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Ionic silver has a long history as an antimicrobial in human health care. This article
is a review of the published literature on how ionic silver may enter the body from
exposure to silver-containing wound care products and its eventual metabolic fates,
in an assessment of the safety during normal use of these products in wound care.
Following the application to breached skin, there appears to be little evidence of
localised or systemic toxicity, and this is borne out by the continuous use of silver
sulfadiazine formulations for more than 50 years. Consequently, following normal

use, the risk of silver ion toxicity locally and systemically is considered to be low or

negligible.

Introduction

Silver has a long history as an antimicrobial in human
health care. It has been developed for use in water purifica-
tion, wound care, bone prostheses, reconstructive orthopaedic
surgery, cardiac devices, catheters and surgical appliances, and
has been the subject of extensive reviews [e.g. reviews by
Klasen (1,2)], so will not be discussed further here, except
that these are mostly in the metallic form. Dilute silver nitrate
solution has been used in wound and skin disinfection since
the early part of the 19th century, and one of the often used
silver formulations, silver sulfadiazine (SSD) used particu-
larly for the treatment of burns, has been available for some
50 years, as reviewed by White (3). During the past 25 years,
use of silver in medical health care devices has seen a varied
increase and this has been largely driven by innovations in
wound dressings, and particularly in the variety of forms that
ionic silver is presented in the formulations.

The case of safe and effective use in this application
relies heavily on historical data of industrial exposure —
mainly by inhalation, ingestion and absorption through intact
skin. For exposure through open skin (i.e. skin wounds), a
substantial body of scientific research and clinical experience
with SSD formulations for the treatment of burns provides
a good overview of its general safety but also points out
its limitations on use. SSD formulations provide low levels
of silver ions (Ag™) that can be absorbed through skin and
open wounds where they are rapidly bound by proteins. The

Key Messages

e silver-containing wound products rely on generation of
silver ions as the active biocidal ingredient. The silver
ions have the potential to be absorbed into the body

e the released silver ions are rapidly sequestrated by
extracellular matrix proteins at or around the site of
application, or by soluble proteins

e silver-bound to soluble proteins may be systemically
absorbed and translocated via the circulatory system to
and taken up into distant organs

o the sequestered silver may be further metabolised and
either expelled from the body via normal tissue turnover
in skin or via faecal or urinary routes, or mineralised
and retained in the body as inert, insoluble selenide and
sulphide complexes

o following normal use of silver-containing wound care
products, the risk of silver absorbed as silver ions
posing short-term and long-term toxicity locally and
systemically is considered to be low or negligible

distribution and metabolic routes of absorbed silver ions are
quite well understood and are described in more detail in
the latter part of this article. Many modern silver-containing
dressings or wound treatment formulations are also designed
to provide low levels of silver ions, by either presenting the
silver as silver salts, silver coatings or as metallic silver, which
give rise to silver ions in an aqueous environment. This article
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is a review of the published literature on how ionic silver
may enter the body from exposure to silver-containing wound
care products and its eventual metabolic fates. The safety
implications of the use of modern silver-containing wound
care products are also discussed.

Type of silver-containing medical materials

The first use of silver directly as an antiseptic is perhaps silver
nitrate, typically as a 1% (w/v) solution. This use dates back
to the first part of the 19th century and continues to be used,
albeit minimally, until now as it can cause transient irritation
and staining (3.4).

SSD was introduced over 40 years ago (5), and is typically
presented as a 1% (w/w) cream formulation. It is the silver
salt of sulfadiazine, a short-acting sulphonamide bacteriostatic
agent that slowly dissociates and dissolves to produce silver
ions.

Since the 1990s, there has been a vast increase in innova-
tions in wound care products containing silver, partly owing to
concerns over increasing bacterial resistance to antibiotics, but
also owing to the safety and efficacy profile of silver. Mod-
ern silver-containing wound care compositions can be broadly
classified into two distinct types by the chemical state in which
the silver is presented — metallic silver or silver salts.

Metallic silver is generally accepted to be biologically
inert (6) and immobile, and therefore not absorbed into the
body through ingestion, inhalation or skin absorption. How-
ever, a number of modern wound care products contain
nanoparticulate (i.e. metallic) silver. Because of their small
size, it is possible at least theoretically, that some nanopar-
ticulate silver may be directly absorbed into the body. Little
is known about how or even if nanoparticulate matter can
translocate through intact or breached skin (7). This is an area
in which further research should be considered and therefore
will not be conducted as part of this review as the focus will
be specifically on the antiseptic function of silver ions and

The biological fate of silver ions

their subsequent distribution in a relatively aqueous environ-
ment (6).

While silver salts in aqueous solutions (e.g. silver nitrate,
silver acetate or silver sulphate) are used as antiseptics, it is
usually more convenient to present these silver salts as part of
dressing formulations. Dressings in which the silver is present
as a silver salt are varied but can be subdivided as dressings
that have incorporated a silver salt and dressings which are
themselves silver salts. The method of incorporation and the
type and form of the counter ion can, to a large extent, govern
the availability of silver ions for antiseptic purposes.

Examples of silver-containing wound dressings and formu-
lations, and their compositions are shown in Table 1.

Dissolution of silver salts to free silver ions

For the silver to be bioabsorbable and to have biocidal
properties, it has to be in the form of free silver ions in
solution. Iconic silver is free to interact with various body
constituents (e.g. proteins, cell membranes) and microbial cell
walls, and can be transported in body fluids bound to proteins
or peptides.

A number of different silver salts have been used in
wound treatment formulations. They have different solubility
characteristics, which mean that they differ in the capability
of supplying free silver ions to the wound environment.

Silver nitrate has a high degree of aqueous solubility. In
dilute aqueous solution, all the silver and nitrate are in the
form of free silver cation (Ag™ the positively charged ion) and
nitrate anion (NO3;~ the negatively charged ion). Application
of silver nitrate solution can deliver huge amounts of silver
ions to the patient, with multiple undesirable effects including
skin irritancy and argyria, as reviewed by Lansdown (4), so
even though the undesirable effects are generally transient, its
use for wound antiseptic purposes is rapidly being replaced
by other antiseptic formulations.

Silver chloride and silver sulphate have been used in
dressing formulations as both are sparingly soluble in aqueous

Table 1 Examples of the main types of silver-containing wound care formulations

Silver form Formulation type

Example

Finely divided in carbonised cloth Actisorb®

L Coated onto nylon fibre
Metallic silver i

Silverlon®and SILVERCEL®products

Silver salt solution

Silver salts incorporated into
dressings or creams

Silver salt dressings

Coated onto polyester fibre
Nanoparticulate coated foam, film or fibre
Silver nitrate (0-56—1% solutions)

1% SSD in a cream

SSD in Vaseline gauze

SSD in foam

Silver sulphate particulate in foam

Calcium silver phosphate in adhesive on film

Silver chloride in hydrogel

Silver complex with sodium hydrogen
zirconium phosphate in alginate fabric

Silver sodium carboxymethylcellulose fibre

Silver sodium collagen/CMC

Atrauman®Ag

Acticoat™and PolyMem®Silver products
No commercial preparations
Flamazine™ and Silvadene®
Tegaderm™Ag (on gauze mesh)
Urgotul®products

Allevyn™Ag products

Mepilex® Ag products

Arglaes®

Silvasorb™products

Maxsorb® Extra Ag, Seasorb® Ag,
Algisite™ and Sorbsan® Silver products
AQUACEL®Ag

Promogran Prisma®

CMC, carboxymethylcellulose; SSD, silver sulfadiazine.
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solution, so can provide small amounts of silver ions at any
one point in time unlike the uncontrolled availability that
silver nitrate provides. In water, while most remains as a solid,
small amounts dissolve and exist as free silver cations and
chloride/sulphate anions, respectively, in equilibrium with the
solid form. A complex of silver calcium phosphate, which
is also sparingly soluble in water, is similarly used in some
dressing formulations.

SSD (5) is a salt of silver and sulfadiazine. Like silver
chloride, it is a sparingly soluble salt, so in an aqueous
environment it will give rise to a small amount of free silver
ions in equilibrium with the solid form.

The amount of silver ions generated by these sparingly
soluble silver salts is dependent on how soluble these salts
are and the composition of the liquid they are dissolving
into. In pure water at ambient temperature, the solubility of
several common silver salts in increasing degrees of aqueous
solubility are shown in Table 2.

Some silver-containing dressings are formed from silver
ions bound to macromolecular polyanions, that is, polymers
with multiple negatively charged groups, for example, car-
boxymethylcellulose. Silver ions can similarly be complexed
with collagen or gelatine (see Table 1). Chemically these com-
pounds are also described as salts, because the silver ions
are bound to the polyanions by ionic binding. In an aqueous
environment, there is equilibrium between free silver ions in
solution and silver ions bound to the polymer. The attraction
between silver ions and the polymer is very strong, so the
amount of free silver ions is kept low at any one point in
time. If the free silver ions are removed from the aqueous
environment, for example, by binding to proteins or precipi-
tated as silver chloride in the presence of free chloride ions,
the equilibrium is reestablished by further dissolution of free
silver ions from the dressings to replenish the free silver ion
pool (see Figure 1). Thus, these dressings can maintain a low,
continual level of free Ag™ in the solution phase.

Factors controlling free silver ion concentrations in the
wound environment

While modern silver-containing dressings are already designed
to provide slow availability of free silver ions, there are mul-
tiple constituents in the wound environment that can readily
interact and bind the free silver ions, which equally help

Table 2 Solubility constants of common silver salts in increasing
degrees of solubility

Agueous
solubility product
Salt (Ksp)* References
Silver sulphide 10750 (54)
Silver phosphate 8-88 x 10717 (54)
Silver sulfadiazine 812 x 10712 (10)
Silver chloride 1-56 x 10710 (10)
Silver sulphate 1.2 x 107® (54)
Silver nitrate 51.6 (very soluble) (55)

*Ksp quoted are approximate values.
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maintain a low concentration of free silver ions in the envi-
ronment. The multiple interactions of free silver ions from
silver-containing wound care products at the site of applica-
tion are shown in Figure 1.

One of the main constituents of the wound environment
is the chloride anion, which is present in substantial concen-
tration (approximately 103 mM or 0.37%w/v) as one of the
main ionic constituents of body fluids. As silver chloride is
sparingly soluble in water, the excess amount of chloride ions
alone will effectively control the maximum amount of free
silver ions to the aqueous solubility limit of silver chloride —
in the pg/ml region. Experimentally, the concentration of free
silver ions in normal saline is determined to be in the region
of 0-5 to 1 pg/ml (7).

Proteins also play an important role in controlling the level
of free silver ions at the interface of the dressing and the
wound surface. Silver ions bind strongly to proteins, peptides
and amino acids, and cell surface structures of both host and
microbial cells. These are abundant in the wound environment.
Silver ions bind to proteins via several functional groups —
carboxylic acid groups, imidazole, sulfhydryls and amines,
with varying degrees of affinity, the strongest of which is with
sulfhydryls groups (8,9). The structures and amino acid com-
position of proteins are extremely variable; therefore, the affin-
ity of silver ions to different classes of proteins is expected to
be extremely variable. However, the binding — particularly to
proteins with abundance of sulthydryls groups — is likely to
be very strong. In a physiological environment, the presence
of proteins (e.g. albumin) could increase silver release from
silver-containing dressings. This has been demonstrated exper-
imentally by Tsipouras et al. (10) who showed that human
serum substantially increases the amount of silver dissolution
from SSD cream, by approximately 300-fold and this addi-
tionally released silver is protein-bound (i.e. not in the form
of free silver ions). Canada et al. (11) also showed that the
presence of 5% bovine serum albumin substantially increases
the availability of silver from silver dressings. Substantial sil-
ver binding to membranes composed of collagen can also be
demonstrated in an experimental system that mimics silver
binding to proteins of the extracellular matrix (ECM) (12).

The constituents of a wound environment are likely to be
the key players in controlling the free silver ion concentration,
and likely to be sufficient in controlling the free silver ion
levels from all current types of silver-containing formulations
for wound care, except silver nitrate that delivers a large
amount of silver ions within a short period of time. The latter
is, however, rarely used now, so is unlikely to present as a
medical problem.

Routes of silver absorption

There is substantial evidence for systemic silver absorption
through the use of topical silver products, particularly SSD.
Experimental and clinical studies have shown that while
most of the topically applied silver remains at or around the
application site (e.g. the skin or wound surface), silver can
also be detected in the circulatory system and deposited in
internal organs (13).

© 2012 The Authors
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lonic silver dressings and low
solubility silver salt preparations
e.g. SSD
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fluids to form sparingly soluble AgClI
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ng to components
of the extracellular matrix

AgCl precipitate out of solution and
deposit in tissue at or around site of
administration

Remain in tissue at and around site
of administration
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High solubility silver salt
preparations e.g. silver nitrate

Fast
dissolution

Fast Fast
interaction interaction

High-affinity binding to soluble
proteins and peptides in body fluids

Translocation as protein/peptide-
bound form via circulation to distant
locations

Figure 1 The possible multiple interactions of free silver ions (Ag™) at the site of application. The supply of free Ag" is from the various silver-
containing products. All common formulations except silver nitrate release Ag* at low rates of dissolution. Free Ag™ has strong binding reactions
with chloride ions in biological fluids [forming silver chloride (AgCl)], and with soluble proteins and peptides in biological fluids and extracellular matrix
proteins. These result in the rapid sequestration of silver ions released from dressing formulations into bound forms. Slow release and multiple strong
binding reactions all contribute to limit the free Ag™ concentration to very low levels, except when silver nitrate is used — it is highly soluble and can
load the site of administration with high levels of Ag* within a short period of time.

Skin barrier function and silver absorption to the local
skin environment

As previously described, silver ions have very high affinity
for many body substances, particularly proteins. This affinity
essentially constitutes the main barrier to systemic silver
absorption, and explains why most of the silver ions released
from silver-containing wound care products are bound to the
ECM at or around the site of administration (13). Figure 2
summarises the possible multiple interactions of silver ions
released from silver-containing wound care products at or
around the site of application.

On contact with the skin, silver ions will first encounter the
metabolically ‘dead’ stratum corneum and be exposed to its
constituents that include substantial amounts of ECM proteins
particularly rich in sulthydryl (-SH) groups, therefore will
readily bind silver ions (14). In the lower, living layers of
the epidermis, silver ions will also interact with a variety of
substances with high affinity for metallic cations. In addition
to ECM proteins as described above, these include also
binding to reduced glutathione. The binding of silver to the
latter initiates the glutathione efflux system leading ultimately
to its subsequent metabolism and detoxification. These will
be described in more detail below. Evidence for this comes
from in vitro studies on organotypic skin (15). Silver ions
penetrating as far as the dermis will encounter the connective
tissues rich in fibrous proteins collagen and elastin, which also
contain many silver-binding sulfhydryl groups (14).

© 2012 The Authors
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While skin wounds do not have the outer (epidermal)
layer, wound tissue shares many structural and biochemical
similarities with the dermal tissue, so will have strong affinity
for any silver ions that are present. The abundance of ECM
and soluble proteins will similarly sequester any free silver
ions rapidly contributing to keeping the concentration of free
silver ions low.

The high affinity of silver ions with proteins of the skin
layers would explain why most of the topically applied silver
is observed to be bound to the skin layers or around the
vicinity of the wound (13). This is consistent with in vivo
experimental studies using radiolabelled silver (Ag!'®) in
SSD, which showed that accumulation occurred in superficial
layers of the skin and in a short time period after exposure
(2—-8 hours); clearance was complete within 28 days (16).
The conclusion from this is that silver binds superficially and
has low absorption from a single application.

Substantial skin accumulation of silver is likely to result in
skin discolouration and has been demonstrated in both in vitro
testing (7), and in the clinical use of silver-containing wound
care products (17,18).

Systemic absorption of silver and potential increases in
systemic silver levels

Silver ions, if applied topically over a prolonged period or
at high dosage such as in treatment of burns, can enter the
systemic circulation. Although the exact route of absorption
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Figure 2 Possible fates of silver ions (Ag™) bound to extracellular matrix (ECM) at or around the site of administration.

is not clear, considering that there is strong binding of silver
ions to proteins it is likely to be absorbed as a complex with
mobile proteins, for example, proteins of body fluids, which
are then carried through the skin drainage systems that include
the lymphatic system. On reaching the blood circulation, it can
be further distributed to other organs, or become metabolised
in the liver and kidney. Figure 3 summarises the possible
routes for silver transportation, metabolism, detoxification and
elimination following systemic absorption.

When applied over large body surface areas such as an
extensive burn systemic absorption can be quite rapid. Wan
et al. (13) reported that in patients receiving SSD cream for
treatment of burns, elevated silver levels were detectable in
blood after 6 hours and in urine within 24 hours.

In general, it is clear that prolonged use of silver-containing
dressings may result in local and systemic silver uptake, which
in turn can lead to transiently raised levels in blood and
urine, and deposition of silver both at the site of application
and in body organs. However, any risks under the normal
application of silver-containing wound dressings are still
generally regarded as low (4,19,20). Consequently, the low
incidences of elevated systemic levels of silver ions can be
explained by the multiple pathways that exist in the body
for eliminating and/or detoxification of the absorbed silver
ions.

Silver clearance from the body

Normal silver concentration in the tissues is considered
to be very low, with measurements reported by Wan et
al. (13), demonstrating concentrations of silver in blood,
urine, liver and kidney of subjects without industrial or

medicinal exposure to be <23 pg/l, 2 ug/day and 0-05 pg/g
per organ of wet tissue, respectively.

Clinical and scientific studies have shown that some of the
absorbed silver made available from silver-containing wound
care products enters the blood circulation quite rapidly and
can be detected in the urine within 24 hours (13).

While silver can be detected in urine following use of silver-
containing wound care products, the predominant elimination
route for systemically absorbed silver is considered to be via
faeces. This was shown by radioisotope studies that followed
the fate of silver radioisotope (Ag'!%) experimentally admin-
istered or through accidental inhalation exposure (21-23).
Studies on workers exposed to silver in industrial processes
also came to similar conclusions of the faecal route being
the predominant elimination route (24). Following acciden-
tal inhalation of Ag!''%, most of the silver disappeared very
rapidly with a half-life of about one day, except about 15%
which had a biological half-life of 52 days similar to the bio-
logical half-life of silver in the liver (50 days) (21).

Although following exposure to silver-containing wound
care products, silver can be detected in urine (13,25,26), and
it would appear that this only happens after high levels
of exposure following prolonged use. Coombs et al. (27)
reported that the level of silver in urine was shown to be
low if the serum level is less than 100 pg/l but increases
when above this level. In a study on patients with second-
degree or third-degree burns (~60% total body surface area),
Boosalis et al. (28) found the mean urinary silver excretion
was found to be ~1100 pg/l, compared with control levels of
<1 pg/l. Silver secretion in urine does not appear to correlate
with proteinurea (27). However, the high affinity of silver ions
for proteins and peptides suggests that the silver secreted via

© 2012 The Authors
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Figure 3 Possible routes of silver transportation, metabolism, detoxification and elimination following systemic absorption.

urine is likely to be bound to small proteins and/or peptides.
The exact nature of the silver secreted via urine is at present
unclear, so it is not possible to decipher the metabolic routes
that lead to urinary elimination of silver.

Chemical nature of absorbed silver

At the point of initial absorption, the silver is most likely
to be in the form of silver ions. Consequently, owing to its
high affinity for a variety of anions present in the wound
environment, including chloride ions and proteins, the free
silver ions are likely to become rapidly bound. Those bound
to mobile proteins (e.g. body fluid proteins) have potential for
being transported to other parts of the body via the circulation
system. Silver binding to immobile proteins (e.g. to connective
tissue proteins in the skin and organs) is likely to remain at
the site of binding. Over long periods of time, silver deposited
in skin or other organs could result in the formation of highly
insoluble salts such as silver sulphide or silver selenide, which
have the dark grey colour that is characteristic of argyria.
Silver is transformed into these highly insoluble silver salts
through the body’s detoxification systems, which are discussed
below. It is interesting to note that silver deposits in skin
appear to be largely in the form of silver sulphide (29,30),
whereas those in kidney and liver are largely in the form of
silver selenide (31,32). These findings may represent different
routes of metabolism in different organs.

Silver deposition in skin and routes of elimination

As reported by Wan et al. (13), a large proportion of topically
applied silver is sequestered in the various layers of skin. The

© 2012 The Authors

epidermal layer of skin is constantly turning over so those
bound to this layer, as protein-bound or as particulate matter,
for example silver sulphide, will eventually be eliminated as
a consequence of this turnover, and indeed superficial skin
staining is known to gradually disappear over periods of weeks
to months. There is, however, substantially less turnover in
the dermal and subdermal skin layers and so deep argyria is
generally considered to be long-lasting.

The work reported by Reymond et al. (29) suggested that
in subjects with recent silver exposure, the skin-associated
silver is mainly intracellular and in lysosomes. This would
suggest that at this point of time the silver is protein-bound
and being metabolised intracellularly. However, in subjects
where silver exposure has taken place over many years,
the main location of silver was found to be extracellular,
on fibrillar components of connective tissue and in the
basal material of sweat glands, and bound with sulphur (30).
This would suggest that the protein—silver complexes cannot
be completely digested by the lysosomal enzymes — the
non-digestible part is the highly insoluble silver sulphide.
Initially stored intracellularly, the silver sulphide is eventually
deposited in the extracellular environment after the death
of the cell. Similar findings were reported by Kristiansen
et al. (15) who used organotypic cultures of human breast
skin exposed to silver-containing wound care products and
demonstrated that silver sulphide, because of its extreme
insolubility was simply not bioavailable.

Silver in blood circulation

One of the routes by which silver ions are sequestered and
ultimately transformed to the non-reactive silver complexes

International Wound Journal © 2012 Medicalhelplines.com Inc and John Wiley & Sons Ltd 501
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such as silver sulphide and selenide is mediated through a
quite well-recognised metabolic pathway. Gluathione, a small
— SH containing peptide substance, has multiple cellular func-
tions particularly that of maintaining intracellular oxidative
potential (33). Silver ions bind directly to reduced glutathione
via the sulfhydryl groups (9,10,34). An extracellular pool of
reduced glutathione is present in blood plasma (34,35) as well
as other tissues such as in lung lining fluid and small intesti-
nal lumen (35) and this extracellular pool of glutathione is
considered very important in protection against chemically
induced injury not limited to silver itself. Reduced glutathione
can be experimentally demonstrated to protect against silver
ion induced cytotoxicity (36). Binding to reduced glutathione
is considered to be one of the first stages of detoxifying
absorbed silver ions. Once bound to glutathione, glutathione-
S-transferases (37,38) facilitate the first steps of silver translo-
cation from glutathione to other sulphur-containing proteins,
forming silver—protein complexes, which are ultimately inter-
nalised and metabolised in lysosomes.

Selenoprotein P (SPP), a secreted glycoprotein produced
by many organs and contains most of the selenium in
blood (39,40), may also have a key role in sequestering sil-
ver ions in the blood stream. The work of Sasakura and
Suzuki (41) showed that transition metal ions in serum,
including silver ions, form complexes with selenide or sul-
phide, which are then bound to SPP. Selenide is itself formed
in blood plasma through metabolic reduction of selenium to
hydrogen selenide (42). SPP has a high affinity for plasma
membranes through its ability to bind heparan sulphate, which
facilitates endocytosis (39,40), and this may be one mech-
anism by which circulating silver ions are taken up for
metabolism by the liver and kidney and may help to explain
why silver deposits in these organs are predominantly sil-
ver selenide (31,32). This protein also has receptor-mediated
binding to various body cells including brain and testic-
ular tissue (39,40). These cellular interactions may explain
why absorbed silver can be distributed to other body organs,
although this mechanism is not proven. A short form of SPP
is small enough to be filtered through the kidney glomeru-
lus (40), which may, although not proven, explain the pres-
ence of silver in urine after high-level exposure.

The rate of silver elimination from blood circulation is
slow. In a small clinical study, the half-life for silver elimina-
tion from serum is estimated to be 46-4 days, with a median
elimination rate of 1-5% per day (43). This is similar to the
estimated rate of silver elimination from the liver through
bile excretion (21), which would suggest that the silver in
blood circulation, unless in vast excess, does not get elimi-
nated by filtration in the kidney, but has to be taken up by
the liver, processed and eliminated through bile excretion in
faeces. The hepatic processing of silver-containing compounds
is described the subsequent section.

Elimination of silver deposited in other organs

The dissociation of SSD following application to burn patients
has led to silver depositions being reported in gingiva, cornea,
liver and kidneys in addition to skin (13). The normal tissue
turnover in these organs is very slow, so any silver that may be
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deposited there is likely to persist for long periods. Although
there is currently no clinical or experimental evidence to ver-
ify this, a useful indicator of the possible persistence duration
can be gained from the study by Newton and Holmes (21)
that showed the half-life of Ag!''? in liver following acci-
dental exposure to be in the region of 50 days. As tissue
turnover in different organs and even different parts of organs
are extremely variable, it is expected that the half-life of sil-
ver accumulated in different organs is likely to be extremely
variable. For example, in skin cells, the silver is likely to be
initially retained in the lysosomes as sulphide complexes, but
eventually deposited into the ECM when the cell eventually
dies (29,44).

Some of the absorbed silver could ultimately be taken up
intracellularly, as already discussed through silver binding
to glutathione or as protein complexes (e.g. SPP), such
that the subsequent disposal of these ‘damaged’ proteins
would be expected to be through intracellular degradation
via the glutathione efflux system, described above. Dutczak
and Ballatori (45) showed the elimination of glutathione-
bound mercury via this mechanism as well as mercury
being eliminated from liver cells via bile excretion. As the
glutathione efflux system is present in all mammalian cells,
it is suspected that this is a common system for removal of
metals, including silver, from all cells (45).

In the liver, the silver is thought to be removed via bile, and
consequently via faeces; however, the liver may also possess
another mechanism for metal detoxification. This mechanism
is described through observations made in a study of marine
animals exposed to environmental heavy metal pollutants
including mercury and silver. Ikemoto et al. (32) reported
that silver, along with mercury and selenium, was preferen-
tially accumulated in nuclear, lysosomal and mitochondrial
fractions of hepatocytes after uptake of the protein-bound sil-
ver, possibly as selenoprotein complexes, from the circulation
system. Studies of the subcellular localisations and metabolic
intermediates, suggest that silver may become associated with
metallothionein and complexes with high molecular weight
proteins (46—51). Whereupon it is then passed through several
subcellular locations and eventually transferred to the lyso-
some where the protein component is degraded, leaving the
mineralised silver selenide compounds as deposits. Studies of
the distribution of metabolic intermediates in subcellular frac-
tions in several species of marine animals suggest substantial
metabolic similarities between these species, so it is reason-
able to expect that a similar metabolic route would be present
also in humans. Silver selenide complexes, such as silver sul-
phide, are also extremely stable and insoluble. While these
are likely to remain as effectively permanent deposits, the
processing of the silver into such stable complexes, where the
silver is effectively compartmentalised and not bioavailable,
can also be regarded as a form of detoxification, even though
it is not physically eliminated from the body.

Elimination of silver via wound exudate

Wound exudate is rich in proteins, so it is highly likely that
some of the silver bound to proteins will be eliminated from
the body via wound exudate.

© 2012 The Authors
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Conclusions

The published literature contains a wealth of information
on silver and its salts as antimicrobials, for topical use.
In consideration of silver absorption through the medium
of silver ions, most usage of topical silver formulations
is to damaged skin (i.e. breached dermis), and the safety
profile shows very few toxicity problems both locally and/or
systemically. Cutaneous toxicity following topical application,
manifested as local argyria, is rare and where it has occurred,
it has been through the prolonged topical application of silver
nitrate or SSD, usually to large body surface areas in acute
burns. Consequently systemic toxicity is considered to be very
rare indeed.

Valid commentary on the safety of topically applied silver
must refer to the widespread use of silver-containing dressings
on open wounds. Such dressings are routinely used on deep
wounds, and for many weeks at a time. This is a rigorous
examination of safety from which evidence presented in the
literature over the past decade has shown to be generally good.

While it is accepted and can be shown that prolonged use
of silver dressing in large or deep wounds will result in sys-
temic absorption, with silver distribution to circulation and
to organs distant from the sites of application, studies have
also shown the existence of several mechanisms by which
the body removes excess silver. These mechanisms include
natural tissue turnover that occurs in most body tissues and
particularly in the epidermis, and the host metal detoxifica-
tion mechanisms involving metallothioneins and glutathione
occurring in the liver and kidney, where the silver is excreted
ultimately in faeces and urine.

Overall, the safety record of the modern silver-containing
wound dressings has been excellent (20,52,53). While some
permanent retention of silver from exposure to silver-
containing dressings cannot be ruled out, there is good bio-
logical basis to suggest that the retained silver will ulti-
mately be in the forms of extremely stable silver selenide
and silver sulphide complexes that are effectively non-
bioavailable. The conversion of silver into these stable
forms can be considered as forms of detoxification, even
though the silver is not physically eliminated from the
body.
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