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Abstract

The increasing use of nanosilver in consumer prisdaed the likelihood of
environmental exposure warrant investigation inetbxicity of nanosilver to aquatic organisms.
A series of studies were conducted comparing tiengy of nanosilver to ionic silver (Apat
acute and sublethal levels. The results of thesis ivere examined for evidence that nanosilver
acts by a different mechanism of toxicity than"Agith the goal of estimating the adequacy of
current water quality regulations based on thecityxbf Ag” to protect against environmental
effects of nanosilver.

A variety of simple methods to separate’ /gm nanosilver by physical exclusion or
charge selectivity were assessed in preliminangissufor the ability to provide insight into the
mechanism of nanosilver toxicity. In a definitiseidy, ion exchange resin was used to remove
Ag" from nanosilver (confirmed by the complete remafadilver from AgNQ solutions) in
order to determine the importance of'Ag acute toxicity of nanosilver @aphnia magna The
acute toxicity of nanosilver tb. magnaafter ion exchange was shown to be similar to ¢fat
untreated nanosilver, suggesting that Agl not contribute significantly to the toxicity the
suspensions, or that ion release occurred rapitly ian exchange.

D. magnguvenileswereexposed to four sizes of nanosilver (10, 20, 30%hdm) and
Ag’ and 48-h LC50s were calculated for each mateBalsed on mass concentrations, all
nanosilver sizes were less acutely toxic thah, Agd a trend of increasing toxicity with
decreasing average diameter of nanosilver was wx$ewith LC50s ranging from 19-42 times
higher than that of Ag Calculations of nanosilver specific surface amed theoretical surface
atoms revealed little to no difference in LC50s amthe four sizes, suggesting that toxicity may
be dependent on the surface properties of nanosikguivalent calculations for an ionic Ag
exposure series resulted in the finding that, im$eof total surface Ag atoms, all sizes of
nanosilver were more acutely toxic than equivaéspiosures of pure Ag This implies either
that a second mechanism of toxicity exists for sédwer which increases its overall potency, or
that the calculation of surface atoms was an uistiarate due to the continuous release of Ag
from nanosilver into the matrix.

Acute-to-chronic ratios (ACRs) were obtained Rimephales promelgs24 hours post
hatch) exposed to both Agnd nanosilver, to test the hypothesis that @diffce in these ratios
would indicate different mechanisms of toxicityhelresults of 96-h acute and 7-day sublethal
toxicity tests produced ACRs for A@and nanosilver that were not significantly difisreased
on their overlapping confidence intervals. Funthere, the observation that the nanosilver ACR
was smaller than that of Agsuggest that if there is a separate toxicity raaigm in nanosilver,
it is unlikely to result in environmental effecteywnd those that would be expected from af Ag
exposure.

Further studies are needed to determine the eegnehich the results of the ion
exchange and size-dependent toxicity tests cattiileuded to nanosilver dissolution. Overall,
the results of these tests do not provide unambigesidence for a mechanism of nanosilver
toxicity other than A§ The U.S. EPA maximum allowable silver conceirafor natural
waters is based on dissolved silver, defined asahich passes through a 0.45 um filter, which
is considerably larger than the average size obsibrer aggregates in the exposure media.
Therefore, the presence of nanosilver in the enwrent will increase the apparent dissolved Ag
concentration, resulting in increased protectivertdgghis criterion.
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|. Introduction

A. Nanosilver in consumer products: a growing nieeanvironmental
toxicology research

The applications for manufactured nanomateriascantributing to a significant
amount of economic growth in sectors including infation technology, medicine,
construction, and consumer products. It has beg@mated that nanotechnology will
contribute $10 billion to the global economy in ReA015 [1]. Nanotechnology is the
manipulation of material on the nanometer scalerevhaique physical properties make
novel applications possible. Nanomaterials cambgaufactured into a range of sizes,
typically from 1 to 100 nm, and a variety of shap@&fie major classes of nhanomaterials
include carbonaceous nanomaterials such as fudlerand carbon nanotubes, metallic
and metal oxide nanomaterials such as nanosile@Q-zinc oxide and nano-titanium
dioxide, and semiconductor materials known as quartdots. The Project for Emerging
Nanotechnologies has produced an inventory of m@hoblogy-based consumer
products, which as of August 2009, has grown tdbJ@¥bducts. The most common
nanomaterial in this inventory is silver, with 26Bthe products listed claiming to
contain nanosilver, “silver nanotechnology” or V&t colloids” [2]. Although nanosilver
has been used as an antimicrobial agent in mepliaatice and in pesticides for more
than a century, new manufacturing techniques néawahe incorporation of nanosilver
into a variety of products. Among the new usesfmmosilver are personal care products,

cleaning products, appliances, water filters, tegtifood packaging and containers,



medical products, and even dietary supplementstenihes often marketed as a “natural”
antimicrobial agent.

The rapid expansion of nanotechnology and its ceroial applications is
threatening to outpace the research on the potehiaverse ecological and health
effects should these materials or their degradadroducts be released into the
environment. Increasingly widespread use of ndwersin consumer products will lead
to an amplified risk of exposure to both ionic sil{Ag") and nanosilver in the aquatic
environments receiving wastewater effluent. Theevidence that fabrics with
embedded nanosilver such as socks have a potentelease silver ions and silver
nanoparticles into wastewater when they are waghéfl It has been estimated that
nanosilver-embedded plastics and textiles willdsponsible for up to 15% of the total
silver released into European waters in 2010, thighexpectation that the market for
these products will increase until 2015 [5].

In order to assess the potential risk of enviromia@lerelease of nanosilver, its
biological effects need to be understood and rélaighe effects of other forms of silver
that occur in the environment. For initial studids)anosilver, it is logical to make
comparisons to Agin terms of its potency, its mechanism of actam its behavior in
natural waters. The goals of these studies shmild determine whether risks of
nanosilver and Agare different and whether current regulations thasethe toxicity of
Ag" will be adequate to protect against the envirortalarlease of nanosilver. The
remainder of this chapter will contain a brief suamynof the occurrence and toxicity of

silver in the environment, a discussion of the atgpef nanosilver which could



theoretically lead to a different set of toxic ete and a review of the evidence on the
toxicity of nanosilver found in published literagur Lastly, | will outline the
experimental framework under which | investigateel potency of nanosilver and its

mechanism of toxicity compared to Ag

B. Occurrence and toxicity of silver in the envinoent

Background levels of total silver range from 1@ (~0.1 — 2.9 ng/L) in
seawater and from 5-50 pM (~0.5 — 5 ng/L) in frestewaEven in highly polluted
aguatic environments, silver has rarely been medsatrmore than 3 nM (~300 ng/L).
Wastewater treatment plant effluents are recograzaetthe primary source of silver to
receiving waters. Historically, silver mining, mdacturing, and the photographic
industry have been responsible for the majoritgilvier pollution, with the rise of
inexpensive digital cameras resulting in a reductibthe total amount of silver released
into the environment. However, the growing poptyaof silver nanoparticle-based
products seems likely to contribute enough sileevastewaters to compensate for any
decreases due to the changes in the photograjmicetry [5,6].

Acute toxicity of Ad, the most potent form of silver, occurs in laborgtstudies
at concentrations ranging from 0.01 to 70 pg/Laniaus freshwater species, making it
the second most toxic metal after mercury [6,7bwver, the bioavailability of Agis
greatly reduced by the presence of chelating agespecially sulfides, dissolved organic
carbon, and chloride, found in abundance in naivedérs. Therefore, most of the silver

in the freshwater environment exists in the leggctoomplexed form, and no more than



40% (depending on the relative abundance of sbuwding ligands) is present as Ag
[8].

The mechanism of acute Atpxicity in both fish and crustaceans is the iitiob
of Na',K*-ATPase at the gills, halting the active cellulptake of Naand Cl, and
leading to circulatory failure and death [9-11]heTproportion of gill ATPase inhibition
that results in mortality is the same in fish aaglthids [9].

The mechanism of chronic Agpxicity is thought to be the same as that fot@cu
Ag" toxicity. Hogstrand and Wood [10] found that tieonic response to sublethal
levels of Ag was identical to the acute response — the impaiptake of Naand Cl
was proportional to Agexposures as low as 5% of the 144-hr LC50 of @intyout.
During 28-day exposures, both appetite and groatéhwere found to be inhibited at 2
png/L Ag. Chronic toxicity of complexed forms ofwr is also thought to be possible,

though is not yet well characterized [11].

C. Theories and evidence on the toxicity of namesielative to A

Nanomaterials have properties related to the&, Shape, and surface chemistry
that are different from the bulk materials from wlhthey are manufactured — this is what
makes them useful in novel applications. Howethes, implies that they maglsoinduce
adverse biological reactions that are unpredictethé effects of the bulk materials.
Interactions between silver nanoparticles and biemdes could lead to pathways of
biodistribution, immune response, metabolism, dadrance that are different from Ag

Alternatively, if the mechanism of toxicity is tisame in nanosilver and Agsome



properties of nanosilver, especially its size, ghamd surface chemistry, are likely to be
related to its toxicity because they may influetieeeffective concentration of the Ag
exposure. In addition, water chemistry paramedech as pH, ionic strength, and
dissolved organic carbon are known to affect thiéase chemistry and aggregation state
of nanosilver and to influence its bioavailabilityhe following paragraphs briefly
describe those properties that are thought to ppertant in influencing the toxicity of
nanosilver, whatever its specific mechanism.

Particle size may influence toxicity because, offeameters being equal,
smaller particles are presumably more able to pateebiological membranes than larger
particles. The size of nanoparticles is on theesacale as proteins, antibodies, and other
biological macromolecules, so under certain coadgithey may pass through cellular
and nuclear membranes via direct transport or gridsis more easily than larger
particles of the same material [12,13]. In a stuging silver, Morones et al. [14] found
that only nanopatrticles of 10 nm in diameter os lesuld physically interact with gram-
negative bacteria and exert a toxic effect. Itdlas been shown that nanosilver has the
ability to move through the chorion pore canalfisif embryos and accumulate within
the organism [7,12,15,16]. Bar-llan et al. [12ketved a slightly increased toxicity in
fish embryos with decreasing silver nanoparticke sand the same size-dependent effect
was found in vitro, with decreasing particle sizeducing increasingly severe effects on
mitochondrial function and membrane integrity [1donversely, Hussain et al. [18]

reported a slight decrease in vitro toxicity of asifver with decreasing particle size.



Specific surface area and surface-to-volume raticease exponentially with
decreasing particle size. Likewise, the proporbbatoms displayed on a spherical
particle’s surface increases an estimated 15-20%nwlarticle diameter decreases from
30 nmto 10 nm [19]. Itis likely that surface am@nd surface atoms are correlated with
biological reactivity, and that therefore, the i of nanoparticles is dependent on
particle size, shape, and surface chemistry.

The surface chemistry of a nanoparticle - its gaand chemical composition -
influences its ability to interact with biomolecs|echelating agents, and other
nanoparticles, which in turn may affect its biodadaility. Interactions between
nanoparticles may result in the formation of aggteg or agglomerates. Aggregates of
particles are more strongly bonded than agglomeral&e surface area of an aggregate
will be smaller than that of the combined surfaEaf the individual particles.
Agglomerates are more loosely bound collectionsimfle particles or aggregates, with
the resulting surface area identical to that ofdmbined surface area of the individual
components [20]. Unaggregated particles may beiiiely to be transported into cells,
and may display a larger bioreactive surface draa aggregated particles. The
aggregation state and size distribution of a nanernah may change depending on
conditions of pH, ionic strength, and dissolvedamrig carbon. In general, nanoparticles
have an increased tendency to form associations;lakecreases and ionic strength and
dissolved organic carbon increase in the matri. [Bpecifically, nanosilver has been
found to have decreasing toxicity correspondinth&increased aggregation due to the

presence of dissolved organic carbon or increasimg strength [22]. Conversely, there



is also some laboratory evidence that dissolvedrocgcarbon in natural waters has the
effect of coating silver nanopatrticles and decregasieir aggregation, leading to
increased toxicity [21,23].

Many methods of nanosilver synthesis include p 8tat adds a surface coating,
capping agent, or stabilizer in order to reducé tlemdency to form aggregates. Some of
the most common additives to nanosilver includeatst sodium borohydride,
polyvinylpyrrolidone, starch, and bovine serum alti [15,24]. The presence and type
of capping agent influences the aggregation behafinanosilver in response to the
environmental conditions such as pH and ionic gitgerand will therefore affect its
toxicity. The surface coating on a silver nanapbetmay either increase its toxicity by
maintaining a suspension of individual particleshwiigher surface area [22], or decrease
toxicity by reducing the bioavailability of the ngparticles. The use of surface coatings,
dispersants, or buffers in toxicity testing of nsiher may maintain its stability and size
distribution, thereby increasing the researchdsibtg to characterize the exposure
completely, but it may also reduce environmentalisen. The extent to which coated
nanosilver is used in consumer products is unknown.

Definition of the properties of nanosilver tha¢ ahought to influence toxicity is a
challenge not usually associated with the studso@iible chemicals, but is a crucial step
in the interpretation of tests with nanomaterigdame of the ambiguities and conflicting
results in the literature discussed in the follayyaragraphs may be explained partly by
the use of different formulations of nanosilvee tise of capping agents, buffers, and

dispersal techniques, such as sonication, or biattkeof complete exposure



characterization. Studies that include completermation on the fundamental
properties and chemical environment of exposurkoeiitribute the most to the ultimate
goal of predicting nanosilver toxicity.

Short term, acute toxicity of various formulatiasfshanosilver to aquatic
organisms has been reported at concentrationsvead®.04 mg/LDaphnia pulexadults
[25]) and as high as 50 mg/D&nio rerio; zebrafish embryos [15]). Sublethal exposures
as low as 0.001 mg/L caused changes in stresedai@ine expression @ryzias latipes
(Japanese medaka) [26]. The mechanism of toxatihanosilver is not agreed upon in
the literature, but three possibilities are commiah$cussed or implied. (1) Toxicity
may be caused directly by Agssociated with the particles. Amay be left over from
the synthesis of the particles, released from #régbes, or displayed on the surface of
the particles. (2) Nanosilver possesses a unigeehamnism of toxicity related to
properties that emerge at the nano-scale. Thei#isean how these properties could
influence toxicity have been discussed in the ptegeparagraphs. (3) Nanosilver acts
to increase the exposure to Aapove that indicated by the dissolved concentraifo
Ag" in the bulk solution. This could be due to int#i@ns between nanosilver and
biomolecules or membranes that result in an exgasua higher concentration of Ag
than that in the surrounding media. While thigespnts a pathway of silver toxicity that
may be unique to nanosilver, it is not a novel naacém of action.

Morones et al. [14] assessed the toxicity of nawersand Ag on
microorganisms and found that the cell morphologs affected differently by each

form of silver. Although the Agconcentration of the nanosilver suspension wasdou



to be present in sufficient levels to contributéhte toxicity, the authors argue that a
novel mechanism of nanosilver toxicity is probathle to the observation that small (1
nm) nanoparticles interact with and penetrate gllenacembrane.

Asharani et al. [15] observed delayed hatching, @d¢creased heart rate, and
phenotypic defects in zebrafish embryos exposedtmsilver capped with organic
compounds (starch and bovine serum albumin) bufAgat Nanosilver was observed via
TEM to have penetrated the chorion of the embryb®reas no such accumulation was
visible in ionic silver treatments. The authoredode, based on this evidence, that there
is a unique mechanism of toxicity associated wéhipulate silver. However, these
comparisons were based on exposure to much higheentrations of nanosilver (00
mg/L) than Ag (2 ng/L), which may have affected the relative toxicity

Griffitt et al. [25] measured the dissolved silypartion of nanosilver exposures
using 20 nm filters and concluded that the acuteiy in adult and juvenild®. rerio, D.
pulex andCeriodaphnia dubiaould not be accounted for by dissolved silvenaloThe
same group (Griffitt et al. [27]) compared molecwdad histological effects db. rerio
gills of nanosilver and concentrations of Agpual to the measured dissolved Agrtion
of the nanosilver exposure. They analyzed gainfient thickness and gene expression
and found significant differences between equiviadxposures of the ionic and
particulate forms of silver. Chae et al. [26] exded the changes in expression of stress-
related genes i@. latipeswith exposure to equal mass concentrations of sibueo and

ionic Ag" and found a different set of responses for eagh.farhese results have led the



authors to conclude that nanosilver and ioni¢ pipduce separate mechanisms of
toxicity.

Laban et al. [7] measured dissolved Agtwo commercially available nanosilver
formulations using filtration, centrifugation, aidP-MS and determined that the toxicity
of nanosilver inPimephales promelg$athead minnow) embryos could not be entirely
accounted for by the presence of dissolved #gne. The same authors also compared
the toxicity of a sonicated nanosilver preparatmnanosilver that was simply stirred.
Sonication was shown to reduce the average siaggkgates as measured by TEM, and
to increase the acute toxicity o promelasembryos tenfold, but not to increase the
concentration of dissolved Ag It was theorized that sonication breaks up gfegates
into individual nanoparticles, increasing the sfiecgurface area and bioactivity of the
nanosilver suspension. Therefore, it was suggéksidhe small concentration of Ag
released from the nanosilver suspension over thedgef the toxicity test may have had
an additive effect on the overall toxicity of thegpesure, but that the nanosilver may also
have exerted a separate mechanism of toxicity.

Some authors have also argued convincingly tleetls not enough evidence to
suggest separate mechanisms of toxicity for naversiind Ag, and that the toxic action
of nanoparticles is more likely to be due to thisilivery of Ag. Lok et al. [22] found
that the toxicity of nanosilver increased with tiition of Ag to its surface, a
condition created by bubbling the nanosilver witlygen. These authors also showed
that small (9 nm diameter) silver nanoparticlesevauch more toxic, on a mass basis,

than larger particles (62 nm diameter), but atnti@ss concentrations of each size that

10



exhibited the same level of toxicity, the theorafticumber of Ag atoms displayed on the
particle surface were also roughly the same. Thesdts, along with the finding that
bacteria strains with a resistance to Agere equally resistant to nanosilver, led to the
conclusion that the mechanism of toxicity of nahesiis identical to that of Ag

Navarro et al. [28] found that both ionic and martte silver influence toxicity in
algae. They measured the ionic’Agncentration of a nanosilver exposure using three
methods: diffusive gradients in thin films, ion-agive electrode, and centrifugal
ultrafiltration. The determination that the conzation of Ag was not high enough to
account for the level of photosynthesis inhibittbat was observed implies a separate
mechanism of toxicity in the nanoparticles. Howewehen cysteine, a strong silver
ligand, was added, the toxicity of both nanosilaed Ag was removed. This led the
authors to conclude that the toxicity of nanosilisemediated by its release of Ag
which may be released only upon contact with cells.

A consensus does exist that nanosilver is lesglgdoxic than ionic Ag, at least
on a mass basis. However, there appears to lkexatience in favor of two conflicting
proposals, that nanoparticles possess a uniqueamisah of toxicity, or that all toxicity
can be accounted for by the presence or deliveiyrnidé Ag'. The third option, that
nanosilver simply provides a unique pathway foiidohg" toxicity, is best supported by
the results of Navarro et al. [28], and may accdonthe findings of other authors who
claim that the toxicity of nanosilver is above teaplainable by the dissolved Ag
portion of the exposure. The difficulty in distinghing which of these is closest to

reality lies in making comparisons between equiviaéxposures of nanosilver and ionic
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Ag®. The complex behavior of nanosilver within itsnfical environment leads to
further difficulties in characterizing the toxicibf nanosilver and its relationship to ionic
silver. Adequate understanding of the relationsloibnanosilver properties and water
chemistry to the toxic response will be the keptedicting the environmental risk posed

by nanosilver.

D. Overview of the scope of this project

This master’s thesis is intended to expand upercthrent literature using
standard toxicity tests as well as new methodwvaluation to characterize the
relationship of nanosilver toxicity to ionic silveihe following three chapters describe
the experiments that were designed in order toigeowsight into the following
guestions:

1) How does the lethal and sublethal toxicitynahosilver compare to that of
ionic silver?

2) Is there evidence that nanosilver acts byetkffit mechanisms than ionic
silver?

3) Is there reason to believe that risks fromremmental releases of
nanosilver would not be adequately addrebygezkisting regulatory
approaches based on the toxicity of ionies?

Ideally, one would make separate evaluationsetakicity of nanosilver and

Ag’, therefore, several methods were also attempteghtove Ag from nanosilver, with

limited success. An ion exchange treatment wasldped in order to remove Agrom
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nanosilver, and the acute toxicity of the treaibeswas again compared with untreated
nanosilver and Ag This was also intended to provide insight itite tjuestion of
whether the toxicity of nanosilver is solely dueXg’, by testing whether the removal of
Ag" from nanosilver results in a reduction of its actaixicity.

Where the ability to make direct observations altoe contribution of Agto the
toxicity of nanosilver is limited, indirect apprdas may be equally valid. To that end,
D. magnawas exposed to four different sizes of nanosi(®€r 20, 30 and 50 nm
nominal) and A§and the LC50s for each size class were expreasedms of total Ag
mass concentration, specific surface area, and@igtoms per mass unit. These
properties are theoretically linked to the nandplas’ contribution of ionic A to the
exposure, with decreasing particle diameter leatbrexponentially greater surface area,
and therefore contributing a higher concentratibAg'. The characterization of an
exposure in terms of its approximate delivery miidcoAg” allows us to evaluate the
likelihood that the toxicity of nanosilver is pragional to its delivery of A rather than
due to a separate mechanism related to the avsiagef the nanoparticles.

The role of Ag in the toxicity of nanosilver was also evaluatgccbmparing the
acute and sublethal effect levels of 10 nm nanesiéwnd Ag to P. promeladarvae. It is
known the mechanism of chronic Apxicity is the same as that for acute"Agxicity in
freshwater fish [10]. Therefore, if the sourcamficity in nanosilver is the silver ion, it
is logical to assume that the ratio of ’AgC50 to sublethal EC20 will be the same as that
of nanosilver. Differing ratios may provide eviderfor a separate mechanism of

toxicity in nanosilver.
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The experimental framework and results of thesdiss are discussed in the next
three chapters. The final chapter addresses thudatery implications of our findings in

relation to the questions listed above.
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I1. Development of methodsfor the separation of Ag* from nanosilver including

evaluation of acutetoxicity

A. Introduction

One of the greatest challenges in these studibg iguantification of the ionic
silver (Ag") content of nanosilver. The direct comparisothefpotency of Ajand
nanosilver is only possible if the two componeras be evaluated separately. One of the
assumptions that informed the early preparationghie masters thesis project was that
nanosilver suspensions may contain a concentrafitree Ad ions at a high enough
concentration to contribute significantly to theitity of the suspension. Ideally, a
comparison of the toxicity of nanosilver and*Agould be made by physically separating
the two components and testing them individuaMyother assumption is that the main
differences between nanosilver and ionic Age charge and size, and that therefore, it
should be possible to separate or removéfAam nanosilver by taking advantage of
these differences. Filtration, centrifugation,lgs#s, ion exchange, and chelation were
initially proposed as separation methods. Filbatnd dialysis physically exclude larger
particles, and centrifugation forces larger paggdhto a concentrated pellet, which can
be analyzed separately from the supernatant. Xoha@ge is a method of separating ions
from a matrix based on their differential charde.a nanosilver suspension, it is
expected that ionic Aghas a much higher affinity for the active bindsitgs on ion
exchange resin, and that uncharged nanoparticlepasgs through an ion exchange

column unaltered. Chelation, or chemical bindifd\g@" that results in a stable complex,
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has also been proposed as way to reduce the blialaiiy of Ag* within a nanosilver
suspension, if it can be assumed that the ligaed dot alter the reactivity of the
nanoparticles themselves. With sensitive enougtiiments, it should also be possible
to measure the ionic Agontent of a nanosilver suspension, and eith@rochte

whether it exists in a high enough concentratiocaatribute to toxicity, or to evaluate its
concentration before and after the treatment obsifrer with one of the Agseparation
techniques listed above. Some of these methodstteen reported in publications on
the toxicity of nanosilver, as summarized below.

A number of publications on the toxicity of narlesr have defined the
concentration of Agwithin a nanosilver suspension as the concentratiter filtration
with a 0.02 um filter. Griffitt et al. [25] measd the dissolved ionic Agn a nanosilver
suspension with filtration and reported that theaamtration was much lower than the
LC50 of ionic Ad, which may indicate that the toxicity of nanosilveas not entirely
attributable to the dissolved Ag+. Laban et3d].Used a similar filtration method to
measure dissolved Agn nanosilver over the course of a 96-h staticosxpe of
zebrafish, and although the Agoncentration was generally higher than the LCB0 o
Ag’, the mortality rate was actually lower than expdct

Those publications that report a centrifugati@psturing the synthesis of
nanosilver state that its purpose is to removeveitimpurities as well as Agbut there
have been no definitive studies on the toxicityahosilver before and after

centrifugation to produce information about thetdbation of Ag' to the overall toxicity
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of nanosilver. Most authors simply include an@sqgre using the supernatant of
centrifuged nanosilver in order to demonstratéaid& of toxicity [12,15,16,22].
Navarro et al. [28] added cysteine, a strong sitvelator, to nanosilver and ionic
Ag" exposures, which effectively decreased the intiipieffects of both forms of silver
on the photosynthetic yield of green algae. Tesilt, together with careful
measurements of the Agoncentration of nanosilver as discussed in tix¢ paragraph,
was used to infer that the toxic action nanosiisetue to ionic A§transferred directly
to the cell membrane even when the dissolvetlidgot high enough to cause toxicity.
Measuring the Agconcentration in a nanosilver suspension is thst miioect
way to address the question of the contributioA@f to toxicity. However, because the
silver ion is toxic to aquatic organisms at extrgnd@w concentrations, the precise
measurement of Agconcentration against a background of a relatiti
concentration of particulate silver is challengirigow concentrations of Agn
nanosilver suspensions were electrochemically medsuising stripping voltammetry by
Morones et al. [14], who found that the releasaepgroximately 1 uM free silver ions
was sufficient to account for at least part oftiwecity observed irkE. coli,. lon-
selective electrodes (ISE) have also been usemdasuring trace levels of Aq
nanosilver suspensions [28,29], however, the eldetdetection limit is usually higher
than the toxic dose of Ador many test organisms, and therefore it caneaided to
determine the contribution of Ago the toxicity of nanosilver. Diffusive gradierin
thin films (DGT) was first described by Davison aftthng [30] for measuring low

concentrations of Ag and later utilized for measurements in nanosibyeNavarro et al.
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[28]. A DGT device is composed of a layer eacpafacrylamide gel and ion exchange
resin separated from the test water by a dialygisibrane. Centrifugal ultrafiltration has
also been used successfully to quantify the dissbAg’ in a nanosilver suspension
[22,28,31]. Navarro et al. [28] measured thé Agncentration of nanosilver using three
methods (ISE, DGT, and centrifugal ultrafiltrafjpand reported an average
concentration of 1% Agin the nanosilver preparation. Those authors weport
sufficiently precise measurements ofAg nanosilver suspensions vary in their
conclusions about its contribution to toxicity. \mMever, in general they suggest that the
Ag" concentration is often high enough to contribotattleast some of the toxicity of
nanosilver. Therefore, to determine whether ndwasexerts a unique mechanism of
toxicity, the bioavailable Agcomponent must be completely eliminated.

The purpose of the experiments described in thsgmt study was to briefly
explore the simplest methods of Agpparation from nanosilver, and where possible,
make comparisons of acute toxicity before and &fdeh treatment. Since this was an
exploratory study a wide variety of experimentakimoels were built progressively, based
on the results from preceding experiments. Eaobguture will be discussed separately,
with the methods and results interspersed with losians about the efficacy of each. A
final discussion section integrates the resultsa@mtlusions of all methods in terms of

their contribution to the evidence concerning trechanism of nanosilver toxicity.

B. Methods, materials, and results
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The initial studies reported below used citratppeal nanosilver that was
synthesized in-house (see Appendix A). The effeaiss and technical simplicity of
filtration, centrifugation, dialysis, ion exchangad chelation was explored. Following
initially promising results, a more extensive studyhe effects of ion exchange on
nanosilver toxicity was completed using a commdscavailable preparation of
nanosilver (10 nm Biopure, nanoComposix Inc). Téwults of these studies on the
separation of AGfrom nanosilver made it possible to infer the rolé\g” in nanosilver
toxicity.

Characterization of the nanosilver before and @femtment is important to
determine that the only thing that has changed tabeususpension is the concentration
of ionic silver. Some methods of Ageparation might cause a change in the matrix that
leads to aggregation of nanoparticles, which magldiected with dynamic light
scattering particle size analysis (DLS; Appendixa@yl UV-VIS spectroscopy (Appendix
C). With this in mind, water chemistry parameterduding pH and conductivity were

also monitored and controlled where possible thinoug each treatment procedure.

Filtration

Cellulose filters with 0.020 pm pore size (Whatinarre used to filter 72 mgt
nanosilver (citrate-capped) with measured parsde of 92 (£1.1) nm. The particle size
of the nanosilver suspension did not decrease fiftation, indicating that particles

larger than 0.020 um were not excluded by therfitteerefore, this method was set aside.
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Centrifugation

Three 5 mL samples of 72 mg lhanosilver (citrate-capped) were centrifuged for
60 minutes at 28,000 rpm. The sample became yiséparated with a clear supernatant
and a denser region of nanosilver at the bottorngdionot form a stable pellet. A 4.5
mL supernatant fraction was carefully withdrawn #otadl Ag concentration was
analyzed in duplicate with graphite furnace atoatisorption spectroscopy (GFAAS;
Appendix D), resulting in a measurement of 1.8 38) mg Ag L), which represented
an average 97.5% reduction from the original catre¢ion of the suspension (72.9 mg
Ag L™ +0.7). Particle size was measured with DLS &fthe-centrifuged nanosilver
suspension, and in the concentrated post-centtitugaanosilver fraction of the three
samples. The particle size in the supernatantnwameasurable, presumably because
the concentration of nanosilver in the supernataa# below the DLS detection limit of
approximately 1 mg AgL. The average of three runs is reported below:

Sample ID ave. particle size, nm (£ SD)

pre-centrifugation 459 (£0.2)

post-centrifugation 1 46.8 (x 0.9)

post-centrifugation 2 46.2 (£ 0.7)
post-centrifugation 3 46.0 (£ 0.7)

The effect of centrifugation on the acute toxi@fynanosilver orDryzias latipes
larvae was examined. A nanosilver preparationeeasrifuged as described in the
previous paragraph, and a 4 mL supernatant fraectasseparated from a 1 mL
concentrated nanosilver fraction. The concentratawsilver fraction was resuspended

in culture water made from 25% moderately hard metituted water and 75% deionized
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water (25% MHW), and diluted to nominal concentrations of 1853and 75 mg t:
nanosilver, both pre- and post-centrifugation. efstcifuged supernatant fraction was
included as a control treatment. Five organism& k@urs post hatch were added to 5
mL of exposure solution in small plastic cups. &xres were performed in duplicate.
Mortality, defined as lack of movement for 30 sedtmnwas observed at 24 and 48 hours.
Exposures were not renewed. Temperature was nradtaith a 25° C water bath
within an enclosure. Conductivity and pH were nuead in the bulk solutions and found
to average 0.48 mS and 7.3, respectively. Totat@wgentrations were measured with
GFAAS at the time of test initiation and used ticakate LC50 by regression analysis
(Toxicity Relationship Analysis Program v. 1.21SUEPA) or the trimmed Spearman-
Karber method where the data did not fit the regjoasmodel.

Nanosilver settled and accumulated as a blackdinthe bottom of the exposure
chambers in the centrifuged treatments, but ntterchambers containing non-
centrifuged nanosilver suspensions. Survival w4 in dilution water control and
supernatant treatment (measured at 3.38114d). Survival was slightly higher in the
centrifuged treatments in than the unaltered narersstock, as indicated by an LC50
(and 95% confidence interval) for centrifuged nalves of 9.08 (2.8, 29.41) mg't and
2.06 (0.48, 8.75) mg L for unaltered nanosilver. The wide, overlappingftdence
intervals make it impossible to say whether thedibxof pre- and post-centrifuged

nanosilver was significantly different. Also, thest did not include a sufficient number

! This culture water formulation was developed dgineliminary studies comparing the toxicity of
nanosilver and nano-titanium dioxide (nB)OBecause nTighad a tendency to agglomerate in water of
higher ionic strength, and test organisms werdanant of water of lower ionic strength, this forimwas
devised as a compromise.
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of test organisms per treatmen} &s specified in standard acute toxicity test mmesh
(ASTM Standard E 729 — 88a,1991) to be able to naadefinitive conclusion of the
effect of centrifugation on nanosilver toxicityf the measured Ag in the supernatant is
assumed to be dissolved Agmoved from nanosilver during centrifugatiorséems
insufficient to account for the observed reducimioxicity post-centrifugation. Itis
possible that more dissolved Adid exist in the pre-centrifuge nanosilver, buttthe
high energy of the centrifuge caused it to reinooafe into less bioavailable
nanoparticles, and that this led to a reductiotowicity. There are three other possible
explanations for the observed reduction in toxiaiigher the Agwas not completely
removed from the nanosilver, or the toxic’Amponent of centrifuged nanosilver is
reestablished during the exposure period, or thesiber retains its toxicity when Ag
is removed. Future expansion of this experimeatikhaddress the lack of stability
evident in the centrifuged nanosilver during thpasure period. Further conclusions
about the source of toxicity of centrifuged nangsilare made in the next paragraph on

chelation.

Chelation

The effect of a strong silver ligand, sodium thidste (NaS,03) on the acute
toxicity of nanosilver (citrate-capped) @ryzias latipegJapanese medaka) larvae was
evaluated concurrently with the experiment desdribehe previous paragraph on
centrifugation. Dilutions of pre- and post-cenigé nanosilver concentrate fraction, as

well as a supernatant control, were prepared vaé BIHW. Nanosilver preparations
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with nominal concentrations of 18, 37.5, and 75Lifgvere prepared in bulk and
divided into four replicates of 5 mL each, in snpéistic cups. Two replicates of each
concentration were spiked with 50 pL of 8.5 §Ma,S,0; solution for a final
concentration of 85 mgt Five <24 hours post hatch larvae were added afte
thoroughly mixing the thiosulfate solution into thanosilver preparation. Controls
included 25% MHW and supernatant fraction spikethwhiosulfate. Exposures were
maintained and mortality was observed as describdte previous paragraph. Survival
was 100% in all controls, as well as all thiosw@fapiked pre- and post-centrifuge
nanosilver concentrations and the supernatantreidre, the addition of thiosulfate
removed toxicity from both the centrifuged nanaosiland the unaltered nanosilver up to
the highest concentration tested. If the assumpsionade that the chelator removes
toxicity by reducing the bioavailability of Agand not by altering the toxic action of the
nanoparticles themselves, these results implysihatce of acute toxicity of nanosilver is

ionic Ag', at least at these concentrations.

Dialysis

A preliminary study was conducted on the efficatdialysis as a method for the
separation nanosilver and AgDialysis membrane pore size (SpectraPor 7) Wasen
based on a chart provided by Spectrum Labs shotengpproximate relationship
between diameter in nanometers and kilodaltons XkBamembrane with a molecular
weight cut-off (MWCO) of 10 kDa, corresponding torp size of less than 5 nm, was

considered adequate to retain 10 nm nanosilvegh Burity cellulose dialysis tubing
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with a width of 15 mm was selected because ofiteemely low heavy metal content.
To prepare a sample for dialysis, a segment ofsimmembrane was sealed with a
plastic clip on one end, filled with 10 mL of samp$ealed on the other end, leaving a
small air space, and rinsed with deionized waldre sample was suspended in a glass
beaker filled with 2000 mL of the appropriate maaind a magnetic stir bar. The
dialysis beaker was placed on a stir plate witlspised adjusted to keep the dialysis
membrane rotating freely in a vertical positiond @overed with ParaFilm and aluminum
foil to prevent evaporation and exclude light fat&hour equilibration period. Total Ag
was analyzed with GFAAS in the solutions both iesihd outside the membrane.

An initial experiment demonstrated the abilityaof0 mg [* Ag* solution to pass
freely from inside the dialysis membrane and cooneduilibrium with the matrix outside
the membrane. Approximately 82-96% of the expeetdlibrium concentration of Ag
was attained both inside and outside the membmadieating a 4-18% loss of silver to
surfaces in the dialysis system such as the dsatgeimbrane, glass beaker, plastic clips,
or magnetic stir bar.

With the ability for dissolved Agto pass through the membrane established, a
series of dialysis beakers was set up to evalbatahility of Ad to pass through dialysis
membrane from nanosilver (citrate-capped). Thelibgum concentration of Agwill
only become established if the solution inside amidide the membrane is iso-osmotic;
however, the concentration of free citrate in trasosilver formulation was unknown. It
was assumed that some proportion of citrate madsowkere removed from solution

during the synthesis procedure and incorporatedtire nanoparticles, leaving some
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unknown concentration of free citrate in the nalwesimatrix. This was accounted for
by weighing the prepared dialysis bags before dted dialysis; a change in weight
would indicate an osmotic imbalance. Pre-dialysisosilver particle size, UV-VIS
absorbance spectra, and total Ag concentration meesured. Four dialysis bags were
prepared with 72 mgt citrate-capped nanosilver (see Appendix A for bgats

method). Two of the prepared dialysis bags weaeqd in beakers containing a citrate
solution measuring 100% of the maximum free citcatecentration that would be
present if none was bound to nanosilver, and twe wkaced in beakers containing 50%
of that concentration. Samples collected fromidetthe membrane were analyzed for
total Ag with GFAAS at 0, 24, and 48 hours. A& hours of dialysis, the bags were
weighed, and the contents were analyzed for DL8gmsize, UV-VIS absorbance
spectra, and total Ag concentration.

Table 2-1 summarizes the changes that were oltbanost-dialysis nanosilver
in both citrate treatments. Treatment “A” refaygte dialysis beakers that contained
100% of the citrate concentration specified indfethesis method, and Treatment “B”
refers to the dialysis beakers containing 50% af titrate concentration. Total silver
concentration inside the bag decreased approxiyna®8b in treatment A and 24.4% in
treatment B. The concentration of silver, presumalg”, that passed through the bag
into the citrate matrix was measured at an aveos&de8 pg L in treatment A and 0.13
ng Lt in treatment B. Accounting for the dilution factthis corresponds to a loss of
0.5% and 0.03% in treatments A and B, respectivélye concentration of dissolved

silver outside the membrane did not account forfalidoss of silver inside the
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membrane in either treatment; indicating that eithat a large amount of silver sorbed
onto the surfaces of the dialysis system, or thetiled out of suspension. This loss due
to sorption was much greater in nanosilver suspesshan the Agsolutions described
previously, and made a mass balance analysis afigihsis of Ad out of nanosilver
impossible.

In addition to a decreased silver concentratioa,heasurements of particle size,
UV-VIS absorbance spectra, and post-dialysis baghweevealed changes in those
aspects as well. The patrticle size increased appately 19% and 16% in treatments A
and B, respectively, with a corresponding shifthe absorbance peaks from 440 nm to
450 nm. The absorbance intensity also decreasgddr85 absorbance units (AU) to
1.00 and 1.45 AU in post-dialysis nanosilver treaits A and B, respectively. A
comparison of the absorbance spectra of pre-arntedmygsis nanosilver at similar Ag
concentrations shows that these changes canndtribeited to dilution alone. A
broadening of the post-dialysis absorbance peaksaiggests a change in the optical
properties of nanosilver during dialysis (Fig 2-1).

The weight of the dialysis bags in treatments A Brincreased approximately
1% and 4.3%, respectively, during dialysis, inditgithat a lack of osmotic balance
caused movement of water into the bags, but theiakl did not account for the decrease
in silver concentration inside the bags. Furtheema dark grey film was observed
accumulating on the inside of the dialysis bagdaiomg nanosilver, an indication that

the particles were no longer in a stable suspensidinof these observations led to the
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conclusion that the citrate-capped nanosilver viaseal during dialysis to a point where
this material was no longer relevant for toxicitydies.

The primary objective of this experiment was towhhat Ag can be removed
from nanosilver using dialysis by completing a maalance analysis and/or by testing
the acute toxicity of pre- and post-dialysis nalvesj but neither of these evaluations
was possible given the results reported aboveth&udialysis studies using nanosilver in
a matrix of known composition and concentration ldaliminate the variable of
unknown osmolarity of citrate in the nanosilver mat

Table 2-1 Summary of nanosilver characterization measurésrtsefore and after
dialysis

inside outside
Treatment ID _ [Adf, mgL® [Ag]° ug L' Aweightt,g PS,nm AU°
pre-dialysis 66.7 N/A N/A 7 0.9 2.85
A 10096 33.3 1.80 + 0.26 87.3+0.8 .01
B 5098 50.4 0.131 +1.15 84.7 £1.11.45

A72 mg L* nAg dialyzed against 100% citrate

B 72 mg ! nAg dialyzed against 50% citrate

€ Total Ag concentration measured inside dialysig &ier 48 hours of equilibration
P Total Ag concentration measured outside dialyaig &fter 48 hours of equilibration
E Change in the wet weight of the filled dialysignd clips over 48 hours

F DLS particle size measurement, average of 3 runs

& Absorbance units at peak height
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Figure 2-1 Analysis ofUV-VIS absorbance spectra of nanosilver beforeadtet
dialysis
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A comparison of pre-and post-dialysis nanosilveakpbeight at similar Ag concentrations (Pre-diaysi
nAg 46.5 mg Tt and post-dialysis nAg treatment B 46.6 ity $hows that the decrease in absorbance
intensity in post-dialysis nanosilver cannot beikttted to dilution alone. The wavelength at pbaight
is 440 nm for each dilution of pre-dialysis nanesit the wavelength at peak height is 450 nm fatpo
dialysis nanosilver. The broadening of the absadsapeak in post-dialysis nAg also suggests a ahang
the optical properties of nanosilver during diakysi
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lon exchange part 1, method development and cheniaation of treated nanosilver

A preliminary study compared the ability of an xchange resin to bind silver
in both the Ag and nanosilver forms. SIR-300 HP cation exchaegim (ResinTech,
West Berlin, NJ has a charge selectivity that tateally will bind the free Ag
component of a nanosilver suspension and not tblkearged nanosilver. Five ml of 15
mg L™ nanosilver suspension was applied to an ion exgghaalumn, prepared and
eluted as outlined above. Three mL eluate fractiware collected and analyzed for total
Ag by GFAAS.Thirty mg of sodium chloride-activateskin was added to four 200 mL
glass beakers. Solutions of A@s AgNQ) and a nanosilver suspension of the same
mass concentration (0.72 mg)Lwere prepared by dilution in deionized water, 466
mL of each solution was added to the ion exchaeg@er The beakers were placed on
magnetic stir plates; samples were collected aBQ560, and 120 minutes and analyzed
for total silver concentration with GFAAS (Append. This batch treatment resulted
in nearly 100% of the ionic silver being bound bg tesin within 15 minutes, while the
total silver concentration of the nanosilver suspems decreased by only 10-25% in the
same period. This indicated that the HP 300 HR résund dissolved Agand left
nanosilver, suggesting a promising lead for theettgyment of a method to separate’ Ag
from nanosilver.

This method was refined by utilizing ion excharg&imns, which are generally
more efficient than batch treatments, and easibyalor the collection of treated
samples for further analysis. Commercially avddaincapped nanosilver (10 nm in

phosphate buffer, BioPure, nanoComposix, San Di€gg,was used rather than citrate-
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capped nanosilver for these tests, because oktbasve characterization data provided
by nanoComposix and to allow for the comparisorestilts among the other studies
under the scope of this project (see Parts Il @ind |

A glass column with a 30 mL bed volume was fittéth a stopcock and filled
with 17 mg resin. The resin was activated by paufive bed volumes of 3% NaCl
solution through the column and rinsing with demma water until the conductivity of
the eluate stabilized (measured less than®0 The void volume (10 mL) was
approximated by pouring NaCl through the column aredsuring the conductivity of the
eluate. The capacity for this volume of resinituda high concentration of Agvas
demonstrated by passing 5 mL of 15 myAg* (as AgNQ) through the column. After
discarding one void volume, the eluate was colttate3 mL fractions, which were
analyzed for total silver by GFAAS. The resultewld only trace amounts of Ag
remaining in all fractions, which, when diluted, éess than 10% of the 48-h LC50 for
D. magnguveniles (See Part lll). This indicated thattheory, any ionic silver present
in nanosilver could be bound by the resin and wraatpassed through the column would
be essentially free of ionic silver.

Five mL of 15 mg [* nanosilver was applied to an ion exchange column,
prepared and eluted as outlined above. Three mdtesfractions were collected and
analyzed for total Ag by GFAAS. The fractions witte highest total Ag concentrations
were pooled and reanalyzed with GFAAS, DLS, and\WU$-absorption. A portion of

the pooled nanosilver was set aside for toxicigfig, and the remainder was
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immediately subjected to a duplicate ion excharrgegdure using a new column to
determine whether any additional ionic silver weigined.

This procedure was performed three times on agpdays, and coincided with
two tests of acutBaphnia magndoxicity with untreated and ion exchange-treated
nanosilver. Mass balance calculations (Table 2A2)ude all fractions of eluate
collected after nanosilver was passed throughahenmn. Test 1 resulted in an 8.7%
reduction in total Ag in post-ion exchange nanasil\a second ion exchange treatment of
the sample was not performed. Test 2 resulted?ih. 2% decrease in total Ag during the
first ion exchange treatment, and a further 12.@rehse when the sample was re-
treated 90 minutes later, while the test 3 resutietl6% and 21.5% decreases in total Ag
after each of the two treatments, respectivelye Wériation of Ag reduction from 8.7 to
24.7% is similar to the between-replicate variatddri0-25% observed in the batch
treatment ion exchange studies described previously
It is unknown whether the observed decrease ih Agfafter the second treatment of
each test reflects the removal of additional &wat had been released from the particles
after the first treatment, or whether it resultezhf retention of particulate silver in the
column.

Particle size and UV-VIS absorbance data werectdt only during test 2 in
order to compare these characteristics for narersthat was both untreated and
subjected to a single ion exchange treatment ($perdix C for methods). The
concentration of the nanosilver after the seconcexchange treatment was too low for

particle size and UV-VIS analysis. After the iaittreatment with ion exchange, the
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average particle size of the nanosilver susperisieased from 38.9 nm pre-ion

exchange to 75.3 nm, possibly indicating aggregat the presence of ion exchange

resin. The UV-VIS data show the wavelength at pezdorbance increased from 385 nm

pre-ion exchange to 395 (Fig 2-2). These resnttate that both the physical and

optical properties of the nanosilver were altergdhe ion exchange treatment, although

the changes were less significant than the chamigesrved in nanosilver subjected to

other treatments (centrifugation and dialysis).

Table 2-2 Nanosilver ion exchange mass balance

% decrease in total [Ag]
Test lon ex. treatment1  lon ex. treatment 2

1 8.7 N/A
2 24.7 12.0
3 9.6 21.5

Treatment of nanosilver with ion exchange resimgolis resulted in a reduction of total silver
concentration from 8.7 to 24.7% (lon ex. treatmBnt A secondary treatment of the same sample
nanosilver using a new column (lon ex. treatmentglted in a further reduction of total silver
concentration of 12.0 to 21.5%. This variatiorsimilar to that observed between two replicatemnf
exchange batch-treated nanosilver, as describepage 29.
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Figure 2-2 UV-VIS absorbance analysis nanosilver before dted @n exchange (Test
2)

2.0
385 nm
] ——=1 395 nm
1.8 =
1.6
1.4 1
=)
< 1.2
8
Q 1.0 +
8
5 0.8
(2]
< 06
0.4 ~
0.2 ~
0.0
T T T T
300 400 500 600 700 800
A, nm
Untreated nanoAg (10 mg').
~~~~~~~~~ NanoAg, ion exchange treatment 1 (4.0 niyy L
——— NanoAg, ion exchange treatment 2 (0.6 niyy L
The decrease in peak height in post-ion exchangecof&esponds to the decrease in Ag concentration;
wavelength at peak absorbance shifted from 3850n8®% nm during ion exchange treatment 1. The
shape of the peak does not appear to have beaedlby ion exchange.. The concentration of the
nanosilver after the second treatment was too mvaflequate characterization of UV-VIS absorbance.

lon Exchange part 2, acute toxicity of pre-and gostexchange nanosilver

The effect of ion exchange treatment on the amxieity of nanosilver was
evaluated with 48-B. magnaexposures, in order to test the theory that plgys a
strong role in nanosilver toxicity. If the toxigiof nanosilver is largely due to the
presence of Agin the suspension, and if the free*Amn be removed with ion exchange,

and if the nanosilver does not release morédging a toxicity test, then it is expected
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that ion exchanged nanosilver will have lower a¢asgcity to D. magnathan untreated
nanosilver.

The nanosilver formulation that was used for theses is shipped as a 1000 mg
Ag L™ concentrate in a buffer of 2 mM phosphate. Algitothe concentration of
phosphate buffer in post-ion exchange nanosilvanisiown, initial studies confirmed
the lack of toxicity tdD. magnaof the phosphate buffer present in nanoComposix
Biopure nanoparticles (10 nm), at these dilutid®se( Appendix B).

The pooled fractions of nanosilver treated ondé van exchange were serially
diluted in filtered Lake Superior water (LSW) in%0dncrements to prepare exposures
ranging from 1.56 pgLto 50 pg [* (hominal concentration). Untreated (pre-ion
exchange) nanosilver was likewise diluted to pregaposures of the same
concentrations. Other treatments included an L$Wrol and a column blank control,
which was produced by passing deionized water tirahe ion exchange column before
adding nanosilver, and diluting the eluate in LSWhe same level as the highest
nanosilver exposure. To compare the effects obsiarer to Ad, an ionic silver
reference treatment was prepared by diluting a 6. 1hAg* solution (as AgN@ in
LSW in 50% increments ranging from 0.25 pi§to 4 pg L.

The conditions of these acute tests fit the aad®litly criteria specified by ASTM
Standard E 729 — 88a,1991. All exposures weregpeeipin bulk and divided into
duplicate 30 mL glass beakers filled to a volum@®imL. Ten, 3-5 day-olB. magna
juveniles were collected from the MED culture wamtd acclimated to the dilution water

for 4 hours before exposure. Samples were colldoietotal Ag analysis with GFAAS
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immediately after adding organisms, as well aslaard 48 hours. Beakers were
covered with a glass plate and kept on the berlofta temperature-controlled (temp?)
laboratory with a 16:8 photoperiod. Temperatuissalved oxygen, and pH were
measured in one replicate of each concentrati@aci treatment series per day, using
meters (YSI, Inc., Yellow Springs, OH) that werditlwated weekly, and averaged 20.4
°C, 9.10 mg [} O,, and 6.64, respectively. Particle size and UV-$f@ctroscopy is not
possible at the low concentrations of these exgss{gee Appendix C for a summary of
particle size behavior at higher concentrationsxposure system matrixes). Exposures
were not renewed. Mortality, defined as lack ofvemaent for 30 seconds, was
determined at 24 and 48 hours. LC50s were detedaniith regression analysis
(Toxicity Relationship Analysis Program v. 1.2, UEPA) using the average measured
exposure concentration.

This test was conducted twice, corresponding withexchange mass balance
tests 2 and 3 above. During test 2, the organsrawed signs of stress (i.e. poor
survival during acclimation period), but the testsxcompleted anyway due to a shortage
of healthy organisms. Test 3 was conducted witbranalD. magnaculture. Despite
the perceived differences in the initial healthisaf the organisms, the LC50s of the
Ag" reference treatments were almost identical in bests: 0.40 pgtand 0.39 pg t
respectively (Figure 2-3). An error in dilutionsrohg test 2 prevented a direct
comparison of LC50s of pre-and post-ion exchangieity. In test 3, the LC50s of pre-
and post-ion exchange nanosilver were 2.79 figrid 2.15 pg t respectively (Table 2-

3).

35



The purpose of these toxicity tests was to detegrthie effect of ion exchange
treatment on the acute toxicity of nanosilver bynparing the LC50s of pre-and post-ion
exchange nanosilver. It is difficult to say whetttee LC50s of the pre-and post-ion
exchange nanosilver from test 3 are significantffecent in a statistical sense, because
the variance of these observations is unknown. <dmple metric of comparison is the
degree of overlap of the 95% confidence intervatdlie LC50s; the fact that they do
overlap can be used to suggest that they are grfisantly different. Another way to
evaluate the likelihood that the LC50s are sigaiiity different is to make a reasonable
estimate of the variability of LC50s among testdqrened under identical conditions.
The LC50 for Ag of both tests had less variability (0.40 vs 0.8 yithan the LC50s
for post-ion exchange nanosilver (2.79 vs. 2.1% agherefore we might assume that the
difference in LC50 between post-nanosilver testgiiin the normal range of
variability. Perhaps the most conservative intetgtion of these results is that ion
exchange does not appeagteatlyaffect nanosilver toxicity, despite the evidencat th
100% of ionic silver is removed by ion exchange.

This implies two possibilities for the role of Ag nanosilver toxicity: either, 1)
the removal of A§has no effect on the toxicity of nanosilver, o’A2)’ can be removed
but quickly reestablishes a lethal concentratiotiewrthe conditions of this toxicity test.
If the first possibility is true, it may be eitheecause nanosilver possesses a unique
mechanism of toxicity or that nanosilver retairssability to transfer Agto biological
targets even when no dissolvedAg present in the matrix. The second option seems

likely, given that the endpoint was measured at@d@s, a considerable length of time
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for an acutely toxic concentration of Agp become reestablished. Given the 48 hour
LC50s of Ag in these tests, only 10% to 17% of the total siiveuld have be present as
Ag" to account for the observed toxicity in post-iocleange nanosilver. It is possible
that a test with an earlier endpoint can be dewzldp evaluate the toxicity of post-ion

exchange nanosilver before its Agpncentration is reestablished.

Table 2-3 Results of two 48-hb. magnaacute toxicity tests with pre- and post-ion
exchange nanosilver (10 nm, nanoComposix), with iference treatments

Test Test substance 48-hr LC50s, I ®5% LCL, UCL)
2 Ad 0.40 (0.26, 0.63)
Untreated nanoAg not calculable*

Post-ion exchange nanoAg4.88 (3.48, 6.85)

3 Ag' 0.39 (0.35, 0.43)
Untreated nanoAg 2.79 (2.23, 3.49)
Post-ion exchange nanoAg2.15 (1.74, 2.66)

APost-ion exchange nanosilver used in toxicity tBsiad 3 corresponds to ion exchange tests 2 and 3
described on pages 29-32. Also see Table 2-2 aqur&i2-2 for characterization data

*Unable to calculate LC50 for untreated nanoAg esgpe series during test 2 due to a dilution err@ee
dose-response curves in Figure 2-3 for a compartdahe survival in the pre- and post-ion exchange
nanosilver treatments from this test.
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Figure 2-3 Concentration-response curvedofmagnasurvival during 48-hr exposure
to untreated and ion exchange-treated nanosilenid, nanoComposix, Inc.)
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APost-ion exchange nanosilver used in toxicity tesisd 3 corresponds to ion exchange tests 2 and 3

described on pages 29-32. Also see Table 2-2 aqur&i2-2 for characterization data

Data points and error bars indicate treatment meatandard deviation
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C. Conclusions and discussion

The effects of filtration, centrifugation, chetati dialysis, and ion exchange on
the character and toxicity of nanosilver have b#isoussed in terms of their feasibility
and likelihood of providing insight into the rolé Ag™ in nanosilver toxicity. Given the
limitations of time and resources, those that sekeamikely to provide these answers
were abandoned in favor of more promising techrsgakhough any one of these could
be explored much more extensively. The ambiguitye results discussed in this
chapter led us to investigate indirect, rather ttaect methods to compare the toxicity
of ionic Ag" and nanosilver. The remaining experimental chiaptescribe tests that
focused on the comparison of the toxicity of urralienanosilver suspensions and Ag

solutions.

39



[I1. Particle size-dependent acute toxicity of nanosilver to Daphnia magna

A. Introduction

Because it is generally assumed that nanosilv@theability to release Agand
the results of the tests described in Part Il ssigipat relatively high concentrations of
Ag" may become reestablished in nanosilver prepasationn after it has been removed,
direct observations of nanosilver toxicity in thesance of Amay not be possible. An
investigation into the acute toxicity of multipleas of nanosilver was designed in order
to characterize the toxicity of nanosilver in terafisnass concentration, specific surface
area and estimated number of particle surface at#xagiscussed in the introductory
chapter, it has been theorized that nanosilvectiyxmay increase with decreasing
particle size, either due to the increased surdaea that is available to release’Ag
higher particle count, higher effective exposure ttuthe enhanced ability of smaller
particles to penetrate cell membranes, or a cortibmaf any of these.

Evidence for a particle size effect has been tepdry Lok et al. [22], Carlson et
al. [17] and Bar-llan et al. [12]. Lok et al. coarpd the antibacterial activity of
nanosilver with average particle diameters of @@ 82 nm, and investigated the effect
of adding Ad ions to the surface of these particles with angexybubbling technique.
They calculated the available Am each exposure and found that the antibacterial
activity of nanosilver was strongly correlated wiitle theoretical number of Agitoms
available on the particle surface, concluding thatgreater antibacterial activity of the

smaller particles was due to the increased sudees-to-mass ratio. Carlson et al. [17]
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compared silver nanoparticle sizes of 15, 30, &drb and found no statistical
difference in toxicity between 15 and 30 nm paeticlout both were significantly more
toxic than 55 nm particles in an in vitro studyalmeolar macrophages. Bar-llan et al.
[12] compared the mortality of zebrafish embryaduiced by equal mass concentrations
of 3, 10, 50 and 100 nm particles and found inengg®Xxicity with decreasing particle
size. In contrast, Hussain et al. [18] reported 00 nm nanosilver was slightly more
toxic than 15 nm nanosilver in an in vitro studyratliver cells.

A preliminary range-finding test of acute toxycih D. magnaneonates using
four nominal sizes of uncapped nanosilver (10,320and 50 nm) indicated a clear
particle size effect, with toxicity inversely redatto size. A definitive experiment was
designed in order to compare the 48-hr LC50s df @ithese sizes as well as’A@s
AgNO3). The LC50 of each size material was expresseéerims of mass concentration,
specific surface area and surface atoms These surface properties were used to
approximate the concentration of available Agthe exposure, with decreasing particle
diameter corresponding to an exponentially gresiigiace area, and an increasing

effective Ag concentration.

B. Materials

BioPure nanosilver preparations were obtained fnamoComposix, Inc. (San
Diego, CA) in the form of 1000 mg/L purified, morisperse suspensions with average
particle size of 10, 20, 30 and 50 nm stabilized lhmM phosphate buffer. A

commercial source of nanosilver was used for ttimitige work reported here rather
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than the in-house synthesized citrate-capped naeosiescribed in Part Il, because the
commercial product is of consistent quality, itsuccteristics are well defined, and it is
available in a range of sizes in 10 nm incremeifitsis nanosilver preparation is
stabilized with a phosphate buffer to prevent aggation and settling, but is not
“capped” as is the citrate-capped nanosilver dsedisn Part Il. The characterization
data provided by nanoComposix, including averagagba size measured by both
transmission electron microscopy (TEM) and dynaligiat scattering (DLS), and
wavelength at peak absorbance as are outlineddle Bal.

Table3-1 Summary of characterization measurements repéstathnoComposix
BioPure nanosilver (10, 20, 30 and 50 nm nomingiga size)

nominal size, nm TEM dia., nm (SD) DLS dia., nm (S} )\ at peak abs, nt

10 10.2 nm (1.7) not provided 390
20 20.3(1.9) 27.0 (10.8) 400
30 34.4 (3.4) 42.7 (25.0) 410
50 53.1 (4.1) 57.9 (23.5) 420

A Average particle diameter measured by transmigsliectron microscopy
B Average particle diameter measured by dynamid Eghttering

€ Approximate wavelength at peak absorbance; aeaserin wavelength of about 10 nm with every 10|nm
increase in particle diameter is typical.
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C. Experimental design

The conditions of these acute tests fit the aad®iitly criteria specified by ASTM
Standard E 729 — 88a,1991. All test solutions weepared in bulk and divided into
duplicate 30 mL glass beakers filled to a volum@®imL. 3-5 day-old. magna
neonates were collected from the culture unit (&EBA Mid-continent Ecology
Division, Duluth, MN) and acclimated for at leash@urs in dilution water containing
approximately 30 mg Lof a nutrient slurry (yeast, cereal leaves andttchow; YCT)
before adding 10 organisms to 2 duplicate beaker®(per treatment). Organisms were
not fed during the exposure period. Samples welteated for total Ag analysis with
GFAAS immediately after adding organisms, and aai2d 48 hours. Beakers were kept
on the bench top in a temperature-controlled laboyavith a 16:8 hour photoperiod, and
covered with a glass plate. Temperature, dissabgden, and pH were measured in
one replicate of each concentration of each treattiseries per day, using meters that
were calibrated weekly (YSI, Inc., Yellow Sprin@H), and averaged 20.7 °C, 7.87 mg
L™ O,, and 7.02, respectively. DLS particle size arialgad UV-VIS spectroscopy are
not sensitive enough at the low concentrationh@$é¢ exposures; see Appendix C for a
summary of the effects of dilution in exposure nxa on particle size. Exposures were
renewed at 24 hours by filling clean beakers watvexposure stocks and carefully
transferring the surviving organisms to the newosxpe chambers. Mortality, defined as
lack of movement for 30 seconds, was observed angd448 hours.

LC50s were determined with regression analysixi€City Relationship Analysis

Program v. 1.21, U.S. EPA) or with the trimmed Spem-Karber method where the
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data did not fit the regression model. LC50s weulated based on the average
measured exposure concentration and expresseaia té mass concentration, specific
surface area, and the theoretical number of sugtaras per L of nanosilver. Specific
surface area and the theoretical number of Ag attispdayed on the surface of the

particles were calculated using the nominal patstte of each exposure series. Surface

area of a single particls, nnf, was calculated with the formuda 77(E2. The specific
surface area, nhi. ™, was obtained by multiplying the surface area sihgle particle by
the total number of particles per L, which was gkted using the density of silver (10.5

g/cnt at 27°C). The theoretical number of surface ai@ris™, was calculated with the

formula S = , WhereQ is the diameter of a silver atom (0.25 niM)s the

6[Q(N)
q

number of atoms per L (based on the average masewctrations determined by GFAAS
measurements during the exposure), @iglthe nominal particle diameter (Lok et al.
[22]). Both of these equations rely on the assionghat all particles in the suspension

are spheres of equal diameter, and so are rouighatss.

D. Results

This series of tests was conducted on two sepacatgsions; the results of each
series are identified in the following discussigntbeir dates. A general trend of
increasing toxicity with decreasing particle diaeretias apparent in both data sets, when
LC50s were expressed in terms of mass concentr@enTable 3-2 and Figure 3-2).
The overlap of the 95% confidence intervals (Cis)the LC50s was used to determine

the likelihood that they were significantly differte In test 1, the Cls of the LC50s for 10
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nm, 20 nm and 30 nm nanosilver did not overlapJevie 30 nm and 50 nm Cls did
overlap. Intest 2, only the 50 nm LC50 CI did owéerlap with the other Cls, and so
appears to be significantly less acutely toxicdigsolved Ag exposure series was
conducted simultaneously with test 2 and resulteal higher than expected LC50 of 0.98
1g L, which may indicate that the daphnid culture vess Isensitive at that time, and

may explain the higher nanosilver LC50s in tesb@pared to test 1.

Table 3-2 Comparison of 48-hD. magna.C50 (mass concentration) for multiple sizes
of nanosilver (nanoComposix, Inc.)

LC50 (95% CI), ug &

material Test1 Test 2

Ag® not measured 0.98 (0.33, unknown)
10 nm 431  (3.11,5.97) 9.60 (7.53,12.22)
20 nm 8.00 (6.58,9.72) 13.62 (11.59, 16.00)

30 nm 18.43 (15.78, 21.34) 17.57 (15.15, 20.3%)

50 nm 24.48 (20.15, 29.74) 30.36  (26.80, 34.39)

Aln test 1, the 20 nm and 30 nm LC50 are signifigaditferent from all smaller sized materials, basm
non-overlapping confidence intervals

BIn test 1, the 50 nm LC50 is significantly diffetavith respect to 10 and 20 nm nanosilver only

€ In test 2, the 30 nm LC50 is significantly diffatavith respect to 10 and 50 nm nanosilver only

P In test 2, the 50 nm LC50 is significantly diffatérom all smaller sized materials, based on non-
overlapping confidence intervals
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Figure 3-2 Concentration-response curves (mass concentratidh) magnasurvival
during 48-hr exposure to multiple sizes of nan@sifnanoComposix, Inc.)
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Data points and error bars indicate treatment meatandard deviation

When 48-hour LC50s were expressed in terms ofifspsarface area and
number of surface atoms rather than mass concenti@tAg, the toxicity response

curves for each size of nanosilver moved closen® another, appearing to collapse

46




onto a single curve (Figures 3-3 and 3-4). TheQ<and 95% confidence intervals
calculated with surface area and surface atombiatiimore overlap as well (Tables 3-
3 and 3-4). Using either calculation method fathbtests, only the test 1 30 nm
nanosilver treatment had a significantly differe@50 than the other particle sizes, as
estimated by confidence interval overlap (Tablésad 3-4).

Table 3-3 Comparison of 48-hb. magnas0" percentile effect level (specific surface
area) for multiple sizes of nanosilver (nanoComypasic.)

50" percentile effect level (95% CI), frh™*x 10*

material Test1 Test 2

Ag* NA NA

10 nm 2.46 (1.78, 3.41) 5.48 (4.30, 6.98)
20 nm 2.29(1.88, 2.78) 3.89 (3.31, 4.57)
30 nm 3.61 (3.04, 4.3’0) 3.35(2.89, 3.88)
50 nm 2.80 (2.30, 3.40) 3.47 (3.06, 3.93)

A significantly different from adjacent lower conceatton, based on non-overlapping confidence interva

Table 3-4 Comparison of 48-hb. magnas0"” percentile effect level (surface Ag atoms
LY for multiple sizes of nanosilver (nanoComposig.)

50th percentile effect level (95% Cl), surfacenas ! x10'
material Test1 Test 2
Ag® not measured 3.29 (1.12, unknown)
10 nm 3.61 (2.60, 5.00) 8.03 (6.31, 10.2)
20 nm 3.35 (2.75, 4.07) 5.70 (4.85, 6.70)
30 nm 5.30 (4.46, 6.30) 4.91 (4.24, 5.69)
50 nm 4.10 (3.37, 4.98) 5.09 (4.49, 5.76)
A significantly different from adjacent lower conteation, based on overlap of confidence interval
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Figure 3-3 Response curves (specific surface arealpfonagnasurvival during 48-hr
exposure to multiple sizes of nanosilver (hanoCasngadnc.)
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Figure 3-4 Response curves (surface Ag atori$ for D. magnasurvival during 48-hr
exposure to multiple sizes of nanosilver (nanoCasigdnc.) and Ag
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The cumulative LC50 based on surface area andcigtoms of all exposures of
all sizes was also calculated for both sets o$teltthe LC50 based on surface atoms per
L is thought of as an estimation of the total aalié Ad in the exposure, a direct
comparison can be made with the LC50 of dissolvgd which is simply an exposure in
which all silver atoms are equally available. BaB5 summarizes the LC50s and 95%
confidence intervals of the cumulative exposurésutated by number of surface atoms
and the equivalent calculation for the dissolved éxposure series. The Ageries
resulted in less than 100% mortality at the higleesicentration, which prevented the
calculation of an upper confidence limit for the3@ The surface atom LC50 of
nanosilver is almost an order of magnitude lowantthat of Ag, and its confidence
interval is spaced well apart from the lower coefide limit of the A§ LC50, leading to

the conclusion that they are significantly diffear@rigure 3-5).
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Table3-5 Summary of cumulative 48-t. magnas0™ percentile effect level (specific
surface area and surface Ag atorit3 for multiple sizes of nanosilver (nanoComposix,
Inc.) and Ag

50" percentile effect level (95% Ci)o*
Exposure metric Test1 Test 2
nAg surface area  2.79 (2.53, 3.08)?mm 3.87 (3.53, 4.24) nf. !
nAg surface atoms 40.9 (37.1, 45.1) atoids L 56.8 (51.8, 62.2) atoms'L
Ag’atoms not measured 329 (112, unknown) atoms L

Figure 3-5 Cumulative response curves (surface Ag atorsfer D. magnasurvival
during 48-hr exposure to multiple sizes of nan@sinanoComposix, Inc.) and Ag
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D. Discussion

This study found that that Ag+ is approximatelytit@es more acutely toxic, on a
mass basis, than the smallest size of nanosilsezd€10 nm), in agreement with other
publications on nanosilver toxicity [7,22,28]. Téiee-dependent toxicity of nanosilver
demonstrated in the present study is consistehttivé findings of Lok et al. [22],
Carlson et al. [17] and Bar-llan et al. [12] andugpported by the kinetic model of Liu et
al. [31]. The close correlation of acute toxicitith particle surface area is consistent
with the hypothesis that Ageleased from nanosilver causes toxicity, bubésinot
eliminate the possibility that another mechanisnoaicity emerges at the nano-scale.

Two possible explanations exist for the observatiwat, on the basis of surface
Ag atoms per liter, nanosilver appears to be moutedy toxic than Ag either 1)
nanosilver exerts a mechanism of toxicity beyorat tf Ag’; or 2) the calculated
number of surface atoms per liter of nanosilverarastimates the total available Ag
throughout the 48-hr exposure period, due to dig®ol of nanosilver into Ag One
possible explanation for reconciling these hypatkas that, as suggested recently by a
kinetics study by Liu et al. [31], nanosilver gratiy dissolves into A§ Liu et al. [31]
used centrifugal ultrafiltration to measure thesdlsed Ad released from citrate-capped
nanosilver at varying levels of initial total silveoncentration, temperature, dissolved
oxygen, pH, and ionic strength and found that nwerscompletely dissolved into Ag
over a period of 6-125 days, with the dissolutiatehigher at lower initial Ag
concentration. The nanosilver agglomerated witihdgasing ionic strengh, resulting in an

increase of measured particle size from 1.9 tor#80but this did not greatly inhibit the
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dissolution kinetics, presumably because the gtghce area of the individual
nanoparticles was preserved within the agglomera@asenthetically, this implies that
the use of nominal particle size in my surface amghsurface atom calculations is a
valid estimation, even though the measured parsizke increased significantly due to
agglomeration when the material was diluted ingkgosure matrix (see Appendix C).
However, in light of the published evidence fortfmde dissolution, it becomes apparent
that the surface atom calculation method is ordtasic estimation of available Agt a
single moment; it does not account for the contirsuelease of Agfrom the particle
surface over the 48 hour exposure period, andftreres likely an underestimate of the
number of ionized silver atoms contributing to nsitver’s toxicity.

Liu et al. [31] also found that the addition otunal organic matter (NOM) to
nanosilver inhibited dissolution in a dose-dependesnner, possibly resulting from a
coating of organic molecules forming on the surfaiceanoparticles and blocking
oxidation sites, or to the high affinity of orgaricids for Ag. An empirical kinetic law
based on citrate-capped nanosilver results givepproximation of the rate of Ag

release per day per’mf particle surface area.

N
_1ldm_ Ae-E/TR(JH_L] g-alNowm] (Liu et al. 2010)

107'M
In summary, the results of the present study shgwize-dependent toxicity of
nanosilver are are consistent with the toxicitydsts of Lok et al. [22], Carlson et al. [17]
and Bar-llan et al. [12] and supported by the kinetodel of Liu et al. [31]. The close
correlation of acute toxicity with particle surfageea is consistent with the hypothesis

that Ad released from nanosilver causes toxicity, bubésinot eliminate the possibility
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that another mechanism of toxicity emerges at #rerscale. The results of Liu et al.
[31] imply that the approximations of nanosilverfage area and surface Ag atoms
reported in the toxicity tests described here maiact underestimate the actual’Ag
exposure, and therefore explain why expressingsitmeo LC50s in terms of surface
atoms indicated that nanosilver was more acutedig than an equivalent exposure of
pure dissolved Ag This illustrates the importance of understandiagosilver toxicity
in terms of dissolution kinetics as influenced layigus surface properties and the
chemical in defining the relationships between s#awaer characteristics, especially
surface properties, and toxicity in terms of thease of AJ. The final experimental
chapter will describe how the acute-to-chronic ¢ayiratio of nanosilver was compared
to that of Ag in order to evaluate the likelihood that the mexdsa of nanosilver

toxicity is identical to that of Ag
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V. Comparison of acute and sublethal toxicity of nanosilver and Ag” in P. promelas

A. Introduction

This chapter describes the results of concurremieaand sublethal toxicity tests
with Ag" and nanosilver that were performedRimephales promela$athead minnow)
larvae. These tests were designed to serve tvexigs. First, sublethal toxicity
characteristics of nanosilver is of fundamentalam@nce, and it is critical to know
whether this form of silver produces different ®ibéal effects than ionic silver. Silver,
like most toxicants, is seldom present in the mment at levels that cause acute
toxicity, so studies of the sublethal effectsafd-term exposures to low concentrations
generate more realistic models of the potentiatteiects in natural waters. The
determination of more sensitive sublethal endpa@oth as growth or reproductive
output is therefore useful in linking laboratoryitmty tests with effects at the population
and ecosystem level, and for defining unacceptablkes of exposure for regulatory
purposes. Concurrent acute and chronic toxicgistmake possible the calculation of
acute-to-chronic ratios (ACR), which may then bedu estimate or predict the chronic
effect level of the same substance on untestechimma.

Secondly, the comparison of the ACR of'Ag that of nanosilver may provide
insight into the mechanism of nanosilver toxicityis hypothesized that a different ratio
of acute to chronic effect concentration for nalvesirelative to AJ indicates a different
mechanism of toxicity. It is thought that the masisms of acute and chronic Ag

toxicity are the same in fish [10], specificallghibition of gill Na ,K*-ATPase, which
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impedes the active cellular uptake of Nad Cl. If acute and/or chronic nanosilver
toxicity acts by a different mechanism it will likebe reflected by a difference in ACR.
Therefore, calculating the ACR for both Agnd nanosilver may provide an efficient
method of comparing the toxic response to thesedwuos of silver, especially in light of

the difficulty of removing Ag from nanosilver, as discussed in Parts Il and Il1.

B. Preliminary Studies

In order to maximize the strength of the evideraeofr against this hypothesis, it
was originally planned to perform acute and chrdests and calculate ACR for Agnd
nanosilver in two model speciddaphnia magnandP. promelas.However, the ionic
silver ACR has been reported as being less thamnot&phnids [32,33], because the
standard toxicity test protocols give the resudt tthaphnids are less sensitive to silver
chronically then they are acutely. This is mdstlly an experimental artifact caused by
the necessity during long term exposures of adftind, a fine-particulate slurry of
yeast, cereal leaves and trout chow (YCT), thatsamnic Ag and greatly reduces its
bioavailability [11].

My preliminary studies confirmed the attenuatinfgetf of YCT on the nanosilver
toxicity in D. magnaneonates (3-5 days old) during a 48-hour expodir&m BioPure
nanosilver, nanoComposix Inc.). Static exposufesnosilver at nominal
concentrations ranging from 6.25 to 100 ijviere prepared in 30 mL glass beakers.
Two replicates of each concentration were fed asthndard rate of 30 mg'lyCT, and

two replicates of each concentration were not féen healthy organisms were added to
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each chamber, which was covered with a glass pladeplaced in a temperature-
controlled laboratory (25C air temperature, resulting in an average exgosur
temperature of 20°+1° C), with a 16:8 hour photager The exposures were renewed at
24 hours by transferring the surviving organismadw exposure chambers, with and
without YCT. After 48 hours all organisms at thighest fed concentration (100 pg L
nominal) survived, and the LC50 and 95% confidenterval for the unfed organisms
was 19.0 (15.3, 23.5) pg'LA separate 48 hour test with A@s AgNQ) fed with YCT
resulted in 100% mortality at the highest conceitma(31.1 pg [*; an average of all
measurements at this treatment level) and no nitgrédlthe next lowest concentration
(14.1 pg Y, for a fed LC50 of 20.9 pgt(no confidence interval available). The
unfed exposures resulted in an LC50 estimation9&9d confidence interval of 0.6 (0.46,
0.78) ug LY. The results of these acute tests, as well aettescribed in Chapter 3,
were used to estimate the acute effect level obsiarer in the presence of YCT, and led
to the conclusion that completing both acute arrdrib nanosilver toxicity tests db.
magnawould be prohibitively expensive.

Further efforts were made to develop an altereatgting procedure whereby
YCT was added to the exposures for only four hpuie to each daily renewal. It was
reasoned that this pulsed feeding schedule wowldige a large window of time during
each 24 hour period where nanosilver potency wbaldnaffected by YCT and therefore
increase the sensitivity of the organisms, makavgelr exposure concentrations possible.

However, a control study using this limited feedregime resulted in poor survival and
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growth ofD. magnaneonates, and so the use of this organism in ghnamosilver tests
was discontinued.

Toxicity tests on larval fish are not complicatedsilver binding to food,
presumably because the brine shrimp nauplii proaidelatively smaller surface area for
silver sorption, or a surface with less bindingrafy, compared to YCT. This was
confirmed in preliminary tests by comparing theval of P. promeladarvae (<24
hours post hatch) with and without feeding in 9@ihexposures to several
concentrations of Ag Two replicate exposures of 10 larvae at eaclceatnation were
fed 3 times daily during the exposure period, while “unfed” replicates were fed only
once at 48 hours. Exposures were renewed dailyrezagured for total silver with
GFAAS (see Appendix D). Agconcentrations were expressed as the averageeef th
post-renewal measurements taken from each exposarehe course of the experiment.
The LC50 and 95% confidence intervals of the fedl amfed exposures, calculated from
tolerance distribution analysis using a 3-paramgtebit model (Toxicity Relationship
Analysis Program v. 2.21, U.S. EPA), were 5.17446L45) pg Ag [ for the fed
exposures and 3.02 (1.48, 6.16) pg Agfar the unfed exposures. These two results
were not significantly different, due to the unuguwvide confidence interval of the
unfed LC50, and so it may be that the unfed orgasiaere slightly more sensitive to Ag
than those that were fed. Nevertheless, the effdfeteding on the toxicity of silver t®.
promelasin these tests was very small compared its effedilver toxicity inD. magna
and so it was determined that the comparison deacunfed) and sublethal (fed) toxicity

tests forP. promelasvas a reasonable way to obtain ACRs fof &gd nanosilver.
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C. Materials and methods

Acute toxicity tests followed ASTM protocols foonducting acute toxicity tests
with fishes, macroinvertebrates, and amphibianan@ird E 729 — 88a,1991). The 7-day
fathead minnow EC20 based on survival and growBdB21-R-02-013) was used as a
proxy for the chronic EC20 due to limitations ah& and materials. This sublethal
toxicity test is considered a reasonable estimdbohronic toxicity inP. promelas
[34,35], and was expected to provide adequatefdathe purpose of comparing the
ACR of Ag'to that of nanosilver,.

The Ag acute and sublethal toxicity tests were condufitst along with a
preliminary acute nanosilver test. The resultthete three tests were used to define the
range of nanosilver concentrations to produce gea sublethal growth effects, in
order to limit the use of this expensive materialig this test. Definitive nanosilver
acute and sublethal toxicity tests were conducteatarrently, and each included a single
concentration of Ajas a reference treatment, in order to comparsehsitivity of the

organisms used in these tests with those useeieatier Ag tests.

Acute toxicity tests

Exposures were prepared in bulk by serial dilutbstocks of 16 mgt Ag* or 1000
mg L™ nanosilver (10 nm, BioPure, nanoComposix, Ind)liared Lake Superior water
(LSW). Stocks with nominal concentrations rangdirmn 1 to 16 pg L' (Ag") or 25 to

400 pg L (nanosilver) were then divided into duplicate 30 giass beakers filled to a
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volume of 20 mL. An A§reference treatment of 8 pd as included with the
nanosilver testP. promeladarvae (<24 hours post hatch) were collected fiioen

culture unit (U.S. EPA, Mid-Continent Ecology Diwg, Duluth, MN) and acclimated to
the dilution water in the presence of food foreatst 2 hours before adding 10 organisms
to each beaken£20). Exposure chambers were kept in a water &ta2b° C with a 16:8
hour photoperiod. Mortality, defined as lack ofwvament for 30 seconds, was
determined every 24 hours prior to renewal, andl deganisms were removed.
Exposures were renewed every 24 hours by remoypgpaimately 90% of the

exposure solution from each beaker and refillirggritwith new exposure stocks.
Organisms were fed a drop of concentrated rinsi Ishrimp nauplii two hours before
the 48 hour renewal. Total silver concentratiothef new exposure stocks, as well as the
24 hour old exposures was analyzed daily with GFAASmperature, dissolved oxygen,
pH, and conductivity were measured in at leastrepcate of each concentration per
day, using meters (YSI, Inc., Yellow Springs, Ottiat were calibrated weekly. DLS
particle size analysis and UV-VIS spectroscopyraresensitive enough to characterize
the low concentrations of the nanosilver exposwes;Appendix C for a summary of the
effects of dilution in exposure matrixes on padisize. The 96-hour LC50 and 95%
confidence intervals were calculated from toleragis&ribution analysis using a 3-

parameter probit model (Toxicity Relationship ArsgyProgram, v. 2.21, U.S. EPA).

Sublethal toxicity tests
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The test design followed U.S. EPA specificatidos 7-day fathead minnow
larval survival and growth (EPA-821-R-02-013). Bgpres were prepared in bulk by
serial dilution of stocks of 16 mgLAg* or 1000 mg [} nanosilver (10 nm,
nanoComposix, Inc) in LSW. Stocks with nominal centrations ranging from 0.25 to
16 pg L* (Ag) or 6.25 to 200 pg L (nanosilver) in 50% increments were divided into
replicates of four 400 mL glass beakers filled imlume of 200 mL. The exposure
concentrations were chosen to include one thatexpscted to result in 100% mortality
at 96 hours, in order to calculate a 96-hour “fe@50 for comparison with the “unfed”
LC50 from the acute tests described in the previiauagraph. An Agreference
treatment of 4 pg twas included with the nanosilver teft. promeladarvae (<24
hours post hatch) were collected from the cultunié¢ (W.S. EPA, Mid-Continent Ecology
Division, Duluth, MN) and acclimated to the dilutivater, in the presence of food, for
at least 2 hours before adding 10 organisms to lkeeaker =40). At the start of the
test, four groups of 10 organisms were dried i@&9ven for 24 hours and weighed to
calculate an average initial dry mass per organiExposure chambers were kept on a
temperature-controlled plate set to 25° C undesggtavers in a laboratory with a 16:8
hour photoperiod. Mortality, defined as lack ofvaement for 30 seconds, was observed
every 24 hours prior to renewal, and dead organisers removed. Organisms were fed
with a drop of concentrated rinsed brine shrimpptiathree times daily. Exposures
were renewed every 24 hours by removing approxim&@6 of the exposure solution
from each beaker and refilling them with new expesiocks. Total silver concentration

of the new exposure stocks, as well as the 24 dlduvas analyzed daily with GFAAS
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(see Appendix D). Temperature, dissolved oxygéhapd conductivity were measured
in one replicate of each concentration per dayygusieters that were calibrated weekly
(YSI, Inc., Yellow Springs, OH). DLS particle siaealysis and UV-VIS spectroscopy
are not sensitive enough for nanosilver charactonm at these low concentrations; see
Appendix C for a summary of the effects of dilutiorexposure matrixes on particle size.
At the end of the 7 day exposure period, the surgiorganisms from each replicate
were rinsed, placed on pre-weighed aluminum pamspéaced in a 90°C oven to dry for
24 hours, then weighed to calculate average drg masorganism for each treatment
level. Average biomass, a cumulative measureeéffects of silver on both survival
and growth, was calculated for each replicate biddig the total dry mass by the
number of initial organisms.

The 96-hour LC50s and 95% confidence intervalseweaiculated from tolerance
distribution analysis using a 3-parameter probitel@r with the trimmed Spearman-
Karber method where the data did not fit the prottel. The 7-day ZDpercentile
effect concentrations (EC20) and 95% confidencervatls were calculated for each
concentration level using both the average dry mas®rganism and biomass per
exposure chamber from nonlinear regression analgsigy a 3-factor probit model
(Toxicity Relationship Analysis Program, v. 2.21SJEPA). The sublethal endpoints
were normalized to percent of control in ordemiprove the comparability of tests
conducted on separate days. The resulting LC5@&&20s of these tests were used to

calculate ACRs for Agand nanosilver.

62



D. Results
Acute toxicity tests

The conditions of both the Agnd nanosilver acute toxicity tests met the
minimum acceptability criteria specified by ASTMt§8dard E 729 — 88a, 1991).
Control survival was 100% in both tests. Tempemtdissolved oxygen, pH, and
conductivity averaged 22.4 (+1.1) °C, 8.3 (+0.2) bt O,, 7.6 (20.1), and 111(+3.7)
US, respectively, for the Adest, and 23.3 (+1.1) °C, 8.5 (+0.3) mg 0,, 7.3 (+0.4),
and 110 (£3.9) uS for the nanosilver test.

In the Ad test, the highest concentration (16 [igriominal) resulted in 100%
mortality at 96 hours, while the lowest concentmatf1 pg [* nominal) resulted in no
mortality. In the nanosilver test, the two highesicentrations (200 and 400 pg L
nominal) resulted in 100% mortality at 96 hoursjlevkhe lowest concentration
(25 pg L* nominal) resulted in 5% mortality. The estima@&ghour LC50s and 95%
confidence intervals for Agand nanosilver were 4.70 (3.76, 5.89) jited 89.41 (71.7,
112) pg L* total Ag, respectively. The 8 pgHAg* reference treatment included with
the nanosilver test measured an average of 8.08%01g L' and resulted in 19%
mortality (See Figure 4-1 and Table 4-1) and thg8.* Ag" treatment measured an

average of 7.44 (+0.23) pg'and resulted in 60% mortality.
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Figure 4-1 Response curves f&. promelassurvival during 96-hr exposure to nanosilver
(20 nm, nanoComposix, Inc.)
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Sublethal toxicity tests

The conditions of both the Agnd nanosilver sublethal toxicity tests met the
minimum acceptability criteria specified by the UERA for 7-day fathead minnow
larval survival and growth (EPA-821-R-02-013). @ohsurvival was 90% in the Ag
test and 100% in the nanosilver test. Water quaigasurements of temperature,
dissolved oxygen, pH, and conductivity averaged 281.2) °C, 6.0 (+1.1) mg'L0O,,
7.1 (#0.2), and 108.28 (+3.75) uS respectivelytiier Ag test, and 24.0 (x1.2) °C, 6.7
(+0.9) mg L%, 7.1 (+0.2), and 110.73 (+3.91) uS for the nanesitest. The increase in
average dry mass per control organism from daydayo7 was 0.42 mg in the Atpst
and 0.50 mg in the nanosilver test, both of whitticlv exceed the minimum control dry
weight criterion of 0.25 mg for the duration of tiest.

Consistent dose-dependent reductions in growthbandass were observed in
fish larvae exposed to Agnd nanosilver; both endpoints were found to belai in
statistical sensitivity in both tests. In the'Agxposure series, the highest concentration
(16 pg L* nominal) resulted in 100% mortality, while the néoavest concentration (8
ng LY resulted in 46% mortality. The 96 hour LC50 &34 confidence interval for
the “fed” Ag" exposure series was 6.86 (5.75, 8.17) jtg The 7-day LC50 and 95%
confidence interval for this exposure series w88 $4.78, 7.35) ug't Average dry
weight per organism at 7 days ranged from 93% ofrobin the 1 pg [* treatment to
45% of control in the 8 pgttreatment. The two lowest concentrations (0.5&28 pg
LY resulted in 99% and 101% of the average dry wiai§the control group,

respectively. The average biomass ranged fron6% 6f control in the 1 ugt
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treatment to 26% of control in the 8 pg treatment (See Figure 4-2). The 7-day dry
weight EC20 of A§was calculated as 1.37 pg with a 95% confidence interval of 0.59
to 3.20 pg [*. The biomass EC20 and 95% confidence intervalm@$ (0.51, 2.35) pg
L* (see Table 4-1)

The 96-h LC50 and 95% confidence interval for‘fled” nanosilver test was 176
(162, 191) ng Ag LX. The highest concentration (200 pgriominal) in the nanosilver
exposure series resulted in 64% mortality at dayhile the next-lowest concentration
(100 pg [* nominal) resulted in 7.5% mortality. The 7-day30Cand 95% confidence
interval for this exposure series was 152 (131) 1i#8L". The average dry weight per
organism at 7 days declined from 90% of contrd@266 of control over the exposure
range of 50 to 200 pgL The 4 pg [* Ag* reference treatment included in the
nanosilver exposure series resulted in 90% of timérol dry weight, while 4 ug L Ag*
resulted in 61% of control dry weight, indicatingl@creased sensitivity of test organisms
in the nanosilver test. The biomass declined 8@ of control to 11% of control over
the exposure range of 50 to 200 pigranosilver. The 4 ugtAg* reference treatment
resulted in 90% of control biomass, compared to ®9%ontrol biomass in the same
treatment in the Agtest (see Figure 3). The 7 day dry weight EC20anfosilver was
46.10 (35.07, 60.60) ug'Land the 7 day biomass EC20 was 50.71 (41.70, puGT"

(See Table 4-1).
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Figure4-2 Response curves f&. promelagiry mass and biomass during 7-day
exposure to nanosilver (10 nm, nanoComposix) and; Agerage dry mass and average
biomass expressed as percent of control
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Table4-1 Summary of 96-h LC50s, 7-day EC20s and acute-cbmaiios for forP.
promelaslarvae exposed to nanosilver (10 nm, nanoCompasiet)Ad

Test result A§ uag L (95% CI) nanoAg, ugt (95% CI)
96-h LC50 (unfed)  4.70 (3.76,5.89)  89.4 (71IR)L
96-h LC50 (fed) =~ 6.86 (5.75,8.17) 176 (162, 191)

7-day EC20 (weight) 1.37 (0.59, 3.20) 50.7 (46177)
7-day EC20 (biomass)1.09 (0.51, 2.35) 46.101(3.6)

ACR (unfed:fed) 3.43 (1.42, 5.44) 1.76 (0.4493.0 (weight)
4.31 (2.42, 6.73) 1.94 (0.67, 3.21) (biomass)

ACR (fed:fed) 5.01 (3.01, 7.00) 3.46 (2.21, 3.72 (weight)
6.29 (4.42, 10.7) 3.81 (2.63,4.99)  (biomass)

Overlapping Cls indicate no significant differerineACRs of fed and unfed AQCR, based on biomass or
weight EC20.

E. Discussion

The results of my acute and sublethal Agpts were similar to those found in the
literature. A study conducted in the same laboyadmd using a similar experimental
design to that reported here, resulted in aih AGR of approximately 8 foP. promelas
larvae [35]. Others have reported that chronigesiexposures of rainbow trout over 18
months [36] and 6 months [32] have resulted in vegih ACRs of 54 and 100,
respectively. However, this may be a result ohtgesensitivity of this species during
such long exposure durations.

Liu et al. [31] described the kinetics of nanosildissolution into Ajand
concluded that dissolution would continue at enwnentally realistic levels of pH and
dissolved oxygen over a period of 6 to 125 daypedding on the concentration of
dissolved organic matter (see discussion in Ch&)teHowever, the effect of nanosilver

dissolution in the tests described here is likelpé relatively small, because exposures
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were renewed every 24 hours using a nanosilvek stimced in a buffer solution at low
temperature to keep it stable.

In order to assess the likelihood that thé A@R is significantly different from
the nanosilver ACR, the degree of overlap of 95%fidence intervals (CI) of each ratio
was examined. The CI for each ACR was calculasgaguthe log of the ratio of the
variances of the LC50 and the EC20, and the t-vgilen for the sum of the degrees of
freedom of both tests. This resulted in fairly vi@ls for nanosilver and Agwhich do
overlap when comparing all combinations of ACRhkted with both fed and unfed
acute LC50s and both dry mass and biomass EC2dis.indicates that although the
nanosilver ACRs are relatively smaller, the differe from the AGACRs is not
significant (Table 4-1). Based on this evidenberé¢ is no strong indication of a
different mechanism of toxicity in nanosilver.

The differences in sensitivity of organisms usethie Ag and nanosilver test
series illustrate the importance of conducting $iameous tests for comparative
purposes, although this was not practical for shisly given time limitations. The
organisms used in the acute and sublethal nanosdsts were appreciably less sensitive
than those used in the Atests, as indicated by the performance of theraftgrence
treatments in the nanosilver tests. This raisegputssibility that if all four tests had been
conducted simultaneously, either the 7-day weightl@omass EC20s of nanosilver
would have been lower, or the 96-hour LC50s of wguld have been higher. However,
because the acute and sublethal tests for eachdiositver were performed

simultaneously, and any difference in sensitivitywd presumably be equally reflected

69



in the acute and sublethal endpoints, the diffexensensitivity should not influence the
resulting ratio of the two endpoints.

The question remains, assuming there is a difference in ACR between Ag
and nanosilver, whether it indicates a differenthamism of toxicity, perhaps related to
the slow-release of Agr the production of reactive oxygen species (R@Skribed by
Liu et al [31]. A repetition of these tests to fion the ACRs of simultaneous acute and
sublethal A§ and nanosilver exposures, along with measurenaémibe dissolved Ag
vs. total Ag similar to those described by Liu lef&l], may shed light on this question.
If such a uniqgue mechanism has influenced the teesfithese tests on the acute and
sublethal toxicity of nanosilver 8. promeladarvae, its effects must be very small - the
sublethal toxicity Ag was 37-42 times greater than that of nanosilvélethe ACRs
differed by a factor of less than 2. Furthermdrihe ACRs are in fact different, the
ACR for nanosilver is smaller than that for Aguggesting that a separate mechanism is
unlikely to result in environmental effects beydhdse that would be predicted by the
ACR of Ag'.

A complete summary of the strength of the eviddonca unique mechanism of
nanosilver toxicity provided by the other experinsareported in this manuscript follows
in the final chapter, as well as a discussion odtivér, if a small difference in toxic
mechanism exists, different regulatory standardsaaarrented for environmental

releases of nanosilver and Ag
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V. Summary and conclusions

A. Review of the purpose and results of theseissud

If the properties of nanosilver that differ froomic silver (Ad) lead to a different
mechanism of toxicity in aquatic organisms, theewguality criteria for silver may not
be adequate to prevent the toxic effects of a seled nanosilver into natural waters. The
central questions addressed by this study have titth the relative potency of
nanosilver compared to Agand whether it produces toxicity by a differereahanism
than Ag. | have designed experiments intended to detegptesence of toxic effects of
nanosilver beyond those that can be ascribed tp using ion exchange to separate’ Ag
from nanosilver, by correlating toxicity to the appimate delivery of Agby multiple
sizes of nanosilver, and by comparing the acutehtonic toxicity ratios of nanosilver
and Ad for a zooplankter and a planktivorous fish Diraetl indirect evidence that the
toxic effect of nanosilver is proportional to theegence of Ajwas considered in this
evaluation of the hypothesis that nanosilver tayis due to the presence of ionic silver.

Most publications research on the toxicity of ngitver have included methods to
separate Agfrom nanosilver or to measure the concentratiogisgolved Ag in
nanosilver, although few contain convincing evideoa the role of Agin nanosilver
toxicity. In my studies the charge selectivityiaf exchange resin proved valuable in
separating Agfrom nanosilver, a method which, to my knowledugs not been
previously published. The other methods thatdrafited to adapt for this purpose

(filtration, centrifugation, chelation and dialysimay have proven successful with further
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development, but were set aside due to limited amresources. Of the publications
that have described these and other methods ofapAg” from nanosilver, or for
measuring it, Navarro et al. [28] provides the nw#gistantial argument that the source of
nanosilver toxicity is A, using the silver ligand cysteine along with caref
measurements of dissolved Ag parse the effects of Agnd nanosilver on algae
photosynthesis. The results of my study ori Agnoval from nanosilver did not allow a
comparable conclusion, because the treatment witlexchange resin did not
significantly decrease the acute toxicity of nalvasito D. magnaas would be expected
if the source of nanosilver toxicity was AgThis implies either that the nanoparticles
continued to release dissolvedAgs reported by Liu et al. [31]), or to deliver Agy
direct association with cells (as suggested by Nawt al. [28]), or that nanosilver
possesses another mechanism of toxicity. Thiplassibility seems unlikely, given the
nearly identical LC50s of nanosilver before an@afiteating it with ion exchange.
However, without direct measurements of dissolvegd #efore and after the ion
exchange treatment of nanosilver, the unambiguaespretation of these results is not
possible.

Comparisons of the toxicity of multiple sizes afhosilver have been published
by several researchers in general terms but ordyuged them to produce evidence about
the mechanism of nanosilver toxicity [22]. My seslcompared the potency of
uncapped nanosilver (nanoComposix, Inc.) to tha#gdfusing 48-hr acut®. magna
exposures, 96 hour acu®e promelasexposures, and 7-day subletRalpromelas

exposures. In terms of mass concentration, naressilith nominal diameters of 10, 20,
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30, and 50 nm were increasingly less toxic withreasing size, but all sizes were less
toxic than Ag. In concurrent tests, the 484br magnal.C50 for 10 nm nanosilver was
approximately 7-10 times greater than that of Aghe 96-hiP. promelad_C50 for 10
nm nanosilver was approximately 19 times great@n that of Ag. As measured by
sublethal endpoints, the 7-dRy promelas=C20 for weight was 37 times greater for 10
nm nanosilver than Agand the EC20 for biomass was 42 times greatardoosilver
than Ag. These results agree with the conclusions ofsBaret al. [17] and Bar-llan et
al. [12], who found that the smaller of two sizéparticles were more acutely toxic on a
mass-basis, but conflict with the results of Hussial. [18], who observed a slightly
increased toxicity in larger particles.

A study by Lok et al. [22] compared two sizes ahasilver, correlating toxicity
with the presence of chemisorbed’Ag the surface of the particles as quantified by a
theoretical calculation of the number of surfaceve. My study described in Chapter 3
included this same calculation for a series of eotrations of four sizes of nanosilver, as
well as Ag (as AgNQ). This produced a range of concentrations of aiprate Ad
delivery by both nanosilver and AgN@hich were used to compare the 48-h LC50 of
both forms of silver on the same terms. The figdimt, in terms of total surface Ag
atoms, all sizes of nanosilver were much more &¢taic than equivalent solutions of
pure Ag, implies that either a second mechanism of toxiekists for nanosilver which
increases its overall potency, or that the calautadf surface atoms was an
underestimate due to the continuous release Offsbgn nanosilver into the matrix. The

results reported by Liu et al. [31] support theeiptetation that dissolution of nanosilver
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into Ag' is a likely explanation, but without direct measuents of the Agcomponent
of these exposures, this cannot be confirmed. hewa second mechanism of
nanosilver toxicity can also not be ruled out by results. Liu et al. [31] also report
that nanosilver dissolution was accompanied bytneaoxygen species (ROS)
production in simple matrixes, but they did not 3@ this as an additional source of
nanosilver toxicity in more environmentally reaksinatrixes.

The final method | used to assess the mechanisrarasilver toxicity was a
comparison of the acute-to-chronic ratios of Agd nanosilver. The ACR is typically
used to predict chronic toxicity effects for unegkspecies, but its use as a tool to
compare the mechanisms of two related toxic substawhere one has some unknown
characteristics is less common. To date, there baen no publications on long term
sublethal or chronic effects of nanosilver whichueballow the calculation of an ACR.
The results of my 96-h acute and 7-day sublethabsxres oP. promelagproduced
ACRs for Ag and nanosilver foP. promelaghat were not significantly different.
Although further study is needed to clarify thessults, they do not strongly suggest a
mechanism of nanosilver toxicity other than"Agr, if there is a separate mechanism,
that it would result in environmental effects begdhose expected from Agxposure.

In order to definitively ascribe the results of stydies to nanosilver dissolution into
Ag’, the experiments should be repeated and accontpbyiaccurate measurements of

the dissolved Aicomponent of nanosilver exposures over the duratidhe tests.

B. How well do current environmental regulationlsigess the risk of nanosilver?
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The opportunity to evaluate silver regulationsopefadverse effects of nanosilver
are observed in the aquatic environment is tim&yumber of countries and
international organizations have commissioned rebgarograms with the purpose of
informing policy makers on the ability of existinggulations to address the risks
associated with an environmental release of naremai. In the United States, the
framework of the Toxic Control Substances Act, @ean Air Act, the Clean Water Act,
and the Resources Conservation and Recovery Aotad the potential to enact
regulations specifically addressing nanomateradsjo state-level regulatory agencies.

State silver regulations follow the U.S. EPA ambiater quality criteria for
silver published in 1980, which are based on theeatoxicity of Ag. These specify

that the maximum acceptable silver concentratiorireshwater, measured as dissolved

rather than total silver, is calculated by the folafLQ®"d"thardnesii=652 o1 approximated
by half the LC50 [37]. The Lake Superior waterdigethese tests has a hardness of 45
mg L™ CaCQ, yielding a maximum acceptable silver concentratib1.07 ug [*. The
results of the toxicity tests reported here indidatt the maximum acceptable
concentration of dissolved silver (half the LC50Yi20 to 0.23 pgtfor D. magnaand
2.35 pg [*for P. promelas. Therefore, based on these data, the hardnesd-brisgion

is somewhat underprotective baseddomimagnaacute toxicity and adequately protective
based orP. promelasacute toxicity. The existing EPA criterion woudd adequate to
prevent acute toxicity of nanosilver in either §pscgiven the reduced potency of

nanosilver compared to Agby mass concentration.
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The definition of dissolved silver for the purpess this criterion is measured
from that which passes through a 0.45 um filteesjte the significant agglomeration
that occurred under the conditions of these tastgstimated by measurements described
in Appendix C, this suggests that most of the néwersin these tests would pass through
the filter and be included in the dissolved silwerasurement. This increase in the
apparent dissolved Agoncentration due to nanosilver would thereforegase the
protectiveness of the criterion. Put another vilag,simple assumption that all
nanosilver in the environment is, or will eventydlecome, Ag is an overestimation
that may be necessary until the mechanism of nieogoxicity in relation to its

dissolution kinetics are better understood.

C. Suggestions for further study

In addition to the biological effects of nanométks, life-cycle analyses are
needed for products that contain nanosilver in ota@redict the volume of nanosilver
that is likely to be released into the aquatic evinent, followed by investigations on
the fate of nanosilver in wastewater treatmentifees. In wastewater treatment plants
with very high levels of dissolved organic carbibnis likely that nanosilver will be
coated in a way that prevents agglomeration argbtlison [31], but this has not yet
been tested, and the effects of organic ligandsamosilver toxicity are not yet agreed
upon. Furthermore, the presence of natural aqualicids in the same size range of

nanomaterials makes the detection of nanosilvérerenvironment very difficult.
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Therefore, the development of a method for quaintfyanosilver in natural waters is a
prerequisite for any analysis of risks specificallye to nanosilver.

Investigation of the fate and transport of nanvesiin aquatic ecosystems has
barely begun. If nanosilver persists in the envinent, even over a period of a few days
or weeks, this implies that it may also act assameir of silver, slowly releasing Ag
over a longer period of time than other forms déibte silver that are quickly bound by
ligands that reduce their bioavailability [8]. Muis known about the effects of natural
chelating agents on reducing the toxicity of'Algut it is unknown whether nanosilver
experiences a proportional reduction of toxicityemtbound by the same ligands.
Studies conducted over a longer period than thayRdpromelagests described here
are needed to determine whether nanosilver thiiaken up by an organism, either by
cellular transport or by ingestion, retains itdigpto release Ag If this is the case,
nanosilver may represent a pathway fof’ Aaxicity that does not exist for simple
complexes of silver. This idea could be tested¢dayparing the chronic toxicity and
accumulation of both Agand nanosilver, both alone and in the presend&Ool.

Ongoing investigations on conventional forms dfesiinclude chronic toxicity,
the toxicity of silver complexes, and the verifioat of the biotic ligand model for
improved site-specific prediction of acute silvexitity. The results of these studies will
have the potential to improve the understandintp@fenvironmental risk of nanosilver,

as well as to influence future revisions of theavajuality criteria.
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APPENDIX

A. Synthesis of citrate-capped nanosilver

The method for synthesizing the citrate-cappedsidver that was used for
preliminary studies was adapted from the well-kndwnkevich method for citrate
reduction of AJ by Thabet Tolaymat and Amro El Badawy (personahmminication,
U.S.EPA, Cincinnati, OH). In this method, the aié& serves as both a reducing agent
and a stabilizer which caps the particles and $intiieir growth and aggregation [38].
Solutions of silver nitrate and sodium citrate werepared by weighing the compounds
and dissolving them in separate aliquots of demshiwater. The silver nitrate and citrate
solutions were combined and measured into prehd@@anL volumetric flasks. The
flasks were placed in a hot water bath and slowlgtéd for approximately 2 hours. The
UV-VIS absorbance peak was monitored every 30 ragwtith a Perkin-Elmer Lambda
20 until it reached an intensity of 2 absorbandéswuat 400 nm. The particle size was
measured with dynamic light scattering (ZetaPAL&d&haven Instrument Corp,
Holtsville, NY) and found to average 60-80 nm imigas batches. The total silver
concentration of 72 mgtwas confirmed using a Varian graphite furnace atomi
absorption spectrophotometer (GFAAS, See Appendiaruantification method). The
nanosilver suspension was kept at room temperé20reC) in a glass flask covered in

aluminum foil to reduce light exposure.

B. Citrate and phosphate buffer control studies
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Toxicity tests were performed to demonstrate the-toxicity of the phosphate
buffer added to the commercial nanosilver (nanoGusixp Inc) used in the toxicity tests
in Parts Il, 1ll, and IV. A phosphate stock wagared as instructed by a representative
of nanoComposix, Inc. to match the nanosilver bu@ mg monosodium phosphate and
415 mg disodium phosphate were dissolved in 1 L DFWe test solutions ranging from
3 to 48 mg [* total phosphate were prepared by 50% serial ditstin filtered Lake
Superior water (LSW). Exposures were preparediplicate 30 mL glass beakers filled
to a volume of 20 mL, including an LSW control treant.

D. magnguveniles (3-5 days old) were collected from théuwre unit (U.S. EPA,
Mid-Continent Ecology Division, Duluth, MN) and ditoated for 2 hours in the culture
water. Ten organisms were added to each bealeakdBs were covered with a glass
plate and kept on the bench top of a temperaturralted laboratory (20° C) with a
photoperiod of 16:8 hours light:dark. Exposuresenenewed at 24 hours by preparing
new exposure solutions and gently transferringisumy organisms into them.
Organisms were not fed. Water quality parametargperature, dissolved oxygen, pH,
and conductivity were measured at 24 hours andageer21.0 (+0.1)° C, 8.1 (x0.2) mg
L O, 6.7 (20.1) and 103.9 (+33.4) uS, respectivelyorfdlity, defined by lack of
movement for 30 seconds, was monitored at 24 aritbd6s.

At 48 hours, the highest phosphate concentraéisted (48 mg 1) had 10%
survival, the next lowest (24 mg*).had 70% survival, and all other treatments inicigd
the controls had 100% survival. The lowest coregian with no acute toxicity at 48

hours (12 mg I* phosphate), corresponds to a proportional dilutibh000 mg [*
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nanosilver stock measuring approximately 25 ritg Chis is 100 times higher than the
48-hrD. magnal.C50 of 50 nm nanoComposix nanosilver in Part Mherefore, the
acute toxicity of the phosphate component of namo@umsix nanosilver can be

disregarded fob. magnaat these concentrations.

C. Nanosilver characterization under experimecwalditions

The characterization of the nanosilver used ise¢rstudies was limited to
dynamic light scattering (DLS) particle size anayand UV-VIS absorbance spectra.
The DLS method produces an average hydrodynamicedex based on a very high
particle count, but it is susceptible to bias ie gnesence of dust or large particles. The
measure of polydispersity obtained from the DLShudtis also therefore associated
with a high level of uncertainty. A particle simeeasurement produced by another
common method, transmission electron microscopyJIs based on a much lower
particle count, and is prone to error introducedrduthe preparation of the sample, but it
is a measurement of the actual core diameter afighepatrticles, rather than the
hydrodynamic diameter, and produces a reliable mreasf polydispersity [39]. The
commercial nanosilver used in these studies (nang©six, Inc.) was accompanied by a
specification sheet that disclosed the TEM partsize and size distribution analysis, as
well as UV-VIS absorbance spectra, of each partide. A comparison of the DLS
measurement of particle size to the TEM particte seported by nanoComposix was

therefore a primary objective of these charactéomastudies.
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The presence of a surface plasmon resonance (&RR)n the UV-VIS region is
a characteristic of nanosilver that does not éxisblutions of Ag, and is easily detected
by UV-VIS absorbance spectroscopy. The charatitesisf this peak are commonly
used to monitor the agglomeration state of a narevssuspension, because the SPR is
sensitive to changes in particle size and agglonoer§l2,24,40,41].

Because the concentrations of nanosilver in thieity tests described in these
studies were too low to be characterized by DLS$igarsize and UV-VIS absorbance
spectra, a series of surrogate measurements weke anshigher concentrations of
nanosilver diluted in experimentally relevant megg. The dilution waters tested for
their effect on particle size and UV-VIS absorbapeak were deionized water (DIW),
filtered Lake Superior water (LSW), phosphate buffeHS), and. magnawater
(DMW). The phosphate buffer was prepared as iogttuby a representative of
nanoComposix, Inc. to duplicate the buffer in whice 1000 mg L nanosilver stock is
shipped and stored. A 2 mM phosphate solutionpregared by dissolving 62 mg
monosodium phosphate and 415 mg disodium phosphate DIW. The DMW was
intended to duplicate the chemical composition4hdur old exposure chamber
containing 20 mL LSW and 1D. magnajuveniles. Ten organisms (3-5 days old) were
added to 30 mL glass beakers containing 20 mL &¥lhd set on the benchtop of a
temperature controlled laboratory and covered giiéiss plates. The organisms were
removed before adding nanosilver for characteorati

Preliminary measurements determined that 2 thganosilver is the lowest

concentration for which reliable DLS and UV-VIS désgs can be taken. 1000 mg L
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nanosilver stock (10, 20, 30 and 50 nm, nanoCompést) was diluted, in duplicate
samples, to 2 mg'tin 2 mL volumes of each matrix. Each sample wamédiately
analyzed with DLS and UV-VIS, and then placed otagk cabinet. Measurements on
LSW and DMW diluted samples were repeated aftand@4#s. DLS results are expressed
as the mean and standard deviation of 6 measursr{gfuar each replicate). UV-VIS
results for peak absorbance units and wavelengibalkt absorbance are given as the
average of two duplicate samples.

The most striking result of the particle size meaments (Table A-1) is that the
10 nm nanosilver shows a larger agglomeration e¥fen diluted in LSW or DMW,
compared to the other sizes, and that it is thg owterial that, when diluted in DIW,
does not have a particle size consistent with tminal size. For all materials, dilution
in DMW resulted in slightly larger particle sizeatindilution in LSW, and dilution in
PHS resulted in a slightly larger particle sizentiddution in DIW.

The UV-VIS absorbance spectra (Table A-2) of th& inanosilver sizes do not
exhibit a great difference whether they were dduteLSW or DMW. However, a
significant change occurs in most materials oveh@drs — the peak height decreased
and the wavelength at peak height increased. mhisreflect the effect of
agglomeration and settling; the absorbance intedsitreases as the particles are
removed from the water column, and the remainirgiaagerates are larger, resulting in a

shift towards a higher wavelength.
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Table A-1 Comparison of DLS patrticle size analysis of nuidtisizes of nanosilver
(nanoComposix, Inc.) in four matrixes over 24 hours

Average of 3 measurements (std. dev), nm

Material Hrs  LSW DMW? DIW® PHS
10 nm 0 360.18 (46.35) 477.28 (37.13) 51.6)(2.0 60.4 (1.9)
24 232.70 (64.74) 356.55 (76.58)

20 nm 0 64.25 (2.04) 71.73 (3.71) 28.3(0.2) 6.131.0)
24  253.20(26.33) 163.47 (21.36)

30 nm 0 150.73 (32.70)  160.27 (7.33) 36.8)(0.2 40.7 (0.6)
24  173.38(25.37) 184.57 (8.72)

50 nm 0 177.60 (5.50)  182.48 (30.37) 51.4 (0.6) 65.8 (0.2)
24  170.70 (5.50)  171.20 (15.90)

A Filtered Lake Superior water, used as the diluiiater in all toxicity tests described in this maexipt
B Daphnia magnavater; 10 organisms placed in 30 mL of LSW fortddirs, then removed

€ Deionized water

P Phosphate buffer, prepared to the specificatiémanoComposix, Inc. as a stabilizer of nanosilver
during storage

The increase in the DLS particle size of nanosilsdikely due to agglomeration in more complexnwat
(LSW and DMW). Nominal concentration of all saraplas 2 mg t total Ag

Table A-2 Comparison of UV-VIS absorbance characteristiasoltiple sizes of
nanosilver (nanoComposix, Inc.) in two experimdgtedlevant matrixes over 24 hours

Material Hrs LSW DMWY
peak AY A, nnP peak AY A, nn?P
10 nm 0 0.14 390 0.09 390
24 0.08 390 0.08 390
20 nm 0 0.20 400 0.20 395
24 0.13 400 0.15 400
30 nm 0 0.15 400 0.14 400
24 0.11 400 0.10 400
50 nm 0 0.12 420 0.12 410
24 0.08 420 0.09 420

A Filtered Lake Superior water, used as the diluiiater in all toxicity tests described in this maexipt
B Daphnia magnavater; 10 organisms placed in 30 mL of LSW forrddirs, then removed

€ Absorbance units at peak intensity

P Wavelength at peak absorbance intensity

The lack of a large shift in peak wavelength intBsahat, although agglomerated (see Table A-Exéh
materials have retained their original optical cla&teristics after 24 hours
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D. Graphite furnace atomic absorption spectros@alysis method for Ag

guantification

Instrumentation

A Varian AA-880Z atomic absorption spectrometemjipped with a GTA-100Z furnace
and a programmable autosampler integrated witht&pe&-880Z Version 5.1, was

used for the analyses of Agnd nanosilver. Pyrolytically coated graphitetitian tubes
(Model 63-100012-00, Varian, Inc., Palo Alto, CA¢re used throughout the study under

the conditions shown in Table 3.

Sample preparation

Preliminary studies comparing the percent recoe¢silver from a standard using a
microwave digestion method and a cold acidificatioethod revealed better recovery
with the cold acidification method. For this metheamples were simply acidified to
2% HNG; and analyzed immediately. The automated angbysigram included a rinse
of the capillary tube after each reading usingtd®acid solution prepared from equal

proportions of HN@and HCI in deionized water.

Calibration
Calibration standards were prepared for each aisalging AAS Ag standard (0.999 +
10 pg mL* in 5% HNGQ, Inorganic Ventures, Lakewood NJ) manually diluted

concentrations ranging from 1 to 50 ug Ag. Two absorbance readings were taken for
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each sample and the average was used to makeiat&altration curve fit to the new

rational model with the SpectraAA software.

Calculation of detection limit

The detection limit of this method is subject taddue to the retention of Ag in the
capillary tube and un-atomized Ag carried overhia furnace tube after each sample.
Sensitivity was improved by the inclusion of blarndetween every 8-12 samples, the
addition of a high temperature clean step, increasel concentration in the rinse
solution and in the samples, and by the additioH©Fto the HNQ rinse solution. With
these procedures in place, a series of five blankislow standards (1 pg').were each
read twice, and the detection limit was estimatetheee times the standard error of the
10 readings taken at each concentration. Thisre@sated three times for each
concentration, including two runs on separate danyd,resulted in detection limit
calculations of 9.45, 5.04, and 25.51 rijwhen measuring blanks, and 28.66, 29.85,
and 40.68 ng It when measuring low standards. Rounding up thiedsigvalue
produced by this method yields a practical detediimit of 50 ng L* for the
measurements reported in this document. A metletetton limit of less than 10% of
the lowest nominal sample concentration is genecalhsidered acceptable (personal
communication with Russ Erickson, U.S. EPA), an@ant 11l the lowest nominal
exposure of A§jto Daphnia magnavas 0.25 pg L, so the detection limit was only 20%
of the lowest nominal sample concentration, whechigher than the optimal percentage.

The Ag" exposures dPimephales promelass well as nanosilver exposures of both
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species, range from 3.125 to 400 |ig however, and so this detection limit was more

than adequate for those measurements.

Table A-3 Instrument conditions for determination of total iignanosilver and Ag
samples with GFAAS

Varian AA 880Z spectrophotometer
wavelength  328.1 nm
slit width 0.5 nm
lamp current 4.0 mA
GTA 100Z graphite furnace
graphite tubes pyrolytically coated partition
sample volume 10 pl
integration mode peak area
background correction Zeeman
step no temp. °C Time, s gas (Ar) flow rate I/min
1 85 5.0 3.0
2 95 40.0 3.0
3 120 10.0 3.0
4 400 5.0 3.0
5 400 1.0 3.0
6 400 2.0 0.0
7 2000 0.8 0.0
8 2000 2.0 0.0
9 2000 0.1 3.0
10 2500 2.0 3.0
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