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1 Introduction 

Silver nanoparticles (AgNPs) are used in a large number of products including textiles, 

cosmetics, bandages, kitchenware, electronics, and medical supplies largely due to their 

antimicrobial properties (Foldbjerg and Autrup 2013; Quadros and Marr 2010). This quality is 

largely attributed to AgNPs tendency to leach silver ions which are detrimental to the integrity of 

the bacterial cell wall (El Badawy et al. 2011; Foldbjerg and Autrup 2013; Quadros and Marr 

2010; Silva et al. 2014). Silver ions have been shown in many studies to also be toxic to human 

and mammalian cells in vitro and in vivo (Ahamed et al. 2008; Beer et al. 2012; Braydich-Stolle 

et al. 2014; Comfort et al. 2014; Dong et al. 2016; Foldbjerg and Autrup 2013; Hussain et al. 

2005; Kovacs et al. 2016; Park et al. 2010; Yoisungnern et al. 2015). The large number of 

products containing AgNPs increases the risk of exposure. One of several ways AgNPs can enter 

the body is through inhalation. To focus on this mode of exposure, A549 human lung 

adenocarcinoma epithelial cells were used in this study (Holder and Marr 2013; Quadros and 

Marr 2010) as 50 nm AgNPs have a 40% disposition efficiency in the alveolar region of the lung 

after inhalation (Quadros and Marr 2010). To combat toxicity, AgNPs are often coated in 

chemicals to facilitate dispersion and prevent ion leakage (Foldbjerg and Autrup 2013; Kvítek et 

al. 2008; Tejamaya et al. 2012). Citrate, polyvinylpyrrolidone (PVP), and branched 

polyethylenimine (BPEI) are some commonly used coatings that have been shown to reduce but 

not mitigate AgNP toxicity (Anderson et al. 2015; Chairuangkitti et al. 2013; El Badawy et al. 

2011; Foldbjerg and Autrup 2013; Huk et al. 2015; Huk et al. 2014; Silva et al. 2014; Suliman et 

al. 2015; Tejamaya et al. 2012; Wang et al. 2014).  

Previous literature has focused on oxidative stress, lipid peroxidation, and cellular 

metabolism as evidence for AgNP cytotoxicity implicating mitochondria as a likely source of the 
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Ag toxicological pathway (Dong et al. 2016; Foldbjerg and Autrup 2013; Hsin et al. 2008; 

Kovacs et al. 2016; Quadros and Marr 2010; Yoisungnern et al. 2015). Treatment with AgNPs 

has shown to lower mitochondrial membrane potential (∆Ψm), increase cellular reactive oxygen 

species (ROS), and decrease mitochondrial function (Chairuangkitti et al. 2013; Costa et al. 

2010; Dong et al. 2016; Kovacs et al. 2016; Suliman et al. 2015; Teodoro et al. 2011; 

Yoisungnern et al. 2015). These results have been largely from indirect mitochondrial assays and 

there have been few direct mitochondrial assessments done (Costa et al. 2010; Teodoro et al. 

2011; Yoisungnern et al. 2015). Mitochondria are complex organelles in which form and 

function are intimately tied. Mitochondria carry out important roles in cells including Ca2+ 

regulation, lipid biosynthesis, ROS maintenance, apoptosis initiation, and cellular metabolism. In 

order for these processes to be carried out, the mitochondria have to regulate their double 

membrane structure as well as undergo dynamic fusion and fission to regulate mitochondrial 

health and to meet the energy demands of the cell. In order to maximize the amount of energy 

produced, the inner membrane has a much greater surface area than the mitochondrial outer 

membrane causing the inner membrane to exist in folds known as cristae. Loss of the cristae 

ultrastructure has been long associated with mitochondrial dysfunction and cellular apoptosis 

(Brookes et al. 2004; Detmer and Chan 2007; Karbowski and Youle 2003; Sun et al. 2007; Zick 

et al. 2009). In order to better understand AgNP effects on mitochondria and the role NP coatings 

play, this study utilized functional as well as structural analysis of these organelles. 

  



3 
Distribution A: Approved for public release  88ABW-2019-2184  6 May 2019 

2 Materials and Methods 

2.1 Cell culture and treatment conditions 

A549 alveolar-like type II lung epithelial cells (American Type Culture Collection, VA, 

USA) were cultured in T75 flasks with RPMI-1670/10% FBS/1% penicillin/streptomycin (p/s) 

cell culture medium (Gibco, Fisher Scientific, USA) and maintained in an incubator at 37°C 

under 5% CO2. Cells were released from flasks using 0.25% Trypsin-EDTA (Invitrogen, USA) 

for 5 min at 37°C and seeded into welled plates for 24 hours. 50 nm BioPure Ag citrate, 50 nm 

BioPure Ag BPEI, and 50 nm NanoXact, dried Ag PVP were purchased from NanoComposix. 1 

mg/ml aqueous AgNP solutions were vortexed for 1 min and used to make 50 µg/ml and 5 µg/ml 

solutions in complete cell culture medium. Prior to exposure the nanoparticle solutions were 

vortexed for 20 sec. Cells were treated with 5 µg/ml and 50 µg/ml 50 nm Ag coated with either 

citrate, PVP, or BPEI for 4 and 24 hours. Control cells included untreated cells cultured with the 

vehicle (5% ddH2O), 50 µg/ml Ag nitrate (Sigma-Aldrich, USA) as an uncoated Ag positive 

control, 4 µM staurosporine (STS, Selleckchem, USA) for 3 hours as a positive control for 

apoptosis, 80 µg/ml antimycin A (overnight, Sigma-Aldrich, USA) as a positive control for 

inhibiting electron transport resulting in mitochondrial fragmentation and loss of ∆Ψm, and 80 

µM mdivi-1 (overnight, Selleckchem, USA) as a positive control for mitochondrial fusion. 

2.2 Nanoparticle characterization 

50 nm AgNPs were dropped onto 200 mesh Cu grids and allowed to dry. Size and shape 

were confirmed with transmission electron microscopy (TEM). Dynamic light scattering (DLS) 

was used to characterize the hydrodynamic diameter and zeta potential of the nanoparticles in 

culture media and ddH2O for 3 independent experiments. 
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2.3 Quantification of NP toxicity 

Flow cytometry was used to measure ∆Ψm, apoptosis, and cell death with Guava EasyCyte 

12HT flow cytometer using the Millipore FlowCellect MitoDamage kit (Millipore Sigma, USA). 

Cells were seeded at 1.5 X 105 cell/ml in a 24 well plate and stained following the protocol per 

the Millipore MitoDamage kit instructions with minor changes. Briefly, the media and cells were 

collected from the welled plate and pelleted in microcentrifuge tubes. The cells were 

resuspended in 60 µl 1X Assay Buffer and mixed with 60 µl MitoDamage working solution. The 

cells were washed once and resuspended in 600 µl 1X Assay buffer. 200 µl of the stained cell 

suspensions were moved to a 96-well U-bottom plate, stained with 3 µl 7-AAD, and placed in 

the flow cytometer. The kit contains MitoSense Red, Annexin V, and 7-AAD to measure 

impaired ∆Ψm, apoptosis, and cell death respectively. One well of untreated cells were lysed with 

1X RIPA lysis buffer (Millipore Sigma, USA) as a gating control. Gates were adjusted using 

untreated, lysed, and damaged ∆Ψm controls in the InCyte software. 3000 events were collected 

from 3 independent experiments each with 2 replicates. 

2.4 Live cell metabolic analysis 

The oxygen consumption rate (OCR) was measured by Seahorse XF96 analyzer in order to 

quantify mitochondrial function. Cells were seeded at 1 X 105 cells/ml in 96 well Seahorse cell 

culture plates. Cells were prepared according to the protocol laid out in the Agilent Mito Stress 

Test kit (Agilent, USA) using 1 µM oligomycin, 1 µM carbonyl cyanide-p-

trifluoromethoxyphenylhydrazone (FCCP), and 0.9 µM rotenone/antimycin A determined after 

optimization. The four main properties of mitochondrial respiration that the Seahorse XF96 

analyzer measures are basal respiration, ATP turnover, proton leak, and maximal respiration. 

Basal respiration is the oxygen consumed by ATP synthase, proton leak, and substrate oxidation. 
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The addition of oligomycin inhibits ATP synthase causing a change in OCR that is proportional 

to the rate of ATP turnover. FCCP is a proton ionophore which allows the mitochondrial inner 

membrane to be permeable to protons causing oxygen to be consumed rapidly. This calculates 

the maximal respiration that can be sustained by the cells. The last injection of rotenone and 

antimycin A inhibits the electron transport chain and shuts down all oxygen consumption 

performed by mitochondria. This determines the non-mitochondrial respiration which is 

subtracted from basal respiration, ATP turnover, proton leak, and maximal respiration. 

Subtracting non-mitochondrial respiration from the OCR after oligomycin injection calculates 

the proportion of basal respiration attributed to proton leak. Proton leak is the oxygen consumed 

by protons crossing the mitochondrial inner membrane without net ATP synthesis. And so, 

mitochondrial function can by analyzed from these parameters. Normalization was done based 

on cell count per well by addition of 2 µg/ml (final well concentration) Hoechst 33342 

(Invitrogen, USA) and automatic cell counting of an image from the center of the well on the 

BioTek Cytation 5 using 4X objective and DAPI filter. Total cell number per well was calculated 

by multiplying cells in image by a factor of 3.71 which is the fold change from area covered by 

cells in each well (10.67 mm2) divided by dimension of image (2.876 mm2). 3 independent 

experiments each with 4 replicates were performed. 

2.5 Semi-quantification of mitochondrial dynamics 

Fluorescent microscopy was used to determine if the silver coatings caused a change in the 

balance of mitochondrial fusion and fission. Cells were seeded at 7.6 X 104 cells/ml on glass 

coverslips in 24-well plates. Cells were stained with 400 nM MitoTracker H2CMXRos 

(Invitrogen, USA) for 1 hour at 37°C then fixed with 4% paraformaldehyde (EMS, USA). After 

permeabilization with 0.2% Triton X-100 (LabChem, USA) and blocking with 1% BSA in PBS 
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(Sigma-Aldrich, USA), cells were stained with 1:1000 Alexa Fluor Phalloidin 488 (Invitrogen, 

USA) and 300 nM DAPI (ThermoFisher, USA). Cover slips were mounted to glass slides with 

ProLong Diamond (Invitrogen, USA) and imaged with PlanApo N 60 X oil objective on 

Olympus Fluoview 1000 confocal microscope (Dolman et al. 2013; Fine-Coulson et al. 2015). 

Laser settings were kept consistent across samples. Mitochondrial elongation and 

interconnectivity were quantified with the ImageJ macro Mitochondria Morphology designed by 

Dagda et al. (2009). Images were collected from 3 independent experiments each with 2 

replicates. At least 40 cells were manually circled for each treatment, the red channel isolated, 

and threshold set with the MaxEntropy selection on ImageJ. The macro measured average 

perimeter, circularity, and area of the mitochondria in the cell. Average circularity defines the 

index of elongation and average area/perimeter ratio defines the index of interconnectivity. 

2.6 Nanoparticle uptake and mitochondrial ultrastructure analysis 

TEM was used to confirm NP uptake of AgNPs and to quantify changes to mitochondrial 

ultrastructure. The procedure for processing cells for TEM was modified from several sources 

(Collet 1979; Gualtieri et al. 2009; Schrand et al. 2010; Sun et al. 2007; Tang et al. 2013; 

Venable and Coggeshall 1965) to optimize visualization of cristae structures. Cells were seeded 

at 1.88 X 105 cells/ml in 6-well plates and grown overnight. Then cells were exposed to AgNPs, 

collected, and fixed overnight with 2.5% glutaraldehyde (EMS, USA) in 0.1 M sodium 

cacodylate buffer (EMS, USA) at 4°C. This was followed by four washes in buffer on ice and 

post-fix with 1% osmium tetroxide (EMS, USA) in 0.1 M sodium cacodylate buffer 

supplemented with 3 µM calcium chloride (Acros Organics, USA) and 0.8% potassium 

ferrocyanide (Acros Organics, USA) for 30 min on ice. Cells were twice washed with buffer 

followed by two water washes on ice. An en bloc stain followed with 1% uranyl acetate (EMS, 
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USA) for 30 min on ice and another four washes with water at room temperature. The cell pellets 

were dehydrated with a graded ethanol series and embedded in LR White resin (EMS, USA). 

Sections were collected on 200 mesh Cu grids and stained with 2% uranyl acetate and 0.4% lead 

citrate (EMS, USA). Images and energy dispersive X-ray spectroscopy were collected on Fei 

Talos F200X TEM and mitochondrial quantification was done using ImageJ of 10 cells per 

treatment which was about 150-200 mitochondria per treatment. 

2.7 Statistics 

One-way ANOVA with a Dunnett’s multiple comparisons test between untreated and treated 

cells and Tukey’s multiple comparisons test within each concentration at 95% confidence 

interval were calculated using GraphPad Prism. 
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3 Results 

3.1 AgNP characterization and uptake 

Nanoparticle toxicity is influenced by many different factors including size, shape, coating, 

and charge (Foldbjerg and Autrup 2013; Quadros and Marr 2010). It is therefore important to 

understand these characteristics of a given nanoparticle treatment before being able to discuss its 

toxicological implications. In order to focus on the impact surface coating has on mitochondrial 

structure and function, three NPs with the same size and shape were chosen. The 50 nm size was 

confirmed by TEM (Figure 1) in which the three different AgNPs were observed to all be 

spherical and composed of silver. The BPEI coating is also visible with TEM. NPs have been 

shown to agglomerate when in cell culture media due to the interaction of the NPs with proteins 

in the media and the charge of the NPs themselves (El Badawy et al. 2011; Foldbjerg and Autrup 

2013; Quadros and Marr 2010). In water, Ag citrate and Ag BPEI were around 50 nm and 60 nm 

respectively while Ag PVP was around 96 nm (Table 1). Dispersion in media changed the 

hydrodynamic size of Ag citrate to 75 nm and Ag BPEI to 150 nm. In water, the zeta potentials 

of Ag citrate, PVP, and BPEI were -40 mV, -10 mV, and 35 mV respectively. However, these 

AgNPs zeta potentials were neutralized to similar charges in cell culture media (Table 1).  

In the cells examined, Ag BPEI was observed in cells at both concentrations and time 

points. Ag citrate was also observed in A549 cells but only at 50 µg/ml. No Ag PVP was 

observed in the cells examined. The majority of AgNPs were located in vesicles in the cytoplasm 

and none were observed in mitochondria (Figure 2). 

3.2 AgNPs effect mitochondrial membrane potential and cell viability 

There is evidence that AgNPs effect ∆Ψm and cell viability (Chairuangkitti et al. 2013; 

Dong et al. 2016; Kovacs et al. 2016; Suliman et al. 2015; Teodoro et al. 2011; Yoisungnern et 
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al. 2015). Flow cytometry was used to determine if citrate, PVP, or BPEI coatings aggravated or 

alleviated these effects. Using MitoSense Red, which loses fluorescence as ∆Ψm decreases, we 

were able to determine that these AgNPs did not lead to an increase in cells with damaged ∆Ψm 

after 4 hour at either the high or low dose (Figure 3B). After 24 hours, 50 µg/ml Ag BPEI 

significantly increased the percentage of cells with damaged ∆Ψm compared to control although 

the effect was small (Figure 3C). The Ag coatings were less toxic than uncoated Ag as treating 

the cells with Ag nitrate did statistically significant damage to ∆Ψm at 24 hours. Ag BPEI was 

slightly more toxic to cell health than citrate or PVP coated Ag as 50 µg/ml Ag BPEI had a small 

but significant increase in the percentage of dead cells compared to the other coatings at both 

time points and compared to untreated after 24 hour. 5 µg/ml Ag BPEI also displayed a 

statistically significant increase in cell death compared to 5 µg/ml Ag citrate after 24 hours. The 

Ag coatings did not cause a statistically significant change to the number of apoptotic cells 

measured by annexin V staining at either time point or concentration. 

3.3 AgNPs do not effect mitochondrial function 

Since the AgNPs caused variable changes in ∆Ψm, we next examined whether AgNPs alter 

mitochondrial function. Live cell metabolic analysis quantifies mitochondrial function in a 

population of cells by measuring oxygen consumption rate. As expected, Ag nitrate caused cells 

to have almost no mitochondrial function as a large proportion of the cells are dead (Figure 4). 

80 µM mdivi-1 caused cells to have a lower basal respiration, ATP turnover, and maximal 

respiration. However, there were no significant differences in mitochondrial function between 

the untreated and AgNP treated cells.  
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3.4 AgNPs cause changes to mitochondrial dynamics 

Fluorescent microscopy was used to measure changes in mitochondrial fusion and fission 

to ascertain whether these toxicological effects corresponded to structural changes. Ag nitrate 

and antimycin A both significantly decreased interconnectivity at both time points and mdivi-1 

and STS significantly decreased interconnectivity after 4 hours (Figure 5). These results are in 

line with findings previously published (Cassidy-Stone et al. 2008; De Vos et al. 2005; Rehman 

et al. 2012). AgNPs coated with citrate, PVP, and BPEI did not significantly affect elongation or 

interconnectivity at either concentration or time point. However, there may be a biological 

significance after 4 hour as Ag BPEI appears to display more interconnectivity compared to Ag 

citrate and PVP at both 5 µg/ml and 50 µg/ml. 

3.5 AgNPs are taken up by lung cells and effect mitochondrial ultrastructure 

A549 cells were examined using TEM to determine if AgNPs cause changes to 

mitochondrial ultrastructure. Five cristae altered morphological states were identified and 

categorized for quantification. Normal mitochondria consist of an outer membrane in close 

conjunction with the inner membrane. This forms two distinct compartments within the 

mitochondrion with the intermembrane space between the outer and inner membrane and 

mitochondrial matrix within the inner membrane. The inner membrane folds forming cristae 

within the matrix which also forms an intra cristae space that is continuous with the inter 

membrane space. Normal mitochondria are defined as having lamellar cristae with little intra-

cristae space (Figure 6A). Normal-vesicular mitochondria have cristae that have started to swell 

(Figure 6B). Vesicular mitochondria have vesicle-like cristae (Figure 6C). Vesicular-swollen 

mitochondria have vesicle-like cristae with a portion of the mitochondrion haven lost cristae 

structure (Figure 6D). Swollen mitochondria have lost almost or all cristae structure (Figure 6E). 
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Normal-swollen mitochondria have lamellar cristae but unlike normal mitochondria, these also 

have a portion of the organelle that has swollen (Figure 6F). Cells treated with 50 µg/ml Ag 

nitrate had lost almost all cellular structure and do not contain any structures that can be defined 

as mitochondria (Figure 6G). 

After 4 hours of treatment with AgNPs, all coatings and concentrations had a significantly 

decreased number of normal mitochondria compared to untreated cells (Figure 7A). 5 µg/ml Ag 

BPEI and 50 µg/ml Ag PVP had significantly more normal-vesicular mitochondria than 

untreated cells. All NPs (with the exception of 50 µg/ml Ag PVP) had significantly more 

vesicular mitochondria than untreated cells and 5 µg/ml Ag BPEI treated cells had significantly 

more than Ag citrate or PVP at the same concentration. 5 µg/ml Ag citrate, 5 µg/ml Ag PVP, 50 

µg/ml Ag PVP, and 50 µg/ml Ag BPEI had significantly more swollen mitochondria than 

untreated cells. 5 µg/ml Ag BPEI had significantly less swollen mitochondria than the other 

AgNPs at the same concentration and time point.  

After cells have been treated for 24 hours, the NP treated cells did not have significantly 

different percentages of normal mitochondria than untreated cells (Figure 7B). However, 50 

µg/ml Ag PVP had significantly more normal-vesicular mitochondria compared to untreated 

cells or other AgNPs at that concentration and 50 µg/ml Ag BPEI had significantly more swollen 

mitochondria compared to untreated cells or 50 µg/ml Ag PVP.  

In addition to changes to cristae structure, mitochondrial area was also quantified from the 

TEM images. After 4 hour, 5 µg/ml Ag BPEI and 50 µg/ml Ag citrate caused mitochondria to 

have a significantly greater area compared to untreated cells or to the other Ag coatings within 

the same concentration (Figure 8A). After 24 hour, 5 µg/ml citrate and PVP, 50 µg/ml citrate and 
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BPEI had significantly greater mitochondrial area than untreated cells (Figure 8B). 50 µg/ml Ag 

BPEI was also significantly greater than 50 µg/ml Ag PVP. 
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4 Discussion 

The heterogeneity of nanoparticle physiochemical characteristics and testing 

methodology makes NP toxicity assessment and cross-referencing challenging. Based on 

previous literature, we hypothesized that Ag BPEI would be the most toxic due to its positive 

charge as compared to Ag citrate (negatively charged) or Ag PVP (neutral) (Anderson et al. 

2015; El Badawy et al. 2011; Huk et al. 2015; Silva et al. 2014; Wang et al. 2014). AgNPs size 

was held constant across the different chemical compositions tested to eliminate size as an 

experimental variable of toxicity. As expected, Ag citrate, PVP, and BPEI had slightly different 

hydrodynamic sizes in cell culture media, likely due to protein fouling dependent on surface 

charge, yet all had a similar zeta potential (El Badawy et al. 2011). As such, any effects observed 

can be attributed to the type of coating on the silver. 

Initial observations suggest there are differences between these three coatings. Ag BPEI 

enters A549 cells more easily as it was observed in cells at the lower concentration. Ag citrate 

was seen in cells at the higher concentration at both time points but Ag PVP was not observed in 

any of the 10 cells imaged. Ag PVP might be ionized outside the cell in these conditions but 

these general observations would need to be quantified and confirmed with other methods such 

as ICP-MS. The difference in uptake does suggest a variable toxicological response to these 

differently coated AgNPs. 

BPEI caused a change in ∆Ψm after 24 hours at the higher concentration of 50 µg/ml 

while Ag citrate and Ag PVP did not affect viability or ∆Ψm. This supports our hypothesis and is 

in line with previous studies as Ag BPEI decreased bacteria viability more than Ag citrate and 

Ag PVP (El Badawy et al. 2011; Silva et al. 2014). Other studies have found Ag citrate and Ag 

PVP to effect ∆Ψm and cell viability, however the differences in NP size and testing conditions 
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can greatly influence NP toxicity. For example, a mixture of 40-90 nm Ag PVP did not 

significantly decrease ∆Ψm at concentrations lower than 50 µg/ml after 24 hours (Chairuangkitti 

et al. 2013) and only significantly decreased viability to 80% in A549 cells (Chairuangkitti et al. 

2013; Suliman et al. 2015). 10 nm Ag citrate significantly decreased relative growth of TK6 cells 

after 24 hours at concentrations greater than 4 µg/ml (Huk et al. 2015), but that is not surprising 

considering smaller NPs are more toxic (Huk et al. 2014; Kovacs et al. 2016). While 50 nm Ag 

BPEI causes significantly more cell death at 24 hours compared to untreated cells, it is less than 

Ag nitrate, which supports coated Ag being less toxic (Braydich-Stolle et al. 2014; Comfort et al. 

2014). Interestingly, 50 nm AgNPs coated with citrate, PVP, or BPEI did not induce apoptosis at 

these time points or concentrations in these cells. Other studies found that 50 µg/ml 40-80 nm Ag 

PVP significantly increased caspase-3 and caspase-9 activity (markers of apoptosis) in A549 

cells after 24 hours (Suliman et al. 2015) and 5 and 35 nm Ag citrate significantly increased 

caspase-3 cleavage and annexin V staining in osteosarcoma cells after 24 hours (Kovacs et al. 

2016). The AgNPs from these previous studies are probably more toxic due to the smaller size 

resulting in more apoptotic activity, loss of ∆Ψm, and cell viability. 

The change to ∆Ψm would suggest Ag BPEI would cause a change to mitochondrial 

function as well. However, live cell metabolic analysis measurements detected no significant 

differences between untreated cells and those exposed to coated AgNPs. This would seem to be 

in opposition to previous results in which 40 nm and 80 nm AgNPs caused a significant decrease 

in basal respiration at 2 and 5 ug/mg protein in isolated rat liver mitochondria (Teodoro et al. 

2011). However, the results of the previous and current study cannot really be compared since 

the conditions to keep isolated mitochondria stable are different than the cellular environment 

and this confers different properties to NPs effecting the toxicity. Live cell metabolic analysis 
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using Seahorse XF is a relatively new technology and has only recently been used with 

nanoparticles (Chi et al. 2013; Lindeque et al. 2018; Lu et al. 2015; Tucci et al. 2013; Wang et al. 

2015; Zhou et al. 2014). The assay has been greatly optimized in the last 10 years, so some of the 

earlier papers did not set the assay up properly or normalize the data to either protein 

concentration, mitochondrial content, or cell number (Chi et al. 2013; Lu et al. 2015; Tucci et al. 

2013; Wang et al. 2015). However, significant differences in mitochondrial function were 

observed between untreated cells and human breast cancer cells treated with gold nanorods 

(Zhou et al. 2014), irradiated A549 cells treated with iron oxide nanoparticles (Hauser et al. 

2016), and HepG2 cells treated with citrate or PVP coated gold nanoparticles (Lindeque et al. 

2018). The fact that the current study did not detect any functional changes is probably due to Ag 

BPEI only causing a small significant increase in the number of cells with damaged ∆Ψm. The 

flow cytometer reads ∆Ψm on a cell by cell basis so the small percentage of cells with damaged 

mitochondrial function could be diluted in the OCR measurement from a population of cells. 

Live cell metabolic analysis does have its advantages as it can measure changes to respiration in 

whole cells, however it is probably better utilized with more toxic treatments. 

The difference in ∆Ψm suggests that mitochondrial structure could be effected in these 

cells even though mitochondrial function was not affected by these AgNPs. One aspect of 

mitochondrial structure involves the dynamic nature of the mitochondrial network within the 

cell. Mitochondrial dynamics are dependent on the organelles’ ability to undergo fusion and 

fission and are important to normal cell function. Fusion is required for the maintenance of 

mtDNA and can protect cells from stress such as starvation (Rambold et al. 2011) by allowing 

cells to maximize ATP production. Fission is necessary during cell division to sequester 

mitochondria into the new cell and is a prerequisite for mitophagy and the mitochondrial directed 
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apoptosis. An imbalance in mitochondrial dynamics leads to excessive fragmentation or 

tubulation of the mitochondrial network (Brookes et al. 2004; Detmer and Chan 2007; 

Karbowski and Youle 2003; Zick et al. 2009). The data suggests that these AgNPs do not effect 

mitochondrial dynamics as Ag citrate, PVP, and BPEI do not cause a significant change to 

elongation or interconnectivity. However there is another possible explanation. Meyer et al. 

(2017) looked at mitochondrial fusion and fission responses to toxicological insults and proposed 

that a mild toxic response would cause both fusion and fission to increase which would manifest 

in some assays as no change to mitochondrial dynamics. Ag citrate, PVP, and BPEI could be 

causing a mild toxic response since there was no significant increase to either fusion or fission 

detected with the current assay but the AgNPs had an effect on ∆Ψm and viability.  

If the AgNPs are initiating a mild toxic response, then it would follow that the AgNPs 

could cause mitochondrial ultrastructural changes. Sun et al. (2007) measured similar cristae 

structures after the induction of apoptosis with etoposide in HeLa cells. The authors also tracked 

cytochrome c release and ∆Ψm in cells with the observed cristae types. Normal mitochondria 

contained cytochrome c and maintained ∆Ψm. As apoptosis progressed, cytochrome c was 

released, ∆Ψm was maintained, and more mitochondria contained vesicular cristae (Sun et al. 

2007). Our data showed that AgNPs caused a significant increase in vesicular cristae without 

changing ∆Ψm. Sun et al. (2007) also showed the percentage of mitochondria with swollen 

cristae increased once the mitochondria lost ∆Ψm. From this we can conclude that these AgNPs 

cause a toxic effect on mitochondria as all coatings significantly increased the number of 

mitochondria with swollen and vesicular cristae after 4 hours. Even though Ag BPEI did not 

significantly increase swollen mitochondria compared to the other coatings at 4 hours, it is still 

categorized as the most toxic as it does significantly increase swollen mitochondria at 50 µg/ml 
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after 24 hours which coincides with the damage to ∆Ψm. Ag citrate and Ag PVP similarly 

effected ultrastructure at 4 hours but by 24 hours, 50 µg/ml Ag PVP caused a significant increase 

to the number of normal-vesicular mitochondria compared to the other coatings suggesting there 

are slight differences between the positive and neutral coatings. While all three AgNPs caused a 

decrease in normal mitochondria at 4 hours at both low and high concentrations, this was no 

longer observed at 24 hours. The increase in both fusion and fission probably altered the cristae 

structure in cells treated with AgNPs (Detmer and Chan 2007; Zick et al. 2009) but since this 

was a mild toxic response, the 4 hour mitochondrial defects were corrected by 24 hours. 5 µg/ml 

Ag BPEI and 50 µg/ml Ag citrate also increased mitochondrial area after 4 hours which is often 

associated with mitochondrial stress (Chami et al. 2008; Schneeberger et al. 2013; Xu et al. 

2011) further supporting the two coatings are more toxic than Ag PVP. These ultrastructural 

changes were not caused by apoptosis as no significant changes were observed by annexin V 

staining even though similar structures have been reported after the activation of apoptosis (Sun 

et al. 2007).  

To conclude, Ag citrate, PVP, and BPEI are less toxic then uncoated Ag. We were unable 

to reject our hypothesis stating Ag BPEI is the most toxic of the three coatings followed by Ag 

citrate then Ag PVP. Ag BPEI increased cell death, decreased ∆Ψm, and caused an increase in the 

number of swollen mitochondria. Ag citrate and Ag PVP have similar toxic profiles but since Ag 

citrate effected mitochondrial area at 4 hours it is the more toxic of the two coatings. We also 

speculate that Ag citrate and Ag PVP might have different mechanisms for the induction of NP 

toxicity. Based on mitochondrial functional and structural analysis, these AgNPs do not induce 

apoptosis, but do cause structural changes due to their mild toxicity in A549 cells at 5 µg/ml and 

50 µg/ml after 4 hours and 24 hours. 
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Figure 1. Nanoparticles were confirmed to be 50 nm spherical silver. Representative TEM 
images of citrate coated silver, PVP coated silver, and BPEI coated silver NPs. Below each TEM 
image is the corresponding energy dispersive x-ray spectroscopy confirming the NPs are Ag. 
Scale bar = 50 nm 

 

  

Table 1. Hydrodynamic sizes and zeta potential of silver nanoparticles dispersed in water and in 
cell culture media. Data displayed are mean of n=3 independent experiments ± SEM 
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Figure 2. Representative TEM images of cells containing AgNPs. 11,000 X magnification with 
scale bar = 1 µm. Black arrow points to confirmed AgNPs. CV=control+vehicle, N=50 µg/ml Ag 
nitrate, M=80 µM mdivi-1, and S=4 µM staurosporine 
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Figure 3. Effects of AgNP coatings on mitochondrial membrane potential and viability. A) 
Representative images of negative and positive control gating procedure. Untreated cells used as 
negative control, 1X RIPA buffer for dead positive control, and antimycin A for damaged 
mitochondrial membrane potential positive control.  B) Percentage of total cells with damaged 
∆Ψm, dead, and apoptotic after 4 hours of exposure with 5 µg/ml and 50 µg/ml AgNPs and C) 24 
hours exposure with 5 µg/ml and 50 µg/ml AgNPs. Bar graphs display mean of n=3 independent 
experiments with SEM. One way ANOVA with multiple comparison tests with * p<0.05 
compared to control+vehicle using Dunnetts and # p<0.05 compared within concentration using 
Tukey. CV=control+vehicle, N=50 µg/ml Ag nitrate, A=80 µg/ml antimycin A, M=80 µM 
mdivi-1, S=4 µM staurosporine, C=Ag citrate, P=Ag PVP, B=Ag BPEI 
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Figure 4. AgNPs impact on mitochondrial respiration. A) Basal oxygen consumption rate (OCR) 
levels. B) OCR caused by proton leak. C) OCR contributed to ATP production. D) The maximal 
respiration the mitochondria can achieve. Each well normalized by cell count and displayed as 
OCR/pmol/min/1,000 cells. Data displayed is an average of n=3 independent experiments each 
with 4 replicates. One way ANOVA with multiple comparison tests with * p<0.05 compared to 
control+vehicle using Dunnetts and # p<0.05 compared within concentration using Tukey. 
CV=control+vehicle, N=50 µg/ml Ag nitrate, M=80 µM mdivi-1, S=4 µM staurosporine, C=Ag 
citrate, P=Ag PVP, B=Ag BPEI 
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Figure 5. AgNPs do not cause changes to mitochondrial elongation and interconnectivity. 
Representative fluorescent images of A) 4 hour and 24 hour treatments at 60X magnification. 
Scale bar = 50 µm. B) Mitochondria elongation measured by the average circularity of 
mitochondria per cell and mitochondria interconnectivity measured by average area/average 
perimeter of mitochondria per cell for 4 hours and 24 hours. Mitochondria from at least 40 cells 
per treatment were measured. Bar graphs display mean of n=3 independent experiments with 
SEM. One way ANOVA with multiple comparison tests with * p<0.05 compared to 
control+vehicle using Dunnetts and # p<0.05 compared within concentration using Tukey. 
CV=control+vehicle, N=50 µg/ml Ag nitrate, A=80 µg/ml antimycin A, M=80 µM mdivi-1, S=4 
µM staurosporine, C=Ag citrate, P=Ag PVP, B=Ag BPEI 
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Figure 6. AgNPs effect mitochondrial ultrastructure. Representative TEM images of 
mitochondria in each cristae category. Examples of A) normal mitochondria with normal cristae, 
B) normal-vesicular cristae, C) vesicular cristae, D) vesicular-swollen cristae, E) swollen 
mitochondria with no discernable cristae, and F) normal-swollen cristae. G) 50 µg/ml Ag nitrate 
caused there to be no identifiable cellular structures and the mitochondria was categorized as 
degraded. 
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Figure 7. AgNPs effect mitochondrial ultrastructure. A) Percentage of total mitochondria within 
each cristae category after 4 hours and B) 24 hours. Data displayed is mean of total mitochondria 
from 10 cells analyzed per treatment with SEM. One way ANOVA with multiple comparison 
tests with * p<0.05 compared to control+vehicle using Dunnetts and # p<0.05 compared within 
concentration using Tukey. CV=control+vehicle, M=80 µM mdivi-1, S=4 µM staurosporine, 
C=Ag citrate, P=Ag PVP, B=Ag BPEI 

 

Figure 8. AgNPs effect mitochondrial area. Mitochondria with a roundness value ≥0.55 µm2 
were quantified as cross sections. Bar graphs display mean area of 150-200 mitochondria in 
cross section per treatment with SEM. One way ANOVA with multiple comparison tests with * 
p<0.05 compared to control+vehicle using Dunnetts and # p<0.05 compared within 
concentration using Tukey. CV=control+vehicle, M=80 µM mdivi-1, S=4 µM staurosporine, 
C=Ag citrate, P=Ag PVP, B=Ag BPEI 
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