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Abstract Silver pharmacology is at the cross-roads. It has a long history as a
chemosterilent but is currently denigrated by some vested interests and other
‘knowledge monopolies’. It deserves better—particularly in these critical times of
ever mounting incidence of antibiotic resistance. This reappraisal outlines some
approaches to a dispassionate debate as to why we should, or should not, be recon-
sidering silver as an addition to (not a substitute for) other antibiotics at the front line
of medicine. This will require more understanding about (i) the chemistry of silver in
a biological environment; (ii) the different physical and bio-reactive properties of
ionised silver (Ag(I)) and nanoparticulate metallic silver (Ago); (iii) the antibiotic
potential of both Ag(I) and Ago; and (iv) establishing objective Quality Controls for
potential silver therapies. Six appendices (A–F) provide some technical data and
focus further upon the need to clearly define (a) procedures for manufacturing
nanoparticulate metallic silver (NMS); and (b) the purity and properties of NMS
preparations—especially stability, antibiotic efficacy and safety of products offered
for clinical evaluation. A further appendix (G) deals with some political consider-
ations currently impeding impartial clinical research on silver therapeutics.

Abbreviations

[ ] Either concentration usually in water or indicating a metallo-complex
Ag0 Zerovalent metallic silver
Ag(I) Monovalent silver, oxidation No. 1
Ag(III) Unstable trivalent silver, powerful oxidant
AgAc Silver acetate
AgNO3 Silver nitrate
ATP Adenosine 5′-triphosphate
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A.W. Atomic weight
BBF Bacterial biofilm
Cu0 Metallic copper
Cu(II) Cupric ions, a stable solute
DIY Do-it-yourself (e.g. home preparation of ‘colloidal silver’)
LED Light- emitting diode
MBC Minimum bactericidal concentration to kill a particular organism
MIC Minimum inhibitory concentration, as an antimicrobial
nm Nanometre i.e. 10−9 m
NPS Nanoparticulate zerovalent (metallic) silver clusters
p[Ag+] Negative (base 10) logarithm of the silver cation concentration
pH The negative (base 10) logarithm of the hydronium ion concentration
RA Rheumatoid arthritis
SERS Surface-enhanced Raman spectroscopy
WWW World Wide Web i.e. electronic sources of information

‘There are many lies told in every society today about what and what does not have value,
or can or cannot transform our lives. The challenge is to identify them.’

Mary Evans 2013 (Teacher and Theologian, Ethiopia)

1 Prologue

This chapter discusses some of the chemical and physical properties of silver that
might help us to (a) better understand its interactions with biological organisms and
ecosystems and (b) separate the hard facts and science from the commercialism,
‘politics’, ignorance and hype surrounding this ‘hot topic’ of silver as a medicinal.
But why is it so hot? Largely because of expectations that so-called ‘colloidal
silver’ (CS) will be the healing remedy for many of our ills; particularly as an
antibacterial, antifungal and anti-protozoal agent, able to combat many
antibiotic-resistant organisms (especially virulent bacteria and protozoa). It is also
cheap and available without prescription.

A flood of reports, speculations, sales promotions and rather unfounded opti-
mism about CS assails us almost daily via the World Wide Web (WWW). What is
the reality behind this phenomenon? We really should know this to sift the facts
from the fantasies. Also we need to examine/question present government regula-
tions, virtually excluding it as a legitimate drug—lest we make a terrible mistake,
erroneously pre-judging the future and value of any well-characterised medicinal
silver preparations.

For many health professionals, it is rather a surprise that silver even has a
pharmacology. It is rarely mentioned in standard medical texts beyond occasional
allusions to its value as an adjunct for promoting wound healing. Yet it is widely
known for its medicinal potential as an antiseptic. As a noble or ‘coinage’ metal it is
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classed together with copper and gold in Group 11 (formerly 1B) of the periodic
table of the chemical elements. Their long history of use in coinage for jewellery
and for making mirrors also reflects (sic) their chemical stability, durability and
resistance to corrosion.

Copper and gold have long been recognised for their bio-utility (Whitehouse and
Walker 1978; Shaw 1999; Whitehouse 2008) and see Table 1. Copper is also an
essential micronutrient, being a constituent of many enzymatic redox systems. As
an endobiotic, it strongly binds to several defensive proteins to combat the toxicity
of dioxygen and its metabolites. Copper also has an essential anabolic role being
involved in the biogenesis of the extracellular matrix and connective tissues in
animals. (Frausto da Silva and Williams 1991).

Silver and gold are xenobiotic and therefore suspected toxins. In fact, their
toxicity may be considerably less than that of copper, a notable irritant (unless
strongly complexed).

Table 1 Synopsis of noble (coinage) metal pharmacology

Metal As Use References

Copper
Atomic
No = 29

Cu0 a. Antifouling, marine vessels
b. Bracelets/bangle for arthritis
(a) and (b) = slow-release depots for
reactive Cu(II)

Walker and Keats (1976)

Cu
(II)

Algicide, molluscicide,
Schistosomaticidal
Anti-inflammatory (transdermal)
CuO (copper bullet) = oral
supplement for livestock

Walker et al. (1980)
Costigan and Ellis (1980)

Silver
At. No. = 47

Ag0 Nanoparticles:
Antibiotic
Matrix for drug delivery

Ag
(I)

Antiseptic
Accelerated wound healing

Higginbottom (1826)
Spadaro et al. (1974), Becker
and Selden (1985)

Gold
At. No. = 79

Au0 Microparticulate Swarma bhasma
(Ayurvedic medicine)
Colloidal gold:
Oral anti-inflammatory (AurasolR)
Parenteral anti-arthritic (rats)

Brown et al. (2007)
Abraham and Himmel (1997)
Brown et al. (2008)

Au
(I)

Injected aurothiolates (AuSR) and
oral Auranofin
Anti-arthritic
anti-tumour
anti-parasitic

Aurocyanide—a
pharmaco-active metabolite of AuSR

Kean and Kean (2008)
Tiekink (2008)
Madiera et al. (2012)
Berners-Price and Filipovska
(2011)
Graham et al. (2008)

Note This is only an outline, indicating some recent advances
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The chemistry of silver appears deceptively simple at least in vitro and geo-
logically (Stwertka 2012; Browne 2013). But it is another story to discuss silver’s
interactions with, and transformations by, living systems; the consequences of
which may be expressed over time periods ranging from seconds to centuries. With
organic pharmaceuticals, there is relative certainty that they will ultimately be
inactivated, being degraded somewhere within the biosphere.

Silver, unique even among inorganic pharmaceuticals (think lithium, bismuth,
platinum) remains intrinsically bio-reactive until finally captured by detoxification
with sulphide anions. Seems scary? But we have learned to live with—and bene-
ficially harness other scary entities ranging from oxygen (atomic number 8) to
uranium (At. No. 92). With its atomic number being 47, silver lies almost halfway
between these extremes. Just as animals and mankind evolved to coexist with and
harness oxygen to utilise foodstuffs first and fossil fuels later, so we have had to
learn how to control uranium as another source of energy (nuclear fuel). Having met
these challenges, unlocking and controlling the power of silver pharmaceuticals
ought then to be relatively simple—but at present it is not. Which is why this area
where xeno chemistry meets physiological chemistry is just as fascinating today as
it was to Paracelsus and his fellow alchemists 500 years ago.

Silver perhaps has/should have an important para-pharmaceutical role, e.g. when
used as a conductor of electricity within biocontexts favouring healing and tissue
repair i.e. regenerative medicine. Some aspects of this may be better understood in
terms of physics, rather than chemistry.

The first English Nobel Laureate for Literature, in 1907, Rudyard Kipling
(1865–1936) wrote these pithy comments:

‘Gold is for the mistress,
Silver for the maid,
Copper for the craftsman cunning at his trade.’

It is the maid who serves the wider numbers and more frequently. In a phar-
maceutical context, will this ever legitimately be said about silver?

This survey is only an introduction, not a detailed review. It focuses first on
some essential background information and then tries to help clarify what might be
the essential Quality Controls for medicinal silver preceding any significant clinical
studies, either as a therapeutic agent or a preventive medication—both now and in
the foreseeable future.

2 Some History (and More Commentary)

Silver is one of the few metals occurring naturally and was known to the Chaldeans
in the Fourth Century BCE. It is mentioned several times in the Christian Bible
(Second Century BCE onwards). Table 2 highlights some notable advances in our
understanding of silver pharmacology. Some of them were made not by physicians
but by the military and by surgeons. Whilst they may not have understood the
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Table 2 A brief history of
silver medication/disinfection

• Both Cyrus the Elder, founder of the Persian Empire (600–529
BCE), and Alexander III (‘The Great’), a Greek general (356–
323 BCE), were each reputed to have owed their military
success to carrying and disinfecting the drinking water for
their troops, using silver containers

• Specific uses in medicine are known to the eminent Arabic
physician Gerber, the ‘Father of Chemistry’, and his pupils
(Mahomaden School 702–765 CE)

• Argyria, a side-effect affecting the skin (see later) noted by
Avicenna (980 CE) (Hill and Pillsbury 1939)

• Silver cutlery and tableware adopted by those who could
afford it, as an antidote to microbial contamination e.g.
prevent putrifaction

• Surgical insertion of thin silver plates to cover/close battle
injuries especially to the scalp was routinely practised by the
Knight of St John at their hospital in Valetta, Malta (16C).
This procedure was reported to both diminish mortality and
increase rates of wound healing compared with other
treatments then available

• John Higginbottom MRCS (1826), Nottingham UK advocates
application of ‘lunar caustic’ aka silver nitrate ‘in the cure of
certain wounds and ulcers’

• Small silver articles e.g. US$1 coins inserted into water, milk
and other beverages for preservation during long voyages e.g.
Mormon migration across the American Prairies from Illinois
to Utah (1861–1888)

• The Merck Index First Edition (1889) lists at least 18 silver
salts for pharmaceutical use

• Henry Crooks (1914) introduced electrical methods for
preparing metallic silver colloidal particles (hydrosols), then
shown to be germicidal against the typhoid bacillus (Simpson
and Hewlett 1914)

• Treatment of ‘trench fever’ in World War I, caused by lice
carrying B.quintana, using injected collogol a silver-protein
colloid (Sweet and Wilmer 1919).

• Antibacterial activities of silver preparations against defined
microbes documented in the British Medical Journal during
1920s—and a large number of reports published elsewhere
since the 1950s

• Treatment of ‘chronic arthritis’ in Vienna with a colloidal
silver preparation collagel (Loewenstein and Fee 1928)

• Early Twentieth Century: Mandatory introduction in many
states of the USA of ‘colloidal silver’ = Ag(I)-impregnated
small proteins to prevent blindness in the newborn, associated
with Chlamydia and other micro-organisms in the birth canal

• Robert Becker an orthopaedic surgeon (Syracuse NY)
discusses the ‘silver wand’ i.e. metallic silver rods inserted
into wounds (Becker and Selden 1985) and electrically
stimulated to produce ionic silver locally that greatly

(continued)
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mechanisms underlying their discoveries, they nonetheless realised their immense
practical benefits.

There are some thoughtful short discussions of the historical use of silver and
some particular formulations (Hill and Pilsbury 1939; Gibbs 1999; Jefferson 2003;
Lansdown 2010; Hancock 2011; Browne 2013). Several others are available on the
WWW, including those originating from

silvergenesis.com (South Africa); with an excellent bibliography,
cwahealth.com,
Eric J. Rentze via Immunogenic Research Foundation (oligodynamic.com/history.
html), and
Colloidal-silver.com.au (Australia) to cite just a few.

Much of the recent science/technology of silver has centred on preparing (very)
stable nanoparticulate silver for various industrial applications. New methods of
manufacture, stabilisation, characterisation and application appear at almost weekly
intervals. By contrast, there is far less progress being reported in establishing its
medical applications; not surprising in view of the conservatism of some parts of
the medical profession and its manipulators at the present time.

By contrast, many medicinal properties of nanoparticulate silver are better
understood in terms of its instability in a bio-environment e.g. being a slow-release
source of bio-reactive oxidised silver, Ag(I); the particle serving as a drug/toxin
precursor—often described by pharmacologists as either a ‘latent’ drug (Harper
1958) or a pro-drug (Albert 1979).

Small is not only beautiful but may also be more effective. Silver nanoparticles,
20 nm diameter, are approximately 50 times smaller than many bacteria (1–2 μm
diameter) allowing many particles to become attached to a single planktonic bac-
terium. So these present times with technologies for reproducibly preparing
nanosilver particles, have enabled a new range of studies probing the future of silver
in medicine, particularly as an antimicrobial agent.

Table 2 (continued) accelerate healing of bone fractures (Spadaro et al. 1974)—
possibly by inducing de-differentiation of connective tissue
cellsa

• Re-epithelialisation of skin grafts increased by locally released
silver ions

• Proving superior to standard antibiotic treatment (e.g.
neomycin and polymyxin) (Demling and De Santi 2002)

aFor these and other original contributions contravening
‘politically correct’ dogmas, Becker was dismissed from the
Veterans Administration Hospital and repeatedly denied further
funding from the US government (Becker and Selden 1985)
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3 Physical Properties of Silver (Ag0)

The colour of metallic silver may be ‘silver’, grey/black or yellow according to
particle size. For many centuries, it has been used as a yellow pigment in stained
glass. It is physically soft and highly malleable. For daily use, it must be hardened
by forming alloys e.g. with up to 20 % copper in jewellery and bracelets. [Sterling
silver contains 7 % added copper] It forms an amalgam, dissolving in mercury,
formerly much used in dental fillings.

The optical properties of metallic silver set it apart from other metals. It has a
high lustre, efficiently reflecting visible light at frequencies above 420 nm. It
absorbs light at 417 nm (necessitating the use of powdered aluminium instead in
some astronomical telescopes). Silver ions absorb electromagnetic radiation
(EMR) most efficiently below 420 nm allowing their photo-reduction by hydrated
electrons to generate atomic silver particles (Laroo 2013).

Molten silver absorbs molecular oxygen, which is liberated—sometimes
explosively—when the metal resolidifies upon cooling. This compatibility/affinity
with oxygen without concomitant oxidation underlies the catalytic—and possibly
some of the bio-reactive—properties of finely divided metallic silver.

The physical properties of nano-sized silver particles are being intensively
researched especially for applications in novel micro-devices e.g. for electrical (bio)
sensing, electronic switching, etc. as well as potential therapeutic uses.

The stability of bulk silver metal (Ag0) and its remarkable physical properties
ensured its ever-increasing commercial importance for nearly 3 millenia. Metallic
silver is no longer used in popular coinage, now being replaced by the cheaper and
lighter alloys. Despite being superceded as an essential component of the photo-
graphic process, it is still in high demand for jewellery, dental amalgam, manu-
facturing mirrors and electronic devices. Fine films of metallic silver are being
increasingly used prophylactically as an anti-infective aid for coating catheters,
especially those inserted into blood vessels, lymphatics, ureters, etc. to minimise
introduced infections.

A very practical use of nanoparticulate copper, silver and gold is facilitating
physicochemical analyses using surface-enhanced Raman (infrared) spectroscopy
(SERS); silver being particularly useful. This technique has the potential for indi-
cating the specificity of a molecular fingerprint combined with the sensitivity for
detecting single molecules (Cialla et al. 2012).

4 Silver Chemistry: An Outline

Useful discussions are to be found in texts by Mellor (1923), Thompson (1973), and
the monumental compendium of inorganic chemistry (Gmelin 1971) written in
German and some English. This section mainly focuses on transformations that
may occur under physiological conditions i.e. at relatively low temperatures, in
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saline media, amidst an abundance of ligands for ionic Ag(I) and of supramolecular
structures able to interact with nano-sized metal particles, Ag0.

Silver metal is sufficiently inert to cause no/minimal irritation when inserted
into/under the skin e.g. nose rings and other body-piercing jewellery. This is in
marked contrast to other metals e.g. copper, aluminium and even stainless steel.

Table 3 indicates some characteristics of four different states of silver, each with
distinctive properties; some of which may overlap under certain conditions in vivo.

The redox potential (E0) for Ag(I) aq → Ag0 is +0.80 V, while that for Ag
(III) → Ag(I) is 1.9 V; indicating that Ag(I) may be readily reduced to Ag0 and that
the argentic ion Ag(III) is a more powerful oxidant, akin to trivalent gold (for Au

Table 3 Biostatic/biocidal
mechanisms of silver species

I. As silver metal, Ag0

E.g. containers, cutlery, (undebased) coinage, germicidal
coatings, surgical inserts, acting:
As ‘hostile’ surfaces for microbial colonisation,
By sorption of microbial toxins on container surfaces,
By local oxidation when contaminated → diffusible

bio-reactive Ag(I)

Note These surfaces are not always totally inert e.g. tarnishing
with soluble or volatile sulphides

II. As nanoparticulate metallic silver (Ag0), 2–50 nm diameter
possessing

Very high sorptive activity involving:
(a) van der Waal’s bonding to bacteria/other bio-substrates
(b) Coulombic interactions with anions e.g. HCO3

−, acidic
biofilm proteins and polysaccharides
Catalytic activity
(a) Well characterised for commercial oxidative syntheses e.g.

methanol → formaldehyde at 500 °C
(b) Less certain in physiological contexts e.g. at interfaces

between biophases or on sorptive macromolecules: (but see
Huang et al. 2014.)
Lability, releasing bio-active (toxic) silver ions (Kittler et al.
2010; Liu et al. 2010)

III. As oxidised/ionic silver

(a) as univalent (Argentous) Ag(I),rarely ionic in vivo but
rapidly interacting with a broad range of bioligands (Table 4)
inactivating enzymes, denaturing proteins and polyphosphates
and destabilising membranes
(b) As trivalent (argentic) Ag(III), usually tightly complexed
e.g. stabilised as the mixed valency complex Ag(I)2Ag(III)204
(Tetrasil) used as a germicide in ointments; also claimed as a
treatment (Imusil) for AIDS (Antelman 1997)

Notes
Some of these are well-established, others less so
Ag4O4 was formerly described as ‘silver peroxide, Ag0’. It is not
a peroxide because it does not liberate hydrogen peroxide when
acidified
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(III) → Au0,E0 = 1.5 V). Ag(III) is only likely to exist transiently but might
possibly be generated in a highly oxidant environment (Fischer and Jansen 1995).
For reviews of Ag(III) chemistry, see McMillan (1962) and Tudela (2008).

The reactivity of metallic silver metal as nano-sized particles contrasts with that
of the bulk metal. Indeed some physical chemists have deemed it another state of
matter. This is because nano-sized materials are intermediate between the domain of
quantum mechanics (describing the behaviour of lone molecules) and classical
physics, governing the behaviour of bulk materials (Burcham 2010). These particles
have a very large surface area relative to mass, which enormously increases their
sorptivity, reactivity, etc. For example, silver does not normally react with hydro-
chloric acid, which dissolves nanoparticulate silver with the evolution of hydrogen
(Li and Zhu 2006).

By contrast, oxidised/ionic silver (Ag(I)) is intrinsically unstable, being reduced
to black metallic silver by light (the basis of photography) and also by a very large
number of electron donors e.g. aldehydes qualitatively detected by forming a silver
mirror. The black stain appearing on the skin after handling solutions of silver salts
is another example of its bio-reduction.1 This demonstrates both the reactivity of
silver ions and the reducing i.e. electron-donating properties of many bio-substrates
(also see Sect. 7).

A number of bio-ligands (L) can form complexes with Ag(I) in vivo, of varying
stability and bioavailability (Table 4). The solubilities of some (model) silver
complexes in water listed in Appendix A provide some guide to the relative sta-
bilities of individual Ag-L bonds and comparative bioavailability of silver after
forming these complexes. The actual strength of the Ag-L bond is indicated by their
dissociation constants, Km (Perrin 1979; Hogfeldt 1982). For the Ag-S bond, the
Km is 10−54, which is considerably smaller in magnitude than the solubility of Ag2S
in water (1.4 × 10−4 M). Each of these figures indicates the very high affinity of
silver and propensity to form Ag-S(R) bonds. Such measurements help us to
understand more about the likely transit and distribution of Ag(I) not only within
the body but also within the external bio-environment. For example, resolving the
question of whether the low solubility of silver chloride might be selectively
increased in the stomach by either local interaction with hydrochloric acid; perhaps
forming the hydrated [AgCl2]

− anion (Forbes 1911; Forbes and Cole 1921) or
binding with other gastric ligands from the diet or within the mucosal lining.

The bio-reactivities of both Ag0 and Ag(I) are further discussed in Sect. 7 and 8.

1The author A.C. Doyle, a physician himself, has his character Sherlock Holmes identify Watson,
his future associate, as a physician at his first meeting, by the black stain on his fingers after using
silver nitrate as a sterilant.
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5 Misapprehensions About Silver ‘Biology’

Before attempting any rational discussion about silver pharmacology, we should be
aware of four widely circulating ‘untruths’ concerning the properties of silver in
various biosystems.

1. Silver is not a trace element, as the term is understood by agricultural and
nutritional scientists. So far as we know today, silver is not an essential con-
stituent of any biosystems; using the term ‘essential’ to imply loss or disruption
of some biological function in its absence.
Not so long ago boron, silicon, vanadium, molybdenum, arsenic (and a slowly
increasing list of other elements) were not considered functional bioconstituents.
Today we know otherwise. However, much nonsense is currently being circu-
lated that we ourselves, our livestock, foodstuffs and the agri-environment are
suffering silver depletion and therefore becoming ‘sicker’. It is extremely
doubtful that silver was ever widely distributed to be retained in biosystems. To
continue to call it a ‘trace element’ implying it is a missing nutrient, totally
obscures its utility for medicine as an xenobiotic (as most drugs are today).
However, we should not ignore the biodynamics of metallic silver (Ag0) as an
oxidisable material in the natural environment, subject to metabolic transfor-
mations, just as any other xenobiotic.

2. Silver is often categorised as a heavy metal, an inaccurate generalisation con-
sidering its atomic weight (AW) is 108 i.e. much less than that of heavier toxic

Table 4 Some silver bioligands

Ligand References

Thiols Webb (1966), Jocelyn (1972)

Selenols

Disulphides Jocelyn (1972)

Oligophosphates e.g.
• NAD(P)
• Teichoic acidsa

Kornberg and Pricer (1953)

Halides and thiocyanate (SCN−)
I− > SCN− > Br−> Cl−

Phosphates
Phospholipids and nucleic acids

Carboxylates

Nitrogenous ligands
• Nucleobases: cytosine > thymine
• Amines
• Imidazole

Shukla and Sastry (2009),
Czoik et al. (2008)

Unsaturated (ethenoid) fatty acids Stahl (1965), Adlof and Emken (1985)

These are bioconstituents that bind Ag(I) listed in approximate order of diminishing affinity
aIn cell walls of Gram-positive bacteria
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metals such as mercury (AW 201), lead (207) and uranium (238); all justifiably
classified as unselective poisons.
Silver is much less toxic than any of these heavy metals, being very rarely lethal.
Nevertheless, silver does suffer ‘guilt by association’ when misclassified as
‘heavy’—being implied to be much more toxic than it really is. [The presence
and compatibility of other chemical elements in biosystems such as strontium,
atomic weight (87), molybdenum (95), iodine (126), of similar atomic mass is
usually accepted without comment.]

3. Describing a product as ‘colloidal silver’ is sufficient to ‘say it all’. In fact, this is
such an ambiguous, even misleading, appellation that it ought to be abandoned
when and wherever possible. At least two different types of silver products have
been/are being sold for pharmaceutical use under this unspecific designation. In
general, they have somewhat different biological properties, particularly with
regard to efficacies and in engendering toxic responses.

(i) Historically the description ‘colloidal’ was used to specify water-soluble
silver-impregnated macromolecules, particularly those classified as colloids
(mid Nineteenth Century onwards). They were often prepared from casein
(milk), serum proteins or some of their derived polypeptides, by interaction
with silver salts. The products were either Ag(I)-polypeptides, or very fine
Ag0 particles embedded in a polypeptide coating—or a mixture of both
valencies. In these products, silver was complexed chemically (or physi-
cally) and not precipitated by chloride, phosphate and other
silver-insolubilising anions in physiological fluids (eyes, stomach, etc.).

(ii) More recently (mid Twentieth Century), processes to manufacture extre-
mely fine dispersible nanoparticles (NP)2 made silver available as Ag0 with
much increased bio-reactivities compared to the bulk metal; able to act as a
slow-release source of oxidised silver (Ag(I)) = a latent ‘toxin’. The prop-
erties of these metallic nanoparticles are heavily influenced by their methods
of production that determine their size, ionic character (‘charge’), stability
and content of impurities. Unless these preparative methods or the physical
character (and chemical reactivities) of the NP products are clearly speci-
fied, it is both meaningless and foolish to imply/accept that they are
somehow equivalent i.e. would have very similar bio-regulant properties in
a particular context. This is one reason why it has been so difficult to interest
drug regulators and medical practitioners in accepting the legitimacy of
silver medications.

4. ‘Silver will turn you blue’. This appalling half-truth is vigorously perpetuated by
those who should know better. It turns up repeatedly (out of all proportion to its
significance) when seeking information about colloidal silver on the WWW.
There are two reasons for this; one honest and the other not so.

2Nano = 10−9, 1-millionth of a mm.
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(i) When ‘colloidal silver’ preparations became available in the late Nineteenth
century, they usually were Ag(I)-impregnated proteins/polypeptides to be
used topically e.g. as optical disinfectants to combat neonatal gonococcal
infections. Although they were not prescribed, they were also often con-
sumed for alimentary disinfection, nearly always being used at much higher
silver dosage. A few people acquired a blue or grey skin pigment, Argyria.
This was not surprising considering the photosensitivity of silver salts
exposed to light. The effect was cosmetic, but fortunately infrequent.
A careful analysis of over 600 clinical (and anatomical) reports (Hill and
Pilsbury 1939) failed to establish any malfunction of an essential organ, but
noted that Argyria was a consequence of

(a) long-term, often non-prescription use;
(b) the ‘colloidal silver’ products were nearly always poorly characterised

patent medicines;
(c) silver nitrate caused far higher incidence of Argyria (>50 %) than many

colloidal silver preparations (6 %) or silver oxide (0.5 %) (Hill and
Pillsbury 1939); and

(d) the cumulative dose of silver consumed was of the order of grams—truly
an overdose for sensible internal disinfection.

(ii) Various well-funded organisations, including the Food & Drug
Administration USA (FDA), the Therapeutic Goods Administration
Australia (TGA) and some less than honest private organisations e.g.
QuackWatch, and Friends of Science in Medicine, have all repeatedly
declared or implied that Argyria is a common side-effect of silver medi-
cation. Not only do they ignore the real incidence and general lack of harm
from Argyria, but they also try to outlaw the current use of silver medica-
tions for healing; implying they are almost certainly serious health hazards.3

For some years, the FDA and TGA have maintained embargoes on claims for
medicinal activity and therefore the sale (even clinical trials) of any form of col-
loidal silver as a medicine. Nevertheless both these government regulators concede
that it may be used to sterilise water; surely a medicinal property!!

This simple fact was well recognised long before the TGA and FDA existed and
came to adopt such unscientific postures as seemingly not wanting to know what is
safe and what may be beneficial if it happens to concern silver; particularly if it is
not patentable. Currently, the official attitude seems to be that the public must be
shielded by outright bans from using, advertising (even researching), any form of
silver for medicinal purposes.4 This has undoubtedly helped the proprietary anti-
biotic industry and continues to do so—to the detriment of the very much larger

3These regulatory agencies ignore the far greater health hazards, including mortality caused by
heavily promoted drugs they had approved e.g. the NSAIDs, VioxxR and PrexigeR that ultimately
had to be withdrawn. By contrast, no one has died from silver medications.
4The legal penalties for breach of these regulations are truly an eye-opener.
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number of potential beneficiaries, particularly the sick, the poor and the ailing if
they happen to be infected with antibiotic-resistant, but possibly silver-responsive,
micro-organisms (Also see Appendix G).

6 An overview of Silver Pharmacology (also See Sect. 7)

As discussed in textbooks, this is a minute topic: often totally ignored in many of
the standard texts. When mentioned, it is nearly always in the context of treating
burns and other superficial wounds; usually with the silver salt of sulphadiazine (an
acidic sulpha drug dating from the 1940s). This is essentially an Ag(I) pharma-
ceutical, of defined composition and approved as a legitimate drug under various
trade names (e.g. Silvadene, Flamazine, etc.). It is also biocidal to Candida and
Trepona palladum (syphilis).

However, other silver preparations have many, already proven, uses in different
biological contexts. These include antimicrobial, restorative and other aids for
improving health or dealing specifically with chronic disease or dysfunctional
wound healing. For many purposes, short-term therapy may be sufficient, e.g. as a
germicide—with clear endpoints for determining efficacy and accepted methodol-
ogies to determine dosage and duration of activity. For other purposes, such as
exploring the nexus between a prior infection and chronic debilitating diseases e.g.
rheumatoid arthritis (RA), anklyosing spondylitis (AS) or multiple sclerosis (MS),
see Ebringer’s three books (2012, 2013, 2015), longer microbial eradication pro-
grams may be all-important. Sometimes these might be more effective and probably
less harmful when used intermittently e.g. as a ‘purge’. Chronic treatments
necessitate using the safest possible yet effective doses. It is here that the concept of
metallic silver as a slow-release toxin may be quite helpful.

The antibacterial activities of nanosilver preparations are often less pronounced
against Gram-positive organisms e.g. Staphylococci, Streptococci. Gram-positive
bacteria are distinguished by their content of anionic polyphosphates (teichoic
acids) in their cell walls. The more silver-susceptible Gram-negative organisms (E.
coli; Proteus) have a significant proportion of lipopolysaccharides and lipoprotein
in their cell walls.

Bacteria with numerous flagellae e.g. Proteus also present an exocellular target
for potential immobilisation by silver particles and Ag(I) released therefrom.

Shifting the focus back in time from treating established infections/inflammatory
disorders i.e. therapeutic use; to using anti-infective silver preparations for pre-
venting disease i.e. as prophylactics, then raises new concerns about long-term
toxicities (See Sects. 8 and 9). Questions about (a) efficacy such as how much to
use, or for how long (?); and (b) what are safe limits for extended use will have to
be asked. Careful consideration must be given to preventing targeted microbes
acquiring silver resistance by over- exposure. Suitable guidelines developed by
consensus and some revision of present drug regulations will also be needed.
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In the natural world, there are adaptive mechanisms whereby a potent metal
cation may be detoxified by reduction to conglomerated metal. This bioreduction
has been exploited to prepare nanosilver using Enterobacteria (Shahverdi et al.
2007), cyanobacteria (Legke et al. 2007), Shewanella oneidensis (Suresh et al.
2010) and many other micro-organisms. It is believed to also account for the
geological formation of some gold deposits (Legke et al. 2006).

These examples of facilitated transformations within the biosphere indicate the
relative safety of metallic silver and metallic gold as being ‘desirable’ end-products
of reductive detoxication. They also suggest possibilities for reactivating metals by
reversing this reductive detoxication process—or to put it more plainly—enhancing
intoxication by controlled delivery by either (a) facilitated oxidations of inert
metal → pharmaco-reactive cation(s) or (b) inhibiting the inactivating reductases
e.g. with piperitone(an inhibitor of nitro-reductases) that potentiates nitro-furantoin
antibiotics (Shahverdi et al. 2007) .

These considerations of safety versus efficacy show the need to clearly distin-
guish biological properties of Ag0 as bulk metal or nanoparticles from those of its
oxidation products, Ag(I) and even Ag(III); while also recognising the biodynamics
of transition from one oxidation state to another. This suggests possibilities for
controlled recycling i.e. inert → active entity and also the reverse transition, within
particular pathological contexts (e.g. inflammatory loci). A clearer understanding of
these contexts should open new vistas for silver as a medicinal, either as a prime
drug or a therapeutic adjunct.

One example of this adjunctive role is interference with the protective biofilms
created by chronically invasive bacteria such as Pseudomonas or Enterococci etc.
These ‘films’ impede the antibacterial action of many antibiotics that effectively
suppress populations of free-floating/planktonic micro-organisms. Disruptions of
these biofilms, either by (a) adhesion of nano/micro-particulate silver (Ag0) or
(b) complexation of cationic silver (Ag(I)) with anionic protein/polysaccharide
constituents of the bacterial biofilms (BBF), theoretically allows a double-pronged
therapy—especially if adherent/trapped Ag0 is then locally oxidised to intoxicant
Ag(I) by electron withdrawal, either controlled or spontaneous (Table 5). Anti-BBF
activities of silver preparations have been described (Chaw et al. 2005). These will
surely be followed by many more (we hope) critical studies in coming years.

By contrast, the two million or more reports about medicinal silver on the Web
are nearly all concerned with the antibacterial properties of metal silver usually in
the form of nanoparticulate silver dispersions (NPS). In theory, this is an entirely
different ‘drug’ from germicidal Ag(I); except that so many NPS preparations of
medicinal Ag0 may be contaminated with Ag(I); the degree of which is rarely
specified but almost certainly determines their stability, efficacy and toxicity.

Currently, this is the core problem of nano-silver pharmacology; the reality
being it is often that of a multi-component mixture. This is not unlike describing the
medicinal properties of such traditional pharmaca as opium, cardiotonic glycosides,
coffee, ephedra, etc.; all of which are composite drugs whose potency may be
greater than that of any individual components (Weil 1996).

250 M.W. Whitehouse



Under some circumstances, ionic Ag(I) ‘impurities’ in Ag0 preparations may
physically stabilise the metallic nanoparticles when adsorbed, so ensuring maximal
ionic repulsion between the particles and minimising their spontaneous
cohesion/precipitation. Another modification of the surface of nanoparticles may
involve oxygen as an ‘impurity’ by forming Ag-O bonds i.e. an oxide skin (Roy
et al. 2007), in essence diminishing the overall cationic character of the particles. So
the impurities perhaps become a potential stabiliser, even an activator. But if we
reverse the perspective, the NPS may also carry the more bio-reactive ‘adsorbed’
ionic Ag(I) or bound oxygen. [This is discussed further in Appendix F—speculation
(iii).]

Summarising this dualism: Ag0 as NPS without Ag(I) as cation or oxide = a
potentially unstable package perhaps not widely bio-distributed; but when coated
with Ag(I) = a stabilised, more dispersible, system combining a bio-reactive surface
coating with a far less reactive supportive reservoir of Ag0.

Table 5 Bacterial biofilms
(BBF) and silver: some facts
and speculations

Facts

(i) Silver-impregnated surfaces usually defy bacterial
colonisation
(ii) BBF contain a range of micro-organisms, requiring a
broad-spectrum microbicide
(iii) Most antibiotics mainly control replicating bacteria. But
‘hibernating’ bacteria lodged in BBF may still be
Ag-susceptible
(iv) BBF present ‘sticky’ substrates for Ag0 attachment, as NPS
(v) BBF contain many potential argentophilic ‘docking’ sites
for Ag(I) including the ‘extracellular polymeric
substances’(EPS) composed of:
– Exocellular DNA
– Anionic glycans e.g. polysaccharide intercellular adhesin

(PIA)
– Anionic glycolipids
– Proteins from host (fibrin, etc.) and colonising bacteria
– (Esterified) unsaturated fatty acids in phospholipids etc.

Speculations

(a) The presence of both (i) non-acylated D-glucosamine and
(ii) anionic phosphate or hemisuccinate groups in the PIA of
staphylococcal biofilms (Mack et al. 2009) may each provide
exocellular ‘docking sites’ for silver to facilitate biofilm
disruption.
(b) A quorum-sensing molecule = pyocyanine (aphenazine), a
virulence factor in Ps. aeruginosa) (Lau et al. 2004), might be a
target for silver deactivation
(c) Silver pharmaceuticals may augment the action of cationic
agents used for wound debridement e.g. polihexanide
(d) Crafted Ag(I) complexes and appropriate delivery systems
may confine/potentiate disinfection—and stimulate local
healing (Becker and Selden 1985; Becker et al. 1998) of
wounds, ulcers and other localised targets ‘blanketed’ with BBF
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7 Mechanisms of Action of Silver Pharmaceuticals
(Table 3)

These can be broadly categorised as properties of:

(a) readily available Ag(I);
(b) also of Ag(I) but only expressed after delayed delivery e.g. by local oxidation

of Ag0;
(c) unoxidised silver Ag0, rapidly manifested by presenting surfaces inimical to

bacterial growth e.g. silver-tipped catheters, silver amalgams used in dentistry,
silver-impregnated bandages/underwear, etc.; and

(d) very small silver particles trapped in bacterial biofilms or ingested by phag-
ocytic parasites as discussed (Sect. 6).

The significance of some reports about the pharmaco-activity of Ag(I), as
studied in vitro, is difficult to assess. For example, treatment with silver salts
(nitrate, sulphate) degranulates rat leukemic mast cells in vitro, a potentially nox-
ious property (Suzuki et al. 2002). But is it likely to occur in vivo, particularly in
the context of so many competitive ligands for Ag(I), ranging from plasma chloride
and albumen to endo-cellular thiols? It might—but would it be significant i.e. with
long-term consequences?

The main potential of current silver pharmaceuticals may lie with their com-
posite character; for example being delivered as relatively inert micro Ag0 particles
but activated by local inflammation or other compartmentalised physico-chemical
processes that might deliver ‘payloads’ of toxic Ag(I). An analogy here may be the
antibiotic action of oral lactoperoxidase (LPO), which oxidises thiocyanate (SCN−)
actively secreted into saliva; but only when hydrogen peroxide becomes available
from proliferating oral bacteria. In one sense, silver can replace this LPO-SCN−

combination, provided that the peroxide (or other oxidants) can be sourced from
either a) the targeted bacteria in situ or b) delivered as an adjunct supplement. This
scenario presents Ag(I) as a substitute for SCN− but in fact it may reduce thiocy-
anate’s availability and incipient toxicity [It is a precursor of cyanide.] by forming
the highly insoluble AgSCN.

A fundamental biological property of free silver (I) ions is their interaction with,
and usually inactivation of, bioregulant thiols both large and small e.g. enzymes,
glutathione. The proton gradient established across energised biomembranes
(mitochondria, chloroplasts) that sustains ATP synthesis (Mitchell 1966) is
destroyed not only by lipophilic anions e.g. free fatty acids, many acidic NSAIDs
but also by several thiolphilic reagents (Whitehouse and Leader 1966). Silver ions
can interfere with mitochondrial ATP synthesis in vitro (Chappell and Greville
1954) and de-energise vital membranes of Vibrio cholera (Dibrov et al. 2002).

The question is: will the concentration of Ag(I) that poisons ATP production
in vitro ever be attained in vivo i.e. in the presence of so many endocellular or
exocellular silver bioligands e.g. adenosine nucleotides, chloride ions etc.? There
may be two answers to this question—because ATP biogenesis in (a) prokaryocytes
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is topographically more exposed to ambient poisons (and fewer detoxicants) than
(b) eukaryocytes, where ATP is generated within endocellular mitochondria sur-
rounded by all the intracellular constituents able to capture, bind, and detoxify Ag
(I). This may be one of the keys to the relative selective toxicity of silver, being
more damaging to vital energy production in invading bacteria than it is to that in
the invaded host.

In summary: silver therapies may be (a) pluripotent—with several modes of
action, (b) involve more than one silver species, and (c) act over different time
spans ranging from rapid antibiosis to facilitating tissue repair (and ?regeneration).

8 Toxicity of Silver Pharmaceuticals

Three quotations help summarise this topic.

• “All things are poisons. It is only a matter of the dose”.
Paracelsus (1493–1541) Swiss physician and alchemist.5

• “Silver is an old problem and nanosilver is a new challenge”.
(Luoma 2008)

• “Silver is not carcinogenic……and should be placed in a No Risk category”.
Lansdown (2010)

So there are at least three questions we might ask:

1. Why is silver apparently such a feeble toxin; as compared to other metals of
similar mass e.g. cadmium(=AW112) or thiophilic character e.g. lead and
mercury?

2. Why are so many microbes so much more silver-sensitive than their host’s
epithelia/endothelia/blood cells? Glib phrases such as ‘silver bullets’ or ‘selec-
tive toxicity’ may describe, but do not explain, the host’s relative insensitivity.
Some comparative anatomy may help here: (a nuclear) prokaryocytes have
relatively exposed DNA but eukaryotes do not. Moreover, their DNA is not
usually associated with histone proteins, i.e. less protected.

3. Why is one relatively benign but much publicised side-effect of ingested silver,
namely Argyria, officially considered so much more noxious—than
self-imposed debilities and mortality from ingesting high doses of alcohol, salt,
sugar or tobacco smoke? None of these are banned but using silver as an
antibiotic, is! This is not a very enlightened attitude in the present circumstances
of increasing antibiotic resistance.

It is difficult to find convincing records of silver being lethal, other than in
(a) exceptional industrial circumstances (e.g. a worker falling into a vat of silver

5This is an apt quotation because Paracelsus himself experimented with and used silver in his
medical practice and apparently was an ardent proponent of silver medications.
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cyanide used for ‘silver plating’) or (b) after exposure to chronic inhalation of silver
dust or fumes e.g. Bolivian miners working under bad conditions, extracting silver
ores that may also contain lead, cadmium, etc. In other contexts, it is not considered
to be an industrial hazard (Browning 1968; Venugopal and Luckey 1978 or a
carcinogen.

Surveying the affinities of silver ions for so many bioligands (see Table 4 and
Appendix A), it is remarkable that it appears so unreactive i.e. non-poisonous in
many biosystems. One explanation is the ubiquitous distribution of chloride ions,
rendering Ag(I) largely insoluble [the solubility of AgCl is normally about
2 × 10−3g/L i.e. 2 ppm]. Another is the wide extracellular distribution of organic
deactivators such as (a) endogenous bio-reductants e.g. ascorbate, methylglyoxal,
glutathione, and (b) thiols both in the circulation, notably albumen and macro-
globulins or in the liver and several other tissues e.g. glutathione and the metal-
lothioneins (Vasak 2011). Metallothioneins in animals can be induced/increased
with some metals (Zn or Cd) but whether this also occurs with silver is not clear at
present. They are also present in some bacteria; notably M tuberculosis, some
Pseudomonas, some aproteo bacteria and Staphylococcos epidermidis (Blindauer
2011, 2014).

These natural antidotes to silver intoxication are expended in much lesser
quantities than for example the glutathione needed to help detoxify
paracetamol/acetaminophen, used in doses greater than 1 g/day (Whitehouse and
Butters 2014).

So we might anticipate cationic silver intoxication being a serious health hazard,
as opposed to causing a cosmetic side-effect (Argyria), perhaps only when (a) these
natural antidotes are severely depleted—e.g. after overdosing with paracetamol—or
(b) as effects of very small silver particles (Ag0); if and when these particles are
taken up by non-phagocytic mammalian cells. The prevailing surface charge on the
particles will largely determine their cellular attachment, subsequent retention and
local membrane interactions or pinocytosis. In fact silver phagocytosis may be
sometimes therapeutic if it helps ‘quench’ over-active inflammogenic leukocytes [a
Trojan horse therapy] as the ingested Ag0 slowly disrupts cellular function.
Nevertheless we cannot afford to be complacent until such hazards as potential
genotoxicity (AshaRani et al. 2009) have been properly evaluated for risk,
reversibility etc. in vivo, not just in vitro—where detoxicant mechanisms may be
absent from the test systems.

A number of exogenous thiols e.g. N-acetylcysteine, NMEA mesna (coenzyme
M), D-penicillamine have been used to minimise intoxication by acrolein, cyclo-
phosphamide, lead and other thiol-depleting xenobiotics. Supplementation with
selenium is also recommended to overcome Ag(I) intoxication of essential seleno
proteins e.g. glutathione peroxidase and thyroid peroxidases containing seleno-
cysteine at their catalytic centres.

Thioredoxin reductases (TrxR) are another class of seleno-enzymes that regulate
the redox homeostasis in animal cells, controlling the balance between oxidised and
reduced forms of regulatory thiols e.g. glutathione (Fig. 1).
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These enzymes are a target for certain metallo-drugs notably anti-cancer agents
containing gold (Omatu et al. 2006) or platinum (Arner et al. 2001). However, their
silver sensitivity is not clear at present. This enzyme appears to be absent from
many bacteria but may be present in other parasitic organisms.

So in the presently unlikely situation of physiological silver overload develop-
ing, there are some useful leads for detoxification and antidotal strategies.

9 Silver and the Environment

Sometimes this seems to be a topic with rather more theories and scare stories than
‘hard’ facts. A thoughtful review by Luoma (2008) provides a more reasonable
perspective.

Much data have been generated concerning the toxicity of Ag(I) to fresh water
fish and other organisms living in an aqueous environments with a low chloride
content. One concern has been the irreversible poisoning of the fish’s gills. This is
not a problem unique to soluble silver, being replicated with other waste products
from mining industries e.g. arsenic, tin, etc. Another problem is how valid are
conclusions from one well-designed laboratory study of the effect of one type of
NPS on one test organism, often separated from its natural environment—for
understanding how various silver products might interact with various natural
environments over various time spans.

There are no easy answers here. Nevertheless scientific studies conducted with
silver-responsive organisms (e.g. zebra fish embryos) in the ‘abnormal’ environ-
ment of a laboratory can still provide insights for examining the nature and potency
of silver detoxicants within the environment e.g. citrate and fulvic acids (Osborne
et al. 2012).

By contrast, the potential eco-toxicity of nanosilver preparations in soil samples
seems remarkably low, as the particles clump together spontaneously forming large
aggregates—not so different from some native silver deposits (Maass 2014).
Another natural detoxicant mechanism is oxysulphidation transforming nanosilver

Fig. 1 The TrxR enzyme with adjacent thiol and selenol functions that participate in reversible
‘redox shuttling’ (e = electron)
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particles into very insoluble silver sulphide after aerobic oxidation i.e. Ag0 → Ag(I)
(Liu et al. 2011).

The great debate is now, or certainly should be, about toxicities to ‘good’
bacteria present in the gastrointestinal tract or those constituting the essential
microflora in sewage processing plants. If they are less susceptible to silver anti-
biotics than other microbiota, then why is this so? Does it imply they have already
acquired silver resistance, particularly enzymic capacities to bio-reduce Ag
(I) → Ag0? If so, is this transferable? This could present serious problems for
human/animal therapeutics if silver were to join the very many organic antibiotics
that are becoming evermore useless. Alternatively, if these good/beneficial bacterial
are also silver-susceptible, how can they be protected from over-zealous use of
NPS? The answers to these queries will be rather critical for determining the future
acceptability of silver pharmaceuticals, beyond being used in crisis therapy e.g. to
help treat super-infections.

10 Looking to the Future of Silver in Medicine

Again, there are a number of questions needing acceptable answers, sooner rather
than later. For example:

(i) What are the basic ‘truths’ about silver pharmaceuticals (SP) that need to be
continually re-evaluated e.g. its credible history, safety and efficacy?

(ii) What are the new opportunities for SP—perhaps seeming crazy/unrealistic
today—but allowing further advances in health care tomorrow, particularly in
the area of preventive medicine?

(iii) What are the real legal difficulties and other obstacles to researching SP and
bringing them to clinical trials? Are these impediments still acceptable today
or are they just inherited baggage from the past? (Maybe too much politics,
too little science and commonsense.) The legal and financial disincentives
currently hindering SP research and development need to be either justified—
or changed. Retaining the status quo is indefensible, particularly at a time of
ever-increasing microbial resistance to organic antibiotics.

Complementing these queries, Table 6 presents some other strategies for further
research, some being more practical than others, at this time.

A useful guideline for changing attitudes about using silver pharmaca would be
to adopt (or adapt) the Utilitarian Principle, originally proposed by the English
philosopher, Jeremy Bentham (1748–1832), posing the question: ‘What brings the
greatest good/happiness for the greatest number?’ This ought at all times to
over-ride vested interests and negative mindsets, currently impeding honest en-
quiries about the future of silver as legitimate silver pharmaceuticals, even
life-saving medicinal aids.
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11 Postscript; on a More Personal Note

As an ignorant biochemist, 50 years ago, I wrote a chapter for Progress in Drug
Research (Vol. 8, 1964) surveying drugs for inflammatory disease. It discussed gold
but alas, ignored silver (including a seminal publication by Chappell and Greville
1954). This omission reflected first my ignorance that the noble metals were more
than coinage and the basis for much fine craftsmanship—and secondly, my then
lack of ‘hands-on’ experience with animal assays.

The literature as best as I could survey it, with the help of Chemical Abstracts
(published by the American Chemical Society) was also pretty secretive about the
history and potential of silver in medicine. The Bodleian Scientific Library in
Oxford, was a treasure-trove but failed to diminish my ignorance about so-called
natural medicines and their continuing importance for ‘modern medicine’, then just
discovering auto-immune disease(s). A few journeys to London to investigate the

Table 6 Silver
pharmaceuticals: exploring
further applications

This brief list indicates that more research is needed, for
example into:

(1) Better methods to dry, store and redisperse pharmaco-active
nano-silver preparations without irreversible aggregation and/or
significant losses of potency
(2) Using Ag0 or Ag(I) as supplements to other antibiotic and
anabolic/restorative therapies i.e. in an Adjunctive role1

(3) Producing silver nano- and micro-formulations of Ag0 (or
even Ag(I)?) designed to be slow-release/targeted delivery
systems for Ag(I), either alone or together with other
bio-regulants2

(4) Ag0 providing ‘platforms’ of controlled size, charge etc. to
physically or chemically carry/deliver pre-bound pharmaca3

e.g. as inserts into wounds or for controlling unhealthy intestinal
microbes and parasites e.g. Proteus, protozoa, nematodes etc.
(5) Continuing development for other pharmaceutical
applications beyond human usage e.g. improved water
purification, hydroponic horticulture, controlling protozoa and
other parasites in farm animals, etc.
(6) The presently unanticipated/unavailable new delivery
systems that may be highly valued tomorrow e.g. beneficially
harnessing some of silver’s remarkable physical properties
(light absorption, high thermal and electrical conductivities) as
micro-thin inserts or using other bio-compatible technologies
1Perhaps patterned after silver sulphdiazine for burns or using
NPS with membrane-permeating antibiotics e.g. polymyxin B
(Ruden et al. 2009) or β-lactam antibiotics (Li et al. 2005)
2Furthering the well-tested tradition of ‘drug latention’, (Harper
1958) exemplified by cyclophosphamide, leflunamide, even
aspirin
3Perhaps following the example of using thioligands to alter the
physical characteristics, bio-distribution and reactivity of
colloidal gold particles (Brust et al. 1994)
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splendid library of the Royal Society of Medicine rewarded me with much infor-
mation about the complexities of the inflammatory response and its regulation by
patented pharmaceuticals. But metal pharmacology (other than haphazard reports
about the efficacy of antimonials, bismuth preparations and ‘gold salts’) was defi-
nitely not on the radar at that time.

When at last (some 20 years later). I pondered the obvious question: why had
other areas of medicine e.g. endocrinology, genetic disorders, etc. surged forward
so dramatically but many chronic diseases including the whole auto-immune family
still lacked a clear aetiology and an even clearer program for treatment/eradication,
perhaps based on neutralising/eliminating defined causative agents. Didn’t they
exist? Meanwhile during the 1970–1980s at least, the treatment of chronic
inflammation was frankly a mess—nearly always palliative, rarely curative and
abounding in horrible side-effects e.g. gastric bleeding from poisonous NSAIDs and
osteoporosis from the corticosteroids—not to mention the wretched consequences
of aggressive immunosuppression, all too often employed as a treatment of last
resort.

So it was encouraging to discover that eminent pioneers of modern medicine
such as William Osler (1849–1919) and contemporary mavericks like Alan
Ebringer (1938) were willing to consider infection as a prime cause of rheumatoid
arthritis and ankylosing disease. They were of course derided for having no real
evidence since ex vivo microbial analyses (applying Koch’s postulates) had con-
tinually failed to unambiguously identify disease-causing agents. Historically the
focus was upon cultivating viable pathogens from joints, certainly not upon
extra-articular microbes establishing immune responses initially outside the joint,
which then adversely affected joint physiology and function. Koch’s original
postulates certainly transformed medical microbiology but they also very much
limited the search for etiological agents to those present and viable within the
diseased tissue; ignoring any which had been and gone but left a memory of their
presence. These were serious constraints if the search for causative agents focussed
wholly on the wrong anatomical compartment.

Finally it all seemed to come together with the realisation that silver therapeutics
needed to be re-assessed with an open mind, without prejudice in the context of a
chronic inflammatory disease. There were historic precedents sufficient at least to
ask the simple question: why not?

Animal responses were amazing, if silver was tested in the appropriate
(slow-release) formulation and at the right stage of disease development. Nanosilver
given orally prevented arthritis development at extraordinarily low doses but sol-
uble silver salts and silver (I) oxide, given orally, were not anti-arthritic
(Whitehouse et al. 2013).

But what was the relevance for RA etc. of these responses to NPS in rats? A
preliminary study indicated that (arthritigenic) Proteus might be eliminated from
the lower bowel and urinary bladder by a short course of ingesting an NPS prep-
aration previously shown to be a powerful antibiotic against two species of Proteus
in vitro (Disaanayake et al. 2014). An interesting finding maybe; but how would
patients with RA respond? Might the silver prophylaxis be too late (the pessimistic
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view)? Alternatively, if the RA pathogenesis needs to be restimulated intermit-
tently, then this late silver therapy might be beneficial (the optimistic view).

Extrapolating from animal studies, however well-designed and carefully con-
ducted, is always difficult. The sooner one can measure responses, both beneficial
and/or toxic, in real patients with real diseases over realistic time frames, then the
sooner will silver therapeutics be either vindicated or should be abandoned. The
impediments to undertaking such an important clinical study should be clearly
recognised and surmounted as soon as possible.

To quote Osler:

‘The value of experience is not in seeing much but in seeing wisely.’
(Peskett 2014)

In this survey of silver pharmacology we have seen much, mainly laboratory
findings—but without more approvals for verifiable clinical studies, how do we
become much wiser?
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Appendix A: Solubilities of Some Silver Salts/Complexes
in Water

Section A, with physiological anions; Section B with some xenobiotic anions
S = solubility (gm/L), temperature (T) = 25 °C except as noted.

Anion S (g/L) T

A. Nitrate 2.57 × 103

Acetate 11.1

Nitrite 4.2

Sulphate 2.2

Carbonate 3.3 × 10−2

Phosphate 6.4 × 10−3

Chloride 1.9 × 10−3

Chloride 2.1 × 10−1 100

Stearate 6.5 × 10−4 20

Oxide (Ag20) 2 × 10−4

Sulphite 1.4 × 10−4

Bromide 1.35 × 10−4

Iodide 2.6 × 10−6

Cyanide 2.3 × 10−6

(continued)
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(continued)

Anion S (g/L) T

Oxalate 3.6 × 10−11

Thiocyanate 1.0 × 10−12

Sulphide 1.5 × 10−14

B. Perchlorate 5.57 × 103

Fluoride >103

Thiosulphate 7 × 102 20

Bromate 1.6

Salicylate 0.95

Iodate 0.44

Chromate 3.5 × 10−2

Azide 2.0 × 10−8

Arsenate 1.0 × 10−22

Notes
(i) Silver nitrate, sulphate and acetate are much more water-soluble than silver nitrite, sulphite,
carbonate or oxalate.
(ii) Stability constants for Ag-L bonding are recorded by Hogfeldt (1982) where L is inorganic and
by Perrin (1979) for some organic ligands. These indicate strength of the bonds i.e. dissociation
(affinity) constants for Ag-L [Solubility data only provide some indications of bond formation but
do not quantify the strength of this bond.]

Appendix B: Reproducible Production of Nano Ag0

for Medicinal Use

(also see Laroo 2013)
Some variables that should be recognised and carefully controlled include as

follows:

• Cleanliness of glassware, etc.
• Purity of the silver metal (Ag0) or silver salts (Ag(I)) which should always be of

the highest grade available (>99 %). DIY products using cheaper grades of
metallic silver, coinage, silver buckles, etc. will generate toxic products—either
containing lead and cadmium (from incomplete refining) or the metals added as
hardeners, e.g. copper, nickel, etc.

• Purity of water or other solvents, including content of oxygen and carbon
dioxide. Removing chloride ions is essential.

• Physical procedures involved in manufacture. If using

– Radiant energy (light, gamma rays), define bandwidth and intensity of
radiation, duration of exposure, etc.;

– Microwave energy, define wattage and duration;
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– Heat, define temperature and conditions for cooling;
– Sonic energy, define key variables;
– Electro-chemical procedures, define current, voltage, purity of DC supply,

temperature control and degree of illumination.

• For chemical methods producing NPS from Ag(I) salts, also define

– Purities of essential reagents used as reductants, dispersants and stabilisers
– Methods to remove by-products and/or excess reductants: some of these may

be physiologically unacceptable e.g. borate or formate or oxalate after using
borohydride or formaldehyde or ethylene glycol respectively as the reducing
agents. [The much cited Carey-Lea method includes ferrous ions in the mix
(Frens and Overboek 1969.]

– Qualities of essential ‘extras’ e.g. stabilisers/preservatives
– Operational procedures for any further physical manipulations to separate

impurities, enhance potency or lengthen shelf-life (e.g. ultra centrifugation,
dialysis, etc.)

• Identify optimal storage conditions: specifying temperature, light sensitivity,
nature of containers (plastic, borosilicate or soda glass, etc.)

Note Many methodologies described in the literature focus on NPS production
for industrial uses not medicinal purposes. They should be adopted only after
recognising the more stringent purities and stability needed for approved
medications.

Appendix C: Quality Controls for NPS Products

‘The important thing about knowledge is discrimination, not quantity’.
Peskett (2014)

Note These quality controls can be just as important for understanding toxicities
of nano-products. (Warheit et al. 2008) as well as their beneficial pharmaco-
activities.

I. Physico-chemical

• Analysis for total silver content and purity6 and proportion of ionic Ag(I);
measure p[Ag].

• Definition of NPS product by determining:

6Atomic absorption spectrometry (AAS) is not always suitable or accurate for determining silver
content; sometimes being influenced by extraneous components (‘matrix effect’).
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– Range of particle sizes
– Particle charge (volts) and polarity (+ or −) i.e. Zeta potential
– Particle shape, if transmission electron-microscopy is accessible
– Acidity/alkalinity i.e. pH
– Electrical conductivity
– Light scattering properties and light absorption (400–450 nm)
– Sorption properties e.g. using fluorescent/fluorogenic indicators
– Flocculation by anions/cations and acidity7

– By-products present, if not previously removed
– Additives e.g. stabilisers, anti-flocculants, pharmaceutical adjuncts
– Light sensitivity
– Shelf life before obvious deterioration
– Optimal conditions for storage e.g. dark bottles? and temperature?.

II. Biological properties in vitro (for quick testing)

• Stability in physiological media = saline, artificial gastric juice, urine
• Compatibility with plasma proteins, etc.
• Toxicity to selected microbes (bacteria,8 yeast, protozoa), plant tissues, e.g.

germinating radish seeds, to cultured animal cells and whole organisms e.g.
brine shrimps9

Appendix D: ‘Colloidal Silver’ (CS): Some Facts
and Fallacies

(Note These are items for continuing discussion, not dogmatic truths)
Fallacies

I. A CS preparation can be a universal treatment for nearly all microbial
infections—but where is the detailed evidenced?

II. It is a ‘good’ medicine because it has traditional origins, ‘mystique’, etc.—but
so did apricot kernels (Laetrile) for treating cancer.

III. It is cheap and easy to manufacture and therefore suitable as a home-made
remedy—but so are many poisons e.g. methanol from wood, insecticidal
nicotine from tobacco leaves.

IV. ‘It must be good’, receiving so much attention on the Web—but much of this
is advertising and too little is unbiased commentary.

7Use acetic or sulphuric acids; avoid nitric acid (oxidant) and hydrochloric acid (precipitates Ag
(I)).
8Caution: certain microbiological assays e.g. using agar gels (negatively charged) may alter the
proportion of Ag(I) to Ag0 and bias test results.
9See Cock et al. (2012).
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V. If it were useless, why would the medical establishment want to ‘suppress’ it?
[This is a tendentious matter, based more on expediency than principle.]

VI. ‘It must be safe’, considering the widespread use of silver coinage, cutlery,
containers, etc. in our domestic environment—but only rarely are we using
unvarnished bulk silver in medicine.

Facts

(i) Unless defined by composition e.g. purity, particle size, shape and charge, and
stability; a CS preparation cannot be expected to successfully interact con-
sistently with a chosen pathogen/other targeted biosystem.

(ii) Current silver pharmaceuticals are remarkably non-toxic, in contrast to many
inorganic drugs that were once ‘in-vogue’. These latter medications were
notoriously toxic with quite dreadful therapeutic indices; vide historic use of
mercurials, antimonials, arsenicals and more recently the platinum carcinostats
that are all still being used in orthodox/allopathic medicine.

(iii) Cost is misleading and many qualities may be sacrificed by using (a) impure
metallic silver sources, (b) haphazard control of preparative procedures,
(c) inadequate checks for impurities and (d) failure to control other essential
qualities e.g. stability ex vivo (light, heat, etc.).

(iv) Drug regulators and the medical fraternity are rightfully concerned to prevent
abuse and harm from any antibiotics to both the consumer and the modern
environment e.g. the essential microbial population of sewage sludge. Current
regulatory procedures for CS and other silver pharmaceuticals seem particu-
larly oppressive (prohibition, etc.); especially when contrasted with the min-
imal management of proven health risks affecting the whole community, such
as alcohol, tobacco, and the over-consumption of sugar, salt, (w6)unsaturated
fats; all of which are largely unregulated.

(v) The safety of (bulk) metallic silver, as in coinage and domestic silverware, is
largely irrelevant when considering latent toxicities of ingestible, cationic and
nano-metallic silver preparations.

Appendix E: A Summation About NPS: The Good, the Bad,
and the Ugly

Good

• Long-term stability without refrigeration
• Potential to adhere to/penetrate bacterial biofilms
• Adjunct to use with planktonic antibiotics, either for synergy or ‘back-up’

therapy
• Cheap. Possible to prepare near/on-site for appropriate infection control
• Restricted diffusion, for maximal topical efficacy (e.g. on skin/gastric ulcers)
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• Slow-release source of pharmaco-active Ag(I) = selective toxin?
• Potential for using NPS particles as carriers/delivery systems for other pharmaca

(attached covalently or by Coulombic interactions)

Not So Good, often quite Bad in fact

• Inadequate quality controls for safety, purity, stability, antibiotic activities, etc.
and risk of adverse reactions.

• Flood of unproven claims on the WWW for pharmaco-efficacy; often mis-
leading and some being nonsense

• Very limited funding for research in an area with poor prospects for high
financial returns e.g. from exclusive patents

• Lack of vision by health authorities to help side-step this impasse and also
support more studies of silver pharmaceuticals for controlling antibiotic-resistant
microbes

Ugly

• Claims that very small silver particles (<2 nm) penetrate the brain, causing firing
of the neurones

• Poorly controlled targeting for systemic use
• Ill-founded arguments about environmental toxicities (with much propaganda

but too little science)
• Political interference and suppressive tactics to suit vested/misguided interests,

rather than patient’s welfare
• Polemics: regulation favouring status quo (basically ‘ban silver’) to the detri-

ment of independent trials to (i) ascertain possible long-term medicinal benefits
and (ii) understand safe limits for both individuals and the environment.
[Certainly not good science and rather a discredit to Modern Medicine,
manipulated or otherwise.]

Note This table is far from complete

Appendix F: Antibiotic Potency, Stability
and/or Bio-transformation of Nanoparticulate Silver (NPS):
Some Facts and Speculations

Facts

1. “One size fits all” is clearly untrue in describing antibiotic activities of NPS
products, however carefully prepared to minimise heterogeneity (size, charge
density, shape, etc.). So for example, the type of preparations that may be
anti-protozoal may have little value as an antiviral.
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2. NPS (Ag0) prepared by chemical procedures, particularly reduction of soluble
Ag(I) salts or complexes, such as [Ag(NH3)2]

+, will have their anionic/cationic
character largely determined by the preparative conditions.

Eg AgNO3 and tribasic citrate salts produce anionic NPS hydrosols, readily aggregated by
lanthanum (III) ions i.e. their ‘superficial’ charge is negative.

3. By contrast NPS preparations derived without added chemicals e.g. by
photo-induced reduction of electrolytically generated Ag(I) cations (Laroo
2013) will most likely be cationic i.e. not aggregated by La(III).

4. The charge densities of NPS particles would largely determine their stability
ex vivo, i.e. shelf-life. In theory, the smaller the particles, the greater their ionic
character relative to total mass: consequently they will be less likely to spon-
taneously aggregate. But their shelf life may be no indication of their utility for
combating infections in vivo, if they need first to be transformed/bioactivated
in vivo (see Item iii below).

5. Many reports about the antibiotic potencies of NPS preparations provide few
details of how disperse (i.e. size variation) and stable they are. For example,
NPS-citrate preparations are intrinsically unstable. Commercial NPS samples,
stabilised with citrate and used as reference ‘standards’ for sizing, can aggregate
over time with distinctive changes in colour, opacity—and very often biopo-
tency ex vivo. Such deterioration may not always be a negative feature, if it
reflects spontaneous transformations that might be accelerated in vivo when
used medicinally or ex vivo within the environment after excretion.

Speculations

(i) Should we be constructing a working concept of NPS ‘metabolism’, consid-
ering not only these spontaneous transformations in vitro (see item 5 above)
but also the effects of the bio-environment upon an administered polysilver-X
NPS complex? This perspective questions the tacit assumption that silver
pharmacology is primarily all about the effects of Ag0/Ag(I) upon targeted
bio-systems; while usually ignoring the reverse interaction i.e. how the
internal environment may act upon an NPS preparation to determine
pharmaco-activity.

(ii) If so, the nature of factor(s) X may profoundly influence not only the
physico-chemical stability of an NPS preparation ex vivo but also its potential
instability (and pharmaceutical value) within the various biosystems it may
encounter.

(iii) Concerning the nature of this factor X: if it is either a potentiator or an
inactivator may then determine the medicinal value of an NPS preparation. For
example:

• If X is oxygen, will this oxide/dioxygen ‘film’ be diminished by ‘scrub-
bing’ with acids in vivo or amplified by H2O2 and other bio-oxidants?

• If X is citrate, will this dissociate and be catabolised in vivo, generating a
silver particle more likely to spontaneously aggregate (after losing a
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particle-stabilising negative charge); perhaps providing a less efficient ‘pay
load’ of bio-reactive Ag(I)?

• If X is ionic Ag(I), will a mobile NPS that is cationic in vitro now be
neutralised, even aggregated, by chloride or phosphate ions in vivo?

• If X is an argentophilic bioligand (Table 4) captured in vivo, will this
always immobilise or destroy the value of an NPS product? In some
contexts it might possibly increase the hydrophilicity of an NPS prepara-
tion, altering its bio-distribution, so changing its efficacy.

• If X is a particle ‘stabiliser’, may this protective coating be so stable as to
isolate a reactive NPS from its targeted biosubstrate? Generalisations about
the inefficacy of NPS preparations as an antibiotic in vitro e.g. where X
equals PEG or PVP (Xiu et al. 2012) or oleate, may be true in their context
but not necessarily valid where X is readily dissociated or metabolised
in vivo.

iv. So how might the nature of X further determine antibiotic activity? As an
illustration of this question, here are two examples:

(a) The acidic environment of the stomach may determine the anti-
Helicobacter pylori activity of an NPS-oxide preparation, to help control
gastric ulceration; but the anti-ulcerant effect may not be the same in a
different compartment such as within the more alkaline environment of the
proximal duodenum. [Even though Helicobacter provokes both stomach
and duodenal ulceration.]

(b) Some ligands such as esterified ethenoid (unsaturated) fatty acids might
reversibly trap some types of NPS at strategic loci, so enhancing their local
potency in vivo e.g. within lipid membranes.

v. Statements that NPS particles are less effective antibiotics for Gram-positive
(GP) bacteria than Gram-negative (GN) species—as determined from standard
ex vivo bioassays—sometimes may have little meaning for understanding how
they might behave in vivo. For example, cationic NPS species might be
expected to bind to the anionic polyphosphate teichoic acids within the outer
cell wall of GP bacteria. But several reports describe the lesser microbial
activity of NPS preparations upon these teichoate-coated bacteria ex vivo. This
would not be surprising if the NPS preparations being tested ex vivo were
themselves anionic e.g. citrate-coated. But to extrapolate from this hard data to
predicting that all NPS preparations would be less useful for treating infections
by GP bacteria—without thoroughly evaluating the potency of cationic NPS
preparations—may perpetuate a grave error in our perceptions of what are the
more useful formulations with which to conduct clinical trials.

vi. By contrast, GN bacteria carrying a relatively high content of lipids within
their cell coating, may either preferentially take up and bond with hydrophobic
NPS particles (with low charge density) or ‘capture’ cationic NPS particles
that may disrupt the stabilising effects of their anionic membrane
phospholipids.
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In Conclusion
Beware of simplistic generalisations about potencies of antimicrobial NPS

preparations which implicitly assume that they are always ‘naked’ silver particles.
In fact they are more likely to be complex entities, represented here as NPS-X. So in
the absence of essential details about (a) their bio-evaluation ex vivo (e.g. with or
without using agar plates) and (b) their physical stability, chemical constitution
(noting what factor X might be) and natural lability—we may be dealing with
‘rogue products’. This is certainly no basis for a scientifically grounded antibiotic
revolution, as yet.

Appendix G: Political Considerations

This ought not to be part of any scientific enquiry into the merits or hazards of any
drug, new or old. The facts, the theories, the clinical evaluations, etc. should all be
dispassionately considered—without interference or censorship from either vested
interests or poorly informed government regulators. At present, silver therapeutics
is not allowed this freedom. There are several reasons for this situation. Here are
three:

1. Governmental regulations concerning use of, and claims for, medicinal silver
are presented in the following e-publications.
http://www.fda.gov/ohrms/dockets/98fr/081799a.txt
http://www.gpo.gov/fdsys/pkg/FR-1999-08-17/pdf/99-21253.pdf
http://nccam.nih.gov/health/silver and for Australia https://www.tga.gov.au/
colloidal-silver-related-products
They are dogmatic, deny medicinal claims and even punitive if you disagree.
This is not a good state of affairs for progressing the healing arts, especially
those with traceable histories of their benefits exceeding possible harm and
supported by unambiguous scientific observations. But wisely considered, these
current regulations concerning the medical use of silver should catalyse a
genuine debate about how to unshackle laboratory and clinical research on silver
pharmaceuticals—to move beyond a negative risk-averse mindset (i.e. ‘thou
shalt not….’). This needs to be replaced by a climate of open and honest
enquiries about what may be beneficial to humankind (and animals) and about
what may not be so (especially for the environment).
Recently, we have seen other traditional therapies decriminalised e.g. cannabis
for cancer pain. So why not silver therapeutics, especially if they might save
lives from infections that are currently antibiotic-resistant? [But how will we
ever know this under the present suppressant regulations?]

2. The power of industrial lobbyists (Angell 2004; Goldacre 2012).
The influence of pharmaceutical companies upon the ‘education’ of physicians
and operations of various drug-regulatory agencies has inverted some of the
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functions of these agencies [They were originally established to prevent harm to
the public, not to seemingly protect monopolistic interests at the expense of
public wellbeing.]
We are left with the unsatisfactory status of alternative/traditional therapies, like
those using silver and without patent protection. They are the subject of con-
siderable misinformation and rarely funded to provide the evidence demanded
by these lobbyists, insisting they be treated as ‘new drugs’—even when his-
torically shown to be much more acceptable and rather cheaper than many
licensed/patented alternates. This is another aspect of the ‘rhetoric versus reality’
(Angell 2004) as practised by Big Pharma to destroy its competition.

3. ‘Consumer protection’
In theory, this is a very good thing but so often it is captured by vested interests
and debased in practise.10 It is naive to believe official dogmas that such
alternate/traditional therapies are nearly always either unproven(!) (but see Bone
and Mills 2013) or too dangerous to be licensed—even when Quality Assured.
Agencies minding our health need to do their own homework; if necessary
sponsor and publish their own research and (for a change) listen to
non-industrial advocates sometimes.
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