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Abstract

Prior research has demonstrated cells exposed to silver nanoparticles (AgNPs) undergo 

endoplasmic reticulum (ER) stress leading to cellular apoptosis and toxicity, however, the 

fundamental mechanism underlying AgNP-induced ER stress is unknown. We hypothesize the 

biophysical interactions between AgNPs and adsorbed proteins lead to misfolded proteins to elicit 

an ER stress response. Our investigation examined rat aortic endothelial cells (RAEC) exposed to 

20 or 100 nm AgNPs with or without a biocorona (BC) consisting of bovine serum albumin 

(BSA), high density lipoprotein (HDL) or fetal bovine serum (FBS) to form a complex BC. The 

presence of a BC consisting of BSA or FBS proteins significantly reduced uptake of 20 nm and 

100 nm AgNPs in RAEC. Western blot analysis indicated robust activation of the IREα and PERK 

pathways in RAEC exposed to 20 nm despite the reduction in uptake by the presence of a BC. 

This was not observed for the 100 nm AgNPs. Hyperspectral darkfield microscopy qualitatively 

confirmed that the preformed BC was maintained following uptake by RAEC. Transmission 

electron microscopy demonstrated a size dependent effect on the sub-cellular localization of 

AgNPs. Overall, these results suggest that AgNP size, surface area and BC formation governs the 

induction of ER stress and alterations in intracellular trafficking.
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Introduction

Engineered nanomaterials (ENMs) are utilized in numerous commercial products and recent 

advancements have increased their potential applications including uses in nanomedicine 

[1]. For example, silver nanoparticles (AgNPs) are commonly used in numerous consumer 

and medical products due to their anti-microbial properties [2]. Increased usage of AgNPs in 

consumer and biomedical applications will result in increased exposures of the general 

population to these ENMs. These exposures may occur through inhalation, ingestion, dermal 

exposure or medical applications such as intravenous lines and catheters, which would lead 

to direct interaction with the circulatory system [3]. Importantly, it has been demonstrated 

that AgNPs are cytotoxic, immunotoxic and genotoxic using various in vitro and in vivo 
models [4–7].

The ER is an organelle that is responsible for the folding and processing of misfolded 

proteins. Following mRNA translation, proteins are folded within the ER and transported for 

cellular function. Misfolded proteins are recognized by cells and are transported back to the 

ER for degradation or autophagy. However, if this system is overwhelmed with an 

accumulation of misfolded proteins, cells will then undergo an unfolded protein response 

(UPR) by the dissociation of BIP, an ER chaperone, from ER membrane proteins PERK, 

IREα, and ATF6 in the ER. This may result in an increase in the folding capacity of cells, 

arresting mRNA translation, leading to autophagy and/or the induction of apoptosis [8,9]. 

While recent studies have shown that AgNPs induce an ER stress response in cells and mice 

[10,11], the fundamental mechanism of this response to AgNP exposure is yet to be 

understood. For example, it is not known if AgNPs or other ENMs reach the ER or if ER 

stress occurs through other mechanisms such as oxidative stress or the UPR. It is also 

unknown how the addition of specific proteins to the surface of AgNPs may influence these 

responses.

ENMs entering the circulatory system inadvertently encounter proteins, lipids and other 

macromolecules present in serum resulting in physi- and chemisorption of protein onto the 

ENM’s surface. This biocorona (BC), which presents a new biological identity to the ENM, 

is dependent upon the ENM physicochemical properties such as surface charge, size and 

shape. The interactions between ENM and proteins forming the BC often results in protein 

denaturing and unfolding [9,12–14]. Others and our studies have demonstrated that BC 

formation affects the physicochemical properties, toxicity, cellular interactions, 

biodistribution, and genotoxicity of ENMs [13,15–28]. Shannahan et. al. have shown BSA, 

HDL, and various other proteins in FBS binding to silver nanoparticles [24]. The ENM-BC 

is a dynamic entity that constantly exchanges weakly bound biomolecules in the BC for 

proteins with higher affinity for the ENM surface. Gleaning from our earlier studies, 

adsorbed proteins in ENM-BC often undergo structural transformations and may eventually 

exacerbate ER stress through the UPR.

In the current study, we tested the hypothesis that formation of a BC on AgNPs contributes 

to ER stress responses in rat aortic endothelial cells (RAEC). We utilized three explicitly 

formed BCs on AgNPs that consisted of bovine serum albumin (BSA), high-density 

lipoprotein (HDL) and a complex BC comprised of proteins in fetal bovine serum (FBS), 
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which is based on common proteins nanoparticles will encounter in serum. The rational for 

the investigation of these specific BCs are based on prior work in our lab, which 

demonstrated similar proteins associated with various nanoparticles. Briefly, albumin and 

HDL were commonly associated with all the NPs tested. In addition to testing these specific 

BC we have included a complex BC formed by FBS, which is a mixture of various proteins. 

[24]. Further, FBS is used in the majority of cell culture studies in the field and therefore 

represents a common BC that will form during in vitro testing of nanoparticle toxicity. 

Overall our investigation demonstrated the BC contributes significantly to the induction of 

ER stress and intracellular trafficking of AgNPs within endothelial cells.

Materials and methods:

Silver nanoparticle characterization and biocorona formation

Citrate capped AgNPs with a diameter of 20 nm or 100 nm were purchased from 

nanoComposix (San Diego, CA, USA). Sizes of purchased AgNPs were confirmed via 

transmission electron microscopy (TEM) (Supp. Fig 1). Specifically, TEM demonstrated a 

diameter of 21.92 +/− 3.03 nm for 20 nm AgNPs and 91.07 +/− 6.54 nm for 100 nm AgNPs. 

Three BCs were formed on the surface of AgNPs using bovine serum albumin (BSA), high-

density lipoprotein (HDL) (Sigma Aldrich, St. Louis, MO, USA) or fetal bovine serum 

(FBS) (Corning, Manassas, VA, USA) to form a complex BC consisting of multiple 

proteins. Guidelines for forming the BC were based on previous studies [13,24]. Briefly 

AgNPs were incubated in phosphate buffered saline (PBS) containing BSA or HDL at a 

concentration of 350 µg/ml overnight at 4°C on a rotisserie mixer. For the complex BC the 

AgNPs were incubated with a 10% FBS solution in PBS overnight at 4°C on a rotisserie 

mixer. The AgNPs were pelleted by centrifugation at 20,000g for 10 minutes. The 

supernatant was aspirated and resuspended in water to a final AgNP concentration of 

1mg/ml. Hydrodynamic diameter and zeta potential were measured using dynamic light 

scattering on a Malvern Zetasizer Nano ZS particle sizer (Worcestershire, UK). 

Measurements for the hydrodynamic diameter were conducted in deionized (DI) water or 

unsupplemented DMEM/F12 medium at a concentration of 20 µg/ml (n=3/group). Zeta 

potential was measured in water at a concentration of 10 µg/ml for AgNPs which was an 

optimal concentration allowing measurement of zeta potential. Surface area was calculated 

using the following equation:

SA = N × sa 1)

sa = 4πr2 1.1.

Equation (1) was used to calculate the total surface area by multiplying total number of 

AgNPs (N) by apparent surface area (sa) of each individual particle. Equation (1.1) was used 

to calculate surface area (sa) of each individual particle by multiplying 4 × π × radius2[29]. 

All measurements were made with or without addition of BCs.
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Impact of the biocorona on nanoparticle dissolution was measured by inductively coupled 

mass spectrometry (ICP-MS). Nanoparticles with and without a biocorona were incubated in 

unsupplemented DMEM/F12 at 37 °C for 24 hrs. The solution was than centrifuged at 

10,000g for 10min to pellet nanoparticles. The supernatant was than measured for dissolved 

Ag ions in the media (n=3).

Circular Dichroism Spectroscopy

Room temperature Circular Dichroism (CD) spectra were measured using a Jasco 

Spectropolarimeter (J-810, Jasco, Tokyo, Japan). All measurements were carried out in a 

quartz cell with 10 mm path length with a scanning speed of 50 nm/min in 190–280 nm 

wavelength range. The results are represented in terms of mean residue ellipticity (theta) in 

deg cm2 dmol−1. CAPITO (a CD Analysis & Plotting Tool) was used to estimate secondary 

structure content viz. alpha helices, beta sheets and irregular structures in both pure and 

adsorbed BSA (n=3) [30]. As described in the preceding section. AgNPs were incubated in 

350 ug/ml BSA overnight for biocorona formation. Subsequently, AgNP-BSA suspension 

was centrifuged at 20,000g for 10 mins and the supernatant was resuspended in water at 1 

mg/ml AgNP concentration for performing CD studies. We did not perform CD studies on 

complex biocorona in FBS due to the presence of a wide range of proteins, which prohibits 

estimation of secondary structure similar to BSA.

Cell culture and viability studies

Rat aortic endothelial cells (RAEC) and media were purchased from Cell Applications Inc. 

(San Diego, CA, USA). Cells were cultured at 5% CO2 and 37°C in cell culture flask and 

assays were performed at 80% confluency. To prevent the addition of proteins to the pre-

established BC, all studies were conducted in unsupplemented media (DMEM/F12). RAEC 

were seeded in 96-well plates, after 48hrs washed with PBS and the media was replaced 

with unsupplemented DMEM/F12. Cells were exposed to AgNPs with or without BCs 

(BSA, HDL, or FBS) at concentrations of 5, 10, 15, 20 and 25 µg/ml for 3hrs or 24hrs. A 

CellTiter 96® Aqueous One Solution Proliferation Assay (Thermo Fisher Scientific) was 

conducted to measure viability. The plates were read at 490 nm on a Biotek Synergy HT 

microplate reader (Winooski, VT, USA) and percent cell viability was calculated comparing 

exposed cells to untreated control cells. Studies were performed with biological (n=3) and 

technical replicated (n=3).

Measurement of cell association of silver nanoparticles

RAECs were cultured as previously described and exposed to AgNPs with or without 

various BCs (BSA, FBS, and HDL). Cells were exposed to AgNPs with or without a BC, in 

6 well plates,for 3hrs to measure RAEC association of AgNPs. After 3hrs of exposure to 

AgNPs the cells were washed with PBS and trypsinized with 250 µL 0.25% trypsin for 5 

min at 37°C. Following incubation, trypsin was neutralized with supplemented media and 

the cells were pelleted. Media was removed and the pellet was washed three times with PBS. 

An inductively coupled plasma mass spectrometer (ICP-MS, X series II, Thermo Scientific) 

was used to quantify presence of Ag+ in cell pellets. Samples (n=3/group) were dissolved in 

6ml of 2% nitric acid and measured by ICP-MS using Li, Y and In as an internal standard 

with a limit of detection of 6 ppb (n=3) [25].
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Assessment of endoplasmic reticulum stress

RAECs were grown to 80% confluency in 100mm petri culture plates, washed three times 

with PBS and unsupplemented DMEM/F12 media was added to each plate. Cells were 

exposed to 20 nm or 100 nm AgNPs (20μg/ml) with or without a BC (BSA, FBS, or HDL). 

After a 3hr incubation, cells were washed with cold PBS, scraped to avoid any protease 

membrane reaction from exposure to trypsin, and pelleted by centrifugation [31]. The cells 

were resuspended in lysis buffer (1% SDS, 80mM Tris HCL, protease inhibitor cocktail and 

phosphatase inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA)). Proteins were 

separated using 12% Tris-glycine gels (ThermoFisher Scientific, Waltham, MA, USA) and 

transferred to nitrocellulose (GE Healthcare Life Sciences; Marlborough, MA, USA) using 

an X Cell II blot module (Thermo Fisher Scientific, Waltman, MA, USA). Western blots 

were probed using antibodies against phosphorylated-PERK (pPERK), PERK, CHOP and 

IRE (Cell Signaling Technology, Danvers, MA, USA); phosphorylated-IRE (pIRE), ATF6 

(Abcam, Cambridge, MA, USA); and actin (Sigma Aldrich, St Louis, MO, USA). 

Secondary antibodies (goat anti-mouse, goat anti-rabbit) were purchased from Li-Cor 

Biosciences and protein expression was imaged on an Odyssey Infrared Imaging System 

(Lincoln, NE, USA). Densiometric analysis was performed using ImageJ software (National 

Institute of Health) and all samples were normalized based on actin expression (n=3/group; 

n=3 biological replicates). Lastly, densiometric analysis was performed and expressed as the 

amount of protein per μg Ag+ uptake as determined by ICP-MS described previously.

Oxidative stress measurements

RAECs were grown in 12-well culture plates to 80% confluence and were washed with PBS. 

The media was changed to unsupplemented media to prevent the addition of proteins to the 

established BC. Cells were exposed to AgNPs with a particle size of 20 nm or 100 nm with 

and without a BC (20 μg/ml) for 30 min. Additional RAEC cells were pre-treated with the 

anti-oxidant N-Acetylcysteine (NAC) at a concentration of 1µM for 24hrs. After 

pretreatment, the media was changed and cells were exposed to 20 nm or 100 nm AgNPs. 

The cells were pelleted and washed with PBS three times before adding H2DCFDA 

(Molecular Probes, Eugene, OR, USA) to measure reactive oxygen species generation. 

Samples were measured on an Accuri C6 Flow cytometer (BD Biosciences, San Jose, CA, 

USA) and the mean fluorescence was measured for 10,000 cells (n=3 technical and 

biological replicates).

Hyperspectral darkfield analysis of internalized silver nanoparticles

RAECs were grown to 80% confluency on chamber slides, washed with PBS and the media 

was changed to unsupplemented DMEM/F12. Cells were exposed to AgNPs (20 µg/ml) with 

and without a BC (BSA, HDL, FBS) at a particle concentration of 20 µg/ml for 3hrs. DAPI 

was added to each well to label the nucleus and the cells were fixed with 4% 

paraformaldehyde. Samples were imaged on a Cytoviva microscope with a dark field 

condenser and images were recorded with a hyperspectral camera (Cytoviva®, Auburn, AL, 

USA). As per the method described by Shannahan et al. each image was recorded at the 

focal plane of the nucleus as indicated via DAPI staining of the nucleus [25]. This allowed a 

qualitative assessment of the uptake of AgNPs with or without a BC. A minimum of 1,000 
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pixels identified visually as internalized AgNPs were chosen for hyperspectral analysis. 

Using Envi (ver 4.8) software the selected pixels were used to generate a mean spectral 

profile, which was then normalized based on intensity. In a separate evaluation AgNPs with 

or without BCs were loaded onto a microscope slide and evaluated via hyperspectral 

darkfield micrsoscopy to determine the mean spectral profiles of extracellular AgNPs and 

alterations in the spectral profile due to addition of BCs. The mean spectral profiles of 

extracellular AgNPs were then compared to mean spectral profile of internalized AgNPs for 

comparison, similar to our previous work (n=3 biological and technical replicates) [25].

Bovine serum albumin (BSA) was labeled with an Alexa Fluor® 488SDP 

(sulfodicholorphenol) ester (ThermoFisher Scientific, Grand Island, NY, USA). Labeled 

BSA at a concentration of 10mg/ml was added to a Sephadex® G-25 column to remove any 

excess fluorescent marker not attached to the protein. The labeled protein was incubated 

with 20 nm AgNPs to form a fluorescent BC as previously described in our current study. 

RAECs were cultured in chamber slides to 80% confluency and washed with PBS before 

adding unsupplemented DMEM/F12. The cells were then exposed to AgNP (20 μg/ml) with 

or without a fluorescently labeled BSA BC for 1hr. The nucleus was labeled with DAPI and 

the cells were fixed with 4% paraformaldehyde. Cells were imaged with a Cytoviva® 

microscope and all images were focused on the plane of the nucleus. The images were 

assessed for co-localization of AgNPs and the fluorescently tagged BSA to determine if the 

original BC was maintained following internalization (n=3 biological and technical 

replicates).

Transmission Electron Microscopy

RAECs were grown on a sapphire disk and were exposed to 20 nm AgNPs (20 μg/ml) for 

3hrs. After incubation, the cells were frozen using a Wohlwen Compact 02 high pressure 

freezer. The cryoprotectant used during the freezing process consisted of 150mM mannitol 

and 2% sucrose. The cells were then then fixed with 0.25% glutaraldehyde, 0.1% 

uranylacetate/acetone and were embedded in Lowicryl HM20 resin. The samples were 

sectioned using a Leica Ultracut UCT. Sections were exposed to anti-PDI, to label the 

endoplasmic reticulum and gold nanoparticles conjugated with a mouse secondary antibody 

(Abcam, Cambridge, MA, USA). RAEC were analyzed to determine size-dependent 

differences in the subcellular localization of 20 nm and 100 nm AgNPs after a 3hr 

incubation (n=3).

Statistical Analysis

Sample size for quantitative analysis used n=3 for each group. Numerical results were 

analyzed using a one-way ANOVA with a Tukey’s multiple comparison post hoc analysis to 

determine statistical difference using a p value less than 0.05. All data were analyzed with 

Graphpad PRISM® (Version 5.01). Data are presented as mean +/− standard error of means.
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Results

Silver nanoparticle characterization

AgNPs with or without a BC consisting of bovine serum albumin, HDL or FBS were 

characterized by measuring hydrodynamic diameter in water and DMEM/F12 while zeta 

potential was measured in water (Table 1). The ionic strength of DMEM/F12 did not allow 

accurate measurement of zeta potential and therefore zeta potential was only assessed in DI 

water for AgNPs with and without BCs. The 20 nm AgNPs without a BC had a 

hydrodynamic diameter of 37.38 nm as measured in water. We observed a significant 

increase in hydrodynamic diameter with formation of either a BSA (68.15 nm) or FBS 

(88.27 nm) BC in contrast, HDL did not significantly alter the hydrodynamic diameter of the 

20 nm AgNPs (Table 1). The 100 nm AgNPs without a BC (H2O suspension) were 

measured at 122.70 nm and the addition of a BC did not result in notable increases in 

hydrodynamic diameter, except for particles with a FBS corona (Table 1). The zeta potential 

of the 20 nm AgNPs was −41 mV and following addition of the BC the charge was reduced 

(Table 1). All zeta potential values for 20 nm AgNPs remained negative even in the presence 

of a biocorona signifying colloidal stability. The 100 nm AgNPs with and without a BC also 

had negative values for the zeta potential. In addition, hydrodynamic diameter was measured 

in unsupplemented DMEM/F12 since this media was used for the biological assays. The 20 

nm AgNPs without a BC had a hydrodynamic diameter of 118.87 nm in unsupplemented 

DMEM/F12, however nanoparticles with a BSA or FBS BC had a significant size reduction 

to 73.97 nm and 73.01 nm respectively. Examining the 100 nm AgNPs there was a 

significant increase in hydrodynamic diameter for particles with a FBS BC compared to 100 

nm AgNPs without a BC. Lastly, calculated surface area is also provided in Table 1 for 

comparison across biological responses. The surface area in general was reduced as the BC 

was formed except for the HDL coated 20 nm AgNPs in which we observed a decrease in 

hydrodynamic diameter and thus an increase in surface area (Table 1).

The presence of a biocorona did not significantly impact the dissolution of the 20 nm AgNP 

for the BSA, FBS, or HDL biocorona (1.95, 3.075, 1.91 ppb respectively). A significant 

increase in dissolution was observed for 20nm for 3hrs and 100 nm at 24hrs AgNPs with a 

FBS biocorona. For 20 and 100 nm AgNPs with a BSA and HDL biocorona dissolution was 

not significantly changed (Supp. Figure 2A,B).

Proteins unfold upon the formation of a biocorona on silver nanoparticles

During BC formation, proteins initially adsorb to AgNPs while largely retaining their native-

state structure. Subsequently, the adsorbed protein may relax its secondary structure, unfold, 

and spread out on the AgNP surface depending upon the strength of protein-surface 

interactions relative to the internal stability of the protein. The adsorption-induced structural 

changes in BSA were ascertained using CD spectroscopy. As shown in Figure 1A, the CD 

spectra showed clear evidence for conformational changes of BSA upon BC formation on 

both 20 and 100 nm AgNPs. The secondary structure of BSA (particularly, the peak relating 

to α-helical content) significantly disappeared upon its adsorption onto AgNPs and may be 

explained in terms of soft nature or low internal stability of BSA. Furthermore, the 

maximum helical content reduction was observed on 20 nm AgNP likely due to higher 
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curvature. It is expected that the observed changes in the protein structure will increase ER 

stress, as evidenced by our data discussed in the following sections. Unlike BSA, the 

secondary structure of proteins in FBS cannot be conclusively assessed due to its 

heterogeneity.

Silver nanoparticles have minimal effect on cell viability at low doses and early time points

RAEC viability was determined by MTS assay following exposure to AgNPs at 

concentrations of 5, 10, 15, 20, and 25 µg/ml at 3hrs and 24hrs with or without a BC (Figure 

1B and Supp. Figure 3). We observed no significant reduction in viability of RAEC after 

3hrs of exposure to AgNPs with or without a BC. However, we did observe a significant 

reduction in viability in cells exposed to 20 nm AgNPs with or without a BC after 24h 

(Supp. Figure 3). A reduction in viability was not observed in RAEC exposed to 100 nm 

AgNPs with or without a BC at either time point (Figure 1B and Supp. Figure 3). All 

subsequent experiments were performed at time points of 3 hrs or less to limit cytotoxicity.

Biocorona formation decreases association of silver nanoparticles with rat aortic 
endothelial cells

RAECs were exposed to 20 nm or 100 nm AgNPs with or without a BSA, FBS, or HDL BC 

for 3 hrs and the amount of cellular uptake was measured using ICP-MS (Figure 1C). 20 nm 

AgNPs without a BC had the highest uptake concentration of Ag+ in RAEC (148 ppb). The 

addition of all three BCs resulted in a significant decrease in uptake. Similarly, a reduction 

in uptake by the addition of the BSA and FBS BCs were also observed for 100 nm AgNPs. 

There was no significant decrease in uptake of AgNPs by RAEC for 100 nm AgNPs with a 

HDL BC.

Biocorona formation influences silver nanoparticle directed ER stress responses in rat 
aortic endothelial cells

To investigate the influence of a BC on AgNP directed ER stress responses, we examined 

the three key pathways of ER stress induction including PERK, IREα, and ATF6. RAEC 

exposure to 20 nm AgNPs with or without a BC activated the IREα and PERK pathways, 

while the ATF6 pathway was not significantly affected (Figure 2A-E). This activation 

included increased phosphorylated IREα (pIREα) and phosphorylated PERK (pPERK) 

levels in RAEC exposed to 20 nm AgNPs with or without a BC (Figures 2A, B, E). In 

addition to activation of the IREα and PERK pathways by 20 nm AgNPs, we also observed 

downstream activation of both phosphorylated JNK (pJNK) and CHOP (Figures 2A, C, E). 

The addition of a BC on the 20 nm AgNPs did not significantly alter the pIREα/IREα or 

pPERK/PERK ratios when normalized to the actin loading controls (Figure 2E). Similarly, 

the 100 nm AgNPs preferentially activated the IREα and PERK pathways while having no 

effect on the ATF6 pathway of ER stress (Figure 2A, B, E). In general, the induction of ER 

stress pathways by 100 nm AgNPs was significantly less than that observed with the 20 nm 

AgNPs. Specifically, the formation of a BC on the 100 nm AgNPs had minimal effect on 

activation of the IREα and PERK pathways when compared to the actin loading control. 

Lastly, there was no significant difference observed for BIP and XBP1 in RAECs exposed to 

AgNPs (20 and 100 nm) with or without a BC (Figure 2D and E).
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Since we observed a significant reduction in cellular uptake of 20 nm AgNPs with the 

addition of a BC (BSA, HDL or FBS) as compared to AgNPs without a BC, we plotted the 

expression of ER stress proteins per μg of AgNP uptake (Figure 3A-D). Taking into 

consideration the dosimetry of AgNPs, we observed a significant increase in pIRE/IRE 

ratios for 20 nm AgNPs with a BSA and HDL BC compared to uncoated AgNPs. Similarly, 

we observed a significant increase in pPERK/PERK in cells exposed to 20 nm AgNPs with a 

BSA, FBS, or HDL BC compared to uncoated AgNPs (Figure 3C). Calculating pJNK per 

AgNP uptake levels indicated a significant increase in expression in RAEC exposed to 

AgNP with a BSA BC (Figure 3B) while CHOP was increased in RAEC exposed to 20 nm 

AgNP with a BSA and FBS BC. However, no significant change in pIRE/IRE or pJNK 

levels were observed for RAEC exposed to 100 nm AgNPs with and without a BC when 

dosimetry was considered.

Oxidative stress does not significantly contribute to the early ER stress response 
following silver nanoparticle exposure in rat aortic endothelial cells

Oxidative stress is reported to play a role in cellular ER stress responses, therefore we 

examined RAECs exposed to AgNPs for increases in reactive oxygen species (ROS) [32]. 

Measuring the conversion of H2DCFDA to 2’,7’-dichlorofluorescein (DCF) indicated there 

was no significant increase in ROS in RAECs following AgNP exposure (Figure 3E). In 

fact, we observed no significant change in the basal level of ROS in RAEC following 

exposure to both 20 and 100 nm AgNPs for 30min (Figure 3E). Further, RAEC treated with 

N-acetylcysteine (NAC) reduced the basal level of ROS, and treatment with AgNPs did not 

further increase ROS (Figure 3F). To further confirm that ROS was not playing a role in ER 

stress responses following RAEC exposure to AgNPs, we measured pIREα/IREα and 

CHOP levels in cells pre-treated with NAC and exposed to 20 nm or 100 nm AgNPs. 

Pretreatment of RAECs with NAC did not affect IRE, pIREα or CHOP levels in RAEC 

exposed to 20 or 100 nm AgNPs suggesting that ROS does not play a significant role in the 

ER stress response observed (Figure 3F).

The biocorona is carried into rat aortic endothelial cells and silver nanoparticles do not 
reach the endoplasmic reticulum

Darkfield images confirm 20 nm AgNPs with or without a BC are internalized by RAEC 

and a reduction in uptake occurs due to the addition of the BCs, qualitatively confirming the 

ICP-MS data (Figure 4A). To evaluate changes in the BC following cellular uptake, 

hyperspectral analysis was performed on the 20 nm AgNPs internalized in RAEC. The 

hyperspectral profiles of AgNPs with or without BCs was compared between non-

internalized and internalized particles to investigate any changes in spectral profile which 

may indicate changes in the BC composition (Figure 4B & S3) [25]. The hyperspectral 

profile of the 20 nm AgNPs without a BC indicated a red shift and broadening of the peak 

after cellular internalization when compared to non-internalized AgNPs. This is likely 

indicative of the association of cellular macromolecules on the surface of 20 nm AgNPs 

during internalization. 20 nm AgNPs with a BSA or FBS BC displayed a similar 

hyperspectral profile both inside and outside of the cell suggesting minimal changes in BC 

composition upon cellular uptake. 20 nm AgNPs with a HDL BC however demonstrated a 

blue-shift in the hyperspectral profile following internalization by RAECs, possibly due to a 
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loss of HDL proteins during or following uptake (Figure 4B). An overlay of the three 

AgNPs with a BC indicated a similar spectral profile following internalization suggesting an 

intracellular normalization of the BC (Supp. Figure 4).

To further determine if the BC is carried into the cell by AgNPs, RAEC were exposed to 20 

nm AgNPs with a fluorescently tagged BSA BC. Using a combination of fluorescent and 

darkfield microscopy, we observed cellular uptake of AgNPs, but more importantly we 

observed intracellular co-localization of fluorescently tagged BSA with the AgNPs in 

RAECs (Figure 5A–D). This demonstrates that the fluorescently tagged BSA remained 

associated with the AgNPs intracellularly (Figure 5D). We next determined the subcellular 

localization of AgNPs in RAEC using transmission electron microscopy (TEM). 

Interestingly, we did not observe either 20 nm or 100 nm AgNPs localized within or near the 

ER (Figure 5E–H). Further, we found that 20 nm AgNPs were localized within 

multivesicular bodies (Figure 5E and F), while the 100 nm AgNPs were found within the 

lysosomal organelle of RAEC (Figure 5G and H) demonstrating different cellular trafficking 

based upon nanoparticle size.

Discussion

In this study we investigated the role of the BC on AgNP induction of ER stress in rat aortic 

endothelial cells. Overall, we observed a differential ER stress response between 20 nm and 

100 nm AgNPs that primarily consisted of activation of the IREα and PERK pathways. 

Further, we found that cellular internalization of AgNPs was significantly reduced by the 

presence of the BC however similar levels of IREα activation were observed suggesting a 

role for the BC in ER stress.

Similar to prior studies on AgNP cellular effects, our results have demonstrated RAEC 

exposed to 20 nm AgNPs resulted in the induction of ER stress through activation of the 

PERK and IREα pathway, which can potentially result in the induction of apoptosis in cells 

[10,11]. Similar to our findings, Huo et al. showed that mice exposed to AgNPs by 

pulmonary instillation had an upregulation in pIREα and pPERK levels in lung tissue [10]. 

Zhang et al. also demonstrated similar results due to exposure to AgNPs in human Chang 

liver cells [11]. Our results indicate similar trends, while also building upon these previous 

findings by examining differences in nanoparticle size on the induction of ER stress as well 

as the influence of the BC. Silver nanoparticles with a size of 20 nm had higher levels of 

IREα compared 100 nm AgNPs. Prior in vitro studies indicate smaller AgNPs ranging from 

5–15 nm were more toxic compared to larger particles likely due to increased surface area 

[33–36]. While there is evidence that AgNPs induce ER stress, the mechanisms involved 

such as oxidative stress, cellular uptake, trafficking, and a role for the BC has not been 

reported.

ER stress has a relation to the redox state of cells for protein folding, therefore an acute 

increase in oxidative stress could lead to the degradation of proteins resulting in the 

induction of an UPR [37]. ENMs have been shown to induce toxicity through the formation 

of reactive oxygen species [33,38], however, in our study, oxidative stress was not 

responsible for AgNP-induced ER stress which was demonstrated by the inability of the 

Persaud et al. Page 10

Ecotoxicol Environ Saf. Author manuscript; available in PMC 2020 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



antioxidant N-acetylcysteine to reduce IREα expression following AgNP exposure. Taken 

together, these findings suggest that AgNP directed ER stress was driven by a mechanism 

other than oxidative stress.

Since oxidative stress was not playing a major role in AgNP induced ER stress responses, 

we investigated two additional possibilities for ER stress induction. First, the BC influences 

cellular uptake of AgNPs leading to ER stress and subsequently, proteins dissociating from 

AgNPs could be modified and transported to the ER resulting in an unfolded protein 

response. An alternative mechanism is AgNPs could possibly be transported to the 

endoplasmic reticulum modifying the protein structure in the organelle resulting in a direct 

ER stress response.

Interestingly, the formation of a BC affected the intracellular accumulation of AgNPs by 

reducing uptake of AgNPs in RAEC. Prior studies have indicated the formation of a BC can 

affect how cells recognize ENMs and reduce cellular adhesion and biological identity, which 

can affect uptake of ENMs [39–41]. The presence of a BC in our study reduced uptake, 

however the BC present on AgNPs induced an equivalent ER stress response to uncoated 

AgNPs as measured by phosphorylation of PERK and IREα. Importantly, when we 

considered cellular dosimetry and examined ER stress responses in relationship to the 

amount of AgNPs taken up by RAEC, we revealed a significant role of the BC in activating 

ER stress pathways. Further, comparison of the 20 nm and 100 nm AgNPs reveals ER stress 

occurs in RAEC primarily with the 20 nm AgNPs which have a much higher surface area as 

compared to the 100 nm AgNPs on a mass basis. These findings suggest that both surface 

area and the BC contribute to ER stress responses in RAEC.

Since there was a decrease in uptake of BC coated AgNPs yet we still observed a significant 

ER stress response, we investigated whether the BC was maintained and carried into cells 

possibly contributing to ER stress. Prior research has demonstrated the biocorona is 

associated with internalized nanoparticles [28,42]. Based on hyperspectral imaging data, a 

BC consisting of BSA or FBS undergoes minimal changes upon internalization, while we 

did observe spectral changes in the HDL BC suggesting the possibility that additional 

proteins are added or replaced within the BC upon cellular uptake. In addition, using BSA as 

a model protein, we demonstrated that BSA is maintained on AgNPs following 

internalization suggesting that these ENMs can carry the protein into the cell.

Lastly, to further define this mechanism, we examined subcellular localization to determine 

whether 20 nm or 100 nm AgNPs reach the ER directly. Our results indicate that 20 nm 

AgNPs are localized in multivesicular bodies and are not trafficked to the ER. Conversely, 

the 100 nm AgNPs were found within lysosomes, did not reach the ER, and did not induce 

an ER stress response. These findings along with our data demonstrating that AgNPs can 

carry a BC into cells at 1hr and the BC is primarily maintained up to 3 hrs as demonstrated 

by hyperspectral analysis suggests that the protein constituents of the BC are likely 

contributing to the ER stress response.

Overall, these findings suggest that the AgNPs do not reach the ER but can carry proteins or 

gain new protein identity upon cellular internalization. Previous work in our lab and others 
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has demonstrated that formation of a BC on AgNPs leads to protein structural changes 

including alterations in the number of α-helices and β-sheets [13]. Moreover Ding et al. 

demonstrated misfolding of ubiquitin on AgNPs and Podila et al. has shown BSA adsorbed 

to carbon nanotubes resulted in changes in α-helices demonstrating significant changes in 

protein structure [18,43]. In addition Wen et al. also demonstrated cytoskeletal protein 

binding to AgNPs resulted in changes in secondary protein structure [44]. In addition, Ag+ 

has been shown to bind to proteins [45], and may stabilize conformational changes in 

protein structure, which cells may recognize as an unfolded protein. Taken together, based 

on our current and previous studies, we anticipate that misfolded proteins transported with 

AgNPs augment an ER stress response compared to pristine AgNPs.

In conclusion, our findings demonstrated a role for BC formation on AgNP induced ER 

stress possibly through the UPR. Further, we demonstrated a nanoparticle size dependency 

on subcellular localization and the induction of ER stress. Importantly, while the presence of 

a BC significantly reduced cellular uptake of AgNPs, ER stress responses remained present 

at much lower AgNP concentrations suggesting a role for the BC in these adverse responses. 

Further, the induction of ER stress appears to be through an indirect mechanism as AgNPs 

do not reach the ER suggesting that proteins in the BC are possibly being released and 

inducing the UPR (Figure 6). Taken together, these findings suggest that ER stress induced 

by AgNPs is dependent upon ENM size, surface area and BC formation. Future studies of 

ENM toxicity should consider the importance of the BC and its effect on cellular dosimetry 

and stress responses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Silver nanoparticle biocorona formation contributes to endoplasmic reticulum 

stress

• Biocorona formation significantly affects cellular dosimetry of silver 

nanoparticles

• Nanoparticle size influences subcellular localization contributing to toxicity

• Biocorona formation should be considered in silver nanoparticle toxicity
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Figure 1: CD spectroscopy of BSA biocorona formed on AgNPs, viability and uptake in RAEC:
(A) Circular dichroism (CD) spectra for pure BSA and BSA incubated with 20 and 100 nm 

AgNPs showed significant decrease in a-helix content with corresponding increase in beta 

sheets and irregular secondary structure content. The raw spectra are shown in the inset. *- 

statistically significant compared to BSA protein, p<0.05, N=3. (B) Viability as measured by 

MTS assay of RAEC exposed to 20 nm AgNPs with or without a BC for 3hrs. (C) RAEC 

were exposed to AgNPs (20 µg/ml) with or without a BC (BSA, HDL or FBS) for 3hrs to 

measure cell uptake. AgNP uptake was quantified using ICP-MS. (A)*- viability statistically 

significant compared control group (B) n.d. – not detected, *-statistically significant 

compared to control, # -statistical significance compared to AgNPs without a biocorona, 

p<0.05 (N=3).
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Figure 2: Western blot analysis of ER stress related proteins:
RAEC were exposed to AgNPs (20 µg/ml) with or without a BC for 3hrs and protein 

expression was measured by Western blot analysis. Densiometric analysis was performed 

using ImageJ comparing 20nm (light gray) and 100nm (dark gray) AgNPs with a BC (BSA-

bovine serum albumin, FBS-fetal bovine serum, HDL-high density lipoprotein). (A) Images 

of pIREα, IREα, pJNK, and actin expression in RAEC exposed to AgNPs with or without a 

BC. (B) Images of BIP, XBP1, and actin expression. (C) Images of pPERK, PERK, ATF6, 

and actin expression. (D) Images of CHOP and actin expression. (E) Densiometric analysis 

of protein expression measured by western blot studies (N=3). *-statistically significant 

compared to control (p<0.05); #-one way ANOVA indicating a statistically significant 

compared to 20nm and 100nm with similar BCs.
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Figure 3: ER stress related protein expression calculated based on AgNP uptake and 
contribution of reactive oxygen species to silver nanoparticle induced ER stress:
RAEC were exposed to AgNP (20 µg/ml) for 3 hrs. (A) Densiometric analysis of pIRE/IRE 

per ug/ml of Ag+ uptake measure by ICP-MS (N=3). (B) Densiometric analysis of pJNK per 

ug/ml of Ag+ uptake measure by ICP-MS (N=3). (C) Densiometric analysis of pPERK/

PERK per ug/ml of Ag+ uptake measure by ICP-MS (N=3). (D) Densiometric analysis of 

CHOP per ug/ml of Ag+ uptake measure by ICP-MS (N=3). Reactive oxygen species levels 

were measured in RAEC by DCF while Western blot analysis was used to investigate the 

induction of ER stress. (E) Reactive oxygen species measurements in RAEC exposed to 

20nm or 100nm AgNPs (20 µg/ml). *statistically significant (p<0.05). (F) Images of protein 

expression measured by Western blot analysis of RAEC pretreated with N-acetylcysteine 

(NAC) and exposed to 20 nm and 100 nm AgNPs for 3hrs. *statistically significant 

compared to cells without NAC pretreatment (p<0.05).

Persaud et al. Page 19

Ecotoxicol Environ Saf. Author manuscript; available in PMC 2020 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4: Darkfield and hyperspectral analysis:
(A) Darkfield images were taken of RAEC exposed to 20nm AgNPs (20 µg/ml) with and 

without a BC. Particles are indicated by bright punctate dots and nucleus in blue (DAPI 

staining). Images indicate an increase in AgNPs without a BC in RAEC. B) Using 

hyperspectral analysis, a minimum of 1000 pixels were analyzed for changes in spectral 

profile of the AgNPs upon internalization. The mean spectral profile of AgNPs (black) were 

compared to AgNPs internalized in cells (red).

Persaud et al. Page 20

Ecotoxicol Environ Saf. Author manuscript; available in PMC 2020 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5: Internalization of AgNPs with a fluorescently tagged biocorona and transmission 
electron microscopy of RAEC internalized AgNPs:
RAECs were exposed to AgNPs (20 µg/ml) for 1h with a bovine serum albumin BC that was 

fluorescently tagged. (A) Darkfield images indicate cellular uptake of AgNPs without a 

biocorona. (B) AgNPs without a fluorescent BSA BC. (C) Darkfield imaging of AgNPs with 

a fluorescent BSA. (D) Co-localization of AgNPs with a fluorescent BSA BC by darkfield 

and fluorescent imaging. RAECs were exposed to 20 nm AgNPs for 3 hrs and cells were 

imaged using TEM. (E,F) 20 nm AgNPs were observed in multi-vesicular bodies. (F) The 

endoplasmic reticulum was labeled with a PDI antibody followed by a gold secondary 

antibody. (G,H) The 100 nm AgNPs were observed in lysosomes.
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Figure 6: Proposed model for the induction of ER stress by AgNPs.
(A) RAECs are exposed to AgNPs with a BC leading to interaction with the cell membrane. 

(B) 20 nm AgNPs localize in multivesicular bodies while 100 nm AgNPs are trafficked to 

the lysosome. (C) The detachment of proteins from AgNP biocorona occurs within the 

multi-vesicular bodies. (D) Proteins, possibly with a modified structure, are transported to 

the endoplasmic reticulum resulting in ER stress through the unfolded protein response.

Persaud et al. Page 22

Ecotoxicol Environ Saf. Author manuscript; available in PMC 2020 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Persaud et al. Page 23

Table 1:
Silver nanoparticle characterization.

Silver nanoparticle hydrodynamic size was measured using dynamic light scattering in DMEM and H2O. Zeta 

potential was measured in H2O for 20nm and 100nm AgNPs with and without a biocrorona.

    H2O DMEM/F12

AgNP
s
(+/−
BC)

Hydrodynam
ic size (d.nm)

Zeta
potenti
al (mV)

PDI Surface
Area
(m2/g)

Hydrodynam
ic size (d.nm)

Surface
Area
(m2/g)

PDI

20 nm 37.4 ± 0.4 −41.0 ± 4.8 0.192±0.037 15.3±0.2 118.87 ± 6.16 15.3±0.2 0.223±0.019

20nm
BSA

68.2 ± 2.8 * −9.6 ±1.1 0.258±0.042 8.4±0.3* 73.97 ± 3.41* 7.7±0.4* 0.206±0.035

20nm
FBS

85.8 ±2.1 * −23.8 ±3.49 0.157±0.002 6.7±0.4* 73.01 ± 1.24* 7.8±0.1* 0.450±0.078

20nm
HDL

35.9 ±3.8 −26.7±1.1 0.204±0.052 16.0±1.8 * 275.97 ±62.20 2.2±0.6* 0.337±0.059

100
nm

122.7 ±1.7 −47.3±3.0 0.077±0.030 4.7±0.1 194.73 ±15.99 4.7±0.1 0.163±0.017

100n
m
BSA

126.1 ±0.8 −11.0±0.2 0.074±0.006 4.5±0.1 157.70 ± 1.47 3.6±0.1 0.175±0.046

100n
m FBS 152.0 ±2.2 

# −17.4±1.3 0.071±0.054 3.8±0.1
175.37 ± 1.62

# 3.3±0.1 0.157±0.029

100n
m
HDL

124.7 ±1.2 −13.8±0.5 0.061±0.013 4.6±0.1 164.57 ±10.91 3.5±0.2 0.131±0.037

*
-statistically significant compared to uncoated 20nm AgNPs.

#
-statistically significant compared to uncoated 100nm AgNPs. (p<0.05, one-way Anova).
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