
Cellular uptake and toxicity effects of silver
nanoparticles in mammalian kidney cells

Mirta Milića, Gerd Leitingerb,c, Ivan Pavičića, Maja Zebić Avdičevićd,
Slaven Dobrovićd, Walter Goesslere and Ivana Vinković Vrčeka*

ABSTRACT: The rapid progress and early commercial acceptance of silver-based nanomaterials is owed to their biocidal
activity. Besides embracing the antimicrobial potential of silver nanoparticles (AgNPs), it is imperative to give special atten-
tion to the potential adverse health effects of nanoparticles owing to prolonged exposure. Here, we report a detailed study
on the in vitro interactions of citrate-coated AgNPs with porcine kidney (Pk15) cells. As uncertainty remains whether
biological/cellular responses to AgNPs are solely as a result of the release of silver ions or whether the AgNPs themselves
have toxic effects, we investigated the effects of Ag+ on Pk15 cells for comparison. Next, we investigated the cellular uptake
of both AgNPs and Ag+ in Pk15 cells at various concentrations applied. The detected Ag contents in cells exposed to 50mg l�1

AgNPs and 50mg l�1 Ag+ were 209 and 25μg of Ag per 106 cells, respectively. Transmission electron microscopy (TEM)
images indicated that the Pk15 cells internalized AgNPs by endocytosis. Both forms of silver, nano and ionic, decreased
the number of viable Pk15 cells after 24 h in a dose-dependent manner. In spite of a significant uptake into the cells, AgNPs
had only insignificant toxicity at concentrations lower than 25mg l�1, whereas Ag+ exhibited a significant decrease in cell
viability at one-fifth of this concentration. The Comet assay suggested that a rather high concentration of AgNP (above
25mg l�1) is able to induce genotoxicity in Pk15 cells. Further studies must seek deeper understanding of AgNP behavior
in biological media and their interactions with cellular membranes. Copyright © 2014 John Wiley & Sons, Ltd.

Additional supporting information may be found in the online version of this article at the publisher’s web-site.
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Introduction

The nanoscience revolution that sprouted throughout the 1990s

is becoming a part of our daily life in the form of cosmetics, food

packaging, drug delivery systems, therapeutics, biosensors and

many others (Nanotechnology Consumer Product Inventory,

2007; Walker and Parsons, 2012). Nanosilver is one of the most

commonly used nanomaterials (NMs) with focus on its biocidal

activity (Nanotechnology Consumer Product Inventory, 2007;

Benn and Westerhoff, 2008; Walker and Parsons, 2012). It is com-

monly used as a coating or embedding agent for medical pur-

poses: for wound dressings, surgical instruments, implants and

bone prostheses (Trop et al., 2006; Cohen et al., 2007). Nanosilver

coatings are also used for manufacturing odor-resistant textiles

(Vigneshwaran et al., 2007; Benn and Westerhoff, 2008).

Furthermore, nanosilver is marketed as deodorants, room

sprays, water cleaners, laundry detergents, in food packaging

and wall paints (Lee et al., 2007; Zhang and Sun, 2007). The

increasing use of nanosilver-containing products poses toxico-

logical and environmental issues which need to be addressed.

The environmental impact of NMs is expected to increase

substantially in the future. In spite of numerous and extensive

reports on the potential applications and benefits of AgNPs,

there is a lack of information concerning the health implica-

tions of exposure during manufacturing and handling

processes as well as during household applications of

nanosilver-based materials.

Recent studies suggested that NMs could easily enter into the

human body (AshaRani et al., 2009; Dziendzikowska et al., 2012;

Walker and Parsons, 2012; Wang et al., 2012). Because of their

nano-scale dimension – NPs are of a similar size to typical cellu-

lar components and proteins – NPs may bypass natural

mechanical barriers, possibly leading to adverse tissue reactions

(De Lima et al., 2012). As a result, the particles might be taken up

into cells. Generally, NPs of different physical and chemical

properties may enter the cells by different mechanisms, such

as phagocytosis, macropinocytosis, endocytosis, or directly by

so-called adhesive interactions (Brandenberger et al., 2010). A

large specific surface area is one of the important properties

of the cytotoxic activity of nanoparticles (Rabolli et al., 2011;

Fraga et al., 2013). However, even although NPs display a
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certain size after synthesis, they might aggregate into different

shapes and sizes during the in vitro and in vivo studies. In

contrast, partial oxidation of AgNPs may lead to the slow

release of Ag+ (Lok et al., 2007; Liu and Hurt, 2010), which is

known as one of the most toxic forms of this heavy metal.

In order to understand and interpret the exact cellular

influences of NPs, a thorough characterization of individual

nanoparticles is necessary. Whether or not metallic NPs will be

modified in vitro depends on the pH, ionic strength, thermody-

namic feasibility, concentration of the species, kinetic facility of

electron transfers and also redox conditions of the biological

media (Schoonen et al., 2006). The oxidation or reduction

processes can lead to the release of ions in solution but redox

reactions can also occur at the surface of NPs leading to a

change in the crystalline nature. Both of these phenomena can

occur separately or simultaneously. The driving force for

dissolution depends on the metal solubility within a given

environment as well as the concentration gradient between

the particle surface and the bulk solution phase (Liu and Hurt,

2010). Dissolution may be a critical step in determining the fate

of some metallic NPs in the environment and within the organ-

isms. As such, a careful assessment of the physicochemical

properties of the NPs at the time that they are initially adminis-

tered should be carried out as a part of any complete

nanotoxicology study.

In spite of the rapid increase in manufacture and utilization of

AgNP, the potential for adverse health effects owing to

prolonged exposure at various concentration levels in living

organisms and the environment has not yet been established.

The in vitro toxicity of AgNPs has been evaluated in a wide range

of studies but there is still a lack of consistent and reliable data.

There is thus a requirement of more research coherence for

obtaining meaningful data. Here, we made an effort to under-

stand in vitro nanotoxicity by studying the effect of highly

purified and well-characterized citrate-coated AgNPs on porcine

kidney (Pk15) cells. The selection of cell types representing the

target tissue is distinctively important. It has been shown that

AgNPs, upon reaching the blood circulation, can be further

distributed to other organs, or become metabolized in the liver

and kidney (Walker and Parsons, 2012). The normal tissue turn-

over in these organs is very slow, so any silver that may be

deposited therein is likely to persist for long periods. In the

investigation of subchronic AgNP toxicity in Sprague–Dawley

rats, Kim et al. (2008) have shown liver damages by histopatho-

logical evaluation but no significant function or histopathologic

changes in kidneys. Therefore, the Pk15 cell line was selected as

representative of normal mammalian kidney cells. For toxicity

evaluations, Pk15 cell viability and DNA damage were assessed

under exposed conditions. Next we investigated the cellular

uptake and intracellular localization of AgNPs. Particular atten-

tion was also given to the properties and stability of the AgNPs

in a cell growth medium by analysis of agglomeration and the

released Ag+ fraction.

Materials and Methods

Chemicals

(3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT)

and Bradford solution were from Sigma Chemical Company

(St. Louis, MO, USA). Roswell Park Memorial Institute (RPMI)-1640

Medium, fetal bovine serum (FBS) and penicillin–streptomycin so-

lution were purchased from Invitrogen (Carlsbad, CA, USA).

Nicotinamide adenine dinucleotide phosphate disodium salt

(NADP+) and nicotinamide adenine dinucleotide phosphate-

reduced tetrasodium salt (NADPH) were from Merck (Darmstadt,

Germany). The plastic and glassware used for chemical analysis

and cell culturing were from Sarstedt (Belgium). Osmium tetroxide

was purchased from Agar Scientific (Stansted, UK) and TAAB

epoxy resin (medium hard) from Aldermaston (Berkshire, UK).

All other analytical grade chemicals were obtained from Sigma

(St. Louis) and Merck (Darmstadt, Germany) chemical companies.

All dilutions were made with ultrapure water (18.2 MΩcm),

obtained from a GenPure UltraPure water system (GenPure UV;

TKA Wasseraufbereitungssysteme GmbH, Niederelbert, Germany).

Synthesis and Stability Evaluation of AgNPs

Citrate-coated AgNPs were synthesized according to the

method described by Lee and Meisel (1982). Briefly, a sample

of silver nitrate (0.045 g) was suspended in ultrapure water

(250ml, 45 °C) and heated to boiling under rapid stirring. Imme-

diately after boiling commenced, 5ml of 1% sodium citrate was

added rapidly. The solution was kept at 80 °C for 90min with

continuous stirring. In order to prepare purified and stable

AgNPs, the freshly prepared NP suspensions were washed twice

immediately after synthesis with ultrapure water (UPW) using

centrifugation at 15790 g for 20min. The washed AgNPs were

resuspended in UPW using ultrasound, and stored in the dark

at 4 °C until use. By removing chemicals from the AgNP suspen-

sion, the ionic strength of the solution was decreased, leading to

an increase in the thickness of the electrical double layer on the

surface of the AgNPs (Cañamares et al., 2008). Therefore, the

washed AgNPs were stable in UPW for months (Cañamares et al.,

2008). Total silver concentrations in AgNP colloidal suspensions

were determined in acidified solutions (10% HNO3) using an

Agilent Technologies 7500cx inductively coupled plasma mass

spectrometer (ICPMS) (Agilent, Waldbronn, Germany). Prior to

the ICPMS measurements, the AgNP suspensions were digested

with HNO3 in closed-vessels with the UltraCLAVE IV Milestone di-

gestion device (MLS GmbH Mikrowellen-Laborsysteme, Leutkirch,

Germany). A silver standard solution (1000mg l�1 in 5% HNO3)

from Merck was used for calibration.

The formation of nano-sized silver particles was verified by the

presence of a Surface Plasmon Resonance (SPR) peak measured

using a UV-Vis spectrophotometer (CARY 300; Varian Inc.,

Sydney, Australia). AgNPs were characterized at two different

concentrations (1 and 10mg l�1) under different experimental

conditions, i.e. in UPW and in cell-free culture medium (CCM).

The aim was to ascertain whether there is a time-dependent

agglomeration of NPs after various incubation times and in

different suspensions, as agglomerated NPs have different

properties from those in monodisperse form.

The size and charge of AgNPs were measured using Zetasizer

Nano ZS (Malvern, UK) equipped with green laser (532 nm). The

intensity of scattered light was detected at the angle of 173°. All

measurements were conducted at 25 °C. The data processing

was done by Zetasizer software 6.32 (Malvern instruments). Re-

sults are reported as an average value of 10 measurements

and the size distributions are reported as volume distributions

(Supporting Information, Fig. S1). The charge of AgNPs was
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evaluated by measuring the electrophoretic ζ-potential of

AgNPs. Results are reported as an average value of five measure-

ments. In addition, synthesized and purified AgNPs were visual-

ized using a transmission electron microscope (TEM; Zeiss 902A).

The microscope was operated in bright field mode at an acceler-

ation voltage of 80 kV. Images were recorded with Canon

PowerShot S50 camera attached to the microscope. TEM sam-

ples were prepared by depositing a drop of the sample suspen-

sion on a formavar-coated copper grid. Samples were air-dried

at room temperature.

The possible silver dissolution in UPW and CCM was deter-

mined by tracking the appearance of dissolved silver ions using

the Orion 9616BNWP Sure-Flow™ Combination Silver/Sulfide

Electrode (Thermo Scientific, Waltham, USA) connected to a Seven

Easy ISE meter (Mettler-Toledo, Greifensee, Switzerland) over 24h.

The electrode was preconditioned before each experiment by

immersion in a solution containing 0.01mol l�1 Ag+ for 3 h. Silver

stock solutions were prepared in UPW from reagent grade silver

nitrate without further purification. Four calibration standards that

bracket the expected sample concentration were prepared from a

10mg l�1 silver standard. Linear calibration was obtained over the

whole range with a slope of 59.3mV/log [Ag+]. For measurements

in AgNP suspensions, dilutions of the original suspension

(2.8mmol l�1 Ag) were prepared in the range 1:10 to 1:100.

Concentrations of Ag+ were calculated from the obtained poten-

tial using the linear calibration line.

Cell Culture and Treatment Protocols

Pk15 cells were maintained in RPMI medium, supplemented

with 10% (v/v) FBS, 20 IUml�1 penicillin and 20mg l�1 strepto-

mycin. The cells were seeded in 6-, 12- or 96-well plates or

cultured flasks and maintained at 37 °C in a humidified

atmosphere of 5% CO2 in air. The medium was replaced every

2–3 days. Upon reaching 70% adherent confluence, the cells

were treated with a range of concentrations of AgNPs.

In each experiment, stock AgNP suspensions were sonicated

and freshly diluted to appropriate concentrations in the cell

medium. In addition, cells were exposed to several different

concentrations of Ag+ (in the form of AgNO3) in order to

evaluate the contribution of Ag+ to the toxicity of AgNPs.

Control cells without treatment were performed for each analy-

sis. At the end of the exposure period, the toxicity end points

were evaluated in the control and exposed cells.

Uptake of AgNP

The uptake of AgNPs to Pk15 cells was examined by inductively

coupled plasma mass spectrometry (ICPMS) and visualized by

TEM. The cells were seeded in six-well tissue culture plates (at

a density of 2 × 106 cells per ml growth medium/well) and

exposed to an ionic or nanoparticulate form of silver. Control

cells were incubated with ultrapure water (added in the amount

which corresponds to volumes of AgNP or Ag+ stock suspen-

sions added to the cell medium) and in normal cell medium

(RPMI supplemented with 10% FBS and antibiotics). After a treat-

ment period of 24 h, the medium was removed and the adher-

ent cells were washed several times with phosphate-buffered

saline (PBS) solution, and then detached from the culture plates

by adding 1ml of 0.25% enzyme trypsin for 3min at 37 °C. Sub-

sequently, the cells were washed with PBS (pH 7.4) and collected

for ICPMS and TEM analyzes.

In the case of ICPMS quantification of total Ag absorbed by

the cells, the cells were centrifuged at 1500 g for 10min at 4 °C,

and cell number was counted. The harvested cells were digested

in closed-vessels with the UltraCLAVE IV Milestone digestion

device (MLS GmbH Mikrowellen-Laborsysteme, Leutkirch,

Germany) with a modified US EPA method 3052. Briefly, 5-ml

concentrated HNO3 was added into the obtained buffer phase

and the mixture was irradiated at 120 °C (800W) for 10min,

followed by 180 °C (1600W) for 30min. After digestion, samples

were diluted with water to 50ml and stored at 4 °C for further

analysis. The uptake of Ag+ or AgNP by cells was quantified by

measuring the total Ag contents in the digested samples using

an Agilent Technologies 7500cx ICPMS (Agilent). A silver

standard solution (1000mg l�1 in 5% HNO3) from Merck was

used for calibration.

In order to visualize AgNPs inside the Pk15 cells by TEM, the

specimens were fixed in 2.5% glutaraldehyde in 0.1mol l�1

sodium phosphate buffer, pH 7.4. After rinsing in the same

buffer, the specimens were post fixed in 2% osmium tetraoxide

in the same buffer for 30min. All the specimens were then

dehydrated in a series of graded alcohols, and embedded in

TAAB embedding resin (TAAB, Aldermaston, UK). After section-

ing on a Leica UC6 ultramicrotome (Leica Microsystems, Vienna,

Austria) using a Diatome diamond knife (Ultra 45; Diatome, Biel,

Switzerland), they were contrasted using uranyl acetate and lead

citrate.

Images were made at 120 kV FEI Tecnai G2 20 TEM (FEI

Europe B.V., Eindhoven, The Netherlands), for bright field a

Gatan Ultrascan 1000 CCTV camera was used whereas for

TEM, a High Angle Annular Darkfield (HAADF detector) was

used. Scanning transmission electron microscopy (STEM) was

done with the same microscope, using a high angle annular

dark field detector. Acceleration voltage was 120 kV. X-ray

spectroscopy was performed with an EDAX Silicium type ultra-

thin unit (SUTW) Detector.

A control protocol in which the osmium tetroxide step was

omitted to detect the possible loss of AgNPs during osmium

tetraoxide treatment (Leitinger et al., 2000) showed that AgNPs

were present in the sections regardless of the treatment with

osmium tetraoxide.

Cell Viability Assays

Cell viability was determined by the MTT assay (Mosmann, 1983)

based on the cleavage of the tetrazolium salt by metabolically

active cells to form a water-insoluble formazan dye. Cells were

seeded in 96-well tissue culture plates (104 cells per 200μl

growth medium/well) followed by an overnight incubation.

Citrate-coated AgNPs were added to quintuplicate wells to a

final concentration range of 0 to 100mg l�1 and incubated for

another 24 h. For comparison, cells were also treated with

AgNO3 in a concentration range of 0–1mg l�1. Control cells were

incubated with ultrapure water (added in the amount which

corresponds to volumes of AgNP or Ag+ stock suspensions

added to the cell medium) and in normal cell medium (RPMI

supplemented with 10% FBS and antibiotics). At the end of the

treatment, the cells were washed with 200μl PBS/well and then

Cellular uptake and toxicity of nanosilver in mammalian kidney cells
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100μl of diluted MTT in RPMI medium was added to each well to

obtain the final concentration of 5mgml�1. After 4 h of incuba-

tion at 37 °C, the MTT solution from each well was removed by

aspiration. This procedure is used for the reduction of MTT by

metabolically active cells, in part by the action of dehydrogenase

enzymes, to generate reducing equivalents such as NADH and

NADPH. After the reduction, 100μl of isopropanol was added

to the wells and the plates were placed on a shaker for 15min

to dissolve formazan crystals. The optical density at 595 nm, for

each well, was then determined using a Victor™multilabel reader

(PerkinElmer, Walthman, MA, USA). Concentrations of AgNP or

AgNO3 showing a 50% reduction in cell viability [half maximal

inhibitory concentration (IC50) values] were then calculated. So-

called zero values were calculated from the cells exposed only

to treatment with ultrapure water, as a dissolvent for AgNPs.

Interferences of Nanoparticles With Cell Viability Assay

The effects of ionic or nano form of silver on the reduction rate

of MTT to formazan were determined by incubating MTT with

different concentrations of Ag+ and AgNP at 37 °C for 3 h and

measuring the formazan concentration afterwards. Final concen-

tration ranges of AgNP and AgNO3 were 0–100 and 0–1mg l�1,

respectively. A total of 50μl of isopropanol was added and the

samples were shaken to dissolve formazan crystals and incu-

bated for another 10min at 37 °C. The mixture was centrifuged

at 115 g for 10min and the supernatant was placed in 96-well

plates. The absorbance at 595 nm, for each well, was then deter-

mined using a Victor™ multilabel reader (PerkinElmer). Control

experiments without silver were done in each case. Results were

expressed as % of formazan concentration in the control sample.

Comet Assay

DNA damage can be detected by the use of a comet assay.

Single cell gel electrophoresis (or comet assay) is a well-known

technique for the evaluation of primary DNA damage on the

level of single cell in both in vitro and in vivo conditions (Singh

et al., 1988; Tice et al., 2000). It is also well known for its high

reproducibility, sensitivity and rapid results. After the lysis of cell

membrane and denaturation step, the released DNA can form a

shape of a comet during electrophoresis if there are damaged

fragments that can travel by the influence of current, as DNA

by itself is too large to pass through the pores of a gel agarosis

in which it has been kept. Cells were seeded in 24-well plates

(104–105 cells per ml) and treated with 1mg l�1 AgNO3 and

AgNPs in the concentration range from 1 to 75mg l�1 for 24

and 48 h. Prior to treatment, the cells were incubated in

serum-free media for 12 h (in order to obtain cells in the same

cell cycle phase). Control cells were incubated with ultrapure

water (added in the amount which corresponds to volumes

of AgNP or Ag+ stock suspensions added to the cell medium)

and in normal cell medium (RPMI supplemented with 10% FBS

and antibiotics).

After the treatment, cells were detached by the use of 1ml of

trypsin and resuspended in 300μl of whole RPMI medium with

FBS included (1:1) for trypsin deactivation. A single-cell suspen-

sion was centrifuged at 70 g for 8min. The supernatant was

removed and 100μl of whole RPMI medium was added.

Aliquots of 10μl of this suspension were mixed with 100μl of

0.5% low-melting agarose and the suspension was placed on

slides precoated with 200μl of 1% normal-melting agarose.

Slides were allowed to solidify on ice for 10min and were kept

in prechilled lysis solution (2.5mol l�1 NaCl, 100mmol l–1

Na2EDTA, 10mmol l�1 Tris, pH= 10, 1% sodium sarcosinate, 1%

Triton X-100, 10% dimethyl sulfoxide) at 4 °C. After 1 h, the slides

were placed in freshly prepared denaturation and electrophore-

sis buffer (10mmol l�1 NaOH, 200mmol l�1 Na2EDTA, pH= 13),

incubated for 20min at 4 °C and electrophoresed for 20min at

25 V and 300mA. Finally, the slides were neutralized three times,

5min each time, in 0.4mol l�1 Tris buffer (pH 7.5) and then

dehydrated with ethanol (2 times with 70% and once with

96% ethanol, for 10min each time). The slides were kept in a

humid atmosphere in the dark at 4 °C until further analysis.

For image analysis, slides were stained with 100μl of

20μgml�1 ethidium bromide solution for 10min. A minimum

of 100 randomly selected DNA per sample (50 comets per slide)

was scored. Comets were randomly captured at a constant

depth of the gel, avoiding the edges of the gel, occasional dead

cells, and DNA near or trapped in an air bubble and super-

imposed comets. Slides were scored using an image analysis

system (Comet Assay II; Perceptive Instruments Ltd, Bury St

Edmunds, UK) attached to a fluorescence microscope (Zeiss,

Jena, Germany), equipped with the appropriate filters. The

parameters selected for the quantification of DNA damage were:

a comet tail length (in μm) and tail intensity (% DNA). The extent

of DNA damage, as recorded by the alkaline comet assay, was

analyzed considering the mean (±standard deviation of the

mean), median and range of the comet parameters measured.

Statistical Analysis

Differences between treatments for the different measured vari-

ables were tested using the Mann–Whitney U-test, one-way analy-

sis of variance (ANOVA) with the post-hoc Scheffé test and Pearson’s

χ
2 test. In other cases, differences were tested using the Dunnett

test (to assess differences versus a control), or Kruskal–Wallis ANOVA

of ranks (non-parametric test used when assumptions of homoge-

neity of variances were not reachable). The minimal significance

level was P< 0.05. All statistical analyzes were computed using

Statistica 10.0 (Statsoft, Inc., Tulsa, OK, USA).

Results and Discussion

Characterization and Stability Evaluation of AgNPs

The preparation of stable nanoparticle medium dispersions is

essential for biological examinations of NPs. Stable NPs pro-

duced in the laboratory may become unstable when dispersed

in different media. Generally, in vitro examinations require dis-

persing NPs into the culture medium. The cell culture medium

includes several amounts of salts, proteins, amino acids and

vitamins as nutrients of cells, and dispersed NPs may form

various sizes of secondary particles. When an unstable and

non-uniform dispersion is applied to adherent cells, the large

secondary particles reach the cells faster than nanoscale second-

ary particles (Hinderliter et al., 2010). Moreover, large secondary
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particles accumulated on the cells may prevent the contact of

small secondary particles and the cells. In order to draw valid

conclusions from the evaluation of the cellular influences of

NPs, comprehensive information on the characteristics and

stability of nanoparticle medium dispersion is important. Physi-

cal parameters such as surface area, particle size, surface charge

and zeta potential are very important for providing mechanistic

details in the uptake, persistence and biological toxicity of NPs

inside living cells (Yang et al., 2009; Fraga et al., 2013). Particle

size may be a critical parameter for NP bioactivity, but it is diffi-

cult to ascertain which parameter plays an essential role in the

biological effects when comparing various types of nanoparti-

cles with different shapes and composition (Yang et al., 2009).

Characterization of purified AgNPs was performed in both

UPW and CCM using the dynamic light scattering (DLS) method,

UV-Vis spectroscopy, TEM and silver-ion selective electrode

(Ag-ISE) measurements. A SPR peak at 419 nm in UV-VIS

spectra confirmed a nanoparticulate form of purified AgNP

in UPW. Table 1 summarizes data for hydrodynamic diameter

(HDD), polydispersity index (PDI) values, ζ potential values

and the amount of the released Ag+. DLS measurements of

AgNPs in UPW showed that the volume size distribution is

bimodal (Supporting Information, Fig. S1), with larger particles,

i.e. 61.2 ± 33.9 nm, being dominant (see Table 1). The ζ potential

value of –39.8 ± 3.4mV indicates electrostatic stabilization of

AgNPs owing to the ionization of the polar citrate carboxyl

groups on the surface of NPs. The TEM analysis (Fig. 1A and

Fig S2 in Supporting Information) confirmed these results

and also revealed the presence of non-uniformly shaped NPs.

In the present study, we carefully addressed changes in

agglomeration, an aspect often completely overlooked in

studies within the field of toxicology. Thus, the aggregation

behavior of the AgNPs was demonstrated upon suspension in

CCM, also seen from the TEM investigation (Fig. 1B). From the

colloidal chemistry point of view, CCM is a complex media where

different interactions at the nanoscale could be expected.

Aggregation of citrate-coated AgNPs could be explained by

the displacement of electrostatically weakly bound citrate with

components of the RPMI medium, triggered by the high ionic

strength of the medium. In terms of volume, 71% of the AgNPs

in CCM were within 405.4 ± 143.9 nm, whereas 29% were within

189.9 ± 51.3 nm (Table 1). The ζ potential value of –18.8 ± 5.8mV

also indicated AgNP impaired stability in the CCM (Table 1). The

increase in ζ potential value can be ascribed to the adsorption of

media molecules of the CCM on the particle surfaces quenching

the charge and simultaneously providing steric repulsion to-

wards pronounced aggregation (content of larger particles is

higher) in CCM compared with UPW. The TEM results were in

accordance with DLS measurements showing particles orga-

nized in nanometric, but also in micrometric agglomerates

(Fig. 1B). However, single nanoparticles were also detected.

In order to estimate the stability of AgNPs regarding the

release of Ag+ ions, we investigated the degree of NP dissolution

using two different methods: Ag-ISE and centrifugal ultrafiltra-

tion. The dissolution of AgNP is a complicated process affected

by factors such as the particle size, the surface functionalization

and the nature of the immersion medium (Christian et al., 2008;

Auffan et al., 2009). It is still unclear whether the toxicity of

AgNPs is only because of dissolved Ag+ or if the AgNPs them-

selves show a toxic effect (Auffan et al., 2009; Powers et al.,

2011; Sahu et al., 2014). Using the Ag-ISE, free Ag+ was deter-

mined to be 1.1% of the total Ag in AgNPs suspended in the

UPW, whereas maximum concentrations of labile Ag present in

the AgNP suspended in CCM were less than 0.4% of the total

Ag (Table 1). The reason for differences in free Ag+ content in

the CCM compared with the UPW may be the underestimation

of the total amount of Ag owing to the complexation processes

between Ag+ and macromolecules present in the CCM or

Table 1. Characteristics and stability parameters [size by

means of hydrodynamic diameter (HDD) and mean volume,

polydispersity index (PDI) values, ζ potential values and

percentage of released Ag+] of citrate-coated silver nano-

particles (AgNPs) in ultrapure water (UPW) and in cell-free

culture medium (CCM) after 24 h

Medium

Characteristics UPW CCM

Size Peak I HDD, nm 61.2 ± 33.9 405.4 ± 143.9

Mean volume 82.4% 71.3%

Peak II HDD, nm 13.8 ± 4.9 189.9 ± 51.3

Mean volume 17.6% 28.7%

PDI 0.176 0.478

ζ potential, mV - 39.8 ± 3.4 - 18.8 ± 5.8

Released Ag+, mg l�1 1.1% 0.4%

Figure 1. Transmission electron microscopy (TEM) micrographs of cit-

rate-coated silver nanoparticles (AgNPs) in (A) ultrapure water and (B)

cell-free culture medium [RPMI medium, supplemented with 10% (v/v)

fetal bovine serum (FBS), 20 IUml
�1

penicillin and 20mg l
�1

streptomy-

cin] after 24 h. Scale bars represent 100 nm.
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precipitation of silver salts (chloride or phosphate) in the CCM.

Another possible reason for the decrease of Ag+ release in the

CCM compared with the UPW may be because of the decrease

in the surface area of AgNPs that resulted from their aggregation

in the CCM.

AgNPs Uptake and Distribution in Pk15 Cells

As a result of the small dimension of AgNPs, there is concern

about their possible penetration into organisms, their accumula-

tion in cells and possible toxic effects. Several previous studies

have reported the uptake of AgNPs in different cell lines (Farkas

et al., 2011; Liu et al., 2010; Behra et al., 2013; McShan et al.,

2014). In vivo biodistribution studies have shown that the main

target organs for AgNP accumulation are the liver, spleen, lung,

kidneys and brain (Walker and Parsons, 2012). Very recently,

Castellini et al. (2014) have demonstrated that AgNPs may also

pass the blood–testis barrier compromising male gametes. The

primary target organ seemed to be the liver, but a recent study

(Dziendzikowska et al., 2012) showed that the concentration of

silver in the kidneys increased during rat exposure to AgNPs

being the highest 28 days after the injection. Dziendzikowska

et al. (2012) also found very low urine excretion of silver indi-

cating that AgNPs accumulate in the kidneys. Therefore, we

selected the Pk15 cell line as representative of normal mamma-

lian kidney cells. We examined the accumulation of both AgNPs

and Ag+ in Pk15 cells at various concentrations applied. The

amount of silver taken up by the cells was determined after

24 h by measuring the total silver content in digested cells

using ICPMS. Both AgNPs and Ag +were efficiently taken up

in a concentration-dependent manner by Pk15 cells, but the

Ag level was only 1/10th of that found for AgNPs (Fig. 2): de-

tected Ag contents in cells exposed to 50mg l�1 AgNPs and

Ag+ were 209 and 25μg of Ag per 106 cells, respectively. A similar

observation for nanoparticle interaction with human epithelial

cells was reported by Wang et al. (2012) and Cronholm et al.

(2013). On the contrary, other previous studies have shown that

the cells adsorbed a higher amount of silver when exposed to

Ag+ in comparison to cells exposed to AgNPs at the same expo-

sure doses (Liu et al., 2010; Farkas et al., 2011). The reason may

stem from the more pronounced endocytosis function of Pk15

and similar human epithelial cells compared with cells used in

these studies (Liu et al., 2010; Farkas et al., 2011). Indeed, several

authors have suggested that endocytosis is a major pathway of

NP uptake by cells, whereas transport proteins are responsible

for the efficient pass of metallic ions through the cell membrane

(Wang et al., 2012). In the ionic form, Ag can be taken up by trans-

porters, because its properties are most similar to Na+ and Cu+

ions (Behra et al., 2013). Notably, some of Cu transporter proteins

have been shown to transport Ag as well as Cu (Behra et al., 2013).

The strong inhibition by Ag+ in Cu uptake experiments suggests

that Ag+, which are isoelectric to Cu+, can be taken up by the

same high-affinity Cu transporter (CTR1) (Lee et al., 2002). The

CTR1-independent Ag and Cu uptake is well known from the fish

physiology literature (Bury and Wood, 1999). Unlike CTR1-

mediated Cu+ uptake, the CTR1-independent Cu2+ transport

activity appears to be via the sodium channel (ENaC) located at

the apical membrane of polarized epithelial cells or the

basolateral Na+/K+-ATPase (Bury and Wood, 1999). This uptake

route for Cu and Ag is likely to occur only in the freshwater fish,

where external Na+ is only a few millimolar or less (Behra et al.,

2013). Because of their size, AgNPs could not be transported

across Cu transporters. Therefore, any possible interaction of

CTR1 with AgNPs would be with Ag+ dissolved from the NP pos-

sibly inside the acidic environment of endosomes or lysosomes

(Behra et al., 2013). The internalization of negatively charged

NPs is thought to occur through nonspecific binding on cationic

sites on the plasma membrane and their subsequent endocytosis

(Chithrani et al., 2006; Verma and Stellacci, 2010). Our results are

also consistent with the study of Chithrani et al. (2006) who

postulated that serum proteins bind to the surface of citrate-

stabilized gold NPs, producing a more stable gold NP–protein

complex, capable of interacting with cell surface receptors.

During the transportation process, a process by which cells

communicate and internalize extracellular contents and solid

materials, foreign materials entered the cells by the invagina-

tion of a small portion of the plasma membrane, and then

invaginated part pinched off to form a new intracellular

vesicle. Observed AgNPs internalization could be as a result

the aggregation behaviour of citrate-coated AgNPs in the

CCM (see Table 1). Salmaso et al. (2009) have showed an in-

crease in NP uptake upon aggregation, whereas Chithrani

and Chan (2007) have reported that 14-nm transferrin-coated

nanoparticles were only taken up when clustered in groups

of at least six particles. Many factors, such as membrane

stretching and membrane’s bending energy, should be

Figure 2. Uptake of the silver nanoparticles (AgNPs) and Ag
+
in Pk15

cells. Intracellular Ag content (in μg per 10
6
cells) was determined by

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) in digested

Pk15 cells treated with various concentrations of citrate-coated AgNPs

and AgNO3. Data are expressed as the mean of five replicates and error

bars represent standard deviations.
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concerned in elucidating the mechanism of NP cellular uptake.

The cellular uptake, i.e. how fast and how many NPs are taken

up by the cell, can be considered only as a result of competi-

tion between the thermodynamic driving force for wrapping

and the receptor diffusion kinetics (Chithrani and Chan,

2007). The thermodynamic driving force refers to the amount

of free energy required to drive the NPs into the cell whereas

the receptor diffusion kinetics refer to the kinetics of recruit-

ment of receptors to the binding site (Chithrani and Chan,

2007). Gao et al. (2005) have suggested that larger NPs would

have the faster wrapping time and the receptor-ligand interac-

tion can produce enough free energy to drive the NPs into

the cell. For the smaller NPs to go in, they must be clustered

together, because their docking will not produce enough free

energy to completely wrap the NPs on the surface of the

membrane (Gao et al., 2005).

To visualize the uptake process of AgNPs and their intra-

cellular distribution, we employed TEM analyzes of control

Pk15 cells and cells treated with 10 and 50mg l�1 AgNP. There

were no visible abnormalities in the control cells, whereas

AgNP-treated cells had taken up large numbers of aggregated

AgNPs (Fig. 3A). After incubation with 10 or 50mg l�1 AgNP

for 24 h, the majority of the aggregates were localized in

membrane-bound structures, i.e. lysosomes. Some aggregates

were also found in early endosomes, identifiable because they

were surrounded by a membrane and had an electron lucent

content with respect to the lysosomes (Fig. 3A–D.). Their diam-

eter of over 500 nm speaks for macropinocytosis as an uptake

mechanism (Brandenberger et al., 2010; Pritz et al., 2013). In

accordance with other reports on intravesicular particle locali-

zation (Brandenberger et al., 2010 and references therein), our

findings also indicate that different endocytotic mechanisms

(e.g. clathrin- or caveolin-mediated endocytosis) are responsi-

ble for the observed intravesicular AgNP localization. A func-

tional characterization of all vesicle types for the quantitative

evaluation was not possible on the TEM level. Some additional

aggregates of AgNPs also appeared to be situated freely in

the cytoplasm, so direct uptake without the formation of

endosomes could also take place (Fig. 3B–C.). However, we

could not detect any AgNP adsorbed on the plasma mem-

brane. The nanoparticles in aggregates were loosely arranged

and individual particles could still be recognized. Energy-

dispersive X-ray spectroscopy (EDX) confirmed that the extra-

and intracellular particles contained silver (Fig. 4). Outside the

cells, AgNPs were frequently clustered next to membrane ruffles

(Fig. 3D). EDX scans showed very interesting results concerning

the elemental composition of AgNP clusters. There was always

sulfur associated with the AgNPs, both inside and outside of

the cells, whereas no sulfur peak was observed in the EDX scan

of as-synthesized and purified AgNPs (Fig. S3 given in Supporting

Information). It is known that Ag forms strong complexes with

many inorganic and organic ligands commonly present in bio-

logical environments (Choi et al., 2009; McShan et al., 2014).

These complexes may undergo rapid exchange, but it appeared

that S-ligands are the final thermodynamic sink for Ag (Choi et al.,

2009). Results shown in Fig. 4. clearly indicate that AgNPs

interfere with cellular S-containing compounds such as metallo-

thionein or glutathione.

No AgNPs were observed in the mitochondria or the nucleus,

which is an indication that the AgNPs were not able to breach

the double-membrane organization. The ability of NP for free

diffusion through nuclear pore complexes is associated with

their small size (AshaRani et al., 2009) but in our case AgNPs

observed in the cells were situated in dense aggregates, often

larger than 200 nm (Fig. 3A–D) and this could have prevented

them diffusing through the pores of the nuclei.

Cell Viability

It is expected that the biokinetics of NPs, which is measured as

the rate of NP uptake, intracellular distribution and exocytosis,

contribute tremendously to their toxicity, so we performed a cell

viability assay by means of the MTT test to evaluate the possible

toxicological effect of AgNP taken up by the Pk15 cells (Fig. 5).

For controls, we used both untreated cells and cells treated

with the UPW added to CCM at an amount equal to the vol-

ume of added AgNPs suspension in treatments. Cytotoxicity

studies are often limited by the fact that the interferences of

NPs with cell viability assays remained unexplored in most

cases. In the cases of existing interferences between NPs

and the reagents used in the particular in vitro toxicity assay,

results could be false positive or false negative. Possible

Figure 3. Transmission electron microscopy (TEM) micrographs showing the silver nanoparticles (AgNP) distribution in Pk15 cells. A scanning trans-

mission electron microscopy (STEM) overview of a cell containing an early endosome (white arrow) and several lysosomes (black arrow) filled with ag-

gregated AgNPs. f free AgNPs. B–D: Bright field images. B: AgNPs situated in the medium close to cellular processes. C and D: examples for lysosomes

containing AgNPs. The black arrows point to the lysosomes and f signifies free AgNPs. Scale bars: 2 μm in A, 500 nm in B-D.
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interactions from particles include particle optical properties

and chemical reactions between the particles and the assay

compounds (Holder et al., 2012). In order to determine if ionic

or nano forms of silver interfere with the MTT assay, we tested

the possible reactions of Ag+ and AgNP with the tetrazolium

compound and the formazan molecule under cell-free condi-

tion. The ionic form of silver did not cause an effect at any

concentration as can be seen from Fig. 5. In contrast, AgNPs

reacted with MTT generating formazan under cell-free condi-

tions in a concentration-dependent manner (Fig. 6). Silver

nanoparticles were found to interfere with the MTT assay at

a concentration of 50mg l�1 or higher. Thus, the MTT assay

is only valid for the toxicity assessment of particles present

in the testing media at concentrations that do not reduce

the MTT. During the MTT assay protocol, the medium contain-

ing AgNPs was removed prior to the addition of the MTT

solution. Therefore, only AgNPs absorbed into the cells or

adsorbed on the cell surface may interact with MTT or

formazan. The amount of silver found in Pk15 cells was less

than 15mg l�1 after treatment with the highest AgNP concen-

tration (Fig. 2.). Therefore, the MTT results presented in Fig. 4

are unaffected by the interferences with AgNPs or silver ions

and the MTT assay was an effective tool in evaluating the

toxicity effects of Ag+ or citrate coated AgNP on Pk15 cells.

Both forms of silver, nano and ionic, decreased the number of

viable Pk15 cells after 24 h in a dose-dependent manner (Fig. 5).

In spite of significant uptake into the cells (Fig. 2), AgNPs had

only insignificant toxicity at concentrations lower than 25mg l�1,

whereas Ag+ exhibited a significant decrease in cell viability at

one-fifth of this concentration (Fig. 5). The decrease in cell

viability was 32% after 24-h exposure to 25mg l�1 AgNPs and

70% after 24-h exposure to the same concentration of Ag+. After

the treatment of Pk15 cells with the highest AgNP concentration

of 75mg l�1, the viability decreased by 54% after 24 h, whereas

the same extent of decrease was induced by treatment with

10mg l�1 Ag+. These results clearly show that the ionic form of

silver had a greater toxicity to mammalian kidney cells

compared with the nano form, which agrees with previous

studies (Lok et al., 2007; Liu and Hurt, 2010).

Another interesting hypothesis could be drawn from the

results presented in Fig. 5. Namely, citrate-coated AgNPs were

efficiently internalized reaching a saturation at 50mgml�1,

Figure 4. Energy-dispersive X-ray spectroscopy (EDX) analyzes of nanoparticles situated in lysosomes (A, point 1) and in the medium (B, area 1) dem-

onstrate that these particles contain silver. Control spectra of the cytoplasm (A, point 2, B, area 2) and the medium surrounding the cells (B, area 3)

demonstrate that these areas do not contain silver.
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whereas cell viability was substantially decreased. Therefore,

impaired cell function could be the reason for the observed

plateau in AgNP uptake above 50mgml�1. Strikingly, when

incubated in the Ag+ solution, the uptake showed a similar

saturation between 50 and 100mg l�1. Although the treatment

with 10mg l�1 Ag+ decreased cell viability by more than 50%

after 24 h (Fig. 5), detected Ag content increased significantly

above this concentration and could be the artefact of analytical

method. During the sample preparation for ICPMS analyzes,

treated cells were washed with PBS, detached from the culture

plates using a trypsin and then collected. However, a high

amount of Ag+ from culture medium might be adsorbed on

extracellular membrane surface of damaged cells treated with

50 and 100mg l�1 Ag+. The ICPMS method used for quantifica-

tion of Ag uptake does not distinguish absorbed in the cell from

adsorbed Ag content on the cell surface.

An important question in the elucidation of the mechanism

of action of NPs in living systems is whether toxicity is due to

the nano form itself or is related to ions released by the par-

tial oxidation of metallic NPs (Yu et al., 2013). Because the re-

lease of Ag+ from AgNPs was very low, our results (presented

in Table 1 and Fig. 5) indicate that silver is toxic at nanoscale

dimension. Moreover, stability experiments showed a de-

creased level of Ag+ in CCM compared with UPW (Table 1),

whereas the level of Ag+ released in CCM from the highest

concentration of AgNP applied in the cell viability experiments

was not sufficient to provoke significant toxicity in Pk15 cells

when administered to cells in the form of silver ions. However,

one may argue that the intracellular dissolution of AgNPs

cannot be excluded. After intracellularization of AgNPs, Ag+

ions may dissolve in the lysosomes of the cells. We were not

able to detect such a transformation of AgNPs. Similar results

have been reported by Powers et al. (2011) who proved that

nanosilver acts biologically as NPs and not as a source of

silver ions.

DNA Damage

To understand whether silver NMs induce genotoxicity in Pk15

cells, the alkaline comet assay was used to detect possible

DNA damages caused by exposure to AgNPs and the results

were compared with that of Ag+. Recent studies on mammalian

cell lines reported genotoxicity induced by silver nanoparticles

(De Lima et al., 2012; Kim et al., 2010; Suliman et al., 2013). Since

DNA damage may favor cancer development or fertility impair-

ment, such results raise concern about the safety of NMs. The

alkaline comet assay is a sensitive method able to detect a wide

variety of DNA damage such as DNA single-strand breaks,

double-strand breaks, DNA–DNA/DNA–protein cross-links, oxi-

datively induced alkaline damages, alkali-labile sites and sites

undergoing DNA repair (Tice et al., 2000; Kassie et al., 2000). A

comet-like tail implies the presence of a damaged DNA strand

that lags behind when electrophoreses was done with an intact

nucleus. The length of the tail increases with the extent of DNA

damage. Tail length parameters of control DNA were compared

with treated cells, and the extent of damage was assessed. Dose-

dependent damage to DNA was observed after treatment of the

cells with both Ag+ and AgNP (Table 2). The Comet assay was

carried out with AgNP in the concentration range from 1 to

100mg l�1, whereas only a single Ag+ concentration (1mg l�1)

was used. After the 24-h treatment, a significant increase in tail

length was observed upon exposure to 1mg l�1 Ag+ and

10mg l�1 AgNP or higher compared with the control cells

(P< 0.05). A longer exposure produced more severe DNA dam-

ages considering both comet tail parameters measured (Table 2).

After the 48-h treatment, an even lower concentration of AgNP

(5mg l�1) induced a significant increase in tail length in compar-

ison to controls. However, a significant increase in tail intensity

was observed after the 24-h treatment with 50mg l�1 or higher

levels of AgNP and after the 48-h treatment with 25mg l�1 or

higher levels of AgNP compared with the control. After treat-

ment with 1mg l�1 Ag+, a significant difference in tail intensity

compared with the control was observed only after 48 h.

Figure 5. Effect of ionic Ag and citrate-coated silver nanoparticles

(AgNPs) on the cell viability measured by the MTT reduction assay.

PK15 cells were exposed to different concentrations, given in mg l
�1
,

of ionic Ag and AgNPs for 24 h. Control experiments were done in nano-

particle- or silver ion-free exposure media and with the addition of ultra-

pure water (UPW). The data for cell viability, expressed as the mean of

three independent experiments conducted in five replicates, were calcu-

lated as percentages of the values measured in control cells. Error bars

represent standard deviations. Different letters denote significant differ-

ences between the treatments (P< 0.01).

Figure 6. Interferences of the nano and ionic form of Ag with the MTT

assay. Potential of Ag to reduce MTT were determined by incubating

MTT with different concentrations of the ionic Ag or citrate-coated silver

nanoparticles (AgNPs) in cell-free conditions for 3 h and measuring the

formazan concentration afterwards. The data are expressed as the mean

of five replicates and error bars represent standard deviations.
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The differences in the response of the comet tail and tail

intensity values to AgNP or Ag+ concentration could be

explained by the theory of comet tail formation. During electro-

phoresis, DNA does not migrate by itself but only its relaxed

loops and damaged fragments. The tail of the comet is the result

of the migration of relaxed DNA loops and fragments (smaller or

larger) that are pulled by the electric field to a limited distance

from the core. The length of these loops determines the length

of the comet tail. As tail intensity indicates the number of DNA

breaks, it is assumed that the tail intensity rather than tail length

is really increased beyond some critical amount of damage

(Collins et al., 1997). Therefore, our results imply that a rather

high concentration of AgNP is able to induce genotoxicity in

Pk15 cells. These concentrations are several orders of magnitude

higher than those occurring in air and water environments

(Kumar, 2006). However, as the internal kinetics of NPs has not

been elucidated, the local concentration in tissues might reach

a higher level as the result of accumulation. As the physicochem-

ical properties of AgNPs such as particle size, particle agglomer-

ation and dispersibility significantly influence the degree and

actions of AgNPs, further research is required to assess the

effects of these variables on their toxicity.

Conclusion

We showed that the use of a simple in vitro model with end

points that reveal a general mechanism of toxicity can be the

basis for assessing the potential risk of NM exposure. A particular

cell line (Pk15) has been evaluated and proved for its ability for

safety evaluation of metal-based NM. The present study eluci-

dated that AgNPs were taken up by mammalian kidney cells

mainly through endocytosis and induced dose-dependent toxic-

ity. Although the ionic form of silver showed greater toxicity on

Pk15 cells, the cytotoxic and genotoxic effects of nanosilver

were clearly identified. However, we proved that AgNPs is toxic

to mammalian cells at very high doses, i.e. only in cases when

specific organs accumulated nanosilver. The present study also

addressed the stability of AgNPs in biological media and their

interferences with the in vitro assay: aspects that are usually

overlooked in nanotoxicology. Our study pointed to the need

for increased attention and further investigation regarding

potential exposure and ultimate risk for metal-based NMs.
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