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Highlights

1. Silver is an ingredient in certain dermal anctosal medical applications

2. Silver can deposit in the body as particles iogus discoloration called argyria

3. Silver is observed to have a low potential fan grritation. Eye irritation and allergic contagérmatitis
have been reported

4. Silver may cause genotoxicity, but additionabdan its carcinogenic potential are required
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Abstract

Silver is used in different applications that résaolcontact with skin and mucosal surfaces (geyvelry,
wound dressings, or eye drops). Intact skin pose®féective barrier against the absorption of silve
Mucosal surfaces are observed to be less effebaveers and compromised skin is often a poor éarri
Silver can deposit as particles in the human baasing a blue-gray discoloration known as argyyidne
and feces are reported pathways of excretion. Abut@an mortality has been observed following an
abortion procedure involving the intrauterine adstiation of 7 g silver nitrate (64 mg silver/kg dyo
weight). Localized argyria has been reported wittposure to silver ions, metallic surfaces, and
nanocrystalline silver. Generalized argyria waseolsd with ionic and nanocrystalline silver in huraat
cumulative doses in the range of 70 to 1500 mgesitg body weight. Silver is observed to have a low
potential for skin irritation. Eye irritation aneme cases of allergic contact dermatitis have beparted.
Silver may cause genotoxicity, but additional data required to assess its carcinogenic poter@idder

reported toxicities include hepatic, renal, neuwgaal, and hematological effects.

Keywords: Silver, nanoparticle, nanocrystalline, Acticoailves sulfadiazine, toxicology, dermal, eye,

metallic, genotoxicity.
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1. Introduction

Humans are exposed to silver from various souiSidger is an antibacterial agent in the treatmdrwn
wounds, scalds, ulcers, and in the prophylaxiseafiatal conjunctivitis (Moore et al., 2015; Pollk66).
Medical devices, such as catheters, transdermgldilivery devices, acupuncture needles, and sjtatgo
contain silver (Lansdown, 2006). Other sourceslegéisexposure include amalgam fillings, self-mexdion,
jewelry, deodorants, functional textiles, coindlésvare, coatings in refrigerators, and the workglé-luhr

et al., 2010; Hipler et al., 2006; Miller et alQ1D; Nakane et al., 2006; Rongioletti et al., 1992hroder et
al., 2012; Stefaniak et al., 2014; Tomi et al., £200/ollina et al., 2006; Yamamoto et al., 2012)y$ital
forms of silver are ions and metal. The metal erngasses nanoparticles and nanocrystalline coafirgs.
aim of this paper is to review the toxicity of g@h/followingin vivo dermal and mucosal surface exposure.
The endpoints genotoxicity and carcinogenicity@esidered of very high severity. Therefore, gexioity
and carcinogenicity data obtained using iallvivo exposure pathways (not only dermal and mucosal
exposure) are considered as @re®itro data. In order to obtain all relevant journaices for the current
review, the following procedure was done. Firstemences were retrieved from the SciFinder (CAS,830
and Pubmed (Pubmed, 2018) databases, using combmabf appropriate search terms: “silver,
nanoparticle, sulfadiazine, dermal, topical, mutaseicity”. A total of 250 references were obtathand
reviewed using this search strategy. Next, listsebérences in relevant journal articles were neeig to
obtain literature that had not been obtained iraluklde searches. An additional 50 journal articleeew

obtained this way. A total of 168 references wererded relevant and included in the current article.

2. Absorption, distribution, metabolism, and exicnei{ ADME)

2.1. Absorption and distribution

A normal level of silver in blood was <1 pg/L, mas=d in 26 individuals who lived in the Melbourne
metropolitan area. In liver, tissue levels were3tad 0.05 g silver/g in 2 deceased individualar{\t al.,

1991). Daily dietary silver intake levels have beeported to be: 0.4 pg/day in a population froatylt
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(Clemente et al., 1977), 7 pg/day, in Canadian woif@bson and Scythes, 1984) and 27 pg/day in a
population from the United Kingdom (Hamilton et, d973). WHO has reported that silver is occasignal
found in drinking water at concentrations abovegf_pland that daily intakes of silver are approxieha 7
pg/person (WHO, 2008). Data on absorption of sitwegr intact skin, mucosal surfaces, and comprainise

skin are presented in Figure 1 and detailed irfidh@wing sections.

Plasma levels of silver as a function of dermal dose

.............................................................................
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Figure 1. Levels of silver in plasma as a function of dose in humans and rats Legends designate: First
author of the used reference, (animal) speciesy@atf the silver compound, and nature of the bodgg
exposed. For Maitre et al. and Chaby et al., bllevdls were reported. Cumulative doses were estinat
based on the number of doses, amount of silveadh dose, and body weights of 0.25 and 70 kg teraiad
humans, respectively. The level of detection in 1@bs et al. was 0.5 pg silver/L, illustrated by atical

line on the graph. Levels of detection were nobragal in any of the other references. “Coombs, huma
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silver sulfadiazine, intact skin” was reported as tlevation of silver” and is depicted as beinghatlevel

of detection.

2.1.1. Absorption of silver over intact skin

Silver was not absorbed into the blood when hummact skin was exposed to 100 g of 1% silver
sulfadiaziné cream per day for 2 weeks (~14 mg silver/kg bwyd&pombs et al., 1992). In guinea pigs, 2
mL of 0.24 M silver nitrate applied to 3.1 €of intact skin (~138 mg silver/kg bw) resulted im@bsorption

of silver ions of less than 1% (Wahlberg, 1965)dts, a 1% silver sulfadiazine was applied todnskin on

5 consecutive days (~20 mg silver/kg bw/day), yiejca serum level of 1.5 ug silver/L. Controls lzalével

of 1.2 pg silver/L. Levels of silver in liver, kiéy, spleen, bone, and brain were equal in contrdlexposed
animals (Sano et al., 1982). Silver from silver aj@articles in the size range of tens to hundreds of
nanometer in diameter penetrated into the humatustr corneum. Here it formed aggregates in deeper

layers, likely slowing down penetration of silvata viable skin layers (Bianco et al., 2016).

2.1.2. Absorption of silver over mucosal surfaces

Silver has been described to cross the human eysosaufollowing administration of silver nitrate
(Karcioglu and Caldwell, 1985) and silver cyani®elflétzer-Schrehardt et al., 2001). For silver @@n
this phenomenon has also been observed in ratsgfiguri986). Silver nitrate applied by intrauterine
administration was fatal in one human, indicatipgalee over the uterine mucosal surface. The doservea
of silver nitrate (~64 mg silver/kg bw). In the wamthis resulted in a blood level of 3480 ug silvea
urine level of 380 pg silver/L and in organ levels 8180 pg silver/kg (liver, tissue wet weight)l0®

(kidney), 2000 (heart), 148 (brain), 1400 (muscle)) (fat tissue), and 8200 (placenta). In thesfetigan

! Silver sulfadiazine is a topical antibacterial migén which the silver and sulfadiazine moietie® ar
pharmaceutically active (Fox, 1975). The literatdoes not often specify if the mass concentratfo8<SD

is weight/weight (w/w). However, for several protsjcthe manufacturers’ descriptions have included t
(w/w) designation, for example, the Flamazine andlva8ene creams (Pfizer, 2016;
Smith_& Nephew_Healthcare_Ltd, 2011). In addititme (w/w) designation is in compliance with FDA
recommendations for reporting mass concentratiotgpgical creams (FDA, 2017).
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levels were 840 g silver/kg (liver, tissue wet gi), 400 (lung), 150 (muscle) and less than 1&g gi
kidney, heart and brain. The latter findings sugdgest silver is able to pass the placenta (Reitthetr al.,
1971). A woman used silver-containingose drops for 10 years had a serum level of 63ijvgr/L,

indicating that silver is absorbed over the nasat@sa (Van de Voorde et al., 2005).

2.1.3. Absorption of silver over skin compromised by burn wounds
An 18-year-old man with a burn wound covering 9684he body surface was treated with silver nitrate,
resulting in blood and skin levels of 120 ug silleand 1,250 mg silver/kg, respectively (Bader, @06
Silver sulfadiazine application to burn wounds tesgliin serum levels of silver in the range of 2ntore
than 200 pg/L and, in a deceased patient, silverdetected in the liver and kidney (Coombs et1&192).
Burn patients administered silver sulfadiazine erésd a mean plasma level of 200 ug silver/L, aners
was detected in the corneal tissue, liver, and dydat levels of 970, 14, and 0.2 pg silver/g tissue
respectively (Wan et al., 1991). When silver sudamhe cream was applied to rats, the absorptios laa
for a) normal skin (1.2 pg silver/L in serum), bjpsrficial dermal burn wound with blister (3.4 ppAnd c)
deep dermal wound (1.5 pg/L); notably, if the sfipid dermal wound had the blister removed, silirer
serum increased considerably (13 pg/L). A controug with no silver sulfadiazine application hateeel
of 1.2 pg silver/L. In all groups, silver was degztin liver, kidney, spleen, bone, and brain (Sahal.,
1982).

Nanocrystalline silver dressingas applied to 6 patients with burns. A maximumuselevel of 200
Kg silver/L was measured at 9 days of treatmenigMen et al., 2011). Thirty burn patients treatetth the

dressing for 11 days had a median serum level\a#rsof 57 pg/L (Vlachou et al., 2007). In anotloemrn

2 Argyrophedrine nose drops are described to corit@imng/mL efedrinelevulinate and 5 mg/mL silver
vitellinate.

® Acticoat is a high-density polyethylene mesh withcore of rayon and polyester and coated with
nanocrystalline silver. It is applied as an antibdal dressing for the management of burns (Dumd a

Edwards-Jones, 2004).



128 wound case, the application of nanocrystallineesitiressing for 7 days (~35 mg silver/kg bw/jagsulted
129 in a plasma level of 107 ug silver/L (Trop et @006). In rats, dressings containing either sibudfate or
130 nanocrystalline silver were applied to burn wouadsd changed every week. In weeks 3 and 6, the blood
131 levels of silver were 136 and 33 pg/kg for silvelfate and 62 and 168 pg/kg for nanocrystallinees||
132 respectively. In the spleen, kidney, and liver, $iteer level was higher for nanocrystalline silveompared
133  with silver sulfate. Silver was also detected ia Hrain, testis, lung, heart, and muscle (Pfurtsahet al.,

134  2014).

135

136 2.1.4. Absorption over skin compromised by other wounds and scalding

137 A 64-year-old woman was treated for leg ulcers Wil g 1% silver sulfadiazine cream every weekeAft
138 treatment for 18 months, the blood level of silwers 38 pg/L (Maitre et al., 2002). A 61 year-oldmamn
139 was treated for ulcers with 200 g silver sulfadiazcream per day (~9 mg silver/kg bw/day). Afteveeks
140 of treatment, the level of silver in blood was 494/L (Chaby et al., 2005). In 40 patients with cfico
141 wounds treated with different silver preparatiosstum silver was observed to correlate to wound are
142  (Brouillard et al., 2018). Pigs with scalds wereplegd 1 g of 1% silver sulfadiazine cream for 48 h;
143  Absorption of silver was less than 1%, but silvexswdetected in the eye, kidney, lung, stomach,natire
144  aorta, muscle, spleen, intestine, thyroid, andnbflaazare et al., 1974).

145

146  2.1.5. Summary of the absorption of silver over skin and mucosal surfaces

147 Intact skin is observed to pose an efficient bamgainst silver. Mucosal surfaces, including ie #dye, are
148 observed to pose a less efficient barrier. When $&kicompromised by burns, scalds, or wounds, it is
149 observed to be more penetrable; specifically, dndysshowed that uptake highly increased if the mebu
150 Dblister was removed. Following exposure, silver besn detected in all organs investigated. Deteatiadhe

151 brain indicates that silver crosses the blood—Hdovaimier.

* The dose was estimated using a content of siliv&rmog/cnt, application to 30% of the total body surface
area (5700 cf), and three changes of the dressing during tla¢nbent period.
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153 2.2. Deposition of silver as particles in the body (metabolism)

154  Dermal metabolism of silver has been reported. Wegystalline silver and silver nitrate were admieisd to
155 the skin of pigs. With the nanocrystalline formyer at molecular weights corresponding to Ag, A¢QClI,
156 AgNOs;, Ag,O, and so-called silver clusters (A were measured in the epidermis. With silver tétra
157 dosage, only AgO, AgCl, AgNpand AgO were observed (Nadworny et al., 2010). A substantumber
158 of studies have described the deposition of sikgeparticles in the body (Supplementary matertadbtaS1
159 and S2). Deposited particles observed in the slerevef brown or brown-black color at the microscopi
160 level and differed in sizes: in the range of 1A @00 nm (Kakurai et al., 2003; Matsumura et &92t Sato
161 etal., 1999; Suzuki et al., 1993; Tanita et #889). In the eyes, the sizes of deposited particleged from
162 15 to 35 nm (Karcioglu and Caldwell, 1985; Schléi3ehrehardt et al., 2001). The anatomical loctbna
163 of deposited silver-containing particles in thenskiere especially a) in the surrounding eccrinedga(13
164 studies, Supplementary material tables S1 and I92gssociated with elastic fibers (12 studies),nc)
165 connection with collagen matrix/fibers (10 studje$) surrounding small blood vessels (9 studies), @)
166 intracellular (8 studies). Regarding intracellulacalization, this occurred inside fibroblasts ddses) and
167 macrophages (2 studies) (Supplementary materitdge®il and S2). Subcellular localization was dbedri
168 as inside lysosomes and free in the cytoplasm (Rtetf et al., 1992). In eyes, deposited partichese
169 detected in the cornea, conjunctiva (Rungby, 1986}, other anatomical structures (Supplementargmaht
170 table S1).

171 Deposited particles, in addition to silvérave also been reported to contain other eleménts.
172 generalized and localized argyria, deposited pastitiave been reported to contain a) silver antursul
173  (Buckley et al., 1965; Schlétzer-Schrehardt et2d(Q1); b) silver and selenium (Loeffler and Le@87; Jan
174  Aaseth et al., 1981); and c) silver, sulfur, anérsem (Bleehen et al., 1981; Karcioglu and Caldwid85;
175 Matsumura et al.,, 1992; Suzuki et al., 1993). Thesence of sulfur in the deposited particles can be
176 explained by the strong affinity of silver to sulfoy the Ag-thiolate binding (Massi and Santuc&98). The

177 formed AgS is chemically stable and highly insoluble in wdtgu et al., 2010). It has been suggested that
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sulfur in the deposited particles over time is stlted by selenium to form silver selenide (Maasd
Santucci, 1998; Sato et al., 1999). Silver seleisdehemically more stable than silver sulfide afictven
lower solubility. Additionally, the direct bindingf silver to selenium in the enzyme glutathioneogitase
leading to the direct formation of the chemicalhalde and inert compound silver selenide has been
suggested (Massi and Santucci, 1998). The serueh ¢dvselenium in patients with argyria was the thos
critical factor for the presence or absence ofrsere within the silver-containing deposited pa#dg|
whereas no relation was observed for factors sschge; sex; the amount, duration, and route o€rsilv
introduced; or the different tissues and organgdiea (Sato et al., 1999). The formation of thelinsle
silver sulfide and silver selenide have been suggde® reduce the toxic effects of silver ions bgucing
their biological availability (Massi and Santuct98; Sato et al., 1999). Notably, a range studietiding
oral exposure studies, case studies with acupuencteedle implantations, and some occupational eydi
have also demonstrated the deposition of silversahehium with chloride mercury, titanium, ironckel,
sulfur, and osmium (Berry et al., 1995; Berry arall§ 1982; Bleehen et al., 1981; Matsumura etl&92;

Sato et al., 1999; Suzuki et al., 1993; Tanitd.etl885; J Aaseth et al., 1981).
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Elimination of silver from plasma after the discontinuation of dermal or mucosal
exposure

-
o
o
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-
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—

Plasma level of silver (ug/L)
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Time after discontinuation (days)

B8 Coombs et al., Human, Silver sulfadiazine

—— Payne et al., Human, Silver sulfadiazine

-©- Moiemen et al., Human, Nanocrystalline silver

- \Vlachou et al., Human, Nanocrystalline silver

© Van de Voorde et al., Human, Silver containing nose drops
- Pfurtscheller et al., Rat, Silver sulfate dressing

9|é Pfurtscheller et al., Rat, Nanocrystalline silver

Figure 2. Elimination of silver from plasma after discontinuation of dermal or mucosal exposure in
humans and rats Vertical dotted line illustrates the upper boundafythe normal plasma level of silver
based on (Wan et al., 1991). The level of deteandsmoth Coombs et al. and Pfurtscheller et al. Quaspg
silver/L, illustrated by a vertical line in the gia Levels of detection were not reported in anyhef other

references.

2.3. Excretion

2.3.1. Time frame for the elimination of silver from blood
Figure 2 presents the literature on the eliminatibsilver from the blood. A 59-year-old man waestied for

ulcers with 50 g of 1% silver sulfadiazine creamrgvsecond day for 5 months (~1 mg silver/kg bwyday

10
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plasma concentration of 10 pg silver/L decrease®.toand 1 pg/L, 3 and 12 weeks after discontionati
respectively (Payne et al., 1992). A woman usagsitontaining nose drops for 10 years and hacsnma
level of 63 ug silver/L that decreased to 20 pgfdhths after discontinuation (Van de Voorde et2405).
In burn wound patients treated with nanocrystalbiieer dressing, the mean serum level of silves W@
Mg/l decreasing to 9.7 ug/L and 2.0 pg/L, 3 ando@tims after discontinuation, respectively (Viackdal.,
2007). Patients with burn wounds were treated wiltfer nanocrystalline dressings for 9 days. Th&uited
in a plasma level of 200 ug silver/L that decrease8.2 ug/L 154 days after discontinuation (Moienet
al., 2011).

Collectively, these data suggest that thecgss of silver elimination from the blood is jmoged,
occurring over the duration of 200 days or mords ihenomenon could be explained by slow excreiion

the continuous mobilization of silver from depositgissues.

2.3.2. Urinary and fecal excretion of silver

A normal urinary excretion rate was reported t®heg silver/day (~1 pg/L) (Wan et al., 1991). Ipaient
where silver nitrate was applied for a third degoeen wound covering 96% of the body surface, tiieeu
level of silver was 38 ug/L (Bader, 1966). In bwaund patients treated with silver sulfadiazinevfarious
time periods, a urinary threshold level was fouhd aerum silver level of 100 pg/L: below this serievel,
urinary silver was constantly low (<15 pg/L), arltbee this serum level, urinary silver was constahigh
(>50 pg/L) (Coombs et al., 1992). In burn patiemnested with silver sulfadiazine cream for 10 dahe,
mean plasma level of silver was 200 pg/L and uyiexcretion rate was 100 pg silver/day (~50 pgiph
et al., 1991). In a 61-year-old woman, leg woundseareated for 3 weeks with 200 g silver sulfaidiaz
cream per day. The urine level of silver was 148 |(Ghaby et al., 2005). In burn patients treatetth %
silver sulfadiazine cream for up to 70 days, thieary peak silver excretion was 1,100 pg/day (~p50.)
(Boosalis et al., 1987). Human burns were treatét nanocrystalline silver dressing for 7 days, and

plasma level of 107 png/L was accompanied by a uyileael of 28 pg/L (Trop et al., 2006). Pigs witalds

11
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were applied a 1% silver sulfadiazine cream anéesivas detected in bile (0.01 % of the dose), dece
(0.02%—0.07% of the dose), and urine (0-0.02 %hefdose) (Lazare et al., 1974).
In summary, urinary excretion has beeneplexl in humans. In addition, studies in animalgeha

suggested fecal excretion as an accompanying pgthwa

3. General toxicity - mortality and body weight loss

A pregnant woman had as an abortion proceduref/sgver nitrate (~64 mg silver/kg bw) applied ir7&o
water solution by intrauterine administration anddd3Y2 hours later with symptoms of acute circujato
insufficiency. The postmortem examination showeskien of labia paudendi, vagina, uterus, placenth a
of the foetus. Histopathological findings were didsd as: Acute ingestion of the lungs, kidneys eswtral
nervous system, as well as pulmonary edema andbero$ the uterine mucosa (Reinhardt et al., 1971).
Burn wound patients were treated with 0.5% silvigrate solution (2 kg/day/patient, ~90 mg silver/kg
bw/day) for an unspecified period of exposusnd no toxicity was observed (Bouterie and McLd&71).
Guinea pigs were applied 50 mg of silver as a sitteate skin depot (~130 mg silver/kg bw); 8 weédter,
weight loss was observed. In comparison, mercunlorile and cobalt chloride at the same molar dose
caused death to more than half of the animal safWpgéhlberg, 1965). Guinea pigs were dermally expgose
to a suspension containing 10—20 nm silver nanimpestfor a time period of 24 h. At the investightioses,
0.04, 0.2, or 400 mg/kg bw, no effects were obsk(aneewattanapinyo et al., 2011). Similarly, itns

of toxicity were observed in rats following 24 hdérmal exposure to a suspension containing 10iler s

nanoparticles at a dose of 2,000 mg silver/kg lifiker kg bw) (J. S. Kim et al., 2013).

® For one patient, the period was reported to bez58.
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4. Argyria

Argyria has been described as blue-gray discotwradf the skin due to the deposition of silver. yxig can
be localized to the points of exposure (localizegyaa) or, with higher exposure, be generalized an

involve areas not directly exposed.

4.1. Localized argyria

A patient troubled by balanitis applied silver sdlfazine cream intermittently for 15 years, resgltin
localized argyria on the penis (Griffiths et al00B). A surgery wound was applied silver sulfadiazand
localized argyria was observed (Fisher et al., 200@ular instillation of silver nitrate instillath caused
argyria in the eye (Bartley, 1991), and the usssibier-containing eye drops for many years resuited
argyria of the lacrimal sac (Loeffler and Lee, 1p87

Regarding metallic silver, one silversmith tagdyria in the fingers (Kamiya et al., 2011) amdther in
the fingers and arm (Garcia-Martinez et al., 20lL6¢alized argyria was observed in jewelry manufears,
in skin (Robinson-Bostom et al., 2002) and effe=ndler et al., 2017) following the occupationahtling
of silver (Nagano et al., 2016) and after expogarmirror fragments (Hristov et al., 2011). A 40ayeld
woman developed argyria following the accidentabeaiding of an acupuncture needle 7 years earlsek (P
et al., 2018). A teenage girl had toxic epidermedrolysis involving almost 100% of the body surfaghe
was treated with nanocrystalline silver dressingafo unspecified period, and 4 years later, loedliargyria
was observed (Shaub et al., 2014). A 50-year-dletrsimith had approximately 70 blue macules scadter
on his face, limbs, and trunk. These containedesilgulfur, chloride, phosphorous, silicium, aluorin
calcium, and potassium. The macules correspondesités where silver wires would puncture his skin
(Rongioletti et al., 1992).

A range of cases have reported localizggrer but without testing for the presence of silire the

tissue, including cases with dermal exposure toalietsilver (Ferrara et al., 2018; Kapur et al002;
Morton et al., 1996; Palamar, 2010; Shall et a89Q Sugden et al., 2001; Utikal et al., 2006; d=m

Nieuwenhuijsen et al., 1988) and in the eye aft@osure to silver nitrate-coated soft lenses (Hai Buft,

13



281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

2009). In addition, localized argyria was suggestea burn patient treated for 10 days with nansiaijine

silver dressing (~2 mg silver/kg bw/d@yZweiker et al., 2014).

4.2. Generalized argyria

4.2.1. Cases in which generalized argyria was concluded based on the detection of silver in the
discolorations

Generalized argyria developed in a patient with afeers who had her tongue painted wit®% silver
nitrate repeatedly for 1 year (~0.2 mg/kg bw/jgiee and Lee, 1994). Another case was in a 58-gleh
woman who, because of nasal obstruction, had bsewy silver vitellinate-containing nose drops fd@r 1
years: her serum level was 63 pg silver/L (Van derde et al., 2005). Another case with the useleérs
containing nose drops was reported by (Massi amtuBei, 1998). A 58-year-old man with chronic
laryngitis had self-administered silver over 15rgeia the form of a spray containing argento-meta#p
hydroxy-2-propane-sodium-sulfonate and  m-acetylrmag-hydroxy-phenyl-sodium-arsenate.  The
combined cumulative intake of the 2 compounds vedisnated to be 360 g. A diffuse blue-gray colonmatio
of the skin was noticed. The patient died of smoell anaplastic lung carcinoma, and at autopsyamkfdark
coloration of the renal cortex and choroid plexuses observed. Silver-containing black granulesewer
detected in all investigated organs except thenlparenchyma (Gherardi et al., 1984). Other cas@adich
generalized argyria were confirmed by the deteatibailver in biopsies were a case of using a sifod-
coated mouth refresher over a duration of 20 yé8edo et al.,, 1999), and a case in a plating factor

employee (Matsumura et al., 1992).

® The dose was calculated based on an expectedeedéd mg silver/cinand a bw of 70 kg. The dressing
was changed every 3 days.

" The dose was estimated using an assumed voluté ail applied twice a week.
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4.2.2. Cases in which generalized argyria was diagnosed but not proven by tissue detection of
silver

A 46 year-old woman was extremely pigmented afgngi silver nitrate for bleeding gingiva 3 times pe
week for 26 months. In a liver biopsy, silver caldmpigment was observed in portal areas and arcemidal
veins. Over the next 2 years, no substantive dserigaskin pigmentation level was observed. At egbent
abdominal surgery, the pancreas, stomach, hepapsute, spleen, intestines, and peritoneum were all
discolored in a manner similar to the skin. Thegpeas was, by far, the most pigmented and appsédved
colored. Gastric biopsy revealed deposition of wias designated as silver granules in the conretiigsue
(Marshall and Schneider, 1977). Nose drops comgi@i0% silver iodide 6 times a day for 9 years edus
generalized argyria in a 69 year-old man (~0.5 ihgrgkg bw/day)(Rich et al., 1972). Another case of
argyrosis was in a 45-year-old male who had perarintranasal administration of 10% silver nitrateso-
called Argyrols] for 17 years, using a total volume of ~30 mL/wdek., combined volume of the 2
preparations) (Kleckner Jr., 1949). A 25-yearwloiman with severe generalized dystrophic epidergisly
bullosa was, since early childhood, treated withsiBter sulfadiazine cream and had developed géreda
argyria. The serum level of silver was 283 pg/L.{~g silver/kg bw/day) (Flohr et al., 2008). A $&ar-
old patient with the same condition was treateutesbirth, with applications of silver sulfadiazioeam to
denuded areas 2-3 times a day (~0.1 mg/kg bw/degylting in argyria with a serum level of 130 pg
silver/L (Browning and Levy, 2008).

A 58-year-old man had his throat painted waiitd silver protein repeatedly from the age ob3l2 and
occasionally used silver protein-containing nosepdr Generalized argyria developed in childhood,asu
he grew up, the abnormal color became less appé@rariser, 1978). A 81-year-old woman had developed

generalized argyrosis 40 years earlier when tregtedinusitis with Argyrol for 2 years (Rosenblaitd

® The dose was estimated using an assumed nosealtwpe of 0.05 mL applied 6 times per day.

% So-called silver protein in the form of Argyrolcarding to Lancaster, was introduced in 1902 and
produced by extracting gliadin from wheat and irgpit under pressure in an autoclave, obtaininghie
granular precipitate reported to be the nature woitelin. When this protein is combined with sityehe
resulting product is a dark brown powder contair®d§o metal. According to other accounts, the stedal
vitellin is obtained from serum albumen by hydray8_ancaster, 1920), and it has been reportedtkieat
metal constitutes only 20% of the preparation (Mallsand Neave, 1906).
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Cymet, 1987). Generalized argyria also occurred #R-year-old man who had used 2, 10 mL bottles of
silver-containing nose drops weekly over the pagtdrs to ameliorate allergic rhinitis. One droptained
0.85 mg of silver protein (Tomi et al., 2004).

Regarding nanosilver, a 17-year-old malthv@0% mixed depth burns was treated for 1 week wit
nanocrystalline silver dressing (~35 mg silver/kg/day). Generalized argyria was suggested basea on
grayish discoloration of the face. The plasma silvas 107 pg/L (Trop et al., 2006). A patient widixic
epidermal necrolysis covering 70% of the body sefavas treated with 8,000 &rof a silver sulfate-
containing dressirg for 7 days. Argyria covering a large part of thed surface was reported. A peak
serum level of silver was 249 pg/L. The patientedleped multiorgan system dysfunction and eventually

died (McCague and Joe, 2015).

4.3. Is argyria a transient or permanent condition?

Argyria has been described as a persistent conditicone case, argyria in connection with the afsslver
sulfadiazine cream did not diminish over 3 yeaiish{&r et al., 2003). Some cases, however, have\aise
argyria to be reversible. Localized argyria disawpd 3 years after the discontinuation of exposare
nanocrystalline silver (Zweiker et al., 2014), ayjeheralized argyria following one week of nanoalste
silver dressing was reversible (Trop et al., 2006)e insolubility of compounds of silver in combiiag
with other elements, as previously described, megiplain the irreversibility of the coloration dfd skin in

some patients with argyria (Sato et al., 1999).

4.4. Summary of argyria data

Localized argyria has been reported with exposarsiliver ions, metallic surfaces, and nanocrystalli
silver. Generalized argyria has been observed iitlt and nanocrystalline silver in humans at clatiué

doses in the range of 70 to 1500 mg silver/kg badight (Browning and Levy, 2008; Flohr et al., 2008

1% Mepilex Ag Dressing has been reported contain leersisulfate preparation that releases silver
nanoparticles into wounds (Gee Kee et al., 2013).
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Kleckner Jr., 1949; Lee and Lee, 1994; Rich et1872). Regarding serum silver levels associatid w
generalized argyria, these are in the range of &+&)/L (Browning and Levy, 2008; Flohr et al., 800
Trop et al., 2006; Van de Voorde et al., 2005). ldaomin which no argyria was reported had silvearser

levels in the range of 0-300 pg/L (Moiemen et2011; Vlachou et al., 2007; Wan et al., 1991).

5. Contact dermatitis and eye irritation

5.1. Irritant contact dermatitis and eye irritation

In a controlled clinical trial with 24 patients ¢opical silver sulfadiazine with standard gauzesdirgs, no
contact dermatitis was recorded (Genuino et all4P(No irritation was found in rabbits having 0% of a
21% 10 nm silver nanoparticle solution applied & of skin for 4 h (~16 mg silver/ct(J. S. Kim et al.,
2013). Pigs were applied with 20 and 50 nm silvenaparticles at doses of 0.34 or | 8fmL/day for 14
days (~0.06 and 6 pg silver/mNo gross irritation was observed, but microscognd ultrastructural
observations showed areas of focal inflammatiom dtigh dose and intracellular edema at a low dose
(Samberg et al., 2010). In rabbits, a 10F dmessing of cotton fabric containing a 2% silvanoparticles
dispersion was dermally applied. The silver prefiamnavas classified as a barely perceptible irtit@elga

et al., 2016). In rabbits, different silver saltere applied to the eyes. All investigated saltsnelg, silver
nitrate, silver ammonium nitrate, silver ammoniuoifate, and silver ammonium lactate, were found to
irritate eyes (Calvery, 1941). Further, a 100 mg@ihm silver nanoparticles in 21% solution wasliagpo
one eye of rabbits (~5 mg silver/®mFollowing 3 days of observation, no signs oitation to the cornea,

iris, or conjunctiva were observed (J. S. Kim et2013).
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5.2. Allergic contact dermatitis substantiated by patch testing and animal data on skin

sensitization

Silver metal disks and a silver nitrate solutiorrevpatch tested, each on the skin of 50 humansigdand
dermatitis. Sensitivity was detected in one patighd was exposed to both silver nitrate and silvetal
(Gaul, 1954) Ozkaya reported a case of allergid¢amirdermatitis from silver nitrate in a patch tewtrker
(Ozkaya, 2009). A patient suspected of having @igeity reaction to silver sulfadiazine was foutw be
sensitive to silver nitrate (Fraser-Moodie, 1999sitive patch tests for silver nitrate were obsdrin 2 out
of 118 patients with oral lichenoid lesions topgariaally related to dental fillings (Laine et al997). In
patients with leg ulcers and contact dermatitisesinitrate was found to be an allergen in 12%hefcases
(Janktevi¢ et al., 2008). Contact dermatitis was associatiédl avpositive patch test for silver in a 23-year-
old man whose work involved weighing silver (HEI879). A case of persistent periodontitis was cumgd
replacement of all silver amalgam restorations. paitteent had a history of developing a rash andlsge
whenever she wore jewelry containing silver. A patest for silver nitrate was strongly positive (€2kis
and Sulica, 1978).

Silver nanoparticles were tested in a eairpig skin sensitization test, and 1 in 20 animals
demonstrated discrete or patchy erythema, suggestimeak skin sensitizing effect (J. S. Kim et 2013).
In the same assay, a dressing of cotton fabricagting a 2% silver nanoparticles dispersion wassifeed

as a grade Il mild sensitizer (Zelga et al., 2016).

5.3. Cases in which contact dermatitis was reported but not categorized

A 35-year-old man was treated for a burn wound vgilver sulfadiazine twice daily and developed
erythema. Notably, he was also treated with sismg@fadiazine 3 years earlier (McKenna et al., 1995)
Dermatitis was reported following exposure to miadilver strands incorporated in silken and waole
fabric (Hollander, 1955). Allergic contact dermitito silver was reported in a jeweler (Agarwal and

Gawkrodger, 2002).
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5.4. Conclusion on contact dermatitis and eye irritation

Overall, silver is observed to have a low poteriialskin irritation. Eye irritation has been derstmated,

and some individuals develop allergic contact d¢itiedo silver.

6. Genotoxicity and carcinogenesis

Silver has been reported to bind to purine andnigine bases in DNA (Goff and Powers, 1975; Luklet
1975; Sabbioni and Girardi, 1977), increasing tbesgbility of it interfering with the normal funcin of the

genes.

6.1. Genotoxicity studies in vitro

Details ofin vitro genotoxicity studies are presented in Supplemgmiaterial table S3. Overall, silver ions
do not indicate mutagenic activity in bacterialegss An exception is silver iodide, exerting a miaffect in
the TA97Salmonella typhimurium frameshift strain (Eliopoulos and Mourelatos, 19$8Iver nanoparticles
did not indicate any mutagenic activity 8almonela typhimurium frameshift and base-pair substitution
strains (Cho et al., 2013; Guo et al., 2016; HKiR1 et al., 2013; Li et al., 2012). However, a negaAmes
test result for a nanoformulated compound mustkert with caution, because particles may not be bl
penetrate the bacterial cell wall (Landsiedel t24109).

In the comet assay, silver nanoparticlesided DNA strand breaks in different cell lines (ARfani et
al., 2009; Eom and Choi, 2010; Stephan Hackenheat),e2011; J. S. Kim et al., 2013; Souza et2{116).
However, no effect was observed in the NT2 humaticidar embryonic cell line nor in primary testigu
cells from mice (Asare et al., 2012). Mouse lymphaells were incubated with silver nanoparticles laad
increased DNA strand breaks following co-incubatigith oxidizing enzymes (Mei et al., 2012). HK-2
immortalized human proximal tubule cells incubatéth silver nanoparticles increased DNA strand ksea

(Kermanizadeh et al., 2013). Silver ions were olEsgito increase the number of micronuclei in 2 Ibeds

19



420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

(Guo et al., 2016; Li et al., 2012). Several dekk$ were incubated with silver nanoparticles amtanuclei
levels increased in all but one (Kruszewski et2013).

In chromosomal aberration assays, silvepparticles have been positive in 1 of 2 studiesckdaberg
et al., 2011; J. S. Kim et al.,, 2013). Regardingegenutations in mammalian cells, silver ions and
nanoparticles have exerted a positive effect innttwaise lymphoma assay (Guo et al., 2016; Mei et al.
2012). By contrast, silver nanoparticles of diffdresizes had no effect in the MEF-LacZ cell mutant
frequency assay (Park et al., 2011).

In summary, silver ions and silver nanopé&tao not induce mutations in bacterial assayscdyrast,
several studies have shown that silver nanopastca@se primary DNA damage in different cell lineshe
form of DNA strand breaks. In addition, oxidativeN\B damage was observed when oxidizing enzymes
were applied. Regarding chromosomal damage, theraniindication that both silver ions and silver
nanoparticles have effects. Finally, silver nantipias may induce mutations in mammalian cells; &esv

more studies are required for clarification.

6.2. Genotoxicity studies In vivo

Details ofin vivo genotoxicity studies are presented in Supplemgmigterial table S4. In jewelry workers
exposed to metallic silver, DNA strand breaks iasesl in mononuclear leukocytes (Aktepe et al., R015
Notably, jewelry workers in addition to skin exposumay also be exposed to silver fumes. Regarding
nondermal pathways, rats were intravenously ingeatigh 20 or 200 nm silver particles. Micronuclevels
were increased in bone marrow cells, whereas Dig#ndtbreak levels were not (Dobfiska et al., 2014).

In mice, intravenous injection of silver ions omogarticles had no effect on emerging sperm ceils w
anomalous head morphology or on DNA strand brealspieen cells (Ordzhonikidze et al., 2009). Inéon
marrow cells from mice intraperitoneally injectedittw silver nanoparticles, there were increased
chromosomal aberrations but no increase in DNAndtriareaks (Ghosh et al., 2012). Mice dosed by the
same route with silver iodide showed no increasesifter chromatic exchanges in P388 lymphocyte

leukemia cells (Eliopoulos and Mourelatos, 1998)rdts, inhalation of silver nanoparticles induczdA
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strand breaks in lung cells (Cho et al., 2013), sihetr nanoparticles had no effect on micronulgeels in
bone marrow cells after oral dosing (Kim et al.020

In summary, metallic silver may induce DN#asd breaks in mononuclear leukocytes. Nanopesticl
increased micronuclei, DNA strand breaks, and timber of sperm cells with anomalous head morphology
However, additional data are required before firomalusions can be drawn regarding the genotoxic

potential of silvein vivo.

6.3. Carcinogenesis

Mice received a dermal application of a 10% silmérate solution twice a week for 20 weeks. 7,12-
Dimethylbenz[a]anthracene (DMBA) was used as a tigeaic inducer. There was no promotion of
hyperplasia (Frei and Stephens, 1968). In a sirstladty design, silver nitrate was dosed twice weékd 44
weeks. Three out of 22 mice bore a total of 8 papis; however, when a single application of cratdn
(5%) was interspersed between DMBA and silver t@tré out of 20 mice developed a total of 14 tusnar

of which was a carcinoma (Saffiotti and Shubik, 3P&Rats had 1.5 cm disks of silver or tin foil exdded

in their abdominal wall. Following a latent periofl 275-625 days, 14 tumors (32%) were found in the
silver group. No tumors were found in the tin grotipe silver disks were intact, whereas the tin Iadken

up and crumbled into a fragmentary mass. It wasudsed whether the physical nature of the disksechu
the tumors and not the chemical nature of silvggp@&nheimer et al., 1956). Silver, gold, or platindisks

(1 mnt in area) were subcutesusly implanted in rats. No sarcomas were obseated8 months of
exposure (Nothdurft, 1958). Rats were injected With mg colloidal silver per week for 7 months &-1.
mg/kg bw/day). Argyria developed after 6—8 weeks] at the end of the 7-month period, 6 out of 26
animals had tumors (spindle cell sarcomas) atrjextion site (Schmahl and Steinhoff, 1960). Ratsen
intramuscularly injected with so-calle2D0 mesh fine silver powder (5 injections of 5 mg followed by 5
injections of 10 mg, ~600 mg/kg bw). The rats walbserved for 24 months and silver was not carcinicge

The positive control, cadmium, was carcinogeniagtand Schlauder, 1978).
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In summary, the findings point in differeitections, and additional studies on are requivefbre a

firm conclusion can be drawn regarding whetheresilg carcinogenic.

7. Other toxicological endpoints

7.1. Neurotoxicity

A 59-year-old man was treated for ulcers with silselfadiazine at a dose of 1 mg silver/kg bw/deyery
second day for 5 months (cumulative dose: 160 rhgeré&kg bw). Sensation loss was noted over the
forearms and legs (Payne et al., 1992). A womah wéneralized dystrophic epidermolysis bullosa was
treated with silver sulfate cream over the courfsmany years (~0.1 mg silver/kg bw/day). She devetba

loss of proprioception, a tingling sensation in Imbs, and impaired coordination (Flohr et a00g).

7.2. Hepatic toxicity

Burn patients treated with silver sulfadiazine ¥arious time periods had elevated liver enzymeviiets
that correlated to serum levels of silver (Coombale 1992). A 17-year-old male burn patient wasted
with nanocrystalline silver dressing for one weeikhw(~35 mg silver/kg bw/day). Liver enzymes were

upregulated during exposure but normalized upocodisnuation of the dressing (Trop et al., 2006).

7.3. Renal toxicity

Following the treatment of burns with a 0.5% silmérate solution, argyria with depletion of bodydgum
chloride was observed in 1 out of 15 patients (Mateal., 1965). Renal dysfunction developed wmoaan
treated with 100 g of 1% silver sulfadiazine crepar week for 18 months (~0.6 mg/kg bw/day or a
cumulative dose of ~325 mg/kg bw). The level ofesilin blood was 38 pg/L. However, a female burn
wound patient treated with silver sulfadiazine draling a silver blood concentration of 440 ug/L had
normal renal function (Maitre et al., 2002). A bummound developing after the spraying of a ruptured

conduit that contained 60% sulfuric acid and 40%iaacid at 60°C was treated with silver sulfadiazfor
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60 days, during which nephrotic syndrome developagroved renal function and remission of proteiaur
occurred after 5 months of therapy with immunosepgive agents (Owens et al., 1974). A 61-year-old
woman with ulcers was treated with 200 g of silsgifadiazine cream daily for 3 weeks and develapadl
failure (~180 mg silver/kg bw). The blood levelsifver was 196 pg/L. The signs regressed upon vatkdl

of the cream and after several sessions of henysiialChaby et al., 2005). A woman with a burn cing
70% of the total body surface area was treated 8yB0 crf silver-containing silicone foam dressing for 7
days and developed kidney failure. She subsequeatgleloped multiorgan system dysfunction and

eventually died (McCague and Joe, 2015).

7.4. Hematological toxicity

There are several reports that indicate leukopisréagsociated with the use of silver sulfadiaziméumans
(Caffee and Bingham, 1982; Chaby et al., 2005; Gtial., 1976; Fraser and Beaulieu, 1979; Gbaargtdor
al., 1987; Jarrett et al., 1978; Lockhart et é8383; Valente and Axelrod, 1978; Viala et al., 199/ison et
al., 1986). In support of this assertion, silvelfesliazine was applied to mice with full-thickneskin
excision covering 10% of the body surface, resglima reduction in total peripheral blood leuk@&cgbunts
(Gamelli et al., 1993). The findings of 2 contrdlleuman studies have not supported that silveadialtine
induces leukopenia (Kiker et al., 1977; Thomsoralet 1989), and neutropenia sometimes occurs as an
adverse effect of sulfadiazine in the absenceleérs{Chen et al., 1991; Finland et al., 1984; Maitket al.,
1950; McMillin, 1951; Trepanier, 2004). However,dahsence of sulfadiazine, leukopenia was reported i
burn patient treated with a silver-containing sitie foam dressing for 7 days (McCague and Joe,)2015
Methemoglobinemia secondary to dermal silvitrate therapy has been reported (Chou et al.9;199
Cushing and Smith, 1969; Strauch et al., 1969a9lipa@Methemoglobinemia was also reported following

the exposure to nitrate alone; thus, nitrate arigihaer may be responsible for the effect (Inotialg 1999).

8. Comparison of ionic and nanoparticulate silver
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Silver nanoparticles could be expected to act aiffdy than silver ions: 1) they could act as agitsi
entity, for example, by breaking a cell wall or whsting a vessel (only free nanoparticles); 2)theuld
provide a surface milieu in which chemical reactieould occur or molecules be absorbed and imnzelli

or 3) they could release ions. The release of silwas from the surface of metallic silver has been
demonstratedh vivo (Danscher and Locht, 2010). The studies desciibdioe present review that compare
silver ions with nanoparticles and nanocrystaltieatings use animals and indicate a similar etfésilver
ions and nanoformulated silver (Guo et al., 2016raKi et al., 2013; Li et al., 2016; Nadworny et 2010;
Ordzhonikidze et al., 2009; Pfurtscheller et aD14); and this is also observed to be the caseoralr
exposure to silver (Hadrup et al., 2012; Hadrup lazueh, 2014). One dermal exception is a study inctvhi
skin irritation was observed with silver nanopdecbut not silver nitrate (Koohi, M K; Hejazy, Msadi,

F; Asadian, 2011).

9. Risk characterization

The question is, what are the critical effects efnolal and mucosal silver? The 7 g dosage of irdrang
silver nitrate as an abortion procedure causedatityr This dose corresponds to 64 mg silver/kg bw
guinea pigs, 130 mg silver/kg bw given as a skipoleaused weight loss. Regarding generalized iargyr
this has been reported in humans with estimateduative doses as low as 70 mg/kg bw (Lee and Lee,
1994). Collectively, these findings suggest thitoal effects start to occur at cumulative dosethie range

of 60 to 70 mg silver/kg bw. Regarding the ultim&edpoint of genotoxicity and carcinogenicity, the
evidence is conflicting as to the role of silvelthaugh most have been negative, more studies en th

carcinogenic potential would be relevant.

10. Summary

By the dermal and mucosal surface exposure rouotacti skin is observed to be an effective barrier;

however, silver is taken up through the mucosalases and compromised skin. Deposition occurs in a
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range of organs and involves deposition as pasticiethe form of silver combined with other elenggnt
including sulfur and selenium. The deposition dfegi as particles causes discoloration known agrigg
Excretion after exposure by the dermal and mucesdhce routes involves increased levels in urimg a
feces. The elimination from plasma is prolongesititg several of hundreds of days.

Regarding toxicity, a case of mortality waselved at intrauterine exposure to ionic silveB4aimg/kg
bw. Localized argyria has been reported with exposo silver ions, metallic surfaces, and nanoetiyse
silver. Generalized argyria was observed with i@nd nanocrystalline silver in humans at cumulatioses
in the range of 70 to 1500 mg silver/kg body weidditver is observed to have a low potential foinsk
irritation. Eye irritation and some cases of alilergontact dermatitis have been reported. Silvey nause
genotoxicity, but additional data are required $sess its carcinogenic potential. Other report&gtites

include hepatic, renal, neurological, and hemaioldgffects.
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Highlights
(Toxicity of silver ions, metallic silver, and silver nanoparticle materials after in vivo

dermal and mucosal surface exposure: areview)

1. Silver isan ingredient in certain dermal and mucosal medical applications

2. Silver can deposit in the body as particles causing a discoloration called argyria

3. Silver is observed to have alow potentia for skinirritation. Eye irritation and allergic contact dermatitis
have been reported

4. Silver may cause genotoxicity, but additional data on its carcinogenic potential are required



