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species of ionic silver in biological
media is colloidally dispersed nanoparticulate silver
chloride

K. Loza,a C. Sengstock,b S. Chernousova,a M. Köllerb and M. Epple*a

We have investigated the behaviour of silver ions in biologically relevant concentrations (10 to 100 ppm) in

different media, from physiological salt solution over phosphate-buffered saline solution to protein-

containing cell culture media. The results show that the initially present silver ions are bound as silver

chloride due to the presence of chloride. Only in the absence of chloride, glucose is able to reduce Ag+

to Ag0. The precipitation of silver phosphate was not observed in any case. We conclude that the

predominant silver species in biological media is dispersed nanoscopic silver chloride, surrounded by a

protein corona which prevents the growth of the crystals and leads to colloidal stabilization. Therefore,

in cell culture experiments where dissolved silver ions are studied in the upper ppm range, in fact the

effect of colloidally dispersed silver chloride is observed. We have confirmed this by cell culture

experiments (human mesenchymal stem cells; T-cells; monocytes) and bacteria (S. aureus) where the

cells were incubated with synthetically prepared silver chloride nanoparticles (diameter ca. 100 nm).

These were easily taken up by eukaryotic cells and showed the same toxic effect at the same silver

concentration as ionic silver (as silver acetate). Therefore, nanoscopic silver chloride and not free ionic

silver is the primary toxic species in biological media.
Introduction

Silver as antibacterial agent is increasingly used in many
applications.1–4 To meet the diversity of application types,
different kinds of silver compound have been developed to serve
this market. The most potent compounds for rapid silver
release are water-soluble silver salts like silver nitrate or silver
acetate. They are oen used in cell culture experiments to
elucidate the biological effects of silver. In these cases is tacitly
assumed that the concentration of free silver ions is the same as
that in the added silver salts. This obviously cannot be true
because of the presence of a whole set of proteins, biomolecules
and inorganic ions like chloride and phosphate in the biological
medium. These will react with the silver ions in one or the other
way, reducing the concentration of dissolved silver ions, as
pointed out by a number of authors,5–7 and also for engineered
silver nanoparticles aer their release into the environment.8–11

Consequently, there have been attempts to study the biological
effect of silver chloride5–7,12 which is the most likely precipitation
product in the absence of sulphide.2,13 However, in all these
studies, silver chloride was prepared as precipitated solid, i.e. not
ointegration Duisburg-Essen (CeNIDE),
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in the presence of proteins and therefore not colloidally stable.
Here we show that silver chloride is present as dispersed colloidal
species if proteins are present (due to the formation of a stabilizing
protein corona)14–20 and that it exhibits the same toxicity towards
eukaryotic cells and bacteria as a dissolved silver salt. We deduce
that this is the predominant species in “solutions” of soluble silver
salts in biological uids.
Experimental section
Precipitation experiments of silver compounds in biological
media

Silver nitrate was added to different biological media with silver
ion concentrations between 0.01 g L�1 and 0.1 g L�1 (10 to 100
ppm). This is the range of the cytotoxicity of silver.2,21 The
solutions of silver nitrate were stirred at room temperature for 7
days under sterile conditions. Light was not explicitly excluded.
All precipitates were isolated by ultracentrifugation (24 900g; 30
min), redispersed in pure water, again subjected to ultracen-
trifugation and then analysed by X-ray powder diffraction,
scanning electron microscopy and energy-dispersive X-ray
spectroscopy.
Synthesis of colloidally dispersed silver chloride nanoparticles

Poly(N-vinylpyrrolidone) (PVP)-coated silver chloride nano-
particles were synthesized by precipitation from aqueous
This journal is © The Royal Society of Chemistry 2014

http://crossmark.crossref.org/dialog/?doi=10.1039/c4ra04764h&domain=pdf&date_stamp=2014-08-13
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c4ra04764h
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA004067


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
A

ug
us

t 2
01

4.
 D

ow
nl

oa
de

d 
on

 4
/4

/2
02

6 
4:

34
:5

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
solutions of sodium chloride and silver nitrate in the presence
of PVP.22 45 mg sodium chloride and 54 mg PVP were dissolved
in 12 mL water and heated to 60 �C for 30 min. Then 57 mg
AgNO3 dissolved in 1 mL water was quickly added. The
dispersion was stirred at 60 �C for 30 min. The particles were
collected by ultracentrifugation (29 400g; 15 min), redispersed
in pure water and collected again by ultracentrifugation. The
silver chloride nanoparticles were then redispersed in water by
ultrasonication. The nal silver concentration in all dispersions
was determined by atomic absorption spectroscopy (AAS).
Synthesis of uorescent colloidally dispersed silver chloride
nanoparticles

Poly(ethyleneimine) (PEI)-coated silver chloride nanoparticles
were synthesized by precipitation from aqueous solutions of
sodium chloride and silver nitrate in the presence of PEI by
simultaneously pumping aqueous solutions of sodium chloride
(30 mg mL�1) and silver nitrate (25 mg mL�1) in a volume ratio
of 1 : 1 mL into a stirred glass vessel containing 5 mL of PEI
solution (2 mg mL�1) during one minute and then stirring for
10 min. Then 50 mL of a solution of uorescein in ethanol (20
mg mL�1) was added. The dispersion was stirred at room
temperature for 120 min. The particles were collected by ultra-
centrifugation (29 400g; 15 min), redispersed in pure water and
collected again by ultracentrifugation. The silver chloride
nanoparticles were then redispersed in water by ultra-
sonication. The nal silver concentration in all dispersions was
determined by atomic absorption spectroscopy (AAS).
Reagents and methods

Poly(N-vinylpyrrolidone) (PVP K30, Aldrich, molecular weight
55 000 g mol�1), silver nitrate (Roth, p.a.), sodium chloride
(VWR, p.a.), D-(+)-glucose (Fluka, p.a.), uorescein (Caelo, p.a.)
and polyethylenimine (PEI; branched, Aldrich, molecular
weight 25 000 g mol�1) were used as obtained from the manu-
facturer. Phosphate-buffered saline solution (PBS) was obtained
from Gibco. RPMI 1640 was obtained from Gibco. LB medium
was obtained from Sigma-Aldrich. Fetal calf serum (FCS) was
obtained from Gibco. Ultrapure water was prepared with an
ELGA Purelab ultra instrument.

Scanning electron microscopy (SEM) was performed with a
FEI Quanta 400 ESEM instrument in high vacuum aer sput-
tering with Au : Pd (80 : 20). Energy-dispersive X-ray spectros-
copy was carried out with a Genesis 4000 instrument. The
hydrodynamic diameter and the zeta potential of the dispersed
nanoparticles were measured by dynamic light scattering (DLS)
using a Malvern Zetasizer Nano ZS instrument. The poly-
dispersity index (PDI) was below 0.3 in all cases, indicating a
good degree of dispersion. The concentration of silver was
determined by atomic absorption spectroscopy (AAS; Thermo
Electron Corporation, M-Series). The detection limit was 1 mg
L�1 (1 ppb). X-ray powder diffraction was carried out on a
Bruker D8 Advance instrument in Bragg–Brentano mode with
Cu Ka radiation (1.54 Å). Fluorescence spectroscopy was carried
out with a Carry Eclipse uorescence spectrophotometer.
This journal is © The Royal Society of Chemistry 2014
Nanoparticle tracking analysis was performed with a NanoSight
LM10 HS instrument.

The simulation of the equilibrium of silver species in the
biological media was performed with the program Visual
MINTEQ 3.0 (J. P. Gustafsson, Stockholm, 2011). The simula-
tion was performed with 0.1 g L�1 (100 ppm) dissolved silver.
The media model considered only inorganic salts, no organic
compounds. Solids were allowed to precipitate in the model.
Cell culture experiments

Human mesenchymal stem cells (hMSCs, 3rd to 7th passage,
Lonza, Walkersville Inc., MD, USA) were cultured in cell culture
medium RPMI/10% FCS using 24-well cell culture plates
(Falcon, Becton Dickinson GmbH, Heidelberg, Germany). Cells
were maintained at 37 �C in a humidied atmosphere with 5%
CO2. hMSCs were sub-cultivated every 7–14 days, depending on
the cell proliferation rate. Adherent cells were washed with
phosphate-buffered saline solution (PBS, GIBCO, Life Technol-
ogies) and detached from the culture asks by addition of 0.2
mL cm�2 0.25% trypsin/0.1% ethylenediamine tetraacetic acid
(EDTA, Sigma-Aldrich, Tauirchen, Germany) for 5 min at 37
�C. Subsequently, the hMSCs were collected and washed twice
with RPMI/10% FCS. Subconuently growing hMSCs were
incubated for 24 h at 37 �C in the presence or absence of
different concentrations of AgCl nanoparticles or silver ions
(aqueous silver acetate solution), normalized to the silver
content, in a humidied atmosphere of 5% CO2. The viability
and the morphology of the incubated hMSCs were analyzed
using calcein–acetoxymethylester uorescence staining (cal-
cein–AM, Calbiochem, Schwalbach, Germany). Aer incubation
for 24 h, the AgCl-treated and the silver ion-treated cells were
washed twice with RPMI and incubated with calcein–AM (1 mM)
at 37 �C for 30 min under cell culture conditions. Subsequently,
the adherent cells were washed again with RPMI and analyzed
by uorescence microscopy (Olympus MVX10, Olympus,
Hamburg, Germany). Fluorescence microphotographs were
taken (Cell P, Olympus) and digitally processed using Adobe
Photoshop® 7.0. In this method, living cells give rise to a green
uorescence.

Peripheral blood mononuclear cells (PBMC) were isolated by
a single-step procedure that was based on a discontinuous
double-Ficoll gradient described by English and Andersen.23

Briey, EDTA-anticoagulated peripheral blood (9 mL Mono-
vette®, Sarstedt, Nürnbrecht, Germany), obtained from healthy
volunteers (covered by the approval of the local ethics
committee #3036-07), were diluted with an equal volume of
0.9% aqueous NaCl and carefully overlaid on a double gradient
formed by layering 10 mL of aqueous polysucrose/sodium dia-
trizoate, adjusted to a density of 1.077 g mL�1 (Histopaque
1077, Sigma-Aldrich, Tauirchen, Germany), on 10 mL Histo-
paque 1119 (Sigma-Aldrich) in 50 mL Falcon tubes (BD-
Biosciences, Heidelberg, Germany). The tubes were centri-
fuged at 700g for 30 min at room temperature. Aer centrifu-
gation, two distinct leukocyte cell layers (PBMC and
polymorphonuclear neutrophil granulocytes, PMN) were
obtained above the bottom sediment of erythrocytes. The PBMC
RSC Adv., 2014, 4, 35290–35297 | 35291
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layer was carefully aspirated and transferred to a separate 50mL
tube, and the tube was lled with phosphate buffered saline
(PBS, Sigma-Aldrich) and centrifuged at 200g for 15 min at 4 �C.
This method led to more than 95% pure and viable PBMC. Cell
counting was performed using Tuerk staining solution (Sigma-
Aldrich). The isolated cells were adjusted to 1� 106 cells per mL
in RPMI 1640 (GIBCO, Invitrogen GmbH, Karlsruhe, Germany)
cell culture medium supplemented with L-glutamine (0.3 g L�1),
sodium bicarbonate (2.0 g L�1), 10% fetal calf serum (FCS,
GIBCO, Invitrogen GmbH), and 20 mM N-(2-hydroxyethyl)-
piperazine-N0-(2-ethanesulfonic acid) (HEPES, Sigma-Aldrich).
For the differentiation of monocytes and T-cells in the PBMC-
fraction, the cells were centrifuged at 370g for 5 min at room
temperature. The supernatants were discarded, and the pellets
were carefully resuspended. Fluorochrome-labelled anti-CD3
and anti-CD14 (BD Bioscience, Heidelberg, Germany) were
added (20 mL each), and the samples were incubated for 30 min
in the dark at room temperature. Subsequently, the cells were
washed with PBS, centrifuged at 370g for 5 min at RT and xed
with 1.5% formaldehyde.

HeLa cells were cultivated in Dulbecco's modied Eagle's
medium (DMEM), supplemented with 10% fetal calf serum
(FCS) at 37 �C in humidied atmosphere with 5% CO2.
Approximately 12 h prior to the addition of the silver
compounds, the cells were seeded into a six-well plate over cover
glass. The silver concentration in cell culture medium was 2 mg
mL�1 (2 ppm). The cells were incubated for 4 h under cell
culture conditions, then washed three times with PBS, and
studied with a uorescence microscope BZ-9000 (Keyence,
Japan).
Bacterial culture experiments

Bacterial tests were performed with Staphylococcus aureus
(DSMZ 1104), obtained from the DSMZ (German Collection of
Microorganisms and Cell Cultures). S. aureus was grown in BHI
broth (brain–heart infusion broth, bioMérieux, Nürtingen,
Germany) overnight at 37 �C in a water bath. Bacterial
concentrations of overnight cultures were measured using a
Densichek® (bioMérieux, Lyon, France) turbidity photometer.
The calculation of bacterial counts was based on turbidity
standard solutions (McFarland scale).

The antimicrobial activity of nanoparticulate silver chloride
was tested using standard methods which determine the
minimum inhibitory concentration (MIC) and the minimum
bactericidal concentration (MBC). MIC was determined in RPMI
1640 (Life Technologies) containing 10% (v/v) fetal calf serum
(FCS, Life Technologies) and L-glutamine (0.3 g L�1, Life Tech-
nologies), and dened as the lowest silver concentration able to
inhibit bacterial growth (no visible growth) in 2 mL plastic
macrodilution test tubes. Therefore, working silver stock solu-
tions (50 mL) were added to 1 mL of the respective liquid culture
medium, and different cell numbers (103 to 106 mL�1) of
bacteria were used for inoculation. Cells were incubated in a cell
culture incubator (RPMI/10% FCS) in the presence of 5%
carbon dioxide in a humidied atmosphere at 37 �C overnight.
35292 | RSC Adv., 2014, 4, 35290–35297
The minimum bactericidal concentration (MBC) was subse-
quently determined by plating 100 mL aliquots of the MIC
samples on blood agar plates. The MBC was dened as the
lowest silver concentration which completely prevented colony
forming units (CFU) on the agar plate.
Statistical analysis

Data are expressed as mean � standard deviation of at least
three independent experiments. Analysis of the data distribu-
tion was performed using Student's t-test to analyse the signif-
icance of differences between the treated group and the control
group (without silver exposure). P values of less than 0.05 were
considered to be statistically signicant.
Results and discussion

Biological media always contain considerable amounts of
chloride which leads to the precipitation of silver chloride. The
equilibrium concentration of free ionic silver can be calculated
using the solubility product of AgCl (1.7 � 10�10 mol2 L�2).2

However, ionic silver can form complexes with organic
compounds and thereby be removed from the equilibrium. This
leads to an increased solubility. Furthermore, precipitating
silver chloride may be rapidly coated by biomolecules and
prevented from further growth due to the forming protein
corona.15,16,24–26 However, the concentration of ionic silver is
typically low in biological experiments (between 1 and 100
ppm). This may explain why a precipitation is typically not
observed: the resulting particles are very small and do not
precipitate, and their overall concentration is low. In the
following, we will elaborate the argumentation chain about the
state of silver ions in biological media.

First, we have added silver nitrate in a low concentration (10
to 100 ppm) to various biological media. Such a concentration is
in the range of biological effects of silver ions.2 The dispersions
were stirred for 7 days, the resulting solid products were iso-
lated by ultracentrifugation and then identied by X-ray
diffraction, scanning electron microscopy and energy-
dispersive X-ray spectroscopy. Note that a gravimetric determi-
nation of the amount of precipitate was impossible due to the
very small amount (about 100–150 mg from 1 L of dispersion).
This also prevented the analysis of even more lower silver
concentrations. In all cases, we found sub-mm-sized particles of
silver chloride (Table 1). The only exception was the aqueous
solution of glucose, i.e. a reducing agent, where we found
metallic silver. Notably, the particles were smaller if proteins
were present, indicating an inhibition of the crystal growth by a
protein corona. This is reasonable because the culture media
contain about 15 g L�1 (LB) and 10 g L�1 (RPMI/10% FCS) of
protein, respectively. The analysis of the nature of the protein
corona is difficult and beyond the scope of this manuscript. In
the absence of biomolecules, the silver chloride crystals had the
possibility to grow until the supersaturation had been
consumed by crystallization. No metallic silver was found by X-
ray diffraction together with silver chloride, indicating that any
reduction (e.g. by light) was either minor or absent. Test
This journal is © The Royal Society of Chemistry 2014
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Table 1 Nature of the formed solid, isolated by ultracentrifugation, after adding silver acetate at a silver concentration of 0.01 g L�1 to 0.1 g L�1

(10 to 100 ppm) and stirring for 7 days at room temperature. The particles were analysed by SEM, EDX and XRD. Themaximumpossible amount of
dissolved free Ag+ in equilibrium was calculated by the chemical equilibrium software Visual MinteQ 3.0a

Medium
(aqueous solutions)

Diameter of the
particles by SEM

Maximum possible concentration
of Ag+ in the immersion
medium/mg L�1

Concentration
of Cl�/M

Glucose (2 g L�1) 50–100 nm (Ag0) — 0
NaCl (0.9%) 300–1000 nm (AgCl) 0.225 0.154
NaCl (0.9%) + glucose (2 g L�1) 700–1500 nm (AgCl) 0.225 0.154
PBS 500–1000 nm (AgCl) 0.250 0.139
PBS + glucose (2 g L�1) 800–1500 nm (AgCl) 0.250 0.139
RPMI 1640 medium/10% FCS 200–350 nm (AgCl) 0.327 0.108
LB medium 30–50 nm (AgCl) 0.372 0.085

a The dispersed nanoparticles particles were also directly detected by nanoparticle tracking analysis (NTA) in RPMI/10% FCS (Fig. 1). This was not
possible in LBmedium due to the high turbidity and the small silver chloride crystals. Fig. 2 shows SEM images of AgCl nanoparticles, isolated from
PBS (i.e. no protein present) and LB medium, respectively.
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experiments with a shorter immersion time (12 h) gave identical
results, i.e. the precipitation and the equilibration of AgCl occur
within a few hours (data not shown).

Having shown that nanoscopic particles of AgCl form in
biological media, we wanted to test the biological activity of
such AgCl nanoparticles. Silver chloride nanoparticles were
synthetically prepared and stabilized by polyelectrolytes (PVP or
PEI, respectively). Table 2 lists the colloid-chemical data of the
prepared silver chloride nanoparticles in comparison to those
formed in the biological media. Fig. 3 gives dynamic light
scattering data of PVP-stabilized AgCl nanoparticles.

The synthetically prepared AgCl–PVP nanoparticles were also
colloidally stable in RPMI + 10% FCS for at least one week
(Fig. 4).

Up to this point, we have identied nanoscopic AgCl nano-
particles in biological media, and also prepared comparable
particles which are colloidally stable in biological media. The
next step is the comparison of the biological effect of “naturally
occurring” AgCl nanoparticles and “synthetic” AgCl nano-
particles. This was done with three cell lines (hMSC, T-cells, and
Fig. 1 Nanoparticle tracking analysis results of 10 mg mL�1 Ag+ (10 ppm)
particles; right: particle size distribution (by number) fromNTA. In the con
were observed.

This journal is © The Royal Society of Chemistry 2014
monocytes) and a relevant bacterial strain (S. aureus). The cells
were incubated with the same amounts of silver, either as
soluble silver acetate or as colloidally stable AgCl–PVP nano-
particles. Fig. 5 and Table 3 summarize all results.

We can see that there is no signicant difference between the
biological action of silver ions and AgCl-NP towards eukaryotic
cells and bacteria. As we have shown earlier, the cytotoxic
concentration of silver acetate against eukaryotic cells and
bacteria is in the same concentration range, and Gram-negative
bacteria are affected by silver ions in the same way as Gram-
positive bacteria.21 This underscores the presence and the bio-
logical effect of dispersed AgCl nanoparticles in both cases.
Finally, we have prepared uorescing nanoparticles of silver
chloride to follow their pathway into cells. HeLa cells were
chosen as suitable model cell line. Fig. 6 shows the character-
ization of the AgCl nanoparticles.

Fig. 7 shows the cellular uptake into HeLa cells which
occurred within a few hours. It may be safely assumed that the
uptake occurs by endocytosis as in the case of other
nanoparticles.27–29
after 10 min incubation in RPMI/10% FCS. Left: NTA image of diffusing
trol experiment (pure RPMI/10% FCS), no scattering particles of this size

RSC Adv., 2014, 4, 35290–35297 | 35293
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Fig. 2 Silver chloride nanoparticles, isolated from PBS (no proteins present; left) and LBmedium (high protein concentration; right). The particles
from LB are smaller, probably due to the presence of a protein corona.

Table 2 Colloid-chemical data of silver chloride particles, both iso-
lated from biological media and synthetically prepared as colloidal
dispersion. Note that not all data were accessible for particles in bio-
logical media due to practical constraints (mainly the turbidity in
solutions with high protein content)

Size by
DLS/nm

Size by
SEM/nm

Zeta-potential/
mV

Size by
NTA/nm

AgCl in LB — 30–50 — —
AgCl in RPMI +
10% FCS

— 200–350 — 50–350

AgCl–PVP 120 100 �42 110
AgCl–PEI 220 80 +67 180

Fig. 3 Synthetically prepared AgCl–PVP nanoparticles. Left: SEM image; r
particles.

35294 | RSC Adv., 2014, 4, 35290–35297
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A nal question remains: what is the origin of the cytotoxic
effect of the AgCl nanoparticles? We clearly have to distinguish
between bacteria and eukaryotic cells. The uptake of nano-
particles by bacteria is limited to very small (1–10 nm) parti-
cles.30,31 The attachment of these particles to the surface of
Gram-negative bacteria may disturb their proper function such
as permeability, additionally they may be able to penetrate the
cell membrane and cause further damage to a variety of
biomolecules e.g. by binding to sulphur-containing molecules
or by the release of silver ions.30,31 Thus, AgCl can be effective
from the outside, e.g. by disrupting the bacterial cell membrane
and also by inducing internal collateral damage like the
formation of reactive oxygen species.31 The larger silver chloride
nanoparticles that we have found and prepared here are
ight: particle size distribution (by number) fromDLS of water-dispersed

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Colloidal stability of synthetic AgCl–PVP nanoparticles,
dispersed in RPMI + 10% FCSmedium at 37 �C under sterile conditions,
by dynamic light scattering (DLS). No precipitation was observed.

Fig. 5 Cytotoxicity of ionic silver (silver acetate) and PVP-stabilized AgC
were treated with different concentrations of silver acetate and AgCl–PV
under cell culture conditions, respectively. Vital hMSC (A) were quantifi
viability were determined by measuring the cell number by counting cell
standard deviation (N ¼ 3) given as the percentage of the control (cells c
comparison to the control (*p < 0.05, **p < 0.01, ***p < 0.001).

Table 3 Cytotoxicity of ionic silver (silver acetate) and PVP-stabilized
AgCl nanoparticles towards S. aureus. The antibacterial effect against
S. aureus was analysed by measuring the minimal bactericidal
concentration (MBC)

Cell density/mL�1

Silver acetate
(N ¼ 3)

AgCl nanoparticles
(N ¼ 3)

MBC/mg mL�1 Ag MBC/mg mL�1 Ag

1 � 103 2.0 2.0
1 � 104 2.0 2.5 to 2.0
1 � 105 2.5 5.0
1 � 106 5.0 5.0

This journal is © The Royal Society of Chemistry 2014
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probably acting from inside the cells due to the release of silver
ions, as it has been recently shown for silver nanoparticles.32

If AgCl nanoparticles are taken up into eukaryotic cells by
endocytosis, they end up in the lysosome under acidic condi-
tions. In principle, the solubility of AgCl should not depend on
the pH, with HCl being a strong acid. We have simulated the
conditions inside a lysosome, using the soware Visual MinteQ
l nanoparticles towards hMSC (A), monocytes (B) and T-cells (C). Cells
P nanoparticles (normalized to the same silver concentration) for 24 h
ed by digital image processing (phase analysis). T-Cell and monocyte
events for 30 s under constant flow. The data are expressed as mean �
ultured without silver). An asterisk (*) indicates significant differences in
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Fig. 7 Cellular uptake of fluorescein-labelled AgCl nanoparticles by HeLa cells after 4 h under cell culture conditions. Prior to imaging, the cells
were washed twice with PBS. Imaging was performed on unfixed cells. Fluorescently labelled silver chloride nanoparticles show up in green. Light
microscopy (A), fluorescence microscopy (B), and overlay (C) of cells with nanoparticles. Scale bar is 20 mm.

Fig. 6 Fluorescing AgCl nanoparticles, stabilizedwith PEI and labelled with fluorescein. Left: SEM image; right: fluorescence spectrum, excitation
wavelength 490 nm.
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3.0. As lysosomal liquid, we assumed hydrochloric acid with a
pH of 5.33 The calculation was performed for 100 mM silver
chloride. In this case, about 10% of the AgCl is present in
solution as silver ion Ag+, with a small amount of the chloro-
complex [AgCl2]

� also present. Therefore so far, the question
cannot be answered whether AgCl fully dissolves in lysosomes.
Except for the formation of the chloro-complex and the
unknown degree of complexation by biomolecules, the solu-
bility of AgCl should not be increased inside a lysosome.
However, it must be stressed that the solubility product for AgCl
was derived for macroscopic crystals. As nanocrystals have a
much higher specic surface area, their solubility will generally
be higher, and hence their cytotoxicity will be higher than that
of AgCl microcrystals.
Conclusions

In chloride-containing media, silver ions are precipitated as
silver chloride. If high amounts of proteins are present, as it is
typically the case in cell culture media and biological uids like
blood, the silver chloride particles remain in a nanoparticulate
state, surrounded and preserved by a protein corona. These
particles show the same cytotoxicity as silver ions towards
35296 | RSC Adv., 2014, 4, 35290–35297
eukaryotic cells and bacteria. They are taken up by eukaryotic
cells within a few hours. Although the mechanism of the cyto-
toxicity of dispersed silver chloride nanoparticles cannot be
fully explained so far, the particles are probably acting both
from the outside and, if they are taken up by eukaryotic cells,
the inside of the cells. The size of formed nanoparticles and
aggregation state could also affect the cytotoxicity.5 These
considerations should also apply to environmental systems like
salt water with high chloride content, provided that biomole-
cules are present to form a stabilizing corona around the
nanoparticles.12,34,35
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