate 

with the overall sensitivity of these TNBC subtypes to AgNP exposure. 
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Figure II-4. AgNPs induce lipid peroxidation and 4-HNE adduct formation in CLBC 

but not BLBC. To assess lipid peroxidation, BLBC (blue) and CLBC (red) cells were 

treated with AgNPs for 24 h, stained with Liperfluo, and fluorescence assessed by 

confocal microscopy (A,B). (A) Microscopy results shown are representative images 

from three independent experiments with at least three random fields assessed per 

sample. (B) Fluorescence intensity was quantified in at least 10 cells per field and 

statistical analysis was performed by one-way ANOVA followed by post hoc Tukey 

test. Significant differences are indicated (** p < 0.01; **** p < 0.0001). (C) 4-

Hydroxynonenal (4-HNE) was assessed by Western blot in cells treated with (left to 

right) 0, 18.75, 37.5, or 75 µg/mL AgNPs for 24 h. Densitometry was performed and 

the ratio of 4-HNE to GAPDH was calculated as indicated. The results are 

representative duplicate independent experiments. 
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II.5.4. AgNPs Induce Protein Aggregation, Protein Oxidation, and Proteotoxic Stress 

Responses in CLBC but in Not BLBC 

4-HNE adducts increase protein misfolding and aggregation [218, 219]. Therefore, 

we asked if AgNPs induce a distinct pattern of protein aggregation that correlates with 

relative sensitivity of CLBC and BLBC cells to AgNPs. To determine if AgNPs induce 

protein aggregation, cells were treated with AgNPs for 24 h, and stained with proteostat, a 

dye that fluoresces after intercalation into hydrophobic pockets formed by misfolded or 

aggregated proteins. A significant increase in fluorescent staining indicative of protein 

aggregation was detected in CLBC cells (BT-549, MDA-MB-231) but not in BLBC cells 

(HCC70, BT-20) (Figure II-5 A,B). Lipid peroxides also cause oxidation of thiols in 

proteins leading to generation of sulfenic acids [220]. We used DCP-NEt2C, a fluorescent 

probe that is specific for imaging mitochondrial protein sulfenylation [221], to assess 

protein oxidation following AgNP exposure. A significant increase in fluorescent staining 

indicative of protein oxidation was detected in AgNP treated CLBC cells (BT-549, MDA-

MB-231) but not BLBC cells (BT-20, HCC70) (Figure II-5C). 

Accumulation of oxidized or misfolded proteins causes proteotoxic stress and can be 

cytotoxic. Cells will activate stress response programs to mitigate damage. This includes 

the integrated stress response (ISR), indicated by phosphorylation of eIF2α [222], and 

mitogen-activated protein kinase (MAPK) signaling pathways, indicated by 

phosphorylation of c-Jun N-Terminal Kinase (JNK) [223]. However, if damage is too 

severe and deemed irreparable, rather than acting as a pro-survival signal, ISR signaling 

increases expression of CHOP (C/EBP homologous protein), which induces apoptosis. In 

CLBC cells (BT-549) treated with AgNPs, p-eIF2α, p-JNK, and CHOP increased 
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indicating activation of the ISR, and full-length caspase-7 and caspase-9 decreased, which 

is indicative of apoptosis (Figure II-5D). No changes in ISR  
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signaling were detected in AgNP-treated BLBC cells (HCC70). Similarly, activation of 

JNK and pro-apoptotic signaling was observed in AgNP treated SUM159 (CLBC) cells 

but not in BT-20 (BLBC) cells (Supplementary Figure II-S2A). Consistent with a slow 

accumulation of misfolded proteins driving toxicity, increased ISR signaling in CLBC cells 

was observed 24 h after AgNP exposure, but not after 3 h (Supplementary Figure II-

S2B,C). Overall, our data support a mechanism whereby AgNPs selectively kill CLBC 

cells by generation of lipid peroxides and subsequent formation of 4-HNE protein adducts 

and oxidation of proteins, which leads to protein aggregation, proteotoxic stress, and cell 

death. 

II.6. Discussion: 

TNBCs classified as CLBC/M or BLBC/BL1/BL2 have different genetics and 

responses to chemotherapies [8, 14]. Several oncogenic drivers of these subtypes have been 

Figure II-5. AgNPs induce protein aggregation and protein oxidation and activate 

proteotoxic stress responses in CLBC but not BLBC. (A,B) To assess protein 

aggregation, BLBC (blue) or CLBC cells (red) were treated with AgNPs for 24 h, 

stained with Proteostat aggresome dye, and fluorescence was measured using confocal 

microscopy. (A) Microscopy results shown are representative images from three 

independent experiments with at least three random fields assessed per sample. (B) 

Fluorescence intensity was quantified in at least 10 cells per field and statistical analysis 

was performed by one-way ANOVA followed by post hoc Tukey test. Significant 

differences are indicated (**** p < 0.0001). (C) To assess protein oxidation, cells were 

treated with AgNPs for 24 h, stained with DCP-Net2C, and fluorescence assessed by 

flow cytometry. Data were obtained from three independent experiments. Statistical 

analysis was performed by two-way ANOVA followed by post hoc Tukey test. 

Significant differences are indicated (** p < 0.01; *** p < 0.001). (D) To assess ISR 

signaling, cells were treated with 0, 18.25, 37.5, or 75 µg/mL AgNPs for 24 h and 

protein expression was evaluated by Western blot. Densitometry was performed and 

the ratio of peIF2α/eIF2α or each individual protein to β-actin was calculated as 

indicated. The results are representative duplicate independent experiments. 
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identified, including p53, Rb1, Ras/MAPK, and Myc [224, 225], but thus far, no targeted 

therapeutics for these oncogenes have been effective or safe for the treatment of any form 

of TNBC. We posit that, in large part, this is due to two issues: (1) specifically targeted 

molecular aberrations may only be present in a small fraction of patients, limiting the 

patient population in which new treatments can be tested; (2) inhibitors of oncogenes 

produce severe off-target effects in non-cancer cells and tissue. These suppositions are 

supported by others [226]. Overcoming these issues is challenging and requires both 

identifying agents that exploit highly prevalent vulnerabilities specific to cancer cells 

themselves, and simultaneously identifying patient populations who may benefit most from 

targeting of those vulnerabilities. Recent studies indicate that cancers with a mesenchymal 

phenotype, such as CLBC, are susceptible to agents that cause oxidation of lipids or 

proteotoxic stress [12,13,18]. We show that by perturbing both vulnerabilities using 

AgNPs, CLBC cells are killed at low doses that do not affect non-malignant breast 

epithelial cells. Both CLBC and BLBC cell lines are more sensitive to AgNPs than non-

malignant breast epithelial cells, but the AgNP IC50s for CLBC cell lines were 

approximately 5–500 fold less than those for non-malignant breast epithelial cells. In 

contrast, IC50s for BLBC cell lines were only 1.1–4-fold less than those for non-malignant 

cell lines. This indicates that AgNPs may have a wider therapeutic window for treatment 

of CLBC as compared to BLBC. 

Mechanistically, we found that the difference in sensitivity of CLBC and BLBC cells 

to AgNPs is driven by peroxidation of lipids, protein oxidation and aggregation, and 

subsequent proteotoxic stress and apoptotic signaling, which are induced in AgNP-treated 

CLBC cells, but not BLBC cells. Although Ag+ present in AgNP preparations or released 
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in cell culture media may contribute to AgNP cytotoxicity [78, 227-229], we found no 

correlation between AgNP IC50 and Ag+ IC50, indicating that inherent sensitivity to Ag+ 

was not a factor driving the sensitivity of CLBCs to AgNPs. We also quantified the mass 

of AgNPs taken up by cells. We found that uptake of AgNPs by BLBC, CLBC, and non-

cancer cells was variable, but there was no correlation between AgNP IC50 and internalized 

mass of AgNPs. Lastly, there was no correlation between AgNP IC50 and proliferation rate. 

This led us to infer that other factors must be causing sensitivity to AgNPs. 

Analysis of mRNA profiles indicates that AgNP IC50 highly correlates with multiple 

CLBC-associated genes; however, the specific genetic drivers of AgNP sensitivity remain 

to be determined. CLBCs may be more primed for lipid peroxidation by AgNPs because 

of a lipid-signature rich in long-chain PUFAs associated with EMT [44, 45, 206]. 

Furthermore, increased uptake of exogenous PUFAs has been linked to oncogenic MYC 

expression and poor outcomes in CLBC [230]. 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 

[231, 232]. Preclinical studies indicate that drugs known to cause lipid peroxidation and 

ferroptosis are promising for treating TNBC [15,53,54]. Repurposing of clinically 

approved drugs, including the arthritis drug sulfasalazine [46, 233] and anti-malarial 

artesunate [234], has shown pre-clinical efficacy by inducing lipid peroxidation in TNBC 

cells [235, 236], but stratification into CLBC and BLBC was not performed in these studies 

and clinical efficacy remains to be determined. While it is unclear if currently approved 

drugs that increase lipid peroxidation will improve outcomes for TNBC, new ferroptosis 

inducers, such as imidazole-ketone-erastin show promising specificity, effectiveness, and 
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exhibit a favorable toxicity profile, supporting use in future clinical trials [237]. It is not 

known if AgNPs induce ferroptosis or offer comparative advantages with regard to 

therapeutic index compared to small molecule ferroptosis inducers, and additional studies 

will be necessary to assess this. However, our data showing AgNPs specifically cause lipid 

peroxidation in CLBC but not BLBC indicate that greater patient stratification may lead to 

improved outcomes for clinical trials of other therapeutics with a similar mechanism of 

action. 

Exposure to agents that cause accumulation of misfolded proteins in the endoplasmic 

reticulum, or in degradative vesicles including lysosomes and autophagosomes, can cause 

disruptions in protein synthesis, folding, and trafficking, leading to proteotoxicity and cell 

death [238]. We show that downstream of AgNP-mediated lipid peroxidation, damage 

propagates through CLBC cells by subsequent oxidation of proteins, generation of 4-HNE 

protein adducts, accumulation of protein aggregates, activation of ISR signaling, and cell 

death. This is consistent with studies showing that TNBC cells that have undergone EMT 

are more sensitive to proteotoxicity than luminal A breast cancer or non-cancer cells [43]. 

The basis for sensitivity to proteotoxicity in CLBC may lie in the high level of synthesis 

of ECM proteins including fibronectin and collagens [43, 204], which places a high 

baseline burden on proteostasis machinery [239]. This idea is exploited clinically for 

multiple hematologic malignancies for which high rates of protein synthesis is a key feature 

of oncogenic transformation [240]. Drugs approved for clinical use for multiple myeloma 

and mantle cell lymphoma based upon this mechanism of action include proteasome 

inhibitors (bortezomib/carfilzomib) [241], E3-ubiquitin ligase inhibitors 

(thalidomide/lenalidomide) [242], and HDAC inhibitor (panobinostat) [243, 244]. These 
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drugs have demonstrated promising efficacy in killing mesenchymal and metastatic TNBC 

in vitro. Additionally, NVP-BEZ235, a dual-phosphoinositide 3-kinase (PI3K)-

mammalian target of rapamycin (mTOR) inhibitor was shown by Lehmann et al. to be 

cytotoxic in vitro to mesenchymal TNBCs at doses that did not affect epithelial TNBCs 

[8]. However, clinical trials of this drug in other cancers were terminated after dose 

escalation studies due to severe toxicity [245]. Our previous studies established a safe, 

intravenous dosing window for effective treatment of MDA-MB-231 tumors (CLBC) with 

minimal off-target toxicity in murine models [65]. Thus, there is substantial room for 

development of new agents such as AgNPs that induce proteotoxic stress as a strategy to 

treat CLBC patients. 

Previous studies support the existence of a common mechanism that drives the 

sensitivity of various cancers with an EMT phenotype to engineered nanomaterials. 

Exposure to gold nanoparticles (AuNPs) reduced expression of mesenchymal markers in 

ovarian cancer in vitro, leading to inhibition of tumor growth in vivo [209]. Silver 

nanoparticles blocked radiotherapy induced expression of EMT markers in non-small cell 

lung cancer (NCSLC) [211]. Titanium dioxide nanoparticles (TiO2-NPs) suppressed EMT-

mediated cell migration and invasion without exhibiting cytotoxicity [246]. Gadolinium-

metallofullerenol nanoparticles blocked epithelial-to-mesenchymal transition in triple-

negative breast cancer (TNBC) and eliminated breast cancer stem cells (CSCs) [210]. 

Furthermore, we previously observed that AgNPs selectively eliminate certain TNBCs, 

ovarian cancer cells, and NCSLC with a mesenchymal phenotype [23,27,29,33]. Reports 

indicate that certain nanoparticles, including iron-core nanoparticles [247, 248], titanium 

dioxide (TiO2) [249], ultrasmall poly (ethylene glycol)-coated silica nanoparticles [250], 
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cobalt NPs [251], and manganese silicate nanobubbles [252], induce lipid oxidation in a 

variety of cell types. The cause of the general vulnerability of various cancers with an EMT 

phenotype to engineered nanomaterials has not been firmly established, but our data 

indicate that nanoparticle-induced lipid peroxidation and proteotoxicity may play a key 

role in this.  

Classification of breast tumors as CLBC is not part of current clinical practice, and 

thus transcriptomic profiling of patient tumors will need to become a routine part of breast 

cancer practice to select patients for AgNP treatment. However, similarities in the gene 

expression patterns of CLBC and highly aggressive, metaplastic breast cancers [253] 

suggest that the mesenchymal phenotype shared by CLBC may be associated with 

metaplastic characteristics, including increased invasion, metastasis, and treatment 

resistance [254]. It remains to be seen if AgNPs are effective at treating metaplastic breast 

tumors, but the SUM159 cell line studied here exhibits features of metaplastic cancers 

[255] and is sensitive to AgNP treatment, which supports the possibility that AgNPs may 

be effective for treatment of metaplastic breast cancer.  

II.7. Conclusions: 

Our study demonstrates previously unknown differences in the responses of 

mesenchymal (CLBC) and epithelial (BLBC) subtypes of TNBC to AgNPs. Specifically, 

we observed that AgNPs selectively induced lipid peroxidation, which drove protein 

oxidation and aggregation, and caused irremediable proteotoxic stress in CLBC cells 

without causing similar damage to BLBC cells. Furthermore, doses of AgNPs that were 

lethal to CLBC cells had no effect on the growth or viability of non-malignant breast 

epithelial cells. This study lays the foundation for the development of AgNPs as a form of 
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precision medicine for CLBC and will guide future studies pertaining to the mechanism of 

action of AgNPs for cancer therapy. Additionally, our finding highlights vulnerabilities in 

CLBC that can be targeted by other agents, indicating that increased stratification of TNBC 

subtypes at the pre-clinical and clinical level may lead to improved outcomes for use of 

other therapeutics with a similar mechanism of action.  

II.8. Supplementary Figures and Uncropped Western Blots 
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Figure II-S1. AgNPs induce lipid peroxidation in CLBC but not 

BLBC. To assess lipid peroxidation, cells were treated with AgNPs for 

24 hours, stained with Liperfluo, and fluorescence was assessed by 

flow cytometry. Data were obtained from 3 boilogical replicates per 

condition and 3 independent experiments. Statistical analysis was 

performed by two-way ANOVA followed by post-hoc Tukey test. 

Significant differences are indicated (**p<0.001). 
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Figure II-S2. AgNPs induce time dependent activation of proteotoxic stress 

responses in CLBC cells. (A) BLBC (blue) and CLBC (red) cells were treated with 

(left to right) 0, 9.375, 18.75, 37.5, or 75 μg/mL AgNPs for 24 hours and protein 

expression was evaluated by western blot. (B) CLBC cells (red) were treated with 

0, 18.75, 37.5, or 75 μg/mL AgNPs for 3 or 24 hours and protein expression was 

evaluated by western blot. (C) Densitometry was performed on at least three 

independent experiments per cell line and the ratio of p-eIF2α to β-Actin is shown. 

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

Tukey test. Significant differences are inificated (****p<0.0001, ***p<0.001, 

**p<0.01, *p<0.05). 
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Figure II-S3. Uncropped Western Blots corresponding to Figure 4 
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Figure II-S3. Uncropped Western Blots corresponding to Figure 5, part 1 
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Figure II-S3. Uncropped Western Blots corresponding to Figure 5, part 2 
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Figure II-S3. Uncropped Western Blots corresponding to Figure S2, part 1  
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Figure II-S3. Uncropped Western Blots corresponding to Figure S2, part 2 
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III.1. Abstract: 

Much research has been dedicated to identifying therapies with synergistic effects to 

be used in combination to treat cancer. Synergistic drug combinations increase therapeutic 

efficacy and allow for lower doses of drugs to be used, leading to fewer off-target effects. 

Silver nanoparticles (AgNPs) have been investigated for their cancer-killing properties, 

including induction of the unfolded protein response (UPR), mitochondrial dysfunction, 

DNA damage, and generation of reactive oxygen species (ROS) and lipid peroxidation. 

We set out to examine the role that heat shock proteins (HSPs) and other endoplasmic 

reticulum (ER)-bound molecular chaperones play in AgNP-induced cytotoxicity in triple 

negative breast cancer (TNBC) and non-malignant breast cells. Furthermore, we 

investigated HSP inhibitors and UPR activators as potential synergistic drug partners to 

increase efficacy and decrease toxicity of AgNPs. We found that inhibition of the ER-

bound protein kinase R-like ER kinase (PERK) or increasing ER-folding capacity had no 

effect on AgNP toxicity in TNBC cells. Furthermore, we discovered that AgNPs failed to 

activate a robust heat shock response at a transcriptional level, and increased degradation 

of some HSPs in TNBC cells. In agreement with this, we found that AgNPs induced 

autophagy in TNBC cells. While the heat shock protein 90 (HSP90) inhibitor 17-DMAG 

and the heat shock factor 1 (HSF1) inhibitor KRIBB11 synergized in TNBC cells, they 

also displayed synergy in non-malignant breast cells, indicating a potential for increased 

off-target toxicity. We found that the combination of the eIF2α dephosphorylation inhibitor 

salubrinal and AgNPs enhanced proteotoxic stress and apoptosis signaling to induce 

synergistic cell death in only TNBC cells and exhibited no dose enhancement or toxicity 

in non-malignant breast cells. We further investigated this synergistic combination in a 



66 
 

syngeneic mouse model, but found the combination too toxic and discontinued the study 

arm. AgNPs alone exhibited no overt toxicity and were found to significantly reduce tumor 

volume in mice over four weeks. Together, these data imply that AgNP-induced 

proteotoxicity occurs outside the ER, and that ER stress is not a major cause of AgNP 

induced cell death. In contrast, HSPs appear essential for mitigating AgNP-induced 

damage, pointing to accumulation of misfolded proteins in the cytosol as a driver of AgNP 

induced cell death. Furthermore, our in vivo data are the first to show that AgNPs 

effectively reduce tumor volume in immunocompetent mice bearing syngeneic 

mesenchymal TNBC tumors. Although the combination of salubrinal and AgNPs proved 

too toxic for in vivo use, our studies will help guide future efforts to identify potential 

synergistic drug partners that would be beneficial for use with AgNPs for cancer therapy. 
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III.2. Introduction: 

Combining treatments including chemotherapies, immunotherapies, targeted 

therapeutics, and nanomedicines with thoughtful purpose is frequently employed to treat 

cancer  [256-258]. Achievement of synergy, or the effect where two or more agents work 

better in combination than that which would be expected based on additive effects alone, 

can have desirable outcomes [256]. Most notably, synergistic drug combinations allow for 

lower doses of each drug to be used, potentially reducing toxicities when compared to high 

doses of a single agent alone [259]. Additionally, drugs with non-synergistic mechanisms 

of action may be used together clinically in an attempt to treat heterogeneous patient tumors 

and reduce acquired resistance to chemotherapy [260]. However, care must be taken in 

either case to examine toxicities of therapeutics that will be administered together to ensure 

non-synergistic toxicity profiles [261]. Identification of drugs with synergistic efficacy and 

non-synergistic toxicity profiles is a promising strategy to improve cancer therapy.  

Heat shock proteins (HSPs) are a family of cytosolic, nuclear, and membrane-bound 

proteins that mainly function as protein chaperones by assisting in protein folding and re-

folding, localization, translocation, and transport [262]. Activity of HSPs enable cells to 

endure proteotoxic stress caused by the presence of misfolded proteins induced by a wide 

variety of factors including heat, oxidative stress, nutrient derivation, and impaired protein 

degradation machinery. Some of the most frequently studied and most critical HSPs 

include the stress-inducible heat shock protein 70 (HSP70) and heat shock protein 27 

(HSP27), as well as the ubiquitously expressed heat shock protein 90 (HSP90) and heat 

shock factor 1 (HSF1) [263]. HSF1, also known as the ‘master heat shock regulator’, is 

present as an inactive monomer bound to HSP90 or HSP70 in the cytosol in unstressed 
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states [263]. Upon induction of stress, HSF1 dissociates from HSP70 or HSP90, trimerizes, 

becomes phosphorylated, and translocates to the nucleus [264]. HSF1 then binds heat 

shock elements (HSEs) on DNA to induce transcription of heat shock genes including 

HSP90, HSP70, and HSP27 [263]. HSP70, HSP90, and HSP27 inhibit HSF1 activation or 

induce HSF1 degradation through multiple feedback inhibitory loops [265-267]. HSPs are 

frequently overexpressed in multiple cancer types and are thought to promote malignant 

phenotypes; thus HSP inhibitors have been investigated as cancer therapeutics [268]. 

Studies have shown that silver nanoparticles (AgNPs) increase expression of HSP70 in 

various models, including drosophila melanogaster [269] and human cell lines (embryonic 

stem cells, normal liver epithelium, hepatocellular carcinoma, and lung carcinoma) [270-

273]. While these studies have largely been performed by treating cells with sublethal 

doses of AgNPs to examine the toxic mechanisms of AgNPs upon environmental exposure, 

it has yet to be examined how heat shock plays a role in AgNP-induced cancer cell death. 

We have previously shown that AgNPs induce selective cell death and toxic effects in 

mesenchymal subtypes of triple negative breast cancers (TNBCs) at doses that do not affect 

epithelial subtypes [274]. Mechanistically, AgNPs induce unfolded protein response 

(UPR) signaling, protein oxidation and aggregation, and lipid peroxidation in 

mesenchymal TNBCs [85, 90, 274]. Because HSPs function as protein chaperones and 

manage protein folding in the endoplasmic reticulum (ER) and cytosol, we set out to 

investigate the role of the heat shock response and cytosolic and ER-bound protein 

chaperones in AgNP-sensitive mesenchymal TNBCs. Furthermore, we employed HSP 

inhibitors and UPR activators to examine potential synergistic drug partners that would be 

beneficial for use with AgNPs. 
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III.3. Materials and Methods: 

Silver nanoparticles: 25 nm spherical AgNPs stabilized with polyvinylpyrrolidone (PVP) 

were purchased as dried powders from nanoComposix, Inc (San Diego, CA, USA). 

Nanoparticles were dispersed by bath sonication in phosphate buffered saline (PBS), pH 

7.4, without calcium or magnesium (Invitrogen, Carlsbad, CA, USA), at a concentration of 

5 mg/mL based upon the mass of silver contained in the nanoparticles, and were then 

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

addition to wells containing cells. The physicochemical properties including hydrodynamic 

diameter, colloidal stability in cell culture media, and ζ-potential of this material were 

characterized previously [85]. 

Cell culture: BT549, MDA-MB-231, MCF-10A and BT20 cells were purchased from the 

ATCC (Manassas, VA, USA) and SUM159 cells were purchased from Asterand (now 

BioIVT, Westbury, NY, USA). EO771 cells were provided by Dr. Bethany Kerr in the 

Department of Cancer Biology at Wake Forest School of Medicine. EMT6 cells were 

provided by Dr. Lance Miller in the Department of Cancer Biology at Wake Forest School 

of Medicine, and iMEC cells were provided by Dr. Elizabeth Alli in the Department of 

Cancer Biology at Wake Forest School of Medicine. Cell lines were expanded 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 Table 1. Cells were verified to be free from mycoplasma contamination 

by routine testing using the MycoAlert Mycoplasma Detection Kit (Lonza, Basel, 

Switzerland). Cells were passaged and medium was changed twice weekly. Cell 

monolayers were grown on tissue culture treated plastics purchased from Corning Life 
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Sciences (Corning, NY, USA). Cells were maintained in culture for no longer than 4 

months before new cultures were established from low-passage frozen stocks.  

MTT assay: Cells were seeded on 96-well plates at a density of 5,000 cells per well in 100 

μL of complete media, recovered for 24 h, and then were exposed to combinations of 

AgNPs, GSK2606414 (Selleck Chemicals, Radnor, PA, USA), 4-phenylbutyric acid (4-

PBA; Sigma-Aldrich, St. Louis, MO, USA), 17-DMAG (Sigma-Aldrich), KRIBB11 

(Selleck Chemicals), or salubrinal (MedChemExpress, Monmouth Junction, NJ, USA) in 

100 μL of complete media containing doses of each drug as listed in the figures. After 72 

h, media containing treatments was replaced with 200 μL 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. After, medium was removed, cells were lysed in 200 μL of 

dimethyl sulfoxide (Thermo Fisher Scientific), and absorbance was read using a Molecular 

Table III-1. Media 

Formulations. 
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Devices Emax Precision Microplate Reader (San Jose, CA, USA) at 560 nm. Absorbance 

measurements at 650 nm were subtracted from each reading to correct for any 

inconsistencies in optical properties between wells. 

Synergy Analysis: Cells were plated on 96-well plates at a density of 5,000 cells in 100 μL 

of complete medium. Cells were allowed to recover for 24 h and then were exposed to 

combinations of AgNPs alone, drug alone, or AgNPs + drug at fixed ratio doses centered 

around previously computed IC50 values. Drugs used were 17-DMAG, KRIBB11, or 

salubrinal. Synergy was examined using the Chou-Talalay method and isobolograms at 

Fa=0.5 were plotted using Excel [275].  

Western Blotting: Cells were plated on 6 cm dishes at a density of 1,000,000 cells in 4 mL 

of complete medium. Cells were allowed to recover for 48 h and then were exposed to 

AgNPs with or without salubrinal for 24 h at 37 °C. Medium was removed and cells were 

washed twice with ice cold phosphate-buffered saline (Lonza) before lysis using 

Mammalian Protein Extraction Reagent supplemented with Halt Protease & Phosphatase 

Inhibitor Cocktail (both from 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). Non-specific binding was blocked by incubation for 30 min at 

room temperature with tris-buffered saline containing 0.1% Tween-20 (TBS-T; Bio-Rad) 

and either 5% blotting grade blocker (Bio-Rad) or 5% bovine serum albumin (BSA; Sigma-

Aldrich). Membranes were incubated overnight at 4 °C in dilutions containing TBS-T and 

either 5% blotting grade blocker or 5% BSA and 1:1000 primary antibody. Primary 
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antibodies used include: phospho-eIF2α (9721), eIF2α (5324), CHOP (2895), phospho-

JNK (9255), JNK (9252), caspase-3 (9662), caspase-7 (9492), caspase-9 (9502), ZEB1 

(3396), Vimentin (5741), E-Cadherin (3195), HSF1 (4356), HSP90 (4874), HSP70 (4876), 

p-HSP27 (2405), HSP27 (2402), LC3 (12741), p62 (88588), GAPDH (2118), β-actin 

(4970) purchased from Cell Signaling Technologies (Danvers, MA, USA) and p-HSF1 

(ab76076) purchased from Abcam (Waltham, MA, USA). Membranes were washed and 

then incubated with 1:1000 anti-rabbit (Cell Signaling Technologies) or anti-mouse (Cell 

Signaling Technologies) horseradish peroxidase (HRP)-conjugated secondary antibodies 

diluted in 5% blotting grade blocker in TBS-T for 1 h at room temperature. Immunoreactive 

products were visualized by chemiluminescence using SuperSignal Pico West reagent 

(Thermo Fisher Scientific). 

Heat shock luciferase assay: Cells were seeded on 24-well plates at a density of 100,000 

cells per well in 1 mL media and allowed to recover for 2 days. Media was replaced with 

1 mL fresh media without penicillin or streptomycin. pGL4.41(luc/HSE/hygro) (gift from 

Dr. Richard Carpenter, Indiana University; originally from Promega, Madison, WI, USA) 

was mixed with optiMEM (Thermo-Fisher) and Xtreme Gene 9 (Sigma Aldrich) at a ratio 

of 33:3:1 (media[vol]:lipid[vol]:DNA[mass]). After 15 minutes, a total of 0.2 μg DNA 

complexed to Xtreme Gene 9 was added to each well. After 24 hours, cells were treated 

with AgNPs, then exposed to heat shock (43 °C) or physiologic temperature (37 °C) by 

incubation with media warmed to the respective temperature and incubation at the 

respective temperature for 1 hour. After recovery for 3 hours as 37 °C, luciferase activity 

was assessed per manufacturer’s instructions (Promega). Briefly, cells were harvested in 

reporter lysis buffer and centrifuged for 5 min at 4 °C at 15,000 RPM in a microcentrifuge. 
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Lysates were transferred to a white 96-well plate (Greiner Bio-One, Monroe, NC, USA), 

luciferin was added, and luminescence was evaluated using a FLUOstar Optima plate 

reader (BMG Labtech, Cary, NC, USA). 

In vivo tumor treatment studies: All animal experiments were performed with prior 

approval by Wake Forest University Institutional Animal Care and Use Committee. Female 

8-10 week old C57/BL6 mice were purchased from Charles River Labs. Mice were housed 

in groups of five in individually ventilated cages with a 12 hour light/dark cycle and were 

allowed free access to food and water. Tumor allografts were implanted in the fourth 

inguinal mammary fat pad by injection of 300,000 EO771 cells in a 50 µl volume of a 1:1 

mixture of ice cold phosphate buffered saline, pH 7.4 (Gibco from Thermo Fisher 

Scientific) and Matrigel (Corning). Tumor sizes were monitored by caliper measurements, 

and approximate tumor volumes were determined using the following equation: Volume = 

0.25 x (length x width) x (length + width). After 2 weeks, a total of 32 mice were randomly 

divided into 4 groups of 8 mice, each with an average tumor volume of 100 mm3 (range of 

75-125 mm3. Mice were injected intravenously twice per week for 4 weeks by the lateral 

tail vein with PBS or AgNPs (6 mg/kg based upon silver mass) alone or in combination 

with intraperitoneal injection of salubrinal (1 mg/kg).  

Statistical Analysis: Analysis was performed as described in the figure legends using Prism 

9.1.3 software (GraphPad, San Diego, USA). Number of technical and biological replicates 

for each experiment is included in the figure legends. 
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III.4. Results: 

III.4.1. Silver nanoparticle (AgNP)-induced cytotoxicity is not dependent on PERK or ER 

chaperones in mesenchymal TNBC.  

We have previously shown in that AgNPs induce proteotoxic stress and activation 

of the integrated stress response as indicated by phosphorylation of eukaryotic translation 

initiation factor α (eIF2α) in AgNP-sensitive mesenchymal TNBCs [274]. Phosphorylation 

of eIF2α can be induced by multiple kinases including the ER-resident protein kinase R-

like ER kinase (PERK). Activation of PERK-dependent signaling initially leads to 

increased protein folding and degradative capacity and decreased protein synthesis in an 

effort to clear misfolded proteins in the ER, but if the stress is unresolved, signaling 

downstream of PERK can also lead to cell death.  We used the PERK inhibitor 

GSK2606414 to investigate the effect of inhibiting PERK signaling on AgNP-induced 

cytotoxicity. We found that there was no difference in the sensitivity of BT549 cells treated 

with AgNPs with or without GSK2606414 (Figure III-1A), indicating that PERK 

signaling did not contribute significantly to preventing or causing AgNP induced cell death. 

We next used the chemical chaperone 4-phenybutyric acid (4-PBA) to increase the capacity 

of protein folding in the ER. 4-PBA treatment also did not alter sensitivity to AgNPs 

(Figure III-1B). Calculation of the median IC50 values of three independent experiments 

in which BT549 cells were treated with AgNPs alone or in combination with GSK2606414 

or 4-PBA confirmed that neither chemical altered sensitivity to AgNPs (Figure III-1C).  
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III.4.2. AgNPs modulate heat shock responses.  

Because we found that AgNP-induced cytotoxicity was not dependent on ER-resident 

chaperones, we investigated the effect AgNPs have on heat shock chaperone proteins in 

the cytosol. To do this, mesenchymal TNBC (BT549), and non-malignant breast cells 

(iMEC) were treated with AgNPs for 24 hours and then the heat shock response was 

quantified by western blot. We observed conflicting evidence of activation of the heat 

Figure III-1. Silver nanoparticle (AgNP)-induced cytotoxicity is not affected by 

inhibition of PERK or enhanced ER-chaperone capacity in mesenchymal TNBC. 

BT549 cells were treated with AgNPs with or without PERK inhibitor (GSK2606414) 

(A) or 4-PBA (B) for 72 hours and viability was assessed by MTT assay. (C) IC50 was 

calculated. Results are representative of at least four biological replicates and three 

independent experiments. Statistical analysis was performed by one-way ANOVA 

followed by post-hoc Tukey test. Significance is indicated (n.s.= not significant) 
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shock response. We noted dose dependent decreases in phosphorylated HSF1 and total 

HSP70, and no changes in total HSF1 or HSP90 in BT549 cells 24 h after AgNP exposure, 

possibly indicating inhibition or failure to activate the heat shock response (Figures III-

2A-2D). No change in p-HSF1 was observed in AgNP treated iMEC cells, but HSP70 

decreased. AgNP treatment also increased HSP27 phosphorylation but decreased total 

HSP27 in BT549 cells. No changes in p-HSP27 or total HSP27 were seen in AgNP treated 

iMEC cells (Figures III-2A, 2E, 2F). Phosphorylation of HSP27 increases HSP27 

chaperone function and is indicative of a protective heat shock response [276]. Our 

previous studies indicated that mesenchymal TNBCs including BT549, MDA-MB-231, 

and SUM159 cells were sensitive to AgNPs, while immortalized mammary epithelial cells 

(e.g. iMEC, MCF-10A) were not [274]. We therefore examined additional cell lines to 

determine if differences in heat shock responses correlated with sensitivity to AgNPs 

(Supplementary Figure III-S1). We observed decreased protein levels of p-HSF1, 

HSP70, p-HSP27, and total HSP27 in MDA-MB-231 cells. Similarly, decreased levels of 

p-HSF1 and total HSF1 were observed in SUM159 cells following AgNP treatment 

(HSP70 and 27 were not assessed). As with AgNP treated iMEC cells, AgNPs decreased 

HSP70 in MCF-10A cells, and no changes in p-HSF1, total HSF1, p-HSP27, or total 

HSP27 were found. HSP90 expression did not change with AgNP treatment in any cell 

lines.  
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Figure III-2. AgNPs modulate the heat shock response in mesenchymal TNBC and 

non-malignant breast cells. (A) Heat shock protein expression and phosphorylation was 

examined by western blot in BT549 and iMEC cells treated with (left to right) 0, 18.75, 

37.5, or 75 μg/mL AgNPs for 24 hours. Densitometry was performed to calculate the 

ratio of p-HSF1/HSF1 (B), HSP90/β-Actin (C), HSP70/ β-Actin (D), p-HSP27/β-Actin 

(E), and HSP27/ β-Actin (F). Results are representative of triplicate independent 

experiments. (G, H) BT549 cells were transduced with a plasmid vector containing 4 

copies of heat shock sequence elements (HSE) which drive transcription of a luciferase 

reporter. 24 hours after transduction, cells were treated with AgNPs for 24 hours, then 

exposed to heat shock (43 °C) or physiologic temperature (37 °C) for 1 hour, and 

luminescence was detected. Results are representative of at least four biological 

replicates and duplicate independent experiments. Statistical analysis was performed by 

two-way ANOVA followed by post-hoc Tukey test. Significance is indicated 

(****p<0.0001, ***p<0.001, **p<0.01, *p<0.05). 
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The previous experiments indicated that AgNPs increased turnover of proteins 

involved in the heat shock response, including the phosphorylated (transcriptionally active) 

form of HSF1, the master regulator of the heat shock response, in mesenchymal TNBCs 

but had only modest effects on heat shock protein levels in immortalized mammary 

epithelial cells. To determine if the effects of AgNPs on the heat shock response in 

mesenchymal TNBCs were caused at the transcriptional level, we transduced BT549 cells 

with a plasmid vector containing four copies of a heat shock response element (HSE), to 

which p-HSF1 trimers bind and drive transcription of a luciferase reporter gene indicative 

of a heat shock response.  24 h after transduction, cells were treated with AgNPs overnight, 

then exposed to heat shock (43°C) or physiologic temperature (37°C) conditions and 

luciferase activity was quantified 3 h later (Figure III-2G). Exposure to 43 °C significantly 

increased luminescence indicative of a heat shock transcriptional response in BT549 cells 

by 4-fold (Figure III-2H). However, AgNPs alone modestly increased luciferase activity, 

indicative of a heat shock response at the transcriptional level, though the increase was not 

significant (Figure III-2H). Exposure of cells to both AgNPs followed by incubation at 43 

°C induced a significantly higher heat shock transcriptional response than exposure to 43 

°C incubation alone (1.6-fold) or AgNPs alone (3.5-fold).  

HSPs, especially HSP70, can direct misfolded or aggregated proteins for degradation 

through chaperone mediated autophagy, leading to turnover of both the defective proteins 

and HSP chaperones [277]. Because degradation of proteins through autophagy is tightly 

intertwined with heat shock responses, we next examined if AgNPs induce autophagy. To 

examine this, BT549 cells were treated with AgNPs for 24 hours, and protein lysates were 

examined by western blot (Figure III-3A). We found the ratio of phospholipid conjugated 
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microtubule-associated protein light chain 3 (LC3; LC3-II) to cytosolic LC3 (LC3-I) 

increased, indicating accumulation of autophagosomes with AgNP treatment (Figure III-

3B). Additionally, the ubiquitin-like protein p62 that targets protein for autophagy and 

becomes degraded in the process decreased with AgNP treatment (Figure III-3C). Taken 

together, these data show that AgNPs do not inhibit the heat shock response at a 

transcriptional level but instead increase turnover of HSPs, possibly as a consequence of 

their autophagic degradation in conjunction with misfolded proteins generated by AgNP 

exposure. 

 

III.4.3. Heat shock inhibitors synergize in both mesenchymal TNBC and non-malignant 

breast cells.  

Because we found that AgNPs modulated heat shock responses, we asked if heat 

shock inhibitors synergized with AgNPs. We first treated mesenchymal TNBC (BT549) 

and non-malignant (iMEC) cells with AgNPs for 72 hours and assessed viability by MTT 

assay to determine relative sensitivities (Figure III-4A). Consistent with our previously 

published data [274], we found that BT549 cells had a 5-fold lower AgNP IC50 than iMEC 

Figure III-3. AgNPs induce autophagy in mesenchymal TNBC. (A) Autophagy protein 

expression was examined by western blot in BT549 cells treated with (left to right) 0 or 

37.5 μg/mL AgNPs for 24 hours. Densitometry was performed to calculate the ratio of 

LC3-II/LC3-I/β-Actin (B) and p62/β-Actin (C). 
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cells (Figure III-4B). To assess synergy between AgNPs and either the HSP90 inhibitor, 

17-DMAG, or the HSF1 inhibitor, KRIBB11, we treated cells with constant-ratio drug 

combinations centered around each drug’s IC50. Representative curves for BT549 cells 

treated with 17-DMAG with or without AgNPs (Figure III-4C) or KRIBB11 with or 

without AgNPs (Figure III-4G) are shown. Representative curves for iMEC cells treated 

with 17-DMAG with or without AgNPs (Figure III-4E) or KRIBB11 with or without 

AgNPs (Figure III-4I) are shown. We used the Chou-Talalay method to calculate 

combination index (CI) and plot isobolograms for each drug combination and cell line 

tested. Isobolograms for BT549 cells treated with 17-DMAG with or without AgNPs 

(Figure III-4D) or KRIBB11 with or without AgNPs (Figure III-4H) are shown. 

Isobolograms for iMEC cells treated with 17-DMAG with or without AgNPs (Figure III-

4F) or KRIBB11 with or without AgNPs (Figure III-4J) are shown. We found that both 

17-DMAG and KRIBB11 synergized with AgNPs in BT549 and iMEC cells. We also 

looked at dose reduction by addition of 17-DMAG or KRIBB11 to AgNPs in BT549 

(Figure III-4K) and iMEC (Figure III-4L) cells. In BT549 cells, the addition of 17-

DMAG to AgNPs significantly reduced the AgNP IC50 by approximately 4-fold, and 

KRIBB11 significantly reduced the AgNP IC50 by approximately 3-fold. In iMEC cells, 

dose reduction trends were observed with the addition of both KRIBB11 and 17-DMAG 

to AgNPs, however no significant differences were found with AgNP IC50. We also looked 

at the capability of AgNP to reduce the dose needed of either 17-DMAG or KRIBB11. In 

BT549 cells, AgNPs significantly reduced the KRIBB11 IC50 by 3-fold, and significantly 

reduced the 17-DMAG IC50 by 3-fold. In iMEC cells, AgNPs significantly reduced the 
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KRIBB11 IC50 by approximately 5-fold, while there was no effect on 17-DMAG IC50 with 

the addition of AgNPs. 
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III.4.4. Salubrinal synergizes with AgNPs in mesenchymal TNBC but not non-malignant 

cells.  

 Although both 17-DMAG and KRIBB11 both synergized with AgNPs for 

treatment of BT549 cells, they also synergistically increased the toxicity of AgNPs in 

iMEC cells, potentially increasing off-target toxicity. Therefore, we sought a more 

selective strategy to increase AgNP toxicity only in cancer cells. We and others 

consistently observe phosphorylation of eIF2α in response to AgNPs in breast cancer cells 

[88, 274].  Phosphorylation of eIF2α is the key mediator of the integrated stress response 

(ISR), which decreases global mRNA translation and activates an alternative translation 

program to increase protein folding and degradative capacity. Like the HSR, the ISR is 

activated in response to proteotoxic stress and if unresolved p-eIF2α dependent signaling 

can initiate cell death programs [278]. Therefore, activation of signaling feedback loops 

resulting in increased activity of a complex formed by Growth Arrest and DNA-damaged 

protein 34 (GADD34) and the serine/threonine protein phosphatase 1 (GADD34:PP1) 

which dephosphorylate eIF2α is essential for cell survival [278]. In an effort to inhibit 

Figure III-4. Heat shock inhibitors synergize in both mesenchymal TNBC and non-

malignant cells. (A) BT549 (red) and iMEC (blue) cells were treated with AgNPs for 

72 hours and viability was assessed by MTT assay. (B) IC50 was calculated. Results are 

representative of at least four biological replicates and three independent experiments 

per cell line. Statistical analysis was performed by student’s t-test. BT549 (C) and iMEC 

(E) cells were treated with fixed ratio doses of AgNPs alone, 17-DMAG alone, or 

AgNPs + 17-DMAG for 72 hours and viability was assessed by MTT assay. BT549 (G) 

and iMEC (I) cells were treated with fixed ratio doses of AgNPs alone,  KRIBB11 alone, 

or AgNPs + KRIBB11 for 72 hours and viability was assessed by MTT assay. (D, F, H, 

J) Isobolograms were plotted at Fa = 0.5 to examine synergism of each combination in 

each cell line. IC50s were calculated for each drug alone and combination for BT549 

(K) and iMEC (L) cells are shown. Results are representative of at least four biological 

replicates and three independent experiments per cell line. Statistical analysis was 

performed by one-way ANOVA followed by post-hoc Tukey test (for three 

comparisons), or student’s t-test (for two comparisons). Significance is shown 

(**p<0.01, *p<0.05) 
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dephosphorylation of eIF2α and increase sensitivity to AgNPs, we assessed response of 

mesenchymal TNBC cells (BT549, SUM159) to AgNPs with or without salubrinal, an 

inhibitor of the eIF2α phosphatase (GADD34:PP1) complex. We first treated BT549 

(Figure 5A) and iMEC (Figure 5B) cells with AgNPs with and without salubrinal for 48 

hours and assessed viability by MTT assay. We found that the addition of salubrinal to 

AgNPs in BT549 cells significantly increased toxicity at all doses tested. However, 

salubrinal did not increase toxicity of AgNPs in iMEC cells. We further assessed synergism 

between salubrinal and AgNPs in BT549 and SUM159 cells by treating cells with fixed-

ratio combinations of each drug centered around the IC50 value for each drug (Figure 5C, 

Supplementary Figure S2A). We were unable to complete synergy analysis for salubrinal 

and AgNPs in iMEC cells since salubrinal was non-toxic to iMEC cells alone (Figure 5D). 

Using the Chou-Talalay method we calculated the CI value and plotted an isobologram for 

salubrinal and AgNP at IC50 dose (Figure 5E, Supplementary Figure S2B). We also 

examined dose reduction capacity of each drug. We found that the addition of salubrinal to 

AgNPs significantly reduced the AgNP IC50 by 9-fold (BT549) and 4-fold (SUM159) 

(Figure 5F, Supplementary Figure S2C) and the addition of AgNPs to salubrinal 

significantly reduced the salubrinal IC50 by 18-fold (BT549) and 32-fold (SUM159) 

(Figure 5G, Supplementary Figure S2D).  
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Figure 5. Salubrinal synergizes with AgNPs in mesenchymal TNBC but is non-toxic 

to non-malignant breast cells. BT549 (A) and iMEC (B) cells were treated with AgNPs 

with or without Salubrinal for 48 hours and viability assessed by MTT assay. Results 

are representative of at least four biological replicates and duplicate independent 

experiments. (C) BT549 cells were treated with fixed ratio doses of AgNPs alone, 

Salubrinal alone, or AgNPs + Salubrinal for 48 hours and viability assessed by MTT 

assay. (D) iMEC cells were treated with Salubrinal only for 48 hours and viablility was 

assessed by MTT assay. (E)  For BT549 cells, an isobologram was plotted at Fa = 0.5 

to examine synergism. (F, G) IC
50

 was calculated for each drug alone and combination 

for BT549 cells. Results are representative of at least four biological replicates and 

three independent experiments. Statistical analysis was performed by student’s t-test. 

Significance is shown (**p<0.01).  
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To investigate UPR and apoptosis signaling in cells treated with AgNPs and 

salubrinal, we treated BT549 cells with combinations of AgNPs and salubrinal for 24 

hours, and protein lysates were examined by Western blot (Figure 6A, 6B). With 

combination AgNP and salubrinal treatment, we found increased phosphorylation of eIF2α 

(Figure 6C). This is consistent with previous studies showing that salubrinal prevents 

dephosphorylation of eIF2α resulting in increased p-eIF2α when cells are exposed to 

proteotoxic stressors [279]. Additionally, we found the combination of salubrinal and 

AgNPs induced increased expression of downstream effectors of p-eIF2α induced cell 

death, including pro-apoptosis protein CHOP, and decreased expression of full-length 

caspase-3, caspase-7, and caspase-9, which is indicative of caspase cleavage (Figure 6D). 

III.4.5. Salubrinal synergizes in murine mesenchymal TNBC cells which recapitulate 

features of human mesenchymal TNBCs. 

 The promising in vitro data showing synergy between salubrinal and AgNPs led 

us to ask if this combination was favorable in vivo as well. To examine this, we identified 

murine TNBC cell lines syngeneic with C57BL/6 mice that recapitulated features of human 

mesenchymal TNBCs sensitive to AgNPs. First, we examined viability of EMT6 and 

EO771 cells treated with AgNPs for 72 hours by MTT assay (Figure 7A) and calculated 

IC50 (Figure 7B). EO771 cells were very sensitive to AgNPs, with a 45-fold lower IC50 

than EMT6 cells. Additionally, EO771 cells had a comparable IC50 (EO771 ~ 7 μg/mL) 

to human mesenchymal TNBC cells both used in this study (BT549 ~ 19 μg/mL) and 

previously published (SUM159 ~17 μg/mL), while EMT6 cells had a comparable IC50 

(EMT6 ~ 134 μg/mL) to human epithelial TNBC cells previously published (BT20 ~ 98 

μg/mL) [85, 274]. We next characterized the EMT state of EMT6 and EO771 cells by  
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Figure 6. Salubrinal increases AgNP-induced UPR and apoptosis in mesenchymal 

TNBC. BT549 cells were treated with combinations of AgNPs and Salubrinal for 24 

hours, and integrated stress response (ISR) signaling (A) and apoptosis (B) markers 

were examined by western blot. Densitometry was performed to calculate the ratio of 

p-eIF2α/eIF2α (C), CHOP/GAPDH, caspase-3/GAPDH, caspase-7/GAPDH, and 

caspase-9/GAPDH (D). 
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Western blot (Figure 7C). Densitometry was performed to calculate relative levels 

of ZEB1 (Figure 7D), Vimentin (Figure 7E), and E-Cadherin (Figure 7F). EO771 cells 

had high expression of the mesenchymal markers ZEB1 and vimentin (5.6-fold and 106-

fold higher than EMT6 cells, respectively), and both cell lines lacked expression of the 

epithelial marker E-cadherin. This is consistent with our previously published data showing 

that TNBC cells with mesenchymal phenotypes are most sensitive to AgNPs [274]. 

Additionally, we examined activation of ISR in EO771 and EMT6 cells treated with 

AgNPs for 24 hours by Western blot (Figure 7G). While EMT6 cells had minimal 

phosphorylation of eIF2α (1.1-fold) or c-Jun N-terminal kinase (JNK) (0.7-fold) when 

treated with AgNPs, we observed increases in both p-eIF2α (1.5-fold) (Figure 7H) and p-

JNK (2.4-fold) (Figure7I) in AgNP-treated EO771 cells. This is consistent with previous 

data showing that AgNPs induce UPR in sensitive cells. Because EO771 cells recapitulate 

human mesenchymal AgNP-sensitive TNBC cells, we asked if salubrinal and AgNPs 

synergize in these cells as well. We performed synergy analysis by treating cells with fixed-

ratio combinations of salubrinal and AgNPs centered around IC50 doses for each drug 

(Figure 7J). Using the Chou-Talalay method we calculated a CI value and plotted an 

isobologram for the combination of salubrinal and AgNPs at the IC50 value (Figure 7K). 

Additionally, we examined dose reduction capacity. We found that the addition of 

salubrinal to AgNPs significantly reduced the AgNP IC50 by 3-fold (Figure 7L), while the 

addition of AgNPs to salubrinal significantly reduced the salubrinal IC50 by 6-fold (Figure 

7M).  
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III.4.6. AgNPs reduce mesenchymal TNBC tumor volume in immunocompetent 

mice. To assess efficacy of AgNPs alone and AgNPs in combination with salubrinal in 

vivo, 8-10 week old female C57BL/6 mice were injected in the 4th mammary fat pad with 

EO771 cells. The combination of AgNP and salubrinal proved too toxic and multiple 

mice in the group died or exhibited signs of toxicity including weight loss, decreased 

mobility and hunched posture within 2 weeks of beginning treatments. Thus, the 

salubrinal arm of the study was discontinued and all animals were euthanized. We 

continued the AgNP arm of the study, as AgNPs did not appear to exert overt toxicity on 

the mice. We found that AgNPs significantly decreased tumor volume after 30 days 

(Figure 8A). Additionally, tumor weights were significantly lower (1.6-fold) in AgNP-

treated mice compared to vehicle-treated mice (Figure 8B). 

Figure 7. Salubrinal synergizes in mouse mesenchymal TNBC. (A) EO771 and EMT6 

cells were treated with AgNPs for 72 hours and viability assessed by MTT assay. (B) 

IC
50

 was calculated. Results are representative of at least four biological replicates and 

three independent experiments. Statistical analysis was performed by student’s t-test. 

(C) Protein expression was determined by western blot in human (BT20, SUM159) and 

mouse (EMT6, EO771) epithelial (blue) and mesenchymal (red) TNBC cell lines. 

Densitometry was performed to calculate the ratio of ZEB1/GAPDH (D), E-cadherin 

(CDH1)/GAPDH (E), and Vimentin (VIM)/GAPDH (F). Results are representative of 

duplicate independent experiments. (G) Protein expression was determined by western 

blot in epithelial (blue) and mesenchymal (red) mouse TNBC cell lines. Densitometry 

was performed to calculate the ratio of p-eIF2α/eIF2α (H) and p-JNK/JNK (I). Results 

are representative of duplicate independent experiments. (J) EO771 cells were treated 

with fixed ratio doses of AgNPs only, Salubrinal only, and AgNPs + Salubrinal for 72 

hours and viability assessed by MTT assay. (K) Isobolograms were plotted at Fa = 0.5 

to examine synergism. (L, M) IC50s were calculated for each drug alone and 

combination. Results are representative of at least four biological replicates and three 

independent experiments. Statistical analysis was performed by student’s t-test. 

Significance is shown (*p<0.05). 
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III.5. Discussion  

We and others previously found that mesenchymal TNBC cell lines, but not 

immortalized mammary epithelial cells, were sensitive to AgNP-induced proteotoxic stress 

as indicated by accumulation of protein aggregates, increased protein oxidation, and 

activation of proteotoxic stress signaling responses including increased p-eIF2α and p-JNK  

[65, 87-89, 91, 274]. In this work, we investigate the ability of ER stress signaling, ER 

chaperones, the HSR, and the ISR to mitigate cell death caused by AgNPs. We found that 

sensitivity to AgNPs was unaffected by co-treatment with a chemical inhibitor of PERK-

dependent ER stress response (GSK2606414) or a chemical chaperone that increases ER 

protein folding capacity (4-PBA), indicating that accumulation of misfolded proteins in the 

Figure 8. AgNPs reduce mesenchymal TNBC tumor burden in immunocompetent 

mice. C57BL/6 mice were inoculated in the mammary fat pad and tumor size was 

monitored by caliper measurements. After approximately 2 weeks when tumors reached 

a volume of ~100 mm
3

, mice were randomly divided into groups and treated with either 

PBS or AgNP (6 mg/kg body weight) twice weekly for 4 weeks by tail vein injection. 

Tumor volume (A) and weight (B) was compared between groups. Statistics were 

performed by two-way ANOVA and post-hoc Sidak’s test (A) and student’s t-test (B). 

Significance is indicated (***p<0.001, **p<0.01, *p<0.05). 
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ER is not a key contributor to AgNP-induced cell death. In contrast, we found that HSPs 

played a key protective role in mitigating AgNP damage. Chemical inhibitors of HSP90 

(17-DMAG) and HSF1 (KRIBB11) synergistically increased AgNP toxicity in both 

mesenchymal TNBCs and immortalized mammary epithelial cells. Additionally, inhibition 

of dephosphorylation of eIF2α resulted in sustained ISR signaling and synergistically 

increased toxicity following AgNP treatment in mesenchymal TNBCs but had no effect on 

immortalized mammary epithelial cells.  Based upon this, we identified a murine TNBC 

model in which AgNPs and salubrinal exhibited synergistic enhancement of cytotoxicity 

in vitro. Although AgNPs slowed tumor growth in vivo, co-treatment with salubrinal 

proved toxic. Our findings provide further insight into the mechanism by which AgNPs 

selectively kill mesenchymal TNBCS and offer potential strategies to increase the cancer 

specific effects of AgNPs. 

In contrast to our findings, studies by Simard and colleagues suggested that AgNP-

induced toxicity is at least partially rescued in luminal A breast cancer cells by inhibition 

of PERK or addition of a ER-bound protein chaperone mimetic (4-PBA) [88]. However, 

the mitigating effects were modest. We observed that luminal A breast cancer cells 

including  MCF-7 cells and epithelial-like TNBCs are substantially less sensitive to AgNPs 

than mesenchymal TNBCs [66, 274], indicating that there is heterogeneity in the responses 

of different types of breast cancer to AgNPs. 

HSPs have a well-studied role in regulating protein folding, transport, and 

translocation. Furthermore, HSPs are frequently upregulated in many cancer types 

including bladder, breast, colorectal, lung, melanoma, and pancreatic cancers [268]. HSPs 

exert protective effects, allowing for cancer cells to deal with sustained stress stimuli and 
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increased mutational burden and synthetic load [268]. Additionally, HSPs play a role in 

directly downregulating apoptosis [263]. HSP signaling and regulation is tightly 

intertwined with oncogenic signaling networks such as phosphoinositide 3-kinase 

(PI3K)/AKT, extracellular signal-regulated kinase (ERK)/MAPK/ERK kinase (MEK), 

JNK, p38, and protein kinase C (PKC) [263, 268]. Upon investigation of the effect of 

AgNPs on HSPs, we observed decreased expression of HSP70 in both mesenchymal TNBC 

and non-malignant breast cells treated with AgNPs. This is in contrast to literature findings 

in other models indicating increased HSP70 following AgNP exposure [269-273]. We also 

observed decreased expression of HSP27 and HSF1 in some mesenchymal TNBCs treated 

with AgNPs. This may suggest degradation of HSP27, HSP70, and HSF1 through 

chaperone mediated autophagy or ubiquitin-proteasome mediated degradation [263, 277, 

280, 281]. We observed that AgNPs induce autophagy in mesenchymal TNBCs and others 

have shown that AgNPs induce ubiquitin accumulation [87, 88]; however more 

experiments are needed to confirm autophagic or ubiquitin/proteosome-mediated 

destruction of HSP27 and HSP70 specifically.  

In AgNP-treated mesenchymal TNBCs we observed decreased phosporylation of 

HSF1. We investigated if AgNPs affect the ability of HSF1 to transcriptionally activate the 

HSR by transducing BT549 cells with a plasmid encoding a luciferase reporter driven by 

multiple HSEs. AgNPs alone did not significantly induce p-HSF1/HSE dependent 

transcription. However, AgNP treated cells were capable of generating a robust HSE-

dependent response after exposure to hyperthermia (43 ºC) indicating that AgNPs did not 

inhibit heat induced transcriptional activity driven by p-HSF1. Thus, our results may 

suggest that decreased p-HSF1 following AgNP exposure is likely due to increased 
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turnover of p-HSF1 trimers, possibly by negative feedback inhibition loop regulated by 

HSP27 [263, 267]. Consistent with this, we observed increased p-HSP27 and decreased 

total HSP27 only in mesenchymal TNBCs treated with AgNPs. P-HSP27 has multiple 

functional roles that have been recently identified in addition to its chaperone functions. 

HSP27 has been shown to form long oligomers with antioxidant functions through 

maintenance of reduced glutathione levels, as well as interact with the cytoskeleton and 

stabilize actin filaments, and stimulate oncogenic signaling pathways including PI3K/AKT 

[282]. Furthermore, HSP27 has been found to be phosphorylated and activated by various 

oncogenic kinases such as protein kinase C and protein kinase D [263]. While it is unclear 

exactly why AgNPs induce increased HSP27 activity and concomitant decreased HSP27 

expression, plausible hypotheses include: 1) HSP27 is phosphorylated by an oncogenic 

protein kinase as a consequence of other signaling induced by AgNPs independent of HSF1 

and simultaneously is degraded by the ubiquitin-proteasome system or autophagy or 2) 

HSP27 is phosphorylated and activated in response to reactive oxygen species (ROS) 

generation upon AgNP exposure and is degraded by the ubiquitin-proteasome system or 

autophagy.  

In an effort to discover synergistic drug partners for AgNPs to lower potential toxic 

effects, we chose multiple drugs that interferes with the HSR and proteostasis. We found 

that the HSF1 inhibitor, KRIBB11, and the HSP90 inhibitor, 17-DMAG, synergized with 

AgNPs and exhibited dose reduction properties in mesenchymal TNBCs [283, 284]. 

However, both drugs synergized with AgNPs in non-malignant breast cells as well and 

were toxic to all cell lines when administered alone. For these reasons, we discounted 17-

DMAG and KRIBB11 from future studies. We next tested salubrinal, an inhibitor of the 
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eIF2α phosphatase complex, for capacity to synergize with AgNPs [285]. Salubrinal 

synergized with AgNPs in mesenchymal TNBCs, exhibited dose enhancing properties, and 

induced greater UPR signaling than AgNPs or salubrinal alone. When mesenchymal TNBC 

and non-malignant breast cells were treated with the same dose combinations of salubrinal 

and AgNPs, the combination was substantially more toxic to mesenchymal TNBC cells 

than any treatment alone, while the combination had little effect on non-malignant cells. 

Furthermore, salubrinal was relatively non-toxic to both cell lines, and non-malignant cells 

were resistant to salubrinal treatment at all doses tested. These data support the opportunity 

for a therapeutic window to administer the combination of drugs to induce cell death in 

cancer cells while leaving non-malignant cells unaffected. Salubrinal has been reported in 

the literature to both protect cells against ER-stress related death [286, 287], and enhance 

proteotoxic cell death [288, 289]. Differential responses of cells to salubrinal likely depend 

on inherent sensitivity to proteotoxic stress inducers and baseline endoplasmic reticulum 

(ER) stress levels. Cancer cells with a mesenchymal phenotype have been shown to be 

more sensitive to proteotoxic stress inducers due to high synthesis and secretion of large 

extracellular matrix (ECM) proteins and high ER stress levels [43]. 

We investigated combinatorial and single agent effects of salubrinal and AgNPs in vivo, 

in C57BL/6 mice inoculated with orthotopic mesenchymal TNBC tumors. We identified a 

murine TNBC cell line, EO771, which is highly sensitive to AgNPs and recapitulates 

human mesenchymal TNBCs. In particular, EO771 cells highly express mesenchymal 

markers, have low expression of epithelial markers, and upregulate UPR in response to 

AgNPs. We found that salubrinal and AgNPs synergized in vitro in EO771 cells and 

exhibited dose reducing properties. When tested in vivo, however, the combination of 
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AgNPs and salubrinal was too toxic and that arm of the study was ended early. AgNP 

treatment alone did not exert any signs of overt toxicity and was continued. AgNP 

treatment significantly reduced mouse tumor weight and volume compared to PBS-treated 

control mice. Future studies are ongoing to investigate toxicities and effects on the immune 

system. 

While other studies have investigated system-wide toxicity of AgNPs, only some were 

performed in immunocompetent models (including zebrafish, C57BL/6 mice, and Wistar 

and Sprague-Dawley rats) [290-293], and only one has investigated this in the context of 

cancer therapy [294]. Studies examining toxic effects of AgNPs due to environmental 

exposure often give very high doses of AgNPs through exposure routes that are irrelevant 

to cancer therapy (via inhalation). Thus, while these studies report only mild effects 

including reversible neutrophilia and lymphocyte invasion, it is difficult to apply these 

studies to cancer therapy applications [293]. Another issue is lack of characterization of 

AgNP solutions. We have shown that the presence of just 1% silver ion (Ag+) 

contamination in AgNP solutions can change physiological responses and obscure 

experimental results [85]. In-house synthesized AgNP solutions often contain AgNO3 as a 

starting material and contain large amounts of Ag+ in final solution. Studies that fail to 

characterize Ag+ content before in vivo analysis, or report AgNP solutions that contain Ag+ 

ions may contain unreliable results [291, 292]. Furthermore, a study performed by 

Chakraborty and colleagues illuminates differential immune responses to mouse serum 

albumin-coated AgNPs in tumor bearing and non-tumor bearing mice, highlighting the 

importance of toxicological examination of AgNPs for cancer therapeutic purposes in 

relevant tumor models [294]. Nevertheless, mouse serum albumin-coated AgNPs were 
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effective in reducing fibrosarcoma incidence and growth in immunocompetent mice and 

no overt toxicities were identified.  

Although not yet definitive, the results of our study imply that AgNP-induced 

proteotoxicity occurs outside the ER, and that ER stress is not a major cause of AgNP 

induced cell death. In contrast, the HSR and HSPs appear essential for mitigating AgNP-

induced damage, pointing to accumulation of misfolded proteins in the cytosol as a driver 

of AgNP induced cell death. We also discovered a novel approach to selectively enhance 

AgNP cytotoxicity by preventing dephosphorylation of eIF2α. Although the combination 

of salubrinal and AgNPs proved too toxic for in vivo use, our studies will help guide future 

efforts to identify potential synergistic drug partners that would be beneficial for use with 

AgNPs for cancer therapy. 
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III.6. Supplementary Figures 

 

Supplementary Figure III-S1. AgNP-induced heat shock protein responses in 

additional mesenchymal TNBC and non-malignant breast cell lines. (A, B) Protein 

expression was examined in mesenchymal TNBC (red) and non-malignant breast (blue) 

cell lines by western blot. Densitometry was performed to calculate the ratio of p-

HSF1/HSF1 (C), HSF1/β-Actin (D), HSP90/ β-Actin (E), HSP70/β-Actin (F), p-

HSP27/β-Actin (G), and HSP27/β-Actin (H). 

 



98 
 

CHAPTER IV 

 

LIPIDOMICS IDENTIFIES A POLYUNSATURATED FATTY ACID-RICH 

LIPID SIGNATURE IN AGNP SENSITIVE NON-SMALL CELL LUNG 

CANCERS 

 

Christina M. Snyder1, Monica M. Rohde1, Reetta Holmila2, Cale D Fahrenholtz1, Cristina 

M Furdui2,3, Ravi N Singh1,3* 

 

1. Department of Cancer Biology, Wake Forest School of Medicine, Winston Salem, 

NC 27157, USA 

2. Department of Internal Medicine, Section of Molecular Medicine, Wake Forest 

School of Medicine, Winston-Salem, NC 27157, USA 

3. Comprehensive Cancer Center of Wake Forest Baptist Medical Center, Winston 

Salem, NC 27157, USA 

 

* Correspondence: rasingh@wakehealth.edu; Tel.: 336-713-4434; Fax: 336-716-0255 

  



99 
 

Author contributions: All authors contributed substantially to the work. Specific 

contributions include: conceptualization and design, CMS, CMF, and RNS; experiment 

execution and investigation, CMS, CDF, MMR, and RH; formal analysis, CMS, MMR, 

RH, CF, and RNS; funding acquisition, CMF and RNS; writing, CMS and RNS. 

Lipidomics pertaining to Figures IV-2, 3, 4, and 5 was performed by the Wake Forest 

Comprehensive Cancer Center Proteomics and Metabolomics Shared Resource under the 

guidance of CMF. Samples for Lipidomics were collected by RH. Formal analysis was 

performed by CMS and RNS. Figure IV-6 (A,B) was performed by MMR, and Figure IV-

6 (C-E) was performed by CMS. Figure IV-7 (A,B) was performed by MMR, Figure IV-7 

(C) was performed by CDF, and Figure IV-7 (D) was performed by CMS. 

 

Funding: The research in this work was supported by NIH/NCI R01CA207222 and 

NIH/NIEHS R33ES025645. Support for pre- and post-doctoral training was provided in 

part by NIH/NIGMS T32GM127261. Assistance provided by the Wake Forest University 

Comprehensive Cancer Center (WFUCCC) Cell Engineering Shared Resource was 

supported in part by NIH/NCI CCSG P30CA012197. The content is solely the 

responsibility of the authors and does not necessarily represent the official views of the 

NIH or NSF. 

 

This chapter has not yet been published. 

  



100 
 

IV.1. Abstract: 

Silver nanoparticles (AgNPs) have been widely investigated for their cancer-killing 

properties, including induction of reactive oxygen species (ROS), protein oxidative stress, 

and lipid peroxidation. However, the responses of various cancers and cell types to AgNPs 

vary considerably, and the causes of the heterogeneity in cellular responses to AgNPs are 

unknown. We previously observed that AgNPs induce lipid peroxidation to a greater extent 

in cancer cells with mesenchymal phenotypes. We hypothesized that AgNPs induce robust 

changes in lipid phenotypes in AgNP-sensitive non-small cell lung cancer (NSCLC) cells 

which a mesenchymal phenotype, particularly those that are relevant to the induction of 

ferroptosis and apoptosis. We found that AgNP-sensitive NSCLC cells were enriched in 

polyunsaturated fatty acids (PUFAs), and that AgNPs differentially affected the fatty acid 

profile of AgNP-sensitive and resistant NSCLC. Specifically, a subset of PUFAs decreased 

in abundance, which is indicative of oxidative degradation after AgNP exposure in AgNP-

sensitive CALU1 NSCLC cells. Similarly, apoptosis-associated ceramides increased in a 

time-dependent manner after CALU1 cells were exposure to AgNPs. In contrast, minimal 

significant changes were found in AgNP-resistant, H358 NSCLC cells. We investigated 

similarity to the known-ferroptosis inducer RAS-selective lethal 3 (RSL3) to determine if 

AgNPs induced a ferroptosis-like mechanism in mesenchymal TNBCs. While a lipid 

radical scavenger and an ACSL4 inhibitor rescued RSL3-induced cell death, no rescue of 

AgNP-induced death was observed. Together these data suggest a mechanism of AgNP-

induced cell death where robust changes in lipid and lipid oxidation occurs; however, it is 

still unclear exactly how this propagates to downstream toxic effects and causes cell death. 
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IV.2. Introduction: 

Silver nanoparticles (AgNPs) have been investigated as anti-cancer agents in many 

tumor types, including breast, lung, ovarian, colorectal, and prostate [65-69, 71, 75]. 

Preclinical evidence suggests that AgNPs have multiple benefits over traditional 

chemotherapies, including a large therapeutic index and the capability for passive or active 

targeting [65, 90, 274, 295]. AgNPs induce cell-wide damage including generation of 

reactive oxygen species (ROS) and lipid peroxidation [66, 69, 70, 83-86, 90, 94, 95, 274], 

mitochondrial dysfunction [96, 130], and proteotoxic stress [65, 88-91, 274]. The scale and 

range of damage induced by AgNPs differs depending on multiple factors including cell 

type and duration and dose of treatment. The molecular characteristics and pathways that 

drive these differences are just beginning to be identified. Notably, we have observed that 

lung and breast cancers cells with mesenchymal phenotypes, characterized by high 

expression of proteins including zinc finger E-box binding homeobox 1 (ZEB1) and 

vimentin and low expression of E-cadherin (CDH1), are more sensitive to AgNPs than 

those with epithelial phenotypes (with high E-cadherin, low ZEB1 and vimentin) [90, 274].  

Epithelial-mesenchymal transition (EMT) is a process where epithelial cells lose 

apical-basal polarity, decrease expression of cell-cell junction proteins (CDH1, claudins, 

occludins), and increase expression of mesenchymal proteins (N-cadherin [CDH2], 

vimentin [VIM], fibronectin [FN1], collagen 1 [COL1] collagen 2 [COL2], and matrix 

metalloproteinases [MMPs]) [15, 16]. In cancer, EMT is associated with increased 

metastatic capacity, expression of cancer-stem cell (CSC) markers, and chemo-resistance 

[17, 21-24]. Additionally, EMT has also been linked to increased sensitivity to agents that 

induce ferroptosis and lipid oxidation [44, 45, 296]. Although the EMT phenotype appears 
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correlated with sensitivity to AgNPs [90, 274] , modulation of ZEB1 and other factors (e.g. 

TWIST1, E-cadherin) known to drive a switch between epithelial and mesenchymal 

phenotypes failed to alter sensitivity to AgNPs [90]. It is necessary to identify other 

phenotypic differences that could drive sensitivity or resistance to AgNP exposure. 

Some cancers with a mesenchymal phenotype are reported to have high expression 

of acyl-coA synthetase long chain family member 4 (ACSL4) and large amounts of 

polyunsaturated fatty acids (PUFAs), including arachidonic (AA; 20:4) and adrenic acids 

(AdA; 22:4), which are good substrates for oxidation [44, 45, 296]. ACSL4 catalyzes the 

addition of coenzymeA (CoA) to AA or AdA as the priming step for conjugation to 

phospholipid head groups including phosphatidylethanolamine (PE) and 

phosphatidylcholine (PC) and catalyzing incorporation into lipid membranes (Figure IV-

1) [44]. These PUFAs can become oxidized enzymatically by lipoxygenases (LOXs), 

cyclooxygenases (COX), or cytochrome p450 (Cyt P450) enzymes, by free iron and 

hydrogen peroxide (H2O2) in Fenton reactions, or directly by reactive oxygen species 

(ROS) including hydroxyl (OH •) or H2O2 [47, 297]. Lipid peroxyl radicals propagate 

among nearby unsaturated double bonds within the same PUFA strands or in nearby 

PUFAs, to form more lipid peroxyl radicals and lipid peroxides [297]. Lipid peroxides 

break down into secondary reactive and toxic messengers, 4-hydroxynonenal (4-HNE) and 

malondialdehyde (MDA), which can form covalent cross-links with proteins, nucleic acids, 

and cell membranes [298-300]. Notably, mesenchymal cancers characterized by elevated 

expression of ZEB1 appear sensitive to agents that induce ferroptosis [45], a non-apoptotic 

iron-dependent form of programmed cell death that is characterized by the accumulation 

of lipid peroxides [47]. Accumulation of lipid peroxides and toxic secondary products 
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ultimately leads to cell death, either through ferroptosis or through other death pathways 

[300, 301].  

 

We showed that AgNPs induce lipid peroxidation in mesenchymal but not epithelial 

subtypes of TNBCs [274]. We also found that AgNPs induce lipid peroxidation in EGFR-

Figure IV-1. Lipid peroxidation induces protein-crosslinking and ferroptosis. ACSL4 

catalyzes the addition of coenzyme A (CoA) to arachidonic (AA) or adrenic (AdA) 

acids, priming PUFAs for addition of phospholipid head groups, such as 

phosphatidylethanolamine (PE) or phosphatidylcholine (PC). These phospholipid-

PUFAs (PL-PUFAs) are good substrates for oxidation, which can occur enzymatically 

by LOX, COX, or Cyt P450 enzymes, directly by ROS such as hydroxyl radicals (OH
•
) 

or hydrogen peroxide (H
2
O

2
), or by fenton reactions involving iron and H

2
O

2
. Resulting 

peroxyl radicals propagate in chain reactions on nearby accessible PUFA double bonds, 

leaving behind lipid peroxides. Lipid peroxides can accumulate and induce cell death 

by ferroptosis, and also degrade to secondary toxic endproducts which can form 

detrimental covalent protein adducts, leading to proteotoxic stress and cell death. 
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TKI-resistant NSCLCs cells which have EMT phenotypes [90]. It is still unclear if the 

enrichment in PUFAs, especially AA or AdA, in AgNP-sensitive cells contribute to the 

mechanism of AgNP cytotoxicity. Furthermore, it has yet to be examined if AgNPs induce 

cell death by a ferroptosis-like mechanism. To elucidate these points: we set out to 

examine: 1) if mesenchymal and epithelial NSCLC lipid content differed both at baseline 

and with AgNP treatment; 2) and if the AgNP mechanism of action is similar to that 

induced by the known ferroptosis-inducer RSL3. 

IV.3. Materials and Methods: 

Silver nanoparticles: 25 nm spherical AgNPs stabilized with polyvinylpyrrolidone (PVP) 

were purchased as dried powders from nanoComposix, Inc (San Diego, CA, USA). 

Nanoparticles were dispersed by bath sonication in phosphate buffered saline (PBS), pH 

7.4, without calcium or magnesium (Invitrogen, Carlsbad, CA, USA), at a concentration of 

5 mg/mL based upon the mass of silver contained in the nanoparticles, and were then 

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

addition to wells containing cells. The physicochemical properties including hydrodynamic 

diameter, colloidal stability in cell culture media, and ζ-potential of this material were 

characterized previously [65, 85]. 

Cell culture: SKLU1, CALU1, H358, MDA-MB-231, BT549, BT20, and HCC70 cells 

were purchased from the ATCC (Manassas, VA, USA) and PC9 cells from Sigma Aldrich 

(St. Louis, MO, USA). Cell lines were expanded and low passage stocks were stored in 

liquid nitrogen and maintained by the Wake Forest Comprehensive Cancer Center Cell 

Engineering Shared Resource. SKLU1 and BT20 cells were grown in EMEM 

supplemented with penicillin (250 units/mL), streptomycin (250 μg/mL), 2 mM L-
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glutamine, and 10% fetal bovine serum (all from Gibco). CALU1, PC9, H358, BT549, and 

HCC70 cells were grown in RPMI 1640 supplemented with penicillin (250 units/mL), 

streptomycin (250 μg/mL), 2 mM L-glutamine, and 10% fetal bovine serum. MDA-MB-

231 cells were grown in DMEM/F-12 supplemented with penicillin (250 units/mL), 

streptomycin (250 μg/mL), 2 mM L-glutamine, and 10% fetal bovine serum. 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 for fluorescence 

microscopy on glass coverslips (Warner Instruments Corporation, Hamden, CT, USA). 

Cells were maintained in culture for no longer than 4 months before new cultures were 

established from low-passage frozen stocks.  

MTT assay: Cells were seeded on 96-well plates at a density of 5,000 cells per well in 100 

μL of complete media, recovered for 24 h, and then were exposed to RSL3, AgNPs, 

Ferrostatin, or Triascin C in 100 μL of complete media containing doses of drugs as listed 

in the figures. After 72 h, media containing drugs was replaced with 200 μL 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. Medium was removed, cells were 

lysed in 200 μL of DMSO, and absorbance was read using a Molecular Devices Emax 

Precision Microplate Reader (San Jose, CA, USA) at 560 nm. Absorbance measurements 

at 650 nm were subtracted from each reading to correct for any inconsistencies in optical 

properties between wells. 
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Western Blotting: Cells were plated on 6 cm dishes at a density of 1,000,000 cells in 4 mL 

of complete medium. Cells were allowed to recover for 24 h, then medium was removed, 

cells were washed twice with ice cold PBS, and cells were lysed using Mammalian Protein 

Extraction Reagent supplemented with Halt Protease & Phosphatase Inhibitor Cocktail 

(both from 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). Non-specific binding was blocked by incubation for 30 min at room 

temperature with tris-buffered saline containing 0.1% Tween-20 (Bio-Rad) and 5% 

blotting grade blocker (Bio-Rad). Membranes were incubated overnight at 4 ◦C in dilutions 

containing TBS-T and 5% blotting grade blocker and 1:1000 primary antibody. Primary 

antibodies used include: GAPDH (2118) purchased from Cell Signaling Technologies 

(Danvers, MA, USA) and ACSL4 (sc-271800) purchased from (Santa Cruz 

Biotechnology). Membranes were washed and then incubated with 1:1000 anti-rabbit (Cell 

Signaling Technologies) or anti-mouse (Cell Signaling Technologies) horseradish 

peroxidase (HRP)-conjugated secondary antibodies diluted in 5% blotting grade blocker in 

TBS-T for 1 h at room temperature. Immunoreactive products were visualized by 

chemiluminescence using SuperSignal Pico West reagent (Thermo Fisher Scientific). 

Lipidomic analysis: Lipidomic analysis was performed using standard procedures. Briefly, 

lipids were isolated from biological specimens spiked with internal standard (SPLASH 

Lipidomix) and a selection of 20-25 other isotope-labeled standards (e.g., to resolve 

multiple isomer species), using chloroform/methanol extraction, dried under N2, and 



107 
 

reconstituted with isopropyl alcohol/methanol (1:1) for LC-MS/MS analysis. Samples 

were analyzed on a high-resolution Q Exactive HF Hybrid Quadrupole - Orbitrap Mass 

Spectrometer equipped with a heated electrospray ionization (HESI)-II source and a 

Vanquish Horizon UHPLC system. Chromatographic separation was achieved on an 

Accucore C30 column with 30 min linear gradient elution consisting of mobile phases A 

(water/acetonitrile = 40:60) and B (isopropyl alcohol/acetonitrile = 90:10), containing 

0.1% formic acid and 10 mM ammonium formate (40% B at 0 min to 95% B at 30 min). 

Full MS and data dependent MS/MS spectra were acquired in positive and negative mode. 

High-energy collisional dissociation (HCD) was used for ion fragmentation with stepped 

collision energy of 25/30 eV and 30/50/100 eV in each positive and negative polarity. The 

dynamic exclusion option was enabled during data-dependent scans to enhance compound 

identification in complex mixtures. Acquired spectra were processed using LipidSearch 

software v4.2 to identify over 900 annotated lipid species and to determine their respective 

peak areas. Further data processing was performed in Excel to normalize the peak areas to 

the corresponding lipid internal standard or to the total ion current (the total area under the 

curve in the chromatogram), which was then used to quantify relative changes in lipid 

species between groups. Relative changes in lipid species were visualized as volcano plots 

by plotting fold change and p value using Prism 9.1.3 software (GraphPad, San Diego, CA, 

USA). Lipid species with fold change greater than 2 or less than 0.5 and p value less than 

0.05 were selected for further analysis by two-way ANOVA followed by post hoc Tukey 

test to determine statistical significance. Significant species were visualized in a heat map 

using Prism software. 
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Statistical analysis: Analysis was performed as described in the figure legends using Prism 

9.3.1 software. The number of technical and biological replicates used for each experiment 

is included in the figure legends. 

IV.4. Results: 

IV.4.1. Mesenchymal lung cancer cells have different lipid profiles than epithelial lung 

cancer cells and AgNPs alter these lipids.  

To quantify relative amounts of lipids in mesenchymal (CALU1) and epithelial 

(H358) NSCLCs, cells were treated with AgNPs for 4 or 24 hours and lipids were detected 

by lipidomic analysis. Approximately 1450 lipid species were detected, with a large degree 

of overlap in detection between CALU1 and H358 cells (99.30%). Furthermore, this 

coverage extended to AgNP-treated samples allowing for robust examination and 

comparison of all samples. After 4 hours of AgNP exposure, only 17 changed lipid were 

detected in CALU1 cells (Figure IV-2A). After 24 hours of AgNP exposure, 413 lipids 

changed (increased or decreased significantly (p<0.05) by 2-fold or greater compared to 

untreated cells) in CALU1 cells (Figure IV-2B). In contrast, few lipids species changed 

significantly by 2-fold or more in H358 cells regardless of time exposed to AgNPs (4 lipids 

with 4-hour treatment, and 5 lipids with 24-hour treatment) (Figure IV-2C, 2D).  

We next identified which lipids significantly changed in abundance following 4 or 

24-hour AgNP treatment. Lipids were categorized as phospholipids (phosphatidic acid 

(PA), phosphatidylglycerol (PG), phosphatidylinositol (PI), phosphatidylserine (PS), 

phosphatidylethanolamine (PE) and phosphatidylcholine (PC)), lysophospholipids 

(lysophosphatidic acid (LPA), lysophosphatidylcholine (LPC), 
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lysophosphatidylethanolamine (LPE), lysophosphatidylglycerol (LPG), 

lysophosphatidylinositol (LPI) and lysophosphatidylserine (LPS)), sphingolipids 

(hexosylceramides (Hex1Cer), dihexosylceramides (Hex2Cer); trihexosylceramides 

(Hex3Cer), ceramides (Cer) and sphingomyelin (SM), phytosphingosine (phSM)), neutral 

lipids (cholesterol ester (ChE), diglyceride (DG) and triglyceride (TG), zymosteryl ester 

(ZyE)) and fatty acyl and other lipids (coenzyme (Co), FA, (O-acyl)-ω-hydroxy FA 

(OAHFA)) and the carbon chain length plus degree of unsaturation of each lipid tail was 

identified (e.g. PC 16:0/18:2 denotes phosphatidylcholine with one 16 carbon, saturated 

tail and one 18 carbon tail with two degrees of unsaturation).  
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Lipidomic analysis was performed on four groups (CALU1 or H358 cells exposed 

to AgNPs for 4 hours or 24 hours and a set of untreated controls collected in parallel at 

each time point), each consisting of 4-6 independent samples. For each lipid with a 

significant difference in the abundance between cell lines in both cohorts, a Z-score was 

calculated at as shown in Figure IV-3. Comparison of baseline lipid levels for untreated 

CALU1 and H358 cells collected in parallel to the groups treated with AgNPs for 4 or 24 

hours identified 79 lipids that differed between CALU1 and H358 cells.  Lipid species that 

were enriched in CALU1 cells relative to H358 cells primarily consisted of phospholipids 

that make up cell membranes including PC, PE, and PS. Notably phospholipids with 20:4, 

22:4, 22:5, or 22:6 PUFAs, all of which are prone to peroxidation, were in greater 

abundance in CALU1 cells than in H358 cells. In contrast, H358 cells were enriched in 

various triglycerides, which are not major constituents of cell membranes and are stored in 

lipid droplets [302].  

A similar analysis was performed to identify lipids that changed in abundance in 

H358 and CALU1 cells 4 or 24 hours after AgNP exposure. Only a single PC species (PC 

18:3e/20:1) changed significantly in H358 cells 4 hours after AgNP exposure, and this lipid 

was unaltered in abundance in CALU1 cells (Figure IV-4A). Similarly, only 3 lipids 

changed  

Figure IV-2. Mesenchymal non-small cell lung cancer (NSCLC) cells significantly 

change lipids after 24-hour exposure to silver nanoparticles (AgNPs). Mesenchymal (A, 

B) and epithelial (C, D) NSCLC cell lines were exposed to AgNPs for 4 hours (A, C) 

or 24 hours (B, D) and examined by LC-MS/MS-based lipidomic analysis. Data were 

collected from three technical replicates. Statistical analysis was performed by student’s 

t-test by comparing fold change of treated and untreated samples. Significant 

differences are indicated as any points above dotted line = p value<0.05. 
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Figure IV-3. Mesenchymal NSCLC cells (CALU1) are enriched in a subset of PUFAs 

compared to epithelial NSCLC cells (H358). Two cohorts of untreated NSCLC cells 

were collected (labeled 4 h or 24 h) and subjected to lipidomic analysis. Statistical 

analysis was performed by one-way ANOVA followed by post-hoc Tukey test. 

Significance is shown (*p<0.05). 
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in CALU1 cells treated with AgNPs for 4 hours compared to untreated controls, and no 

significant change in abundance of these lipids was detected in H358 cells (Figure IV-4B). 

There were no changes in lipid abundance in H358 cells after exposure to AgNPs for 24 

Figure IV-4. A subset of PUFAs decrease in CALU1 cells after exposure to AgNPs, 

but the lipid profile of H358 cells remains largely unchanged. NSCLC cells were treated 

with AgNPs for 4 or 24 hours, subjected to lipidomic analysis. Statistical comparisons 

were performed by two-way ANOVA to identify lipids that differed significantly 

(p<0.05) between AgNP treated and untreated (CTRL) cell lines. A Z-score was 

calculated and displayed as shown for lipids that differed significantly after AgNP 

treatment. (A) Lipids that differed significantly in H358 after 4 h AgNP exposure and 

the relative abundance of these lipids in CALU1 cells are shown. (B) Lipids that 

differed significantly in CALU1 cells after 4 h AgNP exposure and the relative 

abundance of these lipids in H358 cells are shown. (C) Lipids that differed significantly 

in CALU1 cells after 24 h AgNP exposure and the relative abundance of these lipids in 

H358 cells are shown. Data were obtained from 4-6 independent samples per condition. 

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

test. Significance is shown (**p<0.01) 
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hours (not shown). In contrast, 45 lipids significantly decreased in CALU1 cells treated 

with AgNPs compared to untreated controls, and as noted, abundance of these lipids was 

unaltered in similarly treated H358 cells (Figure IV-4C). Lipid classes that decreased in 

CALU1 cells following AgNP exposure primarily (88.9%) consisted of phospholipids that 

make up cell membranes (phosphatidylcholine [PC], phosphatidylethanolamine [PE], and 

phosphatidylserine [PS]). We further analyzed changes in different lipids containing 20:4 

(arachidonic acid, AA) or 22:4 (adrenic acid, AdA) PUFAs, as accumulation of these 

oxidized species have been associated with induction of ferroptosis [46, 47]. We found a 

significant decrease in all lipids containing 20:4 or 22:4 length PUFAs in CALU1 cells 

treated with AgNPs for 24 hours, but no difference in CALU1 cells at 4 hours or in H358 

cells at any time point (Figure IV-5A). Additionally, when we examined only PC or PE 

containing 20:4 or 22:4 length PUFAs, there was a significant decrease in only the CALU1 

cells exposed to AgNPs for 24 hours (Figure IV-5B, 5C). This is consistent with literature 

findings that as lipids are oxidized they are degraded [297]. We also looked at TGs 

containing 20:4 or 22:4 length PUFAs and found that there were no differences between 

control and AgNP-treated groups (Figure IV-5D). Lastly, we examined ceramides 

containing 20:4 and 22:4 length PUFAs and found a significant increase in CALU1 cells 

treated with AgNPs for 24 hours, but no significant change between any other control and 

AgNP-treated group (Figure IV-5E). This is consistent with literature reports of 

inflammation and stress-induced ceramide generation leading to apoptosis [303-305]. 
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Figure IV-5. Mesenchymal NSCLCs decrease PLs and increase ceramides containing 

20:4 and 22:4 length PUFAs. Mesenchymal and epithelial NSCLC cells were treated 

with AgNPs for 4 or 24 hours, subjected to lipidomic analysis, and partitioned into 

subgroups based on lipid class and chain length. Subgroupings included: (A) all lipids 

containing 20:4 or 22:4, (B) phosphatidylcholine (PC) containing 20:4 or 22:4, (C) l 

phosphatidylethanolamine (PE) containing 20:4 or 22:4, (D) triglyceride (TG) 

containing 20:4 or 22:4, or (E) ceramides containing 20:4 or 22:4. Data were acquired 

from three technical replicates. Statistical analysis was perfomed by two-way ANOVA 

and post-hoc-tukey test. Significant differences are indicated (****p<0.0001). 
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IV.4.2. Mesenchymal TNBC and NSCLC are more sensitive to RSL3 than epithelial-like 

cancers. 

 Because we found that mesenchymal NSCLC cells had more 20:4 and 22:4-

containing PUFAs than epithelial NSCLC cells, and these lipid species are associated with 

increased lipid peroxidation and ferroptosis, we asked if they were also more sensitive to 

the ferroptosis-inducing agent RSL3 (Figure IV-6A-D). Mesenchymal NSCLC cell lines 

were significantly more sensitive to RSL3 (IC50s ranging from 17.9 nM to 43.9 nM) than 

epithelial cell lines (IC50s ranging from 112.5 nM to 694.5 nM). Because ACSL4 has been 

associated with increased levels of lc-PUFAs and increased sensitivity to lipid peroxidation 

and ferroptosis [44, 296], we asked if mesenchymal TNBC and NSCLC cells had higher 

expression of ACSL4 than epithelial TNBC and NSCLC cells. ACSL4 was found to be 

highly expressed in mesenchymal TNBC (MDA-MB-231 and BT549) and NSCLC cell 

lines (SKLU1 and CALU1) in comparison to epithelial TNBC (BT20, HCC70) and 

NSCLC (PC9, H358) cells (Figure IV-6E). 
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Figure IV-6. Mesenchymal cancers are more sensitive to ferroptosis than epithelial 

cancers. (A) Mesenchymal (red) and epithelial (blue) NSCLC cells were treated with 

AgNPs for 72 h and viability was assessed by MTT assay. (B) IC50 was calculated. 

Data were obtained from at least 4 technical replicates per dose and three independent 

experiments per cell line. Statistical analysis was performed by one-way ANOVA and 

post-hoc Tukey test. Significant differences are indicated (****p<0.0001). (C) 

Mesenchymal (red) and epithelial (blue) TNBC cells were treated with AgNPs for 72 h 

and viability was assessed by MTT assay. (D) IC50 was calculated. Data were obtained 

from at least 4 technical replicates per dose and three independent experiments per cell 

line. Statistical analysis was performed by student’s t-test. Significant differences are 

indicated (**p<0.01). (E) Acyl-coA long chain family member 4 (ACSL4) was 

assessed by western blot in mesenchymal and epithelial NSCLC and TNBC cell lines 

and densitometry was performed to determine the ratio of ACSL4 to GAPDH. 
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IV.4.3. The mechanism of cell death induced by AgNPs is distinct from GPX4-dependent 

ferroptosis.  

To determine if the mechanism of action of AgNPs was similar to that by which 

RSL3 induces cell death, mesenchymal TNBC and NSCLC cells were exposed to AgNPs 

or RSL3 with or without the ferroptosis inhibitors ferrostatin-1 or triacsin C. The lipid 

radical scavenger ferrostatin-1 partially rescued CALU1 cells from RSL3, but did not 

protect CALU1 cells from AgNP induced death (Figure IV-7A). Similarly, triacsin C, 

which inhibits ACSL4 activity and reduces ferroptosis sensitivity by preventing 

incorporation of AA and AdA into phospholipids [44], rescued CALU1 cells from RSL3 

but not from AgNP exposure (Figure IV-7B). Both ferrostatin and triacsin C also rescued 

BT549 cells from RSL3 but failed to protect against AgNPs (Figure IV-7C, D). 
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IV.5. Discussion: 

AgNPs induce oxidative damage to lipids, but heterogeneity in responses have been 

observed depending on cell phenotype [90, 92-95, 274]. We have found that AgNPs induce 

lipid peroxidation in mesenchymal NSCLC and TNBC cells at doses that do have no toxic 

effects on epithelial cancer cells [85, 90, 274]. In this work, we set out to illuminate the 

role lipids play in AgNP-induced cytotoxicity, particularly 20:4 and 22:4-containing 

phospholipids which are prime oxidation substrates. We performed lipidomic analysis on 

AgNP-treated NSCLC cells with epithelial and mesenchymal phenotypes, which 

highlighted baseline differences in lipid content as well as changes with exposure to 

AgNPs. We found that mesenchymal (CALU1) and epithelial (H358) NSCLC cells had 

different lipid profiles, with CALU1 cells enriched in phospholipids (especially PC, and 

PE) and H358 cells enriched in TGs. Sensitivity to ferroptosis has been causally linked to 

an enrichment in phospholipid-PUFAs, notably PE-20:4 and PE-22:4 [45-47]. This is 

consistent with our data showing that mesenchymal NSCLC (CALU1, SKLU1) and TNBC 

(BT549, MDA-MB-231) cells have greater sensitivity to the ferroptosis inducer RSL3. 

Increased sensitivity to ferroptosis is also associated with increased expression of ACSL4, 

Figure IV-7. AgNP-induced cell death is not rescued by Ferrostatin-1 or Triacsin C. 

(A) Mesenchymal NSCLC cells were treated with either RSL3 (for 1 hour) or AgNPs 

(for 72 hours) with or without Ferrostatin-1, or  (B) with either RSL3 or AgNPs (for 72 

hours) with or without Triacsin C. (C) Mesenchymal TNBC cells were treated with 

either RSL3 (for 1 hour) or AgNPs (for 72 hours) with or without Ferrostatin-1, or  (D) 

with either RSL3 or AgNPs (for 72 hours) with or without Triacsin C. Data were 

obtained from at least 4 technical replicates per dose and three independent experiments 

per cell line. Statistical analysis was performed by two-way ANOVA and post-hoc 

Tukey test. Significant differences are indicated (****p<0.0001, ***p<0.001, 

**p<0.01).  
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which attaches an acetyl-CoA group to AA and AdA, enabling their incorporation into 

phospholipids [44, 296]. We found that ACSL4 was highly expressed in a panel of NSCLC 

and TNBC mesenchymal cell lines. Together, these data support the hypothesis that 

mesenchymal NSCLC cells lines that are AgNP-sensitive have high amounts of oxidation-

ready PUFAs.  

When cells were treated with AgNPs, CALU1 cells drastically decreased PE and 

PC containing 20:4 or 22:4 PUFAs. This is consistent with findings by others that show 

agents that induce lipid peroxidation subsequently cause degradation and loss of PUFAs 

containing 20:4 and 22:4 [297]. We found that while AgNP-sensitive cells shared similar 

phenotypes to RSL3-sensitive cells, and AgNPs decreased ferroptosis-associated PUFAs, 

AgNPs did not induce cell death similar to RSL3. AgNP-induced toxicity was not rescued 

by the addition of the lipid radical scavenger ferrostatin-1, nor by the ACSL4 inhibitor 

triacsin C. Additionally, we found that AgNPs deplete levels of reduced glutathione [66, 

69]. Thus, there is still some question if lipid peroxidation is necessary for AgNP-induced 

cell death.  

AgNPs are also reported by us and others to oxidize glutathione [66, 306]. 

Glutathione is a critical tripeptide antioxidant that is involved in direct quenching of free 

radicals and lipid radicals, acts as a cofactor for other antioxidants including glutathione 

peroxidase 4 (GPX4), and acts to regenerate vitamins C and E [128]. Furthermore, addition 

of glutathione reduced AgNP-induced toxicity, while depletion of glutathione using 

butathione sulphoximine enhanced sensitivity to AgNPs in luminal A breast cancer cells 

[66]. Exogenous addition or depletion of glutathione, however, had only small effects on 

AgNP toxicity in mesenchymal TNBC cells. This is consistent with an AgNP mechanism 
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of action in mesenchymal cancer cells dissimilar to RSL3, as RSL3 induces ferroptosis by 

inhibiting GPX4 and preventing detoxification of lipid peroxides. It remains to be 

investigated if other metabolic pathways which modulate ferroptosis are involved in 

AgNP-induced lipid oxidation and cell death, such as the mevalonate pathway [307, 308]. 

In AgNP-treated CALU1 cells, we observed an increase in ceramides containing 20:4 and 

22:4, which is consistent with apoptosis signaling. Literature reports indicate that 

inflammatory and stress signals induce ceramide generation through c-Jun N-terminal 

kinase (JNK) signaling or the de novo sphingomyelin pathway to induce pro-apoptotic 

signals [305, 309]. Consistent with this, AgNPs have been shown to induce apoptosis and 

increase JNK activation [65, 84, 88, 310]. 

Interestingly, we observed that AgNP-induced lipid changes occurred in a time 

dependent manner. After 24 hours of AgNP exposure, PUFAs containing 20:4 or 22:4 

length chains decreased in AgNP-sensitive cells; however this was not observed after a 4-

hour treatment period. We and others have shown that endocytosis of AgNPs is critical for 

its cytotoxic effects. It is possible that this delay in oxidation is due to the need for the 

AgNP to be endocytosed, trafficked to specific compartments, or degraded prior to effects 

seen, although further studies are needed to investigate this. Similar to Fenton reactions 

involving Fe3+, literature reports suggest that Cu2+ ions directly oxidize PL-PUFAs [311]. 

Since Ag+ and Cu+ have similar size and electronegativity, and are known to be taken up 

by the same metal transporters (copper transporter 1 and 2, CTR1, CTR2) [312], it is 

reasonable to think that Ag+ may also have the capacity to directly oxidize PL-PUFAs in 

Fenton-like reactions in endosomal membranes. Thus, we propose that AgNPs are taken 

up by endocytosis, and endosomes subsequently fuse with lysomes, which causes 
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degradation of AgNPs into Ag+, and oxidize PL-PUFAs in membrane bound 

compartments.  

We previously showed that the mechanism of cell death induced by AgNPs and 

Ag+ is different [85]. Notably, AgNPs induced lipid peroxidation, while Ag+ did not. Both 

AgNP and Ag+ induced other cell-wide effects including ROS, protein aggregation, and 

UPR signaling. While AgNPs must be endocytosed, Ag+ is taken up through the Cu2+ 

transporters CTR1 and CTR2, and can freely diffuse through the cytosol to induce damage 

[313, 314]. Differences in lipid peroxidation were the only effects that differed between 

AgNPs and Ag+. This research highlights novel differences between AgNPs and Ag+, and 

potentially suggests that AgNPs induce lipid peroxidation after endocytosis in endocytic 

vesicles, while Ag+ is not endocytosed and does not induce lipid peroxidation. This 

supports our hypothesis that AgNPs are endocytosed, degrade, directly induce lipid 

peroxidation, and induce downstream widespread cellular effects resulting in cell death. 

We have shown previously that AgNPs induce ROS generation, lipid oxidation, and 

protein-4-HNE adducts in AgNP-sensitive cells [85, 90, 274]. Additionally, we have 

shown that AgNPs induce protein oxidation, protein aggregation, and activation of 

unfolded protein response (UPR) signaling in AgNP-sensitive cells [85, 90, 274]. This is 

consistent with a mechanism where PUFAs are oxidized by AgNPs to induce protein 

misfolding or cross-linking, resulting in overwhelming protein aggregation and apoptosis.  

Together, these data shed light on the critical role lipid oxidation and enrichment 

of PUFAs play in sensitivity to AgNPs. While future studies are necessary to examine 

causality between AgNP-sensitivity and cellular lipid profile and lipid peroxidation, our 

work highlights key mechanistic vulnerabilities of NSCLCs which may be exploited by 



122 
 

AgNPs or allow for development of other therapeutics which exploit inherent susceptibility 

to lipid peroxidation.
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V.1. Abstract: 

Non-small cell lung cancer (NSCLC) is a heterogeneous and deadly disease that is 

commonly treated with epidermal growth factor receptor (EGFR)-tyrosine kinase 

inhibitors (EGFR-TKIs). However, resistance to EGFR-TKIs is a persisting clinical 

problem. Reports suggest that epithelial-mesenchymal transition (EMT) is an emerging 

feature that may drive EGFR-TKI resistance. EMT can increase sensitivity to therapeutic 

agents that induce proteotoxic stress because of high rates of synthesis and secretion of 

large extracellular matrix (ECM) proteins. Silver nanoparticles (AgNPs) induce 

proteotoxic stress in mesenchymal NSCLCs which are EGFR-TKI-resistant as well as 

mesenchymal triple negative breast cancers (TNBCs). In previous work, we noted a strong 

correlation between sensitivity to AgNPs and mRNA or protein expression levels of 

mesenchymal markers including zinc finger E-box binding homeobox 1 (ZEB1) and 

fibronectin (FN1), an ECM protein that is highly expressed by cancers with a mesenchymal 

phenotype. We found earlier that neither knockdown nor overexpression of ZEB1 affected 

sensitivity to AgNPs. In this chapter we aimed to determine if fibronectin expression is not 

just correlated with sensitivity to AgNPs, but also is a driver of that sensitivity. We found 

that knockdown of FN1 de-sensitized cells to AgNPs, and reduced toxic effects induced by 

AgNPs, including protein aggregation, unfolded protein response (UPR) signaling, 

ubiquitination, lipid peroxidation, autophagy and apoptosis. This study provides insight 

into the underlying causes of sensitivity mesenchymal cancer cells to low doses of AgNPs, 

and provides support for use of AgNPs as a therapeutics for EGFR-TKI-resistant NSCLCs. 
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V.2. Introduction: 

Lung cancer is the most deadly and the second most common cancer in the U.S., with 

240,000 new diagnoses and nearly 132,000 deaths in 2021 [1]. 5-year survival rates for 

lung cancer are 63% for localized disease, and a dismal 35% or 7% for regional or distant 

metastatic disease, respectively [315]. Lung cancer can be histologically classified into 

non-small cell (NSCLC) or small-cell lung cancer (SCLC) [316]. NSCLC accounts for 80-

85% of all lung cancer diagnoses [317]. NSCLC is treated depending on stage with 

combinations of surgery, radiation, chemotherapy (cisplatin, paclitaxel, gemcitabine, 

vinorelbine, etoposide), immunotherapy (anti-programmed death ligand 1 [anti-PD-L1]), 

targeted therapies (epidermal growth factor receptor [EGFR], KRAS,  anaplastic 

lymphoma kinase [ALK], ROS1, BRAF, rearranged during transfection [RET], 

mesenchymal epithelial transition [c-MET], neurotrophic tyrosine receptor kinase 

[NTRK]), and photodynamic therapy [316, 318]. With the development of first-generation 

epidermal growth factor receptor (EGFR)-tyrosine kinase inhibitors (EGFR-TKIs) 

gefitinib and erlotinib, lung cancer patients harboring EGFR mutations saw great 

improvements in progression free survival (PFS) compared to chemotherapy [319-323]. 

However, resistance to EGFR-TKIs was observed in many patients within 10-14 months 

and overall survival was not improved compared to chemotherapy [324, 325]. Resistance 

to EGFR-TKIs is caused by multiple mechanisms including an activating mutation in the 

EGFR tyrosine kinase domain (T790M mutation), as well as c-MET amplification and 

RAS mutations, among others [325]. Even with the development of third generation 

EGFR-TKIs, which targeted the T790M mutation itself, other mechanisms of resistance 

were found (EGFR C797S mutation, and mutations in phosphatidylinositol-4,5-
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bisphosphate 3-kinast catalytic subunit alpha [PIK3CA], KRAS, and BRAF) [324, 326]. 

Resistance to EGFR-TKIs in NSCLC is an ever-growing problem, and thus development 

of treatments is required for these patients. 

In addition to EGFR mutations and oncogenic mutations as mechanisms of resistance 

to EGFR-TKIs, EGFR-TKI resistance is also linked to epithelial-mesenchymal transition 

(EMT) [327]. EMT is a dynamic process where epithelial cells lose apical-basal polarity, 

decrease expression of cell-cell junction proteins (E-cadherin [CDH1], occludins, 

claudins), and increase mesenchymal markers (vimentin [VIM], N-cadherin [CDH2], 

fibronectin [FN1], collagens, and matrix metalloproteinases) [15]. EMT serves critical 

roles in embryonic development and wound healing, and in cancer has been shown to 

promote invasion and metastasis [18-21]. EMT can be initiated by transcription factors 

including zinc finger E-box binding homeobox 1 (ZEB1), snail family transcriptional 

repressor 1 (SNAI1), snail family transcriptional repressor 2 (SNAI2), or TWIST1, 

although it is unclear in physiologic contexts what combination of factors results in 

activation of EMT [15, 17]. EMT phenotypes in EGFR-TKI resistant NSCLC patients have 

been reported in the literature since 2010 [328-330]. In vitro generated EGFR-TKI resistant 

cell lines are also reported to have EMT phenotypes [90, 327, 328, 331]. Additionally, 

induction of EMT through SNAI1, SNAI2, or ZEB1 have been shown to promote EGFR-

TKI resistance, and knockdown of these EMT transcription factors restores sensitivity to 

EGFR-TKIs [90, 327, 332].  

While a mesenchymal phenotype confers resistance to EGFR-TKIs, invasion, 

metastasis, and poor prognosis, vulnerabilities associated with EMT have also been 

illuminated [43-45, 204, 205]. Due to their high rates of synthesis and secretion of large 
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extracellular matrix (ECM) proteins which require pre-assembly in the endoplasmic 

reticulum (ER), mesenchymal cancer cells have been shown to have higher baseline ER 

stress and therefore have increased sensitivity to agents that induce proteotoxic stress [43]. 

Additionally, mesenchymal cancers cells are enriched in polyunsaturated fatty acids 

(PUFAs) which are good substrates for oxidation, making these cells more susceptible to 

agents that induce lipid peroxidation [44, 45].  

Silver nanoparticles (AgNPs) have been shown to induce cell death in TNBC and 

NSCLC cell lines by induction of proteotoxic stress [65, 87-91, 274], lipid peroxidation 

[90, 94, 95, 274], mitochondrial dysfunction [96, 130], and generation of reactive oxygen 

species (ROS) among other toxic cellular effects [66, 69, 70, 83-86].  We previously 

identified a correlative link between AgNP sensitivity and expression of EMT markers 

including ZEB1 and fibronectin (FN1), an extracellular matrix (ECM) protein that is highly 

expressed by cancers with a mesenchymal phenotype in both TNBC and NSCLC [90, 274]. 

We also found that induction of proteotoxic stress and lipid peroxidation were induced by 

AgNP exposure in mesenchymal-like but not epithelial-like TNBC and NSCLC cells [90, 

274]. Neither knockdown nor overexpression of ZEB1 affected sensitivity to AgNPs [25]. 

In this chapter we aimed to determine if FN1 expression is not just correlated with 

sensitivity to AgNPs, but also is a driver of that sensitivity. We hypothesize that 

knockdown of FN1 will reduce the burden on protein quality control systems, thus reducing 

AgNP-induced proteotoxicity and death in AgNP-sensitive NSCLC cells. 

V.3. Materials and Methods: 

Silver nanoparticles: 25 nm spherical AgNPs stabilized with polyvinylpyrrolidone (PVP) 

were purchased as dried powders from nanoComposix, Inc (San Diego, CA, USA). 
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Nanoparticles were dispersed by bath sonication in phosphate buffered saline (PBS), pH 

7.4, without calcium or magnesium (Invitrogen, Carlsbad, CA, USA), at a concentration of 

5 mg/mL based upon the mass of silver contained in the nanoparticles, and were then 

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

addition to wells containing cells. The physicochemical properties including hydrodynamic 

diameter, colloidal stability in cell culture media, and ζ-potential of this material were 

characterized previously [65, 85]. 

Cell culture: SKLU1 cells were purchased from the ATCC (Manassas, VA, USA). The 

cell line was expanded and low passage stocks were stored in liquid nitrogen and 

maintained by the Wake Forest Comprehensive Cancer Center Cell Engineering Shared 

Resource. SKLU1 cells were grown in EMEM supplemented with penicillin (250 

units/mL), streptomycin (250 μg/mL), 2 mM L-glutamine, and 10% fetal bovine serum (all 

from Gibco). 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 for fluorescence microscopy on glass coverslips (Warner Instruments 

Corporation, Hamden, CT, USA). Cells were maintained in culture for no longer than 4 

months before new cultures were established from low-passage frozen stocks.  

Generation of knockout cell line: A recombinant lentivirus transfer vector expressing 

shRNA directed against human FN1 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 
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the Wake Forest Comprehensive Cancer Center Cell Engineering Shared Resource. Viral 

supernatant was clarified and stored at -80 °C until ready for use. SKLU1 cells were 

seeded on 6-well dishes at a density of 500,000 cells/well and transfected overnight in 1 

mL viral supernatant mixed with 1 mL complete media. Fresh media was added and cells 

were allowed to recover for an additional day. Transduced cells were selected by 

antibiotic resistance (2 mg/ml genesticin (G418; Thermo Fisher Scientific) for two 

weeks. Knockdown of FN1 was validated by western blot imaging as described below. 

MTT assay: Cells were seeded on 96-well plates at a density of 5,000 cells per well in 100 

μL of complete media, recovered for 24 h, and then were exposed to AgNPs in 100 μL of 

complete media containing doses of AgNPs as listed in the figures. After 72 h, media 

containing AgNPs was replaced with 200 μL media containing 0.5 mg/mL 3-(4,5- 

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich, St. Louis, 

MO, USA) and incubated for 1 h at 37 ◦C. Medium was removed, cells were lysed in 200 

μL of DMSO, and absorbance was read using a Molecular Devices Emax Precision 

Microplate Reader (San Jose, CA, USA) at 560 nm. Absorbance measurements at 650 nm 

were subtracted from each reading to correct for any inconsistencies in optical properties 

between wells.  

IncuCyte proliferation assay: Cells were seeded on 96-well plates at a density of 5,000 

cells per well in 100 µL of complete media, recovered for 24 h, and then exposed to AgNPs 

in 100 µL of complete media containing doses AgNPs as listed in the figures. Plates were 

then placed in an IncuCyte ZOOM (Essen Bioscience, Ann Arbor, MI, USA) incubator 

and cell proliferation and morphology was monitored by time-lapse imaging for 72 h.  
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Western blots: Cells were plated on 6 cm dishes at a density of 1,000,000 cells in 4 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 cells were washed twice with ice cold PBS 

before lysis using Mammalian Protein Extraction Reagent supplemented with Halt 

Protease & Phosphatase Inhibitor Cocktail (both from 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). Non-specific binding was blocked by 

incubation for 30 min at room temperature with tris-buffered saline containing 0.1% 

Tween-20 (Bio-Rad) and either 5% blotting grade blocker (Bio-Rad) or 5% bovine serum 

albumin (BSA; Sigma-Aldrich). Membranes were incubated overnight at 4 ◦C in dilutions 

containing TBS-T and either 5% blotting grade blocker or 5% BSA and 1:1000 primary 

antibody. Primary antibodies used include: Ubiquitin (3936), phospho-eIF2α (9721), eIF2α 

(5324), CHOP (2895), LC3 (12741), p62 (288588), COL1A1 (39952), and GAPDH 

(2118), purchased from Cell Signaling Technologies (Danvers, MA, USA), FN1 (610078) 

purchased from BD Biosciences (Franklin Lakes, NJ, USA), and 4-HNE (MA5- 27570) 

purchased from Invitrogen (Rockford, IL, USA). Membranes were washed and then 

incubated with 1:1000 anti-rabbit (Cell Signaling Technologies) or anti-mouse (Cell 

Signaling Technologies) horseradish peroxidase (HRP)-conjugated secondary antibodies 

diluted in 5% blotting grade blocker in TBS-T for 1 h at room temperature. Immunoreactive 

products were visualized by chemiluminescence using SuperSignal Pico West reagent 

(Thermo Fisher Scientific). 
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Protein aggregation assays: Cells were grown on 18 mm coverslips in 12-well plates at a 

density of 250,000 cells in 1 mL 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 cells 

were fixed with 4% formaldehyde solution and permeabilized (0.5% Triton X-100, 3 mm 

EDTA, pH 8.0). Cells were then stained for 30 min with Proteostat Aggresome Detection 

Reagent (1:1000) and Hoechst 33342 (1:500) (Enzo BioSciences, Ann Arbor, MI, USA) 

diluted in PBS, and then 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. Fluorescence was 

quantified using ImageJ software. 

Apoptosis/necrosis assay: 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 or vehicle. 

Staurosporine was used as a positive control. After 24 hours, cells were washed with PBS, 

trypsinized, and resuspended in fresh media. Cells were then pelleted by centrifugation at 

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

320 × g for 5 min. FITC-conjugated Annexin V and ethidium homodimer III staining was 

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

cells were analyzed on a FACS Canto II Analyzer (BD Biosciences). Data analysis 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.  

ImageJ analysis: Corrected total cell fluorescence (CTFC) was calculated from grayscale 

images:  
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CTFC = Integrated density − (Area of selected cell x Mean pixel intensity of background) (1) 

Statistical analysis: Analysis was performed as described in the figure legends using Prism 

9.1.1 software (GraphPad, San Diego, CA, USA). Number of technical and biological 

replicates used for each experiment is included in the figure legends. 

V.4. Results: 

V.4.1. Knockdown of fibronectin reduces sensitivity to AgNPs.  

SKLU1 cells, which highly express FN1, were transduced with lentivirus 

containing shRNA targeting FN1 (SKLU1 shFN1). Knockdown of FN1 was validated by 

western blotting (Figure V-1A). To examine the effect of FN1 knockdown on AgNP-

cytotoxicity, cells were treated with increasing doses of AgNPs for 72 hours, viability was 

assessed by MTT assay (Figure V-1B), and mean IC50 values from three independent 

experiments were calculated (Figure V-1C). With FN1 knockdown, SKLU1 IC50 

increased approximately 3-fold from 25 μg/mL to 70 μg/mL. To confirm our findings that 

FN1 knockdown reduced sensitivity to SKLU1 cells, we assessed proliferation of cells 

treated with AgNPs using an IncuCyte ZOOM time-lapse imaging system. As expected, 

SKLU1 cells were sensitive to AgNPs, and proliferated significantly less than vehicle-

treated cells at all doses of AgNPs tested (ranging from 62.5 μg/mL to 7.8 μg/mL) (Figure 

V-1D). AgNP-treated SKLU1 shFN1 were less sensitive than SKLU1 cells, and 

proliferated less than vehicle treated cells at the three highest doses tested, but not at 7.8 

μg/mL (Figure V-1E). After 72 hours, percent confluence was significantly different 

between SKLU1 and SKLU1 shFN1 cells treated with doses of AgNPs ranging from 62.5 

μg/mL to 15.6 μg/mL (Figure V-1F). Representative images highlighting differences in 



134 
 

confluence of vehicle and AgNP-treated SKLU1 and SKLU1 shFN1 cells are shown 

(Figure V-1G). These data indicate that knockdown of FN1 causes SKLU1 cells to be less 

sensitive to AgNP induced growth inhibition. 

Figure V-1. Knockdown of Fibonectin (FN1) reduces sensitivity to silver nanoparticles 

(AgNPs). (A) FN1 was assessed by western blot in SKLU1 parent (SKLU1) and SKLU1 

cells transduced with shRNA targeted FN1 (SKLU1 shFN1).  (B) SKLU1 and SKLU1 

shFN1 cells were treated with AgNPs for 72 h and viability was assessed by MTT assay. 

(C) IC50 was calculated. Data were obtained from at least four technical replicates per 

dose and three independent experiments per cell line. Statistical analysis was performed 

by student’s t-test. Significant differences are indicated (*p<0.05). Proliferation was 

assessed by Incucyte time-lapse imaging of SKLU1 (D) and SKLU1 shFN1 (E) over 

72 h with or without AgNPs. (F) Percent confluence at 72 h was analyzed by Incucyte 

software. Data were obtained from at least five technical replicates per dose and are 

representative of two experiments per 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). (G) Representative images of SKLU1 and 

SKLU1 shFN1 cells with or without AgNPs at 72 h with and without confluence mask 

used to calculate percent confluence. 
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V.4.2. Fibronectin knockdown reduces AgNP-induced cell death.  

The cell viability studies do not enable distinguishing cytostatic effects of AgNPs 

from cell death inducing effects. To determine if FN1 knockdown affected AgNP-induced 

cell death, SKLU1 and SKLU1 shFN1 cells were treated with 37.5 μg/mL AgNPs for 24 

hours, stained with annexin V (AnnV) and ethidium homodimer III (EthD-III), and then 

examined by flow cytometry. A representative experiment and quantitation of triplicate 

independent experiments are shown (Figure V-2A, B). In AgNP-treated SKLU1 cells, the 

percentage of viable cells (lower left quadrant; AnnV-/ EthD-III-) decreased significantly 

from approximately 78% to 53%. There was a modest increase in AnnV-/ EthD-III+ 

staining (upper left quadrant; indicative of primary necrosis) from 1.30% in untreated 

SKLU1 cells to 6.75% following AgNP exposure. AgNP exposure did not increase early-

stage apoptosis (AnnV+/ EthD-III- staining, lower right quadrant; 12.8% to 12.5%), but 

significantly changed late-stage apoptosis/secondary necrosis (AnnV+/ EthD-III+ staining, 

upper right quadrant) from 7.1% to 27.04% in SKLU1 cells. AgNPs had less impact on 

overall viability and cell death of SKLU1 shFN1 cells. Following AgNP exposure, overall 

viability modestly decreased from 82% to 71.5%; primary necrosis increased from 2% to 

7.9%; early-stage apoptosis decreased from 8.8% to 7.3%; and late-stage 

apoptosis/secondary necrosis increased from 7% to 13.2%. These data indicate that 

increased cell death following AgNP exposure contributed to the decrease in viable cells 

and cell proliferation we observed for AgNP treated SKLU1 cells relative to SKLU1 shFN1 

cells (Figure V-1).  
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V.4.3. Fibronectin knockdown reduces AgNP-induced proteotoxic stress.  

We next investigated if knockdown of fibronectin affected AgNP-induced protein 

aggregation. SKLU1 and SKLU1 shFN1 cells were treated with AgNPs for 24 hours and 

stained with Proteostat, which fluoresces only when intercalated into protein aggregates. 

AgNP-treated SKLU1 cells had a 2-fold increase Proteostat fluorescence compared to 

untreated controls, while AgNP-treated SKLU1 shFN1 cells had a decrease in Proteostat 

fluorescence compared to untreated controls (Figure V-3A, 3B). We next asked if 

ubiquitin-mediated mechanisms of protein degradation were affected by AgNP treatment 

and FN1 knockdown. To examine this, we treated SKLU1 and SKLU1 shFN1 cells with 

Figure V-2. FN1 knockdown reduces AgNP-induced cell death. (A) SKLU1 and 

SKLU1 shFN1 cells were treated with AgNPs for 24 hours, stained with FITC-

AnnexinV and Ethidium Homodimer III, and fluorescence detected by flow cytometry. 

Percentage of viable (lower left quadrant), early apoptotic (lower right quadrant), late 

apoptotic (upper right quadrant), and necrotic (upper left quadrant) cells are shown in 

each graph. (B) Quadrant percentages across replicates were quantified in each group. 

Data are representative of two independent experiments. Statistical analysis was 

performed by two-way ANOVA and post-hoc Tukey test. Significant differences are 

indicated (**p<0.01).  
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AgNPs for 24 hours and quantified ubiquitinated proteins by Western blot. Although there 

was a trend toward increased protein ubiquitination in AgNP treated SKLU1 cells 

compared to SKLU1 shFN1 cells, ubiquitination significantly differed between cell lines 

only at the 75 μg/mL AgNP dose (Figure V-3C, 3D). Additionally, we asked if FN1 

knockdown potentiates AgNP-induced unfolded protein response (UPR) signaling. To 

examine this, we treated SKLU1  
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and SKLU1 shFN1 cells with AgNPs for 24 hours, and analyzed the UPR sensors 

phosphorylated eukaryotic initiation factor 2 alpha (eIF2α) and C/EBP homologous protein 

(CHOP). In AgNP-treated SKLU1 cells, p-eIF2α and CHOP increased by 1.5-fold, and 

1.2-fold, respectively (Figure V-3E). No increase in p-eIF2α and CHOP were observed in 

AgNP-treated SKLU1 shFN1 cells. Overall, it is clear that knockdown of FN1 reduces 

AgNP induced proteotoxicity. 

V.4.4. Fibronectin knockdown reduces AgNP-induced autophagy.  

AgNPs have been shown to increase and decrease autophagy depending on cell 

type and duration and dose of AgNP treatment [72, 86, 87, 99-102]. Autophagy is induced 

by numerous types of cell stresses including proteotoxicity [333], in an effort to clear 

damaged proteins and organelles. To investigate if FN1 knockdown affects AgNP-induced 

autophagy in SKLU1 cells, cells were treated with AgNPs for 24 hours, and subjected to 

western blotting for the critical autophagy proteins microtubule-associated light chain 3 

Figure V-3. FN1 knockdown reduces AgNP-induced proteotoxic stress. (A) SKLU1 

and SKLU1 shFN1 cells were treated with AgNPs for 24 hours, stained with Proteostat 

aggresome dye (red) and DAPI (blue), and fluorescence assessed by confocal 

microscopy. Results shown are representative images from two independent 

experiments with at least three random fields assessed per sample. (B) Densitometry 

was performed to determine fluorescence intensity in at least 10 cells per field and 

statistical analysis was performed by one-way ANOVA and post-hoc Tukey test. 

Significant differences are indicated (****p<0.0001). (C) Ubiquitin (Ub) was assessed 

by western blot in cells treated with (left to right) 0, 18.75, 37.5, or 75 μg/mL AgNPs 

for 24 h. Densitometry was performed to calculate the ratio of Ub/GAPDH. Results are 

representative of triplicate independent experiments. (D) Statistical analysis of 

Ub/GAPDH ratio densitometry readings was performed by two-way ANOVA and post-

hoc Tukey test. Significant differences are indicated (*p<0.05). (E) p-eIF2α, eIF2α and 

CHOP were assessed by western blot in cells treated with (left to right) 0, 18.75, 37.5, 

or 75 μg/mL AgNPs for 24 h. Densitometry was performed to calculate the ratio of  p-

eIF2α/eIF2α/GAPDH and CHOP/GAPDH. 
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(LC3) and p62 (Figure V-4A). During autophagy, LC3-I becomes lipidated (known as 

LC3-II) and is incorporated into the autophagosomal membrane [175]. The ratio of LC3-

II to LC3-I (lipidated to non-lipidated LC3, indicating accumulation of autophagosomes) 

did not significantly change in either SKLU1 or SKLU1 shFN1 cells treated with AgNPs 

(Figure V-4B). The ubiquitin-like molecule p62 targets autophagic cargo for degradation 

and gets degraded in autophagosomes in the process [334]. We found that p62 decreased 

in both SKLU1 and SKLU1 shFN1 cells treated with AgNPs. However, p62 degradation 

was observed in SKLU1 cells treated with lower doses of AgNPs than in SKLU1 shFN1 

cells (Figure V-4C). These results show that proteotoxicity induced by AgNPs causes 

SKLU1 cells to increase autophagosome production and autophagic flux. Knockdown of 

FN1 alleviates AgNP induced proteotoxicity, mitigating the need for cells to activate 

autophagy programs. 
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V.4.5. Fibronectin knockdown reduces AgNP-induced lipid peroxidation.  

We previously found that AgNPs induce lipid peroxidation in mesenchymal 

NSCLC and TNBC cells. We have hypothesized that AgNP induced lipid peroxidation 

may be a triggering event that initiates subsequent proteotoxic effects. To examine if 

knockdown of FN1 affected AgNP-induced lipid peroxidation, SKLU1 and SKLU1 shFN1 

cells were treated with AgNPs for 24 hours and stained with Liperfluo, which fluoresces 

after reacting with lipid peroxides. Lipid peroxidation increased in SKLU1 cells treated 

with AgNPs by approximately 3-fold compared to untreated controls (Figure V-5A, 5B). 

However, no significant change in Liperfluo fluorescence SKLU1 shFN1 cells was 

observed. We next examined the lipid peroxide degradation product, 4-hydroxynonenal (4-

HNE), by Western blot (Figure V-5C). SKLU1 cells treated with AgNPs increased 4-

HNE, while SKLU1 shFN1 cells had no increase in any AgNP-treated sample. From these 

data, it appears that FN1 knockdown also leads to a decrease in AgNP induced lipid 

peroxidation.  

 

  

Figure V-4. FN1 knockdown reduces AgNP-induced autophagy. (A) Microtubule-

associated protein 1A/1B-light chain 3 (LC3) and p62 were assessed by western blot in 

SKLU1 and SKLU1 shFN1 cells treated with (left to right) 0, 18.75, 37.5, or 75 μg/mL 

AgNPs for 24 h. Densitometry was performed to calculate the ratio of LC3-II/LC3-I 

and p62/GAPDH. The results are representative of triplicate independent experiments. 

Statistical analysis of densitometry readings for LC3-II/LC3-I (B) and p62/GAPDH (C) 

was performed by two-way ANOVA and post-hoc Tukey test. Significant differences 

are indicated (*p<0.05, ****p<0.0001).  
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Figure V-5. FN1 knockdown reduces AgNP-induced lipid peroxidation. (A) SKLU1 

and SKLU1 shFN1 cells were treated with AgNPs for 24 hours, stained with Liperfluo, 

and fluorescence detected by confocal microscopy. Data are representative images of 

two independent experiments with at least three random fields assessed per sample. (B) 

Fluorescence intensity was quantified in at least 10 cells per field and statistical analysis 

was performed by two-way ANOVA followed by post-hoc Tukey test. Significant 

differences are indicated (****p<0.0001). (C) 4-Hydroxynonenal (4-HNE) was 

assessed by Western blot in cells treated with (left to right) 0, 18.75, 37.5, 75 μg/mL 

AgNPs. Densitometry was performed to calculate the ratio of 4-HNE to GAPDH. 
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V.5. Discussion: 

AgNPs are used extensively in biomedical applications and are widely studied as 

cancer-killing agents, but the precise mechanism by which AgNPs kill cancer cells while 

sparing non-cancer cells remains elusive. Furthermore, differential mechanistic responses 

to AgNPs are often observed, and this in many cases can be attributed to heterogeneity in 

cell phenotype. For example, literature reports indicate that AgNPs may either induce or 

repress autophagy [72, 86, 87, 101]. Additionally, AgNPs activate various cytotoxic death 

pathways including apoptosis, necrosis, and pyroptosis [84, 85, 102]. We also previously 

found that induction of proteotoxic stress and lipid peroxidation were differentially induced 

in epithelial and mesenchymal TNBC and NSCLC cells following AgNP exposure [90, 

274]. The work presented here highlights new evidence that the mechanism of action of 

AgNPs is causally linked to expression of FN1.  

We show that reduction of FN1 expression in an AgNP-sensitive NSCLC cell line 

reduced AgNP-induced toxicity. AgNPs induced robust cellular damage in mesenchymal 

NSCLCs including protein aggregation, UPR signaling, ubiquitin accumulation, and lipid 

peroxidation. However, knockdown of FN1 abrogated these effects and enabled cells to 

survive treatment with higher doses of AgNPs. These data suggest a mechanism where 

FN1 knockdown reduces the overall load of proteins in the ER and cytosol, reducing the 

baseline synthetic burden on protein quality control systems, thus allowing for greater 

tolerability to AgNP-induced proteotoxic stress. This is in agreement with literature reports 

showing that knockdown of FN1 and other large ECM proteins de-sensitize mesenchymal 

cancers to proteotoxic stress inducers due to decreased synthetic demand [43, 90, 274].  
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For NSCLC, development of resistance to EGFR-TKIs is a large problem. The model 

cell line used in this study (SKLU1) has no activating EGFR mutations and is inherently 

resistant to EGFR-TKIs. However, AgNPs have also shown efficacy for NSCLCs with 

induced resistance to EGFR-TKIs through long term in vitro exposure to EGFR-TKIs to 

mimic clinically observed EGFR-TKI induced resistance (PC9 and H358 resistant to 

gefitinib or erlotinib) [90]. We have observed that both inherent and induced EGFR-TKI-

resistant NSCLC cells have an EMT phenotype [90]. Intriguingly, we observed that FN1 

expression and sensitivity to AgNPs increase following development of resistance to 

gefitinib and erlotinib in PC9 cells [25]. This may contribute to the increased sensitivity to 

AgNPs of NSCLC cells that have acquired resistance to EGFR-TKIs, though this remains 

to be investigated.  

There remain several additional questions relating to our findings. For one, it is not yet 

known whether knockdown of fibronectin alleviates sensitivity to AgNPs directly due to 

decreased ECM production, or if this effect is due to decreased ECM dependent signaling 

via integrin binding [335]. Secondly, it is not yet possible to determine the sequence of 

events that occur within cells following AgNP exposure and drive cytotoxic effects. 

Although we hypothesize that AgNPs first cause lipid peroxidation which leads to 

proteotoxicity, it is possible that AgNPs directly damage proteins and lipid peroxidation is 

a secondary effect. The experiments performed to date cannot fully disambiguate these 

possibilities. Nonetheless, one work provides the first evidence to relate ECM synthesis to 

the cytotoxicity of AgNPs or any other nanoparticle. This work highlights a new causal 

mechanism of AgNP sensitivity in mesenchymal, EGFR-TKI-resistant NSCLCs and will 
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help us understand who may benefit from AgNP-therapy or other proteotoxic stress 

inducing agents.  
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CHAPTER VI 

GENERAL DISCUSSION 

 

This unpublished chapter was composed by Christina M. Snyder with editorial guidance 

from Ravi N. Singh. 
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VI.1. Silver Nanoparticle (AgNP) Mechanism of Death in Mesenchymal Cancer Cells: 

Studies have shown that silver nanoparticles (AgNPs) induce cell-wide damage 

including generation of reactive oxygen species (ROS), mitochondrial dysfunction, lipid 

peroxidation, DNA damage, and unfolded protein response (UPR) signaling [65, 66, 69, 

70, 83, 84, 86, 88-96, 98]. However, heterogeneity in responses to AgNPs has made 

elucidating the molecular mechanisms driving AgNP-induced effects difficult. In this 

dissertation, we set out to illuminate the mechanism by which AgNPs kill mesenchymal 

cancer cells at doses that have little effect on epithelial cancer and non-cancer cells. The 

work shown here clarifies the critical molecular factors that drive sensitivity to AgNPs and 

identifies poor prognosis, chemotherapy-resistant mesenchymal breast and lung cancer 

subtypes as highly sensitive to AgNPs. 

Our proposed mechanism of AgNP-toxicity is as follows: AgNPs are endocytosed 

by sensitive cells (Figure VI-1A), AgNPs degrade in endocytic vesicles and oxidize 

phospholipid-conjugated polyunsaturated fatty acids (PL-PUFAs) (Figure VI-1B), Lipid 

peroxides and secondary toxic products such as 4-hydroxynonenal (4-HNE) cause protein 

oxidation, protein aggregation, and protein cross-linking (Figure VI-1C), unfolded protein 

response (UPR) signaling is activated during endoplasmic reticulum (ER) stress (Figure 

VI-1D) which results in phosphorylation of eIF2α (Figure VI-1E), as the cell is 

overwhelmed with cytosolic protein aggregates autophagy increases (Figure VI-1F), and 

ubiquitinated proteins accumulate and the ubiquitin-proteasome system becomes 

overwhelmed (Figure VI-1G). Mesenchymal cancer cells are highly sensitive to AgNPs 

due to two inherent molecular vulnerabilities, increased sensitivity to proteotoxic stress 
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(Figure VI-1D) and sensitivity to lipid peroxidation (Figure VI-1H) compared to 

epithelial cancer cells. 

 

In preliminary studies, we investigated the reliance of AgNP-induced cell death on 

programmed cell death mechanisms, including apoptosis and necroptosis. We found that 

AgNP-induced cell death was not rescued by the addition of necrostatin-1 (Figure VI-2A), 

a receptor interacting serine/threonine kinase 1 (RIPK1) and indoleamine 2,3-dioxygenase 

(IDO) inhibitor, or z-VAD-Fmk, a pan-caspase inhibitor (Figure VI-2B). Additionally, we 

Figure VI-1. Proposed mechanism of AgNP-induced cell death in sensitive cancers. 

(A) AgNPs are endocytosed, (B) degrade to silver cation (Ag
+

) in endocytic vesicles 

and induce lipid peroxidation. (C) Lipid peroxidation induces secondary toxic 

products including 4-hydroxynonenal (4-HNE), which induces protein cross-linking 

resulting in protein aggregesome formation and (D) unfolded protein response (UPR) 

activation and (E) phosphorylation of eIF2α. (F) Protein aggresomes are degraded by 

autophagy, (G) and can also be de-aggregated, and degraded by the ubiquitin-

proteasome system. Mesenchymal cancers are susceptible to AgNPs because of (D) 

increased synthesis of large extracellular matrix (ECM) proteins and (H) enrichment 

in long chain polyunsaturated fatty acids (PUFAs). 
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found that AgNP-induced cell death was not similar to ferroptosis induced by the 

glutathione peroxidase 4 (GPX4) inhibitor RAS-selective lethal 3 (RSL3) (Chapter VI). 

While future studies are necessary to confirm these findings, these results suggest an AgNP 

death mechanism that is distinct from apoptosis, necroptosis, or GPX4-dependent 

ferroptosis. Literature data and our previously reported data indicate that some cells may 

undergo caspase-dependent apoptosis when treated with AgNPs [65, 88, 98], although this 

is heterogeneous and dependent on duration and dose of treatment as well as cell 

phenotype. Additional studies to characterize epithelial and mesenchymal cancer cell 

responses to AgNPs should be conducted to examine death pathway activation and 

dependency. 

 

 

Figure VI-2. AgNP-induced toxicity is not reliant on RIPK1 or caspases. BT549 

cells were treated with AgNPs for 48 hours with or without the Receptor-interacting 

serine/threonine-protein kinase 1 (RIPK1) inhibitor necrostatin-1 (A) or the pan-

caspase inhibitor Z-VAD-FMK (B). (A) Data were obtained from at least four 

biological replicates and three independent experiments. (B) Data were obtained 

from at least four biological replicates. (A,B) Statistical analysis was performed by 

two-way ANOVA followed by post-hoc Tukey test. Significant differences are 

indicated (****p<0.0001).  
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V.1.1. Role of Lipids and Ferroptosis in AgNP Toxicity 

 Previously, some reports have shown that AgNPs induce lipid peroxidation in 

human lymphocytes and hepatocytes and other organisms including earthworms and carp 

[92-95], although the role lipid oxidation plays in AgNP cancer cell killing was unclear. In 

this dissertation, we observed distinct differences in induction of lipid peroxidation 

between epithelial and mesenchymal triple negative breast cancers (TNBCs) [274] 

(Chapter II). We further examined lipid content in mesenchymal and epithelial cancer 

cells by lipidomics (Chapter VI). Consistent with literature findings, we found that 

mesenchymal non-small cell lung cancer (NSCLC) cells were enriched in PL-PUFAs, 

including phosphatidylcholine (PC) and phosphatidylethanolamine (PE). This sensitized 

cells to lipid peroxidation induced by AgNPs. Additionally, when comparing lipid profiles 

between AgNP and non-AgNP treated mesenchymal NSCLC cells, significant changes 

occurred in oxidation-prone and apoptosis-associated lipids, including 20:4 and 22:4-chain 

containing PL-PUFAs and ceramides. Epithelial NSCLC cells had minimal changes in any 

lipid species with AgNP treatment. 

Although AgNPs induce lipid peroxidation and robust changes lipid profiles in 

mesenchymal NSCLC cells, we found that AgNPs did not induce cell death in a manner 

similar to the GPX4 inhibitor RSL3. Furthermore, the lipid radical scavenger ferrostatin-1 

did not affect AgNP-induced toxicity. While it is unclear from these data if induction of 

lipid peroxidation is responsible for propagation of AgNP-induced damage, it is clear that 

lipid peroxidation is induced selectively in sensitive cells either as a causal mechanism or 

as a byproduct of some other causal mechanism that has yet to be identified. Further studies 
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are needed to confirm the causal role of lipid peroxidation in AgNP-associated damages. 

Such studies are discussed further in Conclusions and Future Directions. 

 

V.1.2. Role of Proteotoxic Stress in AgNP Toxicity 

Studies have shown that AgNPs induce UPR activation [88-91, 336], and some 

suggest that AgNP-induced toxicity is at least partially dependent on UPR signaling [88]. 

Still, significant heterogeneity in responses are observed depending on size, duration, and 

dose of AgNP treatment, and cell phenotype. In this dissertation, we observed selective 

integrated stress response (ISR) activation in mesenchymal TNBCs (CLBCs), with little 

effects on epithelial TNBCs (BLBCs) [274] (Chapter II). We additionally found that 

AgNPs induced selective protein aggregation and protein oxidation in mesenchymal 

TNBCs. AgNP sensitivity is correlated with expression of large extracellular (ECM) 

proteins, including fibronectin (FN1) and collagen 1 (COL1) [90]. This is consistent with 

literature findings that mesenchymal cancer cells are vulnerable to proteotoxic stress 

inducers due to high expression of large ECM proteins which must be pre-assembled in the 

ER, placing cells at high baseline endoplasmic (ER) stress [43]. We further investigated 

this as a causal mechanism by showing that knockdown of FN1 in a mesenchymal NSCLC 

cell line significantly reduced toxicity to AgNPs (Chapter V). Additionally, FN1 

knockdown abrogated the toxic effects induced by AgNPs, including protein aggregation, 

UPR activation, ubiquitin accumulation, autophagy, and lipid peroxidation.  
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V.2. Clinical Translation of Silver Nanoparticles (AgNPs): 

While AgNPs possess many favorable qualities that make them attractive 

candidates for cancer therapeutics, concerns about the toxicity of AgNPs have been raised 

[337, 338]. Previously, we found that AgNPs safely and effectively treated human 

mesenchymal TNBC xenografts in immunocompromised mice [65, 66]. Mice were treated 

with 6 mg/kg AgNPs 3 times weekly for 10 weeks and exhibited significant tumor volume 

reduction and survival benefit compared to vehicle treated mice. Additionally, AgNPs did 

not induce any signs of overt distress (shallow breathing, hunched posture, immobility, 

weight loss), were rapidly cleared from circulation, and accumulated mostly in the liver.  

Hepatobiliary clearance of NPs is one of three main routes for NPs to exit the 

bloodstream. Small NPs (<6 nm) can be cleared by the renal system, while larger NPs (>6 

nm) are primarily sequestered and retained by the mononuclear phagocytic system (MPS), 

and eventually cleared by the hepatobiliary system  [339]. Studies examining the effects of 

AgNPs (~17 nm) on hepatocytes in vitro raise concerns for liver toxicity [340]. However, 

these studies fail to take into account the complex three dimensional structure and 

heterogeneous cellular composition of the hepatobiliary system and even contain toxic 

diluents in the AgNP suspension [340]. In vivo studies consistently find minimal toxicity 

in the liver and other organs. An in vivo study where rats were treated daily for 28 days 

with 6 mg/kg AgNPs (20 nm and 100 nm) found no overt toxicity and only modest effects 

on liver and immune system function [341]. Furthermore, a study found no overt toxicity 

and minimal liver toxicity in mice treated with 8 mg/kg AgNPs (30 nm) using multi-organ 

metabolomics [342] Additionally, an in vitro study found limited effects on immune 

activation, platelet aggregation, and blood coagulation in cells treated with up to 40 μg/mL 
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AgNPs (20 nm) [343]. In this dissertation, we show that AgNPs effectively reduce 

mesenchymal TNBC tumor burden in immunocompetent mince (Chapter III). Ongoing 

efforts to examine immune activation, liver toxicity, and other toxicological readouts from 

this study are currently underway.   

While mechanistic studies to understand AgNPs as a cancer therapeutic are among 

the most published works in AgNP literature, there still remains a long standing debate that 

will need to be resolved before further clinical development. Some argue that silver ion 

(Ag+) dissolution in extracellular media prior to AgNP uptake is the dominant toxic 

mechanism of action [78, 86, 227, 229], while other reports supports a mechanism of action 

where AgNPs are endocytosed whole and dissolve in intracellular endocytic compartments 

[65, 69, 80, 81, 104]. Two main factors contribute to this ‘particle or ion’ debate: 1) poor 

quality of AgNP characterization resulting in high Ag+ concentrations in AgNP solutions 

and 2) heterogeneity in response to AgNPs depending on cell phenotype tested. We 

investigated these claims by looking at AgNP and Ag+ mechanisms of action in AgNP-

sensitive and in-sensitive cells in Rohde, et al [85] (Appendix I). We found that AgNPs 

and Ag+ had distinct mechanisms of action, where AgNPs induced lipid peroxidation 

leading to induction of proteotoxic stress and necrosis in mesenchymal TNBC cells, while 

Ag+ induced cell death via ROS generation and apoptosis. To investigate the effect of Ag+ 

contamination in AgNPs solutions, we assessed cell viability in TNBC and non-malignant 

breast cells treated with mixtures of AgNPs and Ag+, to mimic different Ag+ percentages 

in commercially available and laboratory synthesized AgNP solutions reported in the 

literature. We found that Ag+ contamination robustly affect sensitivity of both sensitive 
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(cancer) and insensitive (non-cancer) cells, blurring the lines as to which cells were indeed 

sensitive to AgNPs.  

Another consideration for the clinical development of AgNPs is identifying 

synergistic drug partners with non-overlapping toxicity profiles to be given in combination 

with AgNPs. This will allow for lower doses of AgNPs to be given, resulting in lower 

toxicities [256, 259-261]. While AgNPs have been shown to have minimal toxicity, 

addition of synergistic therapies with different toxicity profiles to an AgNP-based therapy 

regimen could amplify therapeutic effects while limiting off-target effects. In this 

dissertation, we show that AgNPs synergize in vitro with multiple proteotoxic stress 

modulators, including salubrinal and heat shock inhibitors (Chapter III). Our in vivo study 

examining the combination of AgNPs and salubrinal was found to be too toxic for 

immunocompetent mice bearing syngeneic TNBC tumors. However, we found that AgNPs 

synergized in vitro with other proteotoxic stress modulators, including the heat shock 

inhibitors 17-Dimethylaminoethylamino-17-demethoxygeldanamycin (17-DMAG) and 

N2-(1H-indazole-5-yl)-N6-methyl-3-nitropyridine-2,6-diamine) (KRIBB11). The HSP90 

inhibitor 17-DMAG and its structurally similar analog 17-allylamino-17-demethoxy-

geldanamycin (17-AAG) have both been investigated as single agents and in combination 

with other chemotherapies for their anticancer activity. While not very effective as single 

agents, 17-DMAG and 17-AAG proved to have increased efficacy when given with other 

chemotherapies or targeted therapies [283, 344]. Preclinical and clinical data shows that 

17-DMAG is particularly effective when given in combination with the anti-HER2 

antibody trastuzumab, HDAC inhibitor vorinostat, arsenic trioxide, or radiation [283], 

while 17-AAG is more effective in combination with trastuzumab, gemcitabine, cisplatin, 
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the Raf-kinase inhibitor Sorafenib, or the proteasome inhibitor bortezomib [344]. Despite 

these promising preclinical and early clinical results, 17-DMAG and 17-AAG were 

terminated for future development due to lack of efficacy and serious adverse events and 

toxicities [345, 346].  However, clinical trials for other HSP90 inhibitors are ongoing, 

including XL888 in combination with pembrolizumab [347]. It is unknown if this drug 

synergizes with AgNPs and if this combination would be efficacious in vivo to treat cancer. 

 

V.3. Conclusions and Future Directions: 

In this work, we have shown that AgNPs induce lipid peroxidation, interfere with 

protein quality control systems, and induce cell death in mesenchymal NSCLC and TNBC 

cells. These poor prognosis cancer subtypes are often chemo-resistant and have increased 

metastatic capacity compared to cells that have not undergone epithelial-mesenchymal 

transition (EMT). Thus, AgNPs are a promising treatment option for patient populations 

who currently have poor prognosis and no specific treatment regimens. Additionally, we 

have shown that AgNP sensitivity is causally linked to high expression of the ECM protein 

FN1, which increases baseline strain on cytosolic and ER protein quality control systems. 

However, there are multiple questions left to still be addressed in future studies.  

One question to be asked is: What are the events after endocytosis of AgNPs that are 

critical for AgNP-induced cell death? Studies have shown that endocytosis of AgNPs 

occurs in multiple cell types [104-107] and we have previously observed that this is 

essential for cytotoxicity [65, 69]. However, it is unclear exactly how toxic effects 

propagate across the cell after endocytosis. Literature data supports the hypothesis of a 

Trojan horse-like mechanism where AgNPs are endocytosed and dissolve to Ag+ where 
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they are then free to oxidize their surroundings [79-81]. The work here illuminates the role 

of lipid oxidation, potentially fitting into this hypothesis where Ag+ oxidizes lipids in 

endocytic vesicles. Additionally, we show that lipid profiles are different amongst AgNP-

sensitive and insensitive cancer cells, which may contribute to the differential sensitivity 

between mesenchymal and epithelial cancers. In particular, AgNP-sensitive cells are 

enriched in long chain PUFAs, which are then oxidatively degraded upon treatment with 

AgNPs. The question remains, however; do AgNPs oxidize endosomal lipids? And is this 

event required for AgNP-induced cell death? To determine this, future studies will be 

conducted to modulate long chain PUFAs and saturated fatty acids (SFAs) in AgNP-

sensitive and insensitive cell lines to investigate causality of lipid peroxidation in AgNP 

cytotoxicity. Additional future studies will be performed using darkfield microscopy to 

determine time-dependent co-localization of AgNPs with endo-lysosomal compartments 

and other organelles. Preliminary experiments detecting AgNPs localized with ER have 

been  performed (Figure VI-3A, 3B). 
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Another question that is unanswered is: Does AKT/β-Catenin signaling via β1 integrin-

FN1 binding play a role in the AgNP mechanism of action? We have shown that FN1 

knockdown robustly decreased AgNP-induced cytotoxicity, proteotoxic stress, and lipid 

peroxidation (Chapter V). It is unclear from these data if FN1 knockdown simply reduced 

the burden on protein degradatory machinery, thus allowing cells to tolerate greater doses 

of AgNPs, or if other factors are at play. FN1 binds β1 integrin to activate AKT, c-Jun N-

terminal kinase (JNK), and other oncoproteins to stimulate proliferation, as well as stabilize 

transcriptionally active and nuclear localized β-Catenin (Figure VI-4A) [348-350]. This 

signaling further drives FN1 expression, potentially locking cells into an AgNP-sensitive 

phenotype. In preliminary studies, we found that FN1 knockdown reduced p-AKT and 

transcriptionally active β-Catenin (Figure VI-4B). Additionally, AKT activity was rescued 

upon the addition of FN1 to media of knockdown cells (Figure VI-4C). 

Active nuclear β-Catenin is associated with EMT and therapeutic resistance. Nuclear 

translocation and accumulation of β-catenin induces EMT by unbinding and repressing E-

cadherin [351]. This is mediated directly by β-catenin binding the ZEB1 promoter and is 

linked with colorectal cancer survival [352, 353]. β-catenin signaling has also been 

implicated in EGFR-TKI resistance [354]. Upon treatment with EGFR-TKIs, NSCLC cells 

activate β-catenin through Notch3 thus enabling survival of “persister” cells that are 

resistant to the therapy. Thus, development of therapies that target β-catenin have long been 

in progress. However, β-catenin has, until recently, been considered an ‘undruggable’ drug 

Figure 3. Darkfield detection of AgNPs in cells co-stained with nuclear and ER stain. 

BT549 cells were treated with 150 μg/mL AgNPs for 1 hour, incubated with fresh media 

for 4 hours, then fixed and stained with DAPI (blue) and ER-Tracker (green). AgNPs 

appear as white/gray dots. Images of cells with DAPI and darkfield channels (A) or 

DAPI, ER-Tracker, and darkfield channels (B). 
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target due to the fact that it lacks deep binding pockets which small molecules may bind 

[355]. Strategies to target Wnt signaling upstream of β-catenin are currently being 

investigated in clinical trials to treat cancer, however targeting β-catenin independent of 

Wnt signaling is difficult. There are only two novel small molecules in clinical trial for 

cancer to target β-catenin independently of Wnt signaling, PRI-724 and CWP291 [356, 

357]. Notably, CWP291 induced ER stress and CHOP-dependent cell death in castration-

resistant prostate cancer [358]. Thus, AgNPs may present a novel strategy to target 

mesenchymal NSCLCs and TNBCs as well as other treatment resistant cancer subtypes 

which have inherently high transcriptionally active nuclear β-catenin. Future studies will 

further investigate the role AKT/β-Catenin signaling through β1 integrin and the role this 

plays in AgNP-induced cytotoxicity.  
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 The last question that has not been addressed is: Do expression of ECM proteins 

other than FN1 such as collagen 1 type 1 (COL1A1), other large secreted proteins, or ECM 

regulators affect sensitivity to AgNPs? A literature report indicates that while 

mesenchymal breast cancer cells were more sensitive to proteotoxic stress inducers, this 

sensitivity was reduced by knockdown of large ECM and secreted proteins, which reduced 

baseline ER stress [43]. We have shown that knockdown of FN1 decreases sensitivity to 

AgNPs, however there are multiple other ECM and large secreted proteins that correlate 

with sensitivity to AgNPs [90]. It remains to be tested if any of these are causal in 

sensitivity to AgNPs. Of particular interest, we found that cyclic AMP-responsive element-

binding protein 3-like protein 1 (CREB3L1) was highly correlated with AgNP sensitivity 

(Figure VI-5). CREB3L1 is an ER stress responsive protein that induces expression of the 

protein chaperones binding immunoglobulin protein (BiP/GRP78) and 94 kDa glucose 

regulated protein (GRP94) as well as FN1. CREB3L1 is selectively expressed in cells with 

mesenchymal phenotypes which express ECM proteins including FN1 and COL1. Future 

studies will examine CREB3L1 and COL1A1 knockdown models to investigate causality 

of other ECM proteins and drivers. 

Figure 4. FN1 knockdown reduces Akt-β-Catenin signaling in SKLU1 cells. (A) 

Fibronectin binds integrins on the cell surface, which activates FAK and ultimately 

AKT by phosphorylation on threonine 308, leading to oncogenic growth. Additionally, 

AKT stabilizes transcriptionally active β-Catenin, further driving fibronectin 

expression. (B, C) Fibronectin (FN1), p-AKT, AKT, β-Catenin (active), and β-Catenin 

(total) were assessed by western blot in SKLU1 and SKLU1 shFN1 cells with and 

without the addition of exogenous FN1. Densitometry was performed to calculate the 

ratio of FN1/GAPDH, p-AKT/AKT/GAPDH, and β-Catenin (Active)/β-Catenin 

(total)/GAPDH. Results are representative of duplicate independent experiments. 
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V.4. Final Remarks 

The work shown here highlights for the first time the differential responses of 

mesenchymal and epithelial non-small cell lung cancers (NSCLCs) and triple negative 

breast cancers (TNBCs) to silver nanoparticles (AgNPs). We show that enhanced 

sensitivity to proteotoxicity and lipid oxidative stress are key features of AgNP-sensitive 

mesenchymal cancer cells. Furthermore, AgNPs selectively induce proteotoxic and lipid 

oxidative stress in mesenchymal but not epithelial cancer cells. We show that this can be 

safely and effectively exploited by AgNPs to treat immunocompetent mice bearing 

syngeneic mesenchymal TNBC tumors. Mechanistically, we show that fibronectin (FN1) 

is causally linked to AgNP sensitivity, and reduction in FN1 decreases the baseline burden 

Figure VI-5. CREB3L1 correlates with AgNP sensitivity. (A) Expression of 

extracellular matrix (ECM) proteins fibronectin (FN1) and collagen 1 (COL1A1) and 

the ECM stimulating ER stress sensor protein CREB3L1 were assessed by Western blot 

in a panel of mesenchymal (red) and epithelial (blue) non-small cell lung cancer 

(NSCLC) and triple negative breast cancer (TNBC) cell lines. (B) mRNA expression 

of in NSCLC and TNBC cell lines was examined from Broad Institute’s Cancer Cell 

Line Encyclopedia and correlated with previously determined AgNP IC
50

 values. IC50 

values are representative of at least four biological replicates and three independent 

experiments per cell line. Pearson’s correlation was performed to determine statistical 

significance.  
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on protein degradatory machinery, enabling cells to withstand higher doses of AgNPs. 

Overall, the work shown here illuminate critical susceptibilities of poor prognosis and 

treatment resistant NSCLC and TNBC subtypes that can be exploited clinically by AgNPs 

or other therapies that have similar mechanisms. 
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A.I.1. Abstract: 

BACKGROUND: Precisely how silver nanoparticles (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 PEG-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 AgNPs with negligible Ag+ contamination. We found that 

SUM159 cells, which are a triple-negative breast cancer (TNBC) cell line, were more 

sensitive to AgNP exposure less sensitive to Ag+ compared to iMECs, an immortalized, 

breast epithelial cell line. This indicates that high sensitivity to AgNPs was not predictive 
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of similar sensitivity to Ag+. Exposure to AgNPs increased protein thiol oxidation, 

misfolded proteins, and activation of the integrated stress response in AgNP sensitive 

SUM159 cells but not in iMEC cells. In contrast, Ag+ cause similar damage in Ag+ 

sensitive iMEC cells but not in SUM159 cells. Both Ag+ and AgNP exposure increased 

H2O2 levels; however, treatment with PEG-catalase rescued cells from Ag+ cytotoxicity 

but not from 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-hydroxynonenal 

(4-HNE) protein adducts.  

CONCLUSIONS: There are distinct differences in the responses of cells to AgNPs and 

Ag+. Specifically, AgNPs drive cell death through lipid peroxidation leading to 

proteotoxicity and necrotic cell death, whereas Ag+ increases H2O2, which drives oxidative 

stress and apoptotic cell death. This work identifies a previously unknown mechanism by 

which AgNPs kill mammalian cells that is not dependent upon the contribution of Ag+ 

released in extracellular media. Understanding precisely which factors drive the toxicity of 

AgNPs is essential for biomedical applications such as cancer therapy, and of importance 

to identifying consequences of unintended exposures. 

 

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

cancer  
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A.I.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 [337, 338]. 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 [359, 360]. Because of this, multiple studies conclude that Ag+ is the dominant 

toxicant present in mixtures of intact AgNPs and Ag+ [78, 227, 229]. 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 [228]. 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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[65, 66, 88]. Similarly, there is substantial variability in the sensitivity of ovarian cancer 

[69], lung cancer [83, 361], and leukemia cell lines [70] to AgNP exposure. Our previous 

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

intact AgNPs [65]. 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 

[313, 314], but AgNPs are too large to pass through ion channels, and instead are taken up 

by phagocytic and endocytic pathways [107]. After uptake, AgNPs appear to remain 

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

autophagosomes [65]. Despite this, AgNP-induced damage is observed in almost every 

part of the cell, including mitochondria [83, 361], nucleus [66], and endoplasmic reticulum 

[65, 88]. 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+ [80, 81], resulting in ROS production, DNA damage, proteotoxic stress, and 

apoptosis [362, 363]. 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 [65, 228], 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 [68, 364-366]. AgNPs also increase ROS [361] 

and cause oxidative damage to proteins [65, 66, 361], but there is conflicting evidence 

regarding the dependency of AgNP-induced cytotoxicity on ROS [70, 367, 368].  Exposure 

to AgNPs also may increase lipid peroxides in earthworms [214], fish [92], and liver cancer 
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cells [216]. Extensive oxidation of lipids disrupts the physical properties of cell 

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

and nucleic acids [369]. 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 

determined if there are 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.  

  

A.I.3. Materials 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 generated as follows. Briefly, the doxycycline-

inducible catalase overexpression plasmid was generated as previously described [370]. 

Lentivirus was produced in the TSA201 cell line using pCMV-VSV-G and psPAX2 helper 

vectors (Addgene, Caimbridge, MA, USA). Sum159 cells were plated and allowed to grow 

for 48 h, and then virus was added to cells with 8 µg/mL of polybrene every 24 h for two 

days. After transduction, cells were selected with 3 µg/mL puromycin. Surviving cells were 

plated in 100-mm dishes with 100 cells per dish. Clones were grown for 8 days, and then 

several colonies were picked and expanded. To test for maximal catalase overexpression, 

cells were treated with 2 µg/mL of doxycycline for 48 h. Protein concentration was 

determined using the Lowry Assay. Increased catalase activity was verified by measuring 

the decomposition of H2O2 by cell lysates as previously described [371]. The clone with 

the greatest catalase activity following induction was selected for use in the current 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 
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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 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 µL of complete media, recovered for 24 h, and then were 

exposed to AgNPs or AgNO3 (Sigma-Aldrich) as a source of Ag+ in 100 µL 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 µL 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 
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uL of DMSO and absorbance read using a Molecular Devices (San Jose, CA, USA) Emax 

Precision Microplate Reader at 595 nm. To control for contributions to absorbance due to 

AgNPs, the absorbance of wells treated with AgNPs but which do not receive MTT also 

was measured. Comparisons of curve fitting and statistical analysis of background 

corrected and raw absorbance measurements fell within the standard deviation of normal 

sample variation, and therefore any contribution of AgNP absorbance was deemed 

negligible to the overall results. 

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 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 
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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). 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 
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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 

[221] 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). Analysis of the data was performed using FCS express version 7 (De Novo 

Software, Glendale, CA, USA). To control for any potential contribution to the 

fluorescence profile due to AgNPs themselves, unstained AgNP treated and untreated cells 

were prepared and analyzed as described above. As shown in Supplementary Figure AI-

S1A, the fluorescence profiles overlapped, indicating no difference between the two 

groups, and the magnitude of fluorescence was less than 0.5% of the DCP-NEt2C stained, 

untreated controls. Because these background measurements fell within the standard 

deviation of normal sample variation, any contribution of AgNP absorbance was deemed 

negligible to the overall results.  

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 
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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). 

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) 
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(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% 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% v/v HNO3 from a 10 

mg/L Ag stock (High-Purity Standards, Charleston, SC, USA). A tandem ICP-MS (8800 

ICP-MS, Agilent Technologies, Tokyo, Japan), equipped with a SPS 4 automatic sampler, 

a Scott-type double pass spray chamber operated at 2 °C, and a glass 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 
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flow rate, and reaction gas flow rate were 1550 W, 10.0 mm, 1.05 L/min, and 4.0 mL/min, 

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 AI-

S1B]. 

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. 

 

A.I.4. Results: 

4.1. Contamination of AgNP suspensions with as little as 1% Ag+ by mass can mask AgNP-

specific cytotoxicity. 
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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 AI-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 AI-

1C), and the plasmon resonance peak was 402 nm, which is typical for 25 nm, spherical 

AgNPs (Fig AI-1D). 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 AI-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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Figure AI-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 UV/visible light absorbance spectrum of AgNPs (arbitrary units 

(a.u.) is shown. (E) 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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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 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 [212]. 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 [228], 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 AI-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 

AI-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 AI-2C), while Ag+ treatment was 

significantly more cytotoxic towards iMEC cells compared to SUM159 cells (Fig AI-2D). 

Based upon the fraction of Ag+ present in the AgNP suspension as determined by ICP-MS 

(Fig. AI-1D), a dose of 100 µg/ml of intact AgNPs at most would contain 0.000725 µg/ml 

of Ag+. This concentration of Ag+ did not decrease the viability of either cell line, indicating 
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that the cytotoxicity induced by AgNPs was not due to the small amount of Ag+ remaining 

in the suspension. Because SUM159 cells were 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 

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

concentration (Fig AI-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 AI-2A) to 25.6 µg/mL for a mixture 

of 99% AgNPs/1% Ag+ (Fig AI-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 AI-3B,E), 6.3 µg/mL at 

90% AgNP/10% Ag+ (Fig AI-3C,E), and 4.8 µg/mL at 70% AgNP/30% Ag+  (Fig AI-

3D,E).  The opposite trend was observed for SUM159 cells, which were sensitive to intact 

AgNPs but comparatively insensitive to Ag+ (Fig. AI-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 AI-2A and 3A,E). The IC50 increased 

to 40.8 µg/mL for 95% AgNP/5% Ag+ (40.78 µg/mL; Fig AI-3B,E). The IC50 for the 90% 

AgNP/10% Ag+ (33.9 µg/mL; Fig AI-3C,E)  

Figure AI-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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Figure AI-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).   

 



184 
 

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 AI-3D,E). As shown in Figure AI-3E, as little as a 1% 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.  

 

4.2. 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 AI-

S2). 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 AI-4A,B). 



185 
 

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 AI-S3), 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 [372]. H2O2 

is known to be a major contributor to the toxicity of Ag+ [364, 366] and other redox active 

metals like iron [373]. We therefore focused on the contribution of H2O2 to AgNP and Ag+ 

cytotoxicity. PeroxyOrange-1 (PO1) is a specific probe for H2O2 [374]. 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. AI-S4). 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 AI-5A) or iMEC 

cells (Fig AI-5B), and there was no significant change in the IC50 of AgNP treatment for 

either cell line (Fig AI-5C). However, PEG-catalase decreased the cytotoxicity of Ag+ in 

both SUM159 (Fig AI-5D) and iMEC cells (Fig AI-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 AI-

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, 

Figure AI-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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PEG-catalase did not alter clonogenic growth of both iMEC and SUM159 cells following 

AgNP exposure (Figure AI-5G,H), but did protect both cell lines from Ag+ (Figure AI-

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 AI-6A), and reduction of baseline H2O2 level was verified by PO1 

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

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

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

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

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

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

Figure AI-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).  
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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.  
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4.3. 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 [217], 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 AI-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 AI-7B). 4-Hydroxynonenal (4-HNE) is a 

toxic endproduct of lipid peroxide decomposition. 4-HNE readily forms protein adducts as 

both Michael addition products and Schiff bases. 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 AI-7C). Consistent with the lack of lipid peroxidation, there 

was no increase in histidine adducts of 4-HNE following Ag+ exposure in either SUM159 

Figure AI-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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(Fig AI-7D) or iMEC cells (Fig AI-7E). These data show that intact AgNPs cause lipid 

peroxidation, which correlates 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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4.4. 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 

[220]. Thiol oxidation and formation of 4-HNE adducts can induce protein misfolding and 

aggregation [218, 219]. 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 [221]. 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 AI-8A). For 

iMEC cells, there was a small decrease in protein oxidation (Fig AI-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 AI-8B). Similarly, imaging and quantification of 

protein aggregation using proteostat, a dye that fluoresces after intercalation into 

Figure AI-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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hydrophobic pockets formed by misfolded or aggregated proteins, also correlated with 

differences in sensitivity of cell lines to AgNPs or Ag+ (Fig AI-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 AI-8C,E). In contrast, Ag+ exposure did not affect protein 

aggregation in SUM159 cells, but a modest increase was observed in iMEC cells (Fig AI-

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 [222], and mitogen-activated 

protein kinase (MAPK) signaling pathways, indicated by phosphorylation of c-Jun N-

Terminal Kinase (JNK) [223].  As shown in Fig. AI-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. AI-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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4.5. 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 AI-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 

Figure AI-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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increasing early-stage apoptosis, indicating necrotic cell death. Although SUM159 cells 

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+.   

AgNPs may affect the intensity of scattered light detected by flow cytometry, and 

quantification of changes in side scattered light has been proposed as a metric for 

determining AgNP uptake [375]. Consistent with previous studies, dose dependent 

increases in side scatter (but not forward scatter) for both SUM159 and iMEC cells were 

detected following AgNP exposure (Supplementary Figure AI-S5). Because AgNP 

treatment only affected AnnV/ EthD-III staining of SUM159 cells but not iMEC cells, 

changes in side scattering are unlikely to have caused this result. Studies performed by 

Goering and colleagues at the United States Food and Drug Administration support use of 

flow cytometry for assessment of AgNP induced apoptosis/necrosis, but caution that that 

formation of AgNP aggregates could affect flow cytometry-based assessment of 

apoptosis/necrosis [376]. Ordinarily, no gating based upon forward or side scatter is used 

for flow cytometry analysis of apoptosis/necrosis. However, gating can be used to 

eliminate interference due to small particulates caused by AgNP aggregation if they are 

observed in the scatter plots. We did not detect AgNP aggregates by DLS (Fig AI-1), nor 

were any particulates indicative of AgNP aggregates detected in the forward and side 

scatter profiles of AgNP-treated SUM159 or iMEC cells (not shown). Therefore, we did 

not perform any gating prior to AnnV/EthD-III analysis.  
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To verify the flow cytometry results, we examined pro-apoptotic caspase signaling 

by western blot in AgNP and Ag+ treated cells as a second metric to detect 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 AI-9C) and 

SUM159 cells (Fig AI-9D). cleavage of caspases 3 and 7 is a key step for execution of 

apoptosis. The flow cytometry and western blot data indicated that Ag+, but not AgNPs, 

induced signs of apoptosis in SUM159 cells and iMEC cells. These data show AgNPs and 

Ag+ initiate distinctly different forms of cell death.   

A.I.5. 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 

Figure AI-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 PI 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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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 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 [219].  

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 
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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 [227]. A recent study found that 70% of the commercially 

available colloidal silver products tested contained exclusively Ag+ with no evidence of 

AgNPs [377]. 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.  

An additional confounding factor in assessment of the toxic effects of 

nanomaterials, including AgNPs, is that they can interfere with assays based upon optical 

absorbance, fluorescence, or luminescence measurements [378-381]. Nanoparticles 

themselves could absorb or scatter light, fluoresce, or increase autofluorescence in cells. 

The potential for nanoparticles to affect background absorbance or fluorescence 

measurements in part can be accounted for by subtracting background measurements taken 

from label-free, nanoparticle treated cells as we have done in the studies reported here. 

Nanoparticles also may increase or quench fluorescence from certain fluorophores, quench 

luminescence, or potentially affect the reaction rates for formation of substrates used to 

assess cell viability [378-381]. Because this type of interference is challenging to assess 

under experimental conditions used for cell-based assays, cell-free systems commonly are 

used. For example, when dispersed in PBS, Mello et al observed that incubation of AgNPs 

with MTT caused a dose dependent increase the absorbance of 540 nm wavelengths of 

light [380]. This is the wavelength most strongly absorbed by the solubilized formazan salt 

produced by reduction of MTT. Although the authors concluded that certain types of 
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AgNPs could interfere assessment of cell viability based upon spectroscopic quantification 

MTT reduction, generation of formazan was not chemically verified, nor was any 

mechanism proposed by which AgNPs could increase the reduction rate of MTT. 

Therefore, it is unclear if AgNPs directly reduced MTT or if there were other factors which 

could affect optical absorbance under the experimental conditions tested.  In contrast to 

Mello et al, investigations by Andraos et al of the interference of AgNPs dispersed in media 

containing XTT (2,3-Bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-

carboxanilide), which is a tetrazolium salt used in assays similar to the MTT assay, did not 

identify any change in reduction of XTT due to AgNPs. However, they cautioned that 

under some conditions, AgNPs could mask the absorbance due to XTT or its formazan 

reduction product, possibly by absorption, leading to overestimation of cytotoxicity [379].  

Cell-free approaches could be misleading because they often are performed in the 

absence of biomolecules that are present in the extracellular environment or within cells 

that dictate the nanoparticle protein corona, formed by adsorption of molecules in the 

dispersant onto the surface of nanomaterials [382]. For AgNPs, both intra and extracellular 

organosulfur-containing molecules strongly adsorb or bind to the nanoparticle surface, 

altering surface properties that influence colloidal stability (e.g. ζ-potential; 

hydrophobicity/hydrophilicity) and cell interactions, changing spectroscopic properties, 

and potentially affecting interactions with dyes or reagents used for performing viability 

assays [383]. Cell-free approaches also fail to account for confinement of nanoparticles 

into specific subcellular compartments and assume that all components within the assay 

system can freely interact. Therefore, assessment of the potential for one type of 
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nanoparticle to interfere with various spectroscopic assays in one specific environment is 

not inherently generalizable to similar nanoparticles or different environments.  

In the absence of an ideal system for identifying all sources of nanoparticle 

interference with each assay, use of multiple, complimentary metrics to evaluate specific 

aspects of cell responses to nanoparticles is the best available option. Here, we assessed 

effects of AgNPs on growth and cell death using optical absorbance (MTT assay for cell 

growth), fluorescence (AnnV/PI staining as indicators of phosphatidylserine exposure and 

loss of cell membrane integrity respectively), and combined these with complimentary, 

non-spectroscopic methods of growth and apoptosis including the label-free clonogenic 

assay, and quantification of caspase cleavage by western blot. All four assays indicated 

that AgNPs were significantly more cytotoxic to SUM159 cells than to iMEC cells. Based 

upon the differences in responses to AgNPs of the two cell lines, it is unlikely that 

interference of AgNPs with any assay played a dominant role. For example, a dose of 37.5 

µg/ml decreased MTT assay absorbance measurements by 70% for SUM159 cells, but no 

significant reduction in absorbance was observed for identically treated iMEC cells, 

indicating that effects of AgNPs were cell line dependent. No increase in absorbance, 

which could potentially be indicative of increased formazan formation, was observed at 

any of the AgNP doses tested. In a previous study, using AgNPs identical to those used 

here, we directly compared the results of the MTT assay with both clonogenic growth and 

label-free, live cell imaging over time for assessment of the cytotoxicity of AgNPs in a 

panel of four TNBC and two breast epithelial cell lines [274]. All three assays were in 

agreement regarding the relative sensitivity of the cell lines to AgNPs. In the same study, 

quantification of the uptake of AgNPs by these cell lines using inductively coupled mass 
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spectroscopy revealed that there was no correlation between the mass of AgNPs taken up 

and the AgNP IC50 across the six cell lines. Interference with assays due to 

physicochemical properties of the nanomaterial would be expected to correlate with 

nanoparticle uptake and be independent of cell line/cell type. Thus, our current and 

previous results provide strong support for a biological basis for observed differences in 

cytotoxicity rather than effects driven by nanoparticle interference.   

In addition to assessing cytotoxic effects of AgNPs, we evaluated AgNP induced 

proteotoxicity using three complimentary methods. For the first, we used DCP-NEt2C, a 

probe we developed that is specific for labeling of sulfenic acids in mitochondrial proteins 

indicative of oxidation. DCP-NEt2C previously was evaluated for detecting AgNP induced 

protein oxidation and is suited for live cell biological imaging applications because it does 

not cause mitochondrial toxicity itself, nor is it affected by changes in mitochondrial 

membrane potential, which could be caused by AgNP exposure [221]. Although DCP-

NEt2C is specific for detection of oxidized thiols in mitochondria, we observed DCP-

Net2C labeling to be correlated with other metrics of total thiol oxidation in lung cells 

treated with AgNPs [361]. Furthermore, we previously found that an increase in 

sulfenylated proteins following AgNP treatment was characteristic of AgNP sensitive 

breast and lung cancer cells using biotinylated, dimedone-based probes to detect protein 

sulfenic acids by western blot [66], and by quantification of total reversible protein thiol 

oxidation using mass spectrometry [384]. The second method we used to assess 

proteotoxicity involved staining for the formation of protein aggregates in AgNP-treated 

cells with proteostat after paraformaldehyde fixation. Proteostat is a type of “turn-on” 

fluorophore called a molecular rotor. When free to move, fluorescence is low, but when 
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proteostat is entrapped in a hydrophobic pocket of a protein aggregate, motion is restricted, 

and the molecule becomes highly fluorescent. Increased proteostat fluorescence was 

detected only in AgNP treated SUM159 cells, and not in AgNP treated iMEC cells or in 

untreated cells, indicating dependency on both AgNP exposure and cell type. Lastly, we 

use western blotting to determine if the protein oxidation and protein aggregation observed 

by confocal fluorescence microscopy activated cell stress pathways in response to 

proteotoxicity. All three metrics indicated that AgNPs increased proteotoxicity in SUM159 

cells at doses that did not affect iMEC cells. The agreement between the three assays, which 

were performed in live cells, fixed cells, or in cell lysates, greatly strengthens the accuracy 

of conclusions drawn regarding AgNP induced proteotoxicity compared to use of any 

single assay. 

To understand the potential cause of protein oxidation, we assessed the effects of 

AgNPs on total ROS, H2O2, and lipid peroxides. Detection of ROS presents specific 

challenges due to need for quantification in live cells. In our studies, we used two different 

dyes for evaluation of ROS: CM-H2DCF-DA and PO1. Oxidation of H2DCF yields a 

highly fluorescent derivative, DCF, and DCF fluorescence is commonly used to quantify 

overall ROS, though there are several caveats including: lack of specificity for detection of 

H2O2; potential for oxidation by other several one-electron oxidizing species; potential for 

transition metals or peroxidases to catalyze its oxidation; and DCF radicals can react with 

oxygen to generate ROS [385]. In contrast, boronate-based fluorescent probes like PO1 

directly react with H2O2, which causes boronate deprotections yields a highly fluorescent 

derivative [386]. Significant increases in DCF and PO1 fluorescence were detected by 

confocal laser scanning microscopy in both SUM159 and iMEC cells after AgNP or Ag+ 



205 
 

exposure. We validated the specificity of the dyes for detecting H2O2 through use PEG-

catalase treatment and genetically over-expressed catalase, both of which eliminated 

treatment-induced increases in fluorescence for each dye. Because there was no evidence 

that the AgNPs used in our studies directly increased oxidation of either dye in the presence 

of catalase, the increased fluorescence was likely due to increased ROS rather than an 

artifact due to nanoparticle interference. Under some, cell-free conditions, AgNPs may 

quench DCF fluorescence [379], and therefore our results may underestimate ROS or H2O2 

production, though this would not affect our overall conclusions.  

We used flow cytometry to detect oxidation of phospholipids in cell membranes 

using a lipid peroxide-specific fluorescent probe called Liporfluo. Following quantification 

of changes in Liporfluo fluorescence by flow cytometry, we detected a significant increase 

in fluorescence indicative of lipid peroxidation in AgNP treated SUM159 cells but not in 

iMEC cells. As a non-fluorescent means of validating our data, we quantified 4-HNE 

adducts by western blot, and again observed an increase in 4-HNE adducts in SM159 cells, 

but not in iMEC cells. Ag+ exposure did not increase Liperfluo fluorescence or 4-HNE 

adducts in either cell line, despite increasing both H2O2 and total ROS levels, providing 

additional evidence that these observations were indicative of lipid peroxidation and not 

merely a reflection of changes in the overall redox state of the cells following AgNP 

exposure.  

Some studies suggest that ROS generated after AgNP exposure is a critical 

component of their cytotoxic mechanism [70, 363, 365]. In contrast, we show that both 

Ag+ 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 
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mitigate damage due to AgNP-induced ROS may be misleading because both can directly 

chelate free Ag+ or bind to AgNPs [368]. 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 [369] as 

well as 4-HNE adducts [387], and thus mitigating effects on AgNP-induced lipid peroxides 

also may contribute to their capacity to rescue AgNP-induced cell death. In well- controlled 

studies comparing the potential genotoxicity of PVP-coated AgNPs to Ag+, Li et al also 

concluded that the mechanisms by which AgNPs and Ag+ induced genotoxicity differ from 

each other [367]. They showed that there was minimal release of Ag+ from their AgNPs, 

and that AgNPs themselves, but not Ag+, were capable of increasing hydroxyl radicals in 

cells, further supporting a nanoparticle specific mechanism of action. Importantly, they 

observed that Trolox, a vitamin E analogue, protected against both AgNP and Ag+ toxicity, 

but NAC protected only against Ag+. Vitamin E and its analogues act as peroxyl radical 

scavengers capable of terminating chain reactions caused by lipid peroxyl radicals 

abstracting a hydrogen atom from a neighboring polyunsaturated fatty acid in a lipid 

membrane. Thus, the protective effects of Trolox against AgNPs observed by Li et al [367] 

are consistent with a lipid peroxide driven mechanism of AgNP toxicity. However, vitamin 

E is unable to block the initial generation of lipid peroxyl radicals, nor does it prevent 

degradation of lipid peroxides into toxic end products such as 4-HNE. Furthermore, 

vitamin E is not specifically an antioxidant for lipid peroxides but also is involved in 

multiple biological processes, and in some cases acts as a pro-oxidant as previously 

reviewed [388]. Because AgNPs, but not Ag+, cause increases in lipid peroxidation and 4-

HNE-adduct formation, it is clear that different forms of damage are induced. To fully 
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establish causality, it will be necessary to perform additional studies to modulate the lipid 

profile of AgNP sensitive or insensitive cells in order to enrich or deplete lipid membranes 

for highly oxidizable lipid species. 

The AgNPs used for the majority of our studies consist of only two components: a 

nominal 25 nm silver core and a dense stabilizing layer of PVP, a polymer considered 

generally safe by the United States Food and Drug Administration, making these 

nanoparticles suitable for further biomedical development. For these studies, PVP serves 

the purpose of stabilizing the AgNPs such that when the dry powder is dispersed in aqueous 

solution, the nanoparticles remain well dispersed (unaggregated) under physiologically 

relevant ionic strength and pH, and do not behave as a larger sized aggregate rather than as 

nanoscale particles. One challenge in generalizing findings regarding the toxicity profile 

of nanomaterials is that the specific physicochemical and toxicological properties of a 

nanoparticle depend not only on the material making up the core, but also on the size, 

shape, coating, presence of contaminants, and the environment in which testing is 

performed. However, in an earlier study [212], we found that the TNBC-selective cytotoxic 

property of AgNPs was retained by particles with various sizes (5-150 nm diameters), 

shapes (spheres and triangular prisms), or capping agents (PVP, chitosan, and silica). The 

environment in which AgNPs are dispersed also may affect their dissolution, and alter their 

toxicity profile. For example, inhaled AgNPs may dissolve, release Ag+, and potentially 

reform into smaller nanoparticles due to interaction with biomolecules in the lung 

extracellular fluid [389, 390]. Precisely how AgNP toxicity differs when assessed in 

varying physiological environments remains to be determined.    
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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 [66, 88, 212, 

274]. 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 earlier studies 

demonstrating the sensitivity to TNBC cells to AgNPs [88, 212], it also 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 [391]. 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 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 necrosis [173, 392]. 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 [393, 394], whereas cell 

death caused by excess ROS is more often mediated by apoptosis [395]. 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) [44], which are prone to peroxidation, and this may be an underlying factor that 
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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 [232, 

396]. It is not known whether AgNPs initiate ferroptosis and additional studies also will be 

necessary in order to confirm this. 

Although we show 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 [397] 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 [313, 314] 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 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 [80, 398, 399], but direct measurement of 

intracellular dissolution of AgNPs remains a major challenge [228]. 

 

A.I.6. Conclusion: 

In conclusion, our integrated approach to assessing AgNP and Ag+ cytotoxicity 

indicates distinct differences exist in the responses of mammalian cells to AgNPs and Ag+. 
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Specifically, AgNPs drive cell death through a mechanism that involves lipid peroxidation, 

proteotoxic stress, and 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. Understanding precisely which factors drive the toxicity of 

AgNPs is essential for biomedical applications such as cancer therapy, and of importance 

to identifying consequences of unintended exposures. 
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A.I.7 Supplementary Figures: 

 

 

Supplemental Figure AI-S1. Controls demonstrating lack of interference of AgNPs 

with flow cytometry measurements. (A) Background fluorescence of untreated or AgNP 

treated (37.5 µg/ml) was quantified under conditions identical to those in figure 8A,B 

but without staining with DCP-NEt
2
C . Mean fluorescence levels of unstained cells 

were less than 0.5% of mean fluorescence levels of DCP-NEt
2
C stained controls, and 

0.25% of DCP-NEt
2
C stained, AgNP-treated cells. This indicates that background 

fluorescence from AgNPs did not contribute to the increase in fluoresce in DCP-NEt
2
C 

stained, AgNP treated cells. (B) Positive and unstained controls for Annexin V/PI. 

SUM159 and iMEC cells were exposed to doxorubicin (1 µg/mL) or AgNPs (150 

µg/mL) for 24 h, costained with PI 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. These data show that staining is specific for 

detection of apoptosis, and that AgNPs do not affect the fluorescence of the AnnV of PI 

stains. Data are representative of a minimum of two independent experiments. 
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Supplemental Figure AI-S3. Imaging of uptake and trafficking of AgNPs in SUM159 

and iMEC cells. (A) Electron micrographs show 25nm AgNPs outside of the cell. (B) 

Electron micrographs show AgNPs in endolysosomal vesicales in iMEC cells after 1 h 

pulse and 5 h chase at 4800 X magnification or 30000 X magnification. (C) Electron 

micrographs show AgNPs in endolysosomal vesicles in SUM159 cells after 1 h pulse 

and 5 h chase at 4800 X magnification or 30000 X magnification.  

 

Supplemental Figure AI-S2. AgNPs exhibit no autofluoresence. (A) SUM159 and (B) 

iMEC cells were treated with AgNPs for 24 h. Fluorescense (RFP/GFP) was measured 

using confocal microscopy.  
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Supplemental Figure AI-S4. Production of hydrogen peroxide following AgNP or Ag+ 

treatment. 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 

PO1 for 30 min and fluorescence was measured using confocal microscopy. Data are 

displayed as corrected total cell fluorescence (CTFC) and is representative of triplicate 

independent experiments. 
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Supplementary Figure AI-S5. Effect of AgNP uptake on flow cytometry-based side 

and forward scatter plots. SUM159 and iMEC cells were treated with AgNPs for 24 h, 

washed extensively, and (A) side scattering (SSC-A) or (B) forward scattering of light 

was quantified by flow cytometry. Data are displayed as the relative mean intensity of 

scattered light in comparison to the untreated control. Four independent replicates were 

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

Tukey test. Significant differences (* p<0.05; ** p<0.01) are indicated.  

. 
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SUMMARY 

Cancer biology PhD candidate anticipating graduation in May 2022 with extensive knowledge of 

nanomedicine, breast cancer, and molecular signaling. Passionate about bringing scientific 

innovations to patients. Skilled at technical and non-technical writing, detail-oriented, adept at 

multi-tasking, time management, and organization, and effective at working in fast-paced 

environments. 

 

EDUCATION 

Wake Forest University, Winston-Salem, NC (2017- Present) 

Ph.D. in Cancer Biology 

 

Rowan University, Stratford, NJ (2015- 2017) 

M.S. in Molecular Pathology and Immunology 
 

Stony Brook University, Stony Brook, NY (2011-2015) 

B.E. in Biomedical Engineering 

 

RESEARCH EXPERIENCE 

Graduate Research Assistant (2017- Present) 

Wake Forest Baptist Medical Center, Dept. of Cancer Biology 

 Analyzed the efficacy and mechanism of action of drug-free silver nanoparticles (AgNPs) 

as a therapeutic for triple negative breast (TNBC), lung, and ovarian cancer using 

mammalian cell culture methods and in vivo mouse models, and identified lipid oxidation 

and proteotoxic stress as core drivers of AgNP cytotoxicity. 

 

Graduate Research Assistant (2015-2017) 

Genesis Biotechnology Group, Venenum Biodesign 

 Worked with a team of investigators to optimize semi-automated ultra-high-throughput cell 

based assays to determine novel MALT1-targeted small molecule inhibitor efficacy in 

treatment-refractory leukemia subtypes. 

 

Summer Undergraduate Laboratory Intern (2014) 

Brookhaven National Laboratory, Center for Functional Nanomaterials, Bhatia Lab 

 Collected and analyzed dynamic light scattering and rheometry data to investigate the 

properties of a synthetic polymer-clay composite. 

 

Undergraduate Research Assistant (2012-2013) 

Stony Brook University, Dept. of Biomedical Engineering, Rubin Lab 

 Assisted in immunohistochemical staining of specimen slides to determine the efficacy of 

low intensity mechanical vibrations for the treatment of chemotherapy-induced osteopenia 

in vivo. 

 

PROFESSIONAL DEVELOPMENT 

OncoBites Science Blog Contributor (October 2021) 

 Authored short scientific articles aimed at educating non-scientific audiences on current 

cancer-related topics. 

 

GRAD 715 Facilitator (Career Plan in Biomedical Sciences) (July 2021-December 2021) 

Wake Forest University Graduate School of Arts and Sciences, Winston-Salem, NC 
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 Recruited alumni speakers to participate in panel discussions and meet virtually with first-

year graduate students. 

 Facilitated alumni panel discussions and mentored first year graduate students on 

networking and general graduate school advice. 

 

Business Development Intern (February-July 2021) 

Wake Forest Innovations, Winston-Salem, NC 

 Performed intellectual property, prior-art, and market analysis for early-stage technologies 

to evaluate patentability and commercial feasibility. 

 Drafted non-confidential summaries of technologies to market to potential commercial 

partners, resulting in a successful meeting with inventor and biotech company under NDA. 

 

Regulatory Affairs Training Program (April-May 2021) 

Virtual via Duke University School of Medicine Office of Regulatory Affairs and Quality (ORAQ) 

 Gained a broad overview of FDA regulations, drug development and approval processes, 

as well as IND, NDA, BLA, 510(k), and PMA applications. 

 

PUBLICATIONS 

 Rohde MM, Snyder C, Sloop J, Solst SR, Donati GL, Spitz DR, Furdui CM, Singh R. The 

mechanism of cell death induced by silver nanoparticles is distinct from silver cations. 

Particle and Fibre Toxicology. 14 Oct. 2021; 18,1 37.  

 Snyder C, Rohde MM, Fahrenholtz CD, Swanner J, Sloop J, Donati GL, Furdui CM, Singh 

R. Low Doses of Silver Nanoparticles Selectively Induce Lipid Peroxidation and 

Proteotoxic Stress in Mesenchymal Subtypes of Triple-Negative Breast Cancer. Cancers 

(Basel). 2021 Aug 22;13(16):4217. 

 Sears J, Swanner J, Fahrenholtz CD, Snyder C, Rohde M, Levi-Polyachenko N, Singh RN. 

Combined photothermal and ionizing radiation sensitization of triple negative breast 

cancer using triangular silver nanoparticles. Int J Nanomedicine. 2021 Feb 5;16:851-865. 

 Snyder C*, Rohde MM*, Fahrenholtz CD, Turner J, Singh RN. (*equal contribution). 

Fibronectin drives sensitivity of non-small cell lung cancer cells to proteotoxic stress 

induced by silver nanoparticles. In preparation. 

 Hopper J*, Snyder C*, Cantoni D, Rohde MM, Singh R, Henslee EA (*equal 

contribution). Ionizing radiation-induced membrane changes that precede cell death can be 

detected by rapid dielectrophoresis in T cells. In preparation. 

 Snyder C, Singh R. Modulation of protein quality control systems by metal nanoparticles. 

In preparation. 

 

POSTERS & PRESENTATIONS 

 Snyder C. Low Doses of Silver Nanoparticles Selectively Induce Lipid Peroxidation and 

Proteotoxic Stress in Mesenchymal Subtypes of Triple-Negative Breast Cancer. Mini-

symposium of Director’s Excellence in Cancer Research Award for Trainees, Wake Forest 

Baptist Comprehensive Cancer Center, Winston-Salem, NC. January, 2022, 

Presentation. 

 Snyder C. ECM-signaling dependent stabilization of Beta-Catenin drives sensitivity to 

silver nanoparticles. Signaling and Biotechnology Retreat, Wake Forest Baptist 

Comprehensive Cancer Center, Winston-Salem, NC. November 2021, Presentation. 

 Snyder C. Modulation of proteotoxic stress response to enhance the precision of silver 

nanoparticle-based cancer therapy. Cancer Biology Department Research Report 

Seminar, Wake Forest University, Winston-Salem, NC. November 2020, Presentation. 
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 Snyder C, Rohde M, Fahrenholtz C, Swanner J, Sloop J, Cook K, Donati GL, Furdui CM, 

Singh RN. Identification of molecular signatures predictive of sensitivity of breast cancer 

cells to silver nanoparticles. American Chemical Society Virtual Meeting. August 2020, 

Poster. 

 Snyder C. Identifying Molecular Signatures for Precision Cancer Therapy Using Silver 

Nanoparticles. Cancer Biology Department Research Report Seminar, Wake Forest 

University, Winston-Salem, NC. February 2020, Presentation. 

 Snyder C, Rohde M, Fahrenholtz C, Singh RN. Silver nanoparticles induce endoplasmic 

reticulum stress in mesenchymal triple negative breast cancers. Redox Biology 

Symposium, Wake Forest University, Winston-Salem, NC. Oct 2019, Poster. 

 Snyder C, Rohde M, Fahrenholtz C, Singh RN. Mesenchymal cancers are sensitive to 

silver nanoparticle induced endoplasmic reticulum stress. Graduate Student and Postdoc 

Research Day, Wake Forest University, Winston-Salem, NC. March 2019, Poster. 

 Snyder C. Mesenchymal triple negative breast cancers are sensitive to silver nanoparticle 

induced endoplasmic reticulum stress. Cancer Biology Department Research Report 

Seminar, Wake Forest University, Winston-Salem, NC. March 2019, Presentation. 

 Snyder C, Rotchford R, Kishore S, Bhatia S. The effect of concentration of poly(ethylene 

glycol) on the dynamics of a laponite suspension. SULI Summer Research Symposium, 

Brookhaven National Laboratory, Upton, NY. August 2015, Presentation and Poster. 

 

PROFESSIONAL MEMBERSHIPS 

 American Association of Cancer Research (2018-Present) 

 Biomedical Engineering Society (2011-2016) 

 

HONORS & AWARDS                   

 Travel Award to Attend AACR conference, WFU Comprehensive Cancer Center (2022) 

 Director’s Excellence Award in Cancer Research Award for Trainees, Wake Forest 

University (2021) 

 WISE (Women in Science and Engineering) Honors Program scholar, Stony Brook 

University (2011- 2015) 

 National Society of Collegiate Scholars member, Stony Brook University (2011- 2015) 

 Sigma Beta Honor Society member, Stony Brook University (2011- 2015) 

 SULI summer research grant, Brookhaven National Laboratory (2014) 

 

LEADERSHIP & OUTREACH 

Mentoring and teaching 

 Mentored 4 undergraduate and 2 post-baccalaureate students during doctoral training. Was 

responsible for teaching lab safety, experimental protocols, aseptic technique, and provided 

guidance, troubleshooting, and reviewed posters and manuscripts. (2019-2022) 

 Teaching assistant for 2 undergraduate biomedical engineering classes at Stony Brook 

University. Was responsible for creating and grading homework content and assisting in 

implementation of laboratory classes. (2013-2014) 

 

Sherwood Forest Elementary School science fair judge, Winston-Salem, NC (2017) 

 Provided guidance to young scientists presenting science fair projects, organized by Wake 

Forest University’s science communication club (Wake Up To Science) 

 

Biomedical Engineering Society (BMES), Stony Brook University Chapter 

 Vice President (2013-2015) 
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o Assisted with running executive board meetings, organized on-campus and 

community-outreach events, and engaged with faculty and alumni to participate in 

panel discussions. 

 Outreach Event Coordinator (2012-2013) 

o Led focus groups to organize local community outreach events to educate 

elementary school students about biology and engineering topics and provide 

hands-on enrichment. 

 

Women in Science and Engineering (WISE), STEM-Tech mentor, Stony Brook University 

(2014) 

 Designed and implemented weekly scientific enrichment curriculum for girls at South 

Ocean middle school in Patchogue, NY. 

 

Global Medical Brigades Volunteer, Panama (2013) 

 Traveled to rural Panama to assist in the administration of health and dental care. Assisted 

in fundraising for travel and obtaining medication donations. 

 


