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Abstract

Recent studies have shown that silver is n
waters. The metal and its various forms are
tions. After assimilating and re ing a conisiderable volume of literature, it can be safely stated

ering capacity of wat (sdi ed contents. Evidence suggests that even though bioac-
cumulation is possi i animals, biomagnification is not. Humans are more prone to
bioaccumulation
attributed to the

1. Introduction

Planet Earth’s environment has always had a rich variety of chemical elements. Heavy metals have been the
subjects of hundreds of research programs in recent scientific history and development. Silver is one of these
metals [1].

Metallic silver, as well as its compounds, has been used by the human race throughout history in a wide vari-
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ety of ways [2]. The metal is used in the production of cutlery, household utensils, jewellery and other decora-
tive artefacts. Since the 20th century, silver and its compounds have also been crucial in the photographic and
electronic industries [3]. This factor has led to changes in the levels of environmental silver because industrial
waste contains increasingly high amounts of silver residue. With an increased level of silver in the environment,
members of the animal and plant kingdoms have experienced a greater incidence of contact with contaminated
food and water sources [4]. This has led to increased potential for bioaccumulation of silver in plants, animals as
well as in humans. Apart from the increased presence of silver in our natural environment, another relatively
new source of silver bioaccumulation in humans has been found to be silver nanoparticles used in medicine [5].
Naturally, this precipitates a number of physiological and biochemical effects which quite often result in ad-
verse effects and pathologies [6]. The aim of this essay is to present the recent developmentsgi relationship
between silver bioaccumulation and the physiology and biochemistry of living organism

2. Bioaccumulation through Food Chains

In order to affect human biochemistry and physiology, silver must fist find j
because of transfer along food chains which leads to bioaccumulation.

is possible

2.1. Bioaccumulation—A Definition

Since the chemicals taking part in bioaccumulation are
of the substance can easily lead to an increased risk of
and affecting the normal physiology and biochemistry
has effects both on a molecular and on a large

0 known that industry makes use of compounds of silver as well, such as silver nitrate (V) and
of silver in photography [10]. Other important sources of silver in everyday life include commonly

An artificial source of silver which is constantly evolving and being innovated upon is nanotechnology. This
involves the use of silver nanoparticles (AgNPs). It has been shown that these nanoparticles have vast antiviral
and antimicrobial effects when applied to medicinal use [13]. This biocide action of AgNPs occurs because the
nanoparticles release ionic silver into the bacterial or virally-infected cells once taken up by the same cells [14].
The silver ions then exert a range of toxic biochemical effects inside the cell, as will be discussed in the follow-
ing chapters. However, it has also been shown that the use of these AgNPs brings about a wide plethora of toxic
events not only in the pathogenic cells, but also in human body tissues. This is due to the fact that the transport
of AgNPs to their target sites of action is difficult to regulate and specifically be pin-pointed [15].
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Silver has been used as a treatment for a collection of psychiatric disorders, including epilepsy and addiction.
The metal and its salts have also been used to treat infections such as gastroenteritis and gonorrhoea [16]. Silver
nitrate (V) is an agent which is commonly used in the treatment of burn patients [17]. Therefore, humans work-
ing in the medical field and patients experience a high degree of contact with silver. This creates a window of
opportunity for bioaccumulation to occur. The metal has also been historically applied to use in natural remedies
believed to cure herpes infections, malignant tumours and acquired immune deficiency syndrome (AIDS) [18].
This has been found to be another source of silver predisposing people to silver bioaccumulation.

In nature, silver is found as ores and deposits in mines. The metal ores have been shown to dissolve in trick-
ling water and wash downstream, thus spilling into the open environment [19]. Dissolution of the ores releases
the silver as free silver ions (Ag®). These free silver ions have been found to be highly toxi ever, it has
also been documented that the water molecule itself forms complexes with the free sily€r ions, reducing
their effective toxic properties [20]. This contrasts with the case of artificial silver sgufees because ¢

silver present in the above-ground parts of the plants wa
ground (roots) was found to range from 2.0 to §

Additionally, crops grown for agricultural pt
tions of silver than other well-studied plants [24
ingly high potential to accumulate sil i

the kingdom fungi have demonstrated an exceed-
studies in which fungi were grown on silver sludge

exert antimicrobial effects . € and sludge, the same studies have shown that it does not in-
terrupt the fertilising pr. i e mixtures. However, it does tend to progressively accumulate in the
crops and fungi, esp tuce and mushrooms. This was shown by the increased weight of
[24]. In conclusion, members of the plant kingdom effectively accu-
mulate silver, r ulation in herbivores as well as organisms at higher stages in food chains.

Trace metals h en a topic of interest when studying aquatic and marine ecosystems. Silver has been
jth the highest uptake constant in these ecosystems [26]. It has also been shown that this

e case of marine and aquatic ecosystems, plants do not usually form part of the producer stage in food
is the algae who take up this role. Research has shown that algae have the ability to efficiently absorb
etal ions into their system. It has also been confirmed that silver ions are not only readily absorbed
by the organisms, but the absorption proceeds at a very rapid rate [28]. This naturally leads to bioaccumulation
in algae. Experiments have also shown that the use of enzymes, lowering of cellular pH and physical disruption
of the algal cells failed to extract and detach silver from the cells [28]. The reason behind this is the fact that the
metal undergoes chemical remodelling inside the cells. Experiments have also revealed that dead algal cells re-
tain the ability to absorb silver from the surrounding environment. The dead algal cells will eventually form
sediment [29]. Sediment is a dietary source for numerous aquatic organisms.

It has been stated that the reason behind silver bioaccumulation in organisms higher up the aquatic food chain
is most likely due to its absorption by filter feeders [30]. Silver and its compounds have been shown to deposit
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and bind to sediment with a rather high affinity [31]. Filter feeders are invertebrates which constantly ingest and
digest sediment. Sediment has been found to be a permanent source of silver in the aquatic ecosystem [31]. This
is because of the exoskeleton of various invertebrates which binds to silver and, as previously stated, algal cells.
Sediment is an active contributor to bioaccumulation. Studies have shown that filter feeders and other aquatic
organisms rapidly absorb silver via their intestinal system and their gills [32]. Mussels have been used as model
aquatic organisms in bioaccumulation studies. It has been noted that these organisms absorb silver and accumu-
late it effectively [33]. This is, of course, of great importance since mussels are a dietary source of a multitude of
organisms, including fish and humans.

Organisms which have also been found to effectively bioaccumulate silver are oysters, clams and shrimp, all
of which form part of the typical human diet [34]. With regards to the potential for fish to ag ate silver, it
has been shown that other trace elements such as zinc and copper effectively increase th€
cumulated by fish [35]. It has also been shown that silver interferes with the bioacc

out to confirm the true role of fish in silver bioaccumulation.

2.5. Bioaccumulation in Terrestrial Animals

Vertebrates and invertebrates have been found to play different r

absorptive potential for silver. However, even though t
low, the metal tends to deposit readily in tissues [37]. TRIS prevents thg metal from being eliminated, thus lead-
ing to bioaccumulation.

Experiments using earthworms have shown
organisms lost their ability to reproduce and the
been shown to actively accumulate silver in th ¢
used by humans for food and clothing . es |aI m fluscs, such as edlble snails, have also been found to

hat when ex ilver levels present in industrial sludge, the
ively accumulated the metal [21]. Pinnipeds (seals) have

found stored in particular orgas
late silver at very high co

ifferent extents of toxic effects depending on the organism and its environment.
in previous chapters, the harmful actions of silver are due to its ability to form monova-

attractio he nucleus is diminished [40]. Additionally, there is repulsion from the other electron-rich orbitals.
Free iongare known to be highly reactive. They are able to form complexes with a wide range of anions and
molecules. This is achieved by means of various chemical bonds. The free silver ions have been shown to be
able to interact with any cellular compartment capable of undergoing chemical reactions. Living cells may be
likened to pools of water in which chemical reactions constantly occur. Therefore, it is no surprise that the reac-
tive silver ions have multiple levels at which toxicity may be brought about, most notably in the cell’s metabo-
lism, genetic architecture and supportive structure [41].

Water can form complexes with a wide variety of metallic elements. It has been shown that when water
molecules form complexes with silver ions, the toxicity of the metal ions is greatly buffered [42]. Another ion
which has been shown to reduce the poisonous effects of silver ions is the chloride anion [43]. This explains the
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reason behind the diminished toxic events observed in aquatic organisms inhabiting regions having high salini-
ties. Some organisms, especially fish, have been found to be resistant to the effects of silver ions because of the
involvement of other ions [35]. Silver is found at a lower level than the ions of sodium and calcium in the elec-
trochemical series. Since silver and calcium ions are much more common than silver ions, they tend to displace
the silver ions, rendering them inactive [40]. Studies have indicated that this is probably the reason behind the
lack of silver toxicity in bioaccumulating organisms like bivalves [44]. However, this is not always the case. In
some situations, namely in the case of terrestrial organisms, there are no such molecules present to protect ani-
mals and plants from silver ions. The free silver ions are able to participate in a number of reactions taking place
in the organisms. The precise molecular mechanisms behind these actions of the silver ions will be described in
the upcoming chapters.

4. Biochemical Effect of Silver Bioaccumulation

Silver is capable of undergoing reduction and oxidation reactions. It is known to
reactive oxygen species (ROS) in cells possessing mitochondria [45]. These
lar organelles and molecules such as DNA. This phenomenon is known

pression of a number of genes related to apoptosis [46].
tivation of genes which initiate the mitochondrial path
in the BAX gene (regulator of apoptosis) which caus
process of apoptosis. There is also evidence that silver io

It has also been found that silver damages theamitochon
chain in specific tissues, namely brain and skel
form of adenosine triphosphate (ATP) in the cel
cells, the lack of ATP blocks the function of th

exes forming part of the electron transport
cle [48]. This affects the production of energy in the

1.4

% un that NQ
WHEHhs 5'to the receptor, NO production is ACh-independent. The signal transduction initiated by silver
Mas also been demonstrated to induce the expression of an inducible isoform of the enzyme nitric oxide

the enzyfme phospholipase C (PLC). This is all shown in Figure 1 and Figure 2.

By means of this mechanism, silver exerts a negative effect on cellular proliferation. In the same experiment,
it was found that silver-induced production of NO causes the excess NO to bind to extracellular signal-related
kinases (ERKSs). This nitration was specifically found to take place at the thiol residues of cysteine and me-
thionine [51]. Nitration of these proteins was shown to lead to NO-induced inhibition of cellular division with
apoptosis (programmed cell death) being triggered.

Silver also plays a role in the vascular endothelial growth factor (VEGF) transduction pathway [15]. VEGF
normally gives rise to the synthesis of new blood vessels (angiogenesis). Silver also gives rise to such an effect.
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owing the action of different concentrations of silver on coronary endothelial cells. (a) Low concen-
OS and thus prevent NO-dependent proliferation; (b) Higher concentrations activate eNOS and induce
eration of the cells.

peen shown to occur since silver increases the level of phosphorylation of ERK proteins [52]. These
then stimulate endothelial nitric oxide synthase (eNOS) to produce NO. This NO produces vasoactive effects,
including cellular proliferation. Figure 3 illustrates the interaction between the VEGF pathway and silver
nanoparticles.

5. Physiological Effect of Silver Bioaccumulation

The previously discussed biochemical effects of silver bioaccumulation manifest as physiological effects. Stud-
ies have shown that silver is rapidly transported throughout the circulatory system to be deposited in a spectrum
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Figure 3. Diagram showing the mechafiism behind the activation and inhibi-
tion of angiogenesis brought about different concentrations of AgNPs.
Low concentrations promote angiogen
it.

of body tissues [53] [54]. In the circulation itselT,“Stlisies have shown that silver leads to vasodilation of coro-
nary vessels as a result of NO production [15]. :
concentrations of silver trigger vasocopstriction e high’concentrations trigger vasodilation. This is shown in
Figure 4 and Figure 5.

Silver has been shown to indie ar adapta ons in the cardiac myocytes of the left ventricle in rats, re-
sulting in left ventricular h larged heart phenomenon can aIso be seen in studles carried

Research ha ions emerging from silver nanoparticle bioaccumulation induce destruction of
red blood ¢ gives rise to a state of anaemia. They have also been found to disturb the
function ier, proteins such as albumin [59]. The ions trigger the release of alpha granules from
pIateIets [60 e contaih clotting factors and proteins, meaning that silver leads to blood coagulation. How-

to promote inflammatory processes by increasing leukocyte adhesion and inducing
his is one of the reasons why it acts as an adjuvant in vaccines. This is all illustrated in

own that silver forms deposits in the basement membranes of renal glomeruli [53] [54]. The
earch has shown that the metal does this with a very high affinity. The reason behind this high affinity

blood préessure. Therefore, if the normal physiology of the kidney is impaired, the body’s blood pressure will be
considerably raised, a factor known as hypertension. The filtration of blood plasma is considerably impaired
[62]. The progressive drop in glomerular filtration rate (GFR) will eventually lead to an increase in blood
plasma volume, giving rise to hypertension. Hypertension itself is known to have harmful effects on vessel walls.
It is one of the main causative agents of cerebrovascular stroke and heart failure [63].

Not all physiological effects of silver bioaccumulation are negative, however. Administration of silver nano-
particles has been shown to increase the blood flow in blood vessels, especially those which were newly formed
by means of silver-induced angiogenesis [15]. Therefore, silver (especially when present at high concentrations)
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Figure 5. Diagram showing the contrasting effects of silver on the aorta. Low
concentrations cause VVasoconstrictions while higher ones lead to vasodilation
of the arteries.

increases the vascularisation and blood flow of tissues.
It has been confirmed that silver and its compounds also affect the normal physiology of the respiratory system
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Figure 6. Figure showing the effects of silver on
The metal causes red cell lysis and white cell
ciated with thrombus formation due to its acti

[64]. Studies have shown that once silver particles are i
found in lung alveoli use phagocytosis to keep the alve
exchange [65]. However, research has revealed that silvi totoxic to macrophages, smooth muscle
cells and epithelial cells lining the respiratory tkact [66]. It own that when the macrophages are dam-
aged, pro-inflammatory cytokines (PICs) are rg ‘i into their surrounding environment. These cause the air-

aled from the surrolinding environment, macrophages
clear of the debris, thus preserving efficient gaseous

way smooth muscle to contract, thus bringing ab gsthma. This may lead to suffocation. Furthermore,
silver has been found to possess the ability to croSgfthe blodd-gas barrier of the alveoli [66]. This makes the air-

ways another route for silver distrist the body.
In the case of the nervous s @
200

PICs, indicating celdeat increased”BBB permeability. However, silver nanoparticles coated with citrate

ions do not pro rse effect [68]. This indicates that once again, the toxic potential of silver lies
in its free iopé. iti issue has been revealed to retain silver for very long periods of time [69].
Even tho i i ect shows that silver bioaccumulation is most probably involved in a number
of neurol ther research is yet to be carried out.

athe s shown that silver nanoparticles induce apoptosis in male Sertoli and Leydig cells

involved in the process of spermatogenesis. Therefore, if these cells fail to carry out
ion, the bidaccumulating male is subjected to infertility.

ical and Clinical Aspect of Silver Bioaccumulation

If chronigally exposed to silver and its compounds, one tends to develop argyria; a bluish-grey colouration of the
skin [39]. The condition arises because of silver being deposited in mucous membranes [70]. This is seen by the
micrographs in Figure 7. However, evidence suggests that the recolouration of the skin is most likely due to the
interaction between silver and melanocytes (the pigment-producing cells of our skin) [71]. Some areas tend to be
darker in colour. Research suggests that when exposed to light, silver is chemically reduced to give this darker
blue shade. The same study has shown that even if exposure to silver is stopped, the patient’s argyria still per-
sists. Patients are however warned to use appropriate protection and avoid long periods in the sun. The following
signs and symptoms are characteristic of argyria and are thus used for its diagnosis [72]. Some symptoms are

also illustrated in Figure 8 and Figure 9.
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A

o, ) P

Figure 7. Micrographs depicting silver deposition in mucous mem es © Enei € GI . The *in (A)
shows a normal membrane while the arrows point towards pigmefit ce n (B), the art@ws show that silver
(brown lines) has been deposited in the tissue and pigment cells have takenithe metal up.

B
v
w, ing typical argyria of the ear lobule after contact with a silver earring ©Eneiet al.
bluigh-black tinge of the skin.

ge their colour to blue.
silver levels (greater than 5.0 mcg/L).
jght due to the lens being affected.

As mentioned in previous chapters, silver bioaccumulation is known to give rise to hypertension. Hyperten-
sion has pathological effects on both cardiovascular and renal systems. In the renal system, hypertension de-
strays renal glomeruli [53] [54]. This leads to renal failure. In the cardiovascular system, hypertension is known
to cause the formation of atherosclerotic plaque in vessel walls [62]. This is furthered by thrombus formation
and embolus release. The embolus may dislodge in the pulmonary circulation or cerebral circulation, leading to

sudden death. Hypertension is also a major cause of heart failure in the western world [73].

Silver bioaccumulation is known to cause anaemia [58]. This condition is the result of a decreased red blood
cell count and therefore a decreased oxygen load being delivered to metabolising cells. Patients with anaemia
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Figure 9. Contrasting a normal skin colouration
argyria patient (left hand) ©Hayward 2014.
darker skin tone of the left hand.

present with lethargy and weakness, and if this conditiofl persists, body tissues undergo necrosis and death due
to the lack of oxidative ATP production. Bioaccumulati@h, of the metal has been implied to precipitate neuro-

to cause obstructive pulmonary disease and
: rther investigations are yet to be carried out. Future
studies will also focus on the use of silver nanop
pabilities.
pecial C. marina for treatment of silver bioaccumulation
al cells are able to readily take up the metal from their sur-
rounding environment [28 af | annot bioaccumulate the metal in this way because, as explained
previously, it has been ilvegeannot be detached from algal cell walls and membranes [28]. Addition-
ally, the algal cells ause harm to the human body because they are rendered inactive once
ill then be excreted by the human body [75].

tools used in everyday life. Man is most likely to bioaccumulate silver from diets con-
or from the constant dosage of medication containing the metal. Studies have shown that
cellular apoptosis. Silver is also known to have harmful effects on the cell’s genetic material.
eracts with cell receptors, thus interfering with cell signalling. The metal’s toxicity leads to problems in

ment for’bioaccumulation of silver is still not readily available. However, recent studies have shown that the
alga C. marina can be used to effectively eliminate the metal and its ionic forms from the human body.
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