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Cytotoxic effects of nanosilver are highly
dependent on the chloride concentration
and the presence of organic compounds in the
cell culture media
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Abstract

Background: Nanosilver shows great promise for use in industrial, consumer or medical products because of its
antimicrobial properties. However, the underlying mechanisms of the effects of silver nanoparticles on human cells
are still controversial. Therefore, in the present study the influence of the chloride concentration and different serum
content of culture media on the cytotoxic effects of nanosilver was systematically evaluated.

Results: Our results show that nanosilver toxicity was strongly affected by the composition of the culture media.

The chloride concentration, as well as the carbon content affected the silver agglomeration and the complex forma-
tion. But also the dissolution of nanosilver and the availability of free silver ions (Ag™) were severely affected by the
compositions of the culture media. Cells, only exposed to silver particles in suspension and dissolved silver complexes,
did not show any effects under all conditions. Nanosilver agglomerates and silver complexes were not very soluble.
Thus, cells growing on the bottom of the culture dishes were exposed to sedimented nanosilver agglomerates and
precipitated silver complexes. Locally, the concentration of silver on the cell surface was very high, much higher com-
pared the silver concentration in the bulk solution. The cytotoxic effects of nanosilver are therefore a combination of
precipitated silver complexes and organic silver compounds rather than free silver ions.

Conclusions: Silver coatings are used in health care products due to their bacteriostatic or antibacterial properties.
The assessment of the toxicity of a certain compound is mostly done using in vitro assays. Therefore, cytotoxicity stud-
ies of nanosilver using human cell cultures have to be undertaken under well controlled and understood cultivations
conditions in order to improve the compatibility of different studies. Especially when eukaryotic versus prokaryotic
systems are compared for the evaluation of the use of nanosilver as antibacterial coatings for implants in order to
prevent bacterial colonization.
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Background

Nanosilver has unique physical and chemical features,
and excellent antimicrobial properties. A variety of
products containing nanoscale silver particles has been
commercially available for over 100 years [1], including
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electronics, textiles, and medical products [2]. Because
of this widespread use, there is an increasing potential
of exposure and therefore the number of toxicity stud-
ies has increased greatly in the past years, but despite all
the research it is still unclear whether nanosilver’s toxic-
ity is related to its small size [3-5], or to the release of
silver ions [6, 7], or a combination of these [8]. It has
been reported that silver ions predominate in the toxic-
ity [9, 10], and that oxidizing conditions are a prerequi-
site for any toxicity to occur [11]. Other studies described
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nanosilver of larger particle size (>10 nm) as apparently
causing cytotoxic effects in, for example, macrophages
or HepG2 cells [10, 12]. According to Singh et al. [13]
nanosilver is internalized by cells and, once internalized,
silver ions are released and these may interact with cellu-
lar compounds such as nucleic acids, sulthydryl groups of
metabolic enzymes or sulfur-containing cell components
(14, 15].

Comprehensive nanomaterial characterization and the
precise composition of the environment in which the
biological effects were assessed must be known prior to
studying the underlying mechanisms of nanosilver toxic-
ity. In vitro assays have been performed in different cell
culture media and various cell types have been used.
The variety of protocols and media compositions is huge
and the media vary in sodium chloride concentrations
as well as protein content, which is mainly determined
by the fetal calf serum (FCS) content, ranging from 0 to
10% or more. Many of the published studies investigat-
ing nanosilver toxicity have used submerged cell cul-
ture monolayers. Silver nanoparticles transferred into
a cell culture medium will most likely agglomerate and
therefore significantly change their diffusion and sedi-
mentation behavior in the cell culture-well [16—18]. Inde-
pendent of agglomeration, uncoated silver nanoparticles
dissolve and release silver ions, which are highly reac-
tive and bind strongly to electron donor groups and are
thereby transformed into silver complexes with different
bioavailability and toxicity [15, 18, 19].

The first evidence that the chemical composition of
the environment has a significant influence on silver
nanoparticle transformation and fate was when Handy
et al. reported in 2008 that agglomeration behavior, ion
release and transformation into other silver complexes
differed in seawater compared with freshwater [17]. It is
now known that salinity and the presence of organic mat-
ter have a major effect on the agglomeration, dissociation
and solubility of nanoparticles, all relevant factors in the
estimation of the ecotoxicological potential of nanosil-
ver and its derivates [17, 20, 21]. After administration of
nanosilver particles into a cell culture medium, they can
sediment as particles or as agglomerates. In the presence
of an oxidizing agent, such as oxygen or H,O,, silver ions
are released from the nanoparticles and silver nanopar-
ticle dissolution strongly increases under conditions of
increased chloride concentration [22]. The released free
silver ions will form silver chloride complexes in the pres-
ence of chloride, and these are sparingly soluble at low
chloride concentrations and highly soluble at high chlo-
ride concentrations. The dominant equilibrium silver
species shifts to the negatively charged silver chloride
species (AgClE("’l)) [22]. The amount of free ionic silver
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in a physiological culture medium is therefore very low
[23]. In addition, in the presence of proteins the sur-
face of silver nanoparticles will be coated by a protein
corona, which will significantly reduce the dissolution
of nanoparticles [24, 25]. It can be further assumed that
silver ions are complexed by proteins and inorganic com-
pounds in the cell culture medium, and that nanosilver
will be passivated in the presence of sulfur-containing
compounds [24].

To our knowledge, there has not been any systematic
and comprehensive experimental investigation provid-
ing evidence-based data concerning the influence of
inorganic and organic compounds on the cytotoxicity of
nanosilver. Therefore, in the present study the aim was to
systematically evaluate the influence of the chloride con-
centration and different FCS content of culture media on
the cytotoxic effects of nanosilver using human epithelial
colorectal adenocarcinoma CaCo-2 cells cultures as a
proof of concept.

The CaCo-2 cell line as a very simplified model of the
gastrointestinal tract was chosen because food and food
packaging may contain or release silver nanoparticles or
silver ions and is broadly used and enables good bench-
marking of our data with published data. An applied sin-
gle concentration of 20 ug/mL silver nanoparticles was
evaluated because the effect of that concentration on the
viability of CaCo-2 cell cultures has been published pre-
viously [26]. A known concentration is prerequisite for
this mechanistic study to evaluate the biological effect
shifts applying to different cell culture conditions. In
addition to cell viability, cell morphology, production of
reactive oxygen species (ROS) and cytokine release were
also assessed in the cell culture media with varying con-
centrations of chloride and FCS.

Methods

Nanosilver characterization

Nanosilver was obtained from PPG Industries Europe
BV (The Netherlands). Its characterization was per-
formed using different physicochemical methods, such
as dynamic light scattering, zeta potential analysis and
transmission electron microscopy (TEM). The charac-
terization data have been published by Kaiser et al. [26].

The presence of endotoxin was analyzed with a kinetic
chromogenic limulus amebocyte lysate assay (Charles
Rivers Laboratories, Sulzfeld, Germany) as described by
Smulders et al. [27].

The agglomeration behavior of nanosilver during
incubation in each culture medium was analyzed by
a particle tracking method using a NanoSight LM20
instrument (Malvern Instruments Ltd, UK, software
version 2.3.5.0033.7-Beta7). The nanosilver particles
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(100 pg/mL) were incubated in culture media with 10%
ECS at 37 °C for 0, 24, 48 and 72 h. The reliability of the
size measurements with the NanoSight methodology
was verified by an interlaboratory comparative round-
robin test [28].

Silver speciation

The chemical equilibrium model, Visual Minteq software
version 3.0 was used to calculate the concentrations of
free silver ions and other inorganic silver complexes in
the culture media with different chloride concentrations
[29]. The Visual Minteq software is suitable for samples
with a known composition. The culture media contained
high amounts of organic compounds, which formed
organic complexes with ionic silver but whose complexa-
tion with silver is unknown.

The concentrations of all the main cations and anions
in the culture media were known. For the organic com-
pounds, the silver complexation of glutamine is known
and was included in the calculation. For the calculation
the pH was set to 7.4 and the temperature to 37 °C.

The complexation of silver in the culture media con-
taining the organic supplements and FCS at concentra-
tions of 1, 5 and 10% was estimated using an ion-selective
electrode, (detection limit: 10 ng/mL, type Ag*/S2-ISE,
Metrohm, Herisau, CH). The ISE was calibrated by chlo-
ride titration of a 10 ng/mL silver ion concentration with
0.5-50 mM chloride. The detection limit was 10 ng/mL.
A 3-(N-morpholino) propanesulfonic acid buffer (0.1 M,
pH 7.4) amended with NaNO; (1 mM) was used for these
chloride titrations. The free silver ion concentration in
the calibration solution was calculated by Visual Minteq.
Calibration curves were linear (R? > 0.999) down to 1.75
e-10 M free silver ions.

Furthermore, we analyzed the total amounts of dis-
solved silver complexes in the different culture media.
For this purpose the media were amended with nanosil-
ver (20 pg/mL), respectively ionic silver (1.5 pg/mL), and
incubated at 37 °C for 48 h. The total silver concentra-
tions in samples taken from the upper sections of the
culture media were measured by ICP-MS (Element 2
ICP-MS, Thermo/Finnigan, Reinach, CH). The detection
limit of the instrument for silver was 0.3 ng/mL.

In addition, the amounts of silver ions and inorganic
and organic silver complexes of low molecular weight
(<3 kDa) were analyzed. The different culture media were
inoculated with nanosilver (20 pg/mL), respectively ionic
silver (1.5 pg/mL), and incubated at 37 °C for 48 h. Next,
all the compounds in the media with higher molecular
weight (>3 kDa) were removed by cut-off filters (3 kDa).
The cut-off filters were centrifuged at 4000g for 30 min
and the amount of silver in the filtrates was estimated by
ICP-MS measurement.
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Cell cultures

CaCo-2 cells were obtained from Health Protection
Agency Culture Collections (Salisbury, UK: order no.
86010202). The genotype (STR profiles according to
ATCC documentation; CaCo-2 HTB-37) had been ana-
lyzed at the start of this study.

The cells were cultured in modified minimum essen-
tial Eagle medium (MEM) according to Sigma (product
no. M2279, Buchs, CH), with different concentrations of
heat-inactivated FCS (1, 5 and 10%) (Lonza, Verviers, B;
Cat. No. DE14-801FH, Lot No. 9SBO22H2), 1% penicil-
lin—streptomycin—-neomycin-solution (PSN, Gibco, Life
Technologies, Basel, CH), 1% glutamine solution (Gibco,
Life Technologies), 1% non-essential amino acid solution
(Sigma), 1 mM sodium pyruvate (Gibco, Life Technolo-
gies) and 1% vitamin solution (Sigma) under uniform cell
culture conditions (5% CO,, 95% humidity and 37 °C).
The cultures were passaged once weekly before use in the
experiments.

Culture media for the cytotoxicity assays

The cytotoxicity of nanosilver was investigated in 15
different culture media: 5 different chloride concentra-
tions and 3 different FCS concentrations (1, 5 and 10%).
Medium A corresponded to the original MEM (Sigma),
with a chloride concentration of 124.5 mM. In culture
media B—E the chloride concentration was reduced step-
wise by 25% and replaced with sulfate (Table 1). Medium
E contained a very low chloride concentration (0.05 mM).

The culture media were supplemented with: fetal calf
serum (1, 5, and 10%) (Lonza, Verviers, B; Cat. No. DE14-
801FH, Lot No. 9SBO22H2), glucose (1 g/L), penicil-
lin—streptomycin—-neomycin solution (1%), glutamine
solution (1%), non-essential amino acids solution (1%),
sodium pyruvate (1%), MEM vitamin solution (1%), and
phenol red (0.011 g/L).

The composition of culture medium A corresponded
to the original culture medium MEM from Sigma. This
original culture medium contained 124.5 mM sodium
chloride. In the other culture media (media B-E) the
sodium chloride concentrations were stepwise reduced
by 25%. The culture medium E contained finally a mini-
mal amount of 0.05 mM sodium chloride. The concen-
trations of the other anions and cations corresponded
to the original Sigma MEM medium. The lower sodium
chloride concentrations in the culture media B-E com-
pared to culture medium A would lead automatically
to a decrease of the ionic strength. In order to keep the
ionic strength of all culture media similar, the stepwise
reduction of the sodium chloride concentrations in cul-
ture media B-E was compensated with sodium sulfate.
Sodium sulfate has no negative effects on cell viability as
shown in Additional file 1: Figure S3.
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Table 1 Cation and anion concentrations (mM) in modified minimum essential Eagle media

Cations and anions Media A (mM) Media B (mM) Media C (mM) Media D (mM) Media E (mM)
Cat 14 14 14 14 14

K+ 54 54 54 54 54

Mg* 0.8 0.8 0.8 0.8 0.8

Ht 282 282 282 282 282

Na™ 1436 1436 1436 1436 1436

- 124.5 87.3 58.2 29.1 0.05

COy%~ 26.2 262 26.2 26.2 262

P (PO ) 1.0 1.0 1.0 1.0 1.0

S (50,%7) 0.8 194 340 485 63.1

Floating cell cultures

CaCo-2 cells were precultivated for 3 days on coverslips
in the original culture medium (Medium A). The cover-
slips with the adherent CaCo-2 cells were then placed,
cells on the underside, onto the surface of each of the 15
different culture media, which had been supplemented
with 20 pg/mL nanosilver. A spacer ensured that the cov-
erslips were kept on the surface of the culture medium.

Cell viability

Apoptosis/necrosis in cell cultures was quantitatively
investigated by flow cytometric analysis based on the
binding of annexin V fluorescein to phosphatidyl serine
and incorporation of propidium iodide to distinguish
between apoptotic and late apoptotic/necrotic cells.
The staining procedure was performed according to the
manufacturer’s protocol (PF032 Calbiochem, Germany)
of annexin V binding with adherent cells. For the differ-
ent chromophores the following excitation and emission
wavelengths were used: annexin V-FITC (ex. 488 nm; em.
528 nm) and propidium iodide (ex. 488 nm; em. 635 nm).
A total of 10,000 cells were counted in each flow cyto-
metric analysis. Cadmium chloride (25 uM) was used as
the positive control.

Cell morphology

Morphology was analyzed by bright field microscopy
using a phase contrast method at x100 (Nikon-Diaphot,
Egg, CH) after exposure of the CaCo-2 cells to 20 pg/mL
nanosilver for 48 h in the different culture media.

Nanoparticle uptake analysis in vitro

The TEM analysis of incorporated particles was per-
formed with a Zeiss 900 TEM (Carl Zeiss Microlmag-
ing, Jena, Germany), described in detail by Thurnherr
et al. [30]. In brief: the cells were pelleted and sucked
up into a capillary tube (Leica, Heerbrugg, CH). Fixa-
tion of the cells was performed with a 0.2 M sodium

cacodylate buffer containing 3% glutaraldehyde. Fixed
cells were postfixed in 2% osmium tetroxide in 0.1 M
sodium cacodylate buffer for 30 min, dehydrated through
a graded ethanol series followed by acetone and embed-
ded in Epon resin (Fluka, Buchs, CH). Ultrathin sections
were contrasted with 2% uranyl acetate and lead citrate
before observation by TEM at 80 kV. The engulfed sil-
ver agglomerates in the cells were analyzed by scanning
transmission electron microscopy and energy dispersive
X-ray spectrometry (STEM/EDX).

Release of reactive oxygen species

The release of ROS was estimated with the reactive dye
2/,7'-dichlorodihydrofluorescein-diacetate (H,DCF-DA),
as described by Kaiser et al. [31]. The release of ROS was
analyzed after exposure of the CaCo-2 cells for 1, 2, 3
and 4 h to 20 pg/mL nanosilver in salt solutions that cor-
responded to the chloride ion concentrations in culture
media A—E. The salt solutions contained only the cations
and anions of the corresponding culture media without
FCS, phenol red, glutamine, PSN, glucose, non-essential
amino acid solution, sodium pyruvate, and vitamin solu-
tion. 3-Morpholinosydnonimine hydrochloride (1 mM)
was used as the positive control.

Release of cytokines

CaCo-2 cells exposed to nanosilver released interleukin
8 (IL-8) into the culture media and the concentration of
IL-8 was analyzed with an ELISA cytokine assay (IL-8
ELISA Ready-SET-Go, eBioscience, Frankfurt, Germany)
according to the manufacturer’s protocol. Exposure of
cells to tumor necrosis factor alpha (TNF-a, 50 ng/mL)
for 24 h to induce the release of IL-8 was used in positive
control cultures.

Statistical analysis
The experiments were repeated independently three
times. Significant effects were determined using Student’s
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t test. Differences were considered significant at p < 0.05.
In the Figures, data are presented as the mean of three
independent experiments and the standard error of the
mean (SEM) over the mean experimental values of each
of the three independent experiments.

Results

Agglomeration of nanosilver

Changes in the agglomeration of nanosilver in the media
with different chloride concentrations (media A—E) were
analyzed after incubating the particles in culture media
with 10% FCS over 72 h. As soon as the silver nanopar-
ticles came in contact with the culture media, agglomer-
ates formed in all the media, independent of the chloride
concentration. The size distribution of nanosilver was
similar for all the different media and in the range of
approximately 65-235 nm, with maxima approximately
150 nm (Additional file 1: Table S1). In the cell free cul-
ture media the silver agglomerates shifted within the first
24 h incubation period towards larger particles. After
this 24 h incubation period the silver agglomerates didn’t
increased anymore.

Some of the agglomerated particles precipitated and
were adsorbed onto CaCo-2 cells growing on the bot-
tom of the culture dishes (Additional file 1: Figure S1).
At higher silver concentrations it could be demonstrated
that the precipitated silver agglomerates were adsorbed
by cells and formed micro-sized agglomerates on the
plasma membrane of the cells (Additional file 1: Figure
S2).

Determination of dissolved silver in the upper sections

of the culture media

Nanosilver and ionic silver were inoculated into the dif-
ferent culture media for 48 h. The analysis of the upper
sections of culture media A-D showed that 95-97%
(19.0-19.5 pg/mL) of the added nanosilver (20 pg/mL)
was removed from the upper section of the media within
48 h, due to sedimentation (Fig. 1la). When the same
amount of nanosilver was added to culture medium E,
less of the supplemented nanosilver was removed and
5-7.5% (1.0-1.5 pg/mL) of the applied nanosilver could
be detected in the upper section of the culture medium.
The amount of FCS did not influence the stability of the
added silver (Fig. 1a).

When ionic silver was applied to the different culture
media, similar behavior was observed. In culture media
A-D, 30-40% (0.45-0.60 ug/mL) of the added ionic sil-
ver (1.5 pg/mL) was stable in solution (Fig. 1b). When the
same amount of silver ions was added to culture medium
E, the amount of silver remaining in solution was higher,
50-80% (0.8—1.2 pg/mL) of the applied silver could be
detected in the upper section of culture medium E. The
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amount of FCS in the culture media did not affect the
stability of the ionic silver, as already observed with the
nanosilver particles.

Determination of dissolved silver and silver complexes

of low molecular weight (<3 kDa) in the culture media
Dissolved silver (<3 kDa) in the different culture media
was investigated with ICP-MS analysis after filtration.
Nanosilver (20 pg/mL) and ionic silver (1.5 pg/mL) were
inoculated into the different culture media and 48 h later
all inorganic and organic particles of higher molecular
weight (>3 kDa) were removed by ultrafiltration with
cut-off filters (3 kDa). After the application of 20 pg/mL
nanosilver to medium A with 1% FCS, 2.3 ng/mL silver
could be measured in the filtrate. The silver concentra-
tions in the media filtrates were dependent on the chlo-
ride and FCS concentrations of the culture media. In
culture media B—E, which contained less chloride than
culture medium A, the measured silver concentration
in the filtrates was in the range of the detection limit
(0.3 ng/mL) (Fig. 2a). When silver was applied as ionic
silver (1.5 pg/mL) to culture medium A, between 130 and
6.4 ng/mL silver could be detected in the filtrate (Fig. 2b).
The silver concentration was again dependent on the FCS
concentration. Less silver was detected in the filtrates of
culture media with higher FCS concentrations. Culture
media B—E contained lower chloride concentrations than
culture medium A. The measured amounts of silver in
the media-filtrates were very low.

Measurement of free silver ions in the culture media

with ISE

The concentration of free silver ions in culture media
A-D containing the organic supplements and FCS in the
concentrations of 1, 5 and 10% was measured with the
ISE. Immediately after adding the 5 pg/mL Ag™ to the
media, the free silver ion concentration was 1.6e-10 M,
1.8e-10 M and 1.3e-10 M for medium A with 1, 5 and
10% FCS. For medium D the respective values were 8.6e-
10 M, 5.9¢-10 M and 3.4e-10 M. This means that only
about 3e-4% of the total silver was present as free silver
ions in medium A and 1e-3% for medium D. After 3 h the
ISE measurement was below the calibration range, indi-
cating a further complexation of the added silver.

Calculation of the amounts of free silver and inorganic
silver complexes

Speciation of silver was performed using Visual Minteq,
including all major cations and anions and glutamate. For
the additional organic compounds added to the medium
no silver complexation constants are known, nor for
ECS. Calculations were therefore performed with the
known stability constants and considering the solubility
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Fig. 1 Measurements of total silver in the upper sections of culture media A-E. The samples were inoculated with 20 ug/mL nanosilver (a) or
1.5 ug/mL ionic silver (b) and incubated at 37 °C for 48 h

of solid AgCl. For 1.5 pg/mL total silver, the predicted
precipitation of solid AgCl in medium A was 28%, the
remaining speciation of silver complexes was 0.08%
Ag", 7.6% AgCl,, 80.7% AgCl,” and 11.6% AgCl;*".
In medium E no AgCl was expected to precipitate and
the Ag-speciation was 65.7% Ag', 3.4% AgCl,,, 10.0%
Ag-glutamate and 20.8% Ag,SO,. The speciation in the
fraction smaller than 3 kDa after addition of nanosilver
particles was also calculated. For medium A the species
distribution was 0.08% Ag™, 7.7% AgCl,,, 80.7% AgCl,~
and 11.5% AgCl;*>". For medium E the speciation was
66.1% Ag', 2.6% AgCl,;, 10.1% Ag-glutamate and 21%
Ag,SO,. Medium A therefore predominately comprised
dissolved silver-chloride species, whereas medium E was
predominately free ionic silver and organic silver com-
plexes. The amounts of ionic silver and dissolved silver
complexes were very low in all culture media, and were
unable to affect cell behavior when present in such low
concentrations.

Cytotoxicity assays

Control cultures were grown in the different culture
media with different FCS concentrations. Annexin V/
propidium iodide staining showed that the number of liv-
ing cells remained comparable in all culture media A-E
(Additional file 1: Figure S3).

In order to elucidate the cytotoxicity of the silver
remaining in the upper sections of the culture media,
CaCo-2 cells were pre-cultivated on coverslips, each of
which were placed with the adherent CaCo-2 cells fac-
ing the culture media, onto the surface of the 15 different
culture media that had been inoculated with 20 pg/mL
nanosilver. The chloride and FCS concentrations in the
culture media did not noticeably influence the viability of
the floating cell cultures (Fig. 3a). In contrast, cell cultures
growing on the bottom of the culture dishes were heavily
exposed to precipitating silver complexes and sedimented
silver agglomerates (Fig. 3b). When these cell cultures
were cultivated in medium A, which corresponded to
the original MEM culture medium, in the presence of
20 pg/mL nanosilver, a higher number of dead cells was
observed (Fig. 3b). Thus the chloride concentration in
the culture medium increased the cytotoxic effect of the
applied nanosilver. Increasing the FCS concentration of
the culture medium increased the amount of living cells,
independent of the presence of chloride or sulfate.

The same investigations were done using ionic sil-
ver instead of nanosilver. The viability of cell cultures
growing on the bottom of the culture dishes was far less
affected by ionic silver (1.5 pg/mL) when the cells were
growing in a medium with lower chloride concentrations
(e.g. media B—E) and with higher FCS content (Fig. 4).
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Fig. 2 ICP-MS measurement of dissolved silver (<3 kDa) in the different culture media. The samples were inoculated with 20 pug/mL nanosilver (a)
or 1.5 pg/mL ionic silver (b) and incubated at 37 °C for 48 h. Most of the released silver ions from nanosilver particles, as well as the applied ionic
silver formed complexes with the proteins of the culture medium. Next, molecules with molecular weight higher than 3 kDa were removed by cut-
off filters and the filtrates of the different culture media, which contained only low molecular weight molecules (<3 kDa), were analyzed by ICP-MS
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Fig. 3 Viability of cell cultures grown in culture media with 20 pg/mL nanosilver. Floating cell cultures (a) and bottom cell cultures (b) were culti-
vated in media with different chloride concentrations (media A-£) in the presence of nanosilver for 48 h. The negative control culture corresponded
to medium A with 10% fetal calf serum (FCS). Asterisk significantly different from the negative control

Nanosilver also affected the morphology of the CaCo-2
cells growing on the bottom of the culture dishes. The
effects were dependent on the chloride concentration of
the culture medium. The morphology of cell clusters was
mostly affected when the cells were growing in medium
A (Additional file 1: Figure S4A). Cell growth decreased

and the cells formed smaller clusters. Cells growing on
the periphery of the clusters were especially affected. No
dead cells could be observed in the center of the cell clus-
ters. However, the CaCo-2 cells were much less affected
when growing in media with lower chloride, respectively
higher sulfate, concentrations (media B—E). The floating
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Fig. 4 Viability of cell cultures grown in culture media with 1.5 pg/mL
silver ions. Cells were cultivated in culture media with different chlo-
ride concentrations (media A-F) in the presence of 1.5 ug/mL ionic
silver for 48 h. The negative control culture corresponded to medium
A with 10% fetal calf serum (FCS). Asterisk significantly different from

the negative control

cell cultures were not exposed to the precipitating silver
particles, only to dissolved silver and suspended nano-
particles in the culture medium. No visible effects on cell
morphology could be observed, independent of the chlo-
ride and FCS concentrations of the culture media (Addi-
tional file 1: Figure S4B).

Cellular uptake of nanosilver by CaCo-2 cells growing
in medium A on the bottom of the culture dishes was
analyzed by TEM. CaCo-2 cells exposed to nanosilver
for 48 h incorporated the silver nanoparticles (Additional
file 1: Figure S5). The incorporated particles were located
as silver agglomerates in membrane-bound structures,
most likely in endosomal-lysosomal compartments.

The release of ROS by cell cultures growing in the pres-
ence of nanosilver was also investigated. No significant
amounts of ROS were produced by the CaCo-2 cells
within the first 4 h of exposure to nanosilver in any of the
culture media (Additional file 1: Figure S6).

In a further investigation it was shown that CaCo-2
cells growing on the bottom of the culture dishes released
significant amounts of IL-8 after exposure to nanosilver
(20 pg/mL). The release of IL-8 was dependent on the
FCS concentration of the culture medium (Additional
file 1: Figure S7A). Correlations were found between cell
viability and IL-8 when CaCo-2 cells were growing in
media with higher FCS concentrations in the presence
of nanosilver. Floating cell cultures released less IL-8
than cells grown on the bottom of the culture dishes. The
chloride concentration in the culture media had only a
minor effect on the release of IL-8. However, as already
mentioned for the cells growing on the bottom of the
culture dishes, floating cell cultures that were growing in
culture media supplemented with 10% FCS also released
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more IL-8 than cells growing in culture media with lower
amounts of FCS (Additional file 1: Figure S7B).

Discussion
Our results show that nanosilver toxicity was strongly
affected by the composition of the culture media. Silver
is known to bind strongly to inorganic and organic sul-
fur compounds, chloride and organic matter [32]. Thus
the chloride concentration of the culture media, as well
as the carbon content have an effect on silver agglomera-
tion and complex formation, as well as on the availability
of free silver ions (Ag") dissolved in the culture media.
In order to understand the relationships between the
amount of silver, silver speciation and toxicities in vitro,
we focused on the endmember media A and E (Table 2).
Silver measurements in culture media taken from
the upper sections of the media demonstrated that the
amounts of dissolved inorganic and organic silver com-
plexes in the culture media after the application of
nanosilver or ionic silver was dependent on the chlo-
ride concentration. In culture medium E with a chloride
concentration of only 0.05 mM, we observed the highest
amount of total silver present, compared with the other
culture media. This was true for applied nanosilver, as
well as applied ionic silver. Only a very small fraction of
the applied silver stayed solubilized in the cell culture
system, the majority sedimented onto the cells growing
on the bottom of the culture dishes. We demonstrated
with the NanoSight particle tracking method that as
soon as the silver nanoparticles came in contact with
the culture media, agglomerates were formed. The silver
agglomerates shifted within the first 24 h of incubation in

Table 2 Overview of measured parameters and observed
toxicities for the endmember media A and E

lonic silver Nanosilver

Medium A MediumE Medium A MediumE Units

Chloride 125 0.05 125 0.05 mM

Total silver  0.7-1 1-14 0.6 0.8-1.2 pg/mL
in solu-
tion

Dissolved  6-130 0.5 1-2.5 0.5 ng/mL
silver

Freesilver 13-18 3-9 - - 107'°M

Calc.free  04-9 19 0.06-0.2 19-24 107'%M
silver

Toxicity - - 0 0 %
floating

Toxicity 30-90 10-60 40-60 10 %
bottom

Italics represent higher concentrations or higher toxicities

- not measured
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cell culture media towards larger particles and then the
silver agglomerates didn't increased anymore (Additional
file 1: Table S1).

The silver compounds that remained in the culture
media were largely inorganic and organic silver com-
plexes and suspended nanoparticles with a molecular
weight >3 kDa. Only a very small fraction was <3 kDa,
consisting of free ionic silver, and inorganic and organic
silver complexes. This fraction was larger in the presence
of higher chloride but the free silver ion concentration
was smaller. The speciation calculations supported this
finding, although much of the added dissolved silver was
expected to be precipitated as AgCl, the remaining free
silver concentration was lower because of greater forma-
tion of dissolved AgCl, and AgCl; complexes.

The amount of free ionic silver in the different culture
media was therefore very low. It is known that it is mainly
the free metal ion that is responsible for toxic effects and
that organic and inorganic metal complexes have no or
much lower toxicity [19, 21, 33-35]. This has also been
observed for silver [24, 32, 36, 37]. The silver chloride
complexes have different bioavailability to silver ions and
are described as inducing only moderate toxicity [32, 38].
Because chloride has a higher binding constant with sil-
ver than does sulfate, replacing chloride with sulfate will
increase the concentration of free ionic silver and we
would thus expect to see a higher toxicity in medium E
compared with medium A. However, the opposite was
observed, with the highest toxicity in the high-chloride
medium, which shows that the observed toxicity is not
only related to the free silver concentration when free sil-
ver is present in very low concentrations.

The absence of toxic effects in the floating cell cul-
tures shows that neither the total remaining silver in
solution nor the concentration of free silver ions was
enough to elicit any toxic response. The absence of toxic
effects on the floating cell cultures is therefore a conse-
quence of both the precipitation and sedimentation of
dissolved silver and silver nanoparticles, as well as the
complexation of the remaining silver by organic and inor-
ganic compounds. The floating and bottom cell cultures
were exposed to the same dissolved silver complexes,
which were obviously non-toxic to the cells. The tox-
icity observed on the cells at the bottom of the culture
medium was therefore not caused by dissolved silver in
the bulk solution. This finding contradicts to some extent
the commonly agreed mechanism of silver toxicity, which
is thought to occur through dissolved silver. The total sil-
ver in solution is clearly not a good indicator of toxicity.
By excluding the floating cell experiment, one might con-
clude that the truly dissolved silver (<3 kDa) was propor-
tional to toxicity. However, the floating cells did not show
any toxic effects.
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The bottom cell cultures were of course not only
exposed to silver in solution but also to the precipitated
and sedimented silver particles. Local exposure of the
cells was therefore mainly via silver particles covering the
cells. The total silver is remaining in solution was almost
the same in medium A and E (3—-5% for medium A, 5-7%
for medium E), so the amount sedimented onto the cells
was also similar. The different toxicities in media A and
E were therefore not caused by the simple presence of
nanosilver on the cell surface but by the composition of
the medium. The higher chloride concentration resulted
in higher dissolved silver (dissolved AgCl, and AgCl,
complexes) in the vicinity of the cell membrane. The dis-
solved silver concentration at the cell surface, where the
concentration of total silver is very high, was therefore
much greater than average over the whole solution and a
locally elevated exposure concentration (LEEC) was pre-
sent. LEEC has been used to explain the higher toxicity of
Diuron to algae when sorbed to carbon nanotubes (CNT)
than when present in the dissolved state [39]. We hypoth-
esize that a similar mechanism was at work in the current
cell culture system, that is, most of the silver in the cell
culture media, when added as nanoparticles, agglomer-
ated, precipitated and sedimented as AgCl or silver nano-
particles onto the cells at the bottom of the culture dish
[40, 41]. The silver remaining in suspension or present
in dissolved form had no effect on the cells. The silver
on the cell surface had different bioavailability depend-
ing on the composition of the solution. Locally, the con-
centration of silver on the cell surface was very high and
thus locally higher compared with the bulk solution. In
medium A higher dissolved silver was observed in solu-
tion, so we could also expect higher dissolved silver close
to the particles and therefore in the vicinity of the cell
membrane.

However, there might be another mechanism not
involving extracellular dissolution but rather an influ-
ence of the medium on the uptake of nanosilver and
its incorporation into the cells. It has been shown that
when sedimenting silver complexes come in contact
with the surface of cells, a metal equilibration (adsorp-
tion—desorption) takes place [35], therefore part of the
sedimented silver complex would be engulfed by the cells
growing on the bottom of the culture dishes. Once inside
the cells the silver complexes could dissociate and bind
to intracellular proteins and have cytotoxic effects. Thus
the uptake of silver complexes by the cells growing on the
bottom of the culture dishes also contributed to the over-
all cytotoxicity of nanosilver. Similar presumptions were
also reported by Gliga et al. [2] for silver nanoparticles
and by Cho et al. [42] for nanogold particles.

The engulfed silver agglomerates were analyzed by
scanning transmission electron microscopy and energy



Kaiser et al. J Nanobiotechnol (2017) 15:5

dispersive X-ray spectrometry. The incorporated par-
ticles were located in membrane-bound structures,
most likely in endosomal-lysosomal compartments.
We showed that a part of the added nanosilver particles
were incorporated into the cells. We didn’t investigate
the uptake of the silver nanoparticles quantitatively over
time, since the focus of this investigation was the study
of the influence of different chloride and FCS concentra-
tions onto cell behavior.

Silver applied as ionic silver formed, like nanosilver,
inorganic and organic complexes with compounds of the
culture media, which sedimented onto the cells at the
bottom of the culture dish. However, part of the applied
ionic silver bound directly to proteins of the plasma
membrane of the cells, when ionic silver was applied in
a single batch. This ionic silver that binds directly to the
proteins of the plasma membrane of the cells upon appli-
cation will contribute heavily to the overall cytotoxicity
of applied ionic silver (Fig. 4). The intensity of the cyto-
toxic effect is dependent on the amount of applied ionic
silver, as well as on the types and concentrations of the
inorganic and organic compounds in the medium.

Conclusions

Silver agglomeration and silver complex formation in the
culture media used in the present study were affected by
chloride concentration and the presence of organic car-
bon (in this case, mostly FCS), and this interaction fur-
ther determined the viability of the cell cultures. Cells
only exposed to silver particles in suspension and dis-
solved silver complexes did not show any effect under
all conditions. Cells growing on the bottom of the cul-
ture dishes were exposed to silver through precipita-
tion of silver agglomerates. Dissolution of these silver
compounds likely resulted in LEEC determined by the
composition of the medium, and the final exposure
conditions were completely different to those of a sys-
tem with well-dispersed particles [40, 41]. Therefore, in
addition to the required and reported material charac-
terization, the cell culture conditions have to be care-
fully considered in order to estimate the type and dose
of silver complexes to which cells will be exposed. These
factors became more relevant when different biological
systems, such as eukaryotic versus prokaryotic, are com-
pared, which might be important, for example, when
evaluating the use of silver as antibacterial coatings for
implants in order to prevent bacterial colonization and
biofilm formation. Silver coatings on health-care prod-
ucts might not only be bacteriostatic or bactericidal, but
also cytotoxic. Only well-controlled and understood cul-
tivation conditions will be able to improve the compa-
rability of different studies using reactive nanomaterials
such as silver.
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