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Abstract 

 The increasing use of nanosilver in consumer products and the likelihood of 
environmental exposure warrant investigation into the toxicity of nanosilver to aquatic organisms.  
A series of studies were conducted comparing the potency of nanosilver to ionic silver (Ag+) at 
acute and sublethal levels.  The results of these tests were examined for evidence that nanosilver 
acts by a different mechanism of toxicity than Ag+, with the goal of estimating the adequacy of 
current water quality regulations based on the toxicity of Ag+ to protect against environmental 
effects of nanosilver. 
  A variety of simple methods to separate Ag+ from nanosilver by physical exclusion or 
charge selectivity were assessed in preliminary studies for the ability to provide insight into the 
mechanism of nanosilver toxicity.  In a definitive study, ion exchange resin was used to remove 
Ag+ from nanosilver (confirmed by the complete removal of silver from AgNO3 solutions) in 
order to determine the importance of Ag+ to acute toxicity of nanosilver to Daphnia  magna.  The 
acute toxicity of nanosilver to D. magna after ion exchange was shown to be similar to that of 
untreated nanosilver, suggesting that Ag+ did not contribute significantly to the toxicity of the 
suspensions, or that ion release occurred rapidly after ion exchange.   
 D. magna juveniles were exposed to four sizes of nanosilver (10, 20, 30 and 50 nm) and 
Ag+ and 48-h LC50s were calculated for each material.  Based on mass concentrations, all 
nanosilver sizes were less acutely toxic than Ag+, and a trend of increasing toxicity with 
decreasing average diameter of nanosilver was observed, with LC50s ranging from 19-42 times 
higher than that of Ag+.  Calculations of nanosilver specific surface area and theoretical surface 
atoms revealed little to no difference in LC50s among the four sizes, suggesting that toxicity may 
be dependent on the surface properties of nanosilver.  Equivalent calculations for an ionic Ag 
exposure series resulted in the finding that, in terms of total surface Ag atoms, all sizes of 
nanosilver were more acutely toxic than equivalent exposures of pure Ag+.  This implies either 
that a second mechanism of toxicity exists for nanosilver which increases its overall potency, or 
that the calculation of surface atoms was an underestimate due to the continuous release of Ag+ 
from nanosilver into the matrix.  
 Acute-to-chronic ratios (ACRs) were obtained for Pimephales promelas (<24 hours post 
hatch) exposed to both Ag+ and nanosilver, to test the hypothesis that a difference in these ratios 
would indicate different mechanisms of toxicity.  The results of 96-h acute and 7-day sublethal 
toxicity tests produced ACRs for Ag+ and nanosilver that were not significantly different based 
on their overlapping confidence intervals.  Furthermore, the observation that the nanosilver ACR 
was smaller than that of Ag+, suggest that if there is a separate toxicity mechanism in nanosilver, 
it is unlikely to result in environmental effects beyond those that would be expected from an Ag+ 
exposure. 
  Further studies are needed to determine the degree to which the results of the ion 
exchange and size-dependent toxicity tests can be attributed to nanosilver dissolution.  Overall, 
the results of these tests do not provide unambiguous evidence for a mechanism of nanosilver 
toxicity other than Ag+.  The U.S. EPA maximum allowable silver concentration for natural 
waters is based on dissolved silver, defined as that which passes through a 0.45 µm filter, which 
is considerably larger than the average size of nanosilver aggregates in the exposure media.  
Therefore, the presence of nanosilver in the environment will increase the apparent dissolved Ag 
concentration, resulting in increased protectiveness of this criterion. 
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I.  Introduction  

 

A.  Nanosilver in consumer products: a growing need for environmental          

toxicology research 

 The applications for manufactured nanomaterials are contributing to a significant 

amount of economic growth in sectors including information technology, medicine, 

construction, and consumer products.  It has been estimated that nanotechnology will 

contribute $10 billion to the global economy in 2010-2015 [1].  Nanotechnology is the 

manipulation of material on the nanometer scale where unique physical properties make 

novel applications possible.  Nanomaterials can be manufactured into a range of sizes, 

typically from 1 to 100 nm, and a variety of shapes.  The major classes of nanomaterials 

include carbonaceous nanomaterials such as fullerenes and carbon nanotubes, metallic 

and metal oxide nanomaterials such as nanosilver, nano-zinc oxide and nano-titanium 

dioxide, and semiconductor materials known as quantum dots.  The Project for Emerging 

Nanotechnologies has produced an inventory of nanotechnology-based consumer 

products, which as of August 2009, has grown to 1015 products.  The most common 

nanomaterial in this inventory is silver, with 259 of the products listed claiming to 

contain nanosilver, “silver nanotechnology” or “silver colloids” [2].  Although nanosilver 

has been used as an antimicrobial agent in medical practice and in pesticides for more 

than a century, new manufacturing techniques now allow the incorporation of nanosilver 

into a variety of products.  Among the new uses for nanosilver are personal care products, 

cleaning products, appliances, water filters, textiles, food packaging and containers, 
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medical products, and even dietary supplements, where it is often marketed as a “natural” 

antimicrobial agent.   

 The rapid expansion of nanotechnology and its commercial applications is 

threatening to outpace the research on the potential of adverse ecological and health 

effects should these materials or their degradation products be released into the 

environment.  Increasingly widespread use of nanosilver in consumer products will lead 

to an amplified risk of exposure to both ionic silver (Ag+) and nanosilver in the aquatic 

environments receiving wastewater effluent.  There is evidence that fabrics with 

embedded nanosilver such as socks have a potential to release silver ions and silver 

nanoparticles into wastewater when they are washed [3,4].  It has been estimated that 

nanosilver-embedded plastics and textiles will be responsible for up to 15% of the total 

silver  released into European waters in 2010, with the expectation that the market for 

these products will increase until 2015 [5].   

 In order to assess the potential risk of environmental release of nanosilver, its 

biological effects need to be understood and related to the effects of other forms of silver 

that occur in the environment.  For initial studies of nanosilver, it is logical to make 

comparisons to Ag+ in terms of its potency, its mechanism of action, and its behavior in 

natural waters.  The goals of these studies should be to determine whether risks of 

nanosilver and Ag+ are different and whether current regulations based on the toxicity of  

Ag+ will be adequate to protect against the environmental release of nanosilver.  The 

remainder of this chapter will contain a brief summary of the occurrence and toxicity of 

silver in the environment, a discussion of the aspects of nanosilver which could 
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theoretically lead to a different set of toxic effects, and a review of the evidence on the 

toxicity of nanosilver found in published literature.  Lastly, I will outline the 

experimental framework under which I investigated the potency of nanosilver and its 

mechanism of toxicity compared to Ag+. 

 

B.  Occurrence and toxicity of silver in the environment 

 Background levels of total silver range from 1-29 pM (~0.1 – 2.9 ng/L) in 

seawater and from 5-50 pM (~0.5 – 5 ng/L) in freshwater.  Even in highly polluted 

aquatic environments, silver has rarely been measured at more than 3 nM (~300 ng/L).  

Wastewater treatment plant effluents are recognized as the primary source of silver to 

receiving waters.  Historically, silver mining, manufacturing, and the photographic 

industry have been responsible for the majority of silver pollution, with the rise of 

inexpensive digital cameras resulting in a reduction of the total amount of silver released 

into the environment.  However, the growing popularity of silver nanoparticle-based 

products seems likely to contribute enough silver to wastewaters to compensate for any 

decreases due to the changes in the photographical industry [5,6]. 

  Acute toxicity of Ag+, the most potent form of silver, occurs in laboratory studies 

at concentrations ranging from 0.01 to 70 µg/L in various freshwater species, making it 

the second most toxic metal after mercury [6,7].  However, the bioavailability of Ag+ is 

greatly reduced by the presence of chelating agents, especially sulfides, dissolved organic 

carbon, and chloride, found in abundance in natural waters.  Therefore, most of the silver 

in the freshwater environment exists in the less toxic complexed form, and no more than 
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40% (depending on the relative abundance of silver binding ligands) is present as Ag+ 

[8].   

 The mechanism of acute Ag+ toxicity in both fish and crustaceans is the inhibition 

of Na+,K+-ATPase at the gills,  halting the active cellular uptake of Na+ and Cl-, and 

leading to circulatory failure and death [9-11].  The proportion of gill ATPase inhibition 

that results in mortality is the same in fish and daphnids [9].   

  The mechanism of chronic Ag+ toxicity is thought to be the same as that for acute 

Ag+ toxicity.  Hogstrand and Wood [10] found that the chronic response to sublethal 

levels of Ag+ was identical to the acute response – the impaired uptake of Na+ and Cl- 

was proportional to Ag+ exposures as low as 5% of the 144-hr LC50 of rainbow trout.  

During 28-day exposures, both appetite and growth rate were found to be inhibited at 2 

µg/L Ag.  Chronic toxicity of complexed forms of silver is also thought to be possible, 

though is not yet well characterized [11].   

 

C.  Theories and evidence on the toxicity of nanosilver relative to Ag+ 

 Nanomaterials have properties related to their size, shape, and surface chemistry 

that are different from the bulk materials from which they are manufactured – this is what 

makes them useful in novel applications.  However, this implies that they may also induce 

adverse biological reactions that are unpredicted by the effects of the bulk materials.  

Interactions between silver nanoparticles and biomolecules could lead to pathways of 

biodistribution, immune response, metabolism, and clearance that are different from Ag+.  

Alternatively, if the mechanism of toxicity is the same in nanosilver and Ag+, some 
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properties of nanosilver, especially its size, shape, and surface chemistry, are likely to be 

related to its toxicity because they may influence the effective concentration of the Ag+ 

exposure.  In addition, water chemistry parameters such as pH, ionic strength, and 

dissolved organic carbon are known to affect the surface chemistry and aggregation state 

of nanosilver and to influence its bioavailability.  The following paragraphs briefly 

describe those properties that are thought to be important in influencing the toxicity of 

nanosilver, whatever its specific mechanism.    

 Particle size may influence toxicity because, other parameters being equal, 

smaller particles are presumably more able to penetrate biological membranes than larger 

particles.  The size of nanoparticles is on the same scale as proteins, antibodies, and other 

biological macromolecules, so under certain conditions they may pass through cellular 

and nuclear membranes via direct transport or endocytosis more easily than larger 

particles of the same material [12,13].  In a study using silver, Morones et al. [14] found 

that only nanoparticles of 10 nm in diameter or less could physically interact with gram-

negative bacteria and exert a toxic effect.  It has also been shown that nanosilver has the 

ability to move through the chorion pore canals of fish embryos and accumulate within 

the organism [7,12,15,16].  Bar-llan et al. [12] observed a slightly increased toxicity in 

fish embryos with decreasing silver nanoparticle size, and the same size-dependent effect 

was found in vitro, with decreasing particle size producing increasingly severe effects on 

mitochondrial function and membrane integrity [17].  Conversely, Hussain et al. [18] 

reported a slight decrease in vitro toxicity of nanosilver with decreasing particle size.   
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 Specific surface area and surface-to-volume ratio increase exponentially with 

decreasing particle size.  Likewise, the proportion of atoms displayed on a spherical 

particle’s surface increases an estimated 15-20% when particle diameter decreases from 

30 nm to 10 nm [19].  It is likely that surface area and surface atoms are correlated with 

biological reactivity, and that therefore, the toxicity of nanoparticles is dependent on 

particle size, shape, and surface chemistry.   

 The surface chemistry of a nanoparticle - its charge and chemical composition - 

influences its ability to interact with biomolecules, chelating agents, and other 

nanoparticles, which in turn may affect its bioavailability.  Interactions between 

nanoparticles may result in the formation of aggregates or agglomerates.  Aggregates of 

particles are more strongly bonded than agglomerates.  The surface area of an aggregate 

will be smaller than that of the combined surface area of the individual particles.  

Agglomerates are more loosely bound collections of single particles or aggregates, with 

the resulting surface area identical to that of the combined surface area of the individual 

components [20].  Unaggregated particles may be more likely to be transported into cells, 

and may display a larger bioreactive surface area than aggregated particles.  The 

aggregation state and size distribution of a nanomaterial may change depending on 

conditions of pH, ionic strength, and dissolved organic carbon.  In general, nanoparticles 

have an increased tendency to form associations, as pH decreases and ionic strength and 

dissolved organic carbon increase in the matrix [21].  Specifically, nanosilver has been 

found to have decreasing toxicity corresponding to the increased aggregation due to the 

presence of dissolved organic carbon or increasing ionic strength [22].  Conversely, there 
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is also some laboratory evidence that dissolved organic carbon in natural waters has the 

effect of coating silver nanoparticles and decreasing their aggregation, leading to 

increased toxicity [21,23]. 

 Many methods of nanosilver synthesis include a step that adds a surface coating, 

capping agent, or stabilizer in order to reduce their tendency to form aggregates.  Some of 

the most common additives to nanosilver include citrate, sodium borohydride, 

polyvinylpyrrolidone, starch, and bovine serum albumin [15,24].  The presence and type 

of capping agent influences the aggregation behavior of nanosilver in response to the 

environmental conditions such as pH and ionic strength, and will therefore affect its 

toxicity.  The surface coating on a silver nanoparticle may either increase its toxicity by 

maintaining a suspension of individual particles with higher surface area [22], or decrease 

toxicity by reducing the bioavailability of the nanoparticles.  The use of surface coatings, 

dispersants, or buffers in toxicity testing of nanosilver may maintain its stability and size 

distribution, thereby increasing the researcher’s ability to characterize the exposure 

completely, but it may also reduce environmental realism.  The extent to which coated 

nanosilver is used in consumer products is unknown. 

 Definition of the properties of nanosilver that are thought to influence toxicity is a 

challenge not usually associated with the study of soluble chemicals, but is a crucial step 

in the interpretation of tests with nanomaterials.  Some of the ambiguities and conflicting 

results in the literature discussed in the following paragraphs may be explained partly by 

the use of different formulations of nanosilver, the use of capping agents, buffers, and 

dispersal techniques, such as sonication, or by the lack of complete exposure 
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characterization.  Studies that include complete information on the fundamental 

properties and chemical environment of exposure will contribute the most to the ultimate 

goal of predicting nanosilver toxicity. 

 Short term, acute toxicity of various formulations of nanosilver to aquatic 

organisms has been reported at concentrations as low as 0.04 mg/L (Daphnia pulex adults 

[25]) and as high as 50 mg/L (Danio rerio; zebrafish embryos [15]).  Sublethal exposures 

as low as 0.001 mg/L caused changes in stress-related gene expression in Oryzias latipes 

(Japanese medaka) [26].  The mechanism of toxicity of nanosilver is not agreed upon in 

the literature, but three possibilities are commonly discussed or implied.  (1) Toxicity 

may be caused directly by Ag+ associated with the particles.  Ag+ may be left over from 

the synthesis of the particles, released from the particles, or displayed on the surface of 

the particles.  (2) Nanosilver possesses a unique mechanism of toxicity related to 

properties that emerge at the nano-scale.  The theories on how these properties could 

influence toxicity have been discussed in the preceding paragraphs.  (3) Nanosilver acts 

to increase the exposure to Ag+ above that indicated by the dissolved concentration of 

Ag+ in the bulk solution.  This could be due to interactions between nanosilver and 

biomolecules or membranes that result in an exposure to a higher concentration of Ag+ 

than that in the surrounding media.  While this represents a pathway of silver toxicity that 

may be unique to nanosilver, it is not a novel mechanism of action.   

 Morones et al. [14] assessed the toxicity of nanosilver and Ag+ on 

microorganisms and found that the cell morphology was affected differently by each 

form of silver.  Although the Ag+ concentration of the nanosilver suspension was found 
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to be present in sufficient levels to contribute to the toxicity, the authors argue that a 

novel mechanism of nanosilver toxicity is probable due to the observation that small (1 

nm) nanoparticles interact with and penetrate the cell membrane.     

 Asharani et al. [15] observed delayed hatching rate, decreased heart rate, and 

phenotypic defects in zebrafish embryos exposed to nanosilver capped with organic 

compounds (starch and bovine serum albumin) but not Ag+.  Nanosilver was observed via 

TEM to have penetrated the chorion of the embryos, whereas no such accumulation was 

visible in ionic silver treatments.  The authors conclude, based on this evidence, that there 

is a unique mechanism of toxicity associated with particulate silver.  However, these 

comparisons were based on exposure to much higher concentrations of nanosilver (≥ 100 

mg/L) than Ag+ (2 µg/L), which may have affected the relative toxicity.    

 Griffitt et al. [25] measured the dissolved silver portion of nanosilver exposures 

using 20 nm filters and concluded that the acute toxicity in adult and juvenile D. rerio, D. 

pulex, and Ceriodaphnia dubia could not be accounted for by dissolved silver alone.  The 

same group (Griffitt et al. [27]) compared molecular and histological effects on D. rerio 

gills of nanosilver and concentrations of Ag+ equal to the measured dissolved Ag+ portion 

of the nanosilver exposure.  They analyzed gill filament thickness and gene expression 

and found significant differences between equivalent exposures of the ionic and 

particulate forms of silver.  Chae et al. [26] evaluated the changes in expression of stress-

related genes in O. latipes with exposure to equal mass concentrations of nanosilver and 

ionic Ag+ and found a different set of responses for each form.  These results have led the 
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authors to conclude that nanosilver and ionic Ag+ produce separate mechanisms of 

toxicity.  

 Laban et al. [7] measured dissolved Ag+ in two commercially available nanosilver 

formulations using filtration, centrifugation, and ICP-MS and determined that the toxicity 

of nanosilver in Pimephales promelas (fathead minnow) embryos could not be entirely 

accounted for by the presence of dissolved Ag+ alone.  The same authors also compared 

the toxicity of a sonicated nanosilver preparation to nanosilver that was simply stirred.  

Sonication was shown to reduce the average size of aggregates as measured by TEM, and 

to increase the acute toxicity to P. promelas embryos tenfold, but not to increase the 

concentration of dissolved Ag+.  It was theorized that sonication breaks up of aggregates 

into individual nanoparticles, increasing the specific surface area and bioactivity of the 

nanosilver suspension.  Therefore, it was suggested that the small concentration of Ag+ 

released from the nanosilver suspension over the period of the toxicity test may have had 

an additive effect on the overall toxicity of the exposure, but that the nanosilver may also 

have exerted a separate mechanism of toxicity.    

 Some authors have also argued convincingly that there is not enough evidence to 

suggest separate mechanisms of toxicity for nanosilver and Ag+, and that the toxic action 

of nanoparticles is more likely to be due to their delivery of Ag+.  Lok et al. [22] found 

that the toxicity of nanosilver increased with the addition of Ag+ to its surface, a 

condition created by bubbling the nanosilver with oxygen.  These authors also showed 

that small (9 nm diameter) silver nanoparticles were much more toxic, on a mass basis, 

than larger particles (62 nm diameter), but at the mass concentrations of each size that 
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exhibited the same level of toxicity, the theoretical number of Ag atoms displayed on the 

particle surface were also roughly the same.  These results, along with the finding that 

bacteria strains with a resistance to Ag+ were equally resistant to nanosilver, led to the 

conclusion that the mechanism of toxicity of nanosilver is identical to that of Ag+. 

 Navarro et al. [28] found that both ionic and particulate silver influence toxicity in 

algae.  They measured the ionic Ag+ concentration of a nanosilver exposure using three 

methods: diffusive gradients in thin films, ion-selective electrode, and centrifugal 

ultrafiltration.  The determination that the concentration of Ag+ was not high enough to 

account for the level of photosynthesis inhibition that was observed implies a separate 

mechanism of toxicity in the nanoparticles.  However, when cysteine, a strong silver 

ligand, was added, the toxicity of both nanosilver and Ag+ was removed.  This led the 

authors to conclude that the toxicity of nanosilver is mediated by its release of Ag+, 

which may be released only upon contact with cells.   

 A consensus does exist that nanosilver is less acutely toxic than ionic Ag+, at least 

on a mass basis.  However, there appears to be valid evidence in favor of two conflicting 

proposals, that nanoparticles possess a unique mechanism of toxicity, or that all toxicity 

can be accounted for by the presence or delivery of ionic Ag+.  The third option, that 

nanosilver simply provides a unique pathway for ionic Ag+ toxicity, is best supported by 

the results of Navarro et al. [28], and may account for the findings of other authors who 

claim that the toxicity of nanosilver is above that explainable by the dissolved Ag+ 

portion of the exposure.  The difficulty in distinguishing which of these is closest to 

reality lies in making comparisons between equivalent exposures of nanosilver and ionic 
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Ag+.  The complex behavior of nanosilver within its chemical environment leads to 

further difficulties in characterizing the toxicity of nanosilver and its relationship to ionic 

silver.  Adequate understanding of the relationships of nanosilver properties and water 

chemistry to the toxic response will be the key to predicting the environmental risk posed 

by nanosilver.   

 

D.  Overview of the scope of this project 

 This master’s thesis is intended to expand upon the current literature using 

standard toxicity tests as well as new methods of evaluation to characterize the 

relationship of nanosilver toxicity to ionic silver.  The following three chapters describe 

the experiments that were designed in order to provide insight into the following 

questions:  

 1)  How does the lethal and sublethal toxicity of nanosilver compare to that of   

      ionic silver?   

 2)  Is there evidence that nanosilver acts by different mechanisms than ionic     

      silver?   

 3)  Is there reason to believe that risks from environmental releases of   

      nanosilver would not be adequately addressed by existing regulatory   

      approaches based on the toxicity of ionic silver?   

 Ideally, one would make separate evaluations of the toxicity of nanosilver and 

Ag+, therefore, several methods were also attempted to remove Ag+ from nanosilver, with 

limited success.  An ion exchange treatment was developed in order to remove Ag+ from 
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nanosilver, and the acute toxicity of the treated silver was again compared with untreated 

nanosilver and Ag+.  This was also intended to provide insight into the question of 

whether the toxicity of nanosilver is solely due to Ag+, by testing whether the removal of 

Ag+ from nanosilver results in a reduction of its acute toxicity.   

 Where the ability to make direct observations about the contribution of Ag+ to the 

toxicity of nanosilver is limited, indirect approaches may be equally valid.  To that end, 

D. magna was exposed to four different sizes of nanosilver (10, 20, 30 and 50 nm 

nominal) and Ag+ and the LC50s for each size class were expressed in terms of total Ag 

mass concentration, specific surface area, and surface atoms per mass unit.  These 

properties are theoretically linked to the nanoparticles’ contribution of ionic Ag+ to the 

exposure, with decreasing particle diameter leading to exponentially greater surface area, 

and therefore contributing a higher concentration of Ag+.  The characterization of an 

exposure in terms of its approximate delivery of ionic Ag+ allows us to evaluate the 

likelihood that the toxicity of nanosilver is proportional to its delivery of Ag+, rather than 

due to a separate mechanism related to the average size of the nanoparticles. 

 The role of Ag+ in the toxicity of nanosilver was also evaluated by comparing the 

acute and sublethal effect levels of 10 nm nanosilver and Ag+ to P. promelas larvae.  It is 

known the mechanism of chronic Ag+ toxicity is the same as that for acute Ag+ toxicity in 

freshwater fish [10].  Therefore, if the source of toxicity in nanosilver is the silver ion, it 

is logical to assume that the ratio of Ag+ LC50 to sublethal EC20 will be the same as that 

of nanosilver.  Differing ratios may provide evidence for a separate mechanism of 

toxicity in nanosilver.   
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 The experimental framework and results of these studies are discussed in the next 

three chapters.  The final chapter addresses the regulatory implications of our findings in 

relation to the questions listed above. 
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II.  Development of methods for the separation of Ag+ from nanosilver including 

evaluation of acute toxicity  

 

A.  Introduction 

 One of the greatest challenges in these studies is the quantification of the ionic 

silver (Ag+) content of nanosilver.  The direct comparison of the potency of Ag+ and 

nanosilver is only possible if the two components can be evaluated separately.  One of the 

assumptions that informed the early preparations for this masters thesis project was that 

nanosilver suspensions may contain a concentration of free Ag+ ions at a high enough 

concentration to contribute significantly to the toxicity of the suspension.  Ideally, a 

comparison of the toxicity of nanosilver and Ag+ would be made by physically separating 

the two components and testing them individually.  Another assumption is that the main 

differences between nanosilver and ionic Ag+ are charge and size, and that therefore, it 

should be possible to separate or remove Ag+ from nanosilver by taking advantage of 

these differences.  Filtration, centrifugation, dialysis, ion exchange, and chelation were 

initially proposed as separation methods.  Filtration and dialysis physically exclude larger 

particles, and centrifugation forces larger particles into a concentrated pellet, which can 

be analyzed separately from the supernatant.  Ion exchange is a method of separating ions 

from a matrix based on their differential charge.  In a nanosilver suspension, it is 

expected that ionic Ag+ has a much higher affinity for the active binding sites on ion 

exchange resin, and that uncharged nanoparticles will pass through an ion exchange 

column unaltered.  Chelation, or chemical binding of Ag+ that results in a stable complex, 
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has also been proposed as way to reduce the bioavailability of Ag+ within a nanosilver 

suspension, if it can be assumed that the ligand does not alter the reactivity of the 

nanoparticles themselves.  With sensitive enough instruments, it should also be possible 

to measure the ionic Ag+ content of a nanosilver suspension, and either determine 

whether it exists in a high enough concentration to contribute to toxicity, or to evaluate its 

concentration before and after the treatment of nanosilver with one of the Ag+ separation 

techniques listed above.  Some of these methods have been reported in publications on 

the toxicity of nanosilver, as summarized below. 

 A number of publications on the toxicity of nanosilver have defined the 

concentration of Ag+ within a nanosilver suspension as the concentration after filtration 

with a 0.02 µm filter.  Griffitt et al. [25] measured the dissolved ionic Ag+ in a nanosilver 

suspension with filtration and reported that the concentration was much lower than the 

LC50 of ionic Ag+, which may indicate that the toxicity of nanosilver was not entirely 

attributable to the dissolved Ag+.   Laban et al. [7] used a similar filtration method to 

measure dissolved Ag+ in nanosilver over the course of a 96-h static exposure of 

zebrafish, and although the Ag+ concentration was generally higher than the LC50 of 

Ag+, the mortality rate was actually lower than expected.   

 Those publications that report a centrifugation step during the synthesis of 

nanosilver state that its purpose is to remove leftover impurities as well as Ag+, but there 

have been no definitive studies on the toxicity of nanosilver before and after 

centrifugation to produce information about the contribution of Ag+ to the overall toxicity 
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of  nanosilver.  Most authors simply include an exposure using  the supernatant of 

centrifuged nanosilver in order to demonstrate its lack of toxicity [12,15,16,22].   

 Navarro et al. [28] added cysteine, a strong silver chelator, to nanosilver and ionic 

Ag+ exposures, which effectively decreased the inhibitory effects of both forms of silver 

on the photosynthetic yield of green algae.  This result, together with careful 

measurements of the Ag+ concentration of nanosilver as discussed in the next paragraph, 

was used to infer that the toxic action nanosilver is due to ionic Ag+ transferred directly 

to the cell membrane even when the dissolved Ag+ is not high enough to cause toxicity.  

 Measuring the Ag+ concentration in a nanosilver suspension is the most direct 

way to address the question of the contribution of Ag+ to toxicity.  However, because the 

silver ion is toxic to aquatic organisms at extremely low concentrations, the precise 

measurement of Ag+ concentration against a background of a relatively high 

concentration of particulate silver is challenging.  Low concentrations of Ag+ in 

nanosilver suspensions were electrochemically measured using stripping voltammetry by 

Morones et al. [14], who found that the release of approximately 1 µM free silver ions 

was sufficient to account for at least part of the toxicity observed in E. coli,.  Ion-

selective electrodes (ISE) have also been used for measuring trace levels of Ag+ in 

nanosilver suspensions [28,29], however, the electrode detection limit is usually higher 

than the toxic dose of Ag+ for many test organisms, and therefore it cannot be used to 

determine the contribution of Ag+ to the toxicity of nanosilver.  Diffusive gradients in 

thin films (DGT) was first described by Davison and Zhang [30] for measuring low 

concentrations of Ag+  and later utilized for measurements in nanosilver by Navarro et al. 
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[28].  A DGT device is composed of a layer each of polyacrylamide gel and ion exchange 

resin separated from the test water by a dialysis membrane.  Centrifugal ultrafiltration has 

also been used successfully to quantify the dissolved Ag+ in a nanosilver suspension 

[22,28,31].  Navarro et al. [28] measured the Ag+ concentration of nanosilver using three 

methods  (ISE, DGT, and centrifugal ultrafiltration), and reported an average 

concentration of 1% Ag+ in the nanosilver preparation.  Those authors who report 

sufficiently precise measurements of Ag+ in nanosilver suspensions vary in their 

conclusions about its contribution to toxicity.  However, in general they suggest that the  

Ag+ concentration is often high enough to contribute to at least some of the toxicity of 

nanosilver.  Therefore, to determine whether nanosilver exerts a unique mechanism of 

toxicity, the bioavailable Ag+ component must be completely eliminated.   

 The purpose of the experiments described in the present study was to briefly 

explore the simplest methods of Ag+ separation from nanosilver, and where possible, 

make comparisons of acute toxicity before and after each treatment.  Since this was an 

exploratory study a wide variety of experimental methods were built progressively, based 

on the results from preceding experiments.  Each procedure will be discussed separately, 

with the methods and results interspersed with conclusions about the efficacy of each.  A 

final discussion section integrates the results and conclusions of all methods in terms of 

their contribution to the evidence concerning the mechanism of nanosilver toxicity. 

 

B.  Methods, materials, and results 
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 The initial studies reported below used citrate-capped nanosilver that was 

synthesized in-house (see Appendix A).  The effectiveness and technical simplicity of 

filtration, centrifugation, dialysis, ion exchange, and chelation was explored.  Following 

initially promising results, a more extensive study of the effects of ion exchange on 

nanosilver toxicity was completed using a commercially available preparation of 

nanosilver (10 nm Biopure, nanoComposix Inc).  The results of these studies on the 

separation of Ag+ from nanosilver made it possible to infer the role of Ag+ in nanosilver 

toxicity. 

 Characterization of the nanosilver before and after treatment is important to 

determine that the only thing that has changed about the suspension is the concentration 

of ionic silver.  Some methods of Ag+ separation might cause a change in the matrix that 

leads to aggregation of nanoparticles, which may be detected with dynamic light 

scattering particle size analysis (DLS; Appendix C) and UV-VIS spectroscopy (Appendix 

C).  With this in mind, water chemistry parameters including pH and conductivity were 

also monitored and controlled where possible throughout each treatment procedure. 

 

Filtration 

 Cellulose filters with 0.020 µm pore size (Whatman) were used to filter 72 mg L-1 

nanosilver (citrate-capped) with measured particle size of 92 (±1.1) nm.  The particle size 

of the nanosilver suspension did not decrease after filtration, indicating that particles 

larger than 0.020 µm were not excluded by the filter, therefore, this method was set aside.   
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Centrifugation 

 Three 5 mL samples of 72 mg L-1 nanosilver (citrate-capped) were centrifuged for 

60 minutes at 28,000 rpm.  The sample became visibly separated with a clear supernatant 

and a denser region of nanosilver at the bottom, but did not form a stable pellet.  A 4.5 

mL supernatant fraction was carefully withdrawn and total Ag concentration was 

analyzed in duplicate with graphite furnace atomic absorption spectroscopy (GFAAS; 

Appendix D), resulting in a measurement of 1.8 (± 0.38) mg Ag L-1), which represented 

an average  97.5% reduction from the original concentration of the suspension (72.9 mg 

Ag L-1 ± 0.7).  Particle size was measured with DLS in the pre-centrifuged nanosilver 

suspension, and in the concentrated post-centrifugation nanosilver fraction of the three 

samples.  The particle size in the supernatant was not measurable, presumably because 

the concentration of nanosilver in the supernatant was below the DLS detection limit of 

approximately 1 mg Ag L-1.  The average of three runs is reported below: 

 Sample ID  ave. particle size, nm (± SD) 
  pre-centrifugation  45.9  (± 0.2) 
  post-centrifugation 1  46.8  (± 0.9) 
  post-centrifugation 2  46.2  (± 0.7) 
  post-centrifugation 3  46.0  (± 0.7) 
  

 The effect of centrifugation on the acute toxicity of nanosilver on Oryzias latipes 

larvae was examined.  A nanosilver preparation was centrifuged as described in the 

previous paragraph, and a 4 mL supernatant fraction was separated from a 1 mL 

concentrated nanosilver fraction.  The concentrated nanosilver fraction was resuspended 

in culture water made from 25% moderately hard reconstituted water and 75% deionized 
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water (25% MHW1), and diluted to nominal concentrations of 18, 37.5, and 75 mg L-1 

nanosilver, both pre- and post-centrifugation.  A centrifuged supernatant fraction was 

included as a control treatment.  Five organisms <24 hours post hatch were added to 5 

mL of exposure solution in small plastic cups.  Exposures were performed in duplicate.  

Mortality, defined as lack of movement for 30 seconds, was observed at 24 and 48 hours.  

Exposures were not renewed.  Temperature was maintained with a 25° C water bath 

within an enclosure.  Conductivity and pH were measured in the bulk solutions and found 

to average 0.48 mS and 7.3, respectively.  Total Ag concentrations were measured with 

GFAAS at the time of test initiation and used to calculate LC50 by regression analysis 

(Toxicity Relationship Analysis Program v. 1.21, U.S. EPA) or the trimmed Spearman-

Karber method where the data did not fit the regression model.   

 Nanosilver settled and accumulated as a black film on the bottom of the exposure 

chambers in the centrifuged treatments, but not in the chambers containing non-

centrifuged nanosilver suspensions.  Survival was 100% in dilution water control and 

supernatant treatment (measured at 3.38 µg L-1 Ag).  Survival was slightly higher in the 

centrifuged treatments in than the unaltered nanosilver stock, as indicated by an LC50 

(and 95% confidence interval) for centrifuged nanosilver of 9.08 (2.8, 29.41) mg L-1  and 

2.06 (0.48, 8.75) mg L-1 for unaltered nanosilver.  The wide, overlapping confidence 

intervals make it impossible to say whether the toxicity of pre- and post-centrifuged 

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

                                                 
1 This culture water formulation was developed during preliminary studies comparing the toxicity of 
nanosilver and nano-titanium dioxide (nTiO2).  Because nTiO2 had a tendency to agglomerate in water of 
higher ionic strength, and test organisms were intolerant of water of lower ionic strength, this formula was 
devised as a compromise.   
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of test organisms per treatment (n) as specified in standard acute toxicity test methods 

(ASTM Standard E 729 – 88a,1991) to be able to make a definitive conclusion of the 

effect of centrifugation on nanosilver toxicity.  If the measured Ag in the supernatant is 

assumed to be dissolved Ag+ removed from nanosilver during centrifugation, it seems 

insufficient to account for the observed reduction in toxicity post-centrifugation.  It is 

possible that more dissolved Ag+ did exist in the pre-centrifuge nanosilver, but that the 

high energy of the centrifuge caused it to reincorporate into less bioavailable 

nanoparticles, and that this led to a reduction of toxicity.  There are three other possible 

explanations for the observed reduction in toxicity: either the Ag+ was not completely 

removed from the nanosilver, or the toxic Ag+ component of centrifuged nanosilver is 

reestablished during the exposure period, or the nanosilver retains its toxicity when Ag+ 

is removed.  Future expansion of this experiment should address the lack of stability 

evident in the centrifuged nanosilver during the exposure period.  Further conclusions 

about the source of toxicity of centrifuged nanosilver are made in the next paragraph on 

chelation.   

 

Chelation 

 The effect of a strong silver ligand, sodium thiosulfate (Na2S2O3) on the acute 

toxicity of nanosilver (citrate-capped) on Oryzias latipes (Japanese medaka) larvae was 

evaluated concurrently with the experiment described in the previous paragraph on 

centrifugation.  Dilutions of pre- and post-centrifuge nanosilver concentrate fraction, as 

well as a supernatant control, were prepared with 25% MHW.  Nanosilver preparations 
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with nominal concentrations of 18, 37.5, and 75 mg L-1 were prepared in bulk and 

divided into four replicates of 5 mL each, in small plastic cups.  Two replicates of each 

concentration were spiked with 50 µL of 8.5 g L-1 Na2S2O3 solution for a final 

concentration of 85 mg L-1.  Five <24 hours post hatch larvae were added after 

thoroughly mixing the thiosulfate solution into the nanosilver preparation.  Controls 

included 25% MHW and supernatant fraction spiked with thiosulfate.  Exposures were 

maintained and mortality was observed as described in the previous paragraph.  Survival 

was 100% in all controls, as well as all thiosulfate-spiked pre- and post-centrifuge 

nanosilver concentrations and the supernatant.  Therefore, the addition of thiosulfate 

removed toxicity from both the centrifuged nanosilver and the unaltered nanosilver up to 

the highest concentration tested.  If the assumption is made that the chelator removes 

toxicity by reducing the bioavailability of Ag+ and not by altering the toxic action of the 

nanoparticles themselves, these results imply that source of acute toxicity of nanosilver is 

ionic Ag+, at least at these concentrations.    

 

Dialysis  

 A preliminary study was conducted on the efficacy of dialysis as a method for the 

separation nanosilver and Ag+.  Dialysis membrane pore size (SpectraPor 7) was chosen 

based on a chart provided by Spectrum Labs showing the approximate relationship 

between diameter in nanometers and kilodaltons (kDa).  A membrane with a molecular 

weight cut-off (MWCO) of 10 kDa, corresponding to pore size of less than 5 nm, was 

considered adequate to retain 10 nm nanosilver.  High purity cellulose dialysis tubing 
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with a width of 15 mm was selected because of its extremely low heavy metal content.  

To prepare a sample for dialysis, a segment of dialysis membrane was sealed with a 

plastic clip on one end, filled with 10 mL of sample, sealed on the other end, leaving a 

small air space, and rinsed with deionized water.  The sample was suspended in a glass 

beaker filled with 2000 mL of the appropriate matrix and a magnetic stir bar.  The 

dialysis beaker was placed on a stir plate with its speed adjusted to keep the dialysis 

membrane rotating freely in a vertical position, and covered with ParaFilm and aluminum 

foil to prevent evaporation and exclude light for a 48 hour equilibration period.  Total Ag 

was analyzed with GFAAS in the solutions both inside and outside the membrane.   

 An initial experiment demonstrated the ability of a 10 mg L-1 Ag+ solution to pass 

freely from inside the dialysis membrane and come to equilibrium with the matrix outside 

the membrane.  Approximately 82-96% of the expected equilibrium concentration of Ag+ 

was attained both inside and outside the membrane, indicating a 4-18% loss of silver to 

surfaces in the dialysis system such as the dialysis membrane, glass beaker, plastic clips, 

or magnetic stir bar.    

 With the ability for dissolved Ag+ to pass through the membrane established, a 

series of dialysis beakers was set up to evaluate the ability of Ag+ to pass through dialysis 

membrane from nanosilver (citrate-capped).  The equilibrium concentration of Ag+ will 

only become established if the solution inside and outside the membrane is iso-osmotic; 

however, the concentration of free citrate in this nanosilver formulation was unknown.  It 

was assumed that some proportion of citrate molecules were removed from solution 

during the synthesis procedure and incorporated into the nanoparticles, leaving some 
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unknown concentration of free citrate in the nanosilver matrix.  This was accounted for 

by weighing the prepared dialysis bags before and after dialysis; a change in weight 

would indicate an osmotic imbalance.  Pre-dialysis nanosilver particle size, UV-VIS 

absorbance spectra, and total Ag concentration were measured.  Four dialysis bags were 

prepared with 72 mg L-1 citrate-capped nanosilver (see Appendix A for synthesis 

method).  Two of the prepared dialysis bags were placed in beakers containing a citrate 

solution measuring 100% of the maximum free citrate concentration that would be 

present if none was bound to nanosilver, and two were placed in beakers containing 50% 

of that concentration.  Samples collected from outside the membrane were analyzed for 

total Ag with GFAAS at 0, 24, and 48 hours.  After 48 hours of dialysis, the bags were 

weighed, and the contents were analyzed for DLS particle size, UV-VIS absorbance 

spectra, and total Ag concentration.     

 Table 2-1 summarizes the changes that were observed in post-dialysis nanosilver 

in both citrate treatments.  Treatment “A” refers to the dialysis beakers that contained 

100% of the citrate concentration specified in the synthesis method, and Treatment “B” 

refers to the dialysis beakers containing 50% of that citrate concentration.  Total silver 

concentration inside the bag decreased approximately 50% in treatment A and 24.4% in 

treatment B.  The concentration of silver, presumably Ag+, that passed through the bag 

into the citrate matrix was measured at an average of 1.8 µg L-1 in treatment A and 0.13 

µg L-1 in treatment B.  Accounting for the dilution factor, this corresponds to a loss of 

0.5% and 0.03% in treatments A and B, respectively.  The concentration of dissolved 

silver outside the membrane did not account for the full loss of silver inside the 
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membrane in either treatment; indicating that either that a large amount of silver sorbed 

onto the surfaces of the dialysis system, or that it settled out of suspension.  This loss due 

to sorption was much greater in nanosilver suspensions than the Ag+ solutions described 

previously, and made a mass balance analysis of the dialysis of Ag+ out of nanosilver 

impossible.   

 In addition to a decreased silver concentration, the measurements of particle size, 

UV-VIS absorbance spectra, and post-dialysis bag weight revealed changes in those 

aspects as well.  The particle size increased approximately 19% and 16% in treatments A 

and B, respectively, with a corresponding shift in the absorbance peaks from 440 nm to 

450 nm.  The absorbance intensity also decreased from 2.85 absorbance units (AU) to 

1.00 and 1.45 AU in post-dialysis nanosilver treatments A and B, respectively.  A 

comparison of the absorbance spectra of pre-and post-dialysis nanosilver at similar Ag 

concentrations shows that these changes cannot be attributed to dilution alone.  A 

broadening of the post-dialysis absorbance peak also suggests a change in the optical 

properties of nanosilver during dialysis (Fig 2-1). 

 The weight of the dialysis bags in treatments A and B increased approximately 

1% and 4.3%, respectively, during dialysis, indicating that a lack of osmotic balance 

caused movement of water into the bags, but the dilution did not account for the decrease 

in silver concentration inside the bags.  Furthermore, a dark grey film was observed 

accumulating on the inside of the dialysis bags containing nanosilver, an indication that 

the particles were no longer in a stable suspension.  All of these observations led to the 
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conclusion that the citrate-capped nanosilver was altered during dialysis to a point where 

this material was no longer relevant for toxicity studies.   

 The primary objective of this experiment was to show that Ag+ can be removed 

from nanosilver using dialysis by completing a mass balance analysis and/or by testing 

the acute toxicity of pre- and post-dialysis nanosilver, but neither of these evaluations 

was possible given the results reported above.  Further dialysis studies using nanosilver in 

a matrix of known composition and concentration would eliminate the variable of 

unknown osmolarity of citrate in the nanosilver matrix.   

 
Table 2-1  Summary of nanosilver characterization measurements before and after 
dialysis 
 
  inside  outside 
Treatment ID [Ag]C, mg L-1 [Ag]D, ug L-1   ∆ weight E, g    PS F, nm      AU G   
pre-dialysis 66.7  N/A        N/A  7          0.9 ± 1.2       2.85  
A 100%A 33.3  1.80        + 0.26         87.3 ± 0.8      1.00   
B 50%B  50.4  0.131         +1.15          84.7 ± 1.1      1.45   
 
A 72 mg L-1 nAg dialyzed against 100% citrate 
B 72 mg L-1 nAg dialyzed against 50% citrate  
C Total Ag concentration measured inside dialysis bag after 48 hours of equilibration 
D Total Ag concentration measured outside dialysis bag after 48 hours of equilibration 
E Change in the wet weight of the filled dialysis bag and clips over 48 hours 
F DLS particle size measurement, average of 3 runs 
G Absorbance units at peak height 
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Figure 2-1  Analysis of UV-VIS absorbance spectra of nanosilver before and after 
dialysis  
 

λ, nm

200 300 400 500 600 700 800 900 1000

A
bs

or
ba

nc
e 

un
its

0.0

0.5

1.0

1.5

2.0

2.5

3.0

440 nm
 450 nm

Pre-dialysis nAg, 66.7 ppm
Pre-dialysis nAg, 54 ppm
Pre-dialysis nAg, 46.5 ppm
Pre-dialysis nAg, 33.35 ppm 
Post-dialysis nAg treatment B (46.6 ppm)

 
A comparison of pre-and post-dialysis nanosilver peak height at similar Ag concentrations (Pre-dialysis 
nAg 46.5 mg L-1 and post-dialysis nAg treatment B 46.6 mg L-1) shows that the decrease in absorbance 
intensity in post-dialysis nanosilver cannot be attributed to dilution alone.  The wavelength at peak height 
is 440 nm for each dilution of pre-dialysis nanosilver; the wavelength at peak height is 450 nm for post-
dialysis nanosilver.  The broadening of the absorbance peak in post-dialysis nAg also suggests a change in 
the optical properties of nanosilver during dialysis. 
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Ion exchange part 1, method development and characterization of treated nanosilver 

 A preliminary study compared the ability of an ion exchange resin to bind silver 

in both the Ag+ and nanosilver forms.  SIR-300 HP cation exchange resin (ResinTech, 

West Berlin, NJ has a charge selectivity that theoretically will bind the free Ag+ 

component of a nanosilver suspension and not the uncharged nanosilver.   Five ml of 15 

mg L-1 nanosilver suspension was applied to an ion exchange column, prepared and 

eluted as outlined above. Three mL eluate fractions were collected and analyzed for total 

Ag by GFAAS.Thirty mg of sodium chloride-activated resin was added to four 200 mL 

glass beakers.  Solutions of Ag+ (as AgNO3) and a nanosilver suspension of the same 

mass concentration (0.72 mg L-1) were prepared by dilution in deionized water, and 150 

mL of each solution was added to the ion exchange resin.  The beakers were placed on 

magnetic stir plates; samples were collected at 15, 30, 60, and 120 minutes and analyzed 

for total silver concentration with GFAAS (Appendix D).  This batch treatment resulted 

in nearly 100% of the ionic silver being bound by the resin within 15 minutes, while the 

total silver concentration of the nanosilver suspensions decreased by only 10-25% in the 

same period.  This indicated that the HP 300 HP resin  bound dissolved Ag+ and left 

nanosilver, suggesting a promising lead for the development of a method to separate Ag+ 

from nanosilver. 

 This method was refined by utilizing ion exchange columns, which are generally 

more efficient than batch treatments, and easily allow for the collection of treated 

samples for further analysis.  Commercially available uncapped nanosilver (10 nm in 

phosphate buffer, BioPure, nanoComposix, San Diego, CA) was used rather than citrate-
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capped nanosilver for these tests, because of the extensive characterization data provided 

by nanoComposix and to allow for the comparison of results among the other studies 

under the scope of this project (see Parts II and III).   

 A glass column with a 30 mL bed volume was fitted with a stopcock and filled 

with 17 mg resin.  The resin was activated by pouring five bed volumes of 3% NaCl 

solution through the column and rinsing with deionized water until the conductivity of 

the eluate stabilized (measured less than 60 µS).  The void volume (10 mL) was 

approximated by pouring NaCl through the column and measuring the conductivity of the 

eluate.  The capacity for this volume of resin to bind a high concentration of Ag+ was 

demonstrated by passing 5 mL of 15 mg L-1 Ag+ (as AgNO3) through the column.  After 

discarding one void volume, the eluate was collected in 3 mL fractions, which were 

analyzed for total silver by GFAAS.  The results showed only trace amounts of Ag 

remaining in all fractions, which, when diluted, were less than 10% of the 48-h LC50 for 

D. magna juveniles (See Part III).  This indicated that, in theory, any ionic silver present 

in nanosilver could be bound by the resin and whatever passed through the column would 

be essentially free of ionic silver.    

  Five mL of 15 mg L-1 nanosilver was applied to an ion exchange column, 

prepared and eluted as outlined above.  Three mL eluate fractions were collected and 

analyzed for total Ag by GFAAS.  The fractions with the highest total Ag concentrations 

were pooled and reanalyzed with GFAAS, DLS, and UV-VIS absorption.  A portion of 

the pooled nanosilver was set aside for toxicity testing, and the remainder was 
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immediately subjected to a duplicate ion exchange procedure using a new column to 

determine whether any additional ionic silver was retained.   

  This procedure was performed three times on separate days, and coincided with 

two tests of acute Daphnia magna toxicity with untreated and ion exchange-treated 

nanosilver.  Mass balance calculations (Table 2-2), include all fractions of eluate 

collected after nanosilver was passed through the column.  Test 1 resulted in an 8.7% 

reduction in total Ag in post-ion exchange nanosilver; a second ion exchange treatment of 

the sample was not performed.  Test 2 resulted in a 24.7% decrease in total Ag during the 

first ion exchange treatment, and a further 12.0% decrease when the sample was re-

treated 90 minutes later, while the test 3 resulted in 9.6% and 21.5% decreases in total Ag 

after each of the two treatments, respectively.  The variation of Ag reduction from 8.7 to 

24.7% is similar to the between-replicate variation of 10-25% observed in the batch 

treatment ion exchange studies described previously.   

It is unknown whether the observed decrease in total Ag after the second treatment of 

each test reflects the removal of additional Ag+ that had been released from the particles 

after the first treatment, or whether it resulted from retention of particulate silver in the 

column.   

 Particle size and UV-VIS absorbance data were collected only during test 2 in 

order to compare these characteristics for nanosilver that was both untreated and 

subjected to a single ion exchange treatment (See Appendix C for methods).  The 

concentration of the nanosilver after the second ion exchange treatment was too low for 

particle size and UV-VIS analysis.  After the initial treatment with ion exchange, the 
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average particle size of the nanosilver suspension increased from 38.9 nm pre-ion 

exchange to 75.3 nm , possibly indicating aggregation in the presence of ion exchange 

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

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

optical properties of the nanosilver were altered by the ion exchange treatment, although 

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

other treatments (centrifugation and dialysis).     

 
Table 2-2 Nanosilver ion exchange mass balance 
 
       % decrease in total [Ag] 
Test Ion ex. treatment 1 Ion ex. treatment 2 
1       8.7   N/A 
2     24.7   12.0    
3      9.6   21.5 
      
Treatment of nanosilver with ion exchange resin columns resulted in a reduction of total silver 
concentration from 8.7 to 24.7% (Ion ex. treatment 1).  A secondary treatment of the same sample 
nanosilver using a new column (Ion ex. treatment 2) resulted in a further reduction of total silver 
concentration of 12.0 to 21.5%.  This variation is similar to that observed between two replicates of ion 
exchange batch-treated nanosilver, as described on page 29.   
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Figure 2-2 UV-VIS absorbance analysis nanosilver before and after ion exchange (Test 
2) 
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The decrease in peak height in post-ion exchange nAg corresponds to the decrease in Ag concentration; the 
wavelength at peak absorbance shifted from 385 nm to 395 nm during ion exchange treatment 1.  The 
shape of the peak does not appear to have been altered by ion exchange..   The concentration of the 
nanosilver after the second treatment was too low for adequate characterization of UV-VIS absorbance.   

 
 

Ion Exchange part 2, acute toxicity of pre-and post-ion exchange nanosilver 

 The effect of ion exchange treatment on the acute toxicity of nanosilver was 

evaluated with 48-h D. magna exposures, in order to test the theory that Ag+ plays a 

strong role in nanosilver toxicity.  If the toxicity of nanosilver is largely due to the 

presence of Ag+ in the suspension, and if the free Ag+ can be removed with ion exchange, 

and if the nanosilver does not release more Ag+ during a toxicity test, then it is expected 
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that ion exchanged nanosilver will have lower acute toxicity to D. magna than untreated 

nanosilver.   

 The nanosilver formulation that was used for these tests is shipped as a 1000 mg 

Ag L-1 concentrate in a buffer of 2 mM phosphate.  Although the concentration of 

phosphate buffer in post-ion exchange nanosilver is unknown, initial studies confirmed 

the lack of toxicity to D. magna of the phosphate buffer present in nanoComposix 

Biopure nanoparticles (10 nm), at these dilutions (See Appendix B).   

 The pooled fractions of nanosilver treated once with ion exchange were serially 

diluted in filtered Lake Superior water (LSW) in 50% increments to prepare exposures 

ranging from 1.56 µg L-1 to 50 µg L-1 (nominal concentration).  Untreated (pre-ion 

exchange) nanosilver was likewise diluted to prepare exposures of the same 

concentrations.  Other treatments included an LSW control and a column blank control, 

which was produced by passing deionized water through the ion exchange column before 

adding nanosilver, and diluting the eluate in LSW to the same level as the highest 

nanosilver exposure.  To compare the effects of nanosilver to Ag+, an ionic silver 

reference treatment was prepared by diluting a 16 mg L-1 Ag+ solution (as AgNO3) in 

LSW in 50% increments ranging from 0.25 µg L-1 to 4 µg L-1.   

 The conditions of these acute tests fit the acceptability criteria specified by ASTM 

Standard E 729 – 88a,1991.  All exposures were prepared in bulk and divided into 

duplicate 30 mL glass beakers filled to a volume of 20 mL.  Ten, 3-5 day-old D. magna 

juveniles were collected from the MED culture unit and acclimated to the dilution water 

for 4 hours before exposure.  Samples were collected for total Ag analysis with GFAAS 
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immediately after adding organisms, as well as at 24 and 48 hours.  Beakers were 

covered with a glass plate and kept on the bench top of a temperature-controlled (temp?) 

laboratory with a 16:8 photoperiod.  Temperature, dissolved oxygen, and pH were 

measured in one replicate of each concentration of each treatment series per day, using 

meters (YSI, Inc., Yellow Springs, OH) that were calibrated weekly, and averaged 20.4 

°C,  9.10 mg L-1 O2, and 6.64, respectively.  Particle size and UV-VIS spectroscopy is not 

possible at the low concentrations of these exposures (see Appendix C for a summary of 

particle size behavior at higher concentrations in exposure system matrixes).  Exposures 

were not renewed.  Mortality, defined as lack of movement for 30 seconds, was 

determined at 24 and 48 hours.  LC50s were determined with regression analysis 

(Toxicity Relationship Analysis Program v. 1.2, U.S. EPA) using the average measured 

exposure concentration. 

 This test was conducted twice, corresponding with ion exchange mass balance 

tests 2 and 3 above.  During test 2, the organisms showed signs of stress (i.e. poor 

survival during acclimation period), but the test was completed anyway due to a shortage 

of healthy organisms.  Test 3 was conducted with a normal D. magna culture.  Despite 

the perceived differences in the initial health status of the organisms, the LC50s of the 

Ag+ reference treatments were almost identical in both tests: 0.40 µg L-1 and 0.39 µg L-1 

respectively (Figure 2-3).  An error in dilutions during test 2 prevented a direct 

comparison of LC50s of pre-and post-ion exchange toxicity.  In test 3, the LC50s of pre-

and post-ion exchange nanosilver were 2.79 µg L-1 and 2.15 µg L-1 respectively (Table 2-

3). 
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 The purpose of these toxicity tests was to determine the effect of ion exchange 

treatment on the acute toxicity of nanosilver by comparing the LC50s of pre-and post-ion 

exchange nanosilver.  It is difficult to say whether the LC50s of the pre-and post-ion 

exchange nanosilver from test 3 are significantly different in a statistical sense, because 

the variance of these observations is unknown.  One simple metric of comparison is the 

degree of overlap of the 95% confidence intervals for the LC50s; the fact that they do 

overlap can be used to suggest that they are not significantly different.  Another way to 

evaluate the likelihood that the LC50s are significantly different is to make a reasonable 

estimate of the variability of LC50s among tests performed under identical conditions.  

The LC50 for Ag+ of both tests had less variability (0.40 vs 0.39 ug/L) than the LC50s 

for post-ion exchange nanosilver (2.79 vs. 2.15 ug/L); therefore we might assume that the 

difference in LC50 between post-nanosilver tests is within the normal range of 

variability.  Perhaps the most conservative interpretation of these results is that ion 

exchange does not appear to greatly affect nanosilver toxicity, despite the evidence that 

100% of ionic silver is removed by ion exchange.   

 This implies two possibilities for the role of Ag+ in nanosilver toxicity: either, 1) 

the removal of Ag+ has no effect on the toxicity of nanosilver, or 2) Ag+ can be removed 

but quickly reestablishes a lethal concentration under the conditions of this toxicity test.  

If the first possibility is true, it may be either because nanosilver possesses a unique 

mechanism of toxicity or that nanosilver retains its ability to transfer Ag+ to biological 

targets even when no dissolved Ag+ is present in the matrix.  The second option seems 

likely, given that the endpoint was measured at 48 hours, a considerable length of time 
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for an acutely toxic concentration of Ag+ to become reestablished.  Given the 48 hour 

LC50s of Ag+ in these tests, only 10% to 17% of the total silver would have be present as 

Ag+ to account for the observed toxicity in post-ion exchange nanosilver.  It is possible 

that a test with an earlier endpoint can be developed to evaluate the toxicity of post-ion 

exchange nanosilver before its Ag+ concentration is reestablished.   

 

Table 2-3 Results of two 48-hr D. magna acute toxicity tests with pre- and post-ion 
exchange nanosilver (10 nm, nanoComposix), with Ag+ reference treatments 
 
Test  Test substance   48-hr LC50s, µg L-1 (95% LCL, UCL) 
2     Ag+    0.40 (0.26, 0.63)  
  Untreated nanoAg  not calculable*  
  Post-ion exchange nanoAgA 4.88 (3.48, 6.85)  
      
3  Ag+    0.39 (0.35, 0.43)    
  Untreated nanoAg  2.79 (2.23, 3.49)   
  Post-ion exchange nanoAgA 2.15 (1.74, 2.66)  
 
APost-ion exchange nanosilver used in toxicity tests 2 and 3 corresponds to ion exchange tests 2 and 3 
described on pages 29-32. Also see Table 2-2 and Figure 2-2 for characterization data 
 
*Unable to calculate LC50 for untreated nanoAg exposure series during test 2 due to a dilution error.  See 
dose-response curves in Figure 2-3 for a comparison of the survival in the pre- and post-ion exchange 
nanosilver treatments from this test.    
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Figure 2-3  Concentration-response curves of D. magna survival during 48-hr exposure 
to untreated and ion exchange-treated nanosilver (10 nm, nanoComposix, Inc.) 
 
a)  Test 2A 
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b) Test 3 A 5/17/10
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A

Post-ion exchange nanosilver used in toxicity tests 2 and 3 corresponds to ion exchange tests 2 and 3 
described on pages 29-32. Also see Table 2-2 and Figure 2-2 for characterization data 
 
Data points and error bars indicate treatment mean ± standard deviation 



 

 39 

C.  Conclusions and discussion  

 The effects of filtration, centrifugation, chelation, dialysis, and ion exchange on 

the character and toxicity of nanosilver have been discussed in terms of their feasibility 

and likelihood of providing insight into the role of Ag+ in nanosilver toxicity.  Given the 

limitations of time and resources, those that seemed unlikely to provide these answers 

were abandoned in favor of more promising techniques, although any one of these could 

be explored much more extensively.  The ambiguity of the results discussed in this 

chapter led us to investigate indirect, rather than direct methods to compare the toxicity 

of ionic Ag+ and nanosilver.  The remaining experimental chapters describe tests that 

focused on the comparison of the toxicity of unaltered nanosilver suspensions and Ag+ 

solutions.   
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III.  Particle size-dependent acute toxicity of nanosilver to Daphnia magna 
 
 

A.  Introduction  

 Because it is generally assumed that nanosilver has the ability to release Ag+, and 

the results of the tests described in Part II suggest that relatively high concentrations of 

Ag+ may become reestablished in nanosilver preparations soon after it has been removed, 

direct observations of nanosilver toxicity in the absence of Ag+ may not be possible.  An 

investigation into the acute toxicity of multiple sizes of nanosilver was designed in order 

to characterize the toxicity of nanosilver in terms of mass concentration, specific surface 

area and estimated number of particle surface atoms.  As discussed in the introductory 

chapter, it has been theorized that nanosilver toxicity may increase with decreasing 

particle size, either due to the increased surface area that is available to release Ag+, a 

higher particle count, higher effective exposure due to the enhanced ability of smaller 

particles to penetrate cell membranes, or a combination of any of these.   

 Evidence for a particle size effect has been reported by Lok et al. [22], Carlson et 

al. [17] and Bar-llan et al. [12].  Lok et al. compared the antibacterial activity of 

nanosilver with average particle diameters of 9.2 and 62 nm, and investigated the effect 

of adding Ag+ ions to the surface of these particles with an oxygen bubbling technique.  

They calculated the available Ag+ in each exposure and found that the antibacterial 

activity of nanosilver was strongly correlated with the theoretical number of Ag+ atoms 

available on the particle surface, concluding that the greater antibacterial activity of the 

smaller particles was due to the increased surface area-to-mass ratio.  Carlson et al. [17] 
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compared silver nanoparticle sizes of 15, 30, and 55 nm and found no statistical 

difference in toxicity between 15 and 30 nm particles, but both were significantly more 

toxic than 55 nm particles in an in vitro study on alveolar macrophages.  Bar-llan et al. 

[12] compared the mortality of zebrafish embryos induced by equal mass concentrations 

of 3, 10, 50 and 100 nm particles and found increasing toxicity with decreasing particle 

size.  In contrast, Hussain et al. [18] reported that 100 nm nanosilver was slightly more 

toxic than 15 nm nanosilver in an in vitro study on rat liver cells.   

  A preliminary range-finding test of acute toxicity in D. magna neonates using 

four nominal sizes of uncapped nanosilver (10, 20, 30 and 50 nm) indicated a clear 

particle size effect, with toxicity inversely related to size.  A definitive experiment was 

designed in order to compare the 48-hr LC50s of each of these sizes as well as Ag+ (as 

AgNO3).  The LC50 of each size material was expressed in terms of mass concentration, 

specific surface area and surface atoms L-1.  These surface properties were used to 

approximate the concentration of available Ag+ in the exposure, with decreasing particle 

diameter corresponding to an exponentially greater surface area, and an increasing 

effective Ag+ concentration.   

   

B.  Materials 

 BioPure nanosilver preparations were obtained from nanoComposix, Inc. (San 

Diego, CA) in the form of 1000 mg/L purified, monodisperse suspensions with average 

particle size of 10, 20, 30 and 50 nm stabilized in a 2 mM phosphate buffer.  A 

commercial source of nanosilver was used for the definitive work reported here rather 
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than the in-house synthesized citrate-capped nanosilver described in Part II, because the 

commercial product is of consistent quality, its characteristics are well defined, and it is 

available in a range of sizes in 10 nm increments.  This nanosilver preparation is 

stabilized with a phosphate buffer to prevent agglomeration and settling, but is not 

“capped” as is the citrate-capped nanosilver discussed in Part II.  The characterization 

data provided by nanoComposix, including average particle size measured by both 

transmission electron microscopy (TEM) and dynamic light scattering (DLS), and 

wavelength at peak absorbance as are outlined in Table 3-1.  

 
Table 3-1  Summary of characterization measurements reported for nanoComposix 
BioPure nanosilver (10, 20, 30 and 50 nm nominal particle size) 
nominal size, nm        TEM dia., nm (SD)A   DLS dia., nm (SD)B     λ at peak abs, nmC 
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 transmission electron microscopy  
B Average particle diameter measured by dynamic light scattering 
C Approximate wavelength at peak absorbance; an increase in 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 acceptability criteria specified by ASTM 

Standard E 729 – 88a,1991.  All test solutions were prepared in bulk and divided into 

duplicate 30 mL glass beakers filled to a volume of 20 mL.  3-5 day-old D. magna 

neonates were collected from the culture unit (U.S. EPA Mid-continent Ecology 

Division, Duluth, MN) and acclimated for at least 2 hours in dilution water containing 

approximately 30 mg L-1 of a nutrient slurry (yeast, cereal leaves and trout chow; YCT) 

before adding 10 organisms to 2 duplicate beakers (n=20 per treatment).  Organisms were 

not fed during the exposure period.  Samples were collected for total Ag analysis with 

GFAAS immediately after adding organisms, and at 24 and 48 hours.  Beakers were kept 

on the bench top in a temperature-controlled laboratory with a 16:8 hour photoperiod, and 

covered with a glass plate.  Temperature, dissolved oxygen, and pH were measured in 

one replicate of each concentration of each treatment series per day, using meters that 

were calibrated weekly (YSI, Inc., Yellow Springs, OH), and averaged 20.7 °C,  7.87 mg 

L-1 O2, and 7.02, respectively.  DLS particle size analysis and UV-VIS spectroscopy are 

not sensitive enough at the low concentrations of these exposures; see Appendix C for a 

summary of the effects of dilution in exposure matrixes on particle size.  Exposures were 

renewed at 24 hours by filling clean beakers with new exposure stocks and carefully 

transferring the surviving organisms to the new exposure chambers.  Mortality, defined as 

lack of movement for 30 seconds, was observed at 24 and 48 hours.   

 LC50s were determined with regression analysis (Toxicity Relationship Analysis 

Program v. 1.21, U.S. EPA) or with the trimmed Spearman-Karber method where the 
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data did not fit the regression model.  LC50s were calculated based on the average 

measured exposure concentration and expressed in terms of mass concentration, specific 

surface area, and the theoretical number of surface atoms per L of nanosilver.  Specific 

surface area and the theoretical number of Ag atoms displayed on the surface of the 

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

area of a single particle, s, nm2, was calculated with the formula 2rs ⋅= π .  The specific 

surface area, nm2 L-1, was obtained by multiplying the surface area of a single particle by 

the total number of particles per L, which was calculated using the density of silver (10.5 

g/cm3 at 27°C).  The theoretical number of surface atoms, S, L-1, was calculated with the 

formula 
q

NQ
S

)(6 ⋅= , where Q is the diameter of a silver atom (0.25 nm), N is the 

number of atoms per L (based on the average mass concentrations determined by GFAAS 

measurements during the exposure), and q is the nominal particle diameter (Lok et al. 

[22]).  Both of these equations rely on the assumption that all particles in the suspension 

are spheres of equal diameter, and so are rough estimates. 

 

D. Results  

 This series of tests was conducted on two separate occasions; the results of each 

series are identified in the following discussion by their dates.  A general trend of 

increasing toxicity with decreasing particle diameter was apparent in both data sets, when 

LC50s were expressed in terms of mass concentration (see Table 3-2 and Figure 3-2).  

The overlap of the 95% confidence intervals (CIs) for the LC50s was used to determine 

the likelihood that they were significantly different.  In test 1, the CIs of the LC50s for 10 
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nm, 20 nm and 30 nm nanosilver did not overlap, while the 30 nm and 50 nm CIs did 

overlap.  In test 2, only the 50 nm LC50 CI did not overlap with the other CIs, and so 

appears to be significantly less acutely toxic.  A dissolved Ag+ exposure series was 

conducted simultaneously with test 2 and resulted in a higher than expected LC50 of 0.98 

µg L-1, which may indicate that the daphnid culture was less sensitive at that time, and 

may explain the higher nanosilver LC50s in test 2 compared to test 1.   

 

Table 3-2  Comparison of 48-hr D. magna LC50 (mass concentration) for multiple sizes 
of nanosilver (nanoComposix, Inc.)  
 
    LC50 (95% CI), µg L-1  
material  Test 1     Test 2    
Ag+  not measured    0.98 (0.33, unknown)  
10 nm  4.31 (3.11, 5.97)   9.60 (7.53, 12.22) 
20 nm  8.00 (6.58, 9.72)A   13.62 (11.59, 16.00)  
30 nm  18.43 (15.78, 21.54)A   17.57 (15.15, 20.35)C 
50 nm  24.48 (20.15, 29.74)B   30.36 (26.80, 34.39)D 
 
AIn test 1, the 20 nm and 30 nm LC50 are significantly different from all smaller sized materials, based on 
non-overlapping confidence intervals 
BIn test 1, the 50 nm LC50 is significantly different with respect to 10 and 20 nm nanosilver only  
C In test 2, the 30 nm LC50 is significantly different with respect to 10 and 50 nm nanosilver only 
D In test 2, the 50 nm LC50 is significantly different from all smaller sized materials, based on non-
overlapping confidence intervals 
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Figure 3-2 Concentration-response curves (mass concentration) of D. magna survival 
during 48-hr exposure to multiple sizes of nanosilver (nanoComposix, Inc.) 
a. Test 1      
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b. Test 2 
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 Data points and error bars indicate treatment mean ± standard deviation 
 
  

 When 48-hour LC50s were expressed in terms of specific surface area and 

number of surface atoms rather than mass concentration of Ag, the toxicity response 

curves for each size of nanosilver moved closer to one another, appearing to collapse 
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onto a single curve (Figures 3-3 and 3-4).  The LC50s and 95% confidence intervals 

calculated with surface area and surface atoms exhibited more overlap as well (Tables 3-

3 and 3-4).  Using either calculation method for both tests, only the test 1 30 nm 

nanosilver treatment had a significantly different LC50 than the other particle sizes, as 

estimated by confidence interval overlap (Tables 3-3 and 3-4). 

 
Table 3-3 Comparison of 48-hr D. magna 50th percentile effect level (specific surface 
area) for multiple sizes of nanosilver (nanoComposix, Inc.) 
   
  50th percentile effect level (95% CI), nm2 L-1 x 1014  
material  Test 1    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, 4.30)A   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 concentration, based on non-overlapping confidence intervals 

 
 
Table 3-4 Comparison of 48-hr D. magna 50th percentile effect level (surface Ag atoms 
L-1) for multiple sizes of nanosilver (nanoComposix, Inc.) 
   
  50th percentile effect level (95% CI), surface atoms L-1 x1015  
material  Test 1    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) A  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 concentration, based on overlap of confidence interval 
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Figure 3-3 Response curves (specific surface area) for D. magna survival during 48-hr 
exposure to multiple sizes of nanosilver (nanoComposix, Inc.)  
a. Test 1 
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b. Test 2  
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Data points and error bars indicate treatment mean ± standard deviation 
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Figure 3-4  Response curves (surface Ag atoms L-1) for D. magna survival during 48-hr 
exposure to multiple sizes of nanosilver (nanoComposix, Inc.) and Ag+ 
a. Test 1 
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b. Test 2 
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Data points and error bars indicate treatment mean ± standard deviation 
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 The cumulative LC50 based on surface area and surface atoms of all exposures of 

all sizes was also calculated for both sets of tests.  If the LC50 based on surface atoms per 

L is thought of as an estimation of the total available Ag+ in the exposure, a direct 

comparison can be made with the LC50 of dissolved Ag+, which is simply an exposure in 

which all silver atoms are equally available.  Table 3-5 summarizes the LC50s and 95% 

confidence intervals of the cumulative exposures calculated by number of surface atoms 

and the equivalent calculation for the dissolved Ag+ exposure series.  The Ag+ series 

resulted in less than 100% mortality at the highest concentration, which prevented the 

calculation of an upper confidence limit for the LC50.  The surface atom LC50 of 

nanosilver is almost an order of magnitude lower than that of Ag+, and its confidence 

interval is spaced well apart from the lower confidence limit of the Ag+ LC50, leading to 

the conclusion that they are significantly different (Figure 3-5).   



 

 51 

 
Table 3-5  Summary of cumulative 48-hr D. magna 50th percentile effect level (specific 
surface area and surface Ag atoms L-1) for multiple sizes of nanosilver (nanoComposix, 
Inc.) and Ag+ 

      50th percentile effect level (95% CI) x1014  
Exposure metric     Test 1        Test 2    
nAg surface area     2.79 (2.53, 3.08)  nm2 L-1   3.87 (3.53, 4.24) nm2 L-1                     
nAg surface atoms   40.9 (37.1, 45.1) atoms L-1    56.8 (51.8, 62.2) atoms L-1     
Ag+ atoms     not measured   329 (112, unknown) atoms L-1 

 
 
Figure 3-5 Cumulative response curves (surface Ag atoms L-1) for D. magna survival 
during 48-hr exposure to multiple sizes of nanosilver (nanoComposix, Inc.) and Ag+ 
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Data points and error bars indicate treatment mean ± standard deviation 
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D.  Discussion  

 This study found that that Ag+ is approximately 10 times more acutely toxic, on a 

mass basis, than the smallest size of nanosilver tested (10 nm), in agreement with other 

publications on nanosilver toxicity [7,22,28].  The size-dependent toxicity of nanosilver 

demonstrated in the present study is consistent with the findings of Lok et al. [22], 

Carlson et al. [17] and Bar-llan et al. [12] and is supported by the kinetic model of Liu et 

al. [31].  The close correlation of acute toxicity with particle surface area is consistent 

with the hypothesis that Ag+ released from nanosilver causes toxicity, but it does not 

eliminate the possibility that another mechanism of toxicity emerges at the nano-scale.  

 Two possible explanations exist for the observation that, on the basis of surface 

Ag atoms per liter, nanosilver appears to be more acutely toxic than Ag+: either 1) 

nanosilver exerts a mechanism of toxicity beyond that of Ag+; or 2) the calculated 

number of surface atoms per liter of nanosilver underestimates the total available Ag+ 

throughout the 48-hr exposure period, due to dissolution of nanosilver into Ag+.  One 

possible explanation for reconciling these hypotheses is that, as suggested recently by a 

kinetics study by Liu et al. [31], nanosilver gradually dissolves into Ag+.  Liu et al. [31] 

used centrifugal ultrafiltration to measure the dissolved Ag+ released from citrate-capped 

nanosilver at varying levels of initial total silver concentration, temperature, dissolved 

oxygen, pH, and ionic strength and found that nanosilver completely dissolved into Ag+ 

over a period of 6-125 days, with the dissolution rate higher at lower initial Ag 

concentration.  The nanosilver agglomerated with increasing ionic strengh, resulting in an 

increase of measured particle size from 1.9 to 220 nm, but this did not greatly inhibit the 
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dissolution kinetics, presumably because the total surface area of the individual 

nanoparticles was preserved within the agglomerates.  Parenthetically, this implies that 

the use of nominal particle size in my surface area and surface atom calculations is a 

valid estimation, even though the measured particle size increased significantly due to 

agglomeration when the material was diluted in the exposure matrix (see Appendix C).  

However, in light of the published evidence for particle dissolution, it becomes apparent 

that the surface atom calculation method is only a static estimation of available Ag+ at a 

single moment; it does not account for the continuous release of Ag+ from the particle 

surface over the 48 hour exposure period, and therefore is likely an underestimate of the 

number of ionized silver atoms contributing to nanosilver’s toxicity. 

 Liu et al. [31] also found that the addition of natural organic matter (NOM) to 

nanosilver inhibited dissolution in a dose-dependent manner, possibly resulting from a 

coating of organic molecules forming on the surface of nanoparticles and blocking 

oxidation sites, or to the high affinity of organic acids for Ag+.  An empirical kinetic law 

based on citrate-capped nanosilver results gives an approximation of the rate of Ag+ 

release per day per m2 of particle surface area.  
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 In summary, the results of the present study showing size-dependent toxicity of 

nanosilver are are consistent with the toxicity studies of Lok et al. [22], Carlson et al. [17] 

and Bar-llan et al. [12] and supported by the kinetic model of Liu et al. [31].  The close 

correlation of acute toxicity with particle surface area is consistent with the hypothesis 

that Ag+ released from nanosilver causes toxicity, but it does not eliminate the possibility 



 

 54 

that another mechanism of toxicity emerges at the nano-scale. The results of Liu et al. 

[31] imply that the approximations of nanosilver surface area and surface Ag atoms 

reported in the toxicity tests described here may in fact underestimate the actual Ag+ 

exposure, and therefore explain why expressing nanosilver LC50s in terms of surface 

atoms indicated that nanosilver was more acutely toxic than an equivalent exposure of 

pure dissolved Ag+.  This illustrates the importance of understanding nanosilver toxicity 

in terms of dissolution kinetics as influenced by various surface properties and the 

chemical in defining the relationships between nanosilver characteristics, especially 

surface properties, and toxicity in terms of the release of Ag+.  The final experimental 

chapter will describe how the acute-to-chronic toxicity ratio of nanosilver was compared 

to that of Ag+ in order to evaluate the likelihood that the mechanism of nanosilver 

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

A.  Introduction  

 This chapter describes the results of concurrent acute and sublethal toxicity tests 

with Ag+ and nanosilver that were performed on Pimephales promelas (fathead minnow) 

larvae.  These tests were designed to serve two objectives.  First, sublethal toxicity 

characteristics of nanosilver is of fundamental importance, and it is critical to know 

whether this form of silver produces different sublethal effects than ionic silver.  Silver, 

like most toxicants,  is seldom present in the environment at levels that cause acute 

toxicity, so  studies of the sublethal effects of long-term exposures to low concentrations 

generate more realistic models of the potential toxic effects in natural waters.  The 

determination of more sensitive sublethal endpoints such as growth or reproductive 

output is therefore useful in linking laboratory toxicity tests with effects at the population 

and ecosystem level, and for defining unacceptable levels of exposure for regulatory 

purposes.  Concurrent acute and chronic toxicity tests make possible the calculation of 

acute-to-chronic ratios (ACR), which may then be used to estimate or predict the chronic 

effect level of the same substance on untested organisms.   

 Secondly, the comparison of the ACR of Ag+ to that of nanosilver may provide 

insight into the mechanism of nanosilver toxicity.  It is hypothesized that a different ratio 

of acute to chronic effect concentration for nanosilver relative to Ag+ indicates a different 

mechanism of toxicity.  It is thought that the mechanisms of acute and chronic Ag+ 

toxicity are the same in fish [10], specifically  inhibition of gill Na+,K+-ATPase, which 
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impedes the active cellular uptake of Na+ and Cl-.  If acute and/or chronic nanosilver 

toxicity acts by a different mechanism it will likely be reflected by a difference in ACR.  

Therefore, calculating the ACR for both Ag+ and nanosilver may provide an efficient 

method of comparing the toxic response to these two forms of silver, especially in light of 

the difficulty of removing Ag+ from nanosilver, as discussed in Parts II and III.   

   

B.  Preliminary Studies 

In order to maximize the strength of the evidence for or against this hypothesis, it 

was originally planned to perform acute and chronic tests and calculate ACR for Ag+ and 

nanosilver in two model species, Daphnia magna and P. promelas.  However, the ionic 

silver ACR has been reported as being less than one in daphnids [32,33], because the 

standard toxicity test protocols give the result that daphnids are less sensitive to silver 

chronically then they are acutely.  This is most likely an experimental artifact caused by 

the necessity during long term exposures of adding food, a fine-particulate slurry of 

yeast, cereal leaves and trout chow (YCT), that sorbs ionic Ag+ and greatly reduces its 

bioavailability [11].   

My preliminary studies confirmed the attenuating effect of YCT on the nanosilver 

toxicity in D. magna neonates (3-5 days old) during a 48-hour exposure (10 nm BioPure 

nanosilver, nanoComposix Inc.).  Static exposures of nanosilver at nominal 

concentrations ranging from 6.25 to 100 µg L-1 were prepared in 30 mL glass beakers.  

Two replicates of each concentration were fed at the standard rate of 30 mg L-1 YCT, and 

two replicates of each concentration were not fed.  Ten healthy organisms were added to 
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each chamber, which was covered with a glass plate and placed in a temperature-

controlled laboratory (25° C air temperature, resulting in an average exposure 

temperature of 20°±1° C), with a 16:8 hour photoperiod.  The exposures were renewed at 

24 hours by transferring the surviving organisms to new exposure chambers, with and 

without YCT.  After 48 hours all organisms at the highest fed concentration (100 µg L-1 

nominal) survived, and the LC50 and 95% confidence interval for the unfed organisms 

was 19.0 (15.3, 23.5) µg L-1. A separate 48 hour test with Ag+ (as AgNO3) fed with YCT 

resulted in 100% mortality at the highest concentration (31.1 µg L-1; an average of all 

measurements at this treatment level) and no mortality at the next lowest concentration 

(14.1 µg L-1), for a fed LC50 of  20.9 µg L-1 (no confidence interval available).  The 

unfed exposures resulted in an LC50 estimation and 95% confidence interval of 0.6 (0.46, 

0.78) µg L-1.  The results of these acute tests, as well as those described in Chapter 3, 

were used to estimate the acute effect level of nanosilver in the presence of YCT, and led 

to the conclusion that completing both acute and chronic nanosilver toxicity tests on D. 

magna would be prohibitively expensive.  

 Further efforts were made to develop an alternative testing procedure whereby 

YCT was added to the exposures for only four hours prior to each daily renewal.  It was 

reasoned that this pulsed feeding schedule would provide a large window of time during 

each 24 hour period where nanosilver potency would be unaffected by YCT and therefore 

increase the sensitivity of the organisms, making lower exposure concentrations possible.  

However, a control study using this limited feeding regime resulted in poor survival and 
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growth of D. magna neonates, and so the use of this organism in chronic nanosilver tests 

was discontinued.   

 Toxicity tests on larval fish are not complicated by silver binding to food, 

presumably because the brine shrimp nauplii provide a relatively smaller surface area for 

silver sorption, or a surface with less binding affinity, compared to YCT.  This was 

confirmed in preliminary tests by comparing the survival of P. promelas larvae (<24 

hours post hatch) with and without feeding in 96-hour exposures to several 

concentrations of Ag+.  Two replicate exposures of 10 larvae at each concentration were 

fed 3 times daily during the exposure period, while two “unfed” replicates were fed only 

once at 48 hours.  Exposures were renewed daily and measured for total silver with 

GFAAS (see Appendix D).  Ag+ concentrations were expressed as the average of three 

post-renewal measurements taken from each exposure over the course of the experiment.  

The LC50 and 95% confidence intervals of the fed and unfed exposures, calculated from 

tolerance distribution analysis using a 3-parameter probit model (Toxicity Relationship 

Analysis Program v. 2.21, U.S. EPA), were 5.17 (4.14, 6.45) µg Ag L-1  for the fed 

exposures and 3.02 (1.48, 6.16) µg Ag L-1 for the unfed exposures.  These two results 

were not significantly different, due to the unusually wide confidence interval of the 

unfed LC50, and so it may be that the unfed organisms were slightly more sensitive to Ag 

than those that were fed.  Nevertheless, the effect of feeding on the toxicity of silver to P. 

promelas in these tests was very small compared its effect on silver toxicity in D. magna, 

and so it was determined that the comparison of acute (unfed) and sublethal (fed) toxicity 

tests for P. promelas was a reasonable way to obtain ACRs for Ag+ and nanosilver.   
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C.  Materials and methods 

  Acute toxicity tests followed ASTM protocols for conducting acute toxicity tests 

with fishes, macroinvertebrates, and amphibians (Standard E 729 – 88a,1991).  The 7-day 

fathead minnow EC20 based on survival and growth (EPA-821-R-02-013) was used as a 

proxy for the chronic EC20 due to limitations of time and materials.  This sublethal 

toxicity test is considered a reasonable estimation for chronic toxicity in P. promelas 

[34,35], and was expected to provide adequate data for the purpose of comparing the 

ACR of Ag+ to that of nanosilver,.    

The Ag+ acute and sublethal toxicity tests were conducted first, along with a 

preliminary acute nanosilver test.  The results of these three tests were used to define the 

range of nanosilver concentrations to produce a range of sublethal growth effects, in 

order to limit the use of this expensive material during this test.  Definitive nanosilver 

acute and sublethal toxicity tests were conducted concurrently, and each included a single 

concentration of Ag+ as a reference treatment, in order to compare the sensitivity of the 

organisms used in these tests with those used in the earlier Ag+ tests.   

 

Acute toxicity tests 

Exposures were prepared in bulk by serial dilution of stocks of 16 mg L-1 Ag+ or 1000 

mg L-1 nanosilver (10 nm, BioPure, nanoComposix, Inc) in filtered Lake Superior water 

(LSW).  Stocks with nominal concentrations ranging from 1 to 16 µg L-1 (Ag+) or 25 to 

400 µg L-1 (nanosilver) were then divided into duplicate 30 mL glass beakers filled to a 
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volume of 20 mL.  An Ag+ reference treatment of 8 µg L-1 was included with the 

nanosilver test.  P. promelas larvae (<24 hours post hatch) were collected from the 

culture unit (U.S. EPA, Mid-Continent Ecology Division, Duluth, MN) and acclimated to 

the dilution water in the presence of food for at least 2 hours before adding 10 organisms 

to each beaker (n=20).  Exposure chambers were kept in a water bath at 25° C with a 16:8 

hour photoperiod.  Mortality, defined as lack of movement for 30 seconds, was 

determined every 24 hours prior to renewal, and dead organisms were removed.  

Exposures were renewed every 24 hours by removing approximately 90% of the 

exposure solution from each beaker and refilling them with new exposure stocks.  

Organisms were fed a drop of concentrated rinsed brine shrimp nauplii two hours before 

the 48 hour renewal.  Total silver concentration of the new exposure stocks, as well as the 

24 hour old exposures was analyzed daily with GFAAS.  Temperature, dissolved oxygen, 

pH, and conductivity were measured in at least one replicate of each concentration per 

day, using meters (YSI, Inc., Yellow Springs, OH)  that were calibrated weekly.  DLS 

particle size analysis and UV-VIS spectroscopy are not sensitive enough to characterize 

the low concentrations of the nanosilver exposures; see Appendix C for a summary of the 

effects of dilution in exposure matrixes on particle size.  The 96-hour LC50 and 95% 

confidence intervals were calculated from tolerance distribution analysis using a 3-

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

 

Sublethal toxicity tests 
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 The test design followed  U.S. EPA specifications  for 7-day fathead minnow 

larval survival and growth (EPA-821-R-02-013).  Exposures were prepared in bulk by 

serial dilution of stocks of 16 mg L-1 Ag+ or 1000 mg L-1 nanosilver (10 nm, 

nanoComposix, Inc) in LSW.  Stocks with nominal concentrations ranging from 0.25 to 

16 µg L-1 (Ag+) or 6.25 to 200 µg L-1 (nanosilver) in 50% increments were divided into 

replicates of four 400 mL glass beakers filled to a volume of 200 mL.  The exposure 

concentrations were chosen to include one that was expected to result in 100% mortality 

at 96 hours, in order to calculate a 96-hour “fed” LC50 for comparison with the “unfed” 

LC50 from the acute tests described in the previous paragraph.  An Ag+ reference 

treatment of 4 µg L-1 was included with the nanosilver test.  P. promelas larvae (<24 

hours post hatch) were collected from the culture unit (U.S. EPA, Mid-Continent Ecology 

Division, Duluth, MN) and acclimated to the dilution water, in the presence of food, for 

at least 2 hours before adding 10 organisms to each beaker (n=40).  At the start of the 

test, four groups of 10 organisms were dried in a 90°C oven for 24 hours and weighed to 

calculate an average initial dry mass per organism.  Exposure chambers were kept on a 

temperature-controlled plate set to 25° C under glass covers in a laboratory with a 16:8 

hour photoperiod.  Mortality, defined as lack of movement for 30 seconds, was observed 

every 24 hours prior to renewal, and dead organisms were removed.  Organisms were fed 

with a drop of concentrated rinsed brine shrimp nauplii three times daily.  Exposures 

were renewed every 24 hours by removing approximately 80% of the exposure solution 

from each beaker and refilling them with new exposure stocks.  Total silver concentration 

of the new exposure stocks, as well as the 24 hour old was analyzed daily with GFAAS 
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(see Appendix D).  Temperature, dissolved oxygen, pH and conductivity were measured 

in one replicate of each concentration per day, using meters that were calibrated weekly 

(YSI, Inc., Yellow Springs, OH).  DLS particle size analysis and UV-VIS spectroscopy 

are not sensitive enough for nanosilver characterization at these low concentrations; see 

Appendix C for a summary of the effects of dilution in exposure matrixes on particle size.  

At the end of the 7 day exposure period, the surviving organisms from each replicate 

were rinsed, placed on pre-weighed aluminum pans, and placed in a 90°C oven to dry for 

24 hours, then weighed to calculate average dry mass per organism for each treatment 

level.  Average biomass, a cumulative measure of the effects of silver on both survival 

and growth, was calculated for each replicate by dividing the total dry mass by the 

number of initial organisms.  

 The 96-hour LC50s and 95% confidence intervals were calculated from tolerance 

distribution analysis using a 3-parameter probit model or with the trimmed Spearman-

Karber method where the data did not fit the probit model. The 7-day 20th percentile 

effect concentrations (EC20) and 95% confidence intervals were calculated for each 

concentration level using both the average dry mass per organism and biomass per 

exposure chamber from nonlinear regression analysis using a 3-factor probit model 

(Toxicity Relationship Analysis Program, v. 2.21, U.S. EPA).  The sublethal endpoints 

were normalized to percent of control in order to improve the comparability of tests 

conducted on separate days.  The resulting LC50s and EC20s of these tests were used to 

calculate ACRs for Ag+ and nanosilver.   

 



 

 63 

D.  Results 

Acute toxicity tests 

 The conditions of both the Ag+ and nanosilver acute toxicity tests met the 

minimum acceptability criteria specified by ASTM (Standard E 729 – 88a, 1991).  

Control survival was 100% in both tests.  Temperature, dissolved oxygen, pH, and 

conductivity averaged 22.4 (±1.1) °C,  8.3 (±0.2) mg L-1 O2, 7.6 (±0.1), and 111(±3.7) 

µS, respectively, for the Ag+ test, and 23.3 (±1.1) °C,  8.5 (±0.3) mg L-1 O2, 7.3 (±0.4), 

and 110 (±3.9) µS for the nanosilver test. 

 In the Ag+ test, the highest concentration (16 µg L-1 nominal) resulted in 100% 

mortality at 96 hours, while the lowest concentration (1 µg L-1 nominal) resulted in no 

mortality.  In the nanosilver test, the two highest concentrations (200 and 400 µg L-1 

nominal) resulted in 100% mortality at 96 hours, while the lowest concentration           

(25 µg L-1 nominal) resulted in 5% mortality.  The estimated 96-hour LC50s and 95% 

confidence intervals for Ag+ and nanosilver were 4.70 (3.76, 5.89) µg L-1 and 89.41 (71.7, 

112) µg L-1 total Ag, respectively.  The 8 µg L-1 Ag+ reference treatment included with 

the nanosilver test measured an average of 8.03 (±0.05) µg L-1 and resulted in 19% 

mortality (See Figure 4-1 and Table 4-1) and the 8 µg L-1 Ag+ treatment measured an 

average of 7.44 (±0.23) µg L-1 and resulted in 60% mortality.   
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Figure 4-1 Response curves for P. promelas survival during 96-hr exposure to nanosilver 
(10 nm, nanoComposix, Inc.) 
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Sublethal toxicity tests 

 The conditions of both the Ag+ and nanosilver sublethal toxicity tests met the 

minimum acceptability criteria specified by the U.S. EPA for 7-day fathead minnow 

larval survival and growth (EPA-821-R-02-013).  Control survival was 90% in the Ag+ 

test and 100% in the nanosilver test.  Water quality measurements of  temperature, 

dissolved oxygen, pH, and conductivity averaged 23.1 (±1.2) °C,  6.0 (±1.1) mg L-1 O2, 

7.1 (±0.2), and 108.28 (±3.75) µS respectively for the Ag+ test, and 24.0 (±1.2) °C,  6.7 

(±0.9) mg L-1, 7.1 (±0.2), and 110.73 (±3.91) µS for the nanosilver test.  The increase in 

average dry mass per control organism from day 0 to day 7 was 0.42 mg in the Ag+ test 

and 0.50 mg in the nanosilver test, both of which which exceed the minimum control dry 

weight criterion of 0.25 mg for the duration of the test.   

 Consistent dose-dependent reductions in growth and biomass were observed in 

fish larvae exposed to Ag+ and nanosilver; both endpoints were found to be similar in 

statistical sensitivity in both tests.  In the Ag+ exposure series, the highest concentration 

(16 µg L-1 nominal) resulted in 100% mortality, while the next-lowest concentration (8 

µg L-1) resulted in 46% mortality.  The 96 hour LC50 and 95% confidence interval for 

the “fed” Ag+ exposure series was 6.86 (5.75, 8.17) µg L-1.  The 7-day LC50 and 95% 

confidence interval for this exposure series was 5.93 (4.78, 7.35) µg L-1.  Average dry 

weight per organism at 7 days ranged from 93% of control in the 1 µg L-1 treatment to 

45% of control in the 8 µg L-1 treatment.  The two lowest concentrations (0.5 and 0.25 µg 

L-1) resulted in 99% and 101% of the average dry weight of the control group, 

respectively.  The average biomass ranged from to 96% of control in the 1 µg L-1 
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treatment to 26% of control in the 8 µg L-1 treatment (See Figure 4-2).  The 7-day dry 

weight EC20 of Ag+ was calculated as 1.37 µg L-1 with a 95% confidence interval of 0.59 

to 3.20 µg L-1.  The biomass EC20 and 95% confidence interval was 1.09 (0.51, 2.35) µg 

L-1 (see Table 4-1) 

 The 96-h LC50 and 95% confidence interval for the “fed” nanosilver test was 176 

(162, 191) µg Ag L-1.  The highest concentration (200 µg L-1 nominal) in the nanosilver 

exposure series resulted in 64% mortality at day 7, while the next-lowest concentration 

(100 µg L-1 nominal) resulted in 7.5% mortality.  The 7-day LC50 and 95% confidence 

interval for this exposure series was 152 (131, 178) µg L-1.  The average dry weight per 

organism at 7 days declined from 90% of control to 29% of control over the exposure 

range of 50 to 200 µg L-1.  The 4 µg L-1 Ag+ reference treatment included in the 

nanosilver exposure series resulted in 90% of the control dry weight, while 4 µg L-1 Ag+  

resulted in 61% of control dry weight, indicating a decreased sensitivity of test organisms 

in the nanosilver test.  The biomass declined from 90% of control to 11% of control over 

the exposure range of 50 to 200 µg L-1 nanosilver.  The 4 µg L-1 Ag+ reference treatment 

resulted in 90% of control biomass, compared to 50% of control biomass in the same 

treatment in the Ag+ test (see Figure 3).  The 7 day dry weight EC20 of nanosilver was 

46.10 (35.07, 60.60) µg L-1 and the 7 day biomass EC20 was 50.71 (41.70, 61.67) µg L-1 

(See Table 4-1). 
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Figure 4-2  Response curves for P. promelas dry mass and biomass during 7-day 
exposure to nanosilver (10 nm, nanoComposix) and Ag+ ; average dry mass and average 
biomass expressed as percent of control 
A. Dry weight 
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B.  Biomass 
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Table 4-1  Summary of 96-h LC50s, 7-day EC20s and acute-chronic ratios for for P. 
promelas larvae exposed to nanosilver (10 nm, nanoComposix) and Ag+  
 
 Test result  Ag+, µg L-1 (95% CI)  nanoAg, µg L-1 (95% CI)   
 96-h LC50 (unfed) 4.70 (3.76, 5.89)  89.4 (71.7, 112)  
 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 (41.7, 61.7)  
 7-day EC20 (biomass)1.09 (0.51, 2.35)   46.10 (35.1, 60.6)  
 
 ACR (unfed:fed) 3.43 (1.42, 5.44)  1.76 (0.44, 3.09) (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, 4.72) (weight) 
    6.29 (4.42, 10.7)  3.81 (2.63, 4.99) (biomass) 
   
Overlapping CIs indicate no significant difference in ACRs of fed and unfed Ag+ ACR, based on biomass or 
weight EC20.     

 
   
E.  Discussion 

 The results of my acute and sublethal Ag+ tests were similar to those found in the 

literature.  A study conducted in the same laboratory and using a similar experimental 

design to that reported here, resulted in an Ag+ ACR of approximately 8 for P. promelas 

larvae [35].  Others have reported that chronic silver exposures of rainbow trout over 18 

months [36] and 6 months [32] have resulted in very high ACRs of 54 and 100, 

respectively.  However, this may be a result of greater sensitivity of this species during 

such long exposure durations.  

 Liu et al. [31] described the kinetics of nanosilver dissolution into Ag+ and 

concluded that dissolution would continue at environmentally realistic levels of pH and 

dissolved oxygen over a period of 6 to 125 days, depending on the concentration of 

dissolved organic matter (see discussion in Chapter 3).  However, the effect of nanosilver 

dissolution in the tests described here is likely to be relatively small, because exposures 
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were renewed every 24 hours using a nanosilver stock stored in a buffer solution at low 

temperature to keep it stable.   

 In order to assess the likelihood that the Ag+ ACR is significantly different from 

the nanosilver ACR, the degree of overlap of 95% confidence intervals (CI) of each ratio 

was examined.  The CI for each ACR was calculated using the log of the ratio of the 

variances of the LC50 and the EC20, and the t-value given for the sum of the degrees of 

freedom of both tests.  This resulted in fairly wide CIs for nanosilver and Ag+, which do 

overlap when comparing all combinations of ACRs calculated with both fed and unfed 

acute LC50s and both dry mass and biomass EC20s.  This indicates that although the 

nanosilver ACRs are relatively smaller, the difference from the Ag+ ACRs is not 

significant (Table 4-1).  Based on this evidence, there is no strong indication of a 

different mechanism of toxicity in nanosilver. 

 The differences in sensitivity of organisms used in the Ag+ and nanosilver test 

series illustrate the importance of conducting simultaneous tests for comparative 

purposes, although this was not practical for this study given time limitations.  The 

organisms used in the acute and sublethal nanosilver tests were appreciably less sensitive 

than those used in the Ag+ tests, as indicated by the performance of the Ag+ reference 

treatments in the nanosilver tests.  This raises the possibility that if all four tests had been 

conducted simultaneously, either the 7-day weight and biomass EC20s of nanosilver 

would have been lower, or the 96-hour LC50s of Ag+ would have been higher.  However, 

because the acute and sublethal tests for each form of silver were performed 

simultaneously, and any difference in sensitivity would presumably be equally reflected 
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in the acute and sublethal endpoints, the difference in sensitivity should not influence the 

resulting ratio of the two endpoints.   

  The question remains, assuming there is a slight difference in ACR between Ag+ 

and nanosilver, whether it indicates a different mechanism of toxicity, perhaps related to  

the slow-release of Ag+ or the production of reactive oxygen species (ROS) described by 

Liu et al [31].  A repetition of these tests to confirm the ACRs of simultaneous acute and 

sublethal Ag+ and nanosilver exposures, along with measurements of the dissolved Ag+ 

vs. total Ag similar to those described by Liu et al. [31], may shed light on this question.  

If such a unique mechanism has influenced the results of these tests on the acute and 

sublethal toxicity of nanosilver to P. promelas larvae, its effects must be very small - the 

sublethal toxicity Ag+ was 37-42 times greater than that of nanosilver while the ACRs 

differed by a factor of less than 2.  Furthermore, if the ACRs are in fact different, the 

ACR for nanosilver is smaller than that for Ag+, suggesting that a separate mechanism is 

unlikely to result in environmental effects beyond those that would be predicted by the 

ACR of Ag+.   

 A complete summary of the strength of the evidence for a unique mechanism of 

nanosilver toxicity provided by the other experiments reported in this manuscript  follows 

in the final chapter, as well as a discussion of whether, if a small difference in toxic 

mechanism exists, different regulatory standards are warrented for  environmental 

releases of nanosilver and Ag+. 
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V. Summary and conclusions  

 

A.  Review of the purpose and results of these studies   

 If the properties of nanosilver that differ from ionic silver (Ag+) lead to a different 

mechanism of toxicity in aquatic organisms, the water quality criteria for silver may not 

be adequate to prevent the toxic effects of a release of nanosilver into natural waters.  The 

central questions addressed by this study have to do with the relative potency of 

nanosilver compared to Ag+, and whether it produces toxicity by a different mechanism 

than Ag+.  I have designed experiments intended to detect the presence of toxic effects of 

nanosilver beyond those that can be ascribed to Ag+, using ion exchange to separate Ag+ 

from nanosilver, by correlating toxicity to the approximate delivery of Ag+ by multiple 

sizes of nanosilver, and by comparing the acute-to-chronic toxicity ratios of nanosilver 

and Ag+ for a zooplankter and a planktivorous fish Direct and indirect evidence that the 

toxic effect of nanosilver is proportional to the presence of Ag+ was considered in this 

evaluation of the hypothesis that nanosilver toxicity is due to the presence of ionic silver.   

 Most publications research on the toxicity of nanosilver have included methods to 

separate Ag+ from nanosilver or to measure the concentration of dissolved Ag+ in 

nanosilver, although few contain convincing evidence on the role of Ag+ in nanosilver 

toxicity.  In my studies the charge selectivity of ion exchange resin proved valuable in 

separating Ag+ from nanosilver, a method which, to my knowledge, has not been 

previously published.  The other methods that I attempted to adapt for this purpose 

(filtration, centrifugation, chelation and dialysis) may have proven successful with further 
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development, but were set aside due to limited time and resources.  Of the publications 

that have described these and other methods of separating Ag+ from nanosilver, or for 

measuring it, Navarro et al. [28] provides the most substantial argument that the source of 

nanosilver toxicity is Ag+, using the silver ligand cysteine along with careful 

measurements of dissolved Ag+ to parse the effects of Ag+ and nanosilver on algae 

photosynthesis.  The results of my study on Ag+ removal from nanosilver did not allow a 

comparable conclusion, because the treatment with ion exchange resin did not 

significantly decrease the acute toxicity of nanosilver to D. magna, as would be expected 

if the source of nanosilver toxicity was Ag+.  This implies either that the nanoparticles 

continued to release dissolved Ag+ (as reported by Liu et al. [31]), or to deliver Ag+ by 

direct association with cells (as suggested by Navarro et al. [28]), or that nanosilver 

possesses another mechanism of toxicity.  This last possibility seems unlikely, given the 

nearly identical LC50s of nanosilver before and after treating it with ion exchange.  

However, without direct measurements of dissolved Ag+ before and after the ion 

exchange treatment of nanosilver, the unambiguous interpretation of these results is not 

possible.   

 Comparisons of the toxicity of multiple sizes of nanosilver have been published 

by several researchers in general terms but only one used them to produce evidence about 

the mechanism of nanosilver toxicity [22].  My studies compared the potency of 

uncapped nanosilver (nanoComposix, Inc.) to that of Ag+ using 48-hr acute D. magna 

exposures, 96 hour acute P. promelas exposures, and 7-day sublethal P. promelas 

exposures.  In terms of mass concentration, nanosilver with nominal diameters of 10, 20, 
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30, and 50 nm were increasingly less toxic with increasing size, but all sizes were less 

toxic than Ag+.  In concurrent tests, the 48-hr D. magna LC50 for 10 nm nanosilver was 

approximately 7-10 times greater than that of Ag+.  The 96-hr P. promelas LC50 for 10 

nm nanosilver was approximately 19 times greater than that of Ag+.  As measured by 

sublethal endpoints, the 7-day P. promelas EC20 for weight was 37 times greater for 10 

nm nanosilver than Ag+, and the EC20 for biomass was 42 times greater for nanosilver 

than Ag+.  These results agree with the conclusions of Carlson et al. [17] and Bar-llan et 

al. [12], who found that the smaller of two sizes of particles were more acutely toxic on a 

mass-basis, but conflict with the results of Hussain et al. [18], who observed a slightly 

increased toxicity in larger particles.   

 A study by Lok et al. [22] compared two sizes of nanosilver, correlating toxicity 

with the presence of chemisorbed Ag+ on the surface of the particles as quantified by a 

theoretical calculation of the number of surface atoms.  My study described in Chapter 3 

included this same calculation for a series of concentrations of four sizes of nanosilver, as 

well as Ag+ (as AgNO3).  This produced a range of concentrations of approximate Ag+ 

delivery by both nanosilver and AgNO3 which were used to compare the 48-h LC50 of 

both forms of silver on the same terms.  The finding that, in terms of total surface Ag 

atoms, all sizes of nanosilver were much more acutely toxic than equivalent solutions of 

pure Ag+, implies that either a second mechanism of toxicity exists for nanosilver which 

increases its overall potency, or that the calculation of surface atoms was an 

underestimate due to the continuous release of Ag+ from nanosilver into the matrix.  The 

results reported by Liu et al. [31] support the interpretation that dissolution of nanosilver 
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into Ag+ is a likely explanation, but without direct measurements of the Ag+ component 

of these exposures, this cannot be confirmed.  However, a second mechanism of 

nanosilver toxicity can also not be ruled out by these results.  Liu et al. [31] also report 

that nanosilver dissolution was accompanied by reactive oxygen species (ROS) 

production in simple matrixes, but they did not address this as an additional source of 

nanosilver toxicity in more environmentally realistic matrixes.   

 The final method I used to assess the mechanism of nanosilver toxicity was a 

comparison of the acute-to-chronic ratios of Ag+ and nanosilver.  The ACR is typically 

used to predict chronic toxicity effects for untested species, but its use as a tool to 

compare the mechanisms of two related toxic substances where one has some unknown 

characteristics is less common.  To date, there have been no publications on long term 

sublethal or chronic effects of nanosilver which would allow the calculation of an ACR.  

The results of my 96-h acute and 7-day sublethal exposures of P. promelas produced 

ACRs for Ag+ and nanosilver for P. promelas that were not significantly different.   

Although further study is needed to clarify these results, they do not strongly suggest a 

mechanism of nanosilver toxicity other than Ag+, or, if there is a separate mechanism, 

that it would result in environmental effects beyond those expected from Ag+ exposure.  

In order to definitively ascribe the results of my studies to nanosilver dissolution into 

Ag+, the experiments should be repeated and accompanied by accurate measurements of 

the dissolved Ag+ component of nanosilver exposures over the duration of the tests.   

    

B.  How well do current environmental regulations address the risk of nanosilver? 
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 The opportunity to evaluate silver regulations before adverse effects of nanosilver 

are observed in the aquatic environment is timely.  A number of countries and 

international organizations have commissioned research programs with the purpose of 

informing policy makers on the ability of existing regulations to address the risks 

associated with an environmental release of nanomaterials.  In the United States, the 

framework of the Toxic Control Substances Act, the Clean Air Act, the Clean Water Act, 

and the Resources Conservation and Recovery Act all have the potential to enact 

regulations specifically addressing nanomaterials, as do state-level regulatory agencies.   

 State silver regulations follow the U.S. EPA ambient water quality criteria for 

silver published in 1980, which are based on the acute toxicity of Ag+.   These specify 

that the maximum acceptable silver concentration for freshwater, measured as dissolved 

rather than total silver, is calculated by the formula )52.6)][ln(72.1(10 −hardness , or approximated 

by half the LC50 [37].  The Lake Superior water used in these tests has a hardness of 45 

mg L-1 CaCO3, yielding a maximum acceptable silver concentration of 1.07 µg L-1.  The 

results of the toxicity tests reported here indicate that the maximum acceptable 

concentration of dissolved silver (half the LC50) is 0.20 to 0.23 µg L-1 for D. magna and  

2.35 µg L-1 for P. promelas.  Therefore, based on these data, the hardness-based criterion 

is somewhat underprotective based on D. magna acute toxicity and adequately protective 

based on P. promelas acute toxicity.  The existing EPA criterion would be adequate to 

prevent acute toxicity of nanosilver in either species, given the reduced potency of 

nanosilver compared to Ag+, by mass concentration.  
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 The definition of dissolved silver for the purposes of this criterion is measured 

from that which passes through a 0.45 µm filter.  Despite the significant agglomeration 

that occurred under the conditions of these tests, as estimated by measurements described 

in Appendix C, this suggests that most of the nanosilver in these tests would pass through 

the filter and be included in the dissolved silver measurement.  This increase in the 

apparent dissolved Ag+ concentration due to nanosilver would therefore increase the 

protectiveness of the criterion.  Put another way, the simple assumption that all 

nanosilver in the environment is, or will eventually become, Ag+, is an overestimation 

that may be necessary until the mechanism of nanosilver toxicity in relation to its 

dissolution kinetics are better understood. 

 

C.  Suggestions for further study 

 In addition to the biological effects of nanomaterials, life-cycle analyses are 

needed for products that contain nanosilver in order to predict the volume of nanosilver 

that is likely to be released into the aquatic environment, followed by investigations on 

the fate of nanosilver in wastewater treatment facilities.  In wastewater treatment plants 

with very high levels of dissolved organic carbon, it is likely that nanosilver will be 

coated in a way that prevents agglomeration and dissolution [31], but this has not yet 

been tested, and the effects of organic ligands on nanosilver toxicity are not yet agreed 

upon.  Furthermore, the presence of natural aquatic colloids in the same size range of 

nanomaterials makes the detection of nanosilver in the environment very difficult.  
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Therefore, the development of a method for quantifying nanosilver in natural waters is a 

prerequisite for any analysis of risks specifically due to nanosilver.   

 Investigation of the fate and transport of nanosilver in aquatic ecosystems has 

barely begun.  If nanosilver persists in the environment, even over a period of a few days 

or weeks, this implies that it may also act as a reservoir of silver, slowly releasing Ag+ 

over a longer period of time than other forms of soluble silver that are quickly bound by 

ligands that reduce their bioavailability [8].  Much is known about the effects of natural 

chelating agents on reducing the toxicity of Ag+, but it is unknown whether nanosilver 

experiences a proportional reduction of toxicity when bound by the same ligands.  

Studies conducted over a longer period than the 7-day P. promelas tests described here 

are needed to determine whether nanosilver that is taken up by an organism, either by 

cellular transport or by ingestion, retains its ability to release Ag+.  If this is the case, 

nanosilver may represent a pathway for Ag+ toxicity that does not exist for simple 

complexes of silver.  This idea could be tested by comparing the chronic toxicity and 

accumulation of both Ag+ and nanosilver, both alone and in the presence of NOM.    

 Ongoing investigations on conventional forms of silver include chronic toxicity, 

the toxicity of silver complexes, and the verification of the biotic ligand model for 

improved site-specific prediction of acute silver toxicity.  The results of these studies will 

have the potential to improve the understanding of the environmental risk of nanosilver, 

as well as to influence future revisions of the water quality criteria.   
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APPENDIX 

 

A.  Synthesis of citrate-capped nanosilver 

 The method for synthesizing the citrate-capped nanosilver that was used for 

preliminary studies was adapted from the well-known Turkevich method for citrate 

reduction of Ag+ by Thabet Tolaymat and Amro El Badawy (personal communication, 

U.S.EPA, Cincinnati, OH).  In this method, the citrate serves as both a reducing agent 

and a stabilizer which caps the particles and limits their growth and aggregation [38].  

Solutions of silver nitrate and sodium citrate were prepared by weighing the compounds 

and dissolving them in separate aliquots of deionized water.  The silver nitrate and citrate 

solutions were combined and measured into preheated 100 mL volumetric flasks.  The 

flasks were placed in a hot water bath and slowly heated for approximately 2 hours.  The 

UV-VIS absorbance peak was monitored every 30 minutes with a Perkin-Elmer Lambda 

20 until it reached an intensity of 2 absorbance units at 400 nm.  The particle size was 

measured with dynamic light scattering (ZetaPALS, Brookhaven Instrument Corp, 

Holtsville, NY) and found to average 60-80 nm in various batches.  The total silver 

concentration of 72 mg L-1 was confirmed using a Varian graphite furnace atomic 

absorption spectrophotometer (GFAAS, See Appendix D for quantification method).  The 

nanosilver suspension was kept at room temperature (20° C) 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 non-toxicity of the phosphate 

buffer added to the commercial nanosilver (nanoComposix, Inc) used in the toxicity tests 

in Parts II, III, and IV.  A phosphate stock was prepared as instructed by a representative 

of nanoComposix, Inc. to match the nanosilver buffer: 62 mg monosodium phosphate and 

415 mg disodium phosphate were dissolved in 1 L DIW.  Five test solutions ranging from 

3 to 48 mg L-1 total phosphate were prepared by 50% serial dilutions in filtered Lake 

Superior water (LSW).  Exposures were prepared in duplicate 30 mL glass beakers filled 

to a volume of 20 mL, including an LSW control treatment. 

 D. magna juveniles (3-5 days old) were collected from the culture unit (U.S. EPA, 

Mid-Continent Ecology Division, Duluth, MN) and acclimated for 2 hours in the culture 

water.  Ten organisms were added to each beaker.  Beakers were covered with a glass 

plate and kept on the bench top of a temperature controlled laboratory (20° C) with a 

photoperiod of 16:8 hours light:dark.  Exposures were renewed at 24 hours by preparing 

new exposure solutions and gently transferring surviving organisms into them.  

Organisms were not fed.  Water quality parameters temperature, dissolved oxygen, pH, 

and conductivity were measured at 24 hours and averaged 21.0 (±0.1)° C, 8.1 (±0.2) mg 

L-1 O2, 6.7 (±0.1) and 103.9 (±33.4) µS, respectively.  Mortality, defined by lack of 

movement for 30 seconds, was monitored at 24 and 48 hours.   

 At 48 hours, the highest phosphate concentration tested (48 mg L-1) had 10% 

survival, the next lowest (24 mg L-1) had 70% survival, and all other treatments including 

the controls had 100% survival.  The lowest concentration with no acute toxicity at 48 

hours (12 mg L-1 phosphate), corresponds to a proportional dilution of 1000 mg L-1 
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nanosilver stock measuring approximately 25 mg L-1.  This is 100 times higher than the 

48-hr D. magna LC50 of 50 nm nanoComposix nanosilver in Part III.  Therefore, the 

acute toxicity of the phosphate component of nanoComposix nanosilver can be 

disregarded for D. magna at these concentrations.  

 

C.  Nanosilver characterization under experimental conditions 

 The characterization of the nanosilver used in these studies was limited to 

dynamic light scattering (DLS) particle size analysis and UV-VIS absorbance spectra.  

The DLS method produces an average hydrodynamic diameter based on a very high 

particle count, but it is susceptible to bias in the presence of dust or large particles.  The 

measure of polydispersity obtained from the DLS method is also therefore associated 

with a high level of uncertainty.  A particle size measurement produced by another 

common method, transmission electron microscopy (TEM) is based on a much lower 

particle count, and is prone to error introduced during the preparation of the sample, but it 

is a measurement of the actual core diameter of the nanoparticles, rather than the 

hydrodynamic diameter, and produces a reliable measure of polydispersity [39].  The 

commercial nanosilver used in these studies (nanoComposix, Inc.) was accompanied by a 

specification sheet that disclosed the TEM particle size and size distribution analysis, as 

well as UV-VIS absorbance spectra, of each particle size.  A comparison of the DLS 

measurement of particle size to the TEM particle size reported by nanoComposix was 

therefore a primary objective of these characterization studies.     
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 The presence of a surface plasmon resonance (SPR) peak in the UV-VIS region is 

a characteristic of nanosilver that does not exist in solutions of Ag+, and is easily detected 

by UV-VIS absorbance spectroscopy.  The characteristics of this peak are commonly 

used to monitor the agglomeration state of a nanosilver suspension, because the SPR is 

sensitive to changes in particle size and agglomeration [12,24,40,41].   

 Because the concentrations of nanosilver in the toxicity tests described in these 

studies were too low to be characterized by DLS particle size and UV-VIS absorbance 

spectra, a series of surrogate measurements were made on higher concentrations of 

nanosilver diluted in experimentally relevant matrixes.  The dilution waters tested for 

their effect on particle size and UV-VIS absorbance peak were deionized water (DIW), 

filtered Lake Superior water (LSW), phosphate buffer (PHS), and D. magna water 

(DMW).  The phosphate buffer was prepared as instructed by a representative of 

nanoComposix, Inc. to duplicate the buffer in which the 1000 mg L-1 nanosilver stock is 

shipped and stored.  A 2 mM phosphate solution was prepared by dissolving 62 mg 

monosodium phosphate and 415 mg disodium phosphate in 1 L DIW.  The DMW was 

intended to duplicate the chemical composition of 24-hour old exposure chamber 

containing 20 mL LSW and 10 D. magna juveniles.  Ten organisms (3-5 days old) were 

added to 30 mL glass beakers containing 20 mL of LSW and set on the benchtop of a 

temperature controlled laboratory and covered with glass plates.  The organisms were 

removed before adding nanosilver for characterization.   

 Preliminary measurements determined that 2 mg L-1 nanosilver is the lowest 

concentration for which reliable DLS and UV-VIS readings can be taken.  1000 mg L-1 
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nanosilver stock (10, 20, 30 and 50 nm, nanoComposix, Inc) was diluted, in duplicate 

samples, to 2 mg L-1 in 2 mL volumes of each matrix.  Each sample was immediately 

analyzed with DLS and UV-VIS, and then placed in a dark cabinet.  Measurements on 

LSW and DMW diluted samples were repeated after 24 hours.  DLS results are expressed 

as the mean and standard deviation of 6 measurements (3 for each replicate).  UV-VIS 

results for peak absorbance units and wavelength at peak absorbance are given as the 

average of two duplicate samples. 

 The most striking result of the particle size measurements (Table A-1) is that the 

10 nm nanosilver shows a larger agglomeration effect when diluted in LSW or DMW, 

compared to the other sizes, and that it is the only material that, when diluted in DIW, 

does not have a particle size consistent with the nominal size.  For all materials, dilution 

in DMW resulted in slightly larger particle size than dilution in LSW, and dilution in 

PHS resulted in a slightly larger particle size than dilution in DIW.    

 The UV-VIS absorbance spectra (Table A-2) of the four nanosilver sizes do not 

exhibit a great difference whether they were diluted in LSW or DMW.  However, a 

significant change occurs in most materials over 24 hours – the peak height decreased 

and the wavelength at peak height increased.  This may reflect the effect of 

agglomeration and settling; the absorbance intensity decreases as the particles are 

removed from the water column, and the remaining agglomerates are larger, resulting in a 

shift towards a higher wavelength.   
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Table A-1  Comparison of DLS particle size analysis of multiple sizes of nanosilver 
(nanoComposix, Inc.) in four matrixes over 24 hours  
   Average of 3 measurements (std. dev), nm 
 
Material Hrs  LSWA        DMWB  DIWC  PHSD  
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) 36.1 (1.0)  
  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 dilution water in all toxicity tests described in this manuscript 
B Daphnia magna water; 10 organisms placed in 30 mL of LSW for 24 hours, then removed 
C Deionized water 
D Phosphate buffer, prepared to the specifications of nanoComposix, Inc. as a stabilizer of nanosilver 
during storage  
 
The increase in the DLS particle size of nanosilver is likely due to agglomeration in more complex matrixes 
(LSW and DMW).  Nominal concentration of all samples was 2 mg L-1 total Ag   

 
 
Table A-2 Comparison of UV-VIS absorbance characteristics of multiple sizes of 
nanosilver (nanoComposix, Inc.) in two experimentally relevant matrixes over 24 hours 
          
Material Hrs            LSWA              DMWB    
   peak AUC     λ, nmD  peak AUC     λ, nmD  
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 dilution water in all toxicity tests described in this manuscript 
B Daphnia magna water; 10 organisms placed in 30 mL of LSW for 24 hours, then removed 
C Absorbance units at peak intensity 
D Wavelength at peak absorbance intensity 
 
The lack of a large shift in peak wavelength indicates that, although agglomerated (see Table A-1), these 
materials have retained their original optical characteristics after 24 hours  
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D.  Graphite furnace atomic absorption spectroscopy analysis method for Ag 
quantification 
 
 
Instrumentation 

A Varian AA-88OZ atomic absorption spectrometer, equipped with a GTA-100Z furnace 

and a programmable autosampler integrated with SpectraAA-88OZ Version 5.1, was 

used for the analyses of Ag+ and nanosilver.  Pyrolytically coated graphite partition tubes 

(Model 63-100012-00, Varian, Inc., Palo Alto, CA) were used throughout the study under 

the conditions shown in Table 3. 

 

Sample preparation 

Preliminary studies comparing the percent recovery of silver from a standard using a 

microwave digestion method and a cold acidification method revealed better recovery 

with the cold acidification method.  For this method, samples were simply acidified to 

2% HNO3 and analyzed immediately.  The automated analysis program included a rinse 

of the capillary tube after each reading using a 0.5% acid solution prepared from equal 

proportions of HNO3 and HCl in deionized water. 

 

Calibration  

Calibration standards were prepared for each analysis using AAS Ag standard (0.999 ± 

10 µg mL-1 in 5% HNO3, Inorganic Ventures, Lakewood NJ) manually diluted to 

concentrations ranging from 1 to 50 µg L-1 Ag.  Two absorbance readings were taken for 
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each sample and the average was used to make a 7-point calibration curve fit to the new 

rational model with the SpectraAA software.   

 

Calculation of detection limit 

The detection limit of this method is subject to bias due to the retention of Ag in the 

capillary tube and un-atomized Ag carried over in the furnace tube after each sample.  

Sensitivity was improved by the inclusion of blanks between every 8-12 samples, the 

addition of a high temperature clean step, increased acid concentration in the rinse 

solution and in the samples, and by the addition of HCl to the HNO3 rinse solution.  With 

these procedures in place, a series of five blanks and low standards (1 µg L-1) were each 

read twice, and the detection limit was estimated as three times the standard error of the 

10 readings taken at each concentration.   This was repeated three times for each 

concentration, including two runs on separate days, and resulted in detection limit 

calculations of 9.45, 5.04, and 25.51 ng L-1 when measuring blanks, and 28.66, 29.85, 

and 40.68 ng L-1 when measuring low standards.  Rounding up the highest value 

produced by this method yields a practical detection limit of 50 ng L-1 for the 

measurements reported in this document.  A method detection limit of less than 10% of 

the lowest nominal sample concentration is generally considered acceptable (personal 

communication with Russ Erickson, U.S. EPA), and in Part III the lowest nominal 

exposure of Ag+ to Daphnia magna was 0.25 µg L-1, so the detection limit was only 20% 

of the lowest nominal sample concentration, which is higher than the optimal percentage.  

The Ag+ exposures of Pimephales promelas, as well as nanosilver exposures of both 
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species, range from 3.125 to 400 µg L-1, however, and so this detection limit was more 

than adequate for those measurements.   

 
Table A-3  Instrument conditions for determination of total Ag in nanosilver and Ag+ 
samples with GFAAS 
 Varian AA 88OZ 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 µl 
  integration mode  peak area 
  background correction Zeeman 
 
 step no. temp. °C Time, s gas (Ar) flow rate l/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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