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Abstract Organotypic cultures of human breast skin
incubated with silver bandage or treated with silver sulfadi-
azine accumulated silver in epithelial cells and in macro-
phages, Wbroblasts and collagen Wbrils and Wbres of
underlying connective tissue. Ultrastructurally, the accu-
mulated silver was found in lysosome-like vesicles of the
diVerent cells and evenly spread along collagen structures.
Apoptotic nuclei were present but few. Autometallographic
ampliWcation of 2D-PAGE gels revealed that glutathione
S-transferase and glutathion detoxify silver ions in the epi-
dermal cell by binding them in silver–sulphur nanocrystals.
Thus, the cytotoxic eVect of silver ions seems to be muted
by silver ions by being: (1) taken up by undamaged cells,
neutralised by glutathione (GSH) and accumulated in lyso-
somal vesicles, (2) bound extracellularly to SH-groups of
the collagen Wbres.

Keywords Silver · Wound healing · Glutathione 
S-transferase · Autometallography · Multiple resistance 
proteins · Gluthatione

Introduction

Silver has been used in a multitude of commercially avail-
able wound dressings as an antiseptic agent. These products
are all based on chemically bound silver ions as silver in its

metallic form has been considered to process little or no oligo-
dynamic eVect, i.e., antimicrobial properties (Bicanova and
Thinschmidt 1985).

Silver ions are biologically active and believed to react
chemically mainly with SH-groups present, e.g., in cystein.
Due to the readiness by which silver ions interact with pro-
teins the acute and long-term cytotoxicity of silver has been
discussed rather intensively (Burd et al. 2007; Lansdown
2007; Lansdown 2006; Brett 2006; Hollinger 1996). It has
been found, e.g., that long termed exposure to silver salts
causes depositions of silver sulphide accumulations (argy-
ria) in almost all organs. This intensive accumulation seems
not to be a life threatening condition although unwanted for
obvious cosmetic reasons (Aaseth et al. 1981; Danscher
1981). Since silver ions bind so avidly to sulphide, it has
been suggested that silver ions used to treat infections bind
to the cystein-rich metallothionein in the exposed tissue
(Lansdown 2002; Lansdown 2007; Lansdown 2006).
Metallothioneins have proved to bind silver and other toxic
metal ions in vitro (Scheuhammer and Cherian 1986) and to
be signiWcantly up regulated in wounds exposed to zinc,
copper and cadmium (Lansdown et al. 2001; Lansdown
et al. 1999).

In a recent review study on the fate and cytotoxicity of
silver applied to wounds, the presence of silver in the tis-
sues was analysed in histological sections as what the
authors call “natural precipitations” and quantiWed by
atomic absorption (Lansdown 2007; Lansdown et al. 2005).
The histochemical “precipitation” approach can only be
used after extensive exposure to silver and the atomic
absorption approach involves a complete destruction of the
histology. The histochemical technique autometallography
(AMG), however, enables ampliWcation of tiny amounts of
the metal, i.e., down to a few silver atoms (Danscher 1981;
Danscher and Stoltenberg 2006). The high sensitivity of
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AMG allows tracing of the fate of silver ions in organisms
that have been exposed to even very low levels of silver. In
the present study we have (1) traced the exact localization
of silver at both LM and EM magniWcations, (2) demon-
strated gluthatione S-transferase as a silver-binding protein.

Gluthatione S-transferase is expressed in all cell types
and involved in detoxiWcation of xenobiotics and metals by
conjugation with glutathione (GSH) (Deeley et al. 2006;
Ralat and Colman 2004; Cole and Deeley 2006).

Materials and methods

Preparation of human in vitro wounds

Pieces of human skin were obtained from routine breast
plastic reduction surgery as approved by the local ethic com-
mittee. The wounds were made in the skin specimens by a
modiWcation of the protocol as previously described (Jans-
son et al. 1996). In brief, the subcutaneous fat was mechani-
cally removed from the skin under sterile conditions. On the
epidermal site, a wound was made with a 4 mm punch
biopsy instrument (Produkte für die Medizin AG, Cologne,
Germany). Each skin specimen provided with one artiWcial
wound was transferred to a six well plate (Costar Cam-
bridge, MA). The air-lifted organotypic preparation was
incubated in Dulbeccos ModiWed Eagles Medium (DMEM,
BioWhittaker Cambrex) supplemented with antibiotics
(100 U/ml pencillin, 100 �g/ml streptomycin and 25 �g/ml
amphotericin B), 10% (vol/vol) foetal bovine serum (FBS,
BioWhittaker, Cambrex) and hydrocortisone (0.4 �g/ml).
The experimental organotypic preparations were covered by
a silver containing foam dressing (Contreet, Coloplast,
Humlebæk, Denmark) soaked in DMEM, or the preparation
was incubated in DMEM supplemented with 20.0 �g/ml sil-
ver sulfadiazine. Controls were only incubated in DMEM.
The control and silver stimulated skin specimen were then
incubated for 3 days in a humidiWed CO2 incubator at 37°C.

Autometallographic tracing of silver–sulphur nanocrystals

The organotypic skin cultures were immersion Wxed in
buVered formalin or glutaraldehyde and embedded in either
paraYn or Epon. The silver–sulphur nanoparticles resulting
from metabolism of the invading silver ions were then sil-
ver enhanced in tissue sections from the two sources by
being subjected to an AMG developer.

In short, the section containing slides were placed in jars
and covered with the AMG developer. The developer con-
sisted of a 60 ml gum arabic solution and 10 ml sodium cit-
rate buVer (25.5 g of citric acid 1H2O + 23.5 g sodium citrate
2H2O to 100 ml distilled water), 15 ml reductor (0.85 g of
hydroquinone dissolved in 15 ml distilled water at 40°C),

and a 15 ml solution containing silver ions (0.12 g silver lac-
tate in 15 ml distilled water at 40°C) added immediately
before use while thoroughly stirring the AMG solution
(Stoltenberg and Danscher 2000). After being developed for
60 min in a water bath at 26°C covered with a light tight
hood the developer was replaced with 5% sodium thiosul-
fate that stopped the development. After 10 min the sections
were rinsed several times in distilled water and mounted.

ParaYn sections

The slices were embedded in paraYn and 5-�m-thick sec-
tions were cut, placed on glass slides and AMG developed.
After a careful rinse they were counterstained with tolui-
dine blue and mounted in DEPEX.

Epon sections

The areas to be analyzed in the electron microscope were
dissected from vibratome slices that had been AMG deve-
loped. Some of these small blocks of tissue were placed in a
vial where they were Wxed in 0.1% osmium tetroxide for
30 min. Fixed and unWxed blocks were then, after proper
rinsing in distilled water, embedded in Epon. From the
Epon blocks 3-�m-thick sections were cut, counterstained
with toluidine blue and analyzed in the light microscope.
Sections to be analyzed ultrastructurally were then embed-
ded on top of a blank Epon block, and after proper trim-
ming ultra thin sections were cut and stained secundum
artem (Danscher and Stoltenberg 2006; Danscher 1981).

Dose-response of silver sulfadiazine

Epidermal human cell cultures (HaCat) were incubated for
3, 24 or 48 h with DMEM containing 10% FCS alone (con-
trol) or supplemented with 1.25, 2.50, 5.00, 10.00 or
20.00 �g/ml of silver sulfadiazine. After the designated
time-point the epidermal cells were extensively washed
with PBS and thereafter stained with propidium iodid and
SYTO 9 (Molecular Probes). The intensity of the Xuores-
cence signals was determined and related to the signal from
the control preparation incubated for 3 h.

Detection of silver-binding proteins by 2D-PAGE 
and AMG

Control- and silver-stimulated (2 days with 5.0 �g/ml silver
sulfadiazine) cell cultures were collected after centrifuga-
tion. A protein lysate was made with PBS containing 0.5%
(vol/vol) NP-40. The lysate was acetone precipitated, and
the protein pellet was dissolved in 7 M urea, 4% CHAPS,
3% Pharmalyte 3–10 (Amersham Biosciences), 2% dithio-
thretiol and added bromphenol blue as a visual tracer. The
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1-dimensional strip (pH 3–10, length 13 cm, Amersham
Biosciences) was incubated overnight with the protein sam-
ple. Next day the strip was isoelectrically focused on a
Multiphor II apparatus (Amersham Biosciences) equipped
with a cooling plate cooled to 16°C. The power supply
(EPS 3501 XL) was programmed with the running condi-
tions as suggested by the supplier (Amersham BioSci-
ences). After focusing, the strip was incubated for 10 min
in equilibration buVer (50 mmol/l tris pH 6.5, 6 mol/l urea,
30% glycerol, 2% SDS) added 4.0 mg/ml dithiothretiol,
then again in equilibration buVer supplemented with
45.0 mg/ml iodo acetoamide. The isoelectrically focused
proteins in the strip were then separated in the second
dimension (Hoefer SE 60) on a 10% or 15% SDS poly-
acrylamide gel. Proteins in the gel were visualized by silver
staining (Shevchenko et al. 2004), or the gel was washed
extensively in water before developed by AMG. Protein
spots were excised from the AMG developed gel with a
clean razor blade and the in-gel proteins were degraded by
trypsin (Shevchenko et al. 2004). Peptide fragments were
analyzed by nanoESI MS/MS on a Q-TOF mass-spectro-
meter. The resulting amino acid proWle was compared to
known peptides by database searching in the NCBInr by
Mascot, MatrixScience (Institute of Technology, Kolding,
Denmark).

PuriWcation and activity of the gluthatione S-transferase 
enzyme

A post-nuclear supernatant was made by dissolving cell
cultures with PBS containing 1% triton X-100. The super-
natant was cleared through a 20 �m Wlter and puriWed on
GSH-agarose column (Sigma–Aldrich). The column was
extensively washed with PBS before eluted with PBS con-
taining 10 mmol/l GSH. The eluted sample was dialysed in
PBS in order to get rid of excess GSH. The dialysed sample
was stored at ¡20°C. The purity of the sample was checked
by separating the protein by SDS-PAGE followed by silver
staining. The gluthatione S-transferase activity was mea-
sured by using CDNB (chlorodinitrobenzene) as a substrate
(Ishikawa et al. 1994; Li et al. 1996). In brief, 0.2 ml PBS
containing 1 mmol/l CDNB was added diVerent concentra-
tions of silver lactate and GSH before the background
absorption was measured at 340 nm. Then 5 �l of the puri-
Wed gluthatione S-transferase sample was added and the
activity was measured at diVerent time-points.

Formation of GS-silver complexes was evaluated by
anion-exchange chromatography and atomic absorption
(Ishikawa and Ali-Osman 1993). In brief, silver lactate and
GSH were dissolved in water at a concentration of
40 mmol/l. NaOH added drop by drop cleared the cloudi-
ness of the solution. The silver lactate/GSH solution was
applied to a QAE-Sephadex anion-exchange column (bed

volume 1 ml) equilibrated with 10.0 mmol/l tris pH 7.5.
The column was washed extensively with the equilibration
buVer before the bound GS-silver complex was eluted with
0.2 M HNO3. Atomic absorption was used to measure the
concentration of silver bound to the column material.

Reverse transcription and real time PCR

DNA-free RNA was isolated with the Absolutely RNA® kit
(Stratagene). RNA was reverse transcribed with an
M-MLV enzyme (USB Corporation, Cleveland, OH) and
oligo(d)T 12–18 primers. Real time PCR was performed on a
LightCycler 1.2 system using the MasterPlus SYBR green
kit (Roche). Samples not subjected to the RT reaction were
used as negative controls. Lack of unspeciWc primer–dimer
formation of the cDNA was checked by analysis of melting
curves, and the length of the resulting cDNA was checked
by separation on a TBE agarose gel. The primers used for
GSH synthase, MRP2 and �-actin mRNA were aactaga
agtgcagttgacat (sense) and gctccaaggaaagattaactc (antisense),
tcctcattcctggacagtccgg (sense) and gagtcttctgtgagtacaagggcc
(antisense), and gacatccgcaaagacctgtac (sense) and tgcc
agggcagtgatctcc (antisense), respectively.

Statistics

One tailed t test analysis was carried out on the two data
samples with equal variance. The signiWcance value was set
at p < 0.05. Data are expressed as mean § standard error.

Results

AMG tracing of silver released from the dressing

The typical morphological structures of a closing wound
with lateral migrating keratinocytes were seen in the orga-
notypic skin cultures. In the epidermis silver was found in
the keratinocytes located in vesicular organelles (Fig. 1a).
The untreated controls were blank (Fig. 1b). The dermal
papillae contained an overwhelming amount of silver-
loaded macrophages, and Wbroblasts in the intact tissue
adjacent to the wound and the rather delicate collagen Wbres
were dotted with AMG grains. Silver also accumulated in
hair follicles (Fig. 1c) and sweat glands located in the
undamaged connective tissue around the wound. At the bot-
tom of the wound, deep in the main dermis, the collagen
Wbres were also heavily dotted with silver, and most of the
Wbroblasts and macrophages were loaded. The majority of
the invading silver ions accumulated a few millimetres into
the wound walls and in the layer of proliferating and lateral
migrating keratinocytes at the edges of the wound (Fig. 1d).
The AMG enhanced silver–sulphur nanoparticles were
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always found in lysosome-like vesicles (Fig. 1f-h). As
shown in Fig. 1i, silver did not only accumulate in cells and
on collagen Wbres in the wound bed, but could be traced
deep into the underlying subcutaneous layers.

Skin biopsies subjected to 20.0 �g/ml silver sulfadiazine
dissolved in the medium accumulated silver intra- and extra-
cellularly in a way identical to that observed in preparations
exposed to the silver releasing dressing (data not shown).

Stimulation protocol for the epidermal cell cultures

In order to have maximal stimulation of any putative detoxify-
ing mechanism we did time-course dependent measurements

of the number of living epidermal cells after incubation with
increasing amounts of silver sulfadiazine. As shown in Fig. 2,
the number of living cells did not decline signiWcantly after 3,
24 or 48 h if the concentrations were kept below 5 �g/ml of
silver sulfadiazine. At 5 �g/ml, the number of living cells
declined signiWcantly after 24 h when compared to the con-
trols, but the decline stopped at longer exposure times, i.e., the
cells recovered after 48 h. When the silver sulfadiazine con-
centrations were increased to 10 and 20 �g/ml the epidermal
cells did not recover after 48 h and there was a time-course
dependent reduction in the number of living cells. In conclu-
sion, the epithelial cell cultures were more sensitive to silver
ions than the organotypic skin cultures.

Fig. 1 Wounds were induced in breast skin and allowed to heal for
3 days with or without silver dressing. Cryostat, paraYn and Epon sec-
tions were AMG developed and analysed by light microscopy (a–e) or
electron microscopy (f–i). a Light microscopy at the edge of the artiW-
cial wound with laterally migrating keratinocytes heavily loaded with
AMG enhanced silver nanoparticles in the perinuclear region. Cryostat
section counterstained with toluidine blue. Scale bar 100 �m. b AMG
developed control section showing the wound edge. Note the total lack
of AMG staining. Cryostat section counterstained with toluidine blue.
Scale bar 150 �m. c Micrograph of paraYn section AMG enhanced
and counterstained with toluidine blue. The most right part of the pic-
ture is close to the wound edge. Note the strong staining of the external
root sheath cells closest to the wound. Scale bar 50 �m. d Micrograph
of the wound bed showing AMG enhanced silver accumulations. Note
the AMG staining of the collagen Wbers of the wound bed. ParaYne

section counterstained with toluidine blue. Scale bar 500 �m. e Shows
silver loaded keratinocytes located further away from the wound edge.
Three micron thick Epon embedded section counterstained with tolui-
dine blue. Scale bar 50 �m. f Electron micrograph of keratinocyte
showing that silver accumulates in lysosome-like organelles. Scale bar
2 �m. g Electromicrography at a higher magniWcation revealing the sil-
ver loaded lysosomes in the cytoplasm of a keratinocyte. Scale bar
1 �m. h Fibroblast containing silver in lysosome-like organelles. Note
the punctuated AMG grains associated to collagen Wbers. Scale bar
4 �m. i Collagen Wbers dotted with AMG enhanced silver deposits. The
picture was taken somewhat away from the wound walls where the
concentration of silver ions is low. The intensity gradient of silver from
the wound edge and to tissue totally free of silver is very steep for silver
bound to collagen as compared to silver containing cells. Scale bar
2 �m
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Isolation of silver binding proteins

In order to determine the metal binding proteins responsible
for handling the silver ions, we isolated proteins obtained
from lysates made from control and silver-stimulated
(5.0 �g/ml sulfadiazine for 48 h) epidermal cell culture
preparations. The proteins were isoelectrically focused
from pH 3–10 and separated by SDS-PAGE on a 10 and
15% gel. The gel was then AMG developed in order to
enhance possible silver bound to one or more protein
bands. The gels from the controls were completely blank
(data not shown), but on the 10% gel from the silver stimu-
lated preparations a band of AMG enhanced silver was

observed (Fig. 3). The AMG developed silver spot was
excised and analysed by NanoESI maldi-TOF MS/MS and
found to be glutathione S-transferase (Ralat and Colman
2004; Terrier et al. 1990; Whalen et al. 1996).

Since glutathione S-transferase uses GSH as a co-factor
to conjugate xenobiotics and metals, we analysed whether
GSH binds silver ions. By combining anion-exchange and
atom absorption, we found that the positive silver ions
alone did not—as expected—bind to the anion-exchange
column. But if silver ions and GSH were pre-mixed almost
95% of the silver could be recovered from the anion-
exchange column.

To study whether silver interferes with the gluthatione
S-transferase activity we applied CDNB as a gluthatione
S-transferase substrate and used diVerent concentrations of
silver in combination with a low (250 �mol/l) or high
(1250 �mol/l) concentration of GSH. As shown in Fig. 4, sil-
ver inhibited the gluthatione S-transferase mediated conjuga-
tion of CDNB in the presence of the low GSH concentration.
The dose-response inhibition of silver was equimolar
(approximately 250 �mol/l) with the low GSH concentration,
showing that when all GSH was bound by silver the GST
enzyme activity was totally blocked. At high GSH concen-
tration the inhibitory eVect of silver ions fainted.

Expression of mRNA coding for GSH synthase 
in keratinocytes

The expression of mRNA coding for GSH synthase in
keratinocytes exposed to 5.0 �g/ml silver to 3, 24 or 48 h
shows a substantial increase in the expression of GSH syn-
thase in a time-dependent fashion (Fig. 5).

Having shown that silver induces an increase in the GSH
synthase activity, binds to GSH and accumulates in lyso-
some-like organelles, we analysed the expression of mRNA
encoding for diVerent multiple resistance pumps (MRP)
known to be capable of transporting GSH complexed with
metals. We found that when the epidermal cell culture was
incubated with 5.0 �g/ml of silver sulfadiazine, silver
induced a time-course dependent increase in the expression
of the MRP2 isoform (Fig. 6).

Discussion

Despite the evident acute in vitro cytotoxicity of silver ions
(Hollinger 1996; Burd et al 2007; Lansdown and Williams
2004; Brett 2006) wound healing in patients and animals
treated with silver dressings is a well-known fact (Lansdown
et al. 1997; Jorgensen et al. 2005). Thus accumulation of sil-
ver in the keratinocytes as shown in the present study does
not seem to restrain the closure of the wound, undoubtly
because of the presence of detoxiWcation mechanisms.

Fig. 2 Epidermal cell cultures were incubated for 3, 24 or 48 h with-
out (control) or with increasing concentrations of silver sulfadiazine, as
indicated. The number of living epidermal cells was determined by
staining with Xuorescence dyes and expressed relative to control value
after 3 h

Fig. 3 A protein lysate was made from an epidermal cell culture incu-
bated for 2 days without or with 5.0 �g/ml silver sulfadiazine. The
lysate proteins were separated by 2D-polyacrylamide gel electrophoresis
and the gel was AMG developed. The arrow shows one representative
of AMG induced development of a silver binding protein
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A common route of detoxiWcation includes an increased
production of metal binding proteins followed by degrada-
tion of the silver loaded metal binding proteins in vesicles.
Silver ions are known to be accumulated as non-toxic
deposits of silver–sulphur nanoparticles in lysosomes.
(Danscher 1981; Danscher and Stoltenberg 2006; Rungby

and Danscher 1984). In the present experiment we observed
that silver ions accumulate in lysosome-like organelles of a
wide variety of cells in the human organotypic cell cultures.
Extracellularly, the AMG enhanced nanoparticles were
spotted in reticular Wbres in the basement membrane and in
diVerently sized collagen Wbres. Thus, migration of cells
close to the wound and the diVerentiation proWles of the
healing tissue does not seem to be inXuenced by the silver
exposure in the timetable that we have studied.

By combining 2D-PAGE and AMG analysis we were
able to identify a protein that was loaded with silver. The
protein was found to be gluthatione S-transferase. Gluthati-
one S-transferase is known to conjugate toxic xenobiotics
and metals with GSH (Cole and Deeley 2006). GSH is at
the same time an antioxidant protecting cells from free rad-
icals (Almar and Dierickx 1990). GSH is therefore kept in a
reduced state at a relatively high concentration of approxi-
mately 5–10 mmol/l in the cells by glutathione reductase.
We found that the expression of the GSH synthase was sig-
niWcantly elevated with silver, which may imply that silver
ions call for an increase of GSH in the cell. In plants and
fungi GSH is enzymatically synthesized in response to
toxic metals and forms metal chelate complexes that are
thought to protect the plant from the metals (Zenk 1996; Li
et al. 1995). Studies of yeast and bacteria have established
that their resistance to metals involves GSH sequestration
(Rebbeor et al. 1998; Li et al. 1996).

The metabolism and detoxiWcation of xenobiotics inclu-
ding metals comprise three main phases (Li et al. 1996).
Phase I is a preparatory step in which the toxins are oxidized,
reduced, or hydrolysed to introduce or expose functional
groups. Examples of phase I enzymes are cytochrome P450
and various oxidases. In phase II, the active derivate is conju-
gated with GSH, glucuronic acid or glucose. In the case of

Fig. 4 GST enzymatic activity was measured by conjugation of
CDNB with GSH. The Wnal GSH concentration was 250 or 1250 �mol/l,
and the silver concentration varied as shown on the X-axis. Silver
inhibited the GST activity when GSH was kept at 250 �mol/l and
100% inhibition was found at approximately 250 �mol/l of silver lac-
tate

Fig. 5 The expression of mRNA encoding for GSH synthase was
measured in epidermal cell cultures exposed to 5.00 �g/ml of silver
sulfadiazine for 3, 24 and 48 h. The mRNA concentration was mea-
sured by real time PCR and adjusted to the concentration of �–actin. *
p < 0.05, n = 6

Fig. 6 The expression of mRNA encoding for MRP2 was measured in
the epidermal cell culture exposed to 5.00 �g/ml of silver sulfadiazine for
3, 24 and 48 h. The mRNA concentration was measured by real time
PCR and adjusted for the concentration of �–actin. * p < 0.05, n = 6
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the GSH-dependent pathway, complexes of GSH and xeno-
biotics are formed by the gluthatione S-transferase enzyme.
In the Wnal phase III of the GSH-dependent pathway, the
complexes are eliminated from the cytosol by the GS-X
pump (Li et al. 1996; Deeley et al. 2006). The GS-X pump is
a member of the ATP binding cassette (ABC) protein super-
family, which transports a variety of substances across bio-
logical membranes, including drugs, peptides and toxic
metals (Deeley et al. 2006). An example is the yeast cad-
mium factor (YCF1) gene required for cadmium resistance.
This factor encodes an amino acid protein with extensive
homology to the human multidrug resistance-associated pro-
tein (MRP1) (Li et al. 1996). The MRP1 isoform is often up
regulated in cancer drug-treated cells since these cells are
occupied with detoxiWcation and eZux pumping of these
xenobiotics (Ishikawa et al. 1994). Studies also provide evi-
dence that the MRP1/GS-X pump is involved in transporting
toxic metal complexes as GS-metals. For example, GS-cis-
platin (a cancer drug containing platin), GS-arsenic and GS-
cadmium are pumped by the MRP1 protein (Leslie et al.
2004; Li et al. 1996). Furthermore, there is a coordinated
induction of the MRP/GS-X pump and GSH-synthase by
heavy metals in human leukaemia cells (Ishikawa et al.
1996). MRP1 is present in a perinuclear region positive for
lysomal markers (Rajagopal and Simon 2003) and the GST
enzyme is also present in a microsomal fraction (Leslie et al.
2004). Thus, it is tempting to think that an MRP/GS-X pump
is involved in pumping the silver-GS complexes into storage
vesicles. This would explain our ultrastructural Wnding of sil-
ver–sulphur nanocrystals in lysosome-like vesicles. Our stud-
ies on the time-course mRNA expression proWles for a
number of MRP isoforms revealed that the MRP2 isoform is
upregulated by silver (Fig. 6). Thus, it is possible that the
MRP2 isoform is involved in pumping GSH-silver com-
plexes into the vesicles. Based on a multitude of studies we
believe that the silver accumulation vesicles are lysosomes
(also see Danscher and Stoltenberg 2006).

In conclusion, based on the present data we suggest that
silver ions are sequestered partly by cellular uptake and
partly by being attached to diVerent kinds of collagen
Wbres. It seems as if the known cytotoxic eVects of silver
ions involves only the very surface of the wound and that
detoxiWcation processes restrain the toxic eVects of the
metal in the Wrst few tens of microns into the undamaged
tissue. We suggest that glutathione is a candidate of a
dynamic molecular defence mechanism resulting in GSH-
silver complexes being pumped into lysosomes.
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