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Silver and its compounds have long been used, in one form or another, as
antimicrobial agents. The silver compound of major therapeutic interest at
the present time is silver sulphadiazine, Many in health care, however, will
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352 ANTIMICROBIAL ACTIVITY AND ACTION OF SILVER

know that other silver compounds are still in use. It is worth stating that the
treatment of ophthalmia neonatornm was revolutionized by the instillation
of silver derivatives into the eyes of new-born sufferers,

Silver compounds also have non-medical uses, several of which will be
considered. In this short review, we shall trace their pedigree, describe their
uses and discuss in depth their mechanisms of action and of bacterial
resistance to them.,

HISTORICAL ASPECTS

A very early, perhaps the first, report of the use of silver appeared in
pre-dynastic Egypt around 3500 BC, where it was used for currency.
Medicinally, it has been known since 1000 BC, and possibly before, that
water kept in silver or copper vessels, exposed to light or filtered, could be
rendered potable [1]. Certainly Alexander the Great (335 BC) was advised
by Aristotle to store water in silver vessels and to boil it before use when he
transported it on his many campaigns. It must be inferred that the
antimicrobial activity of copper and silver was being exploited, albeit
empirically, in those very early days and must have been based on shrewd
observation.

Following the empirical use of silver in classical antiquity, Ravelin in 1869
[2] was the first to report on the very low concentrations at which silver and
other metal derivatives could exert their antimicrobial effect. The word
‘eligodynamic’, literally ‘active with few' (molecules, ions) was coined by
von Naegeli [3] in 1893 to denote this activity. von Naegeli found that a
concentration of silver ions, derived from metallic silver, of 0.0000001%,
equivalent to 9.2 x 107 M, would kill the common fresh-water Spirogyra.
At a concentration of 0.00006%, equivalent to 5.5 107 M, the germination
of Aspergilius niger spores was prevented,

From the point of view of therapeutic use, it is interesting to note that, in
1881, Credé [4] had published a monograph advocating the use of silver in
the prevention of eye infections in neonates. The oligodynamic action of
silver can be demonstrated by pouring nutrient agar, seeded with a suitable
test organism, over a strip of silver contained in a Petri dish. After
incubation, a zone of inhibition will be found around the strip. Gibbard [5]
investigated in some detail those factors that affected the antimicrobial
activity of metallic silver. Interestingly,.if silver is cleaned mechanically with
abrasive-coated cloth or paper, it becomes inactive, Similarly, if molten
silver is allowed to cool in an atmosphere of hydrogen, no activity is
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apparent, whereas cooling in air yields an active metal. Treatment of silver
with nitric acid enhances its activity. The general conclusion to be reached
from this set of experiments was that pure silver is devoid of activity but that
tarnished and/or surface-oxidised silver wus active. Acél [6] had suggested
that the oligodynamic action of silver was due to the liberation of Ag* ions.
Gibbard [5] also found that colloidal silver, silver oxide and silver nitrate
were always active. He further demonstrated that the general antimicrobial
properties of silver and its derivatives were reduced in the presence of
protein. Thus by 1937 the factors governing von Naegeli’s oligodynamic
action of silver had been elucidated and the inhibitory action of protein
observed. Additional papers on the topic from Ravelin’s published work in
1869 [2] to Gibbard’s iri 1937 [5] have been reviewed by Romans [7].

SILVER COMPOUNDS

The first record of the medicinal bui not antimicrobial use can be found in
writings around 750 AD. An early scientific paper by Credé has already
been alluded to [4]; it involved the use of silver in the treatment of
inflammation of the eyes (ophthalmia neonatorum) in new-born infants. In
a further paper [8], silver was advocated as an internal antiseptic. During the
following years, silver nitrate, citrate, lactate and proteinate have appeared
in pharmacopoeias and formularies around the world. A silver nitrate lotion
appeared in older editions of the British National Formulary. In the latest
issues, however (no. 26, 1993 onwards: [9]) only silver sulphadiazine is to be
found. The USP XXITI [10] lists silver sulphadiazine (used as a cream) and
silver nitrate (used as an ophthalmic solution).

ARGYRIA

Argyria, also called argyrism or argyrosis, which occurs as a result of
prolonged silver therapy, was fitst reported in 1647 [11], and was reviewed
in depth by Hill and Pillsbury [11] in 19391t presents as an irreversible grey
to blue-black colouring of the skin and mucous membranes, for example,
the conjunctiva, and also of internal tissue. With the decline in use of many
silver preparations in therapeutics, the condition is less likely to be
encountered today. However, a recent case has been reported in a 59-year
old patient undergoing silver sulphadiazine therapy for recurrent venous leg
ulcers [12].
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PROPERTIES AND USES OF SILVER COMPOUNDS
SILVER AND SILVER SALTS

The following silver and silver compounds are listed in Martindale, The
Extra Pharmacopoeia [13]: Silver metal, silver acetate, silver nitrate, silver
protein and silver sulphadiazine. All possess antimicrobial activity. Silver
acetate and especially silver nitrate possess disinfectant properties; silver
nitrate has been employed as a 1% w/v solution for the prophylaxis of
ophthalmia neonatorum, but its irritating properties and lack of activity
against chlamydia tend to militate against its use. Silver nitrate in stick form
has been used to destroy warts,-as a lotion for suppurating lesions-and as a
compress to reduce infection when applied to severe burns. Although listed
until recently in the British National Formulary, BNF, silver nitrate has
been deleted from the latest issues of the BNF [9]. Silver protein solutions
are antimicrobial as a consequence of the presence of low concentrations of
ionized silver and have beenh employed as eye-drops. It is less effective than
silver nitrate [14, 15]. Other silver salts include the lactate, picrate and
sulphate, which are no longer used medicinally. In addition to being used in
human medicine, silver salts have been employed in the veterinary field as
general veterinary antiseptics and for the cauterization of small wounds [16,
17].

The antimicrobial properties of silver and its salts have been discussed in
various books [14, 16-18] and particular reference must be made to Grier’s
review in 1983 [15]. Ag" usually used in the form of silver nitrate, is
bacteriostatic or bactericidal [19 —29], antifungal [30-32], protozoicidal [33]
and lethal o herpes simplex virus [34]. However, bacterial spores [19], cysis
of Entamoeba histolytica [19] and mycobacteria [35] are not killed by Ag".
Brown and Anderson [20] observed a non-linear order of death in
Pseudomonas aeruginosa exposed to Ag*, whereas Ricketts et al [22]
reported a rapid bactericidal action of Ag* in water, but not in broth, at
concentrations of silver nitrate of 0.5 and 1 pg/ml (2.9 x 107 and 5.8 x 10°°
M, respectively) with inactivation at concentrations above 1 pg/ml being too
fast for measurement.

Several factors influence the antimicrobial activity of silver salts [19].
Silver has a marked tendency to adsorb to surfaces and bactericidal activity

is reduced in the presence of phosphates, chlorides, sulphides and hard
water. Activity is increased as the temperature is raised (Q,q = 1.6, thatis, a
[.6-fold increase in activity per 10°C rise in temperature) and is
pH-dependent, increasing with increasing pH [19, 20]. Sodium thioglycol-
late has been recommended as a suitable neutralizing agent for use in
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bactericidal testing [19, 36] although other SH compounds also fulfil this
role [37]. ;

SILVER SULPHADIAZINE

Water-soluble compounds such as sodium sulphadiazine (NaSD) are
known to be absorbed rapidly from wounds and excreted in the urine.
Attempts were therefore made in the 1960s to retard the absorption of
sulphadiazine (SD) (1), as a result of which silver sulphadiazine (AgSD)
among other compounds was synthesized 8Dis a weak acid and reacts with
silver nitrate to produce a water-insoluble silver salt, AgSD-{38], to which a
particular polymeric chemical structure has been assigned [39]. X-ray
crystallography revealed that this polymer was made up of six silver atoms
bonded by linkage to nitrogens in the pytimidine ring to six SD molecules.
Of the compounds prepared and tested, only AgSD was effective topically
in an ointment base against Ps. qeruginosa in an animal burn model [40].
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AgSD differs from other silver salts in its physical properties: it does not
react rapidly with chloride or thiol groups or with protein and thus its
antibacterial activity is not reduced: It does not become dark on standing or
in contact with body tissues and unlike other sulphonamides its activity is
not eliminated in the presence of p-aminobenzoic acid (PABA) (2) [40].

The antimicrobial activity of AgSD has been described by several authors
[26, 41-56]. It inhibited all bacterial strains tested by concentrations easily
achieved topically; furthermore, it was active against strains resistant to
NaSD and to strains possessing multiple antibiotic resistance [43, 44].
Combinations of dibromopropamidine isethionate (DBPI) and silver nitrate
or AgSD are antagonistic or synergistic, depending upon the proportions of
DBPI to silver compound [57, 58]. AgSD promotes the rapid healing of
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wounds[56] and is useful in the treatment of severe burns [59] and of chronic
pressure ulcers [60].

CLINICAL AND OTHER USES OF SILVER COMPOUNDS

The clinical usefulness of silver compounds was briefly alluded to above.
The reintroduction in 1965 of silver nitrate for topical antimicrobial
prophylaxis of burns [61] was an important development. This finding was
confirmed and extended in a series of papers presented by Lowbury and his
colleagues [62-68]. They demonstrated the effectiveness of silver nitrate
compresses against Ps. aeruginosa, although other organisms such as
Klebsiella spp. were resistant. In controlled trials in Birmingham, they
further found that AgSD had comparable effects to silver nitrate
compresses in severely burned patients and that AgSD had a much greater
inhibitory effect against Kiebsiella spp., although less against Staphylococ-
cus aureus, than silver nitrate. Subsequently, however, plasmid-mediated
sulphonamide resistance emerged in enterobacteria and the use of all
sulphonamides, including AgSD, was suspended. AgSD was replaced by a
prophylactic cream containing silver nitrate and chlorhexidine; resistance to
these two components of the cream did not occur and interestingly, the
levels of sulphonamide-resistant enterobacteria fell to levels found before
the introduction of AgSD into the unit, These findings are comprehensively
discussed by Lowbury [69] whilst mechanisms of resistance to silver
compounds, including AgSD, are considered later in the present paper.
AgSD has been listed [70] as an alternative to hexachlorophane for reducing
staphylococcal colonization and infection of neonates. A silver-releasing
inorganic polymer for preventing nosocomial bacteriuria has been recom-
mended [71] as a routine, prophylactic measure for improving the health of
short-term catheterized patients.

Inorganic silver salts/metallic silver also find use in non-clinical areas.
The use of silver as a drinking-water disinfectant is much more popular in
Burope than in the United States [72]; the same is true for swimming pool
disinfection [73, 74], although there has been a resurgence of interest in the
latter aspect. Electrically generated Cu®* and Ag" ions reduce viable
numbers of E. coli, Staph. aureus and Enterococcus faecalis especially when
chlorine is present [75]. The chlorine concentration can be reduced although
still able to meet guidelines for swimming pool disinfectants [75], and the
combined system has been evaluated and found to be satisfactory for indoor
and outdoor pools [76]. However, because of factors such as trihalomethane
formation and possible bacterial regrowth, alternatives to chlorine have
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been sought. Electrically generated Cu®" and Ag" ions with low levels of
iodine have proved to be satisfactory [77].

Activated carbon, silver-impregnated filters have also been described [78,
79] and have been shown to be effective in preventing growth of, or killing,
Ps. fluorescens and Ps. aeruginosa in water supplies.

MECHANISMS OF ANTIMICROBIAL ACTION

Early empirical use and scientific studies made during the last decade of the
nineteenth century had shown that silver was an extremely active biocide at
silver ion (Ag") concentrations of approximately 107° to 1075 M Evidence
( that this was due to the silver ion was presented in 1937 [80]. From this, the
question arises of how or by what mechanism does the silver ion kill
micro-organisms. As with many antimicrobial drugs, the term ‘general
protoplasmic poison’ was applied to the activity of silver. Equally, with
increasing knowledge of cell metabolism and cell physiology and structure,
and with increasingly elaborate techniques for probing cellular mechanisms,
this conclusion was found to be a gross over-simplification. Whilst it is true
that the protoplasm is indeed ‘poisoned’, there is much to be learned as to
how this may occur. The next development was the realization that silver
reacted strongly with thiol (sulphydryl, SH) groups in the bacterial cell,
whether they be in structural or functional (enzymic) proteins, Finally, it

was demonstrated that silver produces structural changes in-bacterial cells
and inferacts with nucleéic acids. All of these aspects are considered together

with thespeciat case of AgSD.
EFFECTS ON ENZYMES

Yudkin [80] examined the action of silver nitrate on the metabolic activity of
Bacterium (Escherichia) coli by following the reduction of methylene blue
and its inhibition using the then widely-employed Thunberg technique and
single substrates. He observed that silver (10 pm) inhibited glucose,
sucecinate and lactate oxidation (dehydrogenation) and that, in the case of
glucose, the oxidation was initially stimulated before inhibition.-Today, this
' would indicate the-possibility of an uncoupling effeet. Later, Bragg and
Rainnie [81] confirmed these findings but used an oxygen-uptake monitor
rather than methylene blue reduction to measure substrate oxidation. These
workers also demonstrated that reduced glutathione prevented the inhib-
itory action of silver, suggesting that sulphydryl enzymes were a site-of
silver’s activity. They concluded that the most sensitive site for silver action

-

e —— e ———



358 ANTIMICROBIAL ACTIVITY AND ACTION OF SILVER

lay between cytochrome b and a,, with a second, less sensitive, site between
NADH and succinic dehydrogenase. They further suggested that silver had
a mode of action similar to that of mercury [82]. A silver-sensitive site lying
between NADP and glutamic dehydrogenase was described in Trepanosoma
cruzi [83]; this inhibition also was reversed by reduced glutathione.
Silvet ion has been found [84] fo inhibit- phosphate uptake in . colf and
to bring about efflux of accumulated phosphate.
~Furthermore, if the cells had been grown in the presence of mannitol,
succinate, glutathione and proline and had accumulated these substrates,
Ag" promoted their efflux. All these effects were reversed or prevented by
thiols. In the presence of the uncoupling agent, carbonyl cyanide-m-
chlorophenylhydrazone (CCCP) further inorganic phosphate (Pi) uptake
was inhibited and Pi efflux no longer occurred. In contrast, the uncouplers
carbonyl-cyanide-p—triﬂuoromethoxyphenylhydrazone, tetrachlorosalicy-
lanilide (TCS) and 2 4-dinitrophenol (DNP), while blocking Pi uptake, did
not prevent Pi efflux.

INTERACTION WITH SH GROUPS 0

The information presented above provides evidence that & prime molecular
target for the silver jon regides in cellular SH groups. Such interaction,
depicted in Figure 7.1, as well as reversal by SH groups, would then be
responsible for causing bactetial inhibition.

1t is now pertinent to consider more deeply the interaction of Ag" with
thiols. 1t has long been realized that heavy metal ions interact with cell
membranc-associated enzymes [15, 36, 37, 85-105]; such metals include
mercury, silver, copper MEMMWe
Tesidues is essential Tof the activity of many enzymes [ 102}, many metals and
biocides interact with this essential group in some way. These include the
following interactions with RSH 99, TOZf:
(a) reversible oxidation to produce disulphides (3), for example, with
hydrogen peroxide and iodine; (b) irreversible oxidation to produce

[E]-sH + agx 2 [E]-5-Ag + HX
¥ + Thiol compound

[E]-sn

Figure 7.1. Interaction of silver with SH groups of an enzyme (E) and its reversal by thiol
compounds.

——_
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disulphides, followed by sulphoxides (4) and disulphoxides (5), for example,
with halogens; (c) alkylation (6), for example, by glutaraldehyde (pentane-
dial) (7) and formaldehyde (8).

+ Fas
RIS SRt RIS S R! RIS S 4 RIig R
v o 4
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OHCCH,CHyCH,CHO HCHO
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In these interactions, R' is protein-bound and R? represents an alkyl group.

i In addition, mercaptide (10) formation (in which X represents the inhibitor),
as depicted in Figure 7.2 occurs with various metals, notably mercury and
silver, and with cysteine (9).

NHy
HSCH,CHCOOH RISX
&) (10)
C‘OOH (i‘.OOH
HgNCIH CEIINHZ
H,CS SCH,
i
€1
COOH COOH
| + Agt  — i
H,NCHCH,SH 9 H,NCHCH,8Ag
i

' Figure 7.2. Interaction of cysteine with Ag*
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Cystine (11)_also plays a special role in protein structure, because its
disulphide group serves as a covalent cross-link between two polypeptide
chains [99]. Mercaptoethanol and other disulphide bond-breaking agents
cleave such cross-links. Disulphide bonds are much less active than
sulphydryl (thiol) groups and function as stable elements of protein
structure [95]. Most S8 and SH groups in nature are contributed by
L-cystine (CySSCy) and 1-cysteine (CySH) in various combined forms. It
has been demonstrated that hydrogen bonding may also be important,
because the rate of reaction of Ag* with oxidized glutathione (GSSG) (12)
and glutathione (GSH) (13) is more rapid than the rate of reaction with
CySH (or CySSCy). However, in the presence of urea (a hydrogen
bond-breaking agent), the former rate falls to that in the latier [95].

§—5
H;NC(CHy), CONHCHCONHCH,COOH
Reduced Reduced I |
ghitathione glutathione COOH CH,SH
a2) 13

The specificity of Hg?* and Ag* for SH groups is, however, only relative;
when they are added to a protein solution, the SH binding sites are first
saturated, but any excess metal ions will immediately begin associating with
other groups [91]. The inhibitory effects of a number of metal ions has been
related directly to the logarithm of the solubility constant of metal
sulphides; Ag" was considerably more effective than Hg?*, an observation
which has been ascribed to the greater ability of the former to react with
masked SH groups [86]. Metal ions, for example, Hg?*, Ag* and Cu?**, which
form acid-stable sulphides with hydrogen sulphide, H,S, also form stable +}
compounds of low solubility with thiols [95].

It is now pertinent to consider the specific role of thiol groups in the effect P
of Ag* on micro-organisms. The effect of Ag* can be overcome by g
compounds containing SH groups, for example, thioglycollic acid (14),
cysteine (9), reduced glutathione (13), N-acetyl-L-cysteine (15) and the
disulphide bond-containing 1-cystine dimethyl ester (16) but not by other !
compounds containing S-S, S, or SO,H groups, for example, cystine (11),
cystamine (17), cystathione (18), cysteic acid (19), methionine (20) and i
taurine (21) [37).

With the exception of L-cystine dimethyl ester (16), these results show the
importance of the SH group in the interaction of silver with amino acids or

i
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109]. Those metals (Hg?*, Ag*, Cu?") that react with SH groups penetrate
the membrane rapidly, interfering with membrane functions and also
interacting with internal SH groups so that the function of many enzymes is
inhibited [107]. It is, however, debatable as to whether Ag" acts solely as an
uncoupling agent, as an inhibitor of the respivatory chain or as a thiol
reagent [84].

CYTOLOGICAL CHANGES

In addition to its effect on enzymes, Ag* has been found to produce changes
in micro-organisms which may or may not be related. Thus, silver nitrate
caused marked growth inhibition of Cryptecoccus albicans, and was

NH,
ICH,CONH, HOOCCHCH,SCH,CONH;

©2) (23)

deposited in the vacuole and cell wall as granules [32]. X-ray microanalysis
revealed that the low level of chloride was present in the wall. These findings
imply [32] that the uptake of Cl™ into the cytoplasm was associated with
silver toxicity but that silver was bound to the wall in some other way.

Silver nitrate inhibits cell division and.damages the cell envelope and
contents of Ps. aeruginosa [110]; sensitive cells increased in size and the
cytoplasmic contents, cell membrane and outer cell layers all presented
abnormalities.’A strain of Ps. geruginosa which was resistant to AgSD was
much less affected by Ag* in the form of silver nitrate [111]. Spheroplasts of
the resistant strain were less susceptible than the sensitive strain to lysis by
silver nitrate, which implies that the cytoplasmic membrane is a possible site
of silver resistance.

INTERACTION WITH NUCLEIC ACIDS

Yet another effect of the action of Ag" has been described, namely, its
[interaction with nucleic acids [112].-The Ag" ioninteracts preferentially with
the bases found in DNA rathet than with the phosphate group [113-118].
The reaction between Ag™ and a GC (guaninecytosine) base pair proceeds
via two steps, whereas that between Ag* and an AT (adenine-thymine) base

pair requires only one step[116]. Ag™ appears to be attached to the N’ atom
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of guanine (24), and there is a strong suppression of the DNA-Ag* complex
involving GC in calf thymus DNA highly methylated at this guanine site
[115].

oH

X
A

(9

The photochemical response of bacterial DNA and of synthetic
polynucleotides to UV, and of the influence thereon of Hg?* and Ag" have
been examined [119, 120]. The photochemistry of DNA is altered greatly
when these metals are bound, but in different ways. Hg?* complexed with
bacterial DNA greatly reduces the rate of thymine dimerization, whereas
Ag' binding to DNA greatly enhances dimerization. Consequently,
biological inactivation is increased in the presence of Ag* but reduced with
Hg?",

If this enhancement of dimerization in UV-exposed DNA is transposed to
the more normal situation that applies when bacteria are treated with a
silver salt such as AgNO,, then it is tempting to speculate that interaction of
DNA with Ag" is a primary target site. It would, however, be premature to
propose that such an interaction is necessarily responsible for bacterial
inactivation, although it must clearly play some role. '

SILVER SULPHAD]JAZINE

AgSD differs markedly from silver nitrate in that the former is essentially a
combination of two antibacterial agents, Ag" and SD. The question may
then be posed as to whether the antibacterial effect results predominantly
from one of the components or by a synergistic interaction. AgSD has a
broad spectrum of activity [26, 41-56] and, unlike silver nitrate, produces
surface and membrane blebs (surface protuberances) in susceptible but not
resistant bacteria [44]. Binding of AgSD to cell components, especially
DNA, has been demonstrated [42, 46]. When S*-labelled SD was
incorporated into medium inoculated with Ps. geruginosa, no labelled SD
was found in either the bacterial cells or the DNA fraction [40, 50]; in
contrast, when "“Ag-labelled SD was employed, the labelled silver was
found only in the DNA fraction [50]. Other properties of AgSD are also of
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interest. It does not appear to be mutagenic [121], its activity is not reduced
by PABA (2), unlike other sulphonamides [105], and thus it does not possess
a mode of action typical of the sulphonamide group of drugs. However, the
SD portion of AgSD contributes markedly to the activity of AgSD cream
[57] and sulphonamide-resistant clinical isolates are also resistant to AgSD
[57, 68]. Fox [40] has considered the effect of AgSD on DNA in the context
of a polymetic structure of AgSD, which is composed of six silver atoms
bonding to six SD molecules by linkage of the metal atoms to the nitrogens
of the pyrimidine ring. Bacterial inhibition would presumably be achieved
when silver binds to sufficient base pairs in the DNA helix.,

Despite AgSD having now been in use for more than 20 years, it is clear
that its precise mechanism of action has yet to be elucidated.

BACTERIAL RESISTANCE TO SILVER

In-general -terms, -bacterial resistance to antibacterial agents can be
considered as being either intrinsic (innate, a natural property) or acquired,
for example, by mutation or by the acquisition of a plasmid or transposon
(jumping gene) [105]. Resistance to mercury [103, 122-125] and to other
cations and anions [103, 122, 123, 125] is well characterized. The
mechanisms involved in resistance to some metals, including silver, are
summarized in Table 7.1.

Resistance to silver also occurs but the mechanisms for this reduced

Tablc 7.1. MECHANISMS OF BACTERIAL RESISTANCE TO SILVER AND OTHER

METALS
Metal Organism Plasmid-encoded Mechanism
Silver E. coli, Yes Decreased uptake
Salmonella
typhimurivm
Pseudomonad No Silver detoxified by
reduction to metallic
form
Mercury (inorganic) Various Yes Mercuric reductase
Mercury (organic) E coli, Yes Mercuric hydrolase
Ps. aeruginosa and reductase
Staph, aureus
Cadmium Staph. aureus Yes cadA system: efflux
by ATPase pump
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sensitivity are not altogether clear (Table 7.1) In the case of AgSD, however,
resistance could be due to the silver component, the sulphonamide
component or both components. Mycobacteria [35] and bacterial spores
[19] are intrinsically resistant to Ag* although the mechanisms involved are
unclear; impermeability to Ag* may be involved. Acquired resistance to Ag*
in E. coli by chromosomal mutation is associated with a decreased silver
binding by a major outer membrane protein [126]. Plasmid-encoded
resistance to silver has been described by several authors [103, 124, 125,
127-134] in Enterobacteriaceae, Pseudomonas spp and Citrobacter spp.
However, the mechanisms involved remain poorly understood. Attempts to
transfer silver resistance from silver-resistant (Ag®) strains of E. coli and
Klebsiella to silver-sensitive (Ag®) strains of E. coli were unsuccessful [127).
The difficulty of transferring silver resistance from Ag® to Ag® has been
pointed out elsewhere, although it can be achieved [128] to produce a very
wide ratio of minimum inhibitory concentrations (MICs) of >100 : 1 for
Ag®: Ag® cells. The basis of mercury (Hg*") resistance encoded by plasmids
is well understood: Hg?* is converted by the enzyme mercuric reductase to
mercury (Hg") which then vaporizes [102, 122, 123, 125]. Likewise with
phenylmercuric compounds, Hg?* is released (the enzyme involved is a
hydrolase) and is then converted as before to Hg® which again vaporizes,
Plasmid-encoded silver reduction, analogous to Hg?" reduction, has not
been demonstrated. Plasmid-mediated efflux pumps have been described for
cadmium and arsenate and indeed for acridines and quaternary ammonium
compounds (105, 132, 134, 135], so that the intracellular concentrations of

these compounds are reduced. No efflux pump has as yet been detected in
silver-resistant bacteria [134].
ne clue about a possible mechanism of silver resistance has been

obtained from studies involving silver accumulation, although this need not
necessarily apply only to plasmid-mediated resistance, Silver accumulation
in some bacteria is relatively high [136, 137] and is probably energy-
dependent [134]. Thiobacillus ferro-oxidans and T. thio-oxidans accumulated
high levels of Ag" [137], and the membrane was covered with electron-dense
silver sulphide particles. Contrary, therefore, to the proposal that only Ag®
bacteria accumulate silver [122], it is clear that Ag® cells can also accumulate
high concentrations which might be beneficial biotechnologically [134].
However, sensitive (but not resistant) bacteria appear to compete success-
fully with silver salts for the acquisition of silver ions [125]. It was pointed
out above that plasmid-encoded Ag"* reduction, analogous to Hg?*
reduction and vaporization, had not been described. However, Belly and
Kydd (138] isolated silver-resistant bacteria, yeast and fungi from
photographic sludges and other sources and investigated one organism (a
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pseudomonad) in detail. In this strain, silver accumulated in cells
predominantly as Ag®, Ag,0 or Ag"* but not as Ag,S or AgCl, from which
the authors postulated that silver had been detoxified by its reduction to the
imetallic form and by its complexation with cellular components. Cell-free
extracts of this organism were unable to reduce Ag* to Ag® and although
this pseudomonad was mercury-resistant, thete was no evidence that a
mercuty reductase could reduce silver, as had earlicr been reported in a
plasmid-containing mercury-resistant E. coli [139]. Clearly, much remains
to be discovered about the mechanism(s) of silver resistance. Silver
resistance does not appear to be linked to chlorhexidine resistance [140].
Resistance to sulphonamides, including AgSD, has been described [68, 691,
is transferable [66], and has been reported in many countries. The
mechanism of this resistance is unclear, but could be associated with
sulphonamide-insensitive enzymes andfor to reduced uptake of Ag”.

CONCLUDING REMARKS

Silver, one of the native metals and second only to gold in its stability
amongst the metals of antiquity, has provided several therapeutic agents
which have been employed since the beginning of recorded history. These
agents range from the metal itself, its salts and complexes with proteins and
othet macromolecules to the latest, AgSD.

Studies of the antimicrobial and therapeutic properties of silver and its
derivatives have yielded an extensive scientific literature, ranging from
clinically- to biochemically-based papers. The latter area includes studies in
enzymatic and other macromolecular interactions to silver resistance
encompassing plasmid-mediated patterns. The reduction to one silver
compound (AgSD) in the current British National Formulary and to two
compounds (AgSD and silver nitrate ophthalmic solution) in USP XXII
may not be a true reflection of the use of silver in health care today. Silver
compounds also find use in non-clinical situations, for example, as water
disinfectants and, not considered in this review, as silver staining techniques
for microscopy.
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